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FOREWORD 

The property of a chemical species to move between immiscible liquid phases has 
revolutionised the science of separations in the millennium that finishes soon. During the 
present century, the most significant event has been the growth and development of the field 
of Solvent Extraction. This technique has lead to hundreds of separation methods and 
thousands of systems that have been described, investigated and several of which have 
successfully been applied to solve, in a unique manner, complicated problems in the industrial 
fields of hydrometallurgy, petrochemical, food, pharmaceutical, environmental, waste 
treatment and analytical chemistry. Scientific and technologically the most important 
contribution of liquid-liquid distribution studies has been to the acquisition of basic 
knowledge in co-ordination chemistry, chemical thermodynamics, interfacial phenomena, 
hydrodynamics of two phases and mechanisms of chemical reactions, as well as process 
development, equipment design and process control. It must be emphasised that such 
knowledge has been applied not only to process separations but also to other important 
aspects of the areas mentioned above, i.e., development of chemical sensors, controlled 
release devices, etc. 

Because of this record of achievement, Solvent Extraction can be considered as a mature 
technique and thus further innovation becomes more difficult. This is always a challenge to 
practitioners in the technique, but it never will be a final barrier in itself, unless we confuse 
the creation of scientific knowledge with the opportunity of obtaining funds for research. In 
addition, at this moment, when environmental concern has reached a significantly high social 
and scientific consideration, the name of Solvent Extraction is sometimes interpreted as a 
negative factor that has been reflected in some political decisions. We know well that again, 
this is a consequence of ignorance, but still, we must consider this fact and include it in the 
real scientific and technological challenges. 

The area of Solvent Extraction has several well-identified areas and topics with specific 
demands for scientific and technological research. Some of these areas are related to the 
chemistry of Solvent Extraction and include: the need for speciation studies of the compounds 
formed both in the aqueous and organic phases during the operation of the process; 
understanding the interrelation between chemical thermodynamics vs. real operation; the role 
of the diluent in relation to its chemical nature; degradation of reagents as an important 
chemical factor that influences system performance. In addition, there are the new methods 
for Solvent Extraction which include: non-dispersed extraction; microemulsions; extraction 
chromatography; etc. 

Yet another area is concerned with the engineering aspects of Solvent Extraction and here a 
proper understanding of modelling ofboth the chemistry and system design is important. Also 
here there is a lack of data on thermodynamics in concentrated solutions which is the typical 
situation in plant operations. Monitoring and control of the process is an area which needs 
specific attention. Monitoring of the two phase process is a system dependent problem which 
possesses several weak points that are key factors to the advance of the appropriate 
knowledge to predict the behaviour of solvent extraction systems. Therefore it is important 
that both specific on-line analytical equipment and robust monitoring techniques should be 
implemented in the Solvent Extraction process. 



Concerning the environmental aspects, the real impact of the Solvent Extraction process must 
be characterised in several areas: the health effects of solvents and solutions; toxicity of new 
hazardous reagents; fire hazards; treatment of wastes. In addition design of equipment must 
also address safety i.e., minimising venting, use of columns, entrainment. These are all 
considered in an overall risk assessment analysis. 

These are just a few aspects ofthe challenge to be faced by future practitioners in the subject. 

So, the International Solvent Extraction Conference has come to Barcelona, the capital city of 
Catalunya (Spain), in July 1999. Most of the above mentioned areas in need of research and 
development have been the subject of excellent contributions from the participants and will be 
presented and discussed during the Conference sessions. 

We understand that such an international meeting to discuss Solvent Extraction has to provide 
the facilities to make the transmission of knowledge easier, to stimulate the will to meet the 
exciting challenges we are now facing and to make Solvent Extraction attractive to 
newcomers. To accomplish this, we have organised the International Solvent Extraction 
School to take place simultaneously with the Conference, and invited international experts to 
provide tutorials in their fields of expertise and thus to increase our knowledge of Solvent 
Extraction. 

During preparations for the Conference the idea presiding over all the discussions and plans 
was the question: 

Will this way of thinking, studying, developing and applying the optimum give the 
answers to the actual needs and competitiveness that may arise in the next century? 

The Organising Committee has been working to try to answer this question, and we believe 
that ISEC'99 will be able to provide an appropriate answer. For all their work and dedication 
which has gone to make ISEC'99 possible, I would like to thank all members of the 
Organising Committee because without them this Conference would not have been possible. 

The Organising Committee in turn wish to express their warm appreciation to all the authors 
for their contribution and to all those who will be attending ISEC'99 and thus contributing to 
a most exciting and enjoyable Conference. We thank you for accepting our invitation to meet 
on the Mediterranean and we hope you will have happy memories of this meeting. 

These Proceedings have been compiled from electronic versions of papers submitted by the 
authors after refereeing and have not been submitted to full textual editing by the editors. We 
hope that they will provide a valuable resource for the future. 
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ABSTRACT 

MOLECULAR DYNAMICS OF LIQUID SURFACES AND 

INTERFACES 
Ilan Benjamin 
Department of Chemistry and Biochemistry, University of California, 
Santa Cruz, California 95064, USA 

Molecular dynamics computer simulations have been used in recent years to gain important insight into the structure, dynamics 
and the thermodynamic of the interface between two immiscible liquids. This insight makes it possible to study some of the 
fundamental processes involve in the liquid extraction process. This include the adsorption of solute molecules, and the 
processes of solute transfer across the interface. Recent progress in this area is reviewed. It is demonstrated that an account of 
the molecular molecular structure of the interface is important for understanding fundamental chemical processes at the 
interface. 

Keywords: molecular dynamics, modelling, interfacial adsorption, solvation 

INTRODUCTION 

Understanding fundamental processes such as adsorption, solvation and solute transfer at the 
interface between two immiscible liquids is of fundamental importance for liquid extraction processes as 
well as for other interfacial phenomena in chemistry and biology. In recent years, the traditional techniques 
for studying the structure of the neat interface (such as measurements of surface tension and surface 
potential)1

'
2 have been complemented by new approaches that have the ability to provide a detailed 

understanding of the system at the microscopic level . For example, using non-linear optical techniques3
-6 

and light and neutron scattering7
•
8 new insight into the structure of liquid interfaces and into several 

phenomena at liquid interfaces has been achieved. 
In parallel to this progress, molecular dynamics computer simulations have provided new insight 

into the structure and dynamics of the neat liquid/liquid interface and into processes such as solvation and 
reactions that take place at the interface9

.
11 In this paper we provide a brief account of the application of 

the method of molecular dynamics computer simulations to studying the neat liquid/liquid interface and the 
process of solvation and solute transfer at the interface. The results of the molecular simulations 
underscores the unique properties of the interfacial region between two immiscible liquids. This is 
significant because the thermodynamics and kinetics of chemical reactions in liquids are known to be 
significantly influenced by the solvent. Thus, it is expected that the transition from the bulk to the interface 
region will give rise to major affects on chemical reactivity. 

METHODS 

The application of molecular dynamics computer simulations to study structure and dynamics at 
liquid interfaces has been reviewed recently12 and only brief account will be given here. There are also 
several excellent books on the general techniques of molecular dynamics simulation13

'
14 and the reader is 

referred to them for additional information. The fundamental basis of (classical) molecular dynamics 
computer simulations is the numerical solution of the Newton equations of motion: 

d2r. 
mi --f = - ViU(r1, r2 , ... ,rN) (1) 

dt 

for a system of up to a few thousand particles where U ( r1 , r2 , ... r N ) is the potential energy of the system .. 

In principle, this potential energy function can be determined by solving the Schrodinger equation for the 
ground state energy. Unfortunately, this is not practical for a system made of several thousands of atoms. 
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As a result one uses an empirically determined potential energy function which is selected to reproduce 
certain experimental data. 
A simple, commonly used form for this function is based on representing the total system potential energy 
as a sum of interactions between pairs of atoms. Each atom is characterised by a set of Lennard Jones 
parameters and point charges: 

U = i) 4E[(~)1 2 

- (~)
6

] + t qil<q jl) 
I<J l r r k,l rk1 

(2) 

where r is the distance between molecules i and j, rkl is the distance between two point charges in two 

different molecules . For example, in the Simple Point Charge (SPC) model of water, one charge is fixed at 
the location of the oxygen ( q = - 0.82 au) and two charges at the location of the two hydrogens 

( q = +0.41 ). The OH bond distance is taken to be 0.1 nm, and the HOH angle is 109.47 degrees . For the 

SPC model, a= 0.316 nm, E = 0.650 kJ/mol . Despite the simplicity of this model, many structural and 
dynamical properties of water calculated using it are in reasonable agreement with experimental results .15 

Simulations of bulk liquids involve enclosing a certain number of molecules in a box of a fixed volume. 
The integration of the equation of motion is done in such away as to satisfy conditions of fixed temperature. 
Fluctuations in the system volume can be introduced in order to satisfy constant pressure conditions. In 
simulations of the interface between two liquids, one try to create the typical experimental geometry of a 
planar interface by employing normal periodic boundary conditions in the two directions perpendicular to 
the interface normal. Along the direction normal to the interface, the system composition changes. Proper 
choice of the system's potential energy function is necessary to avoid complete mixing of the two liquids . 
In practice, one starts from two separate rectangular boxes containing the two liquids. The two boxes have 
the same cross sections, but different lengths depending on the number of molecules used and the density of 
the liquids. The two boxes are brought together face to face to form the simulation box. 
An important aspect of computer simulations at liquid interfaces is the calculation of adsorption free energy 
of small solute molecules . A discussion of this topic will be given below. 

RESULTS 

The neat interface 

Proper account of the structure and dynamics of the neat interface between two immiscible liquids 
is of prime importance for the interpretation of experimental data and for the development of simple models 
of the interface and of processes that takes place at the interface. In general we expect that the asymmetry 
in the intermolecular forces experienced by molecules in the liquid interface region gives rise to unique 
structural and dynamical properties of the interface, but direct experimental observation of these properties 
is difficult because of the relatively small size of the region and the buried nature of the interface. As a 
result, most of our detailed knowledge about the neat liquid/liquid interface has been obtained from 
molecular dynamics computer simulations. This include simple model liquids 16

-
18 (hard spheres or 

Lennard-Janes potentials), and the interface between water and benzene19
, hexanol/0 hexane/' 1,2-

dichloroethane, 22 decane, 23 nonane, 24 octanol, 25 carbon tetrachloride26 and nitrobenzene. 27 The reader is 
referred to these original papers for details about the systems potentials and other simulations details. 
Below we summarise the main general results. 

The most basic question about the interface between two immiscible liquids that is quite difficult to 
obtain experimentally but has been relatively straightforward to answer by computer simulations is how big 
the interfacial region is. A related issue is the degree of the inter-penetration of the two liquids at the 
interface. Although in principle one can use light and neutron scattering to gain information about the 
liquid/liquid interface structure, in practice these techniques have mainly been applied to the free liquid 
surface. 7,28-33 

4 



Keynote lecture 

Molecular dynamics simulations provide direct information about the density profile of the two 
liquids . In most cases the density of each liquid varies smoothly in the interface region, whose total 
thickness is on the order of few nm. Although the monotonic change in the densities is common to many 
liquids there is evidence from molecular dynamics simulations18

'
22

'
24 for some oscillations in the densities on 

the bulk side of the liquid/liquid interfacial region. It is not clear that these oscillations are a real physical 
aspect of the system or an artifact due to the small system size and/or short simulation time. 

Other important structural properties obtained by molecular dynamics computer simulations are 
the microscopic (molecular) structure of molecules at the interface. These properties can be directly 
compared with the corresponding properties in the bulk liquid phase. Because of the asymmetry in the 
forces experienced by molecules at the interface, in a number of liquid/liquid systems these molecules have 
a preferential orientation. For example water molecules tend to have their dipole parallel to the interface 
which is consistent with the relatively small potential drop across the interface. The organic molecules can 
have very little orientational ordering (as in the case of 1,2-dichloroethane22 and CCl4)26

, can lie parallel to 
the interface (as in the case ofnonane24 and decane23

) or lie perpendicular to the interface (as in the case of 
octanol) 25 

Another important microscopic property about which a wealth of information has become 
available in recent years is the degree of hydrogen bonding of interfacial water molecules. A unified 
picture has emerged from several molecular dynamics simulations of water/organic liquid interfaces:19

-

22'24'26 The number of hydrogen bonds per water molecule decreases from about 3.6 to 2 as one moves 
from the bulk to the interface. However, when one takes into account the reduced density of water at the 
interface by dividing the number of hydrogen bonds per water molecule by the co-ordination number of 
water, one finds that the probability that any hydrogen bond exists goes up from about 0.8 in bulk water to 
0.9 at the interface. This means that although at the interface there are less water molecules to hydrogen 
bonds, the existing hydrogen bonds are more stable. 

In addition to structural information the molecular dynamics calculations provide informations 
about the dynamics of the interface. This include the dynamics of variables such as the average location of 
the interface and its width, as well as single molecule reorientation time and diffusion rates. This has been 
discussed for the water/DCE interface22 and also, to some degree, for the water/CCl4 interface26 and the 
water/nitrobenzene interface.27 The dynamics of surface width and location fluctuations for these interfaces 
are on the tens of picoseconds time scale and can be described in terms of water and organic molecule 
"fingers" that protrude into the other phase. The motion of the water "fingers" involves the diffusion of 
water molecules as well as the breaking and forming of hydrogen bonds in interfacial water molecules . 
Molecular dynamics computer simulations generally find that the water molecules' reorientation at the 
liquid/liquid interface is quite similar to the dynamics in bulk water22 

Adsorption and solvation at liquid/liquid interfaces 

Adsorption of solute molecules at the interface between two immiscible liquids is a fundamental 
factor in the discussion of any chemical process that takes place at the interface. This is because any 
interfacial reaction must begin with the adsorption of the reactants at the interface or the transfer of solute 
across the interface. For the purpose of a quantitative study of adsorption at the interface, one define the 
interface region as the region where the density of the two liquids is smaller than their bulk density. Another 
important concept is the Gibbs dividing surface. This is the plane z = Z Gibbs such that the excess of 

molecules of one of the components on one side of the interface is exactly balanced by the depletion on the 
other side. Although a different location would be defined with respect to each of the two liquids, the 
difference is quite small and of no fundamental importance3 4 

Adsorption at the liquid/liquid interface is different from that at a solid/liquid interface by one 
important factor : the solute can cross the liquid/liquid interface. Thus studies of adsorption is directly 
related to solute transfer. The main theoretical effort has been concentrated on deriving an adsorption 
isotherm, calculating the surface tension, and on determining the density and orientational profile of the 
Jolute. Some details are given in a recent review by Markin and Volkov.35 Unfortunately, the main 
limitation of most of the existing theoretical tools is that information about the microscopic structure of the 
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solvent and the solvated solute are not included. The molecular dynamics and Monte Carlo computer 
simulations allows one to gain important microscopic insight while computing experimentally accessible 
thermodynamic properties such as adsorption free energy. 

Solute transfer across the interface between two immiscible liquids is one of the most basic 
processes that is part of many other chemical processes of importance in electrochemistry, extraction 
science and pharmacology. Although it has been the focus of a significant number of experimentae6-39 and 
theoretical studies, 11 there are still open fundamental questions regarding the transfer mechanism. One of 
the problems is that the rate of transfer is difficult interpret because of the need to disentangle the 
contribution due to the diffusion through the bulk region and because of an incomplete knowledge about the 
interface structure. 

Some of the outstanding problems are: 
1. Is the solute transfer process an activated process? If so, what is the molecular nature of 

the activation barrier? Is there a structurally well-defined transition state? 
2. Is the process of switching the solvation shell an activated process? 
3. Does the process of ion transfer from one phase to the other involve significant dragging of 

the solvation shell? Is there a significant perturbation of the neat liquid/liquid interface 
structure? 

Partial answer to the above questions can be obtained by using molecular dynamics computer simulations . 
In particular, one of the important ingredients of any model of solute transfer, the free energy profile of the 
solute across the interface, can be easily computed by molecular dynamics simulations. For technical 
details see. 12 The free energy profile has been calculated for a large number of interfacial systems, 11 and 
has been determined for several neutral solutes40 and ions4 1

-4
3 across the liquid/liquid interface. Examples 

of these free energy profile and their utility in helping clarify the mechanism for ion transfer will be 
discussed in the lecture. 

Additional insight into the mechanism of solute transfer across the liquid/liquid interface may be 
gained by non-equilibrium molecular dynamics simulations. Typically, a solute molecule is placed in one 
of the phases and it is allowed to diffuse to the other phase under the free energy driving force . Extensive 
non-equilibrium calculations4 1 of an ion transfer across liquid/liquid interfaces have been performed and 
will be discussed as well. 

One of the main results of the above calculations that will also be discussed is that surface 
roughness plays an important role in the transfer mechanism. For example, the transfer of an ion from 1,2-
dichloroetahne to water is initiated by water molecules that are only weakly hydrogen-bonded to other 
interfacial water molecules, and which typically extend out into the organic phase as "water fingers" . 
These fingers can extended to more than I OA into the organic phase and interact with the ion. Although 
they are a normal property of the interface, they are also induced by the presence of the ion. As soon as a 
few water molecules begin to interact with the ion, the build-up of the water co-ordination shell, which 
occurs at the interfacial region, is quite rapid. The opposite transfer of the ion from the water to organic 
phase under the influence of an external electric field is characterised by the fact that the ion keeps a water 
co-ordination shell nearly intact through its motion in the interfacial region, which results in increased 
roughness and "fingering" at the interface. 
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ABSTRACT 

SOL VENT EXTRACTION AND MATERIALS SCIENCE 
Mamoun Muhammed and Andrei A Zagorodni 
Materials Chemistry Division, Royal Institute of Technology, 
SE-1 00 44 Stockholm, Sweden. 

Solvent extraction is a mature science that has shown to be a versatile technique both as an analytical laboratory method as 
well as efficient industrial selective separation process. There is a need for extending the use of solvent extraction into 
new areas of application. In this presentation, two such new areas are presented. A solvent impregnated resin extends the 
use of the selective extraction reagents for the treatment industrial streams of high volume with low metal content. The use 
of templating increases the stability of the resin. The use of solvent extraction process for the fabrication of functional 
materials is also presented. Precipitation stripping can be used for the fabrication of a wide range of metal oxides. 

Keywords: impregnated resin, templating, synthesis of materials, precipitation stripping 

INTRODUCTION 

Our fundamental knowledge of the basic phenomena in solvent extraction as a science and 
technology has increased tremendously during the past few decades. Albeit such high degree of maturity 
of the field of solvent extraction, there are vast world-wide on-going research activities on the different 
aspects of solvent extraction. This includes studies on liquid-liquid distribution equilibria and kinetics as 
well as different technological applications. 

Solvent extraction has been used for decades as an analytical technique. 1 However, the first 
application of solvent extraction as technological process has originated from its use in the purification 
of uranium in Manhattan project.2 Numerous studies were then reported on the extraction and 
separation of different isotopes and transuranium elements. The breakthrough for solvent extraction as 
a competitive separation technology was first demonstrated in the 60's, where solvent extraction was 
used for the recovery of copper from waste flotation tailings . Since then, numerous reports were 
published for the different processes where solvent extraction has been used as a key separation 
technique. There is a rich literature data on solvent extraction as can be seen from the Proceedings of 
the International Conference on Solvent Extraction ISEC,3 demonstrating a wide variety of innovative 
applications of solvent extraction. Interesting enough, there is a significant number of papers dealing 
with the basic solvent extraction phenomena. This covers both studies of the distribution equilibrium as 
well as kinetic studies aiming at the understanding of extraction reaction mechanisms. There are as well 
several important studies developing approaches for the prediction of extraction equilibria. 

The basic hi-phasic solvent extraction process is associated with several other reactions taking 
place in both phases. Figure 1 demonstrates the complexity of the solvent extraction systems. The 
extraction reaction results in a mass-transfer between the aqueous and the organic phases. The 
extraction reaction can also be used to determine the different interactions taking place in either phase. 
As example, micelle formation of tertiary amines in organic solvents has been investigated by studying 
the distribution of the amines between aqueous and organic phases.4 Similarly, several reactions in 
aqueous solutions; some metal ions hydrolysis or complex formation have been determined by the 
extraction of metal ions into different organic solvents.5 A wide variety of highly selective extraction 
reagents have also been developed during the past decades, which extends the application of solvent 
extraction to new areas, e.g. pollution abatement. There are over l 000 studies on the investigation of 
novel extraction reagents published every year in top scientific journals. However, there is limitation on 
the use of solvent extraction for the treatment of different streams as shown in Figure 2. The use of 
solvent extraction reagents in the form of membranes; e.g. liquid surfactant membranes and solid 
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supported liquid membrane, represent a further extension of the application of solvent extraction to new 
area, thus allowing the treatment of different waste effluents and process streams. 

Org 

MvEx(org)-MvExEm(org) 
(Extracted metal) 

A 

Figure 1. A schematic representation of different reactions associated with the biphasic 
extraction reaction 

.-----

--------------
.... 0 I-
~~ 

Solvent 
(/) 

c::· c: 

~ 
Extraction ;. Solvent 

n. Extraction 
~ Ql 

c:: a 
Cll r 
u 

1-
.c· 

L-••• .. •••••••••• c:: c: 
0 Fixed Bed a: u Moving Bed - lon Exchange .e lon Exchange 
~ L__ 

Solid Suooorted Liauid Membranes 
ci 

50 ... 
Flow rate, m3/h 

Figure 2. The suitability of selective separation techniques for the treatment of process 
or waste streams as a function of concentration of metal ions and discharge rate. 
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The significantly high number of solvent extraction studies suggests that the field is far from being 
stagnant. However, there is need for looking for new areas where the gained knowledge and know-how 
can be utilised. Materials science is such promising area where solvent extraction can make a significant 
contribution. 

Materials science and engineering is a relatively new area, which combines expertise from 
chemistry, physics as well as engineering. While the discipline of materials science involves 
investigating the relationship between structure and properties of the materials, materials engineering in 
contrast, deals with the design or the engineering of the materials structure to produce the desired set of 
properties. In the following we present some prospective on novel areas of application where solvent 
extraction community can profit. Specifically we give two examples; the first is concerning the 
development of new materials for selective separation, which extend the use of solvent extraction 
technology into new areas. The second is the use of solvent extraction processes for the preparation of 
functional materials . 

SOL VENT IMPREGNATED RESINS 

Solid ion exchange resins play a significant role in separation technologies. Advantages of the ion 
exchange separation are the ease of phase separation and possibility to incorporate them into column
based processes, with the benefit of both selective ion exchange interaction and chromatographic 
separation. However, there is a limited number of selective ion exchange resins which are commercially 
available (e.g . iminodiacetic, phospho-organic, thiourea, as functional groups). Few more resins were 
prepared on a laboratory scale. The complexity of their production process, relatively high cost, and in 
some cases, the low stability cause significant limitations on the use of chelating resins . There is 
therefore a high demand for the development of inexpensive solid extractants with high selectivity 
towards different ions under wide variety of conditions. 

Solvent Impregnated Resins, SIR, is a relatively new concept based on physical incorporation of 
the ligands into polymeric network. The idea was initially suggested by Small 6 at beginning of 60' s. 
However, a significant research activity in this area can be found only in mid-70 ' s, when several 
essential studies were published by Warshawsky,7·

9 and a significant increase in the research in this area 
is noted in the 90 ' s. There has been an increasing demand for the treatment of industrial streams with 
highly selective methods. The limited available chelating resins have a serious limitation as being 
expensive and have a poor selectivity. It is thus obvious that the wide variety of solvent extraction 
reagents that are commercially available offer good substitutes for the chelating resins . Moreover, 
design and production of new reagents are relatively simple and non-expensive. Solvent impregnated 
resins can be used in column-based processes in the separation, which is significantly advantageous 
compared to liquid-liquid contacting. 

Comparing with Solvent Extraction Comparing with Ion Exchange 

Advantages 

Possibility for Column-based operation Highly selective ion exchangers can be 
process . obtained by incorporating a wide variety of 
Possibility to treat very dilute solutions chelating reagents into the resin matrix 
High contact surface area without any mixing Lower production costs 
Less reagent loss at cyclic operations Faster mass transfer (in some cases) 

Disadvantages 

Less percentage of the reagent efficient use Low capacity 
and less capacity 
Relatively higher cost Relatively unstable under cyclic use 

Table 1 Comparison of SIR With Solvent Extraction and Ion Exchange 
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Table l shows a comparison of SIR with both solvent extraction and conventional ion exchange 
technique. It is interesting to note that attempts to increase capacity of the sorbents lead to reduction of 
their stability (the reagent emission increase) .10

•
11 

Despite the fact that the first idea of resins solvent impregnation was targeted to the needs of 
chromatography,6 their main use can be found in selective separation of transition metals, with many 
examples available. Macroporous sorbents were impregnated on different commercial and specially 
designed phosphorous-organic compounds to extract and separate copper, zinc, cadmium. 12

-
25 Another 

target for SIR is the extraction of noble metals/ 6
•
27 which is often requested in hydrometallurgy and 

waste recycle. There is also a need for the extraction of organic substances or waste and process 
streams, e.g. citric acid.28

'
29 Also complicated tasks such as the purification of biologically produced 

substances can be performed as well 30 

Extractants dissolved in organic solvents 
Solvent Extraction 

Extractants physically sorbed on 
polymeric matrixes 

Solvent Impregnated Resins 

Extractants electrostatic bounded to 
functional groups of ion exchange resins 
Solvent Impregnated /on Exchange 

Resins 

Extractants bounded to polymeric matrix by 
covalent bounds 

Coordinating /on Exchange Resins 

Figure 3. A representation of the stability of the resins, ranging from solvent impregnated to 
grafted functional groups, and the effect on selectivity and kinetics 

MATERIALS ASPECTS FOR 'SIR' FABRICATION 

The way by which the solvent extraction reagent is attached to the polymer matrix affects the 
extraction equilibria and kinetics. Figure 3 shows in a qualitative way the effect of different methods of 
binding. Non-functionalised polymers are usually used for the preparation of solvent impregnated 
resins . A very convenient matrix is the styrene-divinylbenzene copolymer Amberlite XAD-2 that is often 
used.12

-
21

•
31

-
34 The stability of the resin is a problem, as the reagent is leached out from the organic 

polymer during the operation. Conventional ion exchange resins can be used as the polymeric support as 
well . Their functionality can be useful to provide stronger incorporation of the impregnating reagent into 
the polymer network. For example, in a study of the extraction of gold by a thiourea derivative reagents 
26

•
35

-
37 the rate of the extraction for the same reagents in different forms war compared. The t v. (half 

reaction time) was measured for the "free" reagent dissolved in chloroform and as solvent impregnated 
resins (the chloroform solution is absorbed on a non-functionalised polystyrene polymer) and as 
covalently bonded to a polymer matrix. Figure 4, shows that the "free" solvent extraction reagent has a 
faster kinetics and the SIR reagent is slightly slower. However, covalently bound reagent has 
dramatically slower extraction kinetics, which affected by the structure of the resin, spacer length (i .e. 
length of aliphatic chain connecting the functional group to the polymer matrix). 
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Figure 4. Reaction half-time (tv,) for extraction of Au3
+ with a thiourea derivative reagent: 

1 - reagent is covalently bounded to a polystyrene matrix; 
2 - reagent is bounded to the matrix via a long spacer; 
3 - solvent impregnated resin; 
4 - "free" extraction reagent. 

MOLECULAR IMPRINTING AND TEMPLA TING 

Molecular imprinting is a technique for the preparation of solid extractant based on a shape 
memory templating of the polymer matrix. Molecular imprinting is illustrated in the Figure 5a.38 

Functional monomers dissolved in a suitable solvent are assembled on a substrate molecule to be used 
as a template. The polymerisation is then initiated e.g. using free radical polymerisation. The structure 
obtained is used to maintain the functional groups positioning after polymerisation. Finally, the 
substrate is extracted from the formed binding sites. The resulting network polymers can in favourable 
cases rebind the substrate molecule with a high order of selectivity.39

•
40 These materials have shown to 

be successfully used in the field of chemical separations, chiral technologies and in catalysis. Similarly, 
the method can be adopted to imprint the shape of a suitable side chain of the extraction reagent. In this 
manner, the reagent with the side chain will be fitted into the cavity and thus increase the reagent 
stability due to the decrease of the loss or reagent (Figure 5b). 

ADJUSTED CHELA TING RESINS 

These are prepared by a similar method to the imprinting approach and can be used by templating the 
reacting species . This method is called adjusted resins . The selectivity of all traditional ion exchange 
sorbents is based on the chemical nature of the reagents and functional groups used. The basic principle 
(called "adjustment") of the chelating polymers preparation was first proposed by Efendiev41 The 
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method is based on a pre-templating of the soluble polymer's functional groups prior to cross-linking. 
This results in preserving the optimal location of the functional groups . Therefore, the sorption process 
does not encounter a counter-action from the elastic force of the distorted polymer chains. This results 
in thermodynamically favourable sorption of ions having a certain co-ordination structure. 

tJ. Self 
assembling 

1 Free radical 
+ polymerisation 

+I Template 
I+ removal 

"""'~'::r=""/". ' ~ . . 
l~ 
~ .. 

A 

J. 

+I Template 
It removal 

7 
H . Extractant 
IT fixation fPB 

Figure 5. A schematic representation of molecular imprinting method (A) and suggested polymer 
templating (B) for enhancing reagent stability 

FABRICATION OF FUNCTIONAL MATERIALS USING SOLVENT EXTRACTION 

Functional materials, e.g., ceramics, have been a very active research area in recent years, since 
they can be designed to exhibit a specific functionality . Functional materials can be tailored with respect 
to composition and microstructure in order to achieve an intelligent performance. The intrinsic 
properties of such materials make them sensitive to a specific aspect of the environment such as 
temperature, electric field, magnetic field optical wavelength or adsorbed molecules. Several new types 
of functional materials have been recently developed. The newly discovered high temperature 
superconducting ceramics with a critical temperature (Tc) above that of liquid nitrogen temperature is a 
good example for functional materials . The synthesis of such materials is a major challenge since the 
superconductivity is extremely sensitive to the variation of the chemical composition. In conventional 
method of synthesis, the different metal oxides are thoroughly mixed and heated for several tens of 
hours to form the superconducting perovskite structure. Mixing of different components should be 
extremely uniform in order to allow the solid state reactions to proceed towards the formation of the 
required phase. Small particle size is advantageous for the formation of high phase purity and also 
shortens reaction time. 

Chemical methods offer several distinct advantages over solid state reactions for the preparation 
of functional materials . Sol-gel and precipitation are most common chemical methods for the synthesis 
of functional materials . Different metal ions can be precipitated from solution with the required 
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compositiOn and with controlled particle size. The precipitation can also be carried out through a 
biphasic reaction, using suitable solvent extraction system. 

Solvent extraction system resembles the sol-gel processing, however, it is much more cost 
efficient and easily scalable synthesis route. It can be advantageously used for the fabrication of sub
micron, monosized particles. For a solvent extraction system, metal extraction (e.g. by an acidic 
extraction reagent HR) and back extraction (stripping) reactions can be represented by equations l and 
2 respectively . 

M z+(aq) + H~org) ~ RM21:org) + zl1 (Aq) 

RM21:orgl + u- Caq) ~ M yL 21:aqJ + R CorgJ 

(l) 
(2) 

where L is a water-soluble complexing reagent, present in the strip solution. The metal ions can be 
precipitated from the organic phase by selecting a suitable reagent that forms an insoluble complex in 
the aqueous phase. The advantage of the direct precipitation is that the diffusion of the reacting species 
from the two phases across the interface can be controlled in order to vary the morphology and size of 
the solid particle formed. 

Few researchers have studied precipitation-stripping routes for the fabrication of functional 
materials. Doyle et al. 42

-4
7 have studied the precipitation of a wide range of oxide powders by direct 

hydrolysis of metal-loaded organic solutions, at elevated temperatures, using carboxylic acid and di-2-
etheyhexyl phosphoric acid (D2EHPA) extractants . Valiente et al.48 have studied the precipitation 
stripping ofY2(C20 4) 3 from D2EHPA solutions. As seen in Figure 6, different particle morphology and 
size can be obtained. 

This approach can be further extended to fabricate multi-component powders with controlled 
composition and particle size. Sub-micron size, and nano-sized particles have very interesting 
properties, and can be prepared by this technique. The use of solvent extraction for the preparation of 
powder allows the fabrication of high quality powder using inexpensive raw materials . 

Figure 6. SEM micrograph of yttrium oxalate precipitated by stripping the organic phase by 
oxalate solution. 

CONCLUDING REMARKS 

Solvent extraction has reached a high degree of maturity, where the basic phenomena are fairly 
understood. This paper attempts to shed light on new venues for a valued added solvent extraction 
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operation. The first is the solvent impregnated resin (SIR) where the selective solvent extraction reagent 
can physically adhere the polymer surface. Polymer templating or imprint can be used for the 
development of physically novel reagents that can extend the area for solvent extraction. Such reagents 
make it possible to treat solutions with higher metal concentration at high flow rates. 
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ABSTRACT 

ONE PHASE MICELLAR EXTRACTION AS A NEW 

SEPARATION TECHNIQUE 
Jan Szymanowski 
Poznan University of Technology, Institute of Chemical 
Technology and Engineering, Pl. Sklodowskiej-Curie 2, 60-965 
Poznan, Poland 

Swfactant enhanced extractions are presented and discussed. They include micellar enhanced ultrafiltration and cloud point 
extraction. The ideas of the processes are given and the main features are presented and compared to classical solvent 
extraction. 

Keywords: micellar enhanced ultrafiltration, cloud point extraction. 

INTRODUCTION 

Solvent extraction is broadly used to recover inorganic and organic substances from various 
aqueous mecba, including technological solutions and liquid waste streams. Various extractants are 
used. Atypical processes carried out in the presence of surfactants have been proposed and some of 
them have found practical applications. They include reversed micelle and microemulsion extraction of 
biochemicals. Reversed micelles and microemulsions are also used to accelerate the extraction of several 
metal ions or even to make the process feasible as in the case of germanium and gallium extraction. The 
use of liquid emulsion membranes to recover various chemicals has been broadly described. An organic 
cbluent, usually containing low aromatic high boiling aliphatic hydrocarbons is used in each of these 
methods . Such systems, especially those containing surfactants, are very inconvenient from the 
environmental point of view and the possible formation of stable emulsions. 

New ideas and processes ecologically attractive have been recently proposed. They include the 
use of atypical one phase surfactant enhanced "extraction", i.e., surfactant enhanced ultrafiltration and 
cloud point extraction. 

SURFACTANT ENHANCED UTRAFILTRATION 

Surfactants form aggregates in the aqueous or in the organic solutions with various structures 
that depend on the geometry of surfactant molecules, which may be described by the ratio v/a.,l, where 
v is the volume of the hydrocarbon chain, a., is the optimal cross-sectional area per polar head group in 
a planar interface and I is approximately 80 to 99% of the fully extended length of surfactant chain. A 
smaller cross-sectional area of tail (hydrocarbon chain) compared to the head group favours aggregation 
in the aqueous phase. Spherical micelles, cylindrical micelles and lamellas (or vesicles) are formed for 
v/a.,l < 113, l/3 < v/a.,I < 1/2 and Yz < v/a.,l < 1, respectively. Reversed micelles in the organic phase are 
formed when the cross-sectional area of tail is greater than that of the head, i.e., v/a.,l > l. The latter 
case is used in reversed micelle and microemulsion extraction cbscussed previously. Now the use of 
aqueous micellar systems for separation of various substances will be discussed. 

Depending on type of surfactant, micelles can be negatively charged (anionic surfactants), 
positively charged (cationic surfactants) or can be neutral (non-ionic surfactants). Ionic micelles usually 
contain 50-100 surfactant ions. In diluted solutions and at ambient temperatures they are spheroid with 
the polar groups on the surface and the hydrophobic chains at the centre. The ionic head groups and 
some counter-ions form a compact Stem layer, in which about 60 - 70% of the micellar charge is 
neutralised. The remaining counter-ions form a Gouy-Chapman layer extending radially into the 
aqueous phase. The micelles also contain a considerable quantity of water, e.g., 33 -46% in the case of 
sodium dodecylsulphate. Water molecules are located not only in the surface layer but also in the 
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hydrophobic core of the micelles, the content decreasing with the distance from the polar head group 
into the interior of the micelle. 

The charged micelles bind ions of opposite charge. The binding is controlled primarily by 
electrostatic interactions. This means that multiple charged ions are easily bound by ionic micelles, e.g., 
toxic Cd(II) cations by anionic micelles and toxic CrO/ by cationic micelles. Steric and hydrophobic 
effects enhance such sorption of ionic species. 

The hydrocarbon core of a micelle is similar to a liquid hydrocarbon although it is more 
ordered, e.g. , microviscosity is considerably higher in micelles than in hydrocarbons . As a result, 
micelles can solubilize various organic substances that are sparingly soluble in water. Depending on the 
solute hydrophilicity, solute molecules can be located in various parts of micelles: at the micelle surface; 
at a particular depth within the surface layer, or in the micelle core. Solubilisation phenomenon permits 
the binding of various organic pollutants, including toxic phenols and their derivatives, various 
pesticides, etc. The solubilisation capacity depends on the surfactant concentration and is small in dilute 
isotropic solutions below the critical micelle concentration (erne). A sharp increase of solubilisation is 
observed at the erne. With a further increase in surfactant concentration the solubility increases 
proportionally, mainly because of the increase in the total number of micelles in the unit volume. It 
means that the binding of various substances by micelles is limited by the following factors : number of 
micelles, and size and charge of the micelles. As a result, the use of micelle enhanced processes tends to 
be limited to dilute solutions and different diluted liquid waste streams. 

Such micro-heterogeneous media, having a micro-interfacial area, may be considered as two 
pseudophase systems consisting of the aqueous and micellar pseudo-phases in which micelles are in 
dynamic equilibrium with individual molecules with a resistance time (i.e. the exchange of one 
surfactant molecule between the micelle and the aqueous pseudophase) and a micelle lifetime (micelle 
breakdown) of the order of microseconds and milliseconds respectively. In reality these characteristic 
times depend significantly upon the surfactant and alkyl chain length and it is impossible to give general 
values. Thus, the interface is continuously renewed in a micellar system. As a result, the distribution of 
solutes between aqueous and micellar pseudo-phases is always at equilibrium, and does not depend on 
any reaction occurring in the system. 

Both pseudo-phases can be separated by ultrafiltration using a membrane having pores smaller 
than the size of micelle. As a result, solutes sorbed on the micelle interface by electrostatic forces or 
solubilised in the hydrophobic micellar interior are separated from the aqueous pseudo-phase containing 
the surfactant below the erne, mainly in the form of monomers. Polyelectrolytes can be also used instead 
of surfactants. The molecular weight cut-off amounts to 500 Dalton. This method is particularly 
effective for multicharged ions, but the sorption is not selective. 

Micellar solutions can be considered as solvents for reagents which can complex ions present in 
solution. However typical extractants cannot be used. They are too hydrophobic and too bulky to 
obtain enough high solubilisation in the micelles. Thus, low molecular analogues must be used instead 
of the typical hydrophobic extractants, e.g., salicylaldoxime instead of commercial LIX and ACORGA 
hydroxyoxime reagents for copper removal, 8-hydroxyquinoline instead of KELEX (LIX) reagents, etc. 
Moreover, micelles must be neutral or have the same charge as the extracted ionic species. The 
separations may be based on thermodynamic or kinetic reasons as demonstrated by Tondre et al. 1

•
2 In the 

first case the effect of the acidity of the aqueous phase is considered as in the typical extraction process . 
The shape of the curves, % extracted vs pH, bears a close similarity to that observed in the classical 
extraction. Thus Ni(II) and Co(II) can be separated with 8-hydroxyquinoline and with KELEX I 00 at 
pH values below 4. Better separations are obtained with the hydrophobic KELEX I 00. Co(ll) is 
strongly bound to the chelating agent and solubilized in the micelle, while Ni(II) remains in the aqueous 
pseudo-phase. It is interesting that the separation of these two species in the micellar systems are 
significantly better than in the traditional extraction, since there is a separation of about 0. 5 pH units 
between the % extracted vs pH curves in micellar separations, whereas the corresponding curves in 
classical extraction are almost indistinguishable. The complexation of both Ni(II) and Co(II) can be 
carried out at a higher pH and then the micellar solution can be acidified to pH 3 and filtered through an 
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ultrafiltration membrane. Ni(II) ions appear then in the permeate (filtrate) and complexed Co(II) 
remains in the retentate (micellar phase) . 

The comparison of micellar enhanced ultrafiltration of copper(II) with the traditional extraction 
using hydroxyoxime extractants demonstrates that the separation curves in utrafiltration are shifted 
towards higher pH values in comparison to the extraction process. The magnitude of the shift depends 
on the surfactant and is stronger for cationic hexadecyltrimethylammonium chloride (CT AB) in 
comparison to the system containing non-ionic alcohol ethoxylate and amounts to 2 and 1 pH unit, 
respectively3 

Reactions between ionic species occur rapidly in homogenous solutions. The rate can be even 
increased in micellar systems as a result of micellar catalysis . The complexation of metal cations with 
different low-molecular weight chelating agents carried out in the presence of an anionic surfactant is a 
classical example. A sharp acceleration of the complexation rate occurs in the region of critical micelle 
concentration. At the erne, the metal cations are strongly sorbed by the micelles and their concentration 
in the Stem layer achieves a maximum. Then the concentration of metal ions at the micelle interface 
falls with increasing surfactant concentration and the rate of complexation decreases . 

An opposite kinetic effect is observed in micellar solutions containing cationic and non-ionic 
surfactants caused by electrostatic repulsion between ions of the same charge, i.e., metal cations and 
positively charged micelles, and additional diffusion of metal ions and/or reagent (extractant) molecules 
through the dense layers occupied in the micelles by long polyoxyethylene chains. The effect depends 
additionally on extractant hydrophobicity and is stronger for more hydrophobic reagents 4

·
5 The time 

needed for complexation increases from microseconds to minutes and even hours, e.g., Co(ll) is 
complexed in micellar CTAB solutions with KELEX 100 in 1-2 minutes while Ni(Il) needs 1-2 hr. 
Thus, if ultrafiltration is carried out between these limiting times separation can be achieved with non
complexed Ni(II) appearing in the permeate and complexed Co(II) remaining in the micellar medium 

In micellar solutions the following kinetic model can be considered for acidic and chelating 
reagents : 

HLw 
HLw M 

M2+wM + L-~M 
ML+~M+ L-~M 

ML2w 

HLM 
W wM +L'wM 
ML;wM . 

M~w.M 
ML2M 

(I) 
(2) 
(3) 
(4) 
(5) 

where HL denotes the extractant and subscripts W and M the aqueous and micellar pseudo-phase, 
respectively. The double subscript (W,M) means that the reaction can occur in any of the pseudo
phases. In some specific cases additional equilibria, such as the complexation with the neutral reagent, 
protonation of reagent and reaction with the protonated extractant, must be considered. 

The model shows great similarities to that discussed in classical extraction. The main important 
simplification is connected with the rapid formation and breaking of micelles . As a result, the effects of 
diffusion can be neglected and only the chemical steps considered. The second difference is connected 
with the limiting chemical step. The formation of the intermediate complex ML+ (eq. 3) is the slowest 
step. The other equilibria (eqs I, 2, 4 and 5) are rapid. Complexation can occur in the micelles or in the 
aqueous pseudo-phase or in both pseudo-phases. It depends on two factors : the charge of the micelles in 
comparison to the charge of extracted species and the hydrophobicity of the extracting reagent. 
Electrostatic attraction between metal cations and negatively charged micelles (anionic surfactants) 
favours reaction in the micelles . Electrostatic repulsion between metal cations and positively charged 
micelles (cationic surfactants) decreases the rate of complexation and gives the possibility of different 
complexation sites: in the micellar or aqueous pseudo-phase for a hydrophobic and a hydrophilic 
extractant, respectively. The rate of extraction decreases when the hydrophobicity of extractants 
increases . The same effect of hydrophobicity is observed in micellar systems containing non-ionic 
surfactants . 
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The surfactant enhanced separations presented above seem to be an interesting new method for 
specific separations of toxic contaminants, both inorganic and organic, present in small quantities in 
various aqueous waste streams. The method permits the concentration of the separated species to a level 
acceptable for other separation methods. The main drawback of the method is connected with the 
presence of surfactants that must be further removed or biodegraded. 

CLOUD POINT EXTRACTION 

Cloud point extraction technique, initially reported by Watanabe6 stems from the phase 
phenomenon exhibited by non-ionic and zwitterionic surfactant micelle systems. Upon appropriate 
variation of conditions, i.e. temperature, addition of salt or other additives, the separation of an aqueous 
surfactant micellar solution into a concentrated phase containing most of the surfactant (termed 
surfactant-rich, micellar or coacervate phase) and a dilute aqueous phase containing a low concentration 
of surfactant is observed. Any component(s) originally present that bind to the micellar aggregate can be 
extracted from the original solution and concentrated in the small volume of the surfactant-rich phase. 
The phases can then be separated by centrifugation to speed up the separation. 

Non-ionic surfactants, e.g., RX(OCH2CH2)nOH, where R is an alkyl group and X stands for an 
intermediate fragment: phenyl ring, oxygen atom and carbonyl group in oxyethylated alkylphenols, 
alcohols and carboxylic acids, respectively and zwitterionic surfactants, e.g., R(CH3)2W(CH2)n0S03·, 

are appropriate surface active agents for which micellar solutions undergo temperature dependent phase 
separation. When the temperature is raised, solutions of non-ionic surfactants become turbid in a 
narrow temperature range referred to as the cloud point. Above the cloud point the system separates into 
two isotropic phases. This phase separation is reversible and on cooling, the two separated phases form 
a clear micellar solution once again. Considering the phase diagrams, areas of different isotropic 
micellar solutions are observed at ambient temperatures depending on surfactant concentration. They 
are as follows: the typical isotropic phases L1 L2 and L3 and the isotropic liquid crystalline phases L., H1 

and V 1. A heating of a diluted isotropic solution decreases the hydration of the hydrophilic 
oligooxyethylene chain and as a result a change of the micelles from spherical to cylindrical ones is 
observed. At appropriate temperature the clouding occurs. The two phase system may not be, however, 
suitable for separations because the surfactant-rich phase may be enough concentrated. A further 
heating may give the crystalline phase with lamellar micelles L. which quickly is transferred into the 
isotropic phase L3 . A further heating may give two phase system suitable for separations in which the 
surfactant-rich phase L2 is in the equilibrium with almost pure water. 
Depending on surfactant a different phase diagram is obtained. Some conclusions can be, however, 
given. For oxyethylated non-ionic surfactants, the cloud point increases with decreasing length of the 
hydrocarbon chain and increasing length of the oligooxyethylene chain. The cloud point is lowered by 
the branching of the alkyl group, the replacement of the terminal hydroxyl group by a short alkyl group, 
e.g., methyl group and by a broad distribution of the hydrophilic oxyethylene chain in industrial 
surfactants. The cloud point can be altered by various additives including electrolytes, polar organic 
compounds and other surfactants. As a result, the system can be modified in such a way that the phase 
separation can occur at a convenient temperature. 
Zwitterionic surfactant solutions behave in the opposite way and the phase separation occurs on solution 
cooling. Again, as in the case of non-ionic surfactants, the cloud point can be modified by the presence 
of various additives. 
The cloud point phenomena have been applied for the preconcentration of various inorganic and organic 
molecules present in low concentrations in various aqueous media. The physical extraction works only 
for organic substances which are dissolved in the surfactant-rich phase. Metal ions must be, however, 
first converted into some less hydrophilic substances by reaction with sparingly water-soluble 
complexing agents. The surfactant-rich phase acts as an organic solvent with the extracted substance 
partitioned between this phase and the aqueous solution containing only very small amounts of the 
dissolved surfactant. The cloud point phenomenon permits to eliminate the use of ultrafiltration and the 
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cloud point separation technique can be considered as an separation technique alternative to the 
surfactant enhanced ultrafiltration. 
The volume of the separated surfactant-rich phase and thus the concentration factor depends on the 
nature of surfactant, its concentration and temperature of separation. Typically, the surfactant 
concentration is kept in the range of 0.2-2.0% with a corresponding volume of surfactant-rich phase 
being between 2 and 10% of the initial solution volume. Thus, the concentration factor assumes the 
values of 10-50. Partitioning coefficients both of complexing agents and extracted complexes are lower 
than in the typical solvent extraction but enough high to achieve almost quantitative separations. 
As in the case of the micellar enhanced ultrafiltration, the cloud point extraction found numerous 
applications for separation of biochemicals and clinical species, including antibiotics, enzymes, proteins, 
etc. The separation of toxic organic substances such as aromatic hydrocarbons, including pyrene and 
its derivatives, phenols and its derivatives, acids, e.g ., 2,4-D acid and 2,4,5-T acid, etc., is one of main 
interest in environmental science. A great number of various examples can be found in the reviews of 
Pramauro7

·
8 and in few hundreds original works. 

The main disadvantage of the cloud point extraction arises from small solubility of complexing agents in 
aqueous surfactant solutions. This imposes a limit on the amount of ligand available in such systems. 
Moreover, due to the presence of surfactants, the recovery and purification of the separated metal ions 
is more difficult compared to the classical liquid-liquid extraction. 
Another interesting separation technique include polyoxyethylene glycol/salt systems which separate 
into two phases, e.g9

-
11

. 
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ABSTRACT 

PHYSICO-CHEMICAL MODELLING OF LIQUID

LIQUID EXTRACTION SYSTEMS OF HIGHLY 

CON CENTRA TED ELECTROLYTES 
P Dannus 
Institut National des Sciences et Techniques Nucleaires. Commissariat a 
l'Energie Atomique, 

A review of the studies conducted in our laboratories over the last fifteen years in the field of solution chemistry applied to 
concentrated ionic media is presented. A new representation of stability constants in aqueous solutions is developed along with 
a method for handling the salting-out effect in liquid-liquid extraction operations. Finally a methodology for completed physico
chemical modelling of complex liquid-liquid extraction systems is presented. 

Keywords: Modelling; Concentrated Solutions; Extraction; Electrolytes. 

INTRODUCTION 

The same thermodynamic Jaws as diluted media chemistry of course, govern solution chemistry 
dealing with concentrated ionic media. However, the simplifying assumption permitted in diluted media is 
no longer acceptable and it thus becomes necessary to quantify or control solution non-ideality, i.e., the 
activity coefficients of species involved in chemical equilibria, so as to eliminate the effect of the medium 
on the phenomenon being studied. 

Our studies show that it is more often the control of the effect of the medium rather than its 
quantification that allows a good perception of the chemical phenomenon, thus giving access to new fields 
that are usually difficult to explore. As examples, the determination of low stability constants in aqueous 
solutions and the controlling of the salting-out effect in liquid-liquid extraction operations are described. 
In the approach that we implement, the activity coefficient depends on only two physico-chemical variables: 
the water activity of the solution and the total concentration of dissolved species, for which other methods 
require the ionic strength, the species concentration and a more or less large number of empirically 
determined "interaction parameters". 

This approach also allows, to some extent, the calculation of the stoichiometric activity coefficient 
of an electrolyte present in a mixture, if again we know the water activity and the total concentration of all 
the components of this solution. That possibility again opens up new horizons, especially in the field of 
liquid-liquid extraction. 

For instance, the most favourable medium for the extraction of a metallic element can be predicted, 
which is particularly useful in the field of analysis. Complex systems modelling can be completed, which 
prompts us to propose organic complex stoichiometries and their associated constants . Such modelling 
allows us to understand the effect of the variations in the feed composition (acid, salt concentrations) on 
hydrometallurgical processes by making predictive calculations. 
This physico-chemical model also allows understanding and prediction in such sophisticated fields as rare
earth metals separation. 

NON-IDEALITY TREATMENT IN AQUEOUS SOLUTIONS: FUNDAMENTALS 

In 1936, the Russian physical chemist Zdanovskii 1 published the following empirical rule based on 
experimental observations: 
"When binary electrolytic solutions of the same water activity (isopiestic solutions) are mixed, the 
resulting mixture has the same water activity as the initial solutions, provided there is no new chemical 
interaction between the electrolytes within the mixture". 
This behaviour can be mathematically represented by: 
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(l) 

m i = concentration of the electrolyte i in the mixture, 

m~i = concentration of the electrolyte i in the binary solution of the same water activity as that of the 

mixture. 

The same type of behaviour was also observed by Stockes and Robinson in 19662 for the case of sugar 
mixtures. The ZDANOVSKI-STOCKES-ROBINSON (ZSR) law therefore applies to electrolytic and 
neutral molecular mixtures . 
Ryazanov and Vdovenko3 showed that when equation (l) is introduced into the McKAY-PERRING4 

thermodynamic relation, a simple expression for the stoichiometric activity coefficient could be obtained for 
a component MX; present in a mixture; 

y MX; = activity coefficient for i in the mixture, 

y ~; = activity coefficient for i in the binary solution of the same water activity as the mixture, 

vMX; and vMXk =number of ions liberated after the assumed total dissociation ofi and k, 

m MXk = molality of electrolyte k in the mixture, 

m~; =molality ofi in the binary solution of the same water activity as the mixture. 

(2) 

Equation (2), later widely used by Mikulin,5 is known under the name of this Russian physical chemist. 
Equations (l) and (2) show that it is possible to calculate the water activity of a mixture and the activity 

coefficient of the components if the composition of the mixture and the binary data (a H2o , m ~. , y ~. ) 
I I 

associated with each of the components are known. These binary data are available for a large number of 
electrolyte.6 We have access to a database and associated software which allows automatic calculation of 

a H20 andY MX; · 

The term in the numerator of Equation (2) depends solely on the water activity of the solution and the 
nature of the electrolyte MX;. The denominator represents the sum of the mixture's components. Equation 
(2) may therefore be represented as follows: 

(3) 

Where FMx; is a characteristic function of the electrolyte MXi which depends solely on the water activity, 

and L = L vMXk .mMXk 
k 

Strictly speaking, Mikulin's law is applicable only if the special ZSR behaviour is confirmed. In 
1968, Ryazanov and Vdovenko 7 generalised Equation (3) to include chemical species . If new interactions 
exist in the mixture, leading to the formation of new chemical species, the mixture of binary isopiestic 
solutions of all these chemical species (of course, a hypothetical solution) must comply with the ZSR law. 
The activity coefficient of any chemical species x would itself depend solely on the mixture's water activity 
and the sum of the concentrations of all the chemical species present in the mixture, according to the 
RY AZANOV-VDOVENKO (RV) relation; 

26 



Keynote Lecture 

Yx (4) 
cr 

where f x is a characteristic function of the species x depending solely on the water activity, and a is the 

sum ofthe concentrations of all chemical species in the mixture. 
Unlike the water activity function FMX, , the function fx cannot be calculated. In the case of a chemical 

species, this approach does not allow an activity coefficient value to be calculated. However, as in the case 
of a component, we can see that only two physico-chemical parameters control the influence ofthe medium 
on species reactivity. 

CONTRIBUTION OF THE RYAZANOV-VDOVENKO RELATION TO CONTROL OF 
SAL TIN G-OUT EFFECTS 

The RV relation allows widely varying problems to be solved. In particular, by controlling the 
variables aH20 and cr (easily fixed by the addition of background salts), it allows salting-out phenomenon 

to be held at a constant level for the study ofliquid-liquid extraction systems. 
It also leads to a new representation of chemical equilibrium constants data. 

New representation of equilibrium constants 

For example, the complexation reaction of Fe 3+ by SCN- thiocyanate ions can be written as follows : 

Fe 3+ + SCN" B Fe(SCNf+ 

The mass action law applied to this equilibrium gives: 

[ Fe(SCN)2+ J o y Fe3+. y sew 

[ Fe3+ I SCN- J Pi . y Fe(SCN)2+ 

where 13 1 is the apparent constant of equilibrium, and 13 ~ is the thermodynamic constant of equilibrium. 

If the activity coefficients y; of the species participating in the equilibrium are developed by applying the 

RV expression, the mass action law may be written in the form: 

G1 (aH20) = P1.cr 

where G 1 is the water activity function which characterises the equilibrium. 

If the activity coefficient quantification according to the RV approach is valid, the representation of the 

product (p 1. cr) should depend solely on the solution's water activity, irrespective of the nature of the 

background salts used for determining the values of p 1 . 

Based on values from the literature,8 we have represented (Figure l) the variation of the apparent 
constant p 1 as a function of the ionic strength I. It can be easily seen that, for the same ionic strength, the 

value of the apparent constant depends on the nature of the background salt used. 
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Figure 1. Effect of the ionic strength 
and the nature of background salts on 

the complexation of Fe3
+ by SeN

anions to form FeSCN 2+ . Data from 
reference 8. 

In contrast (Figure 2), the product (13 1. o) is now solely dependent on the variable a H2o . 

On the basis of such a representation, it is thus possible to determine the value of the apparent constant (3 1 

for any medium, provided its composition (and therefore its water activity) is known. 
The accuracy and utility of this new representation for equilibrium constants have been verified for a large 
number of chemical equilibria. 9

-
11 

Salting-out control in liquid-liquid extraction operations 

Two liquid-liquid extraction studies have made use of the RV relation. The systems contained 
aqueous solutions of copper (11) 12 or zinc (11)13 with high chloride concentrations, and neutral extractants . 
The extraction equilibrium is of the type: 

Zn 2
+ (or Cu 2

+ )+ 2Cr + E ~ ZnC12E 

In such a system, interpretation of experimental results is particularly tricky. When cr ion concentration 
increases, three antagonistic phenomena occur: 
I . The formation of a complex containing Zn (or Cu), the extractant and Cr ions, which allows the 
extraction of Zn or Cu with positive influence of both extractant and cr ion concentrations, 
2. The formation of Zn (II) (or Cu (II)) chloro-complexes in the aqueous phase, which tends to depress the 
extraction, 
3. The salting-out effect, which favours zinc extraction. 

At constant aH20 and o , the salting-out effect has a constant influence within the whole range of 

chloride ion concentrations investigated and thus the depressing effect of the complexes formation can be 
clearly observed as cr ion concentration is increased. Conversely, at non-constant aH20 and o , any 

increase in chloride ion concentration has both the tendency to depress the extraction, as a result of the 
chloro-complexes formation, and also to favour the extraction, as a result of an increase in the salting-out 
effect and, of course, a mass effect on the extraction equilibrium. Control of the salting-out effect thus 
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allowed determination of the extraction constants and the chloro-complexes stability constants in aqueous 
solution without ambiguity. 13 

log(8
1
-V) 

• LIMO, + Q,.2M HN03' 

• NaNOs + 
• IC.N03 + 

• NeCIO~ + 

,. 
'-· 3 . ... 

::-o.:-, __ ..._ __ ..Jo,i..-e--....L---.o,.l..v--......J.--_J 8 H,o 

Figure 2. Effect of the water activity and 
the total concentration of species on the 

complexation of Fe3
+ by SCN- anions to 

form FeSCN 2
+ . Data from reference 8. 

CONTRIBUTION OF THE MIKULIN RELATION TO MODELLING OF EXTRACTION 
SYSTEMS 

Here, the non-ideality of the aqueous phase is treated in an overall manner, without attempting to 
distinguish between chemical and physical phenomena. This approach is particularly useful when the 
aqueous chemistry of the metallic elements to be extracted is not well known or subject to caution. In the 
case of extraction systems using a neutral extractant, this approach allows the application of an analytical 
method to the organic phase by searching, in particular, for the number and stoichiometry of formed 
complexes. 

Selection of most favourable aqueous medium for extraction 

The possibility of quantifying non-ideality of aqueous phases using the MIKULIN (2) relation 
allows, in certain cases, the prediction simply by calculation of the medium best suited to performing an 
extraction operation. 
A recent study14 examined the extraction ofU(VI) using an acid extractant reagent of the type "Calixarene" 
governed by the equilibrium: 

uo;+ + LH 3 ~ LU0 2H + 2W 

The application of this study concerned the definition of an analysis protocol. The goal was to determine 
the aqueous medium most suitable for uranium recovery. 
It should be noted that, for such a system, the value of the effective extraction constant K is "constant" (for 
a fixed extractant concentration) irrespective of the medium under consideration. 
The effective extraction constant, K, can be represented by: 
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K [LHU02IH+t 'Y~ + 
[LHJ I uo~+ ] 'Y uo~+ 

where [ H + ] , [ U 0 ~+ ] are the concentrations of the species H + and U 0 i + , 

r +, y 2+ are the activity coefficients of the species H + and UO ~+ . 
H uo2 

By introducing the stoichiometric activity coefficients, and taking as an example a chloride medium, we 
obtain, 

K [LHUOzJCHjz 'Y~ct 
[ LH 3 } U (VI)] 'Y tozctz 

where [ CH J is the concentration of the acid component (normality), 

[U(VI)] is the concentration ofthe component U0 2(Cl)z , 

r Hct, y uo2c12 are the stoichiometric activity coefficients for the components HCl and UO 2 (Cl)z. 

i.e., logDu = logK + log[ LH3] - 2logCH + 31og(yu02Cl2) - 41og(y HCt) 

In chloride medium, the medium effect on extraction performance is therefore quantified by the expression: 
M. E = 31og( y uo2c12 ) - 41og( r HCI ) 

In nitrate medium, it becomes,]: M. E = 31og( Y uol(NOJ)l) - 41og( Y HNOJ) 

In perchlorate medium, it becomes: M.E = 31og( y uo2c104 ) - 41og( r Hc104 ) 

This medium-related effect quantifies all the interactions undergone by the U(VI) and acid components in 
the aqueous phase. It therefore concerns both physical and chemical interactions (i.e. formation of 

complexes between uo~+ and the medium's counter-anion, proton association). 

Calculation of the term (M.E), which quantifies the global medium effect, makes it possible to 
determine the medium that provides best performance, i .e.; that giving the highest M.E value. The values of 
the stoichiometric activity coefficients were calculated using the MIKULIN relation and the binary data 
relating to the electrolytes in question6 

For a given value of water activity, the nitrate medium gives the highest M.E values . Predicted 
extraction performance, as a function of medium nature was then experimentally confirmed. 14 

Advanced physico-chemical modelling of neutral extractant systems 

Software has been developed (EXTRACTION software) to model as completely as possible the 
extraction system corresponding to the general extraction equilibrium, 

iE + jH + + kM + + (j+ k)NOj + hH20 + dDil B (EMH)j(Mh(N03h+j(H20h(Dil)d 

Depending on the value of the stoichiometric coefficients (i, j , k, h, d), it is possible to take into account 
various types of equilibria: 

- polymerisation of the extractant and/or diluent molecule, 
-hydration of the extractant and/or diluent molecule, 
-distribution of the acid or salt between the aqueous and diluent phases, 
- extraction of the acid or salt, with or without hydration, by the extractant or diluent, 
- mixed extraction (acid + salt), with or without hydration, by the extractant or diluent. 

The hydration water molecules given in the extraction equilibrium have "strong" interactions with 
the organic complex. However, many studies15

"
16 have shown that water interacting "weakly" with the 
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organic species (whether hydrated or not) participated in the general phenomenon of hydration of the 
organic phases of these systems. To distinguish them from the hydration water molecules without 
ambiguity, we refer to them as water molecules solubilized by the organic species. Those physical 
interactions with the organic species can be removed from the corresponding activity coefficients by using 
the SERGIEVSKI 17 relation, with the applications of some modifications.15 For an organic species i this 
relation is given by: 

Y:" =y~.exp[s~(l-aH2o)) 
where y f denotes the activity coefficient of species i in the same organic phase (i .e., same diluent and 

same concentration), but in equilibrium with pure water (i.e., aH20 = l), 

s ~ is the number of water molecules solubilized by species i. , for aH20 = 1. 

For the specific case of extraction equilibrium which corresponds to: 

iE + M+ + NOj + hH 20 ~ (EMMN0 3 )(H 20h 

the associated thermodynamic extraction constant can be written: 

[;:] y ~ exp[s~ (l-aH2o )] 
[mEr.aMNm ·a~20 .(y~)i exp[i . s~ (l-aHzo ] 

At this stage, only non-ideality caused by physical interactions between the organic species and the diluent 

are contained in the terms y (j) . 

If we assume, for a constant extractant/diluent ratio, that the relationship between activity 

coefficients y $ is constant along an extraction isotherm, it is then possible to write an "effective" 

extraction constant: 

K 

h - 2 were aMNo3 -mM.mN03·YMNo3 

Calculation of the thermodynamic activities of the components H20 and MN03 is carried out by 

using, respectively, the ZSR relation (l) and the MIKULIN relation (2) . Of course, these calculations are 
possible only if the binary data relating to the aqueous solution components are known. 
In these studies, modelling consists of testing the validity of a set of organic species with respect to the 
experimental extraction isotherms. If this set constitutes a convincing image of the organic phase, there 
should be a good agreement between the calculated and experimental values for both acid or salt extraction 
isotherms and those for water. This phase of the calculation consists of an adjustment of the parameters 
(K,s$ ) with respect to each of the proposed species. This is referred to as the adjustment step . The 

adjustment step is generally only applied to systems containing one component (in addition to water) . 
To confirm whether or not the proposed species and their associated parameters are convincing, the 

system of equations is then used in a second stage in predictive mode. The quantities of acid, salt and water 
present in the organic phases equilibrated with the multicomponent aqueous phases are calculated (acid, 
extractable salt, non-extractable salt). This is referred to as the predictive step. If non-ideality has been 
correctly accounted for based on the sub-systems, there should be a good agreement between calculated and 
experimental values. 

This model was first applied to the extraction of nitric acid HN0 3 alone, or in the presence of 

salting-out agents, by TBP (pure and diluted at 30% by weight in hydrogenated tetrapropylene (HTP), and 
at 10%, 30%, 50% in dodecane) 15

'
18 and by a monoamide (DOPA), pure or diluted in HTP (10%, 30%, 
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60%).15 The acid and water extraction isotherms have been perfectly modelled over a very wide 
concentration range (0-14 M) using a limited number of organic complexes. 

We then studied the modelling of metallic elements; uranyl nitrate by a monoamide (DOPA) 
(diluted at 30% in HTP)/5 and lanthanide nitrates (Ln = Nd, Pr) by TBP (pure and diluted at 30, 50 in 
dodecane)I9 In the case ofU(VI), to correctly represent the extraction isotherms for U(VI) and water over 
the full concentration range, it was necessary to take into account two non hydrated complexes 

(U0 2(N0 3 )z)(DOPA) 2 and (U0 2 (N0 3 )z)
2
(DOPA) 3 . In the case of Ln(N03h/TBP-dodecane 

systems, modelling leads to two complexes; (TBP) 3Ln(N0 3 h and (TBP) 4 Ln(N0 3 h, irrespective of the 

TBP concentration. In Figures 3 are represented the calculated extraction isotherms for neodymium (on the 
left) and water (on the right), along with the experimental points. 

1.2 
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0.3 

0 . 0 LnOCJ.._,_....L..,.._L...,_J_-L,.....L..,.._L...,........., 

0 .0 0.5 1.0 1.5 2.0 2.5 3 .0 3.5 
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Figures 3. Experimental (points) and calculated (lines) extraction isotherms (Nd, on the left, and water, on 
the right) as a function of neodymium nitrate concentration in the aqueous phase. Extraction 
system: Nd(N03 h- H20 I TBP (~ = 30, D =50, 0 = 100 vol%)-dodecane. 

This modelling has also permitted an accurate prediction of lanthanide and water concentrations 
present in the organic phases in equilibrium with the aqueous phases containing a salting-out agent 
(NI-4N03, non-extracted salt)19 Finally, the predictive calculations relating to systems containing 
lanthanide and nitric acid,19 slightly disagree with the experimental values for domains of high acidity. The 
formation of a mixed acid complex (TBP)3HLn(N0 3 ) 4 was then considered, for which the parameters 

(K,s$ ) were adjusted based on the experimental points corresponding to the Ln(N03)rHNOJTBP

dodecane system. 
A more recent studl0

·
21 investigates an even more complex system; CsN03-NaN03-HNO) 

Calixarene(l0.2M)-nitrophenyloctylether (NPOE). In effect, three additional difficulties exist here. 
Firstly, three components (as opposed to two previously) are extracted by calixarene: HN03 , 

CsN03 and NaN03. 
Secondly, the diluent (NPOE) extracts a non-negligible quantity of nitric acid. 
Finally, caesium, for the calixarene used in this study displays a strong affinity, is present as traces 

in a matrix containing high concentrations ofNaN03 and HN03. In the previous work, all the components 
were present in macro-concentrations. 

For conditions under which calixarene is saturated by caesium, the study reveals a non-negligible 
extraction of nitric acid by the Calix-Caesium complex. On the basis of these experimental results, 
modelling leads to the suggestion of two mixed complexes of the formula (Calix)HCs(N0 3 ) 2 and. 

(Calix)H 2Cs(N03 )
3 

•
21 Finally, predictive calculations of the distribution ratio values for trace caesium (10-

5M) in matrixes of high NaN03 and/or HN03 concentrations were carried out by considering eleven 
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complexes whose parameters (K,se ) had first been adjusted on the simpler systems (HN03 /NPOE, 

HN03 Icalix-NPOE, CsNO)calix-NPOE, NaNO/calix-NPOE). Figures 4 and 5 present these predictive 

calculations. Good agreement between experimental and calculated values can be seen. The improved 
performance of the extraction system in acid medium can therefore be explained by the formation of acid
caesium complexes. 

25 

20 

15 

8 z 
~ 0CsN~ 

Figure 4 (on the left), Figure 5 (on the right): Predicted and experimental distribution ratio of nitrate 
caesium at tracer level concentration (10-5M) in concentrated NaN0 3 (fig.4) or HN0 3 (fig.5) solutions. 

Extraction system: CsN0 3 - MN0 3 (M == Na or H)- H 20 I 0.0076mol I kgNPOE 

Prediction of separation selectivity 

The Mikulin-Sergievskii model allows determination of the values of the parameters (K, sEll ) with 

respect to the extracted species. Knowledge of these values should allow prediction of the separation 
selectivity between two elements of similar properties. 
We thus took an interest in selectivity for lanthanide nitrate-rfBP-dodecane extraction systems.22

'
23 In these 

systems, the principal extraction equilibrium can be written: 

Ln3
+ + 3NO; + 3E ~ (E) 3 Ln(N0 3 ) 3 

By expanding the expression of the effective extraction constant and by using the MIKULIN relation under 
form (3), it is possible to write an expanded expression ofthe separation selectivity factor (SFA18 ) between 

two lanthanides A and B (organic lanthanide complexes formed with TBP have identical stoichiometries): 

In this expression, the term KAlKa, ratio of effective extraction constants, depends solely (apart from 
temperature and pressure) on the lanthanide pair A-B and the extractant/diluent proportion. Depending on 
the pair considered, it might be greater than 1 or less than I (Figure 6). 
The exponential term depends on the pair considered and the system's water activity. For increasing 
lanthanide atomic number, we have observed (in previous studies mentioned earlier 22 that the number of 
water molecules solubilized by the organic complex, sEll, decreases. In this way, if we let ZA>Z8 , then 
s~ < s: and the exponential term increases when water activity decreases, i.e., when salt concentration 

increases (lanthanide, nitric acid or non-extractable salt concentration). 
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Figure 6. Effective extraction constant of the 
trisolvate (TBPh . Ln(NO 3 h versus lanthanide 

atomic number Z. Extraction system: 
Ln(N0 3 h- H 20- TBP 100 vol%. Data from 

reference 24. 

Finally, the term F A/Fs is also solely dependent on the pair considered and water activity. The values of 
FLn (a H2o) = 4m~;n . y ~~ can be calculated for each lanthanide nitrate since the binary data relating to these 

electrolytes are available in the literature. We can observe [23] that the functions FLn are strictly increasing 
as water activity decreases and the values of FLn increase proportionally with the lanthanide atomic 
number. 
Hence, for ZA>Zs , FA/Fs;:: I. The power of four, typical of lanthanide salt stoichiometry, of course 
increases the weight of this third term. 
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Figure 7 (on the left). Separation factors of selected lanthanide pairs versus lanthanide nitrate 
concentration ( aH20 decreases when C(g/1) increases) . Data from reference 25 . 

Figure 8 (on the right). Yb/Dy separation factor versus water activity. Data from reference 26. 

To summarise the various arguments, we may write the expression: 
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SF AlB = SFI.SF2 .SFJ 
For ZA>Z8 , SF2 and SFJ ~ 1 

IfKA>K8 , then SF1> land SF NB increases when aHzo decreases; selectivity is improved (Fig. 7) . 
If KA <K8 , then SF 1 < l and SF NB is less than l in a diluted solution and tends to l when aH2o decreases; 
selectivity is diminished (Fig. 8). 
This formalism has made it possible to explain a large number of experimental observations reported in the 
literature. 22 

CONCLUSIONS 

The Mikulin-Sergievskii model as we have expanded it (and the EXTRACTION application 
software that we have computed) appears to be a very useful working tool for the solution chemists, as it 
offers them a very accurate image of the organic phase. In this respect, it can be considered as a further 
information along with other tools such as spectroscopic methods. 

It also concerns industrial processes. The pronounced physico-chemical character it has got, allows 
predictive calculations of isotherms, efficiency and selectivity relative to extraction in conditions that 
deviate from those the optimisation of parameters have been achieved for. 

This model takes the non-ideality of the aqueous phase into account according to a global 
approach, and therefore allows to free oneself from the lack of data or complexity concerning the aqueous 
solution chemistry of certain chemical elements . That is why it particularly concerns the actinide elements. 
However, as all models, it has got its own limits. The global approach we develop here shows itself very 
convenient, but can only be considered if the binary data of the studied components are available. On the 
other hand, the optimised values of the extraction constants related to each organic species depend on 
(apart from T and P) the extractant/diluent proportion, which of course limits predictions. 

To finish with, we will underline the important - either theoretical or practical - breakthrough 
allowed by the expression of the species activity coefficient according to Ryazanov-Vdovenko (4). The 
constant water activity and total concentration of species method should be favoured in the place of the 
constant ionic strength method, if we aim at maintaining a medium effect that's constant and non
dependent on the nature of background salts . 
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ABSTRACT 

STATE OF THE ART AND FUTURE DIRECTIONS IN 

SOL VENT EXTRACTION. 

SUMMARY OF THE l 5
T INTERNATIONAL SOLVENT 

EXTRACTION WORKSHOP, 5-8T8 0CTOBER 1997, 
BANFF, ALBERTA, CANADA 
Gordon M Ritcey 
G M Ritcey & Associates Inc ., Nepean, Ontario, Canada, K2H8A9 

The plan to hold a "small meeting of Solvent Extraction specialists" sometime between the Melbourne 1996 meeting and the next 
ISEC'99 in Barcelona in 1999 was formulated early in 1996. The purpose would be to bring together many of the experts in solvent 
extraction to identify and to discuss the various problem areas in this unit process. The recommendations should provide the many 
researchers throughout the world with valid project ideas that could ultimately result in process improvements and therefore 
significant reductions in capital and operating costs of solvent extraction plants. If the Workshop was to be successful, the total 
attendees would be limited to about 75. Invitees included those from all aspects of chemistry, chemical engineering, process design, 
engineering contractors, and operating plants. These "experts" would: 

I) critically review the individual areas of concern --from R&D to industrial scale-up; 
2) improve interaction between chemistry-engineering-process development-plant design and construction, to optimise the 

design of future solvent extraction operations; 
3) provide some guidance to future R&D and plant design; and, 
4) provide a document for wide circulation amongst practitioners. 

The Solvent Extraction Workshop'97 that was held October 5-8, 1997 in Banff, Alberta, Canada, was probably the first of its kind 
covering all aspects of the Solvent Extraction process, and was by invitation. The meetings took place over a 4-day period. The 
format comprised an informal technical session in the morning, followed by lunch and then breaks in the afternoon. This permitted 
the attendees to visit the area for sightseeing, or participate in sporting activities of their choice. Following dinner, the evening 
sessions commenced. The objectives of the Workshop were: 

to address and critique the various areas of the solvent extraction process, including: 
A) Fundamental research in chemistry and chemical engineering 
B) Flowsheet development through to piloting 
C) Engineering design, control, plant design and plant construction 
D) Plant operation (problems and solutions) 

INVITED PRESENTATIONS 

A number of invited keynote presentations took place on the first day of the Workshop. The object 
of these short presentations was to provide an "overview" or state-of-the-art" of a particular area in the 
solvent extraction process. These presentations therefore were helpful in setting the stage for the subsequent 
in-depth discussions that subsequently took place. 

CONCERNS IDENTIFIED FOR DISCUSSION IN THE WORKSHOPS 

An open discussion by all the participants identified the following areas of concern that would 
subsequently, where time permitted, be discussed in more detail in the smaller workshop groups. It was left 
to each separate working group to select from the list of concerns below those that they could discuss in the 
time available for the Workshop. It should be noted that some items were addressed by more than one group, 
and often with similar statements of concern. 

Chemistry: 

* 
* 
* 
* 

What are the restrictions on reagents imposed by the mineralogy and plant operations; 
Need a reagent for Co extraction at about pH 1.5 ; 
Research is required on reagent degradation, the causes and mechanisms occurring; 
Speciation studies are required on all solutions throughout the process; 
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* 

* 
* 

Understanding the process as regards the fundamental chemistry vs. real operation because of 
changes in the kinetics, viscosity and physical aspects as loading occurs. 
Sampling/analyses frequency a) on-line vs. off-line; b) modem instruments vs. "wet" 
Is there a better way to treat fouled organics other than by clay treatment? 

Chemical Engineering 

* 

* 

Design 

* 
* 

* 

* 
* 

* 
* 

Oneration 

* 
* 
* 

* 
* 
* 

* 
* 

General 

* 

* 

* 
* 
* 

* 

Requirement for more sophisticated design models of equipment, e.g., columns 
Modelling/simulation: a) can it help in the SX plant design? b) in the total plant? 
There is a lack of data on the thermodynamics in concentrated (typical plant) solutions 
Application of columns to metals such as copper--will depend on the kinetics. 

Use typical plant solutions for design as soon as possible in the investigation; 
SX process operation in dynamic and changing continually in physically and chemical 
compositions, (including surfactants)--not a simple static system. 
Dependence of design on the aqueous media, e.g. SO/, Cr, NH/ as regards reagent 
degradation, contactor choice, physical dynamics, final product, economics etc. 
Fundamentals of chloride systems, or other novel systems could be considered. 
Relate pilot contactors to eventual plant design; mixer settlers have been the most common; very 
little interest has been on other possible contactors, such as columns. 
Piloting should be considered in the context of the total (metallurgical) flowsheet; 
Interface the upstream/downstream compatibility with economics and environmental. 

Information required by the operator to operate the process most efficiently .. 
Amount and type of data necessary for design engineers, and duration of a pilot plant. 
Guidelines are required on entrainment (mechanical and chemical), the causes and the effect of 
tip speed, shear, etc., on entrainment. 
There is a need for sensors that are robust to the process. 
Good partnerships between the engineering company and operators are necessary. 
Effects of possible additives to the diluent due to possible changes in the legislation (limit 
addition of aromatics); no reliable analytical methods exist; 
Determine the major parameters for optimum process operation; 
Organic removaVrecovery/regeneration: equipment and processes are required. 

SX-EW is considered as "known technology" by many operators, but not by all the industry, nor 
the financial institutions. Better communication is required. 
Solvent extraction is often perceived as an environmental risk because of the general public 
understanding, and the "green process technology" which would eliminate the use of solvents 
the removal of the word "solvents" from processing; 
Biodegradability and toxicity must be addressed. 
There is a requirement for a book for operators of pilot plants and plants. 
Funding for pilot plants often is difficult to obtain, while research funding is usually 
easier to attain. Funding agencies for generic R&D should be identified. 
Considerable information and data are available in the literature, mostly from academia, which 
needs to be "translated to the plants" so as to be more useful. 

WORKSHOP SUMMARY RECOMMENDATIONS 

The smaller Workshop groups identified specific items of concern, from the original above list of general 
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concerns, pertinent to their technicaVscientific area. Those items were discussed in depth where possible, and the 
summaries are given below. There was not sufficient time for all items. 

Chemistry 

l) Reagents 

* 
* 
* 

* 
* 
* 

The chemistry in the organic phase is often different from that in the aqueous phase,. 
Hydration of organic species is related to the nature of entrainment. 
"Chemistry" research - mostly on dilute solutions, while "process" operation is in the region 
where micelles exist; thus work on more concentrated solutions. 
Work on "real solutions", and don't exclude stripping. 
Acidity depends on the W activity which varies with ionic concentration. 
Speciation of mass transfer complexes will differ with conditions. (e.g. pH effect). 

2) Degradation 

* 
* 
* 
* 

Degradation is system dependent 
Plants should be encouraged to put solvent treatment stages into the circuits. 
Degradation may affect the chemistry as well as the physical operation. 
Solvent regeneration process requires some investigations 

3) Diluents 

Role of the diluent is least understood; more basic work on the aromatic content vs. performance 
required. The problem of environmental impact plus a bad image of organic compounds exists. 

4) Analysis/Monitoring (in-line; on-line; off-line) 

In-line systems are required for continuous analyses inside the stream, although on-line are acceptable. 
Off-line is where the sample is sent to a lab for determination and is thus not desirable for process 
control. Some examples of on-line are: a) entrainment, b) solution composition, and c) organic phase 
analysis. Techniques include: XRF/ANSpectroscopy/DensityNiscosity 

5) Novel Systems 

These include: microemulsions; non-dispersed solvent extraction (membranes and barrier between 
organic and aqueous); liquid membranes (supported membranes, emulsion membranes); extraction 
chromatography. 
Conclusions: these would be useful in the future in niche applications, but do not see these systems 
replacing solvent extraction. They also still need considerable R&D. 

6) Environmental Aspects/Image 

The word "solvent" has a bad image and there is a need to sell the positive aspect; development of a 
"solvent-less" technology, although this is probably not possible; alternatives to solvent extraction 
should be casted on a full life cycle analysis (often the alternatives are worse as regards 
environmental aspects); competition from distillation in organic chemistry. 

Chemical Engineering 

l) Mass Transfer/Kinetics for Multi-Component Systems 

* 
* 

* 
* 
* 
* 

Models of multi-component real systems are required, with mass transfer and kinetics. 
Acquisition of pilot plant data 
Prediction of rates for design for mixer settler and columns 
Diffusivity data and models for diffusivity coefficients for multi-component systems. 
Methods of interpreting effects of contaminants at interfaces 
Phase continuity effects must be established in the system. 
Laboratory scale test equipment for generating engineering data. 
Effect of degradation products on the chemical engineering and mass transfer 
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2) Eguilibriwn/Thermodynamics 

* 
* 
* 
* 
* 

Data collection and better prediction methods are required for real systems. 
Research is encouraged to define the computer codes to enable optimum design. 
Species identification necessary. 
Fluid structures, such as micelles and interfaces 
Systems containing water 

3) Design Models 

* 
* 
* 

* 

* 
* 
* 
* 
* 

Prediction is required for first-level design of columns and mixers based on drops. 
More data are required on coalescence and breakage coefficient; for pilot plant data. 
Rate of sedimentation of drops in swarms at high phase fraction for a range of physical 
properties and energy input to be determined. 
Computational fluid dynamic models (CFD) at present are not promising for column design in 
hydrometallurgy. Problems to answer include: a) couple effect of energy dissipation; b) 
inclusion of drop population equation to describe drop dynamics; and, c) incorporate interface 
mass transfer with reactions in the continuous phase. 
Encourage the design of computer codes that are user-friendly for the design engineer. 
Verify computer-aided calculation procedures. 
Laboratory scale data acquisition 
Financial support is required for research. 
Education/collaboration with industry 

4) Process Dvnamics/Control Start-Up 

* 
* 
* 
* 
* 

5) Scale-Up 

* 
* 

* 
* 
* 

6) Monitoring 

* 
* 
* 
* 
* 

Control of processes with drift in chemical properties of both solutions over time. 
Classical control principals are useful on a day-to-day basis. 
Models are available on drop population balances for multi-variable control. 
Tailored solutions are required for small batch processing of exotic separations. 
Option to use small continuous extraction columns 

Collaboration between academia and industry desirable. 
Validation of computer models require information from column designers and the 
manufacturer to provide large scale-up data. 
Provision of a data bank of useful, non-proprietary data for scale-up required. 
All types of solvent extraction contactors should be considered in the design. 
Drop coalescence and break-up phenomena; flow patterns can change with scale-up. 

Sample integrity and obtaining relevant data 
Principal component analyses are useful for complex systems. 
Use of models are helpful, and the understanding of basic principles are necessary. 
Robust monitoring techniques are required and should be implemented in the process 
On-line analytical equipment desirable. 

7) Entrainment/Crud/Solvent Maintenance 

* 

* 
* 
* 
* 
* 

Must determine the minimum drop size generated by various impellers over a range of physical 
properties and energy input. 
Micelles may be the cause of producing stable emulsions and cruds. 
Flow patterns in vessels that could lead to entrainment need to be modelled. 
Study required to define physical characteristics of emulsions (L-S) leading to crud. 
Studies are required on crud formation and de-stabilisation. 
Use of CFD to understand entrainment problems 
Large scale equipment studies where possible 
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8) Novel Systems 

* 
* 
* 
* 
* 

Supported membranes 
Equipment for systems operating at extreme phase ratios (e.g. 10/1 ). 
Supercritical extraction is a possibility, but economics may be a deterrent. 
Active adsorbent as particles or in membrane form 
Application to 3-phase systems (L-L-S) 

9) General Comments 

* 
* 
* 

* 
* 
* 
* 

Education and challenging projects. 
Communication with industry and engineer/researcher/politician interface. 
High turnover of personnel throughout industry, and greater pressure on the universities; really 
a post-graduate rather than an undergraduate activity at the universities. Continuing education 
courses, major conferences and Workshops. 
"Liquid-liquid extraction " instead of solvent extraction if "solvent" a problem. 
Incorporate knowledge into software and expert systems to transfer to industry. 
There is a need for a text for the industry that has the practical applications. 
A general lack of funds often makes research difficult. 

Process design, plant design and operations 

l) Models 

More sophisticated models required: 
a) equipment (design and operation methodology for system performance optimisation); 
b) process (operating variables and scale-up); 
c) fundamental. 

Shortfalls of existing models : 
a) practicality of using academic models; 
b) physical aspects (e.g. dispersion/coalescence) to be considered in the models; 
c) engineering application (use); 
d) better definition of requirements of the model by the engineers; 
e) lack of settler models; 
f) limits of the models; 
g) lack of fundamental data for the model optimisation; and 
h) validation of the model. 

2) Contacting Equipment And Operation 

Equipment selection: 
a) consider the chemical aspects (mass transfer, kinetics) and the physical operation (dispersion/ 
coalescence, emulsions), e.g. pump-mix vs. pumping and mixing; in-line mixers, or other contactors. 

3) Piloting to Scale-Up 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

Feed characteristics (composition, flow) 
Process chemistry, equilibrium data 
Use kinetics in the design (discrimination, reduce mixing time and stable emulsions). 
Introduction of purification (scrub) stages where possible. 
Contactor choice based on chemical equilibria, kinetics, and dispersion/coalescence. 
Phase separation and settling tests, if possible in a special unit such as a deep settler. 
Continuous testing and piloting are required for each specific plant. 
Objectives of continuous testing need clarification to obtain the most information. 
The size of a pilot plant will depend on the company objectives. 
Duration of pilot testing depends on the objectives (chemistry, physical, bankers, etc). 
Sound scale-up methods are required. 
Materials of construction in the pilot plant differ compared to the plant. 
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* Consider economics relevant to the capital and the operating costs. 
* Process guarantees--many plants been designed based on what has been done before. 

4) Start-Up Problems 

Need more sharing of experience; very little has been published on the problems experienced. 

5) Operational Information Required to Operate the Process 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

What are the actual operating parameters limits 
Entrainment measurements (on-line) for the specific stream 
Reliable sampling and analyses (on-line, off-line). 
Solution composition characteristics regarding possible emulsion or precipitation. 
EMF analyses 
More information at "upstream and downstream" of the SX circuit 
Phase continuities and the effect on the chemistry as well as the physical aspects 
0/ A ratios dependent on the (changing) feed composition, and the recycle phase 
More organic monitoring and analyses for performance (loss, poisoning, degradation) 
Crud characterisation, and analyses 

6) Entrainment Reduction (mechanicaVchemical) 

* 
* 
* 
* 
* 

* 

* 
* 
* 
* 

What is good operating practice (Cu circuit 10-50 ppm; U circuit 20-200 ppm); 
Aqueous entrainment in organic affected by phase continuity 
Inventory is a guide to the amount lost. GC for organic entrainment in aqueous 
Some releases monitored and tested by toxicity tests prior to release. 
Equipment sizing, selection and operation (columns, mixer settlers/mixer type) 
After-settlers, coalescence media; flotation columns; dual media filters 
Specific flowrates across the settler 
Organic operating depth in the settler 
Having a loaded organic tank and barren organic tank (entrainment removal) 
Extractant/diluent can affect mass transfer and the amount of entrainment. 
Operating philosophy on losses that may be tolerated varies with country and process. 
Influence of air on entrainment, due to the design and the operation of the contactor. 
Phase continuity control a problem in most mixer settlers, but in most columns. 

7) Organic Removal from Aqueous 

Need to achieve lower levels of entrainment through present and new equipment designs . 

8) Reagent Degradation 

The type of degradation is system-dependent. 
The extractant is destroyed: 

a) UV- cover the settlers or use columns if kinetics favourable) ; 
b) high oxidant levels (e.g. metal oxidants, reagent oxidants such as nitrates, chlorine); 
c) temperature; 
d) cone. acid addition to organic phase produces degradation products and surfactant which cause 

phase separation and entrainment problems; 
e) inappropriate storage and/or long storage, e.g. tertiary arnines stored in the protonated form causes 

degradation to secondary amines; and 
f) bacteria. 

* 
* 
* 

Degradation of components and formation of "surfactants"; 
Design for inert gas atmosphere may be required; columns and in-line mixers . 
Poisoning of organic phase (active sites) may appear as "degradation". 
Reversible degradation (regeneration) can affect: 

a) loading capacity; 
b) scrubbing - stripping efficiency; 
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c) phase separation; 
d) selectivity; 
e) reaction kinetics; 
f) crud; 
g) contamination in sequential circuits; 
h) analytical error. 

* Methods of regeneration/prevention (removal of surfactant) : 
a) sodium carbonate regeneration; 
b) distillation of organic phase; 
c) removal of degradation products (clay treatment used in Cu circuits); 
d) change of aqueous ionic strength; 
e) addition of anti-oxidants to decrease degradation. 

Environmental concerns 

* 
* 

* 

* 

* 
* 
* 
* 

* 

* 

* 

* 

* 
* 

Soil, water, air 
Metals, organics: 

a) health effects of the solutions, and identifying the toxicity of the potential new 
hazardous chemicals; acute toxicity data available on most commercial reagents; 

b) ftre hazard (some plants automatic discharge to an external sump). 
Safe containment of wastes : 

a) within the plant; 
b) containment of organics and crud. 

Waste disposal: 
a) cruds; 
b) incineration; 
c) landfill or leach pad 

Risk assessment analysis 
Environmental impact data 
Decommissioning protocols 
Safety design in plant equipment: 

a) remote sampling/operation; 
b) ventilation - negative pressure; 
c) minimise venting as much as possible, e.g. cover mixer settlers, or use of columns 

where applicable. Also keep sampling and viewing hatches closed; 
d) selection of the reagent-equipment-operation to reduce the environmental impact 

Waste reduction: 
a) to reduce the amount of entrainment and the amount of crud. The optimisation 

of equipment choice and its operation and control are required. 
Oxidation of wastes (dissolved and entrained organics): 

a) organic wastes/aqueous wastes; 
b) achieved by: Oi02/H2021UV/Ti02~ supercritical water as an oxidisingagpt; use 
of reverse osmosis to concentrate organics prior to oxidation 

SX plants in communities vs. "green fields" --amounts of solvent, as well as the facilities for 
treatment/ disposal differ 
Hazard planning: 

a) containment for diluent storage; 
b) iso-containers for extractants; 
c) portable units for treatment for organic recovery and re-use 

Biodegradability vs. performance 
Life Cycle Analysis (cradle to grave): 

a) "green technology"; and 
b) zero discharge 
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ABSTRACT 

LIQUID-SUPPORTED MEMBRANES AS SAMPLE 

INTERFACES IN A FLOW PROBE 0PTOSENSOR FOR 

CHROMIUM(VI) ANALYSIS 
E Castillo2

, M Granados2
, MD Prae, AM Sastrel, A Kumar1 

and JL Cortina1 

1Chemical Engineering Department, ETSEffi.Universitat 
Politecnica de Catalunya, Diagona1647, E-08028-Barcelona, Spain. 
2 Analytical Chemistry Department. Universitat de Barcelona, Marti i 
Franques I, E-08028- Barcelona, Spain. 

A flow probe optosensor for chromium(VI) has been developed using flat sheet liquid supported membranes (FSLSM). The 
membrane acts as the interface of the optosensor between the sample and the sensor head, which contains diphenylcarbazide as 
spectrophotometric reagent for chromiwn. Changes in the absorption of light as a fimction of time results from the formation of the 
reaction product between chromate ion and the reagent inside the sensor head, are monitored in situ. 

Keywords: analysis, chromium(VI), optosensor, supported liquid membrane, diphenylsemicarbazide 

INTRODUCTION 

FlowProbe optosensors1
'
2 are chemical analyzers incorporating three main aspects of chemical 

analysis: I) sampling by a membrane interface, 2) chemical transduction by formation of an optically 
detectable complex of the target analyte with a selective reagent in the sensor head, and 3) optical 
analyte detection. These fiber optic based sensors can be adapted to many different types of analytes, 
depending on the reagent used within the sensor head, and the type of membrane sampling interface 
chosen. Multiple analyses can be performed with a single probe head with the unique feature that the 
sensing mechanism is regenerated in-situ3

. 

The membrane plays a very important role in FlowProbe sensors, since it should allow an 
effective transport of the analyte from the sample to the sensor head in a reasonable time. Moreover the 
membrane should be impermeable to potentially interfering species. In fact the proper selection of the 
membrane together with the choice of the chromogenic reagent, are the key points for the success of the 
sensing system. 

The determination of chromium (VI) in aqueous solutions is an application of special interest. 
The use of anionic exchange membranes in the analysis of anionic chromium (VI) has been shown not 
suitable due to the slow transport of Cr(VI) anions through the membranes and the irreversible Cr(VI) 
retention in the membrane. This work presents a new strategy to promote selective transport of Cr(VI) 
based in the use of Flat Sheet Liquid Supported Membranes (FSLSMt as the interface of the 
FlowProbe sensor. Diffusion-limited transport of the target analytes across FSLSM represents a 
powerful novel tool and excels most of the conventional approaches, since it combines the steps of 
extraction, stripping and regeneration into a single step. In this study the combination of the transport of 
anionic chromium species through FSLSM and the subsequent reaction between Cr(VI) and 
diphenylcarbazide (DPC) in a sulphuric acid medium has been evaluated. 

Analyte transport enhancement through the membrane was achieved by addition of a non
volatile complexing agent ("carrier") to the organic solvent. Complexing agents based on alkylated 
tertiary arnines and quaternary ammonium salts were used as ionophore carriers to increase the 
diffusing ability of the liquid membrane to chromium species. The use of these carriers led to an 
improvement of diffusion in several orders of magnitude, due to the selective and reversible reaction 
with the target species5

. Furthermore, the transport ofCr(VI) through the FSLSM was facilitated by the 
complexation of Cr(VI) and DPC inside the sensor head, producing a coloured Cr(III)-DPC complex6 
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The facilitated transport of Cr(VI) through FSSLM was investigated as a function of hydrodynamic 
conditions, concentration of chromium, pH in the sample solution, structure of carrier, carrier 
concentration in the membrane, and strippant characteristics7

. 

Preliminary experiments pointed out that, among the different polymeric supports and organic 
solvents assayed to prepare the FSLSM, Durapore support and kerosene were the ones that provided 
better results. Thus, membranes prepared with this combination were used through the study here 
reported, owing to its best performance. 

EXPERIMENTAL 

Reagents and solutions 

Analytical grade kerosene (Fiuka) was used as received. lg.dm·3 chromium(VI) standard 
solution was prepared by dissolving sodium chromate (Merck) in water. 0.4 % (w/v) 1,5-
diphenylcarbazide (DPC) solutions were prepared by dissolving 0.25 g of DPC (Merck) in 10 cm3 of 
acetone and diluting to 100 cm3 with water. Working DPC solutions were prepared by appropriate 
dilution of0.4% solutions with sulphuric acid solutions. 
Aliquat 336, a quaternary ammonium chloride ((CH3)R3N+Cr), from Merck, and Alamine 336, a C8-C10 

tertiary amine (R3N), from Henkel were used as received. Other chemicals used were analytical reagent 
grade. 

Apparatus 

A 640 Varian Atomic Absorption Spectrophotometer was used for chromium measurements in the 
source phase. An optical fiber based transmittance probe (Photonetics) coupled to a diode array 
absorption spectrophotometer (Hewlett Packard HP8453 ) was used to follow in line the formation of 
the Cr(III)-DFC complex in the receiving phase. 

Membrane Support 

The organic membrane phase was prepared by dissolving a weighted amount of Aliquat 336 or 
Alarnine 336 in kerosene to obtain carrier solutions of various concentrations. Durapore support was 
impregnated with the carrier solutions by immersion for 24 hours, and then leaving it to drip for a few 
seconds before being placed in the permeation cell. 

Table 1. Polymeric support characteristics: Durapore (GVHP) from Millipore 

Appearance: 
Chemical composition: 
Tortuosity : 
Porosity(%): 
Thickness (J.l.Ill): 

FSSLM Preparation and Measurements 

white colour, smooth surface and hydrophobic 
Polyvinylidenedifluoride 
1.67 
75 
125 

Single stage FSSLM measurements were carried out with a simple two compartments 
permeation cell, which consisted of a source phase (200 cm3 ) and a receiving phase chamber (200 
em\ separated by a liquid membrane having an effective membrane area of 11.33 cm2

• Thus, the 
source phase simulated the sample solution, whereas the receiving phase simulated the reagent solution 
inside the sensor head of the FlowProbe. 
Both source and receiving phases were mechanically stirred at about 1200 rpm at room temperature (25 
± l"C) to avoid concentration polarisation conditions at the membrane interfaces and in the bulk of the 
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solutions. 
Membrane permeabilities were determined by monitoring chromium concentration as a function of time 
in both the source phase (by atomic absorption spectrophotometry) and the receiving solution (by 
molecular absorption spectrophotometry). The sum of Cr content in both phases was found to be 
reproducible within ±5%. 
Permeation coefficient (Pc,) was computed by the following equation : 

ln(C/Co) = - (A/V)Pcr x t 

where Vis the volume of the source phase solution (cm3 ), A the effective membrane area (cm2
), Co 

and Care concentrations of metal ion (molL1
) in source phase at time zero and at timet, respectively, 

and t the elapsed time (s). 

RESULTS AND DISCUSSION 

Cr(VI) membrane transport evaluation 

The first step of permeation is the partition of the Cr(Vl) anions into the anion-exchange liquid 
supported membrane. This is a spontaneous process based on the reaction of HCr04- with the 
ionophores (Aliquat 336 or Alamine 336) present in the liquid membrane. Thus, once in the membrane, 
HCr04. reacts with the ionophore to form Cr(Vl)-amine complex. 

On the other hand, the stripping of Cr(VI) from the membrane to the receiving solution includes 
a reduction process to Cr(III) . The combination of the reduction step of the metal anion (HCr04.) by 
DFC (DFCred) to produce Cr(III), and the specific complexation of Cr(III) with the oxidized form of 
DFC (DFCox), leads to an increase of both the membrane-phase diffusivities and the concentration 
gradients of the targeted Cr(Vl) anions. 

The sensor transduction mechanism of the analyte could be described by the following transport 
and chemical reactions steps: 

Transport step I : 
Cr(VI) (sample)~ Cr(VI) (membrane) 

Accomplished by the extraction reaction between the amine carrier and HCr04·: 

i) Aliquat 336: 
ii) Alamine 336: 

Transport step 2: 

HCr04·+R$X 
HCro4· + R3Nlr X 

~N+ HCr04- +X 
R3NH'HCro4· + X 

Cr(Vl) (membrane)~ Cr(III) (sensor head) 
Accomplished by the combination of Cr(VI) stripping and the following reactions: 

a) Cr(VI) reduction step: HCro4- + DFC,ed ~ Cr(III) + DFCox 

0 0 + C<(VIJ 

~HN HN~ 
I I 

+ C r (I l I) 

HHJfNH 

0 

DFC red 
ore 

b) Complexation step: Cr+ + 3 DFCox ¢:> Cr(DFCoJ 3 

The Cr(III) complex is not retained by the supported extractants of the liquid membrane, 
resulting in the increased diffusivities of HCro4·. Moreover the concentration gradient of the targeted 
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ions is kept high, because the number of free ions capable of back-diffusion is dramatically reduced by 
complexation. On the other hand other transition metal ions, considered the iriterfering metal ions here, 
are not favorable either in transport through the membrane or in complexation with DFC. 

Data for Cr(VI) transport of two liquid supported membranes based on Aliquat 336 and 
Alamine 336 are displayed in figure 2. As can be seen the higher efficiency is obtained with Aliquat 336 
membrane, which was selected for further experiments. 

Transport step 1 

Cr (III)~ DFC ox 

Cr(DFCox)3 

Transport step 2 

Figure 1. Scheme of the transport process of analytes from the sample to the probe cavity of the sensor 
head. 

0 ·~ 
0 

-0.4 •: • u • - • • • u 
.: -0.8 • ...1 • -1 .2 .. 

0 100 200 

time (min) 

Figure 2. Permeability behaviour of Cr(VI) with anion exchange liquid supported membranes: • 0.2 
mol/dm3 Aliquat 336,• 0.2 mol/dm3 Alamine 336. Solvent: Kerosene. Source phace:l ,6Xlo-
4 mol/dm3 Chromium (VI) in H2S04 medium, pH=3 . Receivirig phase: 4,1Xl0"5 mol/dm3 

Diphenylcarbazide, pH= l in H2S04 medium. 

Spectrophotometric detection of Cr(VI) with DFC 

The optical sensor is based on the absorbance measurements of the Cr(III)-DFCox complex. 
Figure 3 shows chromium complex spectra collected in situ at several elapsed times by using the optical 
fiber transmission probe, for a l 0 ppm Cr(VI) sample solution. 
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0 .7 

Figure 3. Cr(III)-DFCox complex spectra at several elapsed times . Sample: 1.6xl04 moVdm3 Cr(VI) . 

Light intensity is modulated by absorption changes in the visible range that occur when 
chromium anions diffuse across the liquid supported membrane. 

Like any analytical instrument the sensor simple provides a signal in response to the sample it is 
exposed to. It is up to the calibration model to convert the measured response signal into relevant 
information about the concentration of the analytes in the sample. In order to develop the calibration 
model it is necessary to collect the response to samples of known concentrations. Typical sensor 
responses to a series of concentrations of Cr(VI) as a function oftime are shown in Figure 4. 

1.5 +5 ppm 

= ,.. u. • 10 ppm 
~ t' J.Ui_, 
Q,j ~ 15 ppm ... .~ = • 25 ppm <'I 

.CI 0 .5 •J:++ ++ ... ::1( 30 ppm <:> 
"' .CI 
< 0 

0 50 100 

Time (min) 

Figure 4. Sensor response at 543 nm vs. time as a function ofCr(VI) concn. in the aqueous sample. 

Figure 5 shows the sensor signal at 543 nm for a dialysis time of 35min, which corresponds to a steady 
state. The absorbance variation was linearly dependent on metal concentration in the aqueous sample 
and a correlation factor of 0. 999 was obtained. 
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~ 0.6 
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J:J 
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o.s I.S 
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Figure 5. Sensor response as a function of Cr(VI) concentration in the sample. 

CONCLUSIONS 

Liquid Supported Membranes have shown a high potential as interfaces in FlowProbe sensor 
configurations for Cr(VI) analysis. This type of membranes opens the possibilities of designing a highly 
selective interface, according to the analyte and interfering species characteristics. Moreover the sensor 
operational concentration range can be adjusted by adjusting the membrane parameters. 
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ABSTRACT 

RECENT ADVANCES IN THE DEVELOPMENT OF 

EXTRACTION CHROMATOGRAPHIC MATERIALS FOR 

THE ISOLATION OF RADIONUCLIDES FROM 

BIOLOGICAL AND ENVIRONMENTAL SAMPLES 
ML Dietz, EP Horwitz and R Chiarizia 
Chemistry Division, Argonne National Laboratory, Argonne, 
1L 60439, USA 

The detennination of low levels of radionuclides in environmental and biological samples is often hampered by the complex 
and variable nature of the samples. One approach to circumventing this problem is to incorporate into the analytical scheme a 
separation and preconcentration step by which the species of interest can be isolated from the major constituents of the sample. 
Extraction chromatography (EXC), a form of liquid chromatography in which the stationary phase comprises an extractant or a 
solution of an extractant in an appropriate diluent coated onto an inert support, provides a simple and efficient means of 
perfonning a wide variety of metal ion separations. Recent advances in extractant design, in particular the development of 
extractants capable of metal ion recognition or of strong complex formation even in acidic media, have substantially improved 
the utility of the method. For the preconcentration of actinides, for example, an EXC resin consisting of a liquid diphosphonic 
acid supported on a polymeric substrate has been shown to exhibit extraordinarily strong retention of these elements from 
acidic chloride media. This resin, together with other related materials, can provide the basis of a number of efficient and 
flexible schemes for the separation and preconcentration of radionuclides form a variety of samples for subsequent 
determination. 

Keywords: radionuclide, preconcentration, extraction chromatography, diphosphinic acid 

INTRODUCTION 

Extraction chromatography (EXC) is a type of liquid-liquid chromatography in which the 
stationary phase consists of an extractant or a solution of an extractant in an appropriate diluent supported 
on an inert substrate. The technique thus couples the selectivity of solvent extraction with the multi-stage 
character of a chromatographic process and the ease of handling of an ion-exchange resin. 1 Since its 
introduction by Siekierski in 1959,2 extraction chromatography has been extensively studied,' and it is now 
widely recognized that it provides a simple and effective means by which the separation and 
preconcentration of any of a variety of metal ions can be accomplished. In the determination of 
radionuclides in environmental or biological samples, for example, the low levels of the nuclides typically 
encountered and the complexity of the sample matrix often preclude a direct determination of the species of 
interest. Rather, a preliminary separation and preconcentration step is a prerequisite to quantitation. 
Although numerous approaches have been described by which this can be accomplished e.g., solvent 
extraction, ion exchange, none is entirely satisfactory. Solvent extraction, for example, is unsuitable for 
routine use on large numbers of samples, since it is cumbersome and generates large volumes of organic 
waste. Similarly, ion-exchange methods are frequently complicated by the lack of specificity of 
conventional ion-exchange resins. Extraction chromatography overcomes all of these shortcomings, and 
provides a selective and facile separation of the radionuclide of interest from complex sample matrices. 

In an earlier report,3 we described the development of several new EXC resins based on TRUEX 
and SREX Process chemistries and related extractant design studies, and outlined the application of these 
materials in the separation and preconcentration of actinides and/or radiostrontium for subsequent 
determination. Since this time, certain limitations of these materials and thus, the need for improved EXC 
materials, have become evident. For example, although one of these materials, referred to as TRU•resin, 
has been found to be useful in the selective recovery of actinides from complex sample matrices, actinide 
retention on it has been found to be not particularly strong when high concentrations of complexing anions 
(e.g., fluoride, phosphate, or oxalate) are present in the sample.4 This poses a significant problem in 
attempts to isolate actinides from soil samples, as hydrofluoric acid is generally added to dissolve any silica 
present. In addition, americium retention on the TRU•resin, while better than that seen with many previous 
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EXC materials, has been found to be inadequate for certain applications, e.g., large volume natural water 
samples, where acidification of the sample to~ 1 M nitric acid is not feasible. 

Earlier work in this laboratory on the design of improved water-soluble complexants for use as 
masking or stripping agents has led to the development of a series of substituted methanediphosphonic acid 
derivatives capable of forming highly stable complexes in acidic media with a variety of metal ions in the 
tri-, tetra- and hexavalent oxidation states.5 It has since been shown that by replacing two of the four 
hydrogen atoms with an alkyl group, lipophilic dialkyl-substituted diphosphonic acids can be prepared that 
are powerful actinide extractants from highly acidic solutions.6 Recently, we have demonstrated that if an 
inert polymeric support is impregnated with one such compound, di-(2-ethylhexyl)methanediphosphonic 
acid ~DEH[MDP]), an extraction chromatographic resin (referred to hereafter as "Actinide Resin") 

capable of extremely strong retention of actinides is obtained. 7 In this report, we summarize our recent 
work with this material, and describe our preliminary investigations of a new configuration for EXC, the 
resin disc format, which promises to significantly improve sample throughput. 

EXPERIMENTAL 

The sources of all reagents and methods for the preparation and characterization of the EX C resins 
have been given previously7

·
9 Determination of the metal ion uptake properties of the EXC resins was 

performed as previously described. 7'
9 

RESULTS AND DISCUSSION 

Characterization of the Actinide Resin. 

Figure lA depicts the acid dependency of the uptake of several representative actinides from 0 .01 to I 0 M 
HCl, while Figure lB presents analogous results for various non-actinide metal ions commonly encountered 
in analytical procedures involving environmental or bioassay samples. (Bi(III) and Ti(IV), for example, 
are common and troublesome constituents offecal and soil samples.) As can be seen, retention of actinides 
by the resin is extraordinarily high, a result anticipated from prior studies of the extraction behavior of 
H2DEH[MDP] in o-xylene.6 Especially noteworthy is the strong retention of Am(III). Its k' values, in fact, 
exceed those ofthe other actinides up to 0.5 M HCI. Although k'Am falls off rapidly at higher acidity, it 

nonetheless remains above 1000 over nearly the entire range of acidities examined. Of the non-actinides, 
Eu(Ill) and Fe(Ill) exhibit the highest k' values, as expected from the known affinity of the diphosphonic 
acid ligand for trivalent lanthanides and iron. (Note, however, that if Fe(III) is reduced to Fe(II), its k' 
values become much smaller.) The behavior of alkaline earth cations on the Dipex resin is consistent with 
the results of solvent extraction studies using o-xylene solutions of the extractant. Specifically, little 
selectivity is observed among the various alkaline earths. 

The kinetics of metal ion uptake by the Actinide Resin are somewhat slower than those previously 
observed for UffEV A or TRU resins, with the time required to achieve equilibrium uptake of a metal ion 
approaching 20 minutes (vs. 10 minutes for the UffEVA or TRU resins). This is not unexpected given the 
greater viscosity of the H2DEH[MDP] stationary phase. One aspect of the resin behavior that is not 

readily predictable from the properties of the extractant is that the experimental capacity for metal ion 
uptake is typically much smaller than that calculated on the basis of the metal :extractant stoichiometric 
ratios required for charge neutralization, a possible consequence of extractant aggregation, polymerization 
of the complex at high metal ion loadings, or slow diffusion of metal ions in the viscous extractant film. 
Note, however, that the capacity values are sufficiently high to permit efficient actinide uptake by the resin. 
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Figure 1. Hydrochloric acid dependency ofk' for selected ions on the Actinide Resin. 

Figure 2 shows the effect of HF on the retention of representative actinides in the tri-, tetra-, and 
hexavalent oxidation states on the Actinide Resin. Although the k' values for U(VI) and Np(IV) fall rapidly 
at the highest acid concentrations, up to -2M HF can be tolerated without serious adverse impact on 
actinide retention. This is significant for two reasons. First, several potential interfering cations, among 
them Ti(IV), Zr(IV), and Al(III), form strong anionic fluoride complexes; as a result, their sorption on the 
actinide resin is significantly reduced (and thus, their intereference minimized) by addition of fluoride. 
In addition, these results, taken together with those of similar studies with other complexing anions 

2+ 
(e.g., P04

3- ) and common cations (e.g., Ca ), illustrate the relative insensitivity of actinide uptake to 

matrix composition, a property that considerably simplifies the application of the resin in the analysis of 
environmental and biological samples, and that represents a significant advantage of the Actinide Resin 
over previously described EXC materials. 

Applications of the Actinide Resin. 

Analysis of large-volume water samples. 

The properties of the Actinide Resin that have been described here, in particular its extremely 
strong retention of actinides even in the presence of high concentrations of a variety of matrix constituents, 
make it well-suited to the preconcentration of actinides from soils or large-volume water samples for 
subsequent determination. In a simple experiment that nicely illustrates the potential usefulness of the resin 
in such applications, aliquots of acidified (HN03) river water were spiked with Am-241 and contacted with 
various amounts of the Actinide Resin in a batch mode. After a fixed time, the supernatant solution was 
counted to determine the extent of Am sorption by the resin. The results indicate that a single gram of the 
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resin can sorb Am quantitatively from as much as 3.5 L of water. Under the same conditions, 
approximately 90% recovery of tetra- and hexavalent actinides is observed. 
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Figure 2. Effect of HF on the retention of selected metal ions on the Actinide Resin. 

Soil analysis. 

The Actinide Resin provides a means of simplifying complex sample matrices, thereby facilitating 
subsequent actinide determinations. For the determination of actinides in soils, for example, dissolution of 
the sample via NaOH fusion is followed by washing and dissolution of the iron hydroxide residue in HCl, 
removal or sequestration of the silica, and addition of ascorbic acid to reduce iron to the divalent state. At 
this point, the sample solution can be loaded onto a column of the Actinide Resin, where at 2 M HCl, 
actinides will be strongly sorbed. Following column rinsing to remove, for example, Ti(IV) and residual 
Si, the actinides can be eluted from the column with a small volume of isopropanol. This treatment, which 
also removes the stationary phase (i.e., extractant) from the resin, yields a small quantity of actinide-DPA 
complexes, which must be oxidized to convert the actinides to a form suitable for chemical separations. 

The oxidation product of this extractant is phosphoric acid, which upon addition of Ca
2
+, can be made to 

precipitate basic calcium phosphate. At this point, a complex soil matrix has been converted to a much 
simpler form (CaHPO~, thereby making subsequent separation schemes simpler and more predictable. A 

scheme consisting of columns of the UffEV A and TRU resins operated in tandem have, for example, been 
shown to provide an effective method for the isolation of U and Th (UffEVA•resin) or Am and Pu 
(TRU•resin) for subsequent quantitation. 

Gross alpha activity. 

One of the most frequently requested radioanalytical analyses in environmental monitoring involves 
the determination of "gross alpha" activity. In standard protocols for this analysis, 10 aqueous samples are 
evaporated onto a stainless steel planchet followed by counting in a gas flow proportional counter (GPC) 
after a prescribed period. This method suffers from a number of limitations, among them low counting 
efficiency, long counting times, large counting errors, and self-absorption problems (making coprecipitation 
necessary for radionuclide isolation from samples containing high levels of solids). These problems can be 
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avoided by taking advantage of the nearly quantitative sorption of actinides and the very high (- 80%) 
sorption of Ra-226 from acidified (pH 2) water samples. Specificially, the water sample is reacted in a 
batch mode with the Actinide Resin, after which the sample is filtered and the collected resin transferred to 
a scintillation vial containing liquid scintillation (LS) cocktail. The cocktail dissolves the extractant (and 
radionuclide-extractant complexes) from the support, leaving the inert, translucent beads at the bottom of 
the vial. Samples are then counted on an LS counter. Application of this technique to the analysis of ten 
natural water samples has demonstrated that it yields results that agree well with those obtained by the 
conventional GPC method. At the same time, counting efficiency, precision, sample throughput, and 
detection limits are significantly improved. Average recoveries from groundwater simulants range from 
76.2% for Th-232 to 95 .9% for U-234/238 n 

Disc-format EXC. 

For the determination of the concentration of individual actinides in various samples, tandem EX C column 
arrangements, in which the effiuent from one column becomes the influent for another (e.g., an Actinide 
Resin column followed by UffEVA and TRU columns) have been suggested.9'

12 Passing large volume 
samples through multiple EXC columns, however, can be time-consuming. For this reason, there has been 
considerable recent interest in the development of new physical configurations for EXC by which the speed 
of a separation might be increased. Recently, an EXC resin consisting of Aliquat 336™ sorbed on silica 
has been incorporated into a glass fiber filter to yield an EXC disc.13 This "TEV A (for !!<trayalent l!Ctinide 
specific) Disc" can be positioned in a standard filtering funnel and the sample solution passed through it 
without applied pressure. Following appropriate rinsing, sorbed radionuclides (e.g., Tc-99) can be 
counted. This format has been found to permit flow rates of up to - 33 mL!min; thus, a 1 Lwater sample 
requires only 30 minutes for treatment. In tests of the TEVA Disc in the determination of Tc-99 in 
groundwater simulants, recoveries averaging 95 .9% have been obtained. Higher volume samples (3-6 L) 
yield slightly lower recoveries (85-90%), but provide improved limits of detection (0.30 pCi/L for a 6 L 
sample). These results compare favorably with those of traditional TBP extraction methods, and suggest 
that the disc format offers many possibilities for the improvement of EXC methods. 
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ABSTRACT 

ION-PAIRED EXTRACTION OF COPPER INTO 

CHLOROFORM AND ITS APPLICATION IN PRACTICAL 

ANALYSES 
Isao Kojima, Mamoru Ito and Tomoyuki Mizuno 
Laboratory of Analytical Chemistry, Department of Applied 
Chemistry, Nagoya Institute of Technology, Gokiso-cho, Showa-ku, 
Nagoya 466-8555, Japan 

Inorganic and organic univalent anions were tested as a counter anion for the ion-paired extraction of cationic copper-3,6-
dithiaoctane complex into chloroform. Of these 15 anions studied here, bromothymol blue, bromocresol green, picric acid, 
ethylorange, cobalt(ill)-dihydroxy-azobenzene and -5-Br-PAPS complexes were found to be very effective anions for the 
extraction of ternary copper complex. For the determination of copper with one-drop flame atomic absorption spectrometry 
using 50 uL volume of the chloroform extract, 6 anions were very effective and only 2 anions were effective with 
spectrophotometry. The present method was well applied to the determination of copper in three geological standard rocks from 
Geological Survey of Japan (GSJ) and United States Geological Survey (USGS). 

Keywords: Copper(!), ion-pair extraction, 3,6-dithiaoctane, flame AAS, geological standard rocks 

INTRODUCTION 

Many organic reagents for the extraction-separation and/or the spectrophotometric 
determination of copper have been reported.1 Recently, many cyclic and acyclic organic reagents 
containing sulfur atoms as a coordinating atom were also used for the selective extraction and highly 
effective ion-selective electrode membranes of softer metal ions, like silver(l), copper(!) and mercury?4 

These reagents react with these softer metal ions to make a cationic complex and the cationic complex 
formed is selectively extracted into organic solvents in the presence of a univalent counter anion. In 
previous papers, we studied the selective extraction of the ternary silver complex into a small volume of 
chloroform in the presence of picrate or perchlorate anion and applied to the determination of silver in the 
practical samples. 5'

6 

This paper deals with the extraction of the ternary copper(!) complex with 3,6-dithiaoctane into 
chloroform in the presence of 15 kinds of univalent anion and the possibility for the determination of 
copper by the one-drop flame atomic absorption specrometry and spectrophotometry. 

EXPERIMENTAL 

Apparatus 

An atomic absorption spectrometer equipped with a 1 00 mm burner head and deuterium 
background corrector (Seiko Model SAS-727) was used for copper measurements with a one-drop 
technique using a fuel-lean air-acetylene flame under the optimum operating conditions : flow-rate of 
acetylene, 3.5 L!min (49 kPa); flow-rate of air, 17 Llmin (245 kPa); observation height, 13 .5 mm above 
the burner head and wavelength for copper, 324.8 nm.7 The sample solution of 50 J.l.L was injected with a 
micropipette (Gilson P-200) into the PTFE funnel coupled directly to the nebulizer needle. Signal 
intensity was recorded on a strip-chart recorder (Nippon Denshi Kagaku, Unicorder U-228). The pH of 
the aqueous solutions was measured with a Radiometer Type PHM-22 pH meter (Copenhagen Denmark) 
with a combined electrode. The spectrophotometric measurements were carried out on a Shimadzu UV-
21 00 recording spectrophotometer using 10 mm silica cell with the sample volume of 650 J.l.L. 

Chemicals 

Copper stock solution, 2 mg/g in 0.5 mol!dm3 nitric acid was prepared by dissolving copper metal of 
99.999% purity (Mitsuwa Chemicals, Osaka) in nitric acid directly in a PTFE bottle of 120 cm3 capacity, 

© 2000 Society of Chemical Industry 59 



Analytical Chemistry 

followed by dilution by mass with water. Working standard copper solutions of chloroform extract were 
prepared by extracting the copper-APDC complex or ternary copper · complex into chloroform. 
Chloroform of analytical reagent grade was used without further purification. Commercially available 
3,6-dithiaoctane (8-2S, Wako Chemicals, Osaka) of analytical reagent grade was used by dissolving in 
chloroform (0.05 moVdm\ Aqueous ammonium pyrrolidin-1-yldithio-carbamate (APDC, Nacalai 
Tesque, Osaka) solution (1 %) was prepared by dissolving in water. To test the percentage extraction of 
copper, working chloroform solutions containing Cu-APDC complex were prepared by extracting the 
mixed solution containing 1 cm3 of copper (l 1-1g), 0.5 cm3 of 1 % APDC solution and 3.5 cm3 of water 
with 1 cm3 of chloroform. The anion-forming substances (Fig. I) were dissolved in water or in a 
appropriate volume of 0.1 moVdm3 sodium hydroxide solution. The acids, sodium acetate and dis odium 
hydrogen phosphate of analytical reagent grade (Wako Chemicals, Osaka) were used to control the 
extraction pH. De-ionized Milli-Q water was used throughout. 

Procedure 

Into a 10 cm3 stoppered glass test-tube were placed I cm3 of sample solution (weighed), 0.5 cm3 

of 0.2 moVdm3 sodium acetate, 0.5 cm3 of anion solution, 3 cm3 of water and 0.5 (or 1.0) cm3 of 8-2S 
chloroform solution (weighed). After shaking for lO seconds (three times) by hand, the phase separation 
was carried out by centrifuging at 3000 rpm. An aliquot of the chloroform extract was used for copper 
measurements. 

NO:i 
(1) 

cu+ 

CH3CH2SC~CH2SCH2CH.3 
(8-2S) 

Ci· 

(3) 

CHaCOCJ 

(5) 

TPB (6) 

[Cu(8-2S)2t ~ [Cu(8-2S)2X1rs 

Br 

picric acid (7) B.C.G. (pKa=4.8)(8) B.T.B. (pKa=7.2)(9) 

Co- DHAB (15) 

Figure 1 3,6-Dithiaoctane (8-2S) and counter anions used 

Calibration Graph 

To a 10 cm3 stoppered glass test-tube were added, aliquots (0- 1.0 cm3
, weighed) of a standard 

aqueous copper solution, 0.5 cm3 of anion solution, I cm3 of buffer solution and 3.5-2.5 cm3 of water. 
After shaking for 10 s (three times) by hand with 0.5-1.0 cm3 (weighed) of 8-2S chloroform solution, the 
test-tube was centrifuged at 3000 rpm. A 50 IlL of the chloroform extracts are directly nebulized into the 
flame for AAS measurement and 650 1-1L was used for spectrophotometry. 
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Sample Composition 

A sample of 200 mg was taken in a PTFE vessel of 15 cm3 capacity with 4 cm3 of nitric acid and 4 
cm3 of hydrofluoric acid. After sealing by hand, the vessel was stood overnight at room temperature and 
then evaporated to dryness on a hot-plate and again with 2 cm3 of nitric acid. Finally the residue was 
dissolved in lO cm3 of 0.02 moVdm3 perchloric acid and the mass of sample solution was weighed. An 
aliquot of the solution thus prepared was used for the determination of copper. 

RESULTS AND DISCUSSION 

Extraction behaviour of copper with 8-2S 

The extraction behavior of copper from the aqueous solution, in the presence of each anion, into 0.05 
mol/dm3 chloroform solution of 8-2S was examined in the pH range < 7. Percent extraction of copper (I) 
against the aqueous pH is shown in Figures 2 and 3 . Rather good and steady extraction greater than 85% 
was obtained in the presence of picrate (100 %, pH 3-6), BCG (95 %, pH3-4.5), BTB (100 %, pH 2-7), 
Co-5-Br-P APS (85 %, pH 3-4.5), Co-DHAB (100 %, pH 3-4.5), EO (90 %, pH 4-5), PO (95 %, pH 3-6), 
BO (98 %, pH 3-6, omitted in Figure 3 for simplicity) and TPB (70 %, pH 3-5). For 5-Br-PAPS, percent 
extraction was poor (70 %) and the pH range was very narrow (pH 3-3.5). An increase in the carbon 
number in alkylorange gave a good extractability, as is expected from the regular solution theory but 
phase separation was getting worse. And also, about 20 % of copper (II) was extracted in the presence of 
TPB. The reason why this occurs comes from the reduction of copper (II) to (I) with TPB. 
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Figures 2 & 3 Effect of pH on the extraction of copper (Numbers are given in Figure 1) 

Effect of anion concentration on extraction of copper 

The extraction of the ternary copper complex depends on the kind of anion and their 
concentration. The relationships between the percent extraction of copper and anion concentration are 
shown in Figures 4 and 5. These data were obtained by keeping the extraction pH of aqueous solution 
constant, i.e., around 4.3, except for the inorganic anions. As is evident from the figures, the constant and 
larger percentage extraction was obtained with organic anions but extraction with inorganic anions was 
very poor. With organic anion concentration of (4-20) x 10·5 moVdm3

, the steady and good extraction 
was attained at pH around 4-4.5. Picrate, BTB and Co-DHAB are good extracting anions for copper. 
The molar ratio method showed that the anion number incorporated in the extracted species was one in 
the case ofBTB and Co-DHAB. 
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Figures 4 & 5 Effect of anion concentration on the percent extraction of copper (Numbers are given in 
Figure 1). 

Absorption spectra of ternarv copper complexes 

The absorption spectra of the ternary copper complexes extracted with the colored anions are 
shown in Figure 6 and their characteristics in chloroform extracts are given in Table I, with the analytical 
working range of copper by flame AAS and spectrophotometry. The working range by AAS is the same 
irrespective of the anions used, while by spectrophotometry it depends on the molar absorptivity of the 
complex, i.e., anion. Judging from the molar absorptivity, the Co-5-Br-P APS seems to be a sensitive 
anion for determining copper but the extractability is not very good and is affected by the presence of the 
coexisting other anion. The Co-DHAB complex seems to be a good anion but owing to the extraction of 
the Co-DHAB complex without a counter anion at pH less than 3, this is not suitable for the 
spectrophotometry of copper. Of these colored anions used here, ethylorange seems to be a most 
sensitive but the phase separation was very bad. At the moment, we do not know why a higher molar 
absorptivity of the ternary copper complex with ethyl orange as a counter anion is obtained. The details 
on this phenomenon will be described elsewhere after more detailed experiments. 

o.so....---------------------,1.0 

W.v.l•nglh I nm 

Figure 6 Absorption spectra of ternary copper complexes in chloroform 
Cu : 1 ~cm3 in chloroform ; 8-2S : 0.05 moVdm3 

Anion: (4-10) x 10"5 moVdm3 in aqueous solution 
(Numbers are given in Table I) 
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Table 1 Characteristics of The Ternary Copper Complexes in Chloroform 

Extraction 10 x[X] max Working range 
Anion pH range % moVdm3 nm 104 

J.Lg!g in CHC~ 
AAS SP 

Picrate 3-6 100 10 370 1.9 0-2 0-2 
BCG 3-4.5 95 10 416 2.6 0-2 0-2 
BTB 2-7 100 5 411 2.6 0-2 0-2 
Co-5-Br-P APS 3-4.5 85 4 580 7.4 0-2 0- 1 
Co-DHAB 3-4.5 100 8 485 2.5 0-2 0-2 
EO 4-6 90 30 430 14.5 0-2 0-0.5 
PO 3.6 95 4 420 0-2 

Vaq : Vorg = 5 mL : 1 mL 

Determination of copper in standard geological samples 

The currrent method was applied to the determination of copper in standard rock samples from 
Geological Survey of Japan and United State Geological Survey by FAAS and spectrophotometry. The 
results obtained by both methods are shown in Table 2. The results obtained with BTB and BCG by both 
methods were acceptable but those using Co-DHAB and picrate as anions by spectophotometry were very 
bad. One reason of this phenomenon comes from coloration of the extract without 8-2S. The reason why 
this occurs is not known at the moment. 

Finally, the spectrophotometric determination of copper by the present method was strongly affected 
in the presence of silver and mercury. However, the determination of copper in practical samples could 
be carried out without problem, because the content of these two metals in samples selected is very low, 
comparing with the content of copper. 

Table 2 Analytical Results for Copper in Standard Rock Samples 

Anion 

BTB 
BCG 
Co-DHAB 
Picrate 
Certified [8] 

REFERENCES 

GSJ-JA-1 
AAS SP 

41 42 
41 42 
41 70 
41 51 

41.7 

Content/ J.lg/g 
GSJ-JB-1 USGS-GSP-1 

AAS SP AAS SP 
53 54 30 30 
52 53 30 29 
52 76 
52 67 

56.3 33 

n 

5 
5 
4 
4 
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2. Saito K, Murakami S, Muromatsu A and Sekido E,Anal. Chim. Acta, 237, 245, (1990) and papers cited therein 
3 . Heitzsh 0 , Gloe K, Stephan Hand Weber E, So/v. Extn. and Ion Exch. , 12, 475, (1994). 
4. Oue M, Kimura K, Ak:ama K, Tanaka M and Shono T, Chern. Lett., 409, (1988). 
5. Kojima I and Takayanagi A, J. Anal. At. Spectrom., 11,607, (1996). 
6. Kojima I and Katsuzaki M,Ana/. Sci., 13, 1021, (1997). 
7 . Kojima I, lnagaki K and Kondo S, J. Anal. At. Spectrom., 9, 1161, (1994). 
8. Gladney ES, O'Malley BT, Roelandts I and Gills TE, "Compilation of Elemental Concentration Data for NBS 

Clinical, Biological, Geological and Environmental Standard Reforence Materials ", NBS Special Publication 
260-111, (1987) 
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ABSTRACT 

DETERMINATION OF ARSENIC IN BIOLOGICAL 

MATRICES BY ANODIC STRIPPING VOLTAMMETRY 

COUPLED WITH A TwO-STEP EXTRACTION 

PROCESS 
Jem-Mau Lo\ Jun-Der Lee1

, and Chi-Ming Tsen!f 
1Department of Nuclear Science, National Tsing Hua University, 
Hsinchu 300, Taiwan, China 
2Department of Chemistry, National Chung Hsin University, 
Taichung 400, Taiwan, China 

A novel method employed for determining trace arsenic in biological samples was developed in the study. The arsenic 
rendered as the fonn of As(ill) ion was pre-concentrated from the digested biological samples through means of 
tetramethylene dithiocarbamate extraction in conjunction with Au3+ back extraction. The pre-concentrated solution, which 
contained the emiched arsenic ion with the possible transition metal ions and non-reacted Au3+, was next transferred to an 
electrochemical cell for detecting arsenic via differential pulse anodic stripping voltammetry (DPASV) through the usage of a 
gold film carbon electrode. Au3+ was selected as a back-extracting agent in light of its standing as of highest extraction 
constant with tetramethylene dithiocarbamate, being much greater than that of As(V). Besides, the excess non-reacted Au3+ 
in the pre-concentrated solution could be used in situ as the source of generating the gold film of the working electrode in the 
DPASV. Reliability and accuracy of this method were conftnned from the NBS biological standard reference material 
analyses. 

Keywords: analysis, arsenic, tetramethylene dithiocarbamate, voltammetry 

INTRODUCTION 

Detection of arsenic in environmental and biological samples in the nanogram to subnano_ram 
range needs sensitive analytical methods. Hydride generation atomic absorption spectrometry1 and 
neutron activation analysis 7

-
13 have long been recognized to be most suitable for the purpose. In 

addition, electrochemical techniques have recently been developed in advanced instrumentation 
complying with its inherent sensitivity in arsenic determinations . The use of anodic stripping 
voltammetry (AS V) to determine very low concentrations of arsenic has been reported. 14 Differential 
pulse anodic stripping voltammetry (DP ASV) achieves considerable improvements in sensitivity and 
accuracy for arsenic detection.15-23 Pretreatment of the sample is generally required for the 
electrochemical methods for the dual purposes of conditioning the sample solution for electrochemical 
analysis as well as removing the matrix interferences. The present paper is a report on the 
determination of arsenic by DP ASV. The previously reported method employed for determining 
mercury in water and biological samples by DPASV was simulated.24 The arsenic was pre
concentrated from the digested biological samples by a two-step extraction process. The pre
concentration procedure was coupled with DP ASV where an in situ gold film carbon electrode was 
employed as the working electrode. The optimal conditions for the two-step extraction I DP ASV for 
sensitive arsenic detection were investigated. 

EXPERIMENTAL 

Reagents and Samples 

Stock solutions ( 100mg/dm3
) of arsenic(III) and arsenic(V) were prepared by dissolving reagent grade 

As20 3 and Na3As04 in deionized water with the required amount of NaOH then acidifying with HCl. 
Standard solutions were prepared from the stock solutions by appropriate dilution with deionized 
water and by certain pH adjustment. Ammonium tetramethylene dithiocarbamate (APDC), lg, of 
analytical reagent grade (E. Merck Co.) was dissolved in 100 cm3 of deionized water, stirred well, and 
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then shaken twice with 10 cm3 of chloroform. The organic phase was discarded, removing any 
possible impurity of the metals, As, Hg, Zn, Cd, Pb, Cu, etc., already present in the reagent. This 
aqueous phase is referred to as the purified extracting agent used in the work. Gold metal (99.99%) 
was purchased from Koch-Light Co, Colnbrook, England. An appropriate amount of the gold metal 
was weighed and dissolved in aqua regia. The solution was repeatedly evaporated on a water bath to 
near dryness to remove hydrochloric acid (adding water to avoid drying out). This solution was finally 
diluted with pure water and adjusted to pH 0.63 with 65% HN03. A 300 mg/dm3 Au(III) solution was 
prepared as the back-extraction reagent with a pH adjustment before use. The standard reference 
materials were purchased from the National Bureau of Standards of U.S.A. including Citrus Leaves 
(SRM1572), Tomato Leaves (SRM1573) and Pine Needles (SRM1575). The biological materials were 
digested in a microwave digester (MDS- 81 D, CEM Co.). The samples were weighed, 0.5g, and 
placed in a 120 cm3 Teflon PFA bottle in which lOmL concentrated HN03 and 5 cm3 concentrated 
HCl had been placed. Immersion of the samples in the strong acids was maintained for at least 1 hour. 
Thereafter the microwave digestion was conducted by adjusting the power to 50% and maintaining for 
8 minutes, which was followed by 100% power for 4 minutes. The digested solution was then cooled 
to ambient temperature. Finally the solutions were filtered by filter paper and adjusted to the required 
pH. 

Two-Step Extraction Process 

The digested biological samples adjusted to pH 4 by 1.0 moVdm3 NaOH was placed in a 250 cm3 

Pyrex separatory funnels. 25% Na2S203, 2 cm3 was added to reduce any As(V) in the samples to the 
As(III) ion. 12% Na2EDTA, 2 cm3 was subsequently added as the masking agent to complex with the 
metallic ions, e.g., Cu2

+, in the samples by vigorously shaking for 20 minutes. A 4 cm3 portion of the 
purified extracting agent was then added. Precisely 20 cm3 of chloroform was added into the funnels 
and the mixture was shaken vigorously by an up-and-down motion shaking machine for 20 minutes. 
After a 5 minute wait to allow the phases to separate, the organic phase was transferred to a flask. 
The organic solution was washed with 10 cm3 0.02 mol/dm3 NaOH by shaking for 10 minutes to 
remove excess retained HPDC. Five milliliters of a 300 mg/dm3 Au3

+ solution was then added for 
back extraction. The separated aqueous phase was adjusted to the required pH and added with 0.20 
cm3 6.0 moVdm3 HCI. This finally accumulated to 10 cm3 with the deionized water. The solution was 
immediately transferred to the electrochemical cell for D P ASV. 

Differential Pulse Anodic Stripping Voltammetry (DPASV) 

Voltammetric measurement was taken in an electrochemical cell, i.e., a 20 cm3 covered beaker 
with the three electrodes (i.e., working, reference, and auxiliary) being immersed in the electrolyte 
solution. A glassy carbon electrode was employed as the working electrode and a silver/silver 
chloride electrode as the reference electrode. The auxiliary electrode consisted of a platinum wire 
which was well separated from the analyte solution by a porous Vycor frit inserted into a piece of 
glass tube. The tube was filled with 0.1 moVdm3 N2H4·2HCI. The three electrodes, as well as the tube 
used for N2 purging, were inserted through the four holes via an 0-ring on the cell cover. The 
multipurpose microprocessor-based voltammetric analyzer used was purchased from Bioanalytical 
Systems, Inc. (Model BAS-lOOB). 

The pre-concentrated solution mentioned above was purged with N2 and stirred for at least 5 
minutes prior to analysis by DPASV. The glassy carbon electrode was polished with a very fine paper 
(wet and dry), alumina, and finally diamond paste before use. Analysis of As(III) in the pre
concentrated solution was started by electrochemical formation of a gold film on the glassy carbon 
electrode by applying a deposition potential at -600 mV for 150 seconds. Simultaneously, the As(III) 
ion was reduced to form As0 on the gold film during the deposition step. After deposition was 
terminated, the solution was purged with N2 to drive off any bubbles adhered on the gold film, and the 
arsenic was then stripped from the gold film back into the solution. Differential pulse anodic stripping 
voltammery was employed for the measurement of the arsenic under the following conditions : 
stripping potential from -600 to 400 mV, scan rate 20 mV/s, pulse amplitude 17 mV, sample width 50 
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ms, pulse width 50 mV, pulse period 200 ms, and stirring rate 20 rpm. The arsenic was identified by 
the stripping potential at 60m V and quantified by the corresponding oxidation peak current. 

RESULTS AND DISCUSSION 

The electrolytic solution for DPASV was controlled at 0.12 mol/dm3 HCl containing 60-150 
mg/dm3 Au(III). A suitable concentration of Au(III) was required to generate in situ an ideal gold film 
on glassy carbon electrode working for the arsenic analysis . The relationship of anodic stripping peak 
current of arsenic with the concentration of Au(III) is shown in Figure 1. Sufficient concentration of 
Au(III), i.e., 330 mg/dm3

, was required to form an uniform gold film working out a maximal arsenic 
stripping peak. In practical analytical work, 10 cm3 of 60-150 mg/dm3 Au(III) was used as the back 
extracting solution, which would be supra-stoichiometric and even much higher than the arsenic 
transferred from the sample and present as the As(PDC)3 complex in the organic phase. Free PDC 
might be present in a considerable amount in the organic solution which would consume an 
appreciable quantity of Au(III) by formation of Au(PDC)J. This problem, however, had been 
circumvented by eliminating the free PDC in the organic solution with 0.02 mol/dm3 NaOH. 
Therefore only a small fraction of Au(III) was lost and the remaining Au(III) in the pre-concentrated 
solution would match the required concentration range for DPASV as elucidated above. A clear and 
sharp oxidation peak of arsenic could usually be obtained under the electrolyte 0.12 mol/dm3 HCl as 
shown in a typical voltammogram in Figure 2. 

o w ~ ~ ~ ~ ro w w 
Au Concentration (m!VL) 

Figure 1. Relationship between peak current of 
arsenic and Au{III) concentration 

T 
20uA 

l 

E (VOLT) 

Figure 2. DP ASV voltammograms of increasing 
concentration (from 5 to 50 Jlg/dm3

) 

It should be noted that Pt auxiliary electrode used was designed to be well separated from the 
analyte solution by a porous Vycor frit inserted into a piece of glass tubing. The counter electrode 
compartment was filled with aqueous 0.1 mol/dm3 N2a·2HCI. This additional set-up for the Pt 
auxiliary electrode was found to be necessary in the analysis of As(III) in media of Cr content such as 
0.12 mol/dm3 HCI. Without the separation, the stripping peak would gradually decrease in magnitude 
through a series of.replicate DP ASV measurements, possibly due to the oxidation of As(III) analyte to 
electro-inactive As(V) by Ch which was generated at the counter electrode in the deposition stage. 
The As{III) ~ As(V) oxidation process should have been terminated in the above mentioned proposed 
design in light of elimination of Ch by N2a·2HCI. The stripping peak of arsenic was thus found to 
become very stable. The relationship between the stripping peak current of arsenic and the deposition 
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time is illustrated in Figure 3. The result was obtained in the DPASV of As(III) in 0.12 mol/dm3 HCl 
containing 60.00 mg/dm3 Au(III). Increases in deposition time could produce corresponding increases 
in peak current for electrolysis periods ranging from 60 seconds up to at least 210 seconds. A stripping 
peak in all of these periods of deposition time appeared only at 60 m V. The deposition time period 
during practical analytical procedure was chosen at 150 seconds, i.e., sufficient enough for generating 
a prominent peak current. 

The deposition potential was set at -600 mV and the deposition time was at 150 seconds. The 
same family of metals as As include Sb and Bi in their trivalent oxidation states which may be the 
major interferences in the determination of As(III) by DPASV. The oxidation potentials of Sb(III) and 
Bi(III) were found at 70 mV and 200 mV respectively under the electrolyte, 0.12 mol/dm3 HCl and 
with the deposition potential, -600 mV. Both may cause interference with the arsenic detection due to 
the superimposition or overlapping of oxidation potentials. Hamilton et al.22 reported that the 
interference of Sb and Bi could be technically estimated and deducted. Allowing the DP ASV to be 
carried out with the deposition potential at -100 m V instead of -600 m V, the stripping peaks of Sb and 
Bi will remain on the voltammogram while arsenic does not appear. Therefore the magnitudes of Sb 
and Bi peaks can be estimated and their contributions to the As peak deducted when -600 m V is used 
for the DP ASV for arsenic detection. Aside from Sb(III) and Bi(III), Cu2

+ might also be considered to 
interfere with the arsenic analysis according to the literature. 16

'
20

'
23

'
25

'
26 However, this is not a problem 

in the present study employing the in situ gold film carbon electrode and running under 0.12 mol/dm3 

HCI. The oxidation potential ofCu was found at 300 mV which was far from that of As at 60 mV. 
A calibration method was used for the quantitative measurement of arsenic in the pre

concentrated solution by DPASV. The calibration of arsenic in the electrolyte of 0.12 M HCl 
containing 150 mg/dm3 Au(III) with a deposition of 150 seconds at -600 mV is indicated in Figure 4. 
A strictly linear relationship is maintained between the peak current and the arsenic concentration over 
the range from 0.01 J.Lg/dm3 to at least 60 .00 J.Lg/3. The correlation coefficient of linearity is 0.9989. 
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Table 1 Analytical Results by the Proposed Method for Determining Arsenic in the Biological 
Samples of NBS Standard Reference Materials (SRM) 

Biological 

Sample 

Concentmtion of As (mg!kg) 

Cirtrus Leaves (SRM 1572) 

Tomato Leaves (SRM 1573) 

Pine Needles (SRM 1575) 

Bovine Liver (SRM l577a) 

Oyster Tissue (SRM l566a) 

Average and Standard Deviation 

3.22±0.05 

0.30±0.02 

0.21±0.04 

0.051±0.003 

14.32±0.16 

Certified 

3.1±0.3 

0.27±0.05 

0.21±0.04 

0.047±0.006 

14.0±1.2 

The feasibility and reliability of the DP ASV coupled with the two-step extraction in practical 
analysis of biological samples for arsenic were investigated as follows. The NBS standard biological 
samples including Citrus Leaves (SRM 1572), and Bovine Leaves (SRM 1573), Pine Needles (SRM 
1575), and Bovine Leaves (SRM l577a) were analyzed. All of the samples were microwave digested 
and run through the proposed pre-concentration procedure prior to DPASV. Voltamrnograrns for the 
biological samples are all with clear arsenic peaks. The analytical results are listed in Table 1. The 
concentrations of As found in the various biological samples sufficiently correlate with the certified 
values (also indicated in Table 1). The reliability and accuracy of the proposed method was also 
confirmed in the biological analyses. 

ACKNOWLEDGEMENTS 

This work was supported by the National Science Council of R.O.C.( project NSC 87-2113-M-007-
031 ). 

REFERENCES 

1. Heumann KG, Kastenmayer P and ZeiniigerH. Fresenius Z. Anal. Chern. 306, 173-177, (1981). 
2. Douglas DJ and French JB.Anal. Chern. 53, 37-41, (1981). 
3. Maher Wf. Talanta, 1978,311-316. 
4. Terashima S. Anal. Chern. Acta, 86, 43-51, (1976) 
5. Fiorino JA, Jones JW and Caper SG.Anal. Chern. 48, 120-125, (1976). 
6. Stoepp1er M, Burow M, Backhaus F, Schramm Wand Nurnberg HW. Marine Chern, 18,321-334, (1986). 
7. Mok WM, Shah NKand Wai CM. Anal. Chern. 58, 110-113, (1986). 
8. Mok WM and Wai CM. Anal. Chern 59, 233-236, (1987). 
9. Mok WM and Wai CM. Talanta 35, 183-186, (1988). 
10. Wu CY, Chen PY and Yang MHJ. Radioanal. Nucl Chern-Artic/es 112, 133-140, (1987). 
11. Milkinson RE and Hardcastle WS. Weed Sci. 17, 536-537, (1969). 
12. Go1anski A. J. Radioanal. Chern. 3, 161-173, (1969). 
13. Gohda S. Bull. Chern. Soc. Jpn. 45, 1704-1708, (1972). 
14. Trushina LF and.Kaplan AA. Zh. Anal. Chern. 25, 1616, (1970). 
15. Siergerman Hand O'Dom G. Arner. Lab. 4, 59, (1972). 
16. Myers DJ and Osteryoung J. Anal. Chern. 45, 267-271, (1973). 
17. Forsberg G, O'Laughlin JW andMegargle RG. Anal. Chern. 47, 1586-1592, (1975). 
18. Bodewig FG, Valenta P and Numberg HW. Fresenius Z. Anal. Chern. 311, 187-191,(1982). 
19. Leug PC, Subramania KS and Meranger JC. Talanta 29, 515-518, (1982). 

69 



Analytical Chemistry 

20. Davis PH, Dulude GR, Griffin RM, Matson WR and Zink EW. Anal. Chern. 50, 137-143, (1978). 
21. Lee SW and Meranger JC.Anal. Chern., 53, 130-131, (1981). 
22. Hamilton TW, Ellis J and Florence TM. Anal. Chirn. Acta. 119, 225-233, (1980). 
23 . Jagner D, Josefson M and Westerlund S. Anal. Chern., 53, 2144-2146, (1981). 
24. Lo JM and Lee JD. Anal. Chern ., 66, 1242-1248, (1994) 
25. Sadana RS. Ana/. Chern. 55, 304-307, (1983). 
26. Holak W . Anal. Chern. 52, 2189-2192, (1980). 

70 



Analytical Chemistry 

ABSTRACT 

SOLVENT EXTRACTION SEPARATION STUDIES OF 

SOME METAL IONS WITH 2-ETHYLHEXYLC?'> 

PHOSPHONIC ACID MON0-2-ETHYLHEXYL ESTER 
Sunita V Bandekar and PM Dhadke 
Inorganic Chemistry Laboratory, Department of Chemical 
Technology, University ofMumbai, Matunga, Mumbai- 400 019, 
India. 

PC-88A (2-ethylhexylphosphonic acid mono-2-ethylhexyl ester) has been effectively employed as a reagent for solvent 
extraction and separation of platinwn(IV), palladiwn(II), rhodiwn(ill), bismuth(ill), tin(IV), antimony(ill) and thalliwn(ill) 
at trace level. Various parameters affecting the extraction of metals were studied systematically. 
Rh was extracted from 1.0-2.0 M HCl while Sb and Tl were extracted from 0.1 molldm3 HCl and 4.25 mol/dm3 H2S04 
respectively. These metals were stripped out from the organic phase using different stripping agents and determined 
spectrophotometrically. The methods were further extended for the separation of the metal ions from the commonly 
associated metal ions. The proposed methods were applied for analysis of these metals in various real samples. 

Keywords: 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester, PC-88A, platinwn, palladiwn, rhodiwn, bismuth, tin, 
antimony, thallium 

INTRODUCTION 

The introduction of commercial extractants has increased the interest in the use of various 
organophosphorus extractants in the hydrometallurgical metal processing. Since last decade, 
organophosphorus reagents have been extensively used for solvent extraction of various metal ions 1

'
3 

and are found to have very good extractability and high separation efficiency of the metals. Monoesters 
of phosphonic acids have also been known to possess higher separation factors for chemically similar 
elements 4 

The acidic organophosphorus extractant, PC-88A was used for the extraction of various rare 
earth metals, 5•

6 transition and some of the main group metals 7 but not employed for the separation of 
noble metals like platinum, palladium and rhodium and main group metals like bismuth, antimony, tin, 
thallium. Many organophosphorus reagents have been reported for the extraction of noble metals and 
main group metals . The extraction of platinum group metals such as platinum, palladium, rhodium was 
carried out with triphenylphosphine (TPP) but heating of the aqueous phase prior to the extraction was 
required and these metals could not be separated from each other. 8 Bismuth(III) and antimony(III) were 
completely extracted with triphenylphosphine oxide (TPPO) but by multistep extraction.9 Recently, 
tributyl phosphate (TBP) was used as an extractant for the recovery of tin(IV) from other associated 
metal ions. But the method was tedious due to multistep stripping with varying concentrations of 
hydrochloric acid. 10 Thallium(III) was extracted with trioctylphosphine oxide (TOPO) from chloride 
media but the method suffered from the drawback of coextraction of commonly associated metals.11 

In the present study, PC-88A has been employed as an extractant for the separation of metals 
such as rhodium, antimony and thallium. The detailed study of extraction behaviour ofthese metals with 
PC-88A was carried out and on the basis of various results obtained they were separated from other 
commonly associated metals. Further, the validity of these methods was tested by determining the metal 
ions in various real samples. 
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EXPERIMENTAL 

A digital pH meter (Elico Pvt. Ltd., India, model LI-120) was used to measure H'" ion 
concentration and uv-visible spectrophotometer (GBC Scientific Equipments Pvt. Ltd., Australia, model 
GBC 911A) was used for absorbance measurements. 

The extractant 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (PC-88A) kindly supplied 
by Daihachi Chemical Industries Ltd. , Japan was used without further purification. The stock solutions 
of metal ions were prepared using AR grade salts and standardised. 12 

The aqueous phase (10 ml) containing metal ion was adjusted to required acidity/pH and 
transferred to a separating funnel. Then 10 ml of PC-88A in toluene was added to it, shaken for 5 min. 
and allowed the two phases to settle and separate. The metal ions from the organic phase were stripped 
out with stripping agents and determined by suitable spectrophotometric methods 13 (Table 1). 

Table 1 Extraction of Metals with PC-88" 

Metal Cone Aqueous Reagent Stripping Spectrophotometric 
Ion f.lg Phase Cone. Agent Reagent ("-max nm) 

(mol!dm3
) 

Pt(IV)14 100 0.5-2.25 molldm3 HCI, 5 .0x10'3 4 molldm3 HCI Stannous chloride 
4x10'3 molldm3 SnCh (403) 

Pd(II) 14 100 0.75-2.25 mol!dm3 6 .0x 104 - Direct spectro-
(HCI+HCI04), photometry ( 486) 

2.5x 10'2 molldm3 SnCh 
Rh(III) 200 1.0-2.0 molldm3 HCI, 2 .0x 10'2 6 molldm3 HCI Stannous chloride 

I x 10'1 mol!dm3 SnCh (470) 

Bi(IIIi5 150 0.1 molldm3 NRiN03 6 .0x 10'3 2 molldm3 Thiourea (470) 
at pH= 1.5-2.75 HN03 

Sn(IV)16 60 0.1 -0.3 molldm3 HCI 2 .5 x10'2 4 molldm3 HCI Pyrocatechol violet 
(555), Morin (430) 

Sb(III) 60 0.1 molld.m3 HCI 1.5 x10'1 8.5 molldm3 Iodide (425) 
H2S04 

Tl(III) 50 4.25 molldm3 H2S04 l.Ox 10·2 0.1 mol!dm3 PAR (530) 
H2S04 

RESULTS AND DISCUSSION 

The extraction ofRh(III) was carried out in the range of 1.0-5.0 molldm3 HCI and was found to 
be quantitative with 1.0-2.0 molld.m3 HCI. The concentration of stannous chloride in the aqueous phase 
was varied from 0.004 - 0.4 molfd.m3 and the minimum concentration of stannous chloride required for 
complete extraction was found to be 0.1 mol!dm3

• Rh(III) was extracted with varying concentration of 
PC-88A (5 x 104

- 5xl0'2 mol!d.m3
) and the optimum concentration required for quantitative extraction 

was 2x l 0'2 molldm3
. 

The HCI concentration of the aqueous phase containing Sb(III) was varied from 0.05-2 .0 
mol!d.m3 and the extraction was found to be quantitative with 0 . l mol!dm3 HCI. Sb(III) was extracted with 
varying concentrations of PC-88A ranging from l x 10'3 - 2x 10'1 mol!dm3 dissolved in toluene and the 
minimum concentration required for quantitative extraction was 1.5x 10'1 mol!dm3

• 

The extraction of Tl(III) was carried out with 1 x I o·2 mol!dm3 PC-8 8A in toluene at different 
sulphuric acid concentrations ranging from 0.1-6.0 molldm3 H2S04. It was observed that with increase in 
sulphuric acid concentration the percentage extraction of Tl(III) increased and it was quantitative at 
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4.25 molldm3 sulphuric acid but decreased thereafter with increase in acid concentration. The extraction 
of TI(III) was studied for different concentrations of PC-88A in toluene ranging from 5 X 104

- I X 10'1 

inolldm3 and optimum concentration required was found to be I xI o·2 molldm3 of PC-88A in toluene. 
Various diluents like benzene, toluene, xylene, chloroform, carbon tetrachloride, hexane, 

cyclohexane were tested. Toluene was found to be the best diluent for all the metal ions due to 
quantitative extraction and better phase separation. 

The metal ions loaded in the organic phase were stripped out using different concentrations of 
various acids (Table 2). 

Table 2 Effect of Stripping Agents 

Metal % Recovery in Acids 

Ion Acid Conc.Jmolldm3
) 

HCl HCI04 HN03 
1.0 2.0 4.0 6.0 8.0 10.0 1.0 2.0 1.0 2.0 

Rh(III) 17.8 54.3 75 .2 99.2 99.2 98.4 7.9 17.8 
Sb(III) - 12.8 29.2 29.2 36.4 - - -
Tl(III) 52.0 38.0 - - - - 39.7 16.5 16.5 13.2 

H2S04 
0.05 0.1 1.0 2.0 4.0 6.0 8.0 8.5 10.0 

Rh(III) - - 10.3 23.7 - - - - -
Sb(III) - - - 17.1 41.0 56.7 75.0 99.2 99.2 
Tl(III) 43 .8 99.2 63 .6 29.75 - - - - -

The aqueous phase containing these metal ions was shaken with PC-88A in toluene for a period 
ranging from 30 seconds to 20 minutes and the minimum period of equilibration required for complete 
extraction of these metal ions was as: Rh- 5 min., Sb- I min. and Tl- 3 min. There was no decrease in 
extraction of these metal ions even when equilibrated for longer time periods. 

Table 3 Separation of metal ions from some important multi-component mixtures. 

Metal Cone. Aqueous Phase [PC-88A] Stripping % 
Ion llg (molldm3

) Agent Found 

Au(III) 200 I.OMHCI 5xl0·2 - 98.5 
Rh(IID IOO 1.0 M HCl + lxiO .] M SnCh 2x10 ·2 6MHCI 99.1 
Ru(III) 100 unextracted - 98.3 

Au(IID 100 I.OMHCl 5xi0'2 - 99.2 
Pd(II) 100 (1.0 M HCl + 1.0 M HC104 + 6xi04 - 100 
Pt(IV) IOO 2.5 X 10'2 M SnCh) 5xl0·3 4MHCI 99.2 
Rh(III) 100 unextracted - 99.1 

Sn(IV) IOO 0.2MHC1 2.5x I0'2 4.0MHCI 99.2 
Bi(III) 100 pH 1.5, O.I M ~03 6xl0·3 2 .0MHN03 99.8 
Pb(ll) 50 pH 1.5, O.I M ~03 unextracted - 98.5 

Sb(III) 100 O.I M HCI 1.5xl0·1 8.5M 99.I 
Sn(IV) 50 O. I M HCI 1.5x I0'1 H2S04 99.2 
Bi(III) I 50 pH 1.5, 0.1 M ~03 6xl0·3 4 .0MHCI 99.6 
TI(I) 50 pH I.5, O.I M~03 unextracted 2.0MHN03 98.5 

-
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Separation of the metals from multi-component mixtures: 

The metal ions were separated by taking advantage of difference in their extraction and 
stripping conditions with PC-88A. Tl(III) was separated from fu(III), Ga(III), Cu(II) and Ni(II) as they 
remained unextracted with l.Oxl0-2 

molfdm3 PC-88A in toluene from 4.25 mol!dm3 H2S04. The 
separation of other important selective multi-component mixtures is given in Table 3. 

Analysis of real samples 

Analyzing these metals in various real samples tested the validity of the methods. The 
experimental results were found to be in good agreement with the theoretical values (Table 4) . 

Table 4 Analysis of real samples 

Sample Metal Present Found % 
recovery 

Cisplatin (Biochem Pt 65 .0% 64.9% 99.8 
Pharmaceuticals fudustries, 
Mumbai) 
Platinum wire (Ravidra Hindustan Pt 99.9% 99.7% 99.8 
Platinum Pvt. Ltd.) 
Pd on calcium carbonate (s. d. Pd 5 .0% 4.98% 99.6 
Fine Chemicals Ltd.) 
Pd on charcoal (s . d. Fine Pd 5.0% 4.96% 99.2 
Chemicals Ltd.) 
Wood's alloy (Indalloyl58) Bi 50.0% 49.7% 99.4 
fudium Corp_. of America 
Trymo(Raptakos Brett Ltd., fudia) Bi 107.64 mg 106.9 mg 99.3 
Denol (Elder Pharmaceuticals Bi 107.64 mg 107.11 mg 99.5 
Ltd., fudia) 
Leaded gun metal Sn 7.27% 7.22% 99.3 
(BCS -183/4) 
Leaded gun metal Sn 4.86% 4.85% 99.8 
(ITA-LAB- 4382} 
Pineapple slices Sn 123.6 J.lg/g 122.85 J.lg/g 99.4 
Orange pulp Sn 98.3 J.lg/g 97.65 J.lg/g 99.2 
Tin base white-metal (BCS 178/2) Sb 9.45% 9.40% 99.5 
Sodium stibogluconate (Albert Sb lOOmg 99.45 mg 99.4 
David, Ltd. Calcutta, fudia) 

CONCLUSIONS 

2-ethylhexylphosphonic acid mono-2-ethylhexy1 ester (PC88A) was effectively employed as an 
extractant for the separation ofPt, Pd, Rh, Bi, Sn, Sb and TI from commonly associated metals and was 
found to be quite suitable for the separation and determination of these metals in various real samples 
The methods are readily combined with suitable spectrophotometric methods for determination of these 
metals after their extraction and separation. The methods are simple, rapid, selective and sensitive. The 
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extractions were achieved in a short period of equilibration with very low reagent concentration for each 
of these metal ions. The extractant, PC-88A is found to be advantageous over several earlier reported 
extractants including many organophosphorus extractants like TPP, TPPO, TBP, TOPO, etc. 
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ABSTRACT 

BIS(ETHANEDITHIOAMIDO )-2,4-DIOX0-3-

0XYMINO-PENTANE AS A NEW ANALYTICAL 

REAGENT FOR THE EXTRACTIVE 

RADIOCHEMICAL-SPECTROPHOTOMETRIC 

DETERMINATION OF SELENIUM(IV) AND ITS 

SEPARATION FROM OTHER ELEMENTS 
A Varadarajan and SP Malve 
Faculty of Chemistry, The Institute of Science, 15, Madam Cama 
Road Mumbai 400032, India 

Bis(ethanedithioamido}-2,4-dioxo-3-oxyminopentane [bis(EDADOP)] is proposed as a new sensitive and selective 
analytical reagent for the extractive radiochemical-spectrophotometric determination of microgram amoWJts of selenium. 
The method is based on the formation of an insoluble yellow-orange complex, when heated at 50 °C for 2.0 min, which is 
extractable in 1-octanol from an acidic solution of2-3 mol 1'1 hydrochloric acid by shaking for 1.5 min. The absorbance of 
the extracted species was measured at 495 nm and its color in 1-octanol was foWld to remain stable for more than 24 hours. 
Under optimum conditions, the calibration graph was linear over the range 0.2-15 .0 ppm selenium (IV) in 1-octanol, with a 
molar absorptivity of 1.268 x 104 I mol'1 cm·1 in Ringbom' s optimum working range of 4.36-12.02 ppm for effective 
spectrophotometric determination of Se (IV) at 495 nm. The method has been satisfactorily applied to the determination of 
traces of selenium in various synthetic, environmental, biological, pharmaceutical, and food samples etc. in the presence of 
Cu (II), Ag (I), As (ill), Te (IV) and Pb (II), usually associated with selenium in nature. The method offers advantages of 
high sensitivity, selectivity, stability, reproducibility and interference free determination of traces of selenium. 

Keywords: Selenium(IV), bis( ethanedithioamido }-2,4-dioxo-3-oxyminopentane, radiochemical-spectrophotometry 

INTRODUCTION 

Selenium is one of the most widely distributed elements with considerable significance.1
•
2 In 

appropriate amounts, it can enhance our ability to protect against certain cancer and heart diseases 
while on the other hand selenium deficiency syndromes have also been reported. '·2 In more recent studies 
epidemiological investigations have indicated a decrease in human cancer deaths rates (age and sex 
adjusted) correlated with increasing selenium content of forage crops.3 There is a range of selenium 
intake that is consistent with health and outside this range deficiency or toxicity effects can occur. Since 
it is the element with the narrowest difference between these two levels and because of several 
limitations of existing methods, with the need for a reagent with higher extraction ability and negligible 
interference problems, it was considered worthwhile to develop sensitive methods for determination of 
selenium traces with bis(EDADOP) and bis(TSKDOP) as potential extractants. 

Bis(ethanedithioarnido)-2,4-dioxo-3-oxyrninopentane [bis(EDADOP)]4 forms a yellow-orange 
colored complex extractable in 1-octanol. The proposed method has been satisfactorily applied to the 
spectrophotometric determination of trace selenium in various samples, in the presence of Cu(II), Ag{I), 
As(III), Te(IV) and Pb(II), usually associated with selenium in nature. 

The proposed method has been successfully compared with bis(thiosemicarbazone)-2,4-dioxo-
3-oxyrninopentane [Bis(TSKDOP)f and the universally accepted 3,3-diarninobenzidine (DAB)6 

methods by extractive radiochemical-spectrophotometry. 
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EXPERIMENTAL 

Instrumentation 

A Shimadzu-140-02 UV-visible spectrophotometer with 1.00 em light path quartz cells was used 
for all absorbance measurements. The pH measurements were made with a digital Elico, Model LI-I20, pH 
meter equipped with a combined glass electrode assembly. Radioactivity measurements were made with a 
calibrated gamma-ray spectrophotometer fitted with a single channel pulse height analyzer in conjunction 
with a 3.8 x 3.8 em Nal(Tl) crystal detector. 7 

All chemicals were of analytical-reagent grade. 75Se radioisotope was supplied by the Isotope 
Division, Bhabha Atomic Research Centre, Mumbai, India. Deionised, double-distilled water was used 
throughout the experiment. 

A 0.05997 mol L-1 bis(EDADOP) solution was prepared in a methanol:DMF (2:I) mixture and 
used as required for further investigations. A I mg mL·1 stock solution ofSe(IV) was prepared in water and 
standardized by a known method. 8 

Standard Procedure 

An aliquot containing up to 100 f..Lg Se(IV) (<100 f..Lg carrier Se(IV) solution labelled with 75Se 
tracer) was placed in a beaker well covered with watch glass and concentrated hydrochloric acid added so 
as to make the aqueous solution acidic with respect to 2-3 mol L"1 hydrochloric acid. Bis(EDADOP) 
solution, l.O ml of 0.05997 mol L"1 was then added and the contents heated on a water bath for 2.0 min at 
50 °C, after diluting to 20 ml with distilled water. The mixture was cooled for 5 min and transferred 
carefully to a 125 ml separatory funnel. The solution was equilibrated once with 20 m1 I-octanol for 1.5 
minutes. A 2.5 ml aliquot of the organic phase was diluted to 20 ml and the absorbance of the yellow
orange complex measured at 495 nm against pure solvent. In a separate experiment a 2 ml aliquot of each 
phase was evaporated to dryness in a planchet under an IR lamp and taken for counting on a gamma-ray 
spectrophotometer. 

RESULTS AND DISCUSSION 

A comparative chart of the results obtained with bis(EDADOP), bis(TSKDOP) and DAB are shown in 
Table l. 

The absorption spectra ofbis(EDADOP) and bis(TSKDOP) and their Se(IV) complexes in 1-octanol and 
toluene respectively are shown in Figure I. 

The described methods are superior to most of the existing methods of selenium analyses for both 
spectrophotometric and extractive spectrophotometric determination, exceeding even the universally 
accepted DAB reagent. The developed methods are free from limitations and offer advantages suc:h as 
sensitivity, better selectivity, excellent stability and interference-free analysis of traces of selenium in the 
presence of its associated elements, in various synthetic and real samples. 
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TABLE 1 Comparative Analytical Data of Bis(EDADOP), Bis(TSKDOP) and DAB for the 
Spectrophotometric Determination of Selenium(IV) 

Parameter Bis(EDADOP) Bis[TSKDOP) DAB 
I 2 3 4 

Wavelength 495 nrn 420 nrn 420 nrn 
pH/Acidity 2.0-3.0 mol r 1 HCl 1.7-2.5 mol r 1 HCl 7.0-8 .0 
Total Color Development 35.0/2.0 min 45 .0 min 60.0/5 .0 min 
& Heating Time 
Temperature 45-70 °C 50-70 °C 100 °C 
Shaking Time 1.5 min 5.0 min 30.0 s 
Solvent 1-0ctanol Toluene Toluene 
Stability >24h >24h >24 h 
Beer's Range (ppm) 0.2-15.0 0.1-2.1 0.5-2.5 
Molar Absorptivity 12,680 37,190 6,268 
(I mor1 cm"1) 

Sandell Sensitivity 2.210 2.125 12.730 
(ng cm-2

) 

Stoichiometry (M : HR) 1 : 2 I : 2 2 : 1 
Preconcentration 9.0 times 11.0 times 15.0 times 
Interference Interference due to Interference due to Interference due 

Cu(II) masked with As(III) and Ni(II) to oxidising and 
sodium cyanide masked with reducing agents 

hydrogen peroxide 
andEDTA 
respectively 

1 2 3 4 
A_pQlications (RSD) 
Synthetic Mixtures 1.59% 1.27% 1.86% 
Environmental Samples 1.58% 1.59% 2.03% 
Biological Samples 1.58% 1.68% 2.15% 
Pharmaceutical Samples 1.76% 1.33% 1.94% 
Food Samples 1.62% 1.51% 2.04% 
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ABSTRACT 

A NOVEL PROTEIN REFOLDING TECHNIQUE 

UTILIZING REVERSED MICELLAR EXTRACTION 
Masahiro Goto1, Shintaro Furusaki1 and T Alan Hatton2 

1Department of Chemical Systems and Engineering, Graduate 
School of Engineering, Kyushu University, Fukuoka 812-8581, 
Japan 
2Department of Chemical Engineering, Massachusetts Institute of 
Technology, Cambridge MA 02139, USA 

Protein refolding was performed by reversed micelles formulated with sodiwn di-2-ethylhexyl sulfosuccinate (AOT) in 
isooctane. In the novel refolding technique, a solid-liquid extraction was utilized as an alternative to the ordinary protein 
extraction by reversed micelles based on a liquid-liquid extraction. The effects of operational parameters such as 
concentration of AOT, water content and pH were examined on the extraction of denatured proteins. A high AOT 
concentration and a high water content in reversed micelles facilitated the extraction efficiency. A complete renaturation of 
denatured RNase A was accomplished by adding redox reagents. In the fmal step, the renatured RNase A was effectively 
recovered from the reversed micellar solution without the loss of the enzymatic activity. 

Key-words: Protein extraction, Surfactant, Reverse micelle, Enzyme, AOT 

INTRODUCTION 

A large number of proteins from eukaryotic genes cultivated in a bacterial system by 
recombinant DNA technology are often produced inactive misfolded or aggregated proteins, which 
actually consist only a small portion of native and active conformation.1 These insoluble aggregates in 
an aqueous solution are misfolded protein molecules. In order to obtain biologically active proteins, 
these insoluble proteins must first be extracted from the inclusion bodies and solubilized using strong 
denaturants such as guanidine hydrochloride or urea under reducing conditions . On the removal of the 
denaturant by dialysis or dilution with an appropriate buffer, the proteins are allowed to refold up to 
the native and active conformation. However, a high refolding yield may not be obtained at high 
protein concentration due to the formation of irreversible aggregates by the excess inactive protein 
molecules. 

Recently, a novel preparation method aimed at improving the efficiency of refolding at higher 
protein concentration has been reported. 2•

3 Hagen et al. has suggested that isolating protein molecules 
in a reversed micellar matrix reduces intramolecular interaction which causes formation of irreversible 
aggregates. Reversed micelles provide nano-structural aqueous droplets constituting water pools in an 
organic solvent, so that proteins solubilized in the water pool can maintain their high-structural 
conformation and activity4 These features are favorable for protein refolding, because protein 
molecules can be isolated from each other during the refolding process . However, in a liquid-liquid 
extraction system, protein transfer into a reversed micellar solution was considerably inhibited by the 
denaturants contained in the aqueous solution. 

solubilization e renaturati~n \~~c:J--- 0 

~M native 
inclusion body t ~ 

0-..... ;~"" 
Figure 1. Schematic illustration of protein refolding by reversed micellar solution utilizing solid
liquid extraction technique 
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In the present study, we demonstrate that the reversed micellar system utilizing solid-liquid 
extraction is a promising and attractive technique for refolding proteins. Some key operational 
parameters were investigated on the efficiency of refolding denatured proteins. This novel refolding 
process is schematically shown in Figure l. Furthermore the optimal conditions for the protein 
refolding are discussed in this paper. 

EXPERIMENTAL 

Materials. 

Bovine pancreatic RNase A (EC 3.1.27.5) as a model protein and cytidine 2':3 ' -cyclic 
monophosphate as a substrate for the activity test were obtained from Sigma Chemicals Co. (USA). 
AOT (Sodium bis-2-ethylhexyl sulfosuccinate), urea and 13-mercaptoethanol were purchased from 
Kishida Chemicals Co. (Japan). Reduced and oxidized glutathione (GSH, GSSG) were purchased 
from Wako Pure Chemical Industries, Ltd. (Japan). Other chemicals were of the highest grade 
commercially available. 

Extraction of Solid Denatured RNase A into Reversed Micelles. 

A reversed micellar solution was prepared by injecting a 0.1 M Tris-HCI buffer into a 50-400 
mM AOT-isooctane solution. The solid denatured RNase A was dissolved into the reversed micellar 
solution under ultrasonic irradiation for approximately I hour. The concentration of RNase solubilized 
in the reversed micellar solution was determined by measuring its absorbance at 278 nm with a UV
VIS spectrophotometer (U-best 570 JASCO). The average diameter of reversed micelles containing 
proteins was analyzed by a DLS-7000 system (75mW Ar- or He-laser, Otsuka Electric Co. Ltd. , 
Japan). 

Renaturation of RNase A in Reversed Micelles. 

Renaturation was initiated by adding 1 ml of reversed micellar solution containing glutathione 
into the 2 ml reversed micellar solution containing solubilized RNase A. The specific activity of 
RNase A in the reversed micelles was measured against time progress, considering the time when 
glutathione solution was added as the initial time. The renaturation yields of denatured RNase A was 
evaluated by comparing the enzymatic activity of denatured RNase A to that of native RNase A which 
was solubilized in the reversed micelles as a control experiment. 

Recovery of Renatured RNase A from Reversed Micelles 

One volume of reversed micellar solution containing the renatured RNase A was added into 5-
40 volumes of cold acetone and stirred in a magnetic stirrer for 20 minutes. The reprecipitated RNase 
A was collected by centrifugation and washed several times with cold acetone to remove AOT 
molecules that may be adsorbed to the collected RNase A. Furthermore, the precipitates were dried 
under vacuum condition. The obtained precipitates were solubilized in a 0.025 M phosphate buffer 
(pH 7.5). The amounts of recovered RNase A were determined by measuring the absorbance in the 
buffer solution at 278 nm with the UV-VIS spectrophotometer. 

RESULTS AND DISCUSSION 

Solubilization of Solid Denatured RNase A into Reversed Micellar Solution by Solid-Liquid 
Extraction Technique 

In the previous studl protein refolding utilizing reversed micelles showed that solubilization of 
denatured RNase A into reversed micelles was difficult owing to a huge amount of denaturant (6M 
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GuHCI or 8M urea) in aqueous solution, which interrupts the mass transfer of proteins. The denaturant 
reduces the electric interaction between surfactants and the surface of proteins, which is considered to 
be one of the main driving forces in protein extraction by reversed micelles . Therefore, the denaturant 
concentration ought to have been reduced to an appropriate concentration which would have 
facilitated denatured RNase A to be transferred efficiently into reversed micelles in the unfolded state. 
In order to improve the overall yield in the protein refolding process, we have introduced solid-liquid 
extraction technique to enhance the solubilization of unfolded proteins directly into reversed micelles.5 

In the present study, the effects of some 400 100 

important parameters in preparing the 
reversed micellar solution were examined 

300 on the solubilization of solid denatured 
RNase A. The degree of solubilization of E 
the solid denatured protein was .:. 

200 
significantly influenced by surfactant 00 

concentration. Figure 2 shows the effect of 
AOT concentration in isooctane on the 
solubilization of the solid denatured RNase 
A into the reversed micellar solution along 
with the average diameter of reversed 
micelles formed after the solubilization of 
protein. A high concentration of AOT in 

100 

0 100 200 
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75 

50 
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w 

isooctane facilitates the solubilization of the 
denatured proteins. Furthermore, increasing 
the concentration significantly decreased 
the size of reversed micelles. 
When the surfactant-protein interaction is 
stronger than the protein-protein interaction 
in the denatured proteins, the protein 
solubilization into the reversed micelles 

Figure 2. Effect of AOT concentration in 
isooctane on both solubilization (E) and average 
diameter (d) of reversed micelles after 
solubilization: 2.3 mg/ml RNase A, Wo=20, pH 
8.7. 

proceeds well. 
From the result of DLS measurement, it was found that the average diameter of the stable reversed 
micelles containing denatured RNase A in the organic solvent was approximately I 00 nm. On the 
other hand, under the same experimental condition the average diameter of reversed micelles which 
contain native RNase A was only about !Onm. This result means that the solubilization state of the 
denatured proteins is different from that of native proteins. The denatured proteins are considered to 
form a small cluster in reversed micelles. 

The effect of water content of the reversed micelles on the solubilization of solid denatured 
RNase A is shown in Figure 3. The degree of solubilization of denatured RNase A into reversed 
micelles increases along with the increase of water content. These results suggest that water molecules 
in organic media play an important role for solubilization and dispersion of denatured protein 
aggregates. Moreover, it is considered that hydration of proteins is essential for dissociation of 
nonspecific interactions among aggregated protein molecules. Later it became clear that the 
dependence of Wo on the diameter of reversed micelles supports this idea since the size of reversed 
micelles containing denatured proteins decreases with increasing Wo in the reversed micelles . 
Later it became clear that the dependence of W o on the diameter of reversed micelles supports this 
idea since the size of reversed micelles containing denatured proteins decreases with increasing Wo in 
the reversed micellar system. 

Enzymatic activity of RNase A was recovered by addition of reversed micellar solution 
containing glutathione to the reversed micellar solution containing denatured proteins. Associated 
activity is recovered completely within 30 hours. Using reversed micellar media at higher protein 
concentration enhanced the efficiency of refolding. On the basis of the result, it is clear that the 
denatured protein molecules were isolated from each other in the reversed micelles and efficiently 
refolded without formation of protein aggregations. 
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75 

. According to circular dichroism (CD) spectra, 
it is obvious that the conformation of denatured 
RNase A entrapped in reversed micelles 
remained in denatured states (data not shown) 
and the activity was almost zero. This implies 
that reoxidation of reduced thiols is essential to 
obtain native conformation and to recover the 
enzymatic activity. Hence we used reduced and 
oxidized glutathione (GSH and GSSG, 
respectively) which are the most widely used 
compound as thioVdisulfide reagents . We 
investigated the effect of redox reagents on the 
refolding yield. 
Figure 5 shows the effect of GSHJGSSG ratio 

Figure 3. Effect of Wo (=[1-120]/[AOT]) on on the renaturation of RNase A in reversed 
solubilization (E) and average diameter (d) of micelles . The total glutathione concentration in 
reversed micelles after solubilization of the reversed micellar system was kept constant 
denatured protein: 2.3 mg/ml RNase A, 400 at 0.61 mM based on the organic phase. 
mM AOT, pH 8.7. 
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Figure 4 Time course of protein 
refolding in reversed micellar solutions 
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Figure 5 Effect of redox reagents on 
refolding efficiency 

This concentration offered a maximum reactivation rate. RNase A in reversed micelles recovered its 
enzymatic activity up to about 36 % even without the addition of the redox reagent glutathione. Result 
shows that the reactivation rate was influenced by the ratio of GSHIGSSG, however, the renaturation 
yields were almost 100 % in all cases expect for the glutathione free system. The ratio was found to 
affect the refolding rate of proteins in reversed micelles. 
In addition, the visible protein aggregates were not observed during refolding operations under the 
present experimental conditions. 
We are convinced that it is possible to improve the renaturation yield and time at high protein 
concentration by optimizing factors such as the (GSHJGSSG) ratio, concentration of a redox reagent, 
Wo, pH of water pools, reversed micellar system, and renaturation temperature, etc. 
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Recovery of Renatured RNase A from Reversed Micelles 

Denatured RNase A has now been successfully reactivated in reversed micellar media. The final step 
is to recover the active proteins from the reversed micellar solution. The recovery of proteins 
solubilized in reversed micelles has been performed by "back extraction" operation, in which the 
reversed micellar solution contacts with a fresh aqueous solution with a high ionic strength and a pH 
value that facilitates electrostatic repulsion between the encapsulated protein and the head group of 
surfactant molecules. However this method often provides a low extraction yield due to the formation 
of irreversible precipitates which involve surfactant molecules at the organic-aqueous interface. 
Furthermore, the activity of recovered proteins is often reduced during the back-extraction operation. 
In order to overcome this problem, we introduced a different approach to recover the proteins from the 
reversed micellar solution more effectively. This approach is the precipitation method in which a solid 
protein was recovered by the addition of a polar organic solvent. In the present study, acetone was 
used as the polar organic solvent. The effect of the amount of the added acetone on the recovery and 
activity yields of renatured RNase A from the reversed micellar solution is summarized in Table 1. 

Table 1 Recovery and activity ofrenaturated protein 
from reversed micellar solution 

Vacetone I Vrm Recovery[%) Activitv [%] 

5 

10 

20 

40 

88.4 

87.4 

92.0 

94.2 

> 100 a 

>IOoa 

>100 a 

> 100 a 
a: The activity of recovered RNase A was more than 
that of material one. 

The addition of 5-40 times volume of 
acetone to the reversed micellar solution 
provided 84-94 % recovery yields. 
Furthermore, the recovered RNase A 
retained a high enzymatic activity. The 
addition of acetone induces 
destabilization of reversed micelles. The 
resulting proteins can be released from 
the reversed micellar solution as a solid. 

The overall yield of the novel process was found more favorable in comparison with the conventional 
dilution method. Thus, this reversed micellar system utilizing the solid-liquid extraction technique was 
demonstrated to be effective for protein refolding even at high dosage of proteins. Our next objective 
is to extend the scope of this study to the direct refolding of inclusion bodies by utilizing the solid
liquid extraction technique. 

CONCLUSION 

A solid-liquid extraction process utilizing reversed micelles was introduced as a novel protein 
refolding technique. Solid denatured RNase A was completely solubilized into the AOT reversed 
micellar solution and was reactivated by the addition of the redox reagent glutathione. The novel 
refolding process is mainly devided into three steps : solubilization, renaturation and recovery step. 
The renatured RNase A in reversed micelles was completely recovered by the addition of acetone. 
The benefits of the novel process are that a high concentration of proteins can be dealt with and that 
the amount of an expensive redox reagent can be reduced due to the small water content in reversed 
micelles . However, the most advantage of this novel reversed micellar refolding process compared to 
the conventional dilution method is that the novel process does not require denaturants such as 
guanidine chloride or urea. It is hoped that this solid-liquid extraction technique will be found useful 
for application in the biochemical industry. 
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ABSTRACT 

EFFECT OF INTERACTION BETWEEN PROTEIN AND 
SURFACTANT IN AQUEOUS PHASE ON EXTRACTION 
RATE OF PROTEIN INTO REVERSED MICELLAR 
SOLUTION. 
Takumi Kinugasat, Kimiko Sanagit, Kunio Watanabe' and 
Hiroshi Takeuche 
1 Department of Applied Chemistry and Biotechnology, Niiharna 
National College of Technology, Niihama 792, Japan 
2 Department of Chemical Engineering, Nagoya University, 
Nagoya 464-01, Japan 

The relationship between the extraction rate of proteins and the formation of the complex in aqueous salt solution was 
investigated. The extraction rate of lysozyme was measured from the aqueous phase presaturated with an organic surfactant 
AOT solution in advance. In NaCl aqueous system, the rate from aqueous solution containing the surfactant was similar to 
that from the unsaturated organic solution, whereas in KCl media, the faster extraction was observed in the surfactant 
containing solution in the range of lower salt concentration. The solubilization rate of AOT from organic to aqueous KCl 
phase was lower than that to NaCl solution. We can conclude that the complex formation of protein and surfactant promoted 
the protein extraction. 

Keywords : Reverse Micelle, Protein, Extraction Rate, Mechanism of Extraction 

INTRODUCTION 

Reversed micellar extraction technique is attractive methods for separation and purification 
of proteins. For a practical application, it is important to elucidate the characteristics of the mass 
transfer of protein from aqueous to reversed micellar phase. In the previous study, 1 we examined the 
effect of pH, salt species, and its concentration on the extraction rate of protein and proposed the 
interfacial distortion model for protein extraction. 

Recently, some investigators have represented the new extraction model via the formation of 
a surfactant-protein complex. Adachi and Harada2 reported that the hydrophobic cytochrome c 
adsorbing the surfactant molecules would be entrapped in the reverse micelles. Paradoker and 
Dordick3 found that a-chymotrypsin is easily extracted into isooctane at very low surfactant 
concentration as a hydrophobic ion-pair with surfactants. Goto et al. 4 investigated the behavior of 
protein extraction into the organic solutions containing some synthesized surfactants, and then 
suggested that hemoglobin would be extracted into organic phase when the hydrophobicity of 
interfacial complex formed by protein and surfactants is sufficiently high. The protein-surfactant 
complex might be formed in aqueous phase during the protein extraction, because the amphiphilic 
surfactant would be distributed from organic to aqueous phase. 

In the present study, we examined the effect of such complex formation in aqueous solution 
on the extraction rate of protein. Furthermore, the interfacial distortion model of the protein extraction 
would be improved considering the complex formation. 

EXPERIMENTAL 

Sodium bis(2-ethylhexyl)sulfosuccinate (AOT) as an anionic surfactant was obtained from Nacalai 
Tesque and used without further purification. Protein used in this study was lysozyme from chicken 
egg white obtained from Sigma. All other chemicals were of reagent grade. An aqueous solution was 
prepared by dissolving lysozyme in distilled water containing salt and buffer for the adjustment of 
ionic strength and pH, respectively. In all experiments, the feed concentration of lysozyme in the 
aqueous phase was 0.5 kg/m3 A reversed micellar solution was prepared by dissolving AOT in 2,2,4-
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trimethylpentane (isooctane) as an organic solvent. In some experiments, the aqueous solution was 
presaturated with the reversed micellar solution before dissolving lysozyme, where the aqueous 
solution contains AOT at the equilibrium concentration. 

The kinetic studies were carried out at 298 K 
using a stirred cell made of glass, fitted with four baffles, 
shown in Figure 1. Equal volumes (50 cm3

) of the organic 
and aqueous solutions were located in the upper and 
lower section of the cell, respectively, and then agitation 
for each phase was started by four-blades disk-turbine 
impeller, driven in opposite directions at 150 r.p.m. 

All experiments were performed in batch 
operation. The organic samples were taken out at regular 
intervals from a sampling port by a syringe. The 
concentration of lysozyme in organic phase was 
determined on an UV spectrophotometer (Shimadzu, UV-
1200) at 280 nm. 

Concentration change of the solubilized protein 
in the organic phase is given by the following equation: &l 

(VoiA)(dCp,o/dt) = Kp(CP.w- CP.olm) (1) 

where Kp is the overall mass-transfer coefficient of 
protein, CP.w and CP.o are the protein concentrations in the 
aqueous and organic phases, respectively, and m is the 
distribution ratio of protein. Equation (1) can be 
integrated to yield 

ln[1 - (1 + llm)CP.o!CP.W0
] = -(1 + llm)Kpt (2) 

which makes possible the evaluation of the overall mass
transfer coefficient, Kp, from the time-course of protein 
concentration in the organic phase. 

1.0 
o: [KCI]=0.2M; pH=7.1 

~ o : [KCI]=0.2M; pH=9.6 

~ 0.8 6 : [NaCI]=0 .4M; pH=6.6 
0: Cp_w0=0.5kg/m 3 

(.) 
u 0 .6 [AOT]=0.05M 
(..)>.' 

1 o-5 

Figure 1 Details of Stirred Cell. 
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Figure 2 Time course of protein concen
tration in organic phase. 
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In the distribution and kinetic experiments of AOT between the aqueous and organic phases, 
AOT concentration in an aqueous phase was determined from the measurement of sulfur atom with an 
ICP-atomic emission spectroscope (Nippon Jarrell-Ash, IRIS) . 

RESULTS AND DISCUSSION 

Typical data for protein extraction is shown in Figure 2 plotted according to Equation (2) and 
then we can determine the overall mass-transfer coefficient, Kp, from the slopes of each line. 

Figure 3 shows the effect of solution pH on the overall mass-transfer coefficient, Kp, of 
lysozyme from aqueous KCl media which is unsaturated and presaturated with an organic AOT 
solution. In the lower pH region, the Kp values were constant in the both cases . From the previous 
report1

, it is considered that the protein extraction is controlled by a diffusion process through the 
aqueous boundary film. Above pH 9.5, the Kp value is decreased with increasing pH due to the 
reduction in the electrostatic attraction between the protein and surfactant head-groups. 
Figure 3 also shows the Kp value for presaturated system is higher than that for unsaturated in the 
higher pH region. This suggests that the formation of protein-surfactant complex in the presaturated 
aqueous phase would promote the protein extraction. 

Figures 4 and 5 show the effects of the respective concentration of KCl and NaCl in the 
aqueous feed on the overall mass-transfer coefficient, Kp. In the both systems, the Kp values were 
decreased with increasing the salt concentration. This will be attributable to an electrostatic screening 
effect. In the NaCl system, the Kp value from aqueous presaturated solution was similar to that from 
unsaturated solution, whereas for KCl media, the faster extraction was observed in the presaturated 
solution in the range of lower salt concentration. Such difference in the extraction behavior between 
the two systems would be caused by the distribution properties of surfactant AOT into the aqueous salt 
solution. 
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The distribution ratio, ms, of AOT between isooctane and aqueous salt solution is plotted 
against the salt concentration in Figure 6. The ms value was decreased with increasing the salt 
concentration due to salting effect, although there is no difference of the ms value between the KCI and 
NaCl systems. 

Figure 7 shows the change in the concentration of AOT solubilized from the organic to 
aqueous salt solutions. The solubilization rate of AOT to the aqueous NaCl phase was higher than that 
to the KCl solution. In the NaCl system, it would be easy to form the complex even in the case using 
the unsaturated solution because the solubilization rate of AOT was higher. Thus, both Kp values 
between the unsaturated and presaturated systems were similar each other. On the other hand, 
thedifference in AOT concentration between in the unsaturated and presaturated solution was not 
negligible in the KCl system because of the lower solubilization rate of AOT, and this leads to the 
higher Kp value in the presaturated system. The electrostatic interaction between the protein and 
surfactants is reduced with increasing the salt concentration due to the electrostatic screening effect, 
and then it would be difficult to form the protein-surfactant complex. Therefore, there is no significant 
difference in the Kp value between the unsaturated and presaturated systems in the higher 
concentration region of KCI. 
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Figure 6 Distribution ratio of AOT 
between organic and aqueous phases. 
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Figure 7 Solubilization rate of AOT 
from organic to aqueous phase. 

From these results, we would improve our interfacial distortion model 1 for protein extraction 
into reverse micelle at oil-water interface. A protein will adsorb a few surfactants in the aqueous phase 
to form the protein-surfactant complex. The surfactants could be adsorbed at the protein surface by the 
electrostatic interaction rather than the hydrophobic interaction. This complex diffuses through the 
aqueous boundary film and then approached the oil-water interface according to the concentration 
gradient. The interface is distorted so as to surround the complex with more surfactants, forming the 
interfacial complex. When the hydrophobicity of this complex is sufficiently high, the complex can be 
solubilized in the organic phase and the surfactants will be rearranged to make the protein filled 
reverse micelle. 
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I organic phase ] 

~rotoffi-n r~rfactant [ aqueous phase ) 

Figure 8 Schematic model for protein extraction from aqueous to 
organic phase via protein-surfactant complex. 

CONCLUSIONS 

The extraction kinetics of lysozyme from aqueous salt media to organic reversed micellar 
solution was studied to elucidate an entrapping mechanism of protein into reverse micelles at the oil
water interface. In conclusion, the following results were obtained. 

I) The Kp value of lysozyme from the aqueous KCI solution presaturated with AOT organic 
solution is higher than that obtained for the unsaturated system in the higher pH region. 

2) The KP value from aqueous NaCI presaturated solution was similar to that from 
unsaturated solution, whereas the higher extraction rate was observed in the presaturated system in the 
lower KCI concentration. 

3) The solubilization rate of AOT to the aqueous NaCI phase was higher than that to the KCI 
solution. This will affect the formation of protein-surfactant complex in the aqueous phase and thus 
cause the difference in the extraction rate of protein between the unsaturated and presaturated system. 

4) The interfacial distortion model via formation of protein-surfactant complex in the 
aqueous phase was proposed. We can conclude that the complex formation of protein and surfactant 
promote the protein extraction. 
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ABSTRACT 

REVERSE MICELLAR EXTRACTION OF PROTEINS 

USING PH RESPONSIBLE MIXED MICELLAR 

SYSTEMS 
K Shiomori\ T Honbu\ Y Kawano\ R Kuboe and I 
Komasawa2 

1Dept. Materials Sci., Miyazaki Univ., Miyazaki, Japan 
2Dept. Chern. Sci. & Eng., Osaka Univ., Toyonaka, Osaka, Japan 

In mixed micellar systems of sodium bis(2-ethylhexyl )sulfosuccinate and long chain alkyl amines, such as tri-n-octylamine 
and bis(2-ethylhexyl)amine, di-n-octylamine, and n-octylamine, the extraction characteristics of proteins and water were 
investigated. Extraction of water into the mixed micellar systems, which would affect protein extraction, was controlled by 
the pH value in the aqueous phase. The pH dependence of the water extraction was affected by the basicity of the amines 
added. Reverse micelles do not form from the mixture of AOT and cationic species of long chain alkyl amines at acidic pH 
range. Extraction of lysozyme was controlled by the fonnation of the reverse micelles. The formation of aggregates of 
proteins triggered by the electrostatic interaction with AOT was suppressed in the mixed micellar systems. The proteins 
extracted into the mixed micellar systems could be fully back-extracted by destruction of the micelles at acidic pH values. 

Keywords: Reverse micelles, Protein extraction, Amines, AOT. 

INTRODUCTION 

Reverse micelles have been extensively investigated as a media for extraction of proteins and 
enzymes2

•
5

•
6

•
8

. Most previous studies were carried out in the system using sodium bis(2-ethylhexyl) 
sulfosuccinate (AOT) as surfactants. Extraction of proteins with the AOT reverse micellar system can 
be carried out by control of the electrostatic interaction. Thus forward extraction can be carried out at a 
pH lower than the isoelectric point (pi) of protein, where proteins have a positive charge, and back 
extraction at pH higher than the pi, where proteins have a negative charge. The electrostatic 
interaction can be most effective for the extraction of protein. However, at the same time, the 
electrostatic interaction often causes a structural change and inactivation of proteins. 

Some studies have been reported on the control of the formation of reverse micelles by pH, 3.4 

pressure7 and temperature1 for the purpose of developing novel and effective extraction processes of 
protein. 

In this paper, the mixed systems of AOT and long chain alkyl amines, such as tri-n-octylamine 
(TOA), bis(2-ethylhexyl)amine (DEHA), di-n-octylamine (DOA), n-octylamine (OA) were used as a 
reverse micellar solution. The effect of pH on the extraction characteristics of lysozyme and water in 
the mixed micellar systems was investigated. 

EXPERIMENTAL 

The surfactant used to construct reverse micelles was sodium bis(2-ethylhexyl)sulfosuccinate 
(AOT) from Nacalai Tesque Co. The long chain alkyl amines used as additives for the modification of 
the reverse micellar system, are shown in figure l. AOT was dissolved in isooctane, and then the 
amine was solubilized in the solution. A buffer solution containing NaCl (0.1 - 1.0 M) was used as the 
aqueous phase. Acetic acid-sodium acetate {pH 3-6), dimethyl glutamate-NaOH {pH 5-8), glycine
NaOH {pH 9-11) and Na2HP04-Na0H (pH ll-12) were used as a buffer at 50 mM in all experiments . 
Egg white lysozyme was purchased from Wako Pure Chemical Co. Protein was dissolved in the buffer 
solution containing salt 

Extractions of water and proteins were carried out by the following method. The same volume 
(5 ml) of the organic and the aqueous solutions were placed in the screw capped sample tube. The two 
phases were dispersed completely by a magnetic stirrer for 30 minutes at 298 K. After mixing, the 
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solution was separated into two phases by centrifugation at 3,500 rpm for 30 minutes. Back-extraction 
of proteins from the micellar phase was carried out by contacting the organic phase containing the 
extracted protein with a new aqueous phase in the same manner as for the forward extraction. The 
water concentration in the micellar organic phase after extraction was determined by Karl-Fisher 
titration with Kyoto Electronics MKS-1s. The concentration of protein in the aqueous and the organic 
phases was measured by the adsorption at 280 nm. using Hitachi UV 3200. 

Tri-n-oc1yl amine (TOA) 

~·· 
Di-n-octyl amirc (DOA) 

~ 
~·-· 

Di (2-ethythexyl) amine (DEHA) 

~N-H! 

Occylamine (OA) 

Figure 1 Structures of the 
amine added and 
AOT. 

RESULTS AND DISCUSSION 
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pH H 
13 

Fig. 2 Effects of pH on the water 
extraction in the AOT, the mixed 
systems . 

The extraction of water by the AOT reverse micellar system and the mixed system of AOT 
and long chain alkylamine was carried out at 0.1 M NaCl and various pH values. The effects of pH on 
the water extraction in the AOT, the mixed systems are shown in figure 2. Extraction of water in the 
AOT system was not influenced by the pH values . In the mixed micellar systems with long chain alkyl 
amines, the water extracted into the organic phase decreased with a decrease in pH at pH range lower 
than a specific pH value and was negligibly small at further lower pH range. The pH values at which 
water extraction begins to decrease are dependent on the kind of amine. On the other hand, water 
extraction of both mixed systems at high pH range was not affected by pH and was the same degree 
with that of the AOT system. 

The effect of the concentration of long chain alkylamines added to the system was examined. 
The mixed solutions were contacted with the aqueous phase containing 0.1 M NaCl at various pH 
values. The results in the TOA-AOT and the DEHA-AOT systems are shown in figure 3. The water 
extraction at all concentrations of the amines decreased with pH. In the low pH range, the 
concentration of water in the organic phase increased with decreasing in the amine concentration and 
was negligibly small at the amine concentration almost equal to or higher than the concentration of 
AOT. 
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Model of the control of micellar formation 
In the mixed micellar systems containing both AOT and long chain alkylamines, the water 

2.5 r==:::;::::;;:=:=;==---r---.-.....--, 
K [TOA\ a) TOA-AOT 

2.5 r--~~~-,---,----, 
Key [~!!1~ b) DEHA -AOT 

M"' 
E 

2.0 

~ 1.5 
E 
~ 

0 1.0 
N 

~ 

0.5 

<>
ey [mol/m 1 system 

15 
6 25 [AOT] ; 50 [molltrl) 

0 50 [NaCI] ; 0.1 [kmol/trl] 

D 100 

6 25 
system 

2.0 <> 50 [AOT]; 50 [mol/ trl] 

t---=0=-_.:..:100:.::..__ [NaCI]; 0.1 [kmol/nl M"' 
E 

:::::. 
0 1.5 
E 
~ 

0 0 NJ. 
~ 

0.5 

AOT System 

5 7 9 

pH [-] 
11 13 5 7 9 

pH [-] 
II 13 

Figure 3 Effect of the concentration of long chain alkyl amines on the pH dependence of 
the water extraction in the mixed micellar systems. 
a) TOA-AOT system, b) DEHA-AOT system 

extraction is controlled by pH in the aqueous phase. This shows that the formation of the micelles can 
be controlled by pH . The control mechanism of the micellar formation in the mixed micellar systems 
of AOT and the amines is illustrated in figure 4. 

The amines, B, undergo protonation and form a cationic ammonium ion in acidic pH range as 

follows: 

pH > pKa pKa> >pH 

=:o ; Long chain alkyl amine; 
.::::c AOT 

Figure 4 Schematic representations of the micellar formation control in the mixed micellar 
systems of AOT and the long chain alkylamines. 

(1) 

This reaction will be affected by the basicities of the amine added. The ammonium ion formed reacts 
with AOT by electrostatic interaction and the intermolecular ion complex is formed as follows: 

AOT + BH+ ------+ AOT -BH (2) 
It is considered that the complex has less surface activities and no ability to form reverse micelles, and 
consequently water is not extracted into the organic phase. A large decrease in water extraction in the 
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acidic pH range and a concentration of the arnines lower than that of AOT is inexplicable by only the 
reaction presented by Equation (2) . Hence, the complex, AOT-BH, is considered to further react with 
AOT as follows : 

AOT-BH + (n-1)AOT ----+- (AOT)0-BH (3) 
The decrease in the water extraction is considered to be due to the consumption of AOT, which forms 
reverse micelles and extracts water, by these complexation reactions . 

Extraction of lysozyme by the mixed micellar systems 

Since in the mixed micellar systems consisting 
of both AOT and long chain alkyl amine, it is able to 
control the micellar formation by pH change, it is expected 
to control the protein extraction based on the micellar 
formation . The extraction of lysozyme was carried out 
using the mixed micellar systems. 

Forward extraction 
Extraction of lysozyme was carried out at 0.1 

mol/dm3 NaCl by the AOT, TOA-AOT and DEHA-AOT 
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phase, Rr, are plotted against pH . In the AOT system, 
lysozyme extraction effectively occurred at wide pH range 
around neutral pH . In the pH range lower than 5, Er was 
decreased, however, Rr is very high and a large amount of 
aggregates was observed at the interface and in the 
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aqueous phase . Lysozyme is considered to be denatured by Figure 5 Effect of pH on the extraction 
strong electrostatic interaction with AOT. of lysozyme at 0.1 mol/dm2 NaCl 

Ec in the TOA-AOT and DEHA-AOT mixed in the AOT, TOA-AOT and 
micellar systems also decreased with an increase in pH DEHA-AOT systems. 
values lower than a certain pH, which is, however, higher 
than that in the AOT system. In this time, Rr decreased with pH and the aggregations were not formed. 
The decrease in both Er and Rr almost corresponded to the decrease in the water extraction. Because 
the reverse micelles does not form at acidic pH,as shown in earlier section, it is considered that 
lysozyme extraction does not occur. 

Back-extraction of proteins from the micellar phase. 
Back-extraction of lysozyme extracted into the micellar phase at pH 9 and 0.1 mol/dm3 NaCl 

was carried out using a new aqueous phase at various conditions. The effect of pH on the back
extracted fraction , Eb. into the aqueous phase is shown in figure 6 together with that in the AOT 
system. In the AOT system, lysozyme could not be back-extracted using the aqueous phase containing 
0.1 mol/dm3 NaCl regardless of the pH values . By increasing NaCl concentration up to 1.5 mol/dm3

, 

lysozyme could be back-extracted at pH values higher than the pl. 
Since lysozyme is basic protein and has very high pi (pi = 11 .1), back-extraction of lysozyme 

in the AOT system requires the aqueous phase at very high pH range and high salt concentration. The 
extraction process in such a condition is likely to cause denaturation and inactivation of proteins . 
Further, a desalting process is needed in the following process. In the DEHA-AOT mixed micellar 
system, lysozyme was effectively back-extracted at more acidic pH range than the extraction where 
the water extraction is very low and the reverse micelles are not formed . This efficiency of the 
lysozyme back-extraction in the DEHA-AOT system is considered to be due to the destruction of the 
reverse micelles resulting from the complex formation between AOT and cationic ammonium ion 
formed at acidic pH range . The back-extraction characteristics of lysozyme at pH range higher than 
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the pi was almost the same with that in the AOT system. The mixed micellar systems can control the 
extraction of proteins by only pH change. 

NOMENCLATURE 
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Figure 6 Effect of pH on the back
extraction of lysozyme in the 
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systems 

Er = extracted fraction of protein into organic phase [%] 
Eb = back extracted fraction of protein into aqueous phase [%] 
Rr = removed fraction of protein from aqueous phase [%] 
Wo = molar ration of water to AOT [-] 
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ABSTRACT 

EXTRACTION OF PROTEINS USING REVERSED 

MICELLES IN A GRAESSER "RAINING BUCKET" 

CONTACTOR 
Ludger H Poppenborg, Somnuk Jarudilokkul and David C 
Stuckey 
Department of Chemical Engineering and Chemical Technology 
Imperial College of Science, Technology and Medicine, London 
SW72BY, UK 

The partitioning of proteins between an aqueous and a reversed micellar phase represents a potentially useful method for 
large-scale protein extraction due to the established traditions of solvent extraction in biotechnology, and its ease of scale 
up. There is considerable interest in developing this method for general applications because proteins can be separated 
efficiently by partitioning into these reversed micellar two-phase systems. Ionic surfactants interact with proteins of 
opposite charge, and the equilibrium transfer of proteins into a reversed micellar phase is governed by their size, their 
charge, the operating pH, and surfactant concentration. Nevertheless, at present reverse micelle phases are not selective for 
target proteins. Hence, the aim of this work was to investigate the effect of system parameters on protein selectivity. 
In this paper, we present equilibrium and kinetic data of protein partitioning between an aqueous solution and a reversed 
micellar phase consisting of an anionic surfactant, AOT, in 2,2,4-trimethylpentane. The aqueous solution consisted either of 
ribonuclease A, cytochrome c and lysozyme dissolved in buffer, or diluted hen egg white spiked with Cytochrome c. 
Experiments were carried out in a two-phase stirred cell with a flat interface (Lewis cell), and a Graesser raining bucket 
contactor, a design which is of interest in biotechnology due to its low shear and relatively large interfacial transfer area. 
The influence of pH, ionic strength, temperature, co-extracted proteins and mixing speed on the forward extraction of each 
of the proteins was examined. The formation of emulsions during mixing was also investigated. 

Keywords: Reverse micelles, extraction kinetics, protein extraction, Lewis cell, Graesser contactor, AOT. 

INTRODUCTION 

Recent advances in genetic engineering have made it possible to produce a wide variety of proteins 
using recombinant microorganisms, or more traditional animal cell cultures. Therefore, cost effective 
methods that can separate, concentrate and purify proteins continuously, and can be easily scaled-up are 
of great commercial interest. One such method which has this potential is liquid-liquid extraction 
utilizing reverse micelles.3 Reverse micelles are thermodynamically stable nanometer-sized water 
droplets within an organic solvent stabilized by a monolayer of surfactant molecules. Their inner cores 
contain an aqueous microphase which is able to solubilize bioproducts such as amino acids, and 
proteins. The protein is still active inside the core,4 and can be re-extractacted into an aqueous phase 
under certain conditions. However, a number of key questions need to be answered in order for this 
technique to be scaled up to a commercial process. These questions revolve around issues such as 
selectivity, protein activity recovery, phase separation, emulsification and contactor design. 

The effect of system parameters on both forward and backward transfer of proteins using reverse 
micelles needs to be studied in more depth in order to improve the selectivity of the system for specific 
proteins. In forward transfer, the major system parameters have been defined as pH and salt 
concentration in the aqueous phase/ and surfactant and solvent type and structure in the organic phase5 

Hence, selective extraction can be achieved by adjusting the optimum pH and ionic strength. More 
recently, coupling of liquid-liquid extraction with tailor-made affinity interaction has been developed to 
selectively purify and separate specific proteins 6

'
7 Interestingly, while the kinetics of reverse micellar 

extraction of proteins have been studied in a stirred cell with a flat interface, 8 these findings have not yet 
been used for the kinetic separation of proteins. 

Most work on reverse micelles has been done in small scale experiments in which the aqueous 
and organic phase are thoroughly mixed in test tubes and then centrifuged to achieve phase separation. 
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This usually gives two clear phases, but often a gel-like 
precipitate containing valuable protein occurs at the interface. 
Very high shear forces during the mixing might be partly 
responsible for this . In large scale reverse micellar extraction 
intense mixing leads to emulsification and makes phase 
separation difficult. Therefore, a contactor design that reduces or 
eliminates emulsion formation without markedly reducing the rate 
of extraction is needed. A Graesser "raining bucket" contactor2 is 
a design that enables mixing with low shear and a relatively large 
interfacial transfer area. 

The objective of this work was to investigate the kinetics of 
protein partitioning in a Lewis cell, and to examine the possibility 
of kinetically separating proteins in a Graesser contactor. In 
addition, the formation of emulsions during reverse micellar 
extraction was also investigated. 

EXPERIMENTAL 

Bis(2-ethylhexyl)sulfosuccinate sodium salt (AOT) and 
2,2,4-trimethylpentane (isooctane) were obtained from Sigma 

Figure 1. Diagram of a single 
compartment Graesser contactor; 
side view (A) and front view (B). 

(Poole, UK). KCl, KH2P04, KzHP04, KzC03 and KHC03 were Anal-R grade from Merck (Dorset, 
UK). Trioctyl-methylarnmonium chloride (TOMAC), lysozyme (hen egg white; pi 11 ; 14300 Da), 
ribonuclease A type IIA (bovine pancreas; pi 7.8; 13700 Da) and cytochrome c (horse heart; pi 10.6; 
12348 Da) were purchased from Sigma. Hen egg white was separated from egg yolk from fresh eggs 
bought at a local supermarket. All other chemicals were purchased from Sigma and were of analytical 
grade. 

Forward extraction procedure 

The reverse micellar phase consisted of 50 mM AOT in isooctane. Aqueous solutions for 
forward transfer consisted of 50 mM KCl and 50 mM K-phosphate or K-carbonate buffer made up to 
the required pH, containing 1.0 giL cytochrome c, 1.5 giL lysozyme or 2.1 gil ribonuclease A. Hen egg 
white was diluted fifteen-fold in the same buffer adjusted to pH 9, and 1 giL cytochrome c was added. 
Forward extraction was performed by contacting equal volumes of aqueous phase and reverse micellar 
phase in a Lewis cell (total volume 128 mL) or a Graesser contactor (total volume 450 mL, Figure 1). 
After half filling these contactors with aqueous solution they were then filled carefully with reverse 
micellar solution. The solutions were adjusted to the desired temperature prior to contacting. 

Protein assay 

The concentration of each protein in the aqueous phase was determined using an HPLC system 
(Shimadzu, UK) fitted with a Zorbax 300SB C8 reversed phase chromatography column (Jones, UK). 
The peak areas of the absorbance at 280 nm were used to calculate the protein concentrations. Protein 
concentrations in reverse micellar phases were measured after back-extraction by adding 500 flL of 
60 mM TOMAC in isooctane and 500 f!L aqueous solution consisting of 50 mM KCl and 50 mM 
potassium phosphate buffer pH 8 to 500 f!L of organic phase sample in a 1.5 mL test tube .9 The test 
tubes were then rotary inverted at 50 rpm for 10 min. Phase separation was achieved by centrifuging the 
tubes for 2 min at 12000 rpm. It was assumed that 100% of the protein in the reverse micellar phase 
sample had been back-extracted into the aqueous phase. The coefficient of variation for the entire back
extraction process was ±2%. 
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Determination of overall mass transfer coefficients in a Lewis cell 

Experiments were conducted in a temperature controlled Lewis cell . The impeller speeds were 
set to result in laminar flow (Re=IOOO) in both phases . 500 J.LL samples were taken from the aqueous as 
well as the reverse micellar phase at certain times . Yin Equation I (with initial protein concentration in 
the aqueous phase Caq

0
, protein concentration in the reverse micellar phase c,, surface area A, phase 

volume V, phase distribution coefficient m11) was plotted against the extraction time. Only the protein 
concentration values of samples which gave a straight line in this plot were used for further calculations 
(usually the first five to eight samples). After linear fitting, the slope of the regression line gave the 
overall mass transfer coefficient (ko) . All experiments were done in duplicate, and the coefficient of 

variation for k0 was ±8%. 

(1) 

RESULTS AND DISCUSSION 

Equilibrium experiments in 1.5 mL test tubes showed that the optimum conditions for reverse 
micellar extraction were pH 5-10.5 and 50-500 mM KCI for lysozyme, pH 5-10 and 50-250 mM KCI 
for cytochrome c, and pH 4.5-6.5 and 25-100 mM KCI for ribonuclease A, respectively. Therefore it is 
possible to separate each of these proteins from the others with one or two reverse micellar extraction 
steps simply by choosing the right pH and ionic strength3 The pi of the target protein is of particular 
importance in reverse micellar extraction using ionic surfactants, since the higher the net (opposite) 
charge of the protein, the stronger will be the driving force for extraction. 10 This electrostatic driving 
force also influences the mass transfer kinetics of reverse micellar extraction. 1 1 Our measurements of the 
individual overall mass transfer coefficients, ko, of lysozyme, cytochrome c and ribonuclease A in a 
Lewis cell (Table 1) showed that at pH 5.5 - a pH at which the equilibrium distribution of the three 
proteins is very similar - cytochrome c was extracted fastest, followed by ribonuclease A and lysozyme, 
but with all k0 values in the same range. 

Table 1 
Overall mass transfer coefficient, k0, for lysozyme, cytochrome c and ribonuclease A obtained in a 
Lewis cell . All experiments were carried out at 4°C. Numbers in brackets are the k0 values based on 
protein appearance in the reverse micellar phase. The standard deviation of the measurements was ±8%. 
n.d.: not detected. 

pH lysozyme cytochrome c ribonuclease A 

k0x 10-6 [m sec-1] 

10 1.23 (0.75) 0.04 (0.01) n.d. 
5.5 2.74 (0 .56) 5.25 (4.08) 3.23 (2 .69) 

It appears from this data that other factors besides electrostatic interactions have an effect on the 
extraction kinetics, because one would expect a much lower k0 value for ribonuclease A since it has a 
much lower pi than the other two proteins . Wolbert et a!. 12 showed that the symmetry of charge 
distribution had an effect on extraction equilibrium, and the less symmetrically the charge was 
distributed on the protein surface the higher the amount of protein extracted. The charge distribution of 
cytochrome is less symetrical compared to lysozyme, which might explain its faster extraction. 
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Figure 2. A) Disappearance of cytochrome c (cyto) and lysozyme (lyso) during extraction in a 
single compartment Graesser contactor at different pH. The extractions were carried out 
at 4°C and 3 rpm. B) Side view of a single compartment Graesser contactor during the 
extraction of cytochrome c and lysozyme. 

A different situation occured at pH 10, where ribonuclease A was not extracted, but where both 
lysozyme and cytochrome c were extracted almost completely (- 95%). Here, the k0 of lysozyme was 
considerably higher than that of cytochrome c. Electrostatic attraction is low at this pH, which is close 
to both proteins pi, and hydrophobic interaction seem to have a greater effect on the extraction kinetics . 
It has been reported 13 that both cytochrome c and lysozyme were solubilised in the interfacial zone of 
reverse micelles, and our results sugest that lysozyme interacts more strongly with this interface than 
cytochrome c. 

Experiments with a single compartment Graesser contactor (Figure 2) confirmed the findings 
from the Lewis cell . At a pH close to the pi of cytochrome c and lysozyme, the latter was transferred to 
the reverse micellar phase much faster . This difference between the two proteins became much less 
pronounced at more acidic pHs, and at pH 5.5 cytochrome c was extracted slightly faster than 
lysozyme. At pH 10 the two proteins could be separated kinetically if the extraction in the Grasser was 
stopped after 30 minutes, with more than 83% of the lysozyme already extracted into the reverse 
micellar phase, and only 11% of the cytochrome c. This separation can be improved if the rotor speed is 
set to only 2 rpm (data not shown). Not surprisingly, higher rotor speeds lead to faster extraction, 
mainly as an effect of an increased surface area. Higher temperatures also increased the extraction rate 
due to higher diffusion and coalescence rates. However, higher rotor speeds also caused an increase in 
emulsion formation . 
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Figure 3. A) Disappearance of cytochrome c and lysozyme from the aqueous phase during extraction 
with a single compartment Graesser contactor at pH 10, 4°C, and 3 rpm. B) HPLC 

104 



Biotechnology 

chromatograms of the initial fifteen-fold diluted hen egg white with I giL cytochrome c 
added, and the proteins found in the organic phase after 80 min extraction in the Graesser. 

We also investigated the performance of the Graesser contactor for the reverse micellar extraction 
ofhen egg white as a protein source. 14 Figure 3A shows that the extraction of lysozyme from egg white 
was very similar to the extraction from pure buffer under the same conditions of temperature, rotor 
speed and pH. Somewhat surprising is the much faster extraction of added cytochrome. This might have 
been caused by the higher viscosity of the egg white solution. Also, a very different phase behaviour 
was observed during the extraction. After 80 min the Graesser contactor was almost totally filled with 
an emulsion, with only a little clear top phase left. Only after the contactor was left on the bench for - 2 
days did the emulsion brake completely. In experiments with buffer both phases stayed fairly clear 
throughout the 80 min of extraction (see Figure 2B). Figure 3B shows that the added cytochrome c and 
lysozyme were extracted to high purity, despite the emulsion. Only a few low strength impurities were 
found in the reverse micellar phase. 

CONCLUSIONS 

Kinetic data obtained from experiments with a stirred cell with a flat interface (Lewis cell) 
showed that the pH not only influenced the phase distribution equilibrium of reverse micellar extraction, 
but also the extraction kinetics. This is because the pH determines the net surface charge of a protein, 
and consequently the electrostatic attraction to a charged surfactant. At pHs close to the pi of a protein 
other factors became important such as hydrophobic interactions. 

These phenomena can be used to kinetically separate proteins, and this was demonstrated with 
lysozyme and cytochrome c in a single compartment Graesser contactor. In such a contactor a simple 
protein solution and a reverse micellar solution can be mixed gently with little emulsion formation or 
precipitation. For more complex solutions like diluted egg white, even the slow mixing in a Graesser 
leads to the formation of an emulsion at the interface, and this can eventually occupy the whole reactor. 
For the continuous operation of such a contactor clear phases are required in order to avoid additional 
centrifugation or settlements. Hence, further investigations into the reasons for emulsification are 
necessary. 
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ABSTRACT 

TAILORING OF REVERSE MICELLAR SYSTEMS 

FOR SELECTIVE SEPARATION OF PROTEINS 

USING PROTEIN-PROTEIN AFFINITY 

INTERACTIONS 
M Adachi, M Harada, A Shioi and S Katoh1 

Institute of Advanced Energy, Kyoto University, Uji, Kyoto 611-
00ll,Japan 
1Department of Chemical Science and Engineering, Kobe 
University, Rokko-dai, Kobe 657-8501, Japan 

An ideal bioaffinity separation of proteins can be realized using reverse micellar systems composed of nonionic 
surfactants instead of ionic surfactants. Reverse micelles composed of ionic surfactants have essential disadvantages, i.e. , 
denaturation and unsuitability for selective separations. Reverse micelles composed of nonionic surfactants interact with 
proteins mildly, resulting in low denaturation of proteins and are unable to extract water-soluble proteins. Thus, reverse 
micellar system composed of nonionic surfactants provides an ideal system when the affmity ligands are introduced to the 
system. We extended this method for protein-protein affinity interaction system. Tiny amount of trypsin in many 
contaminating proteins, i.e., trypsin in pancreatin could be recovered selectively without loss of activity using trypsin 
inhibitor immobilized in reverse micelles. Chymotrypsinogen could be separated selectively using antigen-antibody 
reaction system, which enables to extend this method to any kind of target proteins. 

Keywords: Bioaffinity separation, pancreatin, trypsin, antigen-antibody interaction, reverse micelles, nonionic surfactant 

INTRODUCTION 

Selective separation of a target protein from a mixture contammg many contaminating 
proteins is a central issue for bioaffinity separation. In recent years, separation of proteins using 
bioaffinity ligands has been investigated by several research groups in reverse micellar systems.14 The 
selective separation, however, has not been sufficiently achieved in reverse micellar systems, because 
the reverse micelles composed of ionic surfactants have been mainly used for protein separation. 

Ionic surfactant such as sodium bis(2-ethylhexyl)sulfosuccinate (AOT) interact strongly 
with the opposite charge residues on the protein surface by electrostatic interactions, causing 
denaturation of proteins. The adsorption of surfactant molecules by electrostatic interactions makes 
the protein surface hydrophobic, resulting in the solubilization of the protein into the reverse micellar 
phase. 5 By this mechanism, many kinds of proteins are extracted to the reverse micellar phase under 
usual operating conditions, preventing selective separation of a target protein. 

Reverse micelles composed of nonionic surfactants interact mildly with proteins, resulting in 
low denaturation of proteins and have almost no capability to extract water-soluble proteins, because 
of no strong interactions between the reverse micelles and the proteins. The driving force of the 
extraction is originated from the entropic effect, i.e., the dispersion of proteins to the water pool of the 
micelles6 In fact, reverse micelles composed of tetra-oxyethylenemonodecylether (C10E4) hardly 
extract water-soluble proteins such as cytochrome c, lysozyme, chymotrypsinogen and concanavalin 
A. 7'

8 Therefore, reverse micelles composed of nonionic surfactant provide an ideal system for selective 
separation of proteins if a protein-specific interaction is introduced into the system. 

We reported that concanavalin A was extracted selectively from contaminating proteins by 
using alkyl-pyranoglucosides as affinity ligands. 7 We extended this method to a typical protein-protein 
interaction system, i.e., trypsin-trypsin inhibitor (TR-TRI) system. TR from bovine pancreas (B-TR) 
was selectively separated by the forward and backward extractions using TRI, which was immobilized 
in the reverse micelles composed ofnonionic surfactant by covalently combining cholesteryl groups.8 

In this paper, we present that tiny amount of trypsin in many contaminating proteins, i.e., 
trypsin in pancreatin can be recovered selectively without loss of activity by reverse micellar 
extraction operations using TRI immobilized in reverse micelles as an affinity ligand. We also 
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extended this method to the antigen-antibody interaction system in order to enable the selective 
separation of any kind of target proteins, using chymotrypsinogen-anti-chymotrypsinogen antibody 
system. 

EXPERIMENTAL 

Materials 

Pancreatin from porcine pancreas, trypsin from porcine pancreas (P-TR) type IV, trypsin inhibitor 
(TRI) from soybean type 1-S, chymotrypsinogen-A (CTN) from bovine pancreas type II-A, lysozyme 
(L YZ) from chicken egg white grade IV and rebonuclease (RN ase) from bovine pancreas type II-A were 
purchased from Sigma Chemical Co. The antisera against chymotrypsinogen-A raised in rabbits . 
Specific antibodies were purified by affinity chromatography using antigen-Sepharose 4B. Tetra
oxyethylenemonodecylether (CIOE4) was purchased from Nikko!, and was used as supplied. 
Cholesteryl-chloroformate (CC) and aN-benzoil-DL-arginine-p-nitroanilide (BAPA) were purchased 
from Aldrich Chemical Co. Inc. and Nacalai Tesque Inc., respectively. Distilled water, spectroscopic 
reagent-grade n-hexane, reagent grade tris(hydroxymethyl)arninomethane (Tris), sodium chloride and 
hydrogen chloride were used. 

Immobilization of Trvpsin Inhibitor or anti-CTN antibodies in Reverse Micelles 

TRI was solubilized into the reverse micelles composed of C I OE4 by the injection method. A 
typical procedure is as follows: TRI (20 mg) was dissolved in 0.35 cm3 of 0 .I mol/dm3 borate buffer 
(pH 12), and this TRI solution was mixed with 10 cm3 of 0.2 mol/dm3 CIOE4 solution inn-hexane to 
solubilize in the reverse micelles. Then, 1 cm3 of 0.1 mol/dm3 of CC solution inn-hexane was added to 
the reverse micellar solution of C 1 OE4. Cholesteryl groups were introduced to amino groups of lysine 
residues of TRI at 298 K for 20 hours. Finally, the reverse micellar phase was washed with 0.05 
molldm3 Tris-HCI buffer solution containing 0.2 mol/dm3 NaCl (pH 8) to remove water-soluble 
components. 

Anti-CTN antibodies were immobilized in reverse micelles as follows: 0.6 cm3 of 0.01 
mol/dm3 borate buffer solution containing antibodies (1.64 x 10·5 mol/dm3

, pH 9) was injected in 22 
cm3 of 0.2 mol/dm3 CIOE4/n-hexane solution. Then, 0.1 cm3 of 1.66 x 104 molldm3 CTN aqueous 
solution was added to the C 10E4 solution to protect the biding sites of antibodies . After several hours, 
0.1 cm3 of 0.05 mol/dm3 of CC solution in n-hexane was added to the reverse micellar solution of 
CIOE4, and the solution was kept at 298 K for 20 hours. Thereafter, the reverse micellar phase was 
washed with 0.03 mol/dm3 HCI solution containing 0.2 mol/dm3 NaCI. 

The amount of immobilized TRI or antibodies was determined from that remained in the 
reverse micellar phase after washing. 

Forward and Backward Extractions 

The forward extraction procedure for P-TR from pancreatin is as follows . Pancreatin (100 
mg) was dissolved in 10 cm3 of 0.05 mol/dm3 Tris-HCl buffer (pH 8) containing 0.2 mol/dm3 NaCI . 
Since the aqueous solution was slightly turbid, the solution was centrifuged, because P-TR dissolved 
in the solution completely. After centrifugation, the supernatant solution was contacted with the same 
volume of reverse micellar phase containing immobilized TRI (the feed concentration ratio [P
TR]/[TRI] was mostly 2), and P-TR was extracted. Before back-extraction, the reverse micellar phase 
was washed by 0.05 molldm3 Tris-HCl (pH 8) buffer containing 0.2 mol/dm3 NaCI. Backward 
extraction of P-TR from the reverse micellar phase was performed successfully using an 0.015 
mol/dm3 hydrochloric acid aqueous solution containing 0.2 mol/dm3 NaCI. The experimental 
temperature was 298 K. 

The extraction procedure of CTN by anti-CTN antibodies from contaminating proteins is 
as follows: a mixture of four types of protein (CTN, LYZ, TRI, RNase) in 0.05 mol/dm3 Tris-HCl 
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buffer (pH 8) containing 0.2 moVdm3 NaCl was contacted with reverse micellar phase containing 
antibodies and CTN was extracted. Back extraction of CTN from the reverse micellar phase was 
performed successfully using 0.05 moVdm3 borate buffer solution (pH ll) containing 0.2 moVdm3 

NaCl and 5 vol.% of ethanol. Temperature was kept at 308 K. 

Measurements of Concentration of P-TR or CTN and Activity of P-TR 

The concentrations of P-TR or CTN were measured by the optical density at 280 nm (the 
molecular absorption coefficient was 3200 and 5133 m2/mol, respectively) when it existed without 
contaminating proteins . The concentration of P-TR in the aqueous solution of pancreatin or CTN in 
the mixture solution was determined by hydrophobic-interaction liquid chromatography with Shodex 
HICPH-815 column (length 7.5 em, diameter 8 mm) at 1.0 cm3/min by a linear gradient from 1.7 
moVdm3 ammonium sulfate to 10 mmoVdrn3 borate buffer solution (pH 7.5) for 30 minutes . 

The activity of TR was measured from the hydrolysis rate of BAP A as a function of TR 
concentration.9 The sample solution containing TR (30001) was added to 3cm3 of 0.001 moVdm3 

BAPA solution in 0.05 moVdm3 Tris-HCl buffer (pH 8), and the time course of the absorbance at 410 
nm was measured. 

RESULTS AND DISCUSSION 

Extraction of P-TR from Pancreatin 

The extraction of P-TR from pancreatin is characterized by co-existence of large amounts of 
various contaminating proteins. The reverse micelles composed ofnonionic surfactants have no specific 
interactions with water-soluble proteins. Thus, the driving force of the extraction is only the entropic 
effect, i.e., dispersion of protein molecules to the water pools of the micelles. The amounts of proteins 
extracted by the entropic effect are usually very small. However, when the amounts of contaminating 
proteins are over several tens of a target protein, the contaminating proteins cannot be neglected. 

Since the target protein P-TR is bound tightly with the immobilized affinity ligand TRI, simple 
washing procedure are expected to remove the contaminating proteins easily from the reverse micellar 
phase. Thus, we tried the separation procedure shown in figure l . The immobilized TRI was prepared as 
mentioned above. The resultant liquid chromatograms for the washing aqueous solutions and for the 
final product after back-extraction are shown in figure 2. 
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Figurel . Procedure of selective separation of 

trypsin for pancreatin from porcine pancreas 
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The original solution of pancreatin included a large amount of contaminating proteins with the retention 
time less than 10 minutes and also a small amount of those with the retention time from 25 to 45 
minutes. The aqueous solution of pancreatin was contacted with the micellar phase. At this stage, 
negligible amounts of the proteins with retention time 25 to 45 minutes were extracted to the micellar 
phase. However, appreciable amount of the components with the retention time less than 10 minutes 
was extracted, because the aqueous phase after first washing did not contain the contaminating proteins 
with the retention time from 25 min to 45 minutes, but contained those with the retention time less than 
10 min. After second washing, no contaminating proteins were detected, indicating that the 
contaminating proteins were washed out completely by the first wash. No loss of the extracted P-TR 
was detected through the washing process. Finally, the P-TR in the reverse micellar phase was 
backextracted by HCI solutions. 
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Figure2. Liquid chromatograms in selective 
separation of TR from pancreatin. Liquid 
chromatogram of the native P-TR is also 
shown. 

Figure 3. Activity of recovered TR from 
pancreatin. 

The aqueous solution after the backward extraction contained only P-TR, because the 
chromatogram after the backward extraction agreed with that of native P-TR. Thus, the selective 
separation ofP-TR from many contaminating proteins was realized by the present method. The overall 
recovery of P-TR was around 3 5 % to 50 % at present. 
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The enzymatic activity of the recovered P-TR was measured from the hydrolysis rate of 
BAPA as a function of P-TR concentration. As shown in Figure 3, the activity agreed with that 
obtained using standard P-TR, indicating that the P-TR in the product retains its enzymatic activity. 
Self-digestion for P-TR was not observed for the recovered P-TR. This is very advantageous for the 
separation of proteases. Both TRI in the forward extraction process and the acidic condition in the 
backward extraction process prevent the self-digestion ofP-TR. 

Extraction of CTN Using Immobilized Anti-CTN Antibodies 

The extraction of CTN by the immobilized anti-CTN antibodies was not observed when 
antibodies were immobilized by CC without protection of binding sites with antigen. The immobilized 
antibodies became active when the binding sites of them were protected with antigen, and the 
concentration of CC for immobilization was decreased. The immobilized fraction of antibodies to the 
feed was about 55% under this condition described in the experimental section. 

The selective separation of CTN using antibodies immobilized in a CIOE4 reverse micelles was 
examined by extracting CTN from a mixture of four proteins, i.e., RNase (4.22 x I0-6 moVdm3

), LYZ 
(7 .24 x 10-7 moVdm3

) , TRI (1.24 x 10-6 moVdm3
) and CTN (8.91 x 10-7 moVdm3

) in Tris-HCI buffer 
(pH 8). The backward extraction was carried out using a 0.05 moVdm3 borate buffer solution (pH I I) 
containing 0.2 moVdm3 NaCI. Figure 4 shows chromatograms of this experiment. It is clearly shown 
that CTN was selectively extracted from the aqueous feed solution, because the aqueous solution after 
the backward extraction contained only CTN. The concentrations of RNase, LYZ and TRI in the 
aqueous phase after the forward extraction were the same as those in the aqueous feed solution, 
whereas, only CTN concentration decreased. The recovered CTN concentration was 9.6 x 10-8 

moVdm3
, and the active fraction of binding sites of antibodies was 2 I% for this experiment. 
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Figure 4 Liquid chromatograms in selective separation ofCTN using anti-CTN antibodies . 

CONCLUSION 

Selective separation of porcine trypsin from pancreatin was achieved without loss of 
activity of the recovered trypsin using trypsin inhibitor immobilized in reverse micelles composed of a 
nonionic surfactant. Chymotrypsinogen was selectively separated from a protein mixture using anti
chymotrypsinogen antibodies immobilized in reverse micelles composed of the same nonionic 
surfactant tetra-oxyethylenemonodecylether. 
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ABSTRACT 

SELECTIVE SEPARATION OF a-AMYLASE, 
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Department of Chemical Engineering and Chemical 
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Medicine, Prince Consort Road, London SW7 2BY, UK 

Protein mixtures consisting of ac-amylase, bovine serum albumin and trypsin inhibitor, all of which have similar pis 
but different molecular weights, were used as a model mixtures. Parameters examined in the forward extraction from 
buffer solution were pH and surfactant concentration. It was found that a minimum surfactant concentration exists for 
extracting 90% individual proteins, and this parameter together with pH can be used to selectively extract specific 
proteins from buffer solution. 

Keywords: Reverse micelles, Protein extraction selectivity 

INTRODUCTION 

Liquid-liquid extraction is a traditional chemical engineering unit operation for which the 
design and scale up of both batch and continuous processes is relatively easy, and the use of such an 
established system for bioseparation is attractive. However, the low solubility of most commercially 
interesting solutes in solvents has traditionally precluded its widespread application to the separation 
of many polar biological products . Reverse micellar solutions are an attractive organic solvent 
system for use in the liquid-liquid extraction of biological products because many biochemicals, 
including amino acids, proteins, and nucleic acids, can be solubilised within and recovered from such 
solutions without loss of native function.1 A reverse micelle is a nanometer-sized droplet of an 
aqueous solution stabilised in an apolar environment by the presence of surfactant at the interface. 
The potential application of reverse micelles in biotechnology is: as a media for hosting enzymatic 
reactions, and as an extractant for hydrophilic bioproducts. The ability of reverse micelle systems to 
selectively extract a target protein from a mixture is known to be influenced by a number of factors, 
particularly pH, salt type and concentration, solvent type, temperature, surfactant type and 
concentration, and the incorporation of bioaffinity ligands2

•
3 However, the question of controlling 

the selective solubilization of proteins into a reverse micellar phase has only been addressed by a few 
researchers. It has been demonstrated that the separation of a single protein from a simple synthetic 
protein mixture can be accomplished relatively easily2 Woll and Hatton4 separated ribonuclease A 
from concanavalin A, while Aires-Barros and Cabral 5 were able to separate a crude mixture of two 
lipases in buffer solution. Furthermore, it was shown that a reverse micellar phase can selective 
extract alkaline protease from whole fermentation broth.6 Recently, Krei and Hustede extracted a
amylase from a complex fermentation medium. However, there were many problems encountered in 
these studies, in particular low extraction yields and severe emulsion formation, and a number of key 
system variables have not been investigated in much depth. Therefore, to improve protein selectivity, 
a number of important system parameters such as surfactant concentration and temperature, still 
need to be studied. 

The objective of this study was to examine the specific effects of surfactant concentration and pH on 
the selective solubilization of proteins in a reverse micellar phase. In particular, altering the 
minimum surfactant concentration required for the complete forward extraction of a single protein 
(cytochrome c and lysozyme)8

'
9 has shown the potential of this parameter to selective separate a 
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target protein from a protein mixture. A protein mixture of a.-amylase, bovine serum albumin and 
trypsin inhibitor was used as a model system because while the molecular weight of the proteins are 
different, the pis are quite similar. This mixture represents a realistic challenge to this separation 
technique. 

MATERIALS AND METHODS 

Bovine serum albumin (BSA, pi 4.6; 65000 Da), trypsin inhibitor (Tryl, pi 4.5; 24500 Da), 
a.-amylase (pi 4.6; 55000 Da) and 2,2,4-trimethylpentane (isooctane), were purchased from Sigma 
(Poole, UK). Cetyltrimethylammonium bromide (CTAB) was obtained from Aldrich (Dorset, UK). 
All other chemicals were purchased from Sigma and were of analytical grade. 

Forward extraction 

All forward extractions were performed in duplicates by contacting the aqueous and reverse 
micelle phases (hexanol:isooctane (l :9)) in a 1.5 ml test tube at room temperature. The salt 
concentration in the aqueous phase was kept constant at 0.1 M NaCl. The organic phase consisted of 
3.13-50 mM cationic surfactant CT AB in hexanol:isooctane. The proteins, lgil a.-amylase, l gil 
bovine serum albumin, l gil trypsin inhibitor, were dissolved in an 80% O.lM NaCl and 20% 0.1 M 
phosphate buffer at pH 4-ll. The ternary protein mixture consisted of l gil a.-amylase, l gil bovine 
serum albumin and l gil trypsin inhibitor which were dissolved in the same phosphate buffer at pH 
4-11. Extraction equilibrium was achieved by rotary inversion at 50 rpm for 30 min. Samples were 
then centrifuged at 3000 rpm for 5 minutes to separate the phases, and the aqueous phase was then 
analysed by HPLC. 

Protein assay 

The concentration of protein in the aqueous phase was determined by HPLC. A Zorbax 300 
SB C8 reversed phase column was fitted to a Shimadzu A-6 chromatography system, and UV 
detection was used at 280 nm. The protein was eluted from the column with a mobile phase 
consisting of 0.1% trifluoroacetic acid and acetonitrile (gradient 0 -70%v/v) at a flow rate of 1.5 
rnllmin. The coefficient of variation was ±2%. 

RESULTS AND DISCUSSION 

Single protein extraction 

The extraction yield of the three proteins, a.-amylase, bovine serum albumin and trypsin 
inhibitor were studied as a function of pH and CT AB concentration, and this data is shown in figure 
1. The CT AB concentration at which 90% extraction was attained was defined as the minimal 
CTAB concentration, and from experimental data this was found to be 6.25, 6.25 and 25 mM for a.
amylase, bovine serum albumin and trypsin inhibitor, respectively. 

These concentrations were found to depend on the pH, and the minimal concentration given 
is the one measured at the optimum pH for extraction of each protein, which was pH l 0, pH 6 and 
pH ll for a.-amylase, bovine serum albumin and trypsin inhibitor, respectively and this variation can 
be explained by the hydrophilicity of each protein. The order of elution from a hydrophobic HPLC 
column showed that trypsin inhibitor was more hydrophilic than bovine serum albumin and a.
amylase (figure 5). Hence for more hydrophilic proteins there is a greater amount of water 
surrounding them, and hence higher minimal surfactant concentrations and greater pH driving force 
are required for substantial protein solubilization. 
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Figure 1 Effect of pH and surfactant concentration on the extraction yield of : a.-amylase (A), 
bovine serum albumin (B), and trypsin inhibitor (T) at 0 50 mM CTAB, x 25 mM CTAB, ..&. 
12.5 mM CTAB, + 6.25 mM CTAB, and. 3.13 mM CTAB. 

Ternary protein extraction 

Figures 2-3 show the effect of surfactant concentration and pH on the extraction of the three 
proteins with reverse micelles. Under the optimum conditions (6 .25 mM CTAB and pH 7) bovine 
serum albumin can be separated (95 versus 15 and 5%) from the mixture as shown in figure 3. 
Finally, trypsin inhibitor can be separated from a.-amylase using the conditions, 50 mM CTAB and 
pH 7, as shown in figure 4. Wolbert eta!., 10 reported that the higher the molecular weight of the 
protein, the greater the shift of extraction pH (pllex,) from the isoelectric point. Therefore, the pile"' 
of the three proteins should be in the order of BSA pile"' > a.-amylase pile"' > Tryl pllex~, and this 
occurs with the separation behaviour of a.-amylase and trypsin-inhibitor. However, the separation of 
bovine serum albumin indicates that the transfer of the protein is due not only to the effect of 
electrostatic interactions, but also to hydrophobic interactions. This result has also been reported by 
Lu Quing et a!. 11 This observation was confirmed by HPLC data (figure 5) which shows that the 
hydrophobicity of a.-amylase and bovine serum albumin are both greater than trypsin inhibitor. 

115 



Proceedings ISEC'99 

100 

ao 
c 
"CC 

60 'i 
> 
1: 
.2 .. 40 
u 
I! 
';( 20 
Ill 

0 

4 5 6 7 a 9 10 11 12 

pH 

Figure 2 Effect of pH and surfactant concentration on the extraction of the three 
proteins:•a-amylase SO mM CTAB, D a-amylase 2S mM CTAB,e BSA SO mM CTAB, * 
BSA2SmM CT AB,4 Try I SO mM CT AB, 6 Try I 2S mM CT AB. 
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Figure 3 Effect of pH and surfactant concentration on the extraction of the three proteins: • 
a-amylase 12.5 mM CTAB, 0 a-amylase 6.2S mM CTAB, x a-amylase 3.13 mM CTAB, e 
BSA 12.5 mM CTAB, * BSA 6.2S mM CTAB, • BSA 3.13 mM CTAB, 4 Tryl 12.S mM 
CTAB, 6 Tryl 6.2S mM CTAB, + Tryl 3.13 mM CTAB 
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Figure 4 Effect of pH and surfactant concentration on the extraction of the two proteins: • 
a-amylase 50 mM CTAB, • a-amylase 25 mM CTAB, 4 a-amylase 12.5 mM CTAB, 5 a
amylase 6.25 mM CTAB, 3 a-amylase 3.13 mM CTAB, D Tryi 50 mM CTAB, * Tryi 25 
mM CTAB, 6 Tryi 12.5 mM CTAB, 7 Tryi 6.25 mM CTAB, ( Tryl 3.13 mM CTAB. 
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Figure 5 HLPC chromatogram of a-amylase, BSA and trypsin inhibitor 

CONCLUSIONS 

• A minimal AOT concentration exists, defined as the surfactant concentration required for~ 90% 
protein extraction, which is dependent on both solution pH and the hydrophobicity of the protein. 
For a-amylase, bovine serum albumin and trypsin inhibitor these values were 6.25, 6.25, and 25 
mM CT AB at pH 10, 6, and 11 respectively. 
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• Selective separation of a protein mixture which all have the same pis, but different molecular 
weights, can be achieved by using variations in the optimum surfactant concentrations and pH 

• The main driving force involved in the transfer of a-amylase and trypsin-inhibitor is electrostatic 
interaction, whereas hydrophobic interactions between protein and surfactant play an important 
role in the case of bovine serum albumin. 
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Extractive fermentation affords a means of avoiding product inhibition by the removal of product during the fermentation 
process. The fermentation broth of the carboxylic acid is a solution with low concentration, multiple components and high 
pH. The lower content of solvent can be used, that is also good for reducing the toxic to bacteria. Higher concentration 
ratio of product to the other component is benefit for obtaining higher purity of the product. The extractive fermentation 
can be carried out by attaching the extractor to the homolactic fermentor, even the homoacetic fermentation process run at 
higher pH. 94% purity of acetic acid can be obtained by controlling the concentration ratio in the extractive fermentation. 
The concentration ratio at inlet of extractor is constant for parallel fermentation process. The higher purity of the product 
still can be obtained by using the fractional extractor. 

Keywords: Extractive Fermentation, Carboxylic acids. 

INTRODUCTION 

Extractive fermentation is a typical combination process of separation method with reaction. 
In-situ extractive fermentation of carboxylic acid resulted in reducing end-product inhibition during 
fermentation and obtained higher cell density, product yield and productivity.1

•
7 Product in fermentation 

process can be removed by extraction attached with the fermentation that makes it possible to carry out 
a continuous fermentation process . According to the extraction method, aqueous two-phase 
extraction,6

•
8 adsorption to solid sorbents 3

•
4

•
9 and reactive extraction with organic solvent 1

•
2

•
7
•
1
0-

14 were 
mainly used in extractive fermentation process. 

Liquid-liquid extraction is a typical technique used commonly in the biotechnology industry for 
product recovery. The use of organic solvent for extraction products during fermentation often limited 
by the incompatibility of the solvent, or the toxicity to the cell. Long-chain alcohol served well for the 
extraction compatibility since they are less toxic to micro-organism. 7 The toxic solvent affected the 
cells through two mechanisms: the water-soluble portion and the immiscible portion. While 
immobilization significantly protected the cells from immiscible solvent phase, adding soybean oil to the 
k-carrageenan matrix could trap the diffusing solvent molecules, and therefore reduce the toxic effect of 
the water-soluble solvent 11

. There has been increasing interest in using membrane in such extractive 
modes as a means of increasing transfer area, reducing emulsification and reducing the toxic effects of 
the solvents on the micro-organism. 14 

The research of removal and recovery of carboxylic acid from dilute aqueous solutions have 
shown that extraction by reversible chemical complexation were effective. Amine-based extractants 
could remove carboxylic acid from solutions at pH of the fermentation broth, where the acid exists 
mostly as the carboxylate anion. 1

•
10

•
15

•
19 

This article presents the feature of fermentation process, the mechanism and characteristics of 
extraction process for two component system of carboxylic acid. Two typical fermentation process, 
serial fermentation and parallel fermentation with products of the same functional were selected as the 
systems. The samples of the fermentation systems were acetic acid fermentation and propionic acid 
fermentation respectively. The extraction with organic solvent was selected as the extractive method. 
The organic solvent was selected according to the polarity and the acidity of the products and by-
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products in the fermentation broth. The extraction style and the flow diagram were proposed for each 
fermentation process. 

PROCESS ANALYSES 

The Feature of Fermentation Process of Carboxylic Acid 

The fermentation broth of carboxylic acid is a complicated system with low concentration, 
multiple components and high pH. In a fermentation process, a successful fermentation results in an 
aqueous suspension, which contains the desired product, the cell as well as by-products and remainders 
from the nutrient solution, and the desired product and by-product are two main components. The pH of 
the growth medium is an important parameter to many fermentation processes. Usually the growth rates 
of micro-organisms are maximum at pH values around neutrality and fall quickly at high and low pH 
values. The undissociated acid was found to be more inhibitory than the dissociated acid for many 
carboxylic acid fermentation processes 2 0

'
21 The medium pH influenced the dissociation of weak acid in 

the solution. In general, a higher final product concentration can be obtained by fermentation conducted 
at a higher pH value when the undissociated acid is the major inhibitor. However, some bacteria for 
acid product are usually limited by the low acid concentration attained in the final fermentation broth. 
This is due to the strong product inhibition caused by the acid. 

The Behavior of Extraction Process for Fermentation Broth of Carboxylic Acid 

The fermentation broth for carboxylic acid is the polar organic solutes of dilute solution. 
Chemical extraction is selected to remove the solutes due to decreasing distribution coefficient with the 
concentration. Tertiary amines seem to be more suitable extractants for carboxylic acid removal 
compared to the primary and secondary amines. 11 In general, the extraction power for a solvent is 
dictated by the difference between basicity of the amine and acidity of the acid 22 and increase with 
acidity of the acid. 17 

The solutions with the pH above their own values are formed by adding the base, it is obvious 
that the pH of the solution will increase with removal of the acid . The pH values can be calculated 
based on the dissociation equation (Figure 1). The results showed that the higher the initial pH, the more 
sensitive the solution pH to removal of the acid. It can be deduced that the recovery of the acid is lower 
and can not be improved by using more equilibrium stages for the fermentation process with pH above 
pK. of the acid. 

Figure 1. 
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Generally speaking, the distribution coefficient (K!) increases with the content of solvent. Most 
of the content of solvent in the mixture extractant are 5o/o-30% for the extraction of carboxylic acid. 
The KI decreases with increasing pH. The difference of KI among the content of solvent reduces with 
the pH, and will be close to zero at pH about 7. 00 for all of the content of solvent 23 for the extraction 
by hydrogen bonding. There is a big difference of the Kl between normal pH and the pH about pK •. The 
lower content of solvent can be used at pH about pK., that is also good for reducing the toxicity to 
bacteria. 

The extraction process of carboxylic acids consist of physical extraction and complexation 
extraction using solvent + diluent as the organic solvent. The equilibrium constant of physical extraction 
based on the hydrophobicity of the diluent is much less than that of complexation extraction, and can be 
neglected at pH above pK. of the acid and the higher content of solvent. The equilibrium constant of 
physical extraction of the weak acid is larger than that of the strong acid. On the contrary, the 
equilibrium constant of complexation extraction of the strong acid is larger 17 

The extraction mechanism in mixture system is competitive extraction. One acid competes for 
the organic solvent with the other. The influence of the content of solvent and the pH on the KI in the 
multiple component system is similar to the results in the single component. The separation factor, 
determined mainly by the ratio of the equilibrium constants of complexation extraction, increased with 
the pH and not affected by the concentration ratio and the content of solvent except for lower content 
significantly. The higher concentration ratio is beneficial to obtain a higher purity of the product. 

Pure diluent can provide a larger separation factor, but the KI is smaller. There is an optimum 
content of solvent for larger Kl and separation factor. The separation factor of the strong acid to the 
weak acid will be from < 1 to > I for different solvents, for instance, the separation factor for acetic acid 
to lactic acid is < I for Adogen 283 as the solvent, and > I for the Alarnine 336 24

. 

According to the behavior of extraction process for the fermentation broth above, it is good for 
higher purity of the product to operate the extraction process at higher concentration ratio of product to 
the other component. The lower content of solvent can be used, that is also good for reducing the 
toxicity to bacteria. Lower fermentation pH will provide more chance to carry out extractive 
fermentation . 

RESULTS AND DISCUSSION 

Serial Fermentation- Homoacetic and Homolactic Fermentation. 

In the conversion of lactose to acetate in anaerobic fermentation, S.lactis and C. 
Formicoaceticum sequentially convert lactose to lactate and then to acetate. The pH should be above 5 
for the first step25

, and 6.5 for the second 26
. A product concentration of 40gll is the better result due to 

the inhibition ofproduce5
. 

In this system, the pK. of acetic acid (4 .76) is larger than that of lactic acid (3 .86), but the 
weak acid is the product. It is obvious according to the literature 24 that the separation factor for tertiary 
amine is less than 1. A unique solvent or the physical extraction should be used to get a higher 
separation factor. 5% Adogen283 + 95% octanol was suggested as the solvent. 

For this fermentation process, there are two types of in-situ extractive fermentation, extraction 
attached to the homo lactic fermentor and the homo acetic fermentor. The pH of the extraction process is 
determined by the fermentation pH. The second style is not feasible due to the higher pH of the 
fermentation process. 

The concentration ratio of the product to the other component, i.e. acetic acid to lactic acid, can 
be adjusted based on the material balance and pH conditions of the fermentation process. Homolactic 
fermentation provided not only the suitable pH for extraction process but also enough lactic acid to 
convert acetic acid in the next fermentation process. The homoacetate fermentation must produce the 
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same acetic acid from lactic acid as the removal in the extraction process at the fermentative pH. The 
ratio of the acetic acid to lactic acid for the first type is limited. 

An immobilized column was use as the fermentor and hollow fiber membrane extractor was 
used for extraction process considering the toxicity of the solvent. The feasible conditions for the first 
type of extractive fermentation was obtained based on the fermentation mechanism and extraction 
equilibrium. One of the feasible conditions examined had the pH ofhomolactic fermentation (6.5- 6.25), 
the pH of extractor (6 .25-6.8), the pH ofhomoacetic fermentation (6.8-6.5) The purity of the product 
was about 94%, while the ratio of acetic acid to lactic acid at inlet of extractor was controlled around 
l 0 under the above conditions. 

The first type is feasible because of the suitable pH, but the purity is limited by the 
concentration ratio at the inlet of extractor, if the simple extraction is used. In the second type, the 
majority component in the fermentation broth entering the extractor is acetic acid if the fermentation 
process is well controlled. It is easy to obtain high purity of the product and larger extraction rate by 
increasing the mass transfer coefficient using increasing the flow rate of two phases. If the fermentation 
process can be operate at lower pH, for example, 5.5- 6.0, the second style will replace the first one. 

Parallel Fermentation- Propionic Fermentation. 

In the conversion of glucose to propionic acid, P. acidipropionici is used as the bacterium, 
acetic acid is produced as by-product, and the product ratio of propionic acid to acetic acid is around 
3:2 14

. The operating pH values should be above 5.0. In this system, the pK. of the propionic acid 
(4 .87) is close to that of acetic acid (4.76). The acidity of acetic acid is little stronger than that of 
propionic acid. The equilibrium constant of complexation extraction is similar for those acids. 
However, the polarity of propionic acid is less due to the longer carbon-chain, the equilibrium constant 
of physical extraction is larger, propionic acid is (1. 778- 2.138) and acetic acid is (0 .490-0.677) 28

. 

The separation factor should be great than I for normal solvent. 20% TOA+80%hexane was suggested 
to be the solvent27 The separation factor is about 4 14

. The maximum purity of the propionic is about 
85% in the conventional extractor for in-situ extractive fermentation . The larger separation factor is 
good for obtairiing higher purity of the product. However, the purity can be improved by modifying the 
extractor. Fractional extraction is commonly used in hydrometallurgy and petroleum chemical 
engineering, the stripping stage back-extracts the non-product component to improve the concentration 
ratio in the solvent, then iricreases the purity of product. The other advantage of fractional extraction 
used in the extractive fermentation process is that the pH at the inlet of the extractor will be lower duo 
to joining the strippirig solution with acids. Part of the stripping solution entered the extractor to keep 
the total volume balance. 

Solvent to regeneration 

Feed 

Figure 2. The Diagram of Propionic Extractive Fermentation 
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Figure 2 is the diagram of the propionic extractive fermentation with the fractional extraction process. 
Water was use as the stripping solution in the stripping stage. The hollow fiber membrane extractors 
were used as extraction equipment. Unlike the extraction part, the equilibrium stage numbers of the 
stripping extractor can be added by the requirement of the purity of product under the condition of 
normal pH. 

CONCLUSIONS 

The fermentation broth of the carboxylic acid is a solution with low concentration, multiple 
components and high pH. The lower content of solvent can be used, that is also good for reducing the 
toxicity to bacteria. Higher concentration ratio of product to the other component is benefit for 
obtaining higher purity of the product. Lower fermentation pH will provide more chance to carry out 
extractive fermentation . 
Attaching the extractor to the fermentor with lower pH it is possible to carry out the extractive 
fermentation for serial fermentation even the product fermentation process run at higher pH. For the 
homolactic and homoacetic fermentation, 94% purity of acetic acid can be obtained by controlling the 
concentration ratio in the extractive fermentation. 
The concentration ratio at inlet of extractor is constant for parallel fermentation process. The higher 
purity of the product still can be obtained by using the fractional extractor. The requirement for the 
purity of product can be obtained by adding the equilibrium stage numbers of the stripping extractor as 
the conventional extraction. 
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ABSTRACT 

RECOVERY OF CARBOXYLIC ACIDS FROM 

FERMENTATION BROTHS USING REACTIVE 

SORPTION 
M Traving and H-J Bart 
Universitat Kaiserslautem, Lehrstuhl fur Thermische 
Verfahrenstechnik, 67653 Kaiserslautem, Germany, 

The recovery of highly diluted organic substance from viscous fermentation broths by liquid-liquid extraction is difficult. 
Reactive sorption can achieve very high distribution coefficients and it can be applied in fixed beds and fluidized beds, in 
order to handle entrained solids or high viscosity. The reactive sorption is investigated in different systems (tartaric acid I 
tri-n-octylamine and citric acid I tri-n-octylamine) using the macroporous resins XAD 4 and XAD 16. The equilibria are 
described using a modified Langmuir-isotherm, taking into account the fraction of the ion exchanger on the resin. The mass 
transfer in a fixed bed is calculated with a dispersion model, describing diffusion and reaction kinetics. For determination 
of the necessary parameters, experiments in different laboratory units are carried out. In a stirred cell the kinetics are 
measured to investigate the effective pore diffusion. The experimental breakthrough curves are well predicted by the 
model. 

Keywords: reactive sorption, fermentation broth, dispersion model, citric acid, tartaric acid, extraction chromatography, 
XAD-4 and XAD-16 resins 

INTRODUCTION 

Reactive sorption is a combination of reactive extraction and adsorption?·3 For this unit 
operation a liquid ion exchanger (e.g. tri-n-octylamine) is adsorbed onto a macroporous resin (e.g. 
Amberlite resin XAD 16). It is possible to adsorb high concentrations of the reactive component on the 
surface of the resin, which enables the separation of extremely diluted feed components.5 The result is a 
product adsorbed directly on the extractant-impregnated resin (EIR). One advantage of this operation is 
that biomo1ecules should not denature as in organic solvents used for the reactive extraction 1 since the 
surface of the ion exchanger always provides a contact with water. The EIR's are thus an alternative for 
recycling or separating organic substances from dilute or highly viscous aqueous solutions or 
fermentation broths, even in the presence of solid cell material. 

EXPERIMENTAL 

Reagents 

Citric acid (CA, Riedel de Haen, > 99 %), tartaric acid (TA, Merk, > 99 %) and sodium acetate 
(NaOH, Mallinckrodt Baker, >95 %) was used in various concentrations. N-hexane (Mallinckrodt 
Baker, technical quality, >96 %) and tri-n-octylarnine (TOA, Henkel, >95 %) was used for 
impregnation. For purification, n-hexane was distilled and tri-n-octylarnine was washed with a 0.1 M 
caustic soda solution. The Amberlite resins XAD 4 and XAD 16 (Rohrn & Haas) were washed with 
distilled water. 

Impregnation 

The impregnation method is based on the impregnation method published by Juang.2 First a 
mixture of the selected ion exchanger (TOA) and an organic solvent (n-hexane) was produced. In the 
next step the macroporous resin (XAD 4 or XAD 16) was contacted with the impregnation solution. 
After a swelling time of 48 h the impregnation solution was deducted and the wet resin was dried at 350 
K and 24 mbar. The result is a macroporous resin with a loading of ion exchanger on the surface. The 
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loading of ion exchanger can be determined by titration. For the titration analyses the EIR's were 
crushed in methanol and then titrated with a 0.05 NaOH solution. The resulting effective surface was 
determined by BET -surface-analysis. The results show a rapid decrease of the effective surface (figure 
1 ). This effect is caused by filling the pore space gradually from the smallest up to the larger pores .4 

Equilibria 

The equilibrium of the reactive 
sorption can be described with a Langmuir-
isotherm. This model gives the equilibrium for 
an EIR with a specific loading of ion 
exchanger on the surface of the macroporous 
resin. Whereas the traditional Langmuir
isotherm is insufficient to describe all effects 
occurring, a modified Langmuir-isotherm was 
used to describe the equilibria for a system 
with different loadings of ion exchanger. The 
dissociation constant of the isotherm can be 
estimated as a power function depending on 
the loading of ion exchanger. The number of 
binding sites for the organic substances is 
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• XAD 16, Rp=12,5 nm 
v XAD 4, Rp=4 nm 
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• 

Figure 1: Influence of the ion exchanger loading 
on the specific surface 

calculated with a linear function of the ion exchanger loading, which takes the inactive TOA in the 
sealed pores into account. 

[1] 

This modified isotherm is able to describe the equilibria in the system citric acid I TOA I XAD 16 
(Fig.2) as well as in the system tartaric acid I TOA I XAD 16 (figure 3). 
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Figure 2 : Equilibria in the system citric acid I 
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Figure 3 : Equilibria in the system tartaric acid 
I TOA I Amberlite resin XAD 16 at 25°C 

The inner mass transfer in the resin was investigated in a thermostated stirred cell. In a well 
mixed aqueous phase, the diffusion film surrounding the particle is negligible. In this case, the changes 
in the aqueous phase can be attributed to the mass transfer in the particle. The cell has a volume of 1 
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litre. Analysis was by an online UV- detector and HPLC. Assuming that the reaction between the 
organic acid and the ion exchanger is instantaneous, the effective diffusion coefficient in the pores of the 
particle can be determined. In a bench scale fixed bed equipment the mass transfer coefficient kr and the 
axial dispersion coefficient Dax were estimated. The fixed bed was equipped with an online UV-detector 
and a fraction collector. The column was 300 mm high and had a diameter of 30 mm and was controlled 
by a computer. The miniplant was able to run without any user interference for five days. In this time 
five sorption and desorption cycles can be freely programmed by the user (figure 4). 

fermentation broth 

caustic soda 
solution 

water 

.......................... ........................... <~---·!-·----- ............... ; 

Figure 4: Flowsheet of the miniplant 

RESULTS AND DISCUSSION 

The mass transfer of the reactive sorption can be divided in four transport processes: convective 
mass transport through the fixed bed, film diffusion, diffusion through the pore system and reaction 
with the applied ion exchanger. The kinetics are influenced by the selected porous material . The 
breakthrough curve of the fixed bed using EIRs is distributed using resin with small pore diameter. This 
fact lead to the conclusion, that the reactive sorption is a pore diffusion limited process . Further 
investigations showed that the temperature has a strong effect on the kinetics . For liquid acid 
concentrations lower than 2 g.,)kg.q the corresponding EIR loading becomes extremely low with 
increasing temperature. This leads to a shoulder in the breakthrough curve at a concentration at about 
2 g.,.lkg.q which is confirmed in fixed bed experiments (figure 5). 
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Figure 5 : Influence of the temperature on the 
shape of the breakthrough curve (XAD 16, 
F=0.5 kg/h, XTQA,XADI6=535 g!kg) 
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The capacity ofthe EIR's increased with increasing loading of ion exchanger on the porous media. By 
increasing the loading the breakthrough curve will broaden (figure 6) . At a high loading of ion 
exchanger at the surface of the resin the distribution coefficient will decrease. This effect can be 
explained with the sealing of wide pores. The pore system behind this sealed pore is shielded and cannot 
react with the organic substances in the aqueous phase. The recovery of the adsorbed organic substance 
can be realized in different ways . The first way is to increase the pH value. This causes a decrease of 
the equilibrium and the organic substance will be back extracted into the aqueous phase at high 
concentrations. For this process NaOH is used and sodium will be found in the product. Another way to 
recover the adsorbed organic substance is to increase the temperature. This process gives an aqueous 
solution, in which only the adsorbed organic acid is gained at high purity and concentration. 

Bleeding 

The loss of ion exchanger is extremely low. Only 
when the fixed bed, packed with fresh 
impregnated resin, is used for the first time an ion 
exchanger peak is detected (figure 7). After three 
bed volumes the ion exchanger concentration in 
the aqueous phase is negligible. Due to the 
sorption process the bleeding values are always 
less than the physical solubility (7 .5 mg tri-n
octylamine). 

SIMULATION 
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Figure 7 : Bleeding 

In order to describe the mass transfer of the reactive sorption in a fixed bed, a dispersion model is used. 

8x(z,t)aq . 8 2x(z,t)aq 
__ _..:..___:...::.:!._ = D 

8t ax 8z2 [2] 

8x(r,t)p _ D clx(r,t)arg,aq 
81 - p( 8 r2 ) 

8x(r , t)org,EIR 

dt 
[3] 

8 x(r,t)org .EIR 

8t 

The mass transfer into a single particle can be 
described with a mass balance (Equation. 3). 
Assuming that the reaction between ion 
exchanger and organic acid is instantaneous, the 
adsorption rate can be described as the difference 
between adsorption and desorption of the organic 
acid on the ion exchanger (Eqn. 4). The kinetic 
constants kA and kn result from the dissociation 
coefficient of the modified Langmuir-isotherm 
(Equation 1). The mass transfer coefficient kr and 
the axial dispersion coefficient D.. can be 
determined by experiments in a fixed bed 
(Equation 2) . 
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Figure 8 : Simulation results for the mass 
transfer ofXAD 16 (xTONXAD16=767 glkg) in the 
stirred cell at 25°C 
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The simulation of the reactive sorption was carried out using the NAG® numerical library. The 
diffusion coefficient Dp is estimated from experiments in the stirred cell. The required equilibrium data 
were calculated with the modified Langmuir-isotherm. The following simplifications have been 
assumed: the pore diffusion coefficient, the pore diameter in the particle and the ion exchanger loading 
on the resin are constant and the diffusion film surrounding the particle can been neglected. The results 
are depicted in figure 8. The value of the intra-particle diffusion coefficient is in the range between 6E-5 
and 6E-4 mm2/s depending on the temperature and the used resin. On the basis of this, even when 
neglecting Dax in equation 2 and using a common Sh correlation for kr a rather good prediction of the 
fixed bed behaviour is possible. 

CONCLUSIONS 

The EIR equilibrium data can be calculated with a modified Langmuir-isotherm taking the loading of 
ion exchanger on the resin into account. The effective diffusion coefficient in the pore system can be 
estimated from single particle experiments . The experimental data leads to the conclusion, that the mass 
transfer in a single particle is limited by pore diffusion. With increasing temperature the equilibrium 
loading of the EIR decreases and causes a double s shape in the breakthrough curve. The recovery of 
the adsorbed substance can be realized by either a temperature swing or pH swing process. The mass 
transfer of the reactive sorption was investigated and it was found, that a dispersion model could predict 
the breakthrough curve of a fixed . The reactive sorption was tested on a fermentation broth of a 
aspergillus niger (DSM 63263) fermentation. The citric acid from the aqueous phase was separated 
und recovered in high concentration. 
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NOMENCLATURE 

Symbols Subscripts 
Dax axial dispersion coefficient [m'/s] 
DP diffusion coefficient in the pores [m'/s] aq aqueous phase 
E porosity [-] CA citric acid 
kA kinetics constant of the adsorption [kglg s] EIR extractant impregnated resin 
ko kinetics constant of the desorption [lis] org organic acid 
kr mass transfer coefficient [rnls] p particle 
c1,c2,c3 Langmuir parameter [-] TA tartaric acid 

radius [mm] TOA tri-n-octylamine 
R radius of a particle [mm] X loading (glkg] 

time [min] z axial coordinate [m] 
Uo velocity [m'/s] XAD Amberlite resin 
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ABSTRACT 

EXTRACTION AND INTERACTIONS IN TWO-PHASE, 

MULTI-ACID, MULTI-BASE SYSTEMS 
Nadia Cohn-Syzov and Aharon M Eyal 
Casali Institute for Applied Chemistry, The Hebrew University of 
Jerusalem, Jerusalem 91904, Israel 

Acid-base interactions are used for analysis of extraction systems comprising up to three acid and three base functions. The 
most complex systems tested here are those of amino acids extraction by acid-base couple extractants. These extractants were 
fo und to extract quite efficiently amino acids in their zwitterionic form and allow for back-extraction without using mineral 
acid and/or base. Reagents' consumption and by-product salt formation are avoided. Analysis of the extraction mechanism 
explains the effects of parameters such as acid-base properties of extractant components, pH and the properties of the 
extracted acid . 

Keywords: Amino acid, acid base couple extractants, zwitterion, ion-pair extraction 

INTRODUCTION 

Extraction of mineral, carboxylic, amino acids and their salts are examples of the complexity 
of multi-acid, multi-base systems. The extraction of mineral acids and carboxylic acids by amines 
(systems comprising one acidic and one basic component) has already been studied.1 More 
complicated systems, containing two acidic and one basic groups are represented by the two phase 
system of acid extraction by acid base couple (ABC) extractants (composed of an amine, an organic 
acid and a diluent, all of which are water-immiscible). A comprehansive studl'3'

4 found that these 
extractants extract acids and their mineral salts with high selectivity, efficiency and reversibility 
according to: 

wx·.q + B+A-org = B+X-org + HA-org 
M+X-aq + B+A-org = B+X-org + MA-org 

(I) 
(2) 

where H+X', B, A and M denote the extracted mineral/carboxylic acid, the amine, the anion of the 
water-immiscible acid and the water-miscible cation, and aq. and org. refer to aqueous and organic 
phase, respectively. 

One aim of the present research was to explore even more complex multi-component two 
phase systems, comprising of up to three acidic and three basic groups in order to build the full picture 
of such systems. Another aim is to study the possibility of using ABC extractants for recovery of 
amino acids from fermentation liquors, while in zwitterionic form. 

Previous studies show that amino acids are extracted in their anionic or cationic form, using 
liquid anion exchangers or liquid cation exchangers as extractants. The choice of extractants for this 
mechanism is limited, as only strong amines or strong organic acids are charged at pH ranges required 
for charging the amino acids. In addition, acids or bases are used in the extraction or stripping steps 
resulting in the formation of by-product salts. A way to avoid these drawbacks, by extraction of the 
amino acids in their zwitterionic form, was conceived. By analogy to extraction of salts, protonated 
amine of the ABC extractant would form an ion-pair with the carboxylic function, while dissociated 
organic acid there would form similar interaction with the amino group. In that case, again by analogy 
to extraction of salt, the extraction would be reversible, allowing for extraction and back-extraction 
using no acid-base reagents, and forming no by-product salts. In order to extract amino acid according 
to this mechanism the components of the ABC extractant need to be charged in equilibrium with the 
extracted aqueous phase. 

This article presents the results of extracting several amino acids with some ABC extractants, 
and analyzes the results according to the acid-base interactions in the system. 
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METHODS AND MATERIALS 

The following organic amines and acids were used as the extractant components: tris(2-
ethylhexyl)amine (TEHA), Hoechst; Alamine 336 (A336), tricaprylylamine, Henkel; Primene JM-T 
(JMT), a mixture of primary aliphatic amines (CwC22) , Rohm & Haas, Aliquat 336 (Alqt336), methyl 
tricaprylyl ammonium chloride, Henkel; lauric acid (LA), Fluka; di(2-ethylhexyl)phosphoric acid 
(D2EHPA), Sigma and di-nonylnaphthalene sulfonic acid (DNNSA), King Industries. Isopar K 
(Exxon) was used as the diluent. 

The concentrations of both amine and organic acid in the ABC extractants were 0.5 mol/kg. In 
the preparation of Aliqt336 containing ABC extractants, the chloride ion was washed out to 
concentrations of < 0.025 mol/kg. Solutions of the carboxylic acids, amino acids and their salts were 
prepared and equilibrated with the extractants at 1: I phase ratio. Equilibrium organic phases containing 
carboxylic acids or acidic amino acids were analyzed by direct acid/base titration using 
phenolphthalein as an indicator. Other organic phases were washed with water and the washings were 
analyzed by HPLC. 

RESULTS AND DISCUSSION. 

The mechanisms of extraction, in two phase multi-component systems, are affected by many 
factors, including the acid base properties of extractant components and their hydrophilic/hydrophobic 
properties, steric and diluent effects, pH of the aqueous phase, inter-molecular interactions and water 
co-extraction. 

One acidic and one basic group systems 

Extraction of mineral and carboxylic acids by amine-based extractants 

For most mineral acids the amine is a much stronger base than the anion of the acid. On 
interaction, it is protonated to form an ammonium cation, which binds the anion of the acid to form an 
ion-pair. 

This is the case also for extraction of carboxylic acids, if their anion is a weaker base than the 
extractant amine. Some examples are, extraction of most carboxylic acids by primary aliphatic amines 
(apparent pK. of 6-7) and extraction of relatively strong carboxylic acids (pK. <2.5) by tertiary 
aliphatic amines . However, when the basicity of the anion is similar to that of the amine, or higher, the 
interaction is more of the nature ofH-bonding or solvation. These bonds are weaker than those in ion
pairs and are, therefore, more sensitive to solvent and steric effects. 

Interactions between the components of acid-base couple extractants 

The organic acid component of ABC extractants is water immiscible and does not distribute 
between the phases as the carboxylic acids of above. Yet, their interactions with the amines are 
similar. The nature of the bond formed is expected to be determined mainly by the relative basicity of 
the amines and the anion of the acid. Direct determination of those basicities for water-immiscible 
components is problematic. Using pH of half neutralization (pHhn) method ofGrinstead,5 the apparent 
pK. values for TEHA, A336, JMT and Alqt336 were found to be respectively, 1.4, 3.4, 7 and 12. 
These figures could serve just as an indication for the interaction in ABC extractants. 

ABC extractants composed of lauric acid and TEHA, A336 or JMT were prepared. IR 
spectroscopy was used to study the interaction between the amine and the carboxylic acid through the 
degree of dissociation of the acid (comparison of the ratio between the COOH and coo· peaks at 
1630 and 1716 cm·1 respectively) . 
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Figure 2 Infrared spectra 

No dissociation is seen in the case of the weakest amine, TEHA, (figure 1), indicating no ion
pair formation in the TEHA-LA, ABC extractant. The interaction here has some form of H-bonding. 
In case of the strong base, JMT, on the other hand, LA seems to be nearly fully converted into its 
dissociated form, indicating the formation of the ion-pair B+ A . (B and B+ denote the amine in free 
and protonated/charged form, respectively, while HA and A denote the water immiscible acid 
component of the ABC extractant in protonated and dissociated form, respectively.) The A336-LA 
ABC extractant presents an intermediate case. 

Studies of carboxylic acid extraction show that polar diluents enhance the extraction through 
stabilization of the ion-pair. TheIR spectra of the couple extractants (figure 2) show that polar diluents 
enhance the amine protonation in the extractant, probably for the same reason. For the A336:LA 
system the degree of LA dissociation (resulting in coo· formation and amine protonation) 
significantly grows according to the sequence: parasol < chloroform < octanol. 
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One basic and two acidic groups as in the case of extracting mineral and carboxvlic acids by 
ABC extractants 

Strong mineral acids are extracted by couple extractants through the displacement mechanism: 

(3) 

The mineral acid replaces the weaker organic acid in its interaction with the organic amine. 
The selectivity of the mineral acids ' extraction is based on this phenomenon, where the stronger acid 
is preferred. 

The data about extraction of the carboxylic acids by ABC extractants are much more limited. 
Based on the above analysis, in cases where the extracted carboxylic acid is stronger than HA, the 
displacement mechanism will take place, as for mineral acids. Yet, in most cases, the carboxylic acid 
is the weaker one and H-bonding/solvation mechanisms play the major role. 

An ABC extractant, composed of A336 and DEHPA, was used to extract pyruvic, propionic 
and lactic acid (with pK. values of2.6, 4.9 and 3.8, respectively). The distribution curves are presented 
in figure 3. Propionic acid is too weak to displace DEHPA, but is lypophilic enough to allow efficient 
extraction by solvation mechanism. Lactic acid and pyruvic acid are much more hydrophilic, however 
strong enough to have some degree of DEHP A displacement. By analogy to the extraction of mineral 
acids, the stronger acid, pyruvic, is better extracted. 
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Figure 3 Distribution curves for carboxylic acids extraction by 0.5mol/kg A336+DEHPA. 

Extraction of amino acids by ABC extractants. a system with up to three acidic and three basic 
groups 

As suggested above, extraction of amino acids, in their zwitterionic form, requires charged 
pairs of the extractant components. Extraction efficiency is, thus, determined by factors such as: the 
acid I base strengths of the water immiscible amine and organic acid, the pH of the equilibrated 
aqueous phase and the pK. values of the amino acids. 

In neutral solutions, typical neutral amino acids are present in their zwitterionic form and the 
organic acids of the extractant are dissociated (at least to some extent). The degree of protonation of 
the amine component depends on its basicity. The concentration of charged extractant components is, 
therefore, higher in extractants containing JMT compared with those containing A336, resulting in 
better extraction of neutral amino acids (Table 1). 
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Amino acid A336+DEHPA JMf+DEHPA 
D(Co.JCaq) D(Corg/Caq) 

Aspartic 0.046 0.057 
Glutamic 0038 0.038 

Valine 0.007 
Threonine 0.005 

Proline 0.266 0.538 
Betaine 0.316 0.429 

Table 1: Extraction of the amino acids by ABC couple extractants 

Basic amino acids exist in their zwitterionic form at basic pH (about 11). In equilibrium, the 
acids of the organic phase are dissociated/charged, but water-immiscible tertiary, secondary and 
primary amines are too weak to be protonated. Based on this analysis, extraction of basic amino acids 
would be possible only by quaternary amine containing extractants, as those amines are charged at any 
pH. For similar reasons, the latter are expected to be efficient in extraction of most amino acids (Table 
2). 

Typically, acidic amino acids are present in their zwitterionic form at pH of 3-4. In 
equilibrium, couple extractants composed of amines with pK. > 3 (most straight chain ones) and 
relatively weak organic acids are partially charged. Such extractants show some extraction of acidic 
amino acids (Tables I and 2). 

Alqt336+DEHPA 
Asp Caq .mollkg Corgmol/k D(Corg/Caq) 

lg 
Glu 0.033 0.004 0.121 
Val 0.056 0.004 0.071 
Thr 0.41 0.15 0.366 
Pro 0.6 0.4 0.667 
Betaine 0.65 0.35 0.538 

Table 2: Extraction of the amino acids by ABC couple extractant (Alqt336+DEHPA) 

The results show that proline is extracted better than valine and threonine (Tables I and 2). 
Being cyclic and carrying a secondary amine group rather than a primary one makes it somewhat less 
polar. Yet, betaine carries a quaternary amine and is highly hydrophilic, but still extracts well. Our 
suggestion is that, in the case of neutral amino acids that carry primary amines, the strong H-bond 
between the carboxylic group and the amino group (forming a kind of an inner ring) hinders the 
interaction with the charged components of the extractant. Such a strong interaction is less feasible for 
proline and betaine (secondary and quaternary amine groups, respectively), so that their charged 
functions are more accessible for forming ion-pairs with the components of the ABC extractant. 

In order to confirm this analysis, we have tested the extraction of amino acids with amino 
group distanced from the carboxylic group, where such strong H-bond (inner ring) is hindered. The 
results of extracting y- and 8-amino acids (see Table 3) confirm with our expectation. Approximately 
a I 0 fold increase in distribution coefficients was found compared with extraction of a-amino acids. 
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Caq Corg D-
Amino acid M/kg M/kg Corg/Caq 
2-amino butyric acid 0.92 0.03 0.033 
3-amino butyric acid 0.66 0.3 0.455 
4-amino-n-valeric acid 0.745 0.24 0.322 

Table 3: Extraction of2-, 3-, and 4-arnino acids by Aliquat336 + DE.HPA 
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ABSTRACT 

EXTRACTIVE SYNTHESIS OF PEPTIDES WITH 

CATALYTICALLY ACTIVE ENZYMES IN ORGANIC 

MEDIA 
Y Murakami, H Kawakita and A Hirata 
Department of Chemical Engineering, Waseda University 
3-4-1 Ohkubo, Shinjuku-ku, Tokyo, 169-8555 Japan 

A new process for enzymatic synthesis of biologically active peptides with enzyme catalytically active in organic media was 
proposed, and applied to the protease-catalyzed synthesis of kyotorphin (TyrArg, anodyne peptide) derivatives. In this 
method, aqueous substrate solution was fed to a stirred reactor that contained the organic solvent where surfactant-coated 
enzyme are retained. The peptide synthesized was extracted to aqueous phase continuously. N-Benzyloxycarbonyl TyrArg 
alkyl ester was synthesized in ca. 30% of yield, which was 2-fold higher than that in an aqueous medium. 

Keywords: Enzymatic peptide synthesis, kyotorphin synthesis, surfactant-coated enzyme, non-aqueous enzymology, 
aqueous/organic biphasic system 

INTRODUCTION 

Enzymes generally possess extremely high catalytic activity and unique substrate specificity, 
and therefore select substrates strictly, which bound to their active center due to their higher-order 
structure. This conformationality had made us believe that enzymes function effectively only in a 
water-rich medium. On the other hand, there are many processes where substrates or products are 
hydrophobic, and it is difficult to perform these reactions in an aqueous medium. However, the 
interactions between the organic solvent molecules and aminoacid residues in the enzyme molecules 
had been thought to denature and inactivate enzymes in organic media. This consensus had hindered a 
wide application of biocatalysis in biotechnological. Recent advances in non-aqueous enzymology, 
however, have greatly reversed this established consensus14 since the pioneer works by Klibanov et 
a/. in 1980' s. s-s 

OriJlllic lfra&e 

Aquews lfra&e 

Figure 1 Scheme for the prptease-synthesis of 
biologically active peptides with enzyme 
catalytically active in organic media 
utilizing an extractive reaction in an 
aqueous/organic biphasic medium 
(E: enzyme, P: product, S: substrate). 

In this study, we propose a novel method to synthesize biologically active peptides with enzymes 
catalytically active in organic media utilizing an extractive reaction in an aqueous/organic biphasic 
system. Figure 1 shows the simplified concept for the extractive synthesis of peptides in an 
aqueous/organic biphasic system. The substrate is first dissolved in an aqueous solution, and fed to a 
reactor. It is extracted into the organic phase, and catalyzed with modified enzyme only in the organic 
medium. The synthesized product is extracted selectively into aqueous phase due to its hydrophilicity. 
We used here surfactant-coated enzymes retained in an organic phase to enhance the hydrophobicity 
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of hydrophilic enzymes. Surfactant-coated enzymes have been recently used as a biocatalyst in an 
organic-solvent rich medium9

-
11 

We applied this method to the protease-catalyzed synthesis of kyotorphin. Kyotorphin, L
tyrosyl-L-arginine (TyrArg), is one of the best-known peptides. This peptide has an anodynic effect by 
releasing enkephalin that has an important role in the control of pain to combine with enkephalin 
receptors in the brainn Kyotorphin is attracted attention because of its non-narcotization, which 
differs from traditional anodyne morphine. To date, no process has been proposed to synthesize a 
kyotorphin precursor effectively. 

EXPERIMENTAL 

Materials 

a-chymotrypsin was purchased from Sigma and used without further purification. N
(Benzyloxycarbonyl)-L-tyrosine (Z-L-Tyr) and L-arginine methyl and ethyl ester dihydrochloride salts 
(L-Arg0Me-2HCI and L-Arg0Et·2HCI) were purchased from Kokusan Chemical Works (Tokyo, 
Japan) . Nonionic surfactant Span60 (Kanto Chemical, Tokyo) was used to coat the enzyme. 3-(2-
Furylacryloyl)-glycyl-L-leucine amide (F AGLA, Sigma) was used as a substrate for the hydrolysis to 
determine the activity of surfactant-coated enzyme. All other reagents were of analytical grade and 
purchased from Kokusan Chemical Works . 

Synthesis of kyotorphin precursor in an aqueous monophasic medium 

Kyotorphin precursors (Z-TyrArgOMe and Z-TyrArgOEt) were synthesized at 40°C in 100 
mM MES/NaOH buffer. The initial concentrations of the substrates, Z-L-Tyr and L-Arg alkyl esters, 
were 55 and 100 mM, respectively. The concentrations of substrates and products were measured by 
High Performance Liquid Chromatography (HPLC). 

Determination of distribution ratio of substrates and product in an aqueous/organic biphasic 
medium 

The pH-dependency of the distribution ratios of substrates and kyotorphin precursors were 
determined in an aqueous/organic biphasic system at 40°C. Each component was dissolved in an 
aqueous/organic solution, and its concentrations in both phases was determined by HPLC. Butyl 
formate, ethyl acetate, butyl acetate, propyl acetate, n-amyl alcohol, t-amyl alcohol, !-butanol, 2-
methyl-1-propanol, toluene, methylisobutylketone and methylethylketone were used as phase-forming 
organic solvents . 

Preparation of surfactant-coated enzyme 

The surfactant-coated enzyme was prepared by the method proposed by Goto et a/. .13 An 
aqueous enzyme solution (phosphate buffer adjusted to pH 7.0) and isooctane containing IOmM of 
surfactant were mixed with a homogenizer (PH-91 (SMT, Japan)) at 10000min·1 for 2 minutes. Stable 
w/o emulsion was formed which was dried at room temperature for 4 days . The activity of surfactant
coated enzyme was determined by hydrolyzing F AGLA in isooctane dried by molecular sieve, and 
was compared with that of the native enzyme. 

Synthesis of kvotorphin precursor in an aqueous/organic biphasic medium 

Kyotorphin precursors were synthesized with an extractive operation in an aqueous/organic 
biphasic media. Initial concentrations of carboxyl, and amine substrates were 18 and 220mM, 
respectively . The concentration of enzyme in an organic phase was 0.4gll with a native enzyme base. 
The temperature was constant at 40°C. 

Analysis 

The HPLC system was used to measure the concentrations of substrate and product. This 
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system was consisted of a UV8020 detector and a CCPS solvent delivery system (Tosoh Co., Japan). 
The 3.0 x 10-6m3 aliquots of aqueous and organic phases were taken and the concentrations of the 
substrates and product were measured with an HPLC system on columns, G2000SW (Tosoh Co.) at 
259nm and ODS-3 (GL Science, Japan) 220nm. A mixture of acetonitrile/water (70/30, v/v) adjusted 
to pH 6.1 containing acetic acid and methanoVwater (40/60, v/v) adjusted to pH 7.5 containing 
phosphoric acid were used as an elution buffer for above HPLC systems with the flow rate of 1mVmin. 

RESULTS AND DISCUSSION 

Synthesis of kyotorphin precursors in an aqueous 
monophasic medium 

Z-TyrArgOMe and Z-TyrArgOEt were 
synthesized enzymatically in an aqueous monophasic 
medium. Figure 2 shows a typical time-course of the 
batch synthesis of Z-TyrArgOEt in an aqueous 
medium. The concentration of product increased early 
in the reaction, reached the saturation concentration, 
and then decreased gradually. This is because one of 
the substrates, alginine alkyl ester, was decomposed 
non-enzymatically, which is a general phenomenon 
when peptides are synthesized with a proteolytically 
active enzymes. 14

-
16 The maximum initial synthetic 

rate was obtained at pH 7.0, where the peptide yield 
was ca. 15% in the synthesis of Z-TyrArgOMe and Z
TyrArgOEt. 
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Fig. 2 Typical time-course of the 

batch synthesis of kyotorphin 
precursor in an aqueous 
monophasic medium. 

Determination of distribution ratios of substrates and product in an aqueous/organic biphasic 
medium. 

Figure 3 shows the pH-dependency of distribution ratios of substrates in an aqueous/alcohols 
biphasic medium. 
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Fig.3 pH-dependency of distribution ratios of (a) Z-LrTyr and (b) L-ArgOMe in an 
aqueous/organic biphasic medium. 1-butanol, n-amylalcobol, t-amylalcohol 
and 2-methyl-1-propanol were used as organic solvent. 
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The distribution ratio is defined here as a concentration of components in an organic phase 
divided by that in an aqueous phase. The nonionic component selectively distributes to an organic 
phase in a aqueous/organic biphasic medium17 Since Z-L-Tyr and L-ArgOR (R: Me or Et) have 
carboxyl and amine groups in their molecules, the nonionic components increase at acid and alkaline 
pH, respectively. 

Therefore as pH increases, Z-L-Tyr and L-ArgOR distributed more to an aqueous and an 
organic phase, respectively. Since L-ArgOMe was hydrophilic, acetates have little ability to extract it 
in a biphasic medium. No difference was observed between the distribution behaviors of L-ArgO Me 
and L-ArgOEt in a biphasic medium (data not shown). 

Figure 4 shows the pH-dependency of the 
kyotorphin precursor (Z-TyrArgOEt) in an 
aqueous/1-butanol biphasic medium. Since the 
kyotorphin precursor has a carboxyl and amine 
groups in its molecule, it charges positively at low 
pH, negatively at high pH and nonionic at moderate 
pH. Therefore it distributed more to aqueous phase 
at low and high pH, and more to an organic phase at 
moderate pH. 

Activity of surfactant coated enzyme in organic 
medium. 

F AGLA,3-(2-furylacryloyl)-glycyl-L-leucine amide, 
was hydrolyzed in organic medium with native and 
surfactant-coated a-chymotrypsins. We could 
confirmed that surfactant-coated enzyme showed a 
ca. 11-fold higher activity in organic media than the 
native one. It is because the hydrophobic part of 
surfactant increases the solubility of surfactant
coated enzyme in organic media. We recently 
examined the use of other surfactants to coat 
enzyme, however insufficient data has been obtained 
to be shown here. 
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Fig.4 pH-dependency or distribution 

ratios or kyotorpbin precursor 
in an aqueous/1-butanol 
biphasic medium. 

Synthesis of kyotorphin precursor in an aqueous/organic biphasic medium 

Kyotorphin precursor was synthesized in an aqueous/organic biphasic medium with Span60-coated a
chymotrypsin dissolved in !-butanol as the organic solvent. Figure 5 shows a typical time-course of 
the concentration of substrates and kyotorphin precursor. The peptide has anion and cation dissociated 
groups, and is hydrophilic. As shown in figure 5 we could confirm that almost all peptides synthesized 
are selectively extracted to an aqueous phase. The native enzyme, surfactant-coated enzyme and 
surfactant were not detected in an aqueous phase with HPLC. Therefore the surfactant-coated enzyme 
was retained only in an organic phase without its conformational destruction. We could achieve 30% 
of peptide yield, which was 2-fold higher than that in an aqueous monophasic medium. 

CONCLUSION 

We propose here a novel method to synthesize biologically active peptides with enzyme 
catalytically active in organic media utilizing an extractive reaction in an aqueous/organic biphasic 
system. In this method, the peptide is synthesized only in an organic phase, and distributes selectively 
to an aqueous phase due to its hydrophilicity. We applied this method to the a-chymotripsin-catalyzed 
synthesis of precursor of hydrophilic anodyne peptide, kyotorphin. We could achieve 30% of peptide 
yield, which was 2-fold higher than that in an aqueous monophasic medium. 
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ABSTRACT 

PROTEASE-CATALYZED SYNTHESIS OF PEPTIDES 

UTILIZING AN EXTRACTIVE REACTION IN AN 

AQUEOUS/ORGANIC BIPHASIC SYSTEM 
Y Murakami, T Oda, A Takehara and A Hirata 
Department of Chemical Engineering, Waseda University 
3-4-1 Ohkubo, Shinjuku-ku, Tokyo, 169-8555 Japan 

A new method has been developed to synthesize peptides in an aqueouslorganic biphasic system with simultaneous operation 
of an enzymatic reaction and a product separation, and has been applied to the protease-catalyzed synthesis of Z
GlyPheOMe, a precursor of Z-GlyPhe which acylates lysosomotropic detergent, a useful anticancer drug, and masks its 
introduction into normal cells. The extremely high yield ca. !00% was obtained continuously. 

Keywords: Enzymatic peptide synthesis, thermolysin catalysed synthesis, extractive reaction, aqueous/organic biphasic 
system, glycylphenylalanine 

INTRODUCTION 

Enzymes as biocatalysts differ from chemical catalysts because of their exceeding high 
catalytic activity in mild conditions and substrate specificity. The mild reaction conditions of the 
enzyme-catalyzed reactions guarantee racemization-free syntheses, and chirally homogeneous 
products are obtained even when racemic aminoacid derivatives are used as starting materials owing to 
the stereospecificity of enzymes. These properties should have provided enzymes a wide application in 
biotechnological catalytic processes. Recently much attention has been paid to the protease-catalyzed 
synthesis of oligopeptides.1•

3 However, the product yield is extremely low in conventional aqueous 
media. To date, several attempts have been performed to enhance the efficiency of enzymatic 
reactions. The authors propose an effective method to synthesize peptides continuously in an 
aqueous/organic biphasic medium, and have applied it to the thermolysin-catalyzed synthesis of the 
aspartame precursors (Z-AspPheOMe and F-AspPheOMe). The yield of these peptides in an aqueous 
medium is less than 10%,4

' 
5 however, an extremely high yield, ca. 100%, was obtained using the 

extractive method in a biphasic medium6
'
8 

In this study, we applied this method to the thermolysin-catalyzed synthesis of N
benzyloxycarbonyl-L-glycyl-L-phenylalanine (Z-GlyPhe) derivative, a precursor of Z-GlyPhe 
acylating lysosomotropic detergents . Lysosomotropic detergent is an useful anticancer drug and 
destroys lysosomes to release lysosomonal enzymes which attack target cancer cells.9 The detergent 
also attacks normal cells causing side effects, which is a serious problem to be addressed. Z-GlyPhe 
(called as a masking into cells) derivatives acylates lysosomonal detergents, and mask their 
introduction into normal cells to prevent side effects. 10 To date, Z-GlyPhe and its derivatives have 
been synthesized as an intermediate product in the enzymatic synthesis of a tripeptide'' and Leu
enkephalin, 12 however, no effective method was proposed to synthesize them. In this study, we 
examined the effective synthesis of the Z-GlyPhe precursor, N-benzyloxycarbonyl-L-glycyl-L
phenylalanine methyl ester (Z-GlyPheOMe) from N-benzyloxycarbonyl-L-glycine (Z-L-Gly) and L
phenylalanine methyl ester (L-PheOMe) in an aqueous/organic biphasic medium, because Z
GlyPheOMe, nonionic peptide, was expected to be selectively extracted to an organic phase due to its 
hydrophobicity. 

EXPERIMENTAL 

Materials 

N-Benzyloxycarbonyl-L-glycine (Z-L-Gly) was purchased from Kokusan Chemical Works 
(Tokyo). L-Phenylalanine methyl ester hydrochloride salt (L-PheOMe.HCl) for batch experiments was 
purchased from Kokusan Chemical Works, while that for continuous experiments was prepared from 
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L-phenylalanine (L-Phe) purchased from Kokusan Chemical Works with methyl esterification. N
Benzyloxycarbonyi-L-glycyi-L-phenylalanine methyl ester (Z-GiyPheOMe) was synthesized 
enzymatically and purified. Thermolysin was used as an enzyme for batch experiments due to its strict 
selectivity for L-Phe. Crude thermolysin, thermoase PS-160, was purchased from Daiwa Kasei K.K. 
(Osaka, Japan) and used for continuous experiments without further purification. 

Batch synthesis of Z-GiyPheOMe in an aqueous monophasic medium 

Z-GiyPheOMe was synthesized at 40°C in I 00 mM MES/NaOH buffer. The initial 
concentrations of the substrates, Z-L-Giy and L-PheOMe, were 50 and 100 mM, respectively. The 
concentrations of substrates and products were measured by High Performance Liquid 
Chromatography (HPLC). 

Determination of distribution ratios of substrates and product in an aqueous/organic biphasic 
medium 

The pH-dependency of the distribution ratios of substrates and product were determined in an 
aqueous/organic biphasic system at 40°C. Each component was dissolved in an aqueous/organic 
solution, and its concentration in both phases was determined by HPLC. 

Batch synthesis of Z-GiyPheOMe in an aqueous/organic biphasic medium 

Z-GiyPheOMe was synthesized in an aqueous/organic biphasic media. Initial concentrations 
of carboxyl, and amine substrates were 50 and 400mM, respectively. The concentration of enzyme in 
an organic phase was 0.8g/l with a native enzyme base. The temperature was constant at 40°C. 

Figure 1 Scheme and experimental apparatus for the continuous protease-catalyzed synthesis of Z
GiyPheOMe (A: Z-L-Gly, B: L-PheOMe, E: enzyme, P: Z-GlyPheOMe). The apparatus consisted of: 
1, a stirred reactor; 2, a settler; 3, a pH electrode; 4, feed pumps; 5, feed organic solution containing 
substrate and 6, a thermostat. 

Continuous synthesis of Z-GlyPheOMe in an aqueous/organic biphasic medium 

Figure 1 shows the scheme and experimental apparatus for the continuous synthesis of 
thermoase-catalyzed synthesis of Z-GiyPheOMe in an aqueous/organic biphasic medium. The organic 
solvent containing the substrates was fed to a stirred bioreactor. The substrates were extracted to the 
aqueous phase where the enzyme was dissolved. Z-GiyPheOMe, which was synthesized enzymatically 
in an aqueous phase, was extracted to the organic phase from the aqueous phase. The low 
concentration of Z-GiyPheOMe in an aqueous phase enhanced a peptide synthesis and extremely high 
yield could be obtained. Since enzyme was retained in the reactor because of the immiscibility of 
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organic solvent to water, Z-GlyPheOMe could be synthesized continuously. The initial concentrations 
of Z-L-Gly, L-PheOMe, therrnoase were 5mM, 80mM, 20g/l, respectively. n-Butyl acetate was used 
as an organic solvent. The hold-up of organic phase was kept at 0.1, the stirring rate was 450 rpm and 
the pH was varied from 5.0 to 6.5. 

Analysis 

The HPLC system was used to measure the concentrations of substrate and product consisted 
of a UV8020 detector and a CCPS solvent delivery system (Tosoh Co., Japan) . The concentrations of 
the substrates and product were measured with HPLC system on columns, G2000sw (Tosch Co.) at 
259nm. A mixture of acetonitrile/water (70/30, v/v) adjusted to pH 6.1 containing acetic acid was used 
as an elution buffer with the flow rate of lmVmin. 

RESULTS AND DISCUSSION 

Batch synthesis of Z-GiyPheOMe in an aqueous 
monophasic medium 

Figure 2 shows the typical time-course of the 
batch synthesis of Z-GlyPheOMe in an aqueous 
monophasic medium. The concentration of peptides 
increased early in the reaction, reached the saturation 
concentration, and then decreased gradually, because 
the amine substrate was non-enzymatically 
decomposed, a general phenomena when peptides are 
synthesized with proteolytically active enzymes4

· 
5

• 
8 

The substrate conversions were less than l 0% at any 
pH. The optimal pH was pH 6.5. 

Determination of distribution ratios of substrates 
and product in an aqueous/organic biphasic 
medium 

Figure 3 shows the pH-dependency of 
distribution ratios of substrate and product in an 
aqueous/organic biphasic medium (distribution 
behavior of L-PheOMe in a biphasic system was 
previously reported13

). The distribution ratio is defmed 
as the concentration of components in an organic phase 
divided by that in an aqueous phase. The nonionic 
component selectively distributes to an organic phase 
in a aqueous/organic biphasic medium. 14 
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Figure 2 Typical time-course of the batch 
synthesis of Z-GlyPheOMe in an aqueous 
monophasic medium. 

Since Z-L-Gly has carboxyl groups in its molecules, the concentration of nonionic Z-L-Gly 
increases at acidic pH. Therefore Z-L-Gly distributed more to an organic phase as pH decreases, and 
distributed to more to aqueous phase at the optimal pH for the enzymatic synthesis ofZ-GlyPheOMe. 
Distribution behaviour of Z-L-Gly was almost the same even when we used various organic solvents . 
It distributed, however, more to an organic phase in aqueous/ethyl acetate, propyl acetate, tributyl 
phosphate (TBP) media. The organic solvents which have a high extract ability of Z-L-Gly have a 
high dielectric constant (ethyl acetate: 6.05, propyl acetate: 6.00, TBP: 8.9 115

) . Dielectric constant is 
an indicator to express the electric characteristics of organic solvents. We can conclude that 
components distributed more to an organic phase in an aqueous/organic medium when we use organic 
solvents whose dielectric constants are high (hydrophilic organic solvents) . 
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GlyPheOMe in an aqueous/organic biphasic medium. 

The above arguments for the Z-L-Giy distribution behavior could be applied to the Z
GiyPheOMe distribution behavior in a biphasic system. Z-GiyPheOMe distributed more to an organic 
phase when we use organic solvents whose dielectic constants are high (hydrophilic organic solvents) . 
Since this peptide is nonionic without any dissociation groups in its molecule, the distribution 
behavior of Z-GlyPheOMe has no pH-dependency. It is therefore selectively extracted to an organic 
phase in an aqueous/organic biphasic medium. 
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Batch and continuous syntheses of Z-GiyPheOMe in an aqueous/organic biphasic medium 

Figure 4 shows a typical time-course of the batch and continuous syntheses of Z
GlyPheOMe in an aqueous/organic biphasic medium. Butyl acetate was used as an organic solvent. 
The initial concentration of Z-L-Gly in an aqueous phase was 50mM in the batch synthesis of Z
GlyPheOMe. Finally, however, the concentration of the peptide was ca. 50mM in an organic phase, 
while it was less than O.lmM in an aqueous phase, because the peptide was selectively extracted to the 
organic phase due to its hydrophobicity. The peptide yield was ca. 98%. In the continuous synthesis of 
Z-GlyPheOMe, the concentration of Z-L-Gly in an organic phase was kept to be very low, while the 
concentration of Z-L-Gly in an aqueous phase is very high enough for the enzymatic reaction. It is 
because the distribution ratio of Z-L-Gly is very low, namely, Z-L-Gly distributes more to an aqueous 
phase in an aqueous/organic biphasic medium. We obtained over 98% of peptide yield continuously. 

CONCLUSION 

A continuous extractive method has been developed to synthesize peptides in an 
aqueous/organic biphasic medium, and applied to the protease-catalyzed synthesis of Z-GlyPheOMe. 
To achieve a high peptide yield with this method, nonionic peptides are preferable to be selectively 
extracted to an organic phase in a biphasic medium. Organic solvents such as butyl acetate, ethyl 
acetate, TBP, which have a high dielectric constants are hydrophilic, and have a great ability to extract 
compounds. When butyl acetate was used as an organic solvent, a high yield, ca. 98% could be 
achieved continuously for Z-GlyPheOMe synthesis. 
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ABSTRACT 

EXTRACTIVE HYDROLYSIS OF PROTEINS WITH 

ENZYMES IN AN AQUEOUS TWO-PHASE SYSTEM 
Y Murakami and A Hirata 
Department of Chemical Engineering, Waseda University 
3-4-1 Ohkubo, Shinjuku-ku, Tokyo, 169-8555 Japan 

We proposed a novel method to synthesize biologically active peptides utilizing an extractive hydrolysis of proteins in an 
aqueous two-phase system, and applied it to the thermolysin-catalyzed hydrolysis of zein (corn protein, lea mays L.) to 
synthesize angiotensin converting enzyme (ACE) inhibitory peptides. Zein and its enzymatic hydrolysates (angiotensin 
converting enzyme inhibitory peptides) distributed to poly(ethyleneglycol) (PEG) and dextran (DEX) rich phases, 
respectively, in an aqueous PEG/DEX two-phase system. The ACE inhibitory peptides are selectively distributed in a DEX 
rich phase. 

Keywords: Aqueous two-phase system, zein, thermolysin-catalyzed hydrolysis, biologically active peptides, ACE inhibitory 
pep tides 

INTRODUCTION 

Proteins from natural resources have played important roles in supplying energy and 
nutrients, which were defined as primary functions of proteins. Proteins also have many tertiary 
functions relating to physiological regulations. To date, a number of functional peptides have been 
identified. One of the most interesting functions is a reduction of blood pressure. 

Angiotensin-converting enzyme (dipeptidyl carboxypetidase, EC3.4.15.l(ACE)) is a 
dipeptide-liberating exopeptidase which plays an important physiological role in the regulation of 
blood pressure in renin-angiotensin and kallikrein-kinin systems.1 ACE catalyses two different 
reactions; the conversion of inactive angiotensin to a powerfully vasoconstrictive angiotensin, and the 
inactivation of bradykinin (the vasodilator and natriuretic nonapeptide). Specific inhibitors of ACE are 
thus useful as antihypertensive drugs . 2• 

3 

Enzymes as biocatalysts differ from chemical catalysts in their exceedingly high catalytic 
activity under mild conditions and a substrate specificity4 The mild reaction conditions of the 
enzyme-catalyzed reactions guarantee racemization-free syntheses, and chirally homogeneous 
products are obtained even when racemic aminoacid derivatives are used as starting material owing to 
the stereospecificity of enzymes.5 These properties should ensure a wide application of enzymes in 
catalytic processes. Peptides have been synthesized enzymatically using aminoacid derivatives as 
starting materials,6

•
8 however, lowering of cost must be addressed since aminoacid derivatives and 

enzymes are still expensive. Recently much attention has been paid to the enzymatic hydrolysis of 
food proteins to synthesize peptides, because it can be an attractive alternative to a traditional peptide 
synthesis due to the low cost of starting materiaL A number of angiotensin converting enzyme 
inhibitory peptides are isolated and identified from food proteins such as sardines,9

-
12 tuna, 13 bonitos, I4-

16 milk (casein)17 and corn protein (zein). 18
-
20 To date, however, no processes to control the production 

of biologically active peptides utilizing enzymatic hydrolysis of proteins has been developed, even 
though many investigators focused on the separation and purification of peptides from enzymatic 
hydrolysates of proteins and the evaluation of their biological activities. 

In this study, we propose a novel method to synthesize angiotensin converting enzyme 
inhibiory peptides from zein (corn protein, Zea mays L.) in an aqueous two-phase system (figure 1). In 
this method, an aqueous dextran (DEX) rich solution with a maize protein was fed to a stirred reactor 
which contained the aqueous polythyleneglycol (PEG) rich solution where a native enzyme is retained. 
The peptide produced was extracted to a DEX rich phase. 
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Figure 1 Scheme of an extractive enzymatic hydrolysis of zein in an aqueous two-phase system 
(E: thermolysin, P: enzymatic hydrolysates, S: zein). 

EXPERIMENTAL 

Materials 

Thermolysin (8360 U/mg) was purchased from Daiwa Kasei Co. Ltd. (Osaka, Japan). Zein 
was separated from maize endosperm meal by the method proposed by Esen?1 Polyethyleneglycol 
1540 (of molecular weight (MW) 1500) and dextran 100000-200000 (of MW 100000-200000) were 
obtained from Wako Pure Chemical Ind. (Osaka, Japan). All other reagents were of analytical grade 
and purchased from Kokusan Chemical Works (Tokyo, Japan) . 

Batch enzymatic hydrolysis of zein in an aqueous. an aqueous-organic and an aqueous two-phase 
systems 

Zein was hydrolyzed at pH7.0 and 40.0°C in an aqueous, an aqueous-organic and an aqueous 
two-phase system. Zein (lg) and thermolysin (0 .03g) were added to 20ml of a Tris-buffer, an aqueous 
isopropyl alcohol solution (isopropyl alcohol : water = 9: l) and a PEG/DEX solution (total 
concentration of each polymers is 12 w/w %, with or without an addition of isopropyl alcohol). The 
concentrations of zein and enzymatic hydrolysates were measured by High Performance Liquid 
Chromatography (HPLC). 

Assay for ACE inhibitory activity 

The ACE inhibitory activity of enzymatic hydrolysates was assayed by the method of 
Maruyama et a/.22 HipHisLeu (5mM) and ACE inhibitors were dissolved in a lOOmM of sodium 
borate buffer (pH8.3) containing 300mM NaCI. The solution was incubated for 30 minutes with 8 
milliunits of ACE at 37.0°C. The concentration of ACE inhibitors required to inhibit 50% of the ACE 
activity under the above conditions was defined as IC50 . 

Analysis 

The HPLC system was used to measure the concentrations of zein, enzymatic hydrolysates 
and polymers, and to evaluate a molecular weight distribution of enzymatic hydrolysates . For the 
measurement of the concentration of zein and enzymatic hydrolysates, a UV-8020 detector and a DP-
8020 solvent delivery system (Tosoh Co., Japan) on a column G2000SWxr. (Tosoh Co., Japan) at 
220nm was used. A mixture of acetonitrile/water (63/37, v/v) adjusted to pH 2.5 containing 0.5% 
phosphoric acid was used as an elution buffer with the flow rate of lml/min. For the evaluation of a 
molecular weight distribution of enzymatic hydrolysates, the same system was used except that a high 
purity water adjusted to pH 2.5 containing 0.5% phosphoric acid was used as an elution buffer. For the 
measurement of the concentration of polymers, a Rl-8020 (Tosoh Co. , Japan) detector and a column 
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G4000PWXL (Tosoh Co., Japan) were used with a high purity water as an elution. The 3.0 x 10"6m3 of 
sample solutions was taken and the concentrations of each component were measured with the above 
HPLC system. 

RESULTS AND DISCUSSION 

Batch enzymatic hydrolysis of zein in an aqueous and an aqueous-organic system 

First, zein was hydrolyzed in a Tris-buffer, an aqueous isopropyl alcohol solution (isopropyl 
alcohol : water = 9 : 1). The enzymatic hydrolysates were separated and evaluated by their retention 
time (R. T. [min]) on a gel filtration chromatography. 

Figure 2 shows a typical time-course of the batch hydrolysis of zein in an aqueous and an 
aqueous-organic media. Since the solubility of zein in a pure aqueous medium is less than 1 w/w%, the 
hydrolysis of zein in an aqueous medium is heterogeneous. The hydrolysis ratio was ca. 2% that was 
calculated with the concentration of a recovered zein. Some enzymatic hydrolysates were detected 
with HPLC (figure 2(a)) . On the other hand, the hydrolysis ratio of zein in an isopropyl alcohol 
aqueous solution was ca. 20% (figure 2(b)). The hydrolysis of zein in an aqueous-organic medium is 
homogeneous because zein is completely soluble in a 90% isopropyl alcohol solution.21 The addition 
of water-soluble alcohol led to a water stripping phenomena (which could be explained by the 
stripping of water bound to enzymes by organic solvents23

) . The concentration of zein gradually 
decreased early in the reaction and reached the saturation concentration due to the decrease of an 
enzyme activity. 
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Fig. 2 Typkal time-coune of the tbermolysln-catalysed hydrolysis of Zein in (a) a 
Tris-bufrer and (b) an aqueous isopropyl alcohol solution (Isopropyl alcohol : 
water = ' : 1). 

Batch enzymatic hydrolysis of zein in an aqueous two-phase systems 

Figure 3 shows the typical time-course of the concentration ratio of zein and its enzymatic 
hydrolysates in an aqueous PEG/DEX two-phase system. The concentration ratio was defined as the 
concentration of each component in a PEG rich phase divided by that in a DEX rich phase. Since the 
aqueous two-phase system is consisted of water, the hydrolysis of zein there is heterogeneous. The 
hydrolysis ratio was thus very low, ca. 4%. The ratio was, however, ca. 30% in an aqueous PEG/DEX 
two-phase system by adding 2 v/v% of isopropyl alcohol due to the enhancement of the solubility of 
zein (figure 4 shows the comparison of the hydrolysis ratios of zein in various reaction media at 100 
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Zein distributed to a PEG-rich phase in a PEG/DEX two-phase system as shown in figure 3 
due to the high hydrophobicity of zein. The molecular weights of enzymatic hydrolysates (R. T.: 12-16 
minutes) which distributed to both phases were ca. 1000-10000, while that (R.T: 18-20 minutes) 
which distributed to a DEX rich phase was less than 1000. Therefore we can conclude here that the 
enzymatic hydrolysates of low molecular weights selectively distributed to the bottom phase. The 
distribution ratio ofthermolysin in above PEG/DEX system was 2.1 (unpublished data) . The retention 
of enzyme in a PEG-rich phase was thus addressed in the future by some method such as a chemical or 
physical modification of an enzyme to enhance its hydrophobicity. 

Assay for ACE inhibitory activity 

The ACE inhibitory activity of zein and its enzymatic hydrolysates (recovered in a DEX rich 
phase) was evaluated with an ACE-catalyzed hydrolysis of HipHisLeu. The concentration of ACE 
inhibitors required to inhibit 50% of the ACE activity was defined as IC50 . The compounds with low 
IC50 values are strong inhibitors because even small amount of them can inhibit ACE. IC50 for native 
zein was more than 1 OOO!J.LimL (the accurate determination of IC50 values for zein was difficult due to 
its high hydrophobicity). IC50s for enzymatic hydrolysates were less than 2001J.L/mL. In particular, 
IC50 for enzymatic hydrolysate with retention time of 18 minutes (MW: less than 1000) was 
70.3f.1LimL. It was therefore confirmed that the enzymatic hydrolysates that selectively distributed to a 
DEX rich phase have a high ACE inhibitory activity. 

CONCLUSION 

We propose a novel method to synthesize biologically active peptides utilizing an extractive 
hydrolysis of proteins in an aqueous two-phase system, and apply it to the thermolysin-catalyzed 
hydrolysis of zein (corn protein) to synthesize angiotensin converting enzyme (ACE) inhibitory 
peptides. The hydrolysis ratio of zein in an aqueous medium is generally very low due to a high 
hydrophobicity of zein. We can improve the hydrolysis ratio by adding water-miscible organic solvent 
to the reaction medium. Zein distributed to a PEG-rich top phase, while the enzymatic hydrolysates 
with a high ACE inhibitory activity selectively distributed to a DEX-rich bottom phase. 
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~~~~,..,...,.,~~~~· THE EFFECT OF SURFACTANTS DURING SOL VENT 

ABSTRACT 

EXTRACTION OF ERYTHROMYCIN-A FROM BUFFER 

AND FILTERED FERMENTATION BROTH 
MR Pursell, MA Mendes-Tatsis and DC Stuckey 
Department of Chemical Engineering & Chemical Technology, 
Imperial College of Science, Technology and Medicine, London, SW7 
2BY, U.K. 

Solvent extraction of the antibiotic erythromycin-A from buffer and filtered fermentation broth into 1-decanol was 
investigated. The presence of the soluble surface active compounds (SAC) in the filtered broth led to a 45% reduction in 
mass transfer rates. The addition of Softanol 120 and Softanol 30 reduced extraction rates from the buffer, but had no 
effect on the broth extraction. Interfacial turbulence enhanced mass transfer by up to 55% for extraction from both buffer 
and filtered broth when SDS and LDS where present. 

Keywords: fermentation broth, surfactants, interfacial convection, Lewis cell, erythromycin, 1-decanol. 

INTRODUCTION 

Solvent extraction in the biotechnological industries is often more complicated than in 
traditional chemical industries. Microbial cells and surface active compounds (SAC) produced during 
fermentation can lead to the formation of stable emulsions and cause significant reductions in the 
extraction rate. The addition of anti-foaming agents and de-emulsifiers can further complicate the 
situation. It has been found1 that whole and filtered broth created very stable emulsions, while a <10 
Dalton molecular weight fraction of the broth had no greater effect than distilled water. This led to the 
conclusion that macromolecules such as proteins caused emulsion stabilisation. The effect of yeast cells 
on ethanol extraction from distilled water has been investigated, 2 and the authors report that an 86% 
decrease in the mass transfer coefficient occurred at a cell concentration of 0.1 kg/m3

. This decrease 
was related to the reduction in the interfacial area caused by the close packing of the adsorbed yeast 
cells . It is well established that SAC can affect mass transfer rates both positively and negatively, a 
number of different mechanisms have been identified: interfacial rigidification3 by a surfactant layer 
preventing turbulence occurring at the interface; altered partition coefficients4 which would lead to 
changes in concentrations and thus affect the driving force for mass transfer and an interfacial barrier5 

which would affect the solutes ability to cross the liquid-liquid interface. However, SAC may also 
cause interfacial turbulence6 which can dramatically increase the rate of mass transfer by replacing the 
stagnant diffusional layers either side of the interface with turbulent fluid flows. Recently,7 an increase 
in mass transfer of erythromycin was identified which could not be explained through interfacial 
turbulence; it was postulated that this was caused by an interaction/aggregation between the surfactant 
and the solute at the interface. Literature on the effects of microbial SAC tends to concentrate mainly 
on their effects during microbial growth on hydrocarbons and applications in enhanced oil recovery. 
The types of SAC found in broths has been reviewed;8 the main classes of compounds reported are 
glycolipids, phospholipids, lipopeptides, fatty acids and particulates (cells). Hence, the aim of this work 
was to investigate the effect of soluble broth constituents and added surfactants on the mass transfer 
rate of a macrolide antibiotic. 

EXPERIMENTAL 

The extraction of erythromycin-A was examined from a 50 mM carbonate buffer and a filtered 
fermentation broth into 1-decanol (Aldrich). Erythromycin is a macrolide antibiotic which is a weak 
base with a pK. of 8.6; in solutions above pH 8.6 erythromycin will exist in its non-polar unprotonated 
form and will readily partition into 1-decanol. The partition coefficient, Kp == CorvJC"l, is 99 at pH 10, 7 
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with dissociation higher than 96%. Fermentation broth of the erythromycin producing bacteria 
Streptomyces Erythreus was obtained and filtered using a 0.2j.l.Itl ceramic filter; the residual 
concentration of erythromycin in the broth was only 0 .05 g/dm3

; to enable the concentration in the broth 
to be analysed this was increased to I g/1 by the addition of commercially purchased erythromycin-A 
(Sigma) . The broth was adjusted to pH 10 using NaOH; the pH lO buffered phases also had an initial 
concentration of I g/dm3 erythromycin. 

The effect of four surfactants, two anionic and two non-ionic, on the extraction process was 
also examined. The anionic surfactants were sodium dodecylsulphate (SDS) and lithium 
dodecylsulphate (LDS) (Sigma). Both surfactants are soluble in the aqueous phase and were used at a 
concentration of 2 g/dm3 The non-ionic surfactants were Softanol 120 (S 120) and Softanol 30 (S30) 
(Honeywill & Stein Ltd.), which are soluble in the organic phase, and the concentration was also 
2g/dm3. 

The surface tension of the filtered broth was measured at 25°C using a Kruss KIO digital 
tensiometer fitted with a platinum Du-Nouy ring, and measurements were reproducible to± O. lmN/m. 

A modified Lewis cell,7 which is a non-dispersive, fixed interfacial area contactor, was used to 
measure dynamic mass transfer. The modified Lewis cell consists of a jacketed cylindrical glass vessel, 
which contains two counter rotating propellers positioned equidistant from the interface. The total 
liquid volume was 630 cm3 (315 cm3 per phase) and sampling was achieved via are-sealable Teflon 
septum fixed in the end plates. All experiments were performed at 25°C and with stirrer speeds of 120 
rpm on the aqueous side and 200 rpm on the organic side, which maintained a flat unperturbed 
interface. Samples of 0.5 cm3 were taken from the aqueous phase for analysis with equal organic 
volumes removed to maintain the phase volume ratio. The erythromycin concentration in the buffer and 
in the filtered broth was assayed based on a spectrophotometric technique,9 the detection lirnit of the 
assay was 2 to 0.1 g/dm3 erythromycin. The error in the overall mass transfer coefficients determined in 
the Lewis cell was ± 6%. 

A Schlieren optical apparatus6 was used to qualitatively examine the presence of interfacial 
turbulence. The method uses a Ne-He laser (25mW and A. = 532.8nm) as a monochromatic light 
source. The beam of light was collimated and then passed through the test space that consisted of a 
PTFE cell, internal dimensions (50x75xl8 mm) with quartz glass windows. The test space was filled 
with 1-decanol and a drop of the buffer/broth phase was formed at the end of a capillary positioned in 
the path of the light beam. The beam of light leaving the test cell was focused on a knife edge. When a 
refractive index change occurs in the test cell, as would be caused by changes in concentration, the light 
is deflected differently and passes by the knife edge to be projected onto a screen. The images were 
recorded using a Sony DVDlOOO digital video camera for later analysis. 

RESULTS AND DISCUSSION 

The concentration vs. time plots for the extraction of erythromycin from buffer and filtered 
broth are presented in Figures l and 2, respectively. The anionic surfactants (SDS and LDS) caused a 
substantial increase in the extraction rate with 49% and 55% more erythromycin extracted from the 
buffer and broth systems respectively. The presence of the anionic surfactants increased broth 
extraction to the levels found for extraction from the surfactant free buffer. Table 1 presents values for 
the overall mass transfer coefficient, Koc, for the "clean" systems and for the Softanol systems as 
determined by the "two film" theory. 

Results show that the mass transfer rates for extraction from the filtered broth were 
significantly lower than those from the buffer. For the case of surfactant free broth a 45% reduction in 
the overall mass transfer coefficient, Koc, was measured. The presence of Softanol 120 and 30 in the 
buffer system reduced the extraction rate, with Sl20 showing a greater decrease; in the broth systems 
the presence of either Softanol 120 or 30 had no effect on the mass transfer rate. 

In the cases involving the anionic surfactants SDS and LDS it was not possible to obtain values 
ofl<oc because the data did not fit the two film theory. 
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Figure 1 The effect of added surfactants on the extraction of erythromycin from buffer. 
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Figure 2 The effect of added surfactants on the extraction of erythromycin from filtered broth. 

Organic Phase 
Aqueous Phase 1-Decanol 1-Decanol + 2g/l S30 1-Decano1 + 2g/l S120 

Buffer 4.5 3.3 2.2 

Broth 2.4 2.5 2.4 

Table 1 The effect of changes of aqueous phase and with the addition of Softano1 30 and 120 
(S30!120) on the overall mass transfer coefficients, Koc, (x106 rn/s) . 

In Figure 4a, Schlieren images at selected times of the transfer of erythromycin from the broth drop to 
the continuous 1-decanol phase are shown. It may be observed that the aqueous/organic interface is 
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quiescent and therefore transfer is diffusional. However, in Figures 4b and 4c, which show the transfer 
of erythromycin from drops containing broth plus SDS and broth plus LDS, into 1-decanol, interfacial 
convection is observed. Schlieren images have also been taken for the cases of erythromycin transfer 
from buffer with and without the addition of SDS and LDS, and similar interfacial behaviour was 
observed. However, in the cases of the systems involving Softanol 120 and 30 interfacial convection 
was not observed. These findings explain why the two-film theory could not be applied to the systems 
where SDS and LDS were present. The main assumption of the two-film theory is that stagnant layers 
exist on both sides of the interface through which mass transfer occurs by diffusion only. The Schlieren 
images for the SDS and LDS cases show that mass transfer does not occur by diffusion alone but is 
aided by interfacial convection. The interfacial convection observed also explains the higher transfer 
rates obtained for those systems, as shown in Figures l and 2. 
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Figure 3 The change in surface tension with dilution of the filtered broth. 

The addition of surfactants to the phases reduced the interfacial tension in all cases, the most 
significant reductions being with SDS and LDS. This would explain the occurrence of interfacial 
convection that arises as a result of localised variations in the interfacial tension. The surfactants are 
themselves also solutes and the transfer of surface-active material through the interface may cause the 
interfacial tension gradients required to create the interfacial fluid flows which can lead to the 
destabilisation of the interface. 

The nature and quantity of the SAC present in the broth is unknown. However, an indication of 
their effect on the physical properties of the broth can be seen in Figure 3 which shows the change in 
surface tension for increasing concentrations of the broth. (The variation in broth concentration was 
obtained by dilution with distilled water.) At very high dilutions (0.001% v/v) there is a significant 
reduction in the surface tension to 51.8 mN/m compared to the value for distilled water of 72 mN/m. 
The value of the surface tension continues to decrease with increasing concentrations up to 5% v/v after 
which the surface tension remains constant at 38.6 mN/m, indicating that the surface is saturated with 
SAC and the formation of micelles has occurred. An interface laden with SAC, which in biological 
systems are typically quite large molecules, may lead to an interfacial resistance through the formation 
of a energy barrier to mass transfer which would explain the reduction in all the extraction rates from 
broth relative to the buffer. The organic soluble Softanols had little effect on the mass transfer rate 
from the filtered broth. This may be due to the SAC present in the aqueous broth having a greater 
influence on the mass transfer process, in comparison to the buffer system where the Softanols do 
reduce the mass transfer rate. Similarly, the enhancing affect of the aqueous soluble surfactants SDS 
and LDS is not as evident in the broth system as it is in the buffer systems and again this may be due to 
effects caused by the presence of microbial SAC, however turbulence is still present which discounts the 
possibility of a rigid layer damping turbulent transfer. 

158 



Biotechnology 

0 seconds 30 seconds 60 seconds 90 seconds 

0 seconds 5 seconds 45 seconds 90 seconds 

(a) 

0 seconds 20 seconds 40 seconds 60 seconds 

(b) 

(c) 

Figure 4 Schlieren images of the extraction of erythromycin from filtered broth . 
a) broth I 1-decanol. ; b) broth+ 2gll SOS I 1-decanol. ; c) broth+ 2gll LOS I 1-decanol. 

CONCLUSIONS AND FUTURE WORK 

It was found that the presence of soluble SAC in the filtered broth considerably reduced mass 
transfer. The presence of non-ionic surfactants had little effect but the anionic surfactants (SOS and 
LOS) were found to cause interfacial turbulence which increased the extraction rate by up to 55 %. 
Future work will include characterising the broth to establish which groups of compounds primarily 
influence the extraction process and the effect that these compounds and added surfactants have on 
solute diffusion rates close to the interface . 
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ABSTRACT 

RECOVERY OF ETHANOL FROM AQUEOUS 

SOLUTION BY EXTRACTION WITH 1-DODECANOL 
F Ruiz , V Gomis, N Boluda and H Bailador 
Departamento de Ingenieria Quimica. Universidad de Alicante, 
Aptdo. 99, E-03080 Alicante, Spain. 

The process of recovery by liquid-liquid extraction of ethanol manufactured in a fermentation process could be improved by 
using solvents such as 1-dodecanol which have a good separation factor. In this work, liquid-liquid equilibrium data for the 
ternary system water- ethanol- 1-dodecanol have been determined experimentally at 5, 15 and 30° C. The results obtained 
make it possible to carry out the design calculation of a proposed suitable extraction process for separating ethanol and water 
using fatty alcohol. 

Keywords: ethanol extraction, 1-dodecanol, fatty alcohols 

INTRODUCTION 

Fermentation ethanol from carbohydrates and other renewable raw materials is a potential 
large-scale fuel of the future . However, ethanol produced by using the conventional process of batch 
fermentation of sugars with yeast, followed by distillation to recover the ethanol, is uneconomic 
compared to fossil fuels .1 However new technologies for separating alcohol from water solutions may 
soon significantly lower the cost of producing ethyl alcohol by fermentation. 

Liquid-liquid extraction is one possible means of accomplishing this separation. Several 
investigators have obtained experimental data of distribution coefficients and separation factors at high 
dilution of ethanol for a wide range of solvents,2

'
3
'
4 although the design calculations cannot be done 

using only these data because they depend of the ethanol concentration. Along these same lines, in 
three previous works 5

•
6
•
7 different processes for the extraction of ethanol were studied. The design 

calculations of each process were carried out, and the properties that the solvent should offer to 
decrease the energetic requirements of the extraction process were studied. 

Also along the same lines, Gyamerah and Glover8 constructed a pilot plant for fermentation 
production of ethanol using liquid-liquid extraction with 1-dodecanol to remove the product and with 
recycling of the fermented broth raffinate. However the flow rate of the solvent had to be fixed 
without knowing the liquid-liquid equilibrium of the system water-ethanol-1-dodecanol. 

In this work, equilibrium data for this system have been determined experimentally at 5, 15 
and 30 °C. 1-dodecanol is the fatty alcohol of the longest carbon chain that is liquid at 25° C. The 
combination of liquid-liquid and liquid-solid equilibria at the temperature range of 5-30°C could 
improve the economical aspects of the extraction process. 

EXPERIMENTAL 

All chemicals (Merck) contained negligible amounts of impurities and were used as supplied. 
Firstly the binodal curve of the liquid-liquid equilibrium was obtained by titration 9 using the cloud 
point method. After reaching the end point of the titration, the refractive index of the homogeneous 
mixtures obtained was measured with an automatic refractometer (Leica AR600). A refractive index 
versus ethanol concentration curve was prepared for each temperature of study. 

Once the binodal curve was known, equilibrium data were obtained by preparing mixtures of 
known overall mass composition, stirring vigorously and settling at a constant temperature for at least 
72 hours to ensure equilibrium was reached. Then the measurement of the refractive index in each 
phase and its interpolation in the refractive index versus ethanol concentration curve for each 
temperature provides sufficient information to determine a tie line. 
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RESULT AND DISCUSSION 

Figures 1, 2 and 3 show the equilibrium diagrams in weight percentage at the different 
temperatures. As can be seen, at 5° C the ternary system does not present any region with two liquid 
phases in equilibrium. At higher temperatures (15° C) regions with two liquid phases and with three 
phases solid+liquid+liquid appear. Finally, when the temperature increases (30" C) the equilibrium 
diagram presents only a heterogeneous region that contains two liquid phases. These changes in the 
shape of the equilibrium diagram can be used to improve the process of extraction and recovery of the 
ethanol. 

In this respect, figure 4 shows the conceptual flow sheet of a process to produce anhydrous 
alcohol when a solvent less volatile than ethanol such as 1-dodecanol is used. Stream l containing for 
example 20 mol % ethanol and coming from the beer still of a typical fermentation plant is fed to the 
extraction column P. An extractive distillation column Q dehydrates the extract producing a bottom 
stream without water. The bottom stream only contains ethanol and the solvent and it is transferred to 
a second distillation column R where it is separated into an overhead stream containing only ethanol 
and a bottom stream containing the solvent, which is recycled. 

The improvements in the process are based on the easy separation of 1-dodecanol via 
crystallization (C) in the streams where it is the predominant component. Thus, the 1-dodecanol could 
be separated from stream 2 and used as entrainer in column Q. Moreover, the previous separation of 1-
dodecanol in stream 6 would decrease notably the cost of operation of column R. Both separations 
would produce important saving in the cost of the process. 

In this way, the melting and solidification of the solvent could be an excellent method to 
improve the economy of the process of recovery of ethanol from aqueous solutions. The results can be 
extrapolated to other heavier fatty alcohols although other ranges of temperatures should be used. 

Ethanol 

~ 0 

T=5°C 

c~-------,,--------.--------.-----~~ ~ 
Water 100 75 50 25 o 1-Dodecanol 

Figure 1. Representation of the equilibrium data (weight percent) for the ternary system 1-Dodecanol 
-Ethanol -Water at 5 oc 
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Ethanol 

~ 0 

~~~~~~~~~~~ 
Water 100 75 50 25 1-Dodecanol 

Figure 2. Representation of the equilibrium data (weight percent) for the ternary system 1-Dodecanol 
-Ethanol- Water at 15 °C 

Ethanol 

~ 0 

T=30°C 

~ ~-------,-------,--------.-----~~ ~ 
Water 100 75 50 25 1-Dodecanol 

Figure 3. Representation of the equilibrium data (weight percent) for the ternary system 1-Dodecanol 
- Ethanol -Water at 30 °C. 

163 



Proceedings ISEC'99 

7 

8 

p 

R 

3 4 

10 

Figure 4. Conceptual flow sheet of a process to produce anhydrous alcohol when 1-dodecanol is used. 
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ABSTRACT 

SOIL REMEDIATION BY SUPER CRITICAL 

EXTRACTION WITH SOL VENT RECIRCULATION 

UNDER QUASIISOBARIC OPERATION CONDITIONS. 

APPLICATION TO SOIL POLLUTED BY 

HYDROCARBONS 
E Alonso, JJ Alonso and MJ Cocero. 
Dept. Ingenieria Quimica. Universidad de Valladolid, 47006 
Valladolid. Spain 

Soil regeneration using C02 supercritical extraction processes is one innovative technique available nowadays. lbis 
technology has been successfully applied on a pilot plant scale basis to a variety of soil pollutants, for example, 
hydrocarbons, pesticides, phenols, i.e. persistent pollutants difficult to treat. Conclusions obtained from such studies indicate, 
that though this technology is highly valuable for treating specific types of soil, it is associated with a high cost of treatment. 
lbis is mainly the cost of re-compressing the supercritical fluid (usually C02), since it is necessary to de-pressurize to 
gaseous C02 to recirculate it free of contaminants and to operate under most favourable conditions. In the present work a 
novel alternative approach is presented lbis relies upon solute-supercritical fluid separation by adsorption onto activated 
carbon. Under these conditions the plant would be operating in a quasi-isobaric state and, therefore, the de-pressurization-re
pressurization cycle is avoided and energy costs minimized. The pilot plant used in this work has been designed and built at 
the Chemical Engilleering Department of Valladolid University. Normal operating conditions include 7-30 MPa and 30-70"C 
for a soil load of around I Kg. Results show that for a regenemtion time of 60 minutes, pollutant concentration was reduced 
to below 25 mglkg. 

Keywords: supercritical extraction, isobaric process, organic extraction, soil remediation, carbon dioxide 

INTRODUCTION 

Today pollution is mainly a direct consequence of inadequate urban, traffic and industrial 
practices. As such, there is a great dead of concern about their improvement to reduce pollution. But, 
in some cases, such as polluted soil, not only it is necessary to stop the ingress of new pollutants but it 
is also compulsory to eliminate the existing pollutants because of their threat to the environment. The 
Spanish National Inventory of Polluted Soils 95 detail 4902 registered sites. Five hundred million 
dollars have been allocated for the period 1995-2005 for studies and remediation treatment. 

Depending on the type of the pollutant to be eliminated, several conventional processes, 
including solvent extraction, biodegradation and incineration, have been proposed for soil 
regeneration. Though successful for some applications, in many cases they possess several 
drawbacks,' with generally poor efficiencies but even the production of more toxic by-products . 

Recently, solvent extraction using supercritical fluids has been postulated to overcome these 
drawbacks.2 It is claimed that supercritical fluid extraction (SFE) applied to soil regeneration renders a 
solvent-free soil at high efficiencies. Most of the literature cited supercritical carbon dioxide (SC-C02) 

as the solvent of choice.3 Though technically viable, poor pollutant solubility in SC-C02 makes the 
process costly in terms of C02 expenditure. To reduce it, recent developments are pointing to 
increasing pollutant solubility by using co-solvents .4 This approach would not be a straight forward 
solution, since it would produce a soil impregnated with co-solvent, that would require re-treatment to 
eliminate it. Also C02 re-circulation has to be carefully designed to balance pollutant recovery 
efficacy and C02 recompressions costs, which determine the overall energetic cost of the process. 

Bearing is mind the objective of C02 re-compression is cost minimization, acting on pressure 
and/or temperature in the separation step, so that the pollutant is recovered and C02 re-circulated, 
should be discarded, since to obtain C02 pollutant-free would imply a drastic reduction of pressure. 
Recently some authors have proposed isobaric COrsolute separations to reduce energy costY In this 
paper the feasibly of pollutant adsorption on active carbon under isobaric conditions is considered. 
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In order to accomplish this objective, a pilot plant for soil regeneration has been designed and 
built. It consists of a two-step integrated plant: pollutant C02 supercritical extraction and pollutant 
adsorption on active carbon. The pilot plant would operate under quasi-isobaric conditions, and C02-
SC re-circulation. It was designed to operate at P < 0 MPa, T < 80°C and C02 total flow of I to I 0 
kg/h. 

EXPERIMENTAL 

The flow diagram of the pilot plant is schematically presented in Figure I. It was based on an 
initial pressurized vessel acting as stripper (where the soil to be regenerated was placed), a second 
pressurized vessel acting as adsorber (where active carbon was placed), a pump for solvent supply and 
auxiliary equipment heat exchangers, pressure, temperature and flow meters. 
Both pressurized vessels were made of jacketed stainless steel tube end capped at the bottom and 
screws and flange at the upper end. Soil was placed inside a basket that was fitted to the walls by 
gaskets to avoid by-pass of the solvent. A diffuser at the bottom of the chamber achieved uniform 
distribution of solvent. When it was needed, a second desorber was placed in series. 

To prepare synthetic soils of the desired pollutant and/or specific concentration, a third 
pressurized vessel, similar to the ones cited above, was used as C02-saturator, so that C02 saturated 
with pollutant was desorbed over a standard soil. It was assumed that pollutant was uniformly 
distributed over the standard soil. 

A LEWA, diaphragm pump head type EHI , LEWA Herbert Leomberg (Germany) was used the 
admission valve of this pump will withstand 27.5 Mpa. In this way, direct pumping from the C02 
bottle (3-4 Mpa) and re-compression of the C02-recirculated was achieved with the same pump. 

Figure 1. Flow diagram of pilot plant for supercritical extraction under isobaric operation conditions. 
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Auxiliary equipment 

Heat exchangers were made of coils immersed in stirred temperature-controlled baths. Mass 
flow meters were RHEONIK RHM 01 GNT provided with an electronic unit RHE 08. Tubing (114 
inch) and valves were from commercial pressure equipment and junctions were made using 
commercial tube fittings . 
Acquisition data systems, pressure and temperature meters were from Desin Instruments Barcelona 
(Spain). A whole plant view is presented in Figure 2. 

Figure 2: View of pilot plant. 

Operating procedure 

The pilot plant was used to study soil regeneration of industrial soil polluted by hydrocarbons 
from "El Fangal" Murcia Spain. Soil pollution in this works was typically around 2000-5000 mglkg as 
measured by infrared method. 7 It may be considered an aged-type material since it is recorded as 
being polluted for the last 20 years. 8 Industrial granular active carbon used was Chemviron F 300 
which is claimed to be useful for separation of organic pollutants in water. 

Because of the lack of European and Spanish legal limits for a soil to be considered polluted by 
organic compounds the Dutch legal limit of 50 mg/kg was selected as an upper limit for the soil to be 
considered as "no risk" and for multifunctional use, that is, de-contaminated.9 

Pilot plant operation was started by loading the soil in the basket and placing it into the stripper. 
Previously, active carbon was placed in the adsorber, then the operation variables: pressure, flow, 
stripper and adsorber temperatures were set. Once selected temperatures were reached, the C02 

circulation was initiated. 
Evolution of total hydrocarbon concentration from the soil at times 0, 30, 60 and 90 minutes 

was studied. Each experiment was repeated three times by using three soil loads. 

RESULTS 

Mineralogical or chemical analysis of the soil was out of place since it was made of little stones, 
pieces of bricks, etc., a typical land filling dump. When portions of this material were loaded into the 
pilot plant and treated, soil regeneration was not achieved. Typical total hydrocarbon concentration of 
around 500 mglkg was achieved after 90 minutes and longer. When the size was reduced, soil 
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regeneration was achieved. It was concluded that diffusion in the particle was the limiting process for 
regeneration. 
Figure 3 shows the total hydrocarbon concentration versus time for a 2000 mg/kg polluted soil, 
particle size< 212 mm, at a pressure of 25 Mpa, stripper temperature 45°C, adsorber temperature 35°C 
and 4.5 kg/h flow of carbon dioxide. After 60 minutes pollutant concentration was under 25 mg/kg, so 
that soil regeneration process would be finished. 

Figure 3: Total hydrocarbon concentration versus time. 
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ABSTRACT 

ORGANIC SOLVENT-FREE EXTRACTION OF 

PHENOL THROUGH LIQUID-COACERVATE 

SYSTEMS 
E Lins de Barros Neto, JP Canselier and C Gourdon 
Laboratoire de Genie Chimique (UMR CNRS 5503 INPT
UPS) Ecole Nationale Superieure d'Ingenieurs de Genie 
Chimique, 18, chemin de Ia Loge, F31078 Toulouse 
Cedex 4, France 

Two-aqueous phase extraction processes appear as an answer to the restricted use of organic solvents on a large 
scale. The cloud-point property of polyethoxylated nonionic surfactants is turned to account in liquid-coacervate 
extraction of phenol. The phase diagrams of a few H20/nonionic/CJI50H systems are investigated. Isoresponse 
curves regarding the efficiency of phenol extraction, the volume fraction of coacervate and the residual 
concentrations of phenol and surfactant in the dilute phase are presented. High yields in phenol extraction can be 
achieved. The feasibility of a stripping procedure for coacervate recovery using calcium hydroxide has been 
checked. The pseudophase model for microemulsions is able to predict the percentage of phenol extracted. 

Keywords: liquid-coacervate extraction, nonionic surfactant, cloud point, phenol, pseudophase model, aqueous two
phase extraction 

INTRODUCTION : OVERVIEW, AIM OF THE STUDY 

Adsorption of surfactants at interfaces, reducing the surface free energy of liquid-liquid 
systems, makes them useful in liquid-membrane, reverse micelle or microemulsion extraction 
processes.14 However, nowadays, the restricted use of volatile organic compounds, often 
toxic, is a difficult challenge. Water/polyethoxylated nonionic surfactant (EONIS) systems 
offer an interesting opportunity in the field of extraction processes with no need for organic 
solvent, thanks to the existence of a lower consolute point curve. The origin of this phase 
separation with a temperature rise lies in a delicate balance between repulsive and attractive 
solute-solute and solute-water interactions, associated with entropy increase. 5•

6 A huge amount 
of experimental studies on such cloud point phenomena has been so far accumulated, 7•

8 

including the influence of surfactant molecular structure and additive effects.9
-
12 A temperature 

rise above the cloud point of the solution will allow solubilization and concentration of a 
hydrophobic or amphiphilic substance into the so-called coacervate (surfactant-rich phase), thus 
removal of the said substance (with possible recovery) from the original aqueous solution. This 
operation has been known for years as liquid-coacervate or cloud-point extraction.13

-
1 5 

EXPERIMENTAL 

Choice of systems 

As model systems, aqueous phenolic solutions of alkylphenol or alcohol ethoxylates 
will be considered.16-

18 Phenol is chosen as a model pollutant as its physical removal and 
chemical destruction have been very often considered by means of various techniques.19 The 
EONIS, belonging to the octylphenol ethoxylate (TRITON XIOO and Xll4 with 9-10 of 7-8 
EO units), nonylphenol ethoxylate (NONAROX 575 and TRITON N101 with 5 or 9-10 EO 
units) or terminated alcohol ethoxylate (TRITON DF12 and DF16) families, show cloud point 
values ranging from below room temperature to 66°C. They were kindly provided by SEPPIC 
or Rohm & Haas and used as received. The phenol sample was of analytical grade. Distilled 
water was used throughout. Coacervate and dilute phases were analyzed by reversed phase 
HPLC. 
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RESULTS AND DISCUSSION 

Phase diagrams 

Partial phase diagrams ofH20/EONIS systems were constructed (figure Ia). As already 
noticed with a DFI6 sample/0 the cloud curve of terminated alcohol ethoxylates {TAE) shows 
an unusual shape. 
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Figure 1. Partial phase diagrams of the H20/EONIS systems: 
a) EONIS: alkylphenol ethoxylates and terminated alcohol ethoxylates; 
b) Effect ofNaCl and phenol on the cloud-point of Triton XlOO 

The location of the phase separation curve and the cloud point coordinates are often 
very sensitive to the effect of an additive. As with a lot of strong electrolytes (lyotropic 
solutes), NaCI lowers the cloud point (figure lb), both ions being considered as structure
makers.10 Besides, the cloud-point lowering due to an amphiphilic solute, such as phenol 
(aqueous solubility: 8.0 wt. % at 25 °C, log P = 1.5), is more noticeable at low surfactant 
concentrations and the curve looks like those of TAE (figure Ia). It is likely that 
micellarsolubilization opposes the salting-out effect to a certain extent. It is likely that micellar 
solubilization opposes the salting-out effect to a certain extent. On the other hand, the addition 
of a second nonionic surfactant to a binary system leads to a phase separation curve 
intermediate between those of pure components.21 

The ternary phase diagrams of some H20/EONIS/CJ{50H systems (EONIS: TRITON 
XIOO, Xll4 and NONAROX575 at t = 45 °C; TRITON Xll4 at 29.2 °C} are represented in 
figure 2. In these phase diagrams, two two-phase regions are observed visually. However, 
except for TRITON Xll4 at 29.2 °C, only one of these appears in the above schemes: the 
second one, close to the water corner and the water-surfactant side is quite narrow and its 
delimitation would require a much larger scale. This would still be more difficult for the three
phase domain, located in-betweeen. In figure 2d, the tie-lines of the upper two-phase region 
join a very dilute, nonmicellar aqueous phase and the coacervate, whereas in the lower one the 
dilute phase contains micelles. The strongly ascending slope of the tie-lines in the upper two
phase region gives information on the high extracting power of the coacervate. 
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Figure 2. Partial phase diagrams of systems H20/EONIS/CJf50H: a) TRITON XlOO, 45°C; b) 
NONAROX 575, 45 °C; c) TRITON DF16, 45 °C; d) TRITON Xll4, 29.2 °C 
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Figure 3. System H20/TRITON Xll4/CJf50H: a) phenol extraction percentage; b) volume fraction of 

coacervate; c) residual concentration of phenol in dilute phase; d) residual concentration of 
surfactant in dilute phase 
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Phenol extraction 

The results of the extraction experiments are expressed as : percentage of phenol 
extraction, volume fraction of coacervate and residual concentrations (phenol and surfactant) in 
dilute phase as functions of overall surfactant concentration (weight percentage, XT) and 
temperature (T). Initial phenol concentration was kept constant (0.15 wt. %). 
Each series of data (response Y), fitted to a quadratic model : 

y =Co+ CIXT + C2T + c i2XTT + CnXT2 + c 22T2 

which allows the drawing of iso-response curves (figure 3) from a set of six equations yielding 
six coefficients . With the systems studied, the extraction yields of phenol proved to be fairly 
high. As expected, the yield is an increasing function of the overall surfactant concentration and 
a slow decreasing function of temperature. In the optimum conditions, this yield amounts to 
90% or more. For instance, it reaches 93 .6% for an overall concentration of 13 wt.% of a 
mixture of TRITON X100/NONAROX575 (2/1 weight ratio) at 42.5 °C, that is 5 oc above the 
cloud point. The residual surfactant concentration in the dilute phase (0.01%) is only 0.08% of 
the initial amount. On the whole, the volume fraction of coacervate decreases with a 
temperature rise and with a higher surfactant dilution. The dilute phase contains less phenol and 
less surfactant for higher overall surfactant concentrations, and less surfactant at higher 
temperature. 

Thermodynamic model 

The present approach consists of an adaptation of the pseudophase model for 
microemulsions22

-
27 to water/surfactant/solute systems. In a ternary system, the solute is 

distributed between the true phases (dilute and coacervate) and between the pseudophases 
(aqueous" and "membrane") as well. The distribution constant of the surfactant between the 
pseudophases, KT, is easily derived from the expressions the chemical potentials of the 
surfactant, and the true phase compositions are determined through simple mass balance 
calculations 21 If a solute is present, its effect on the erne must be considered; the distribution 
constant, Ks, of the solute between the two pseudophases and additional terms in the mass 
balance equations are also involved. This model is applied to the extraction of phenol by Xl14 
coacervate (KT = 3.45*105

; Ks = 269).21 Predicted phenol concentrations (Xs,w and xs.d in both 
true phases agree with experimental ones (dilute phase: slope, xs.w(cal) = 1.05 xs.w(exp), p2 = 
0.988; coacervate: slope, xs.c(cal) = 0.994Xs.c(exp), p2 = 0.9999). 

Continuous process 

First of all, consider the kinetics of phase separation after a I minute stirring at 300 
rpm. From figure 4a, it is quite noticeable that the equilibrium volume fraction of coacervate is 
reached from higher or lower values according to the overall surfactant concentration. For 
higher surfactant concentrations, the dilute phase separates immediately from the coacervate 
(continuous phase) with its equilibrium composition. On the contrary, in the lower surfactant 
concentration range, both phases exchange their role and the coacervate composition does not 
change with time. Around 6% surfactant, volume fractions remain constant, but the separation 
of the two turbid layers is much longer. On the hand, as shown in figure 4b, phase separation 
through heating of the homogeneous medium is quite straightforward. It always takes place 
along with a decreasing volume of coacervate. The aqueous phase is transparent and in the 
equilibrium state. 

The principle of a two-stage cross-cument process for phenol extraction is summarized 
in figure 5. Starting from adequate amounts of aqueous solutions containing 0.365 wt.% phenol 
(point F) and 14 wt.% TRITON X114 (pointS), respectively, leads to point M1, represented by 
equilibrium phases of respective compositions Rl and E1 . Further addition of "solvent" gives 
point M2, corresponding to equilibrium phases of compositions R2 and E2. Finally, between 
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the feed and the second raffinate a 140-fo1d reduction of the initial phenol concentration is 
achieved. 
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Figure 4. System H20ffriton X114/CJI50H (0.15 %): Phase separation as a function of time: 
a) contact by stirring, t = 26 °C; b) phase separation through heating of the homogeneous mediwn, t = 
40°C. Symbols in the box refer to initial surfactant mass percentages 
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Figure 6(right). Percentage of phenol recovery vs. Ca(OHh(mg/rnl), CJI50H: 0.20 wt. o/o, t=38°C; and 
vs. temperature (0 C), CJI50H: 0.24 wt. %, Ca(OHh = 0.159 wt. %. 

TRITON X114: l0.5wt.% in both cases 

Back extraction and coacervate recovery 

The weakly acidic properties of phenol (pK. = 9.8) makes it possible to recover the 
coacervate through addition of a strong base, such as sodium or calcium hydroxide, followed 
by heating and phase separation. In fact, the surfactant does not interact anymore with the 
strongly hydrophilic phenolate ion. The introduction of solid Ca(OH}2 is especially suitable, 
since i) calcium phenolate is water-soluble and concentrates in the new aqueous phase, ii) no 
dilution water is added and iii) coacervate may be further purified, e.g. by adding oxalic acid 
(going back to neutral pH and precipitation of calcium oxalate). The results presented in figure 
6 are related to experiments performed with TRITON X114. These experiments show that a 
high amount of phenol is removed from the coacervate. 
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CONCLUSION 

Liquid-coacervate extraction, using aqueous solutions of polyethoxylated nonionic 
surfactants, is a powerful operation for the purification of liquid effluents. High yields can be 
achieved in phenol extraction and "chemical" stripping ensures concentration of the polluting 
solute and recycling of the surfactant solution. To describe and predict the behaviour of such 
systems, a thermodynamic model, based on the pseudophase approximation, has been 
developed. A continuous process, currently under study, already shows good performances. 
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ABSTRACT 

REMOVAL OF VOCS FROM WASTEWATER WITH 

MEMBRANE EXTRACTION 
Yujun Wang, Shenlin Zhu and Youyuan Dai 
Chemical Engineering Department, Tsinghua University, Beijing 
100084, China 

Removal of VOCs with membrane extraction from waste-water has attracted many researchers. In this paper, Kerosene
Chloroform-Water is used as experimental system. In hydrophobic polypropylene hollow fibre module the mass transfer 
characteristics of membrane extraction process have been studied. The overall mass transfer coefficient based on aqueous 
phase Kw is calculated and the reasons for deviation between the experimental value and the calculated one have been 
studied. The results indicate that the resistance of mass transfer is mainly from the diffusion in aqueous phase, but the non
ideality of the shell-side is the major factor causing the deviation. By the calculation ofliTU, the high performance ofMHF 
is proved. It is also shown that MHF is highly efficient for removal of the COD value of chloroform solution. 

Keywords: hollow fibre membrane extraction, VOCs, wastewater treatment, chloroform 

INTRODUCTION 

Contamination of water supply by volatile organic compounds is an established problem. 1 

These contaminants are highly toxic to human beings and animals. Such water is formed in so many 
industrial processes that removal of VOCs is necessary before the water can be used. Current 
technology for removal of volatile contaminants includes active carbon adsorption, packed-tower 
aeration and oxidation method. Each method has significant strengths as well as considerable weakness. 

A new approach to this problem is studied here. Volatile organic compounds are removed from 
water into a stripping oil in dispersion-free extraction across a microporous membrane. Membrane 
based non-dispersive extraction is characterized by the stabilization of the organic-aqueous interface at 
a porous material, avoiding the dispersion of the organic phase into the aqueous phase or vice versa and 
thus eliminating emulsion formation or phase entrainment. 2.

3 Additional advantages have been widely 
mentioned in the literature4

'
5 These specific characteristics of the non-dispersive extraction make it an 

interesting technology for its use in the removal of VOCs from waste-water. Membrane extractors for 
this experiment consist of hydrophobic polypropylene hollow fibres. Water containing chloroform is 
pumped through the interior of the fibres and an oil with high affinity for the organic compounds studied 
is pumped counter-currently to the water on the exterior of the fibres . The chloroform are stripped from 
the water phase across the membrane and concentrated in the oil in response to a chemical potential 
gradient. The contaminant concentrated in the stripping oil may be removed by distillation and the oil 
and solutes may be reused if desired. 

EXPERIMENTAL 

The characteristics of experimental systems and parameters of modules are presented in the follow 
tables .(table I and table 2) 

Table 1 Structural Parameters of Modules 

Parameters I (xl0'3m) Di(xl0'3m) n 'tm do(x 10-6m) tm(x!0-6m) <p Em 

Module A 300 32 3600 2 400 30 0.563 >0.3 

ModuleB 600 32 3200 2 450 45 0.633 >0.3 
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Table j2 Characteristics of the Experimental Systems 

Experimental Systems m \)o (m2/s) Dw (m2/s) D0(m2/s) 

Kerosene-chroloform-water 118.2 2.5jAto-8 • -9 
0.99jAlO 

• -9 
0.50jAlO 

The initial and final water phase concentrations were analyzed by gas chromatograph equipped 
with a capillary column and a hydrogen flame detector. Samples were directly analyzed by GC without 
pretreatment. The chemical oxidation demand value of water phase was measured by standard 
potassium dichromate oxidation method. In addition, the distribution coefficient of this experiment 
system was found to be 118.2. 

RESULTS AND DISCUSSION 

Assume both phases are plug flow and solute distribution coefficient m is constant over the 
concentration range, the overall mass transfer coefficient based on the aqueous phase Kw can be 
obtained:6 

(I) 

where L,.j¢L0 represents the aqueous phase flow rate and oil phase flow rate, respectively. Xo j¢x1 are 
the inlet concentration and outlet concentration of aqueous phase, respectively. 

According to the binary film theory, for hydrophobic membrane, the correlation between Kw and 
individual mass transfer coefficient is obtained: 

I I I I 
--=-+--+--
K k mk mk (2) 

w w m o 

Many workers have studied mass transfer characteristics of membrane extraction and obtained many 

individual mass transfer coefficient correlations for prediction. The typical correlations are: 7 

d2 1 

k,. = 1.62 D.,. (~)3 
dj /D.,. 

(3) 

(4) 

(5) 

where Uwj¢uo presented the superficial velocity of the water phase and oil phase. de is the 
D2 - nd2 

equivalent diameter of shell side d. = 1 d 1 

n; 

The quantity HfU (Height of transfer unit) is defined by : 
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2 1( 2 1( 2 
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For the experimental system with m>> I , the second term and the third term in the right of 
Equation (2) can be neglected. Consider the distribution coefficient of this system is 118.2, then K~k,.. 

From Equation(3), ~~kw oc u 113
. The results indicate that the mass transfer coefficient increases with 

the increasing water flow rate. And there is a rapid increase of Kw in low Uw, while slow increase of Kw 
in high Uw. It is shown that Kw varies linearly with u to the power of 1/3 (Figure 1). Other results show 
that no significant change in mass transfer coefficient accompanies a change in oil flow rate at a 
constant water flow rate (Figure 2) . All of these illustrate that using a membrane extractor the overall 
mass transfer coefficient for this experimental system with a high distribution coefficient is mainly 
controlled by the aqueous phase film transfer coefficient. 

For module A and B, the predicted value of Kw can be calculated from Equation (2) to Equation 
(5) at the given operation conditions. Kw as a function of u 113 is also plotted in Figure 1. It is obvious 
that the predicted Kw is much higher than the 
experimental one. The differences in the predicted 
value and experimental value can be due to the high 
packing density of hollow fibre membrane extractor. 
For module A, packing density <p is 0.5625; for 
module B, <p=0.633 . The fluid flow of oil phase in 
shell side is not ideal plug flow because of swelling 
deform of hollow fibres . 'Dead zone '-regions where 
fibres are close or touch can leads to the reduction of 
mass transfer area and channeling also exists in shell 
side. These cause the increasing of resistance of mass 
transfer and decreasing of mass transfer coefficient. 

• module A 
• module B 

.. 

2 ~ 3 
K.,'{x1 0 m/s) 

Figure 3. the relation in K .. and Kw' 

The method similar to that in literature6 is used to modify the predicted mass transfer coefficient, 
assume: 

Kw'= (-0.27 +arp-brp2 )Kw" (7) 

where Kw' is the modified predicted value, Kw" is the initial predicted value obtained from Equation 
(2)to Equation (5). The experimental data are put in the Eq(7) . The fitting result is a=7.86,b=9.93. 
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Comparison in the modified predicted Kw' and the experimental value is shown (Figure 3). Obviously, 
the modified correlation is satisfying. 

Separation Efficiency 

The extraction percentage declines with the decreasing the ratio of Lo!Lw at a constant oil flow rate 
(Figure 4). But even though Lo!Lw is very low, the extraction percentage is still high. 
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0.95 r:? ·; 
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Additionally, the extraction percentage of module B are higher than that of module A. This is due to the 
length of module B is as twice times as module A and mass transfer area of module B is larger. 
The HTU value can be obtained from the Equation (3) and the Equation (6): 

(HTU) oc u 
213 

• L113 
• d

4 13 
W W I 

the HTU values achieved with membrane contactor are very low (Figure 5). This proves that mass 
transfer efficiency of hollow fibre membrane extraction is very high. Moreover, the HTU values 
increase with the increasing of water superficial velocity. The HTU values are linear with u213 

Removal of COD 

As we now know, the efficiency of removal of chloroform using membrane extraction is very high. 
Though the concentration of chloroform in water phase and its chemical oxidation demand value have 
no certain mathematical correlation, the trend of their changes is similar. The result of removal of COD 
for module A and module B are shown in the follow tables.(table 4 and table 5) 

Table 4 Removal of COD (module A) (the inlet concentration of aqueous solution is about 1600mg/L) 

Lo(cm3/min) Lw(cm3/min) LJLw The COD values of 
raffinate(mg!dm3

) 

3.47 45 .3 0.077 83 .3 

3.45 63.9 0.055 81.8 

3.48 80.1 0.043 108.5 

3.46 94.5 0.037 146.9 

3.47 123.0 0.027 123.7 
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Table 5 Removal of COD( module B) (the inlet concentration of aquous solution is about 2400mg/dm3
) 

L0 (cm3/min) Lw(cm3/min) Lot'Lw The COD value of 
raffinate(mg/dm3

) 

2.99 32.2 0.093 63 .9 

3.02 45 .1 0.067 50.0 

3.05 63.8 0.048 65.4 

2.97 80.4 0.037 69.1 

3.02 94.7 0.032 88.3 

3.00 123.0 0.024 86.3 

CONCLUSIONS 

Through experiments, it is proved that hollow fibre membrane/oil stripping is an efficient 
method for the removal of volatile organic compounds from water. The research illustrates that mass 
transfer increases with the increasing water flow rate at a constant oil flow rate for two different types 
of modules. No significant change in mass transfer coefficient accompanies a change in oil flow rate at 
a given water flow rate. These indicate that the diffusion of the solute from the bulk water phase to the 
membrane surface is dominated. The non-ideal flow in shell side causes the difference between the 
experimental overall mass transfer coefficient and the predicted one. The HTU values achieved with 
membrane extraction are low and the relation in the HTU values and u213 is linear. Many data show that 
even though the ratio of two phases flow rate is very low, the percentage of removal of volatile organic 
compounds achieves high. The COD values ofraffinate are satisfying. 

NOTATION 

The following symbols are used in this paper: 
A= surface area of mass transfer(m2

) ; 

D= module diameter (m); 
D;= Dw,Do diffusivity of solute in water,oil phases,respectively(m2/s); 
do= fibre outer diameter (J.Ull); 
Kw= overall mass transfer coefficient based on water phase.(rn/t); 
Kw,km,ko=individual mass transfer coefficient in water, membrane, oil phases, respectively(rn/s); 
I = fibre length (m); 
Lw,Lo =aqueous phase flow rate and oil phase flow rate (cm3/min); 
n= number of fibres 
tm= membrane thickness(f.lm); 
Xo,x1= the inlet concentration and outlet concentration of aqueous phase respectively (kg!m\ 

'tm=membrane tortuosity; 

vo= kinematic viscosity(m2/s); 

em= membrane porosity; 

<p= packed fraction of module. 
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ABSTRACT 

REMOVAL OF DYESTUFFS FROM DILUTE 
SOLUTION WITH ELECTRO-EXTRACTION 
GS Luo, YC Lu, WB Jiang and YY Dai 
Department of Chemical Engineering, Tsinghua University, 
Beijing 100084, China 

Electro-extraction, a coupled separation teclmique of solvent extraction with electrophoresis, was used to remove dyestuffs 
from their stream. A study of the characteristics of the separation teclmique was carried out with n-butanol I acid-chrome 
blue K I water, and n-butanoll methyl red I water as working systems. A continuous separation equipment was designed 
and used in this work. The influences of two-phase flow, field strength, and concentration of the feed on the recovery of 
solute were studied. The results showed that very higher recovery of solute with less solvent consumption could be 
achieved by using this teclmique to remove dyes from their streams, especially for the separation of the dilute solution. 
With the field strength increasing, the recovery and mass flux increase. When the feed flow rate and the initial solute 
concentration increase, the recovery decreases and the mass flux increases. 

Keywords: dyestuffs, electro-extraction, butanol 

INTRODUCTION 

With the development of biotechnology and environmental science, many new separation tasks 
required by industry are separation of solutes from dilute solutions. Normally it is very difficult to 
achieve high recovery by using conventional separation technologies. Dyestuffs removal from their 
dilute solution is one of such examples. 1

•
5 

Two-phase electrophoresis is a coupled separation technique of solvent extraction with 
electrophoresis. The new separation technique was first developed by J. Stichlmair, et al.6•

7 The 
convention mixing effect caused by difference of temperature and concentration of solute in the 
separation solution in electrophoresis separation can be nullified or controlled by the stable liquid-liquid 
interface. Some reported results 6- ll on the use of the technique have shown the new technique is a 
promising separation process. The aim of this work is to use the new technique to separate dyestuffs 
from dilute solution. 

EXPERIMENTAL 

Materials and Equipment 

Acid-chrome blue K, and methyl red were purchased from Beijing Chemical Products 
Company, and n-butanol was obtained from the Chemical Solvent Products Factory of Beijing. The 
dyestuffs concentration was analysed with a PC 801 colorimeter at the wavelength of 520nrn. The setup 
of experimental apparatus is shown as figure L Water jackets were designed to control the experimental 
temperature at room temperature. The anode electrode was inserted in the organic phase and the cathode 
electrode in the water phase. The size of the electro-extraction equipment was length 8 em, width 5 em 
and height 2 em. The distance between the two electrodes was 1. 7 em. 

In this work, conventional liquid-liquid extraction experiments have been carried out with n
butanol as solvent Almost no acid-chrome blue K was extracted by n-butanol, conversely, almost all 
the methyl red was extracted by the organic phase. So, in electro-extraction process, n-butanol was used 
to extract acid-chrome blue K and methyl blue from their aqueous solutions, and water was used to 
extract methyl red from its organic solution. 
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I. Light phase outlet 2. Feed inlet 3. Electrodes 4. Water jackets 5. Light phase inlet 
6. Heavy phase outlet 7. Amperemeter 8. Voltmeter 9. Electropherosis apparatu 
10. Gas hole 

Figure 1 The Configuration of the Experimental Apparatus 

RESULTS AND DISCUSSION 

Influence of Electric Field Strength on recovery (R) 

9 

Figures 2 and 3 show the influence of field strength (U) on the recovery ratio of acid-chrome 
blue K, and methyl red respectively. It can be seen that the recovery ratio (R) increases with an increase 
of the field strength (U) while all other experimental conditions are unchanged. This is because when the 
other experimental conditions are not changed, the velocity (v) of a solute migrating to the phase 
interface will increase with increasing field strength. Therefore, for the same flow rate more solute will 
pass through the interface to be recovered and a much higher recovery will be reached. If the field 
strength is increased high enough, as much as 100% recovery will be achieved. As to methyl red, it can 
be seen that n-butanol will be re-generate very well by the technique, although the solubility of methyl 
red in n-butanol is very high. 
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Figure 2 Influence of Field Strength on 
Recovery of Acid-chrome Blue K 

Field Strength, U (v/cm) 

Figure 3 Influence of Field Strength on 
Recovery of Methyl Red 

Influence of Feed Flow Rate on Mass Flux and Recovery 

The mass flux, defined as the amount of solute passing through the interface per second, is 
plotted vs. the flow rate of the feed in figures 4 and 5. 
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One can see that the mass flux increases with increasing the flow rate of the feed when the other 
experimental conditions are the same. These results also mean that the mass transfer coefficients of the 
solutes are increased with increasing feed flow rate. As is well known, the mass flux strongly depended 
on the driving force for a solute. The driving force is decided not only by the field strength, but also by 
the flow conditions and the solute concentration. The mass transfer here will include electrically driven 
migration, diffusion, and conventional driving forces. In the case of transport across a stable interface, 
the effect of convection may be negligible. In this separation process, the contact time of the two phases 
will be decreased with the increase of the flow rate. Under the same experimental conditions, the solute 
concentration in feed stream for the high flow rate is decreased much more slowly than that for the low 
flow rate. This means that there are much more charge solutes moving to the other phase under the same 
field strength per second for the high flow rate, which causes the mass flux to be increased. Meanwhile 
when the equilibrium concentration of the dyes in the butanol phase is very low, or very high, the back 
diffusion will influence the mass transfer. The higher flow rate will make the solute concentration in the 
feed phase larger, therefore, the rate of back diffusion at high flow rate will be less than that at low flow 
rate. Moreover, the boundary layer at the interface may decrease due to the higher flow rate, which 
causes the mass transfer coefficients to be increased. All these factors may cause the mass flux to 
increase with increasing flow rate. Of course the charges passing through the interface are not the same 
as that in the bulk phase, and as there are few research works on the movement of charges in the organic 
phase, so that, the mechanism of this phenomenon needs further study. 

As shown in figures 2 and 3, the recovery decreases with increasing flow rate. This is because 
with increasing flow rate, the total solute in the feed increases, consequently the recovery ratio 
decreases. 
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Influence of Solute Concentration on Mass Flux and recovery 

Figures 6 shows the influence of initial solute concentration on the mass flux for acid-chrome 
blue K. When the other experimental conditions are the same, the mass flux will increase with 
increasing solute concentration. This is because much more solute passes through the interface under the 
same field strength when the initial solute concentration increases. But with the initial solute 
concentration increasing, the total solute concentration also increases, consequently, as shown in figure 
7 the recovery ratios decrease. 
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A Mixed Process of Extraction and Electro-extraction 

Based on the experimental results, a mixed process of extraction and electro-extraction for the 
recovery of dyestuffs may be suggested. As is well known, most dyestuffs are charged compounds, and 
can be divided into two kinds according to their solubility in organic solvents, i.e. high solubility and 
low solubility compounds. For dyestuffs with a high solubility in organic solvents, they can be 
recovered by solvent extraction from their dilute solution, then the loaded organic solvent can be 
regenerated by electro-extraction. While for the dyestuffs with low solubility in organic solvents, they 
can be separated from their dilute solution by electro-extraction, then the solutes could be back 
extracted by water from the loaded solvent. 
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The results showed the coupled separation technique of solvent extraction with electrophoresis 
is an example of a very useful technique for recovering dyestuffs from their dilute solution. With 
increasing field strength, the recovery and mass flux increase. When the feed flow rate and the initial 
solute concentration increases, the recovery decreases and the mass flux increases. A much higher 
recovery ratio of solute with less solvent consumption can be achieved by using this technique, 
especially for separation from dilute solutions. If the field strength and flow rates of the two phases are 
well controlled, almost 100% recovery can be reached. Thus a mixed separation process of solvent 
extraction and two-phase electrophoresis could be a highly efficiency process for the separation of 
dyestuffs. 
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ABSTRACT 
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Tiris paper presents a study of the recovery of a mixture of nitric and hydrofluoric acids, as well as iron, nickel and chromium 
present in industrial wastes from stainless steel pickling processes. Two process routes have been investigated. Acids are 
recovery by solvent extraction using tributylphosphate as extractant and a pure aqueous phase in the stripping step. 
Continuous tests were carried out in a pulsed column with an effective height of 185 em and an internal diameter of 26 mm. 
Hydrodynamic parameters were investigated for simulation propose. Iron and nickel are recovered by solvent extraction 
using a mixer-settler cascade, while chromium is recovered by precipitation. This study lead to the definition of the process 
parameters for both of the proposed routes, with a high acids and metals recovery rate. 

Keywords: pickling liquor, acid, pulsed column, TBP, D2EHPA 

INTRODUCTION 

Over 2 million tons of stainless steel are produced annually in the world, 10% of which comes 
from Brazil. Stainless steel is pickled in the final steps of the production line in acid bath to remove 
the oxides layer that is formed on the its surface. The pickling solution is a mixture of nitric and 
hydrofluoric acids. Due to this pollution potential and corrosiveness this waste is considered hazardous 
from the environmental legislation viewpoint1

. 

In general, neutralization is carried out before the discharge of this pickling bath, resulting in the 
precipitation of the metals and anions present in the solution. The re-utilization of both acids and 
metals, which represents large savings potential, is thus made impossible. In other countries process 
development studies for the recovery of valuable acids and metals present in these industrial waste 
have been devised, leading to commercial applications aiming at the reduction of the environmental 
impact, while keeping a favorable economic balance.1·2.

3 

The technique of solvent extraction, by its selectivity, has been broadly applied to the recovery 
of elements present in aqueous solutions with a high degree ofpurity.4 

This paper presents a study of the recovery of acids and metals present in the industrial pickling 
waste liquor, through two process routes. In the first, the acids are recovered by solvent extraction in a 
pulsed column, followed by metals precipitation. The second and more complex route, includes the 
separate recovery of the metals. Iron and nickel are recovered by solvent extraction using a mixer
settler cascade, while chromium is recovered by precipitation. 

EXPERIMENTAL 

Materials 

The aqueous phase used in this work was waste liquor from stainless steel pickling processes. 
The composition of the waste is shown in table I. 

Tributylphosphate {TBP) diluted in iso-paraffin was used as extractant for the acids extraction 
and water as stripping agent. Di-2-ethylhexyl phosphoric acid (D2EHP A) was used for the recovery of 
iron and nickel in the extraction step, and hydrochloric acid in the stripping step. 
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Apparatus and Measurement Techniques 

Acid extraction and stripping were tested in a pulsed column as shown on figure 1. The main 
section (1) consisted of a 185 em glass tube with internal diameter of 26 mm enclosing a stack with 37 
perforated plates . The distance between the plates was 50 mm. The diameter of the holes in the plates 
was 3 mm and the hole area 23 % of the column area. The diameter of the top (3) and bottom (2) 
settlers of the column was 75mm. The aqueous and organic phases were fed in counter current flux 
through peristaltic pumps (4) which permit constant flows, essential to maintain a stable operation. 
The pulse was generated with a diaphragm pump (5) . The amplitude could be varied between 0 to 15 
mm and the frequency between 0 to 120 cycles per minute . Metals extraction and stripping were tested 
in a mixer -settler cascades of capacity of 0.15 Llh and 3. 3 Llh . 

Hydrodynamic parameters were investigated to determinate the operating conditions of the 
pulsed column. Flooding point was measured by two different methods . The first one consists on 
visual observation of accumulations of dispersed phase at individual points in the column that block 
the counter-current flow, and sometimes a phase reversal can also be observed. Measurement of the 
rates of the phases running out is another method. In steady state, the mass flow of raffinate and 
extract are constant. If, however , the counter-current flow is disturbed by flooding, the dispersed phase 
running out is reduced and the continuous phase rise , until fmally the dispersed phase is discharged 
together with the continuous phase . 

Dispersed phase hold-up was determined by drainage method. The column was allowed to 
operate at the desired conditions until steady state was reached, at which time all inlet and outlet flow 
rates were simultaneously stopped, and the droplets allowed to settle. The dispersed phase was then 
drained into a measuring cylinder , and the volume determined. 

Mass transfer performance was investigated by measuring the inlet and outlet concentration 
flow and used a simulation program to determine the performance parameters . 

In all experiments the metals Fe, Cr and Ni were analyzed by atomic absorption. Fluoride and 
nitrate were measured with a selective ion electrode and acidity was determined by potentiometric 
titration with sodium hydroxide. 
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Figure 1 - Diagrammatic arrangement of pulsed 
column. 

RESULTS 

Process Routes 

Table 1 - Chemical characterization of the 
waste solution. 

No3-

F' 
Fe3+ 
Ni2+ 
cr3+ 

mo 
110 g/L 
45.3 g/L 
30.2 g/L 
5.9 g/L 
3.5 g/L 

Preliminarily studies in laboratory scale permitted the definition of two different process routes, 
which are shown in figures 2 and 3. The first idea for the process (route 1) encompasses the recovery 
of nitric and hydrofluoric acids after pre-conditioning the waste solution with sulfuric acid, followed 
by joint precipitation of the metals, through neutralization of the leached liquors . In route 2, initially 
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the iron is extracted with D2EHPA. The high acidity of the liquor allows a selective extraction of the 
iron in relation to other metals present, which gives an additional advantage to this process . The acid 
extraction occurs after the iron recovery stage, with the liquor conditioning being accomplished by 
hydrochloric acid. The aqueous industrial waste, almost without any acid (nitric and hydrofluoric 
acids) and iron, feeds a solvent extraction step where the separation of the nickel and chromium metals 
are carried out. 

Figure 2 - Route 1 flowsheet Figure 3 - Route 2 flowsheet 

Hydrodynamics of the Column 

The pulsed column was operated with a aqueous dispersed phase and an organic continuous 
phase. Results for operating characteristics in emulsion regime indicated an amplitude of 8 mm and a 
frequency range of 20-100 cycles/minute. 

For a given separation problem, the column diameter is dictated by the flooding throughput. The 
sum of dispersed and continuous phase flow rates is plotted against frequency, figure 4. The amplitude 
was kept constant at 8 mm. The measured flooding curves exhibit the well-known behavior as function 
of frequency . The total throughput decreases with increasing frequency . There is a very pronounced 
influence of the phase ratio, R, on flooding. When the phase ratio is reduced from 0.70 to 0.40, the 
total throughput is doubled. For design propose, assumes an operating load equal 50 - 80 % of the 
flooding load. 

Holdup and drop size of dispersed phase were determined under operating conditions of the 
column and used for simulation propose. 
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Figure 4 - Flooding curves of pulsed column 
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Nitric and hydrofluoric acids recovery 

By adding HCl, the metal complexes with nitrates and fluorides in the Fe-free waste are 
converted into chlorides, and HN03 and HF are set free. Next nitric-hydrofluoric acids are extracted 
using TBP as extractant. Table 2 shows the composition of the liquor after the extraction of iron. 

The extraction of HN03 and HF increases almost linearly with the TBP concentration in the 
organic phase. To obtain satisfactorily high distribution ratios for these acids, the TBP concentration 
was chosen to be 75 % (by volume) . Although higher TBP concentration produces higher distribution 
ratios, the physical properties of the higher concentration are not recommended. In these conditions 
two phase systems make handling them difficult under practical extraction conditions . 

Figure 5 shows the distribution of acids between aqueous and organic phases. The McCabe
Thiele diagram indicates seven theoretical stages for extraction of 95 % of the acids in a ratio R = 
0.45, as shown by the operation line. Operational conditions for experimental runs in a pulsed column 
are presented in table 3. These conditions were based on hydrodynamic studies of the column. 

The HN03 and HF in the aqueous phase were then contacted with a counter-current flow of the 
organic solvent, as the continuous phase, containing 75 % (by volume) of TBP in iso-paraffin. The 
interface was kept at a constant level by adjusting the height of a flexible aqueous take-off leg. Steady
state operation was achieved after a throughput of 4-6 continuous phase volumes. Samples were 
collected for analysis from aqueous and organic extract. The tests SX-2 and SX-3 presented similar 
mass transfer performance and better performance than test SX-1. Typical results from the extraction 
are shown in table 4. Results of simulations indicated a pulsed column with effective height of 245 em 
for total extraction of HN03 and 84 % of HF, under operating conditions of the test SX-2. 

Table 2 - Composition of the waste liquor after the extraction of iron 

N03· 
F· 

Fe3+ 
Ni2+ 
cr3+ 

mo 
80 g/L 

34.0 g/L 
0.2 g/L 
5.8 g/L 
3.1 g/L 

Figure 5- McCabe-Thiele diagram for extraction of acids . 
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Table 3 - Operational conditions of the pulsed column for acid extraction 

Parameters 
Tests 

Sx-1 SX-2 SX-3 
Ap (mm) 8 8 8 

f (cycles/minute) 70 40 55 
F. (mL!min) 9 24 14 
F0 (mL!min) 18 60 35 
t (minutes) 75 25 40 

Table 4 - Nitric and Hydrofluoric acids extraction results 

Inlet Outlet 
Parameters 

Aqueous Organic Raffinate Extract 

F (mL!min) 24.3 y 0.1 60.0 y 0.2 22 .5 y 0.1 63 .5 y 0.2 

N03- (g/L) 

F (g/L) 

CONCLUSIONS 

76 .0 0.0 

31.0 0.0 

Distribution (%) 
100 0 
100 0 

2.3 

6.0 

3 
19 

28 .0 

9.3 

97 
81 

This study allowed the definition of the process parameters for the two proposed alternatives. 
The main conclusions drawn from this research were: 

It was possible to obtain an aqueous solution of high purity containing nitric and 
hydrofluoric acids that may return to the steel pickling process after adjusting for the required 
concentration it. For the removal of these acids it is necessary adding to the liquor other acids of 
lower cost, sulfuric or hydrochloric, depending on the selected alternative. The yield of the 
extraction of these acids was 97% corresponded to nitric acid and 81% corresponded to the 
hydrofluoric acid . 

The extraction of iron with D2EHP A in chloride medium was highly selective, considering 
that no other metals were identified in the iron concentrate. The yield of the separation of this 
element was of approximately 99% . 

In the laboratory tests of nickel extraction, also using D2EHPA, it was possible to obtain a 
high purity concentrate of this metal. The confirmation of this stage of the process must be 
obtained through continuous assays on a mixer-settler unit, keeping a very effective pH control. 

In the adjusted conditions for the extraction of iron and nickel later on, chromium was kept 
in solution from which it may be separated through precipitation. 

The work carried out provided the necessary information to subsidize a study of economic 
pre-feasibility and market analysis, what will allow for the selection of one of the alternatives 
for proving the process in a pilot unit to be installed next to the stainless steel pickling unit. 
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ABSTRACT 

CHROMIUM RECOVERY PROCESS FROM TANNING 

EFFLUENTS BY MICROEMULSION IN THE MORRIS 

EXTRACTOR 
Tereza Neoma de C Dantas, Afonso A Dantas Neto and Maria 
Carlenise PA Moura 
Universidade Federal do Rio Grande do Norte UFRN/ PPGEQ
Campus Universitario -59.072-970- Natal/RN, Brazil 

The recovery of chromium from tannery effluents using microernulsion extraction in a Morris extractor is described. The 
microemulsion is formed using saponified cocoanut oil with n-butanol as co-surfactant. The process was studied using a 
factorial experimental design and using the optimised process the effiuent was successfully treated in 5 stages giving a 
treated effiuent containing 39 mg!L chromium 

Keywords: microemulsion extraction, Morris extractor, saponified coconut oil, chromium, tannery effiuent 

INTRODUCTION 

The tanning industries, due to the complexity of the animal's hide (or skin) transformation into 
leather, are industries that use a great number of chemical agents and produce an enormous volume of 
residual waters and solid effluents. The industry is interested in efficient effluents treatment processes to 
reach the patterns established by the norms of environmental preservation. One of the problems that has 
not been totally solved is the removal of heavy metals, mainly chromium, of its residual waters and of 
the receiving waters. 

Now forty million cubic meters of chromium-containing tannery waste water are discharged 
each year in waterways in the whole world. The modem tanneries have satisfactory treatment processes, 
but the effluents of several small or/and old leather industries do not receive the convenient treatment for 
the reduction of the chromium content to the levels established by the legislation.1 

In the world, the most usual technology for the treatment of the liquid residues generated by the 
leather industries is a physico-chemical treatment, involving precipitation of the chromium and sulfide 
oxidation, followed by biological treatment, usually activated sludge or aerated lagoons systems, a 
overall process that represents high capital and/or operacional costs.2 

The development of new techniques applicable to the Brazilian situation led to research in this 
area using a non-conventional process, new to Brazil, of liquid-liquid extraction using a microemulsion 
as solvent. Previous works3

'
4

'
5
'
6 demonstrated that microemulsions are quite efficient in recovery of 

metallic ions in laboratory scale. In this work the optimization of chromium recovery process of tannery 
effluents in the Morris extractor7 is described. 

EXPERIMENTAL METHODOLOGY 

The reagents used during the development of the experimental phase was of quality P .A., except 
the coconut oil (indiano) and the kerosene (Petrobnis) . 

The concentration of chromium present in aqueous phases in the extraction process was 
measured in aqueous samples by flame atomic absorption spectroscopy (F AAS) using a VARIAN 
SpectrAA- 10 PLUS in an air-acetylene flame. 

Chromium extraction of the industrial effluent 

The system of extraction used was composed basically by a microemulsion phase in equilibrium 
with an aqueous phase in excess (Winsor' s II). The composition of the microemulsion was: 3.3 wt.% 
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surfactant (saponified coconut oil); 13.2 wt.% co-surfactant (n-butanol); 57 wt.% aqueous phase 
(effluent); 26.5 wt.% oil phase (kerosene) . 

The MORRIS extractor' was used in the extraction process with the effluent of the tannery 
industry. The equipment as used in the process is shown in the Figure l. At each end of the extractor 
there are two large settler tanks. The tank close to the microemulsion feed has an opening in the lower 
part where the depleted chromium aqueous phase is removed (raffinate phase), while the other, close to 
the effluent feed, has an opening in the upper part where the microemulsion phase loaded with 
chromium is removed (extract phase). In this countercurrent extraction, the two phase streams flow 
from stage to stage in opposite directions . The effluent was the continuous phase and the 
microemulsion, passing as liquid droplets, was the dispersed phase. To operate the extractor the effluent 
feed was started, with the flow rate adjusted to the required value. As soon as the extractor operation 
level was reached the microemulsion feed was introduced at the desired flow rate. 

I - mariote flask 
2 - decanter vessel 
3 - mixer-settlers vessels 
4 - flow control 
5 - electric motor 380V - 1 CV with rotation 
control through frequency converter 

Figure 1 System used in the extraction process with the MORRIS extractor. 

RESULTS AND DISCUSSION 

Model of the chromium extraction process. 

The optimization process seeks to evaluate in a quantitative form, the important variables of an 
experimental design, their influences on the results of interest, as well as any possible interactions . To 
obtain important information with a minimum of experiments, thus reducing the operational costs, the 
researcher can use a complete factorial design that will give a global answer about the behavior of the 
process under study. 

The experiments in the MORRIS extractor were accomplished according to a 23 factorial 
design, in 5 stages, with extent of variation ofthe selected factors as follows : agitation speed: high level 
490 rpm and low level 365 rpm; total flow rate of the effluent and the microemulsion phases: high level 
2.0 L/h and low level 0.7 L/h; and the solvent rate: high level 0.5 and low level 0.25 . Each experiment 
took approximately 2 hours to obtain a working flow rate in the extractor. To analyse the evolution of 
the extraction process, samples were collected at each 0.5h up to 5.5 hours of operating at a controlled 
flow rate. The collected aqueous phases were analyzed in F AAS. 

Table 1 shows us the levels of variation of each factor and the medium responses (Y) obtained 
for each experiment. The two last extraction percentages obtained for each experiment were taken for 
the calculation of this medium response. 

To calculate the main and interaction effects a statistical software (Quatro-Pro 5.0 for 
Windows) was used. 
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The main effects A, B and C and the two and three-factor interaction effects were calculated 
through equations, and included at a confidence level of 95%, where all the factors were considered in 
the statistical significance test. 

EXPERIMENT MAIN FACTORS Yl Y2 y 

A B c (%) (%) (%) 
l - - - 86.88 85 .12 86.00 
2 + - - 98.43 98.47 98.45 
3 - + - 98.61 98.17 98.39 
4 + + - 98 .07 97.45 97.76 
5 - - + 95 .21 96.67 95.94 
6 + - + 57.05 58.10 57.57 
7 - + + 99.31 98.94 99.12 
8 + + + 99.36 99.34 99.35 

A = agitation speed (rpm)(+) 490 (-) 365 
B = solvent rate(+) 0.50 (-) 0.25 
C =total flow rate (1/h) (+) 2.0 (-) 0.70 

Table 1. Data from a 23 factorial design to chromium extraction process . 

The empirical model obtained i.e. the model that describes the behavior of the chromium 
extraction process based on experimental conditions is given by the following equation, where Y 
represents the response function . 

Y = 91.57375- 3.29 A+ 7.0825 B - 3.57625 C + 3.18875 AB- 6.245 AC + 4.1575 BC 
+ 6.45875 ABC 

with an estimated standard error of 0.1659. 

Based on the results obtained, some important points stand out: 
The agitation speed (A) exerted a negative effect (-3 .29) in the chromium extraction 

process, causing little influence in the extraction percentage obtained. 
The solvent rate (B) produced a very significant positive effect (7 .0825) in the 

chromium extraction process 
The total flow rate (C) exerted a not very important negative effect (-3 .57625) in the 

result obtained in the extraction process . 
The contribution of the main and interaction effects on the extraction percentage obtained can be easily 
understood and visualized through the interaction diagrams. For the construction of these diagrams two 
factors were taken and all the possible level combinations included, i.e., (+,+), (-, -), (- ,+) and(+, -). 
Each quadrant of the diagram represents the average of the results obtained by the two factors in the 
prestablished levels, Figure 2. 

y + 

(- ,+) (+,+) 

X 
- + 

(- ,-) (+ ,-) 

-

Figure 2 Two-factor interaction diagram in a 2n factorial design. 
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Figure 3 shows the two-factor interaction diagrams related to the responses in the chromium 
extraction percentage (Y). 

A 
+ A + 

78,112 98,55 
!18,10 78,46 

B c 
- + - + 

90,97 98,76 92,19 95,53 

- -

Figure 3 Interaction diagram for the chromium extraction process(%): 
(a) The solvent rate (B) -agitation speed (A) 
(b) The total flow rate (C)- agitation speed (A) 
(c) The total flow rate (C)- solvent rate (B) 

B + 

98,117 99,24 

c 
- + 

!12,23 76,7! 

-

Analysis of Figure 3 indicates that the best results were obtained in the high level of the solvent 
rate (B= 0.5) with the low level of agitation speed (A= 375 rpm) and high level oftotal flow rate (C = 
2L/h), corresponding the following combinations: A(-) B (+) = 98.76%, A(+) C (-) = 98.10% and B 
(+) c {+) = 99.24%. 

Analysis of the iso-response surfaces graphs generated from the obtained model. 

The iso-response graph is the representation, in the two-dimensional space, of the studied 
variables, and they clearly indicate a tendency in the response that should be analyzed in detail. After 
the determination of the region where the relevant aspects of the situation of interest was obtained, the 
experimenter can study this particular area to obtain the conditions where the yield of the process will 
be better. 

For the chromium extraction process the search of the region of high yield can be made through 
the interpretation of the surfaces presented in the Figure 4. These curves allow the knowledge and 
optimisation of the extraction process in all the domain points of the variables studied. 
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Figure 4 !so-response Surfaces representing the relationship between: 
(a) high level of A+ and C and B 
(b) low level of A- and C and B 
(b) high level of B+ and C and A 
(d) low level ofB- and C and A 

From figures 4(a to d) it can be seen that the model allow the construction of two different 
response surfaces for each variable in study, that is, one for the high level and another for the low level, 
totalling six curves. A fact justified by the statistical analysis where it was verified that all the variables 
influenced the chromium extraction process in a significant way. 

The variable A was chosen among the studied variables as presenting the smallest individual 
effect (-3 .29) and B for presenting the greater statistical significance (7.0825) . 

The analysis of these results shows that: for the same value of the total flow rate, an increase in 
the solvent rate leads to the growth of the percentage chromium extraction; however in the low level of 
the agitation speed (365 rpm) maximum values in the extraction percentage (98.35%) can be reached 
even when the high level of the solvent rate (0.375) is reduced by 25% (figures 4a and 4b). 

For the medium values of the total flow rate and agitation speed (figure 4c) their variation 
among the high and low levels does not interfere in the chromium extraction process, 99. 14% extraction 
being obtained. 

Through analysis of figure 4d it can be observed that for the low level of the solvent rate the 
results obtained for the extraction percentage (72 .26%), when the total flow rate was maximum, were 
not very good. 

The conclusions obtained in these analyses are in complete agreement with those obtained in the 
study of the two-factor interaction diagrams . 

CONCLUSIONS 

The results of the present study allowed the understanding and improvement of the chromium 
extraction process using microemulsions in a semi-pilot scale. 

During its development, the researches were studied in stages, which allowed the following 
conclusions about the several aspects studied to be obtained: 

• The chromium extraction process with the effluent from the chrome stream of a local 
tannery industry was carried out in a MORRIS extractor with the best results obtained under 
the following operational conditions: agitation speed: 365 .0 rpm, solvent rate: 0.5, total flow 
rate: 2.0 L/h and with the MORRIS extractor working with 5 stages. 

• The application of a statistical treatment to optimise the process showed that a 25% 
reduction in the higher level of the solvent rate would not modify the chromium extraction 
percentage obtained. 
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• The analysis of the parameters studied regarding the effluent before and after chromium 
extraction, showed that the treated effiuent contained a very small amount of chromium (39 
mg/1), demonstrating the efficiency of the extraction process used. 
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ABSTRACT 

A NEW ZINC SOL VENT EXTRACTION 

APPLICATION: SPENT DOMESTIC BATTERIES 

TREATMENT PLANT 
Daniel Martin/ MA Garcia/ G Diaz1 and J Falgueras2 

1 Tecnicas Reunidas, S.A., Research and Development Division, 
Sierra Nevada 16, 28830 San Fernando de Henares, Madrid, 
Spain 
2 R.F. Proces, S.A., Mallorca 245, 4-1, 08008 Barcelona, Spain 

A new industrial plant located in Catalonia near Barcelona was started in December 1997 for the treatment of 2000 tly of 
spent domestic batteries. This is a new application of the MODIFIED ZINCEX Process (MZP) developed by Tecnicas 
Reunidas, S.A. together with PROCES, S.A to resolve this kind of environmental problems. 
After battery classification, trituration and removal of paper, plastics and iron components by physical procedures, a zinc
manganese impure dust material is produced. This solid is treated by sulphuric acid leaching and the pregnant liquor is 
purified by solvent extraction. The MZP allows the recovery of the metallic components: zinc as an extremely pure zinc 
sulphate solution completely suitable to produce SHG Zn, Mn as manganese sulphate from the raffrnate bleed, and the 
other minor metals (Cu, Cd, Ni, Hg, etc.) as a metallic cement. 
The solvent extraction operation conditions, using ~EHPA for the MZP, allow the best Zn/impurities separation 
coefficients and, consequently, an extremely pure product. Besides, most of the acid consumption is saved by means of 
raffinate recycling to leaching containing the acidity equivalent to the Zn extracted. The Solvent Extraction (SX) stages 
used are the following: one depletion stage, three extraction stages, three washing stages and two stripping stages. 
Some relevant characteristics of leaching, solid-liquid separation, cementation and solvent extraction processes are: 

-starting-up at full capacity in a very short time 
-Zn recovery higher than 98% 
-high quality Zn product 
-smooth plant operation 
-all the products have a potential economic value 
-no solid, liquid or gas effluents are produced. 

Keywords: batteries, zinc, D2EHPA, modified ZINCEX Process 

INTRODUCTION 

General 

The problem caused by the spent domestic batteries is widely known because of its 
environmental repercussion. This results from the presence of soluble heavy metals (Zn, Mn, Cd, Ni and 
Hg) and is increased in that batteries are frequently used today, as well as by their short life cycle and 
the low efficiency of their recovery and recycling processes. Among them, there are two types of 
batteries that have more impact in the market: Leclanche (55%) and Alkalines (45%), the latter having a 
progressive increase in use. 

Several recovery processes have been developed almost exclusively at laboratory and pilot plant 
level. These processes are based on two concepts: pyrometallurgical calcination and/or metal 
volatilisation, followed by recovery. Some disadvantages encountered in these processes are the 
frequent operation problems, and a mixture of products difficult to commercialise and/or recycle. 
Moreover, hydrometallurgical or pyro-hydrometallurgical processes have neither obtained acceptable 
results or a relevant industrial implementation. The success of these processes has been made difficult 
by several problems encountered during recovery of the wide variety of components, low plant 
capacities and low quality of products. 

Application of solvent extraction (SX) for the spent batteries dust treatment 

Applications of SX technology to purify and concentrate one of the main components, i.e. zinc, is an 
alternative for eliminating the above mentioned difficulties. The Modified Zincex Process (MZP) is 
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applicable to hydrometallurgical treatment of other secondary zinc materials and was developed at a 
commercial level more than ten years ago, and was a feasible option for this use. The Spanish Company 
Tecnicas Reunidas, S.A. (TR), proprietary of this technology, has been a pioneer in SX use for the 
industrial production of Zn SHG,1 from other secondary materials2

•
7 and together with the 'Spanish 

Company PROCES, S.A., developed this application. 

PLANT AND PROCESS DESCRIPTION 

The use of MZP for the recovery and recycling of metallic elements contained in trituration dust 
from spent domestic batteries is an industrial reality today. In December 1997, a Spent Batteries 
Treatment Plant of 2000 tly, operating 5 days/week and having a capacity of processing of 2800 tly of 
batteries in continuous operation was started in Catalonia. Thus, this was an effective and clean process 
to obtain the following products: 

Zinc, obtained in a pure and concentrated solution by applying Solvent Extraction, which is 
suitable for directly producing electrolytic SHG Zn. 

Manganese, in impure powder sulphate form having various uses, i.e., in agriculture as an 
additive and soil conditioner for some cultivation. 

Manganese, as dioxide, mixed largely with graphite, for its use in special steel plants. 
The rest of metallic elements, obtained as cement, can be also recycled. 

To obtain these products, first batteries have to be classified, then triturated under cryogenic 
conditions, and fmally their components are separated into plastics, papers, iron scraps and spent 
batteries dust, (see figure 1). 

Spent 
Domestic 
Batteries 

Figure l Scheme of a spent domestic battery treatment plant 

Spent battery dust, which is a mixture of graphite and metallic oxides, are then treated as 
described in the following sections ofMZP: 

Leaching-neutralisation: to leach Zn and to produce a residue mainly composed of Mn02 and 
graphite. 

Zinc Dust Cementation: to produce a metallic cement with some impurities like Hg, Ni, Co, Cd, etc., 
and a Pregnant Liquor, which is fed to a solvent extraction. 

Solvent Extraction: from the above mentioned PLS, this produces a high quality loaded zinc 
electrolyte suitable to produce Zn metal SHG or a highly pure Zn sulphate by evaporation, and a 
raffinate with the remainder Mn as a sulphate solution. The acidified SX raffinate is recycled for 
leaching in order to take advantage of the contained acidity. A bleed (10% of the flowrate) which 
contains soluble Mn and alkaline impurities is sent to the evaporation unit after neutralisation with 
caustic soda. 

Mercury found in spent batteries does not create any problem for this process. A second 
leaching step with hot acidic ferric chloride solution removes the mercury from the solid MnOz by-
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product. Mercury leach solution is combined with the main circuit from which results in mercury 
fixation in the impurity cement. 

Table 1 shows the composition of the main streams ofPZM. 
In bleed evaporation, which is done with a spray dryer, MnS04 crystals are produced 

eliminating water and thus, maintaining liquid balance. There are no effluents but only products and by
products that can be recycled through existing processes and applications . 

Battery Leaching Metals Aqueous 
Co nee Dust % Residue % Cement % Extract IL 
Zn 21 0.36 22 140 
Mn 26 32 53 51 0.3 
Ni 1.3 0.02 36 <0.0001 
Cd 1.4 0.01 39 0.002 <0.0001 
Cu 0.04 0.01 0.5 0.001 <0.001 
Hg 0.1 0.01 1.7 <0.05 ND 
Fe 1.0 3.0 0.001 <0.01 
Ir pH=4 1.4 
SO/ 0.4 1.2 112 108 275 
cr 3.8 0.4 31 30 <0.1 
Graphite and 45 63 
others 
Humidi 10 40 10 

Table 1 Spent Batteries Treatment- Approximate composition of the main PZM streams 

ZINC SX STAGE. MZP ADVANTAGES 

General 

The pregnant liquor solution fed to SX section is a Zn sulphate solution with a very high content of 
Mn2

+ and cr among other impurities . 
For this MZP application, D2EHPA reagent diluted in Escaid 100 was used and the distribution of 
stages is as follows : 

Three extraction stages with free acidity generation equivalent to the extracted Zn 
One depletion stage of the raffinate bleed, adjusted to pH=2 

Two washing stages in special conditions using water and a bleed of the aqueous extract to 
assure a perfect physical and chemical washing 

Two stripping stages with 5.7N sulphuric acid solution 
A small regeneration stage with 6M HCI for removing the co-extracted Fe. 

TR contribution to this project was the following: 
Head-Tail Engineering, 
Detail Engineering of the hydrometallurgical section of the plant 
Training of people involved in operation ofMZP 
Starting up and subsequent assistance of the hydrometallurgical section. 

The main equipment of the SX section, incorporated chiefly mixers-settlers and active carbon 
columns which have afforded excellent results. Several improvements in design were made in the TR 
R&D Division: degree of agitation , type of mixture, flow distributors, internal recycling, overflow 
system, interface control, etc. All of these, complemented with a careful selection of the instrumentation 
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and control system, resulted in the production of an extremely pure Zn solution (aqueous extract or Zn 
electrolyte) (see table 1). 

The raffinate contains all impurities fed to SX and an acidity equivalent to the extracted Zn that 
is further utilised in the leaching steps . The residual zinc contained in a small bleed of this raffinate is 
depleted in a pH-controlled step. The depleted raffinate bleed is then sent to neutralisation and 
evaporation. 

Extraction and stripping sections 

Figure 2 shows a qualitative scheme of McCabe-Thiele Diagrams for extraction and stripping. 
In the extraction section, two isotherms are shown, one for free acidity evolution (three stages) and one 
for depletion at constant pH to treat the bleed. The stripping isotherm shows the loading of the sulphuric 
solution to 140 g/1 of zinc in only two stages . 

~I 
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Figure 2 McCabe-Tiele diagram for D2EHPA (Isotherms) 
Modified ZINCEX process applied to spent domestic battery treatment 

Selectivity 

Extraction operating conditions suggests good selectivity for zinc against impurities for Zn
D2EHP A system. Previous to the washing stage, some of the major pregnant liquid impurities, such as 
Mn2

+ and Cr were present in the organic stage due to physical and chemical co-extraction. However, 
impurities are totally eliminated during this washing stage as can be seen in table 2. The only impurity 
that is co-extracted by the organic phase, is Fe3

+. Its concentration in PLS is <5ppm and this quantity is 
finally eliminated by the HCl regeneration stage. Selectivity against other impurities is so high that, as it 
is indicated in the electrolyte composition in table I, final co-extraction or entrainment is negligible. 

Table 2 

Impurity 
Previous to the washing stage 
After the washing stage 

Mn2+ 

>50 
>400 

cr 
>400 
>1500 

Main impurities co-extracted - Zn!Impurity ratio in the organic phase. 
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Aqueous Zn Extract quality 

The plant produces an extremely pure acidic zinc solution, as seen in Table I. Presently, it is 
being supplied to an electrolytic zinc production plant. The small zinc production in one year does not 
justify the installation of an electrowinning unit in the spent battery treatment plant. 

Other SX advantages 

From a designing and operational point of view, other additional advantages have been gained and 
demonstrated: 

Clean and easy operation, practically without maintenance. 
Optimisation of operating conditions. 
Optimised design of mixers-settlers. 
Automatic control that practically eliminates labour requirement in this section. 
Installation of a safety system that avoids both operational and accidental organic losses 

(the former by means of an adequate adsorption system on active carbon columns) . 
Flexibility in the operation with respect to Aqueous Extract, as well as the Acid and Depleted 

Raffinates. 
Operation with possibility of interruption (for example during the weekend) without any 

disturbance in the equilibrium system. 

ECONOMICAL ASPECTS 

This plant was designed firstly considering a pure and complete environmental solution to the 
domestic spent batteries problem, and secondly, to avoid the creation of new residues or effluents. That 
was the reason for using, for example, caustic soda reagents instead of other cheaper ones such as lime 
and limestone, which would again produce a potential solid residue (gypsum). 

In spite of the limited plant capacity, minimisation of possible operation costs has been 
attempted, and all products and by-products have been valued. The economic viability requires a 
compensatory canon for the treatment process, through direct consumers, or through official 
organisations. The first of these alternatives has been successfully established in some countries, for 
example, Switzerland. 

CONCLUSIONS 

The Spent Batteries Treatment Plant was started in December 1997. This plant has been 
demonstrated as a MZP industrial application, and an environmentally clean option. Considering the 
advantages ofZn SX applications, one can get high efficiency and selectivity. Thus products such as an 
ultra pure Aqueous Extract suitable for obtaining Zn SHG ingots and a solution for producing Mn 
sulphate salt are obtained and, in addition, there is a saving of more than the half of the total necessary 
acid to leach the battery dust. 

The SX application for this kind of residues allows flexibility in operation. The best products 
and by-products quality, easy operational control and other advantages make SX a pioneer and 
advanced environmental technology for the treatment of secondary materials in general and spent 
domestic batteries in particular. 
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ABSTRACT 

MICELLAR EXTRACTION VERSUS SOL VENT 

EXTRACTION: ADVANTAGES AND DRAWBACKS 
Marc Hebrant and Christian Tondre 
Laboratoire de Chirnie Physique Organique et Collordale, Unite 
Mixte de Recherche CNRS-UHP (UMR 7565), Universite 
Henri Poincare-Nancy I, B.P. 239, 54506 Nancy Vandoeuvre 
Cedex, France 

Here new results are compared relative to the removal of nickel ions from aqueous solutions either by standard solvent 
extraction or by micellar extraction coupled with ultrafiltration. For this purpose the extractant 7-{4-ethyl-1-
methyloctyl}-8-hydroxyquinoline (Cn-HQ) was either solubilized in an organic solvent (iso-octane or chloroform) or in 
nonionic micelles (Triton X-100). The effects of the extractant to metal ratio (UM) and of the pH on the extraction 
yields have been investigated in relation to the stoichiometries of the extracted complexes. ForUM ratios up to 5, the 
extraction yields at a fixed pH were found to be almost identical in both processes, provided that the extractant 
concentrations (measured in the organic phase or in the micellar pseudophase, respectively) are similar. When the UM 
ratio is much larger, the micellar extraction is shifted to lower pH's compared to standard solvent extraction. Based on 
these results in addition to previously reported ones, the advantages and drawbacks of micellar extraction will be 
discussed. 

Keywords: micellar extraction, ultrafiltration, Triton X-100, Kelex 100, surfactants, nickel 

INTRODUCTION 

During the past few years a significant amount of work has been devoted to the application of 
micellar systems (and more generally of surfactant-based systems) for the removal of metal ions 
from aqueous solutions. 1 Among these studies those concerning the complexation and extraction of 
metal ions by micelle-solubilized long chain extractants has been given special attention?"" Provided 
that the metaVeXtractant complex is strongly partitioned in favour of the micellar pseudo-phase, a 
simple ultrafiltration can allow to remove the metal ions at the same time as the colloid particles. 
Although such processes are in principle restricted to the treatment of dilute solutions they show 
large similarities with standard solvent extraction. They are attractive from the environmental point 
of view since they completely avoid the use of organic solvents. The recent technological advances 
in the field of ultrafiltration (new ultrafiltration modules and new membranes) constitute another 
favourable factor for the development of these almost totally aqueous processes . Previous works 
have shown that many parameters have to be taken into consideration to optimize the yield of metal 
extraction. 

To the best of our knowledge only two papers have so far reported systematic comparisons 
between micellar-enhanced ultrafiltration and conventional solvent extraction.5

•
6 Both papers were 

concerned with copper removal. In the present paper some new results are reported on the removal 
of nickel ions using the extractant 7-(4-ethyl-l-methyloctyl)-8-hydroxyquinoline (Cu-HQ), either 
solubilized in nonionic micelles (Triton X-100) or in an organic solvent. Special attention will be 
given to the stoichiometries of the extracted complexes depending on the experimental conditions. 
On the basis of the previous data, in addition to the new results reported here, the advantages and 
drawbacks of micellar extraction coupled with ultrafiltration compared to standard solvent extraction 
will be critically examined. 

Let us first recall that micelles are organized assemblies which form generally in aqueous 
solutions (reverse micelles may form in organic solvents), when the concentration of a surfactant 
molecule becomes higher than the critical micellar concentration (erne). These entities are usually 
more or less spherical with diameters in the order of 25-50 A (they may exhibit elongated structures 
in specific condition) . They consist of a hydrophobic core surrounded by a layer of polar heads 
exposed to the aqueous phase. Micellar solutions have thus a micro-heterogeneous nature and the 
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micro-domains constituted of the alkyl chains of the surfactant molecules are hydrocarbon-like. 
Many similarities between solvent extraction and micellar extraction can be found, as indicated in 
Table 1: 

Solvent extraction Micellar extraction 

> biphasic systems > pseudo-biphasic systems 
(two macroscopic phases) (two microscopic phases) 

> organic solvent > hydrophobic core of micelles 

> organic/aqueous interface > micelles/aqueous phase microscopic 
interfaces 

> solvent-solubilized lipophilic extractants > micelle-solubilized lipophilic extractants 

Table 1 Similarities between solvent extraction and micellar extraction 

These strong similarities have some limitations. For instance the solubilization of extractant 
molecules in the micelles is restricted and it will never be as high as in an organic solvent. On the 
other hand, even though the nature of the organic/aqueous interface can be modified to some extent 
by certain additives, the properties of the micellar surface can be infinitely varied due to the diversity 
of surfactant molecules (chemical structure, electric charge, etc.). 

EXPERIMENTAL 

8-Hydroxyquinoline (HQ) was obtained from Fluka (puriss.). The extractant 7-(4-ethyl-1-
methyloctyl)-8-hydroxyquinoline (Cu-HQ), an hydrophobic analog of HQ, was prepared by 
chromatographic purification ofKelex 100 (Schering, Germany). The quality of the separation was 
checked by GC-MS (Fisons, Mega 2/Trio 1000), indicating a purity of 96%. Triton X-100, NiCh-
6H20 (purum), and isooctane (puriss) were purchased from Fluka; chloroform (puriss) was from 
SDS. The pH of the solutions was usually adjusted with drops of diluted HCl or NaOH (Merck 
Titrisol) . Due to the slow rate of complexation of Ne+ ions an equilibration time of several hours 
under agitation was allotted for all the extraction experiments before phase (or pseudophase) 
separation. For the solvent extraction experiments at fixed pH a triethanolamine buffer (TEA, Fluka 
puriss ., 5x10'2 moVdrn3

) was added to avoid the uncertainty in the final pH. The ultrafiltration 
experiments were performed at room temperature with a stirred cell of 10 cm3 (Amicon 80 I 0), 
equipped with cellulose disk membranes (Millipore, molecular weight cut-off 10,000 Da). The 
applied pressure was 4 bar. The permeate (subscript "per") was analysed after 50% of the initial 
solution had been filtered. The yield of nickel extraction was defined as 

Y (%)= 1 OOx([Ne+lirut-[Ne+]pe,)/[Ni2+]init· 

For solvent extraction the aqueous phase concentration [Ni2+]aq remaining after phase separation 
replaced [Ne+]per in the preceding equation. The Ne+ concentrations were obtained from atomic 
absorption measurements (Varian AA-1275). The apparatus was calibrated with standard solutions, 
which included a surfactant concentration equal to the erne in the case of micellar extraction. 

RESULTS AND DISCUSSIONS 

The heterogeneous extraction constant ~ of Ni2+ ions by HQ in chloroform/water systems 
was previously shown to be smaller than that of Cu2+ ions by almost four orders of magnitude (log 
Ke, were -2.18 and +1.77, respectively, for the Me(HQh complexes). 7 For this reason, in a first 
series of experiments, a large excess of complexing agents relatively to the concentration ofNi2+ have 
been used. For the results reported in figure I the extractant/metal ratio LIM was equal to 50. The 
metal ion concentration was 104 moVdrn3 The extractant concentration (5xl0'3 moVdrn3

) refers to 
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either the organic solvent or the micellar aqueous solution. In this figure the yields of extraction (as 
defined in Experimental) have been plotted as a function of pH, for different situations. Solvent 
extraction experiments were performed either in iso-octane (for the sake of comparison with the 
previous work 6 concerning Cu2

+ or in chloroform (for comparison with the work of J. Stary, 1 with in 
both cases the same volumes of aqueous phase and organic phase. Micellar extraction (after 
ultrafiltration of the micellar solution) was determined in aqueous solutions of Triton X-100 2xl0·2 

mol!dm3 (i.e . a surfactant concentration 83 times larger than the erne usually reported for the pure 
surfactant) . In this figure three types of data relative to C11 -HQ fall in the pH range from 5 to 8: (i) 
liquid-liquid extraction with chloroform in the absence of buffer; (ii) liquid-liquid extraction in iso
octane with a TEA buffer and (iii) the same without TEA buffer. All these data are consistent with a 
single extraction curve (curve Q) in the figure I) within the experimental uncertainties due to the pH 
adjustments and to the accuracy of the atomic absorption measurements. 

In the same figure, a second series of extraction data falls in the pH range from 2 to 5: (i) 
micellar extraction with Cu-HQ; (ii) liquid-liquid extraction involving HQ in chloroform. Again all 
the data in this second series of experiments can be considered consistent with a single extraction 
curve (curve <Z> in the Figure 1), which is shifted by about 2.4 pH units in the direction of the low 
pHs compared to the previous curve. Note however that, as will be seen below, two different Kex 
values are associated with this curve, depending on the true extractant concentration to be 
considered. 
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Figure 1 : Yields of extraction ofNi2
+ ions versus 

pH with different systems : (D) HQ or (e) C11HQ 
in CHCh ; (~) : C1tHQ in Triton X-1 00 micelles ; 
~ and (D) : C11HQ in isooctane with buffered 
and non-buffered aqueous phase respectively. 
Experimental conditions and theoretical curves : 
see text. 
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Figure 2 : Yields of extraction of Ni2
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ions versus LIM ratios in Triton X
I 00 micelles (~) or in the 
isooctane!buffered aqueous phase 
system (D) with V0rg/Vaq==l/100. 
Experimental conditions and 
theoretical curves : see text. 

6 

Using the theoretical treatment and the mathematical method described in detail in a previous 
publication, 6 the best fit of the experimental data has been calculated when the stoichiometry of the 
extractant/metal complex is varied, Kex being an adjustable parameter. The best simulations (see 
curves shown in Figure I) were obtained for the stoichiometries 2:1 (L2Ni) or 4:1 ((LH)2~Ni), 
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which lead to identical curves because of the displacement of two protons in both cases (simulations 
obtained for complexes ofthe types (LH)LNi or LNi gave higher sums of squared deviations). The 
values obtained for Kex were the following: 

Triton X-100 micelles (curve (2J in figure 1) 
(Values calculated with a volume fraction of the micellar pseudo-phase, <pm=O. 0 12) 

L.!Ni Kex=l.2x10-5 

(LH)2L.!Ni l<cx=8.4x10-5 

Solvent extraction (curve(!) in figure 1), in iso-octane/water (TEA buffer) 
L.!Ni Kex=1.5x10-8 

(LH)2L.!Ni l<cx=7.2xl0-4 

Remembering that in the previous work on copper extraction6 the results indicated the same 
(or at least a very close) value for the extraction constants measured with micelles or with an organic 
solvent, the shift of the extraction curve being explained by the true concentration of extractant in the 
micellar pseudo-phase, a critical examination of the above values of Kcx can be done on the same 
basis. This suggests that the L.!Ni complex is very unlikely because three orders of magnitude 
separate the values measured in micelles and in an organic solvent respectively. The values of K.:x 
are much closer for the (LH)2L2Ni complex. If in this case the K.:x value measured in solvent 
extraction with a Ill organic/aqueous phase volume is applied to an organic phase volume 
comparable to that of the micellar pseudo-phase, the extraction curve is shifted by 0.4 pH unit 
compared to the micellar case (see curve in dashed line in figure 1). This difference originates from 
small variations in the solvation properties when comparing the oily core of the Triton X-100 
micelles and iso-octane. It can also be attributed to the fact that a single type of complex was 
considered in the simulations, neglecting the possible coexistence of another minor complex. 

The large excess of extractant used in this series of experiments explains by itself that a 4: I 
stoichiometry is strongly favoured here. It can also be noticed that the large difference in the K.:x 
values found respectively for the extraction of Cu2+ ~) orNe+ by CwHQ is consistent with the 
observation made by Stary7 in the case ofHQ (see above) . The fact that the curves (but not the Kex 
values) obtained for the micellar extraction of Ni2+ by CwHQ and for the solvent extraction 
(chloroform) of Ne+ by HQ are practically superimposable is probably fortuitous . However the 
stronger complexing ability of HQ compared to Cu-HQ has been already reported by Isrnael and 
Tondre8 The similitarity of the three types of data fitted by curve <D in figure 1 indicates a negligible 
solvent effect when going from chloroform to iso-octane and it also proves that the effect of the TEA 
buffer is minor (in fact, this could be expected from the weak value of the stability constant reported 
for the TEA-Ni2+ complex, logK=-5 .0)9 

In another set of experiments the effect of the extractant to metal ratio on the extraction 
yield, when the pH was fixed at 7.4 has been studied. In this case LIM was kept below 5, which is 
very low compared to the previous set of data in which LIM was fixed equal to 50. The results of 
micellar extraction (Triton X-100) are compared in figure 2 with those of solvent extraction (iso
octane/water (TEA buffer)) . The latter were obtained with an organic/aqueous volume ratio of 
1/100, i.e. very close to the volume fraction of the micellar pseudophase in the micellar case. The 
experimental results shown in figure 2 appear to be very similar for the two types of processes 
considered, which further substantiates the strong analogy already noticed. Unfortunately the 
theoretical curve which can be calculated from the value of Kcx previously determined assuming a 
4: 1 stoichiometry (Kex=7. 2x 1 0-4) is in no means consistent with the experimental data (see curve A in 
figure 2). Curve B which has been drawn in the same figure indicates the largest extraction yields 
that can be obtained when a 4: I complex is formed (assuming an infinite extraction constant). 

The fact that most of the experimental data show higher values is a firm indication that such 
a complex cannot exist in the present experimental conditions. Curve C represents the predicted 
curve for the 2:1 complex (L2Ni), which is in quite satisfactory agreement with the results . Thus it 
can be concluded that the stoichiometry of the complex is not unique: the 4: I complex is largely 
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favoured when the LIM ratio is very large, but this is no longer true for the low values of the LIM 
ratio, where the 2:1 complex is more likely. The important thing is that, in the latter case, the 
extraction yield appears to be almost unchanged whether the complex is formed in micelles or in an 
organic solvent, provided that the extractant concentrations are similar in both cases . 

Having given here new evidence of the strong analogy existing between the micellar and 
solvent processes, it is interesting to examine the advantages and drawbacks of micellar extraction 
compared to solvent extraction. The essential features are summarised in Table 2. 

Advantages Drawbacks 

• no organic solvent • restricted to low metal content (up to the 
(extraction in 99% aqueous media) order of millimolar concentrations) 

• extraction takes place at lower pH • leakage of monomeric surfactant (cmc)11 

• membrane process easy to implement • ion expulsion effects may have to be 
(continuous flow treatment) considered6 (they may also be taken as an 

• counterions of the micelles can contribute to advantage12
) 

the formation of a neutral metal complex • problem of recycling of the micellar phase 
(case of cationic surfactants)6 not completely solved13 

• in favourable cases selective separations can 
be achieved on kinetic criteria10 

Table 2 Advantages and drawbacks of micellar extraction compared to solvent extraction 

Finally it should be added that, considering the previous observations, micellar ultrafiltration 
will be clearly more appropriate to solve environmental problems (low level metal ion pollution) or 
problems of recovery of precious metals at high dilution than to solve industrial problems associated, 
for instance, with hydrometallurgy. 
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ABSTRACT 

INTERACTION OF THORIUM WITH GRAY HUMIC 

ACID 
Abd-Allah A Helal 
Hot Laboratories Center, Atomic Energy Authority, 
Cairo - 13759, Egypt 

A hwnic acid sample was separated from the bottom sediments of Lake Quarun, in Egypt. The sample was purified and 
characterized by: elemental analysis, potentiometric titration, IR, UV-visible and C-13 NMR spectroscopies. The product of 
hwnic acid was very low (0.009% ), gray in colour and has low carboxylate capacity (2 .4 meq/g). The first derivative of the 
titration curve indicated only one maximum, which implies one kind of carboxylate group. 
The binding constant ofTh-234 with Lake Quarun hwnic acid was determined using solvent extraction. One parameter, ~1, 
was required to fit the binding as a function of carboxylate concentration: the Th4+ bound to the carboxylate sites in the gray 
hwnic acid only forming 1: I complex. The binding constant increased with the degree of ionization of the hwnic acid. 

Keywords: humic acid, thorium 

INTRODUCTION 

The environmental contamination of air, water, soils and food have become a threat to many 
plant and animal communities of the ecosystem including the human race. The nuclear energy industry 
during the past several decades has added significant amount of radioactive materials to the 
environment. Soil, oceans, seas, rivers and streams represent a major part of man's environment which 
receive most of contaminants either accidentally or on purpose. The most widely distributed materials 
on the earth's surface, occurring in soils, lakes, rivers and seas, are humic substances. These materials 
are naturally occurring, high molecular weight, polymers containing a variety of functional groups such 
as -COOH, -OH, -C=O, ... etc. According to their solubilities in aqueous solutions, humic substances 
are classified in three fractions of different acidities: folvic acid, soluble at all pH's; humic acid (HA) , 
soluble at high pH, insoluble at low pH; humin, insoluble at all pH values. 1 

As natural polyelectrolytes, humic substances are strong complexing agents toward metal ions 
and they participate in controlling many reactions that occur in the environment. The binding of some 
metal ions with humic materials have been reported.2

'
7 However, further investigations are needed since 

little is known about the binding of gray HA with metal ions. Moreover, humic acids are complex 
mixtures of molecules of various sizes and shapes and their properties vary with location, season, etc. In 
this work, the binding constant of the radiotoxic ion Th4

+ with gray HA isolated from the Egyptian Lake 
Quarun was measured. 

EXPERIMENTAL 

Chemicals and Materials 

Unless otherwise stated, the chemicals used were of analytical purity. Di(2-
ethylhexyl)phosphoric acid, HDEHP, used in the solvent extraction experiments was obtained from 
Union Carbide, and purified according to Peppard et a!. 8 

Humic acid (HA) was isolated from the bottom sediments of Lake Quarun (LQ), an old lake of 
area 235 K.m2

, located at Fayoum, Egypt. The method of isolation and purification of HA is described 
elsewhere.9 

Tracer 

The radioactive tracer Th-234 was separated from natural uranium by solvent extraction using 
30% tributylphosphate (TBP), diluted in benzene. Thus uranyl nitrate U02(N03)z.6H20 (10 g) were 
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dissolved in 6 moVdrn3 HCl (20 cm3
) and placed in a separating funnel together with 30% TBP (20cm3

) 

pre-saturated with 6moVdrn3 HCI. The mixture was shaken and the yellow coloured organic phase was 
separated. This step was repeated three times with fresh TBP until the yellow colour of the aqueous 
phase, which contains the Th-234 disappeared. The pH was then adjusted with dilute NH3 solution to 
the desired value. The radiochemical purity of Th-234 was checked by measuring the respective y
spectrum with Ge(Li) detector using a multi-channel analyzer. They-emissions ofTh-234 were counted 
with a Nal(Tl) well-counter ofORTEC type. 

Procedures 
The humic acid sample was characterized by elemental analysis, potentiometric titration, 

CP/MAS C-13 NMR, IR and visible spectroscopies. 
The acid-base behaviour of the HA was determined at an ionic strength (J.1) of 0.1moVdrn3 by 

direct titration. 9 The C-13 NMR spectrum was determined using the cross polarization technique with 
magic angle spinning on an IBMIBRUKER WP200 SY NMR spectrometer. The infrared spectroscopic 
measurements were made with Perkin Elmer 1650 FT-IR spectrometer. The absorption in the visible 
region was measured using a Shimadzu recording spectrometer 160A. 

For the solvent extraction (SX) experiments, the organic phases consisted of the desired 
concentration ofHDEHP diluted with toluene. Because of the precipitation problems encountered when 
contacting humic acid (HA) solutions with organic phases, the later were pre-equilibrated against equal 
volumes of the corresponding buffer solutions before use5 This pre-equilibration was continued with 
fresh aqueous solutions until no pH change was observed in the fresh aqueous phase. The aqueous 
phases were prepared by using the suitable buffer solutions for the desired pH values .5 These buffer 
solutions also contained the necessary quantity ofNaCl04 to make the total ionic strength 0.1 [including 
contributions from free acid (HC104 used for adjusting HA to the desired pH) and ionized buffer 
species] . 

A working solution ofHA was prepared by dissolving ca. O.lg in 10cm3 ofO.lmol/drn3 NaOH 
with overnight stirring under nitrogen gas. The solution was titrated to the desired pH with 0.1mol/drn3 

HCI04, and diluted to 100 cm3 in a measuring flask with the suitable buffer solution of the same pH. 
Aliquots of this working solution were diluted in measuring flasks with the buffer to obtain solutions of 
varying HA concentrations. The free humate concentration (in eq/drn3

) was determined by multiplying 
the concentration (g/drn3

) by the total capacity (eq/g) and by the degree of ionization corresponding to 
the final pH of the investigation. After removing aliquots for the SE investigations, the reminder of each 
solution was used to establish a calibration curve for measuring the different HA concentrations. 

A sample of each phase (5 cm3
) and tracer (lOJ.1l) were added to a glass scintillation vials 

(coated with silicon compounds10 to minimize the loss of activity by wall adsorption) and sealed with 
polyethylene caps. The buffer solution (5 em\ without HA, was used as a blank for each investigation. 
The vials were vigorously shaken in a thermostated shaker at 25±1°C for 6 hours, then they were 
centrifuged and the phases separated into glass test tubes and centrifuged before removing aliquots for 
counting. The reminder of the aqueous phases was used to measure the final HA concentrations and the 
final pH values. 

RESULTS AND DISCUSSION 

The yield ofHA isolated from LQ was found 0.009%. This yield is very low, as compared with 
that obtained from other lakes, such as Lake Bradford, USA, which yielded 1%.11 The small 
concentration of HA in LQ sediments is related to the nature and components of water in this lake which 
receives 390 million m3/year of drain water containing remains of fertilizers and pesticides.12 The 
mineral salts added to this lake were estimated to be 350 tons/year. 12 

It was reported that humic materials bind to N -containing fertilisers 13 and pesticides. 1 This 
binding prevents the precipitation of HA and decreases its amount in the bottom sediments. In addition, 
the pH of the lake water is 8.3, which causes solubilization of the HA. 
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The HA obtained was gray in colour. It was pointed out by Stevenson1 that the gray fraction of 
HA can be separated from the original HA by adding electrolyte. This means that the LQ HA is a 
fraction coagulated by the mineral salts abundant in the lake. 

The elemental analysis of the HA sample indicated that it contains C: 57.13%, 0 : 33 .01%, H: 
5.04%, N: 3.30% and S: 1.52%. The data show that these values agree with those previously 
published. 1 The relative high contents of H and N are related to the aliphatic nature of the compounds 
which characterise the lake humic materials .14 

Figure I shows the potentiometric titration curve and the first derivative of the HA sample. Two 
inflections can be observed in the titration curve and its general behaviour is similar to titration curves 
for weak acids . The single maximum ofthe first derivative indicates one type of ionic functional group. 
The maximum occurs at pH 8.44, which is low for ionisation of phenolic groups, so the ionizing 
functional groups are probably carboxylate. The carboxylate capacity was calculated from this 
maximum and was found to be 2.4 meq/g. This value is smaller than those reported for soil HA, but it 
agrees with that for lake HA15 A generalized form of the Henderson-Hasselbalch equation9 was applied 
to evaluate the pK. of the HA sample : 

"' D-.. 
E 2 

JQ 

J: 
Q. 
"' 1 

7.0 

6.5 

6 .0 

"' ~ 
a. 

5.5 

5 .0 

0 .0 

pH= pK. + n log [a /(1-a)] 

--· 
10 

meq/g 

Flg.(1) : Th e Potentiom etric Titrat ion C urve and the First Deriv ative 

of l ake Qua run Humic Acid 

0.2 ~· ~6 ~8 1.0 

Degree of ionization ( a. ) 

Flg .(2): Variation of pKa with the Degree of Ionization of 

Lake Ouarun Hum ic Acid 

215 



Proceedings ISEC'99 

Figure 2 represents the plot of pK. vs the degree of ionization (a.) . The sample displayed typical 
characteristics of polyelectrolyte, i.e. the pK. increased with increasing degree of ionisation of the 
carboxylate groups. The pK. value at 50% ionisation (a.= 0.5) is found to be 5.80. 

The C-13 NMR spectrum is shown in figure 3. It exhibits fairly distinct peaks in the aliphatic 
(ca. 30ppm), aromatic (ca. 130ppm) and carboxyl (ca. l75ppm) regions . It is clear from the figure that 
the peak of the aliphatic region is stronger than the aromatic one. 

250 150 100 so 0 SO-

Figure 3 C-13 NMR Spectrum of Lake Quarun Humic Acid 

TheIR spectrum is illustrated in figure 4. Main absorption bands are in the regions of 3300 em· 
1 (H-bonded OH groups), 2920 cm-1 (aliphatic C-H stretching), 1650 cm-1 (C=O stretching of amide 
groups), 1540 cm-1 (Coo- symmetric stretching), 1460 cm-1 (aliphatic C-H), 1390 cm-1 (Coo
antisymmetric stretching), 1230 cm·1 (C-0 stretching and OH deformation of COOH) and 1040 cm·1 

(C-O stretching of polysaccharide or Si-0 of silicate impurities) . The spectrum is similar to that of Lake 
Mud HA, Florida. 16 It is characterized by weak absorption near 1720 cm·1 which implies the low 
carboxylate capacity. 

4000 3000 2000 1600 

Frequency 

1200 

Figure 4 The Infrared Spectrum of Lake Quarun Humic Acid 

800 400 

The ratio of the absorbances of dilute aqueous HA solution at 465 and 665 nm, EJE6 ratio, was 
found I . 93 . It is lower than that of brown HA,9 but it is close to that of gray HA.17 The low EJE6 ratio 
show that the investigated HA had high mean residence time. It was pointed out by Stevenson1 that 
EJE6 ratio above 1.3 indicate that much of the material is aliphatic in nature. 

The SX technique involves measuring the extent that the presence of HA inhibits the extraction 
of the cation of interest into the organic phase. For a SE system of a cation M"+, the following equations 
are defined5 (for simplicity the charge on the cation is mnitted) . When no complexing agent is present in 
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the aqueous phase, the partition of the cation between the aqueous (a) and organic (o) phases follow the 
relation : 

Do = [M]o I [M]. (I) 
Hydrolysis and/or complexation by a ligand B interferes with the extraction so the partition is then 
represented by : 

D1 = [M]o I { [M]. + ~ [M(OH)i ]. + ~ [MBil• } (2) 

Thus, when the aqueous phase includes complexation by a second ligand (L) : 

D2 = [M]o I { [M]. + ~ [M(OH)i ]. + ~ [MBila + ~ [MLk]a } (3) 

In the current system B is the buffer anion and Lis the carboxylate group ofHA. For a ligand (L), the 
binding constant for a particular complex in a solution of constant ionic strength is defined by : 

pi = [M(L)i] I { [M] [L]i } (4) 

The concentration of each complex with any ligand can be replaced by the binding constant; the free 
ligand concentration and the free metal concentration. Replacing the total concentration of each 
complexed species in terms of the free ligand concentration, the free metal concentration and the 
respective binding constant allow equations (I), (2) and (3) to be solved. If the investigations are carried 
out at constant pH and buffer concentration, equations ( 1) - ( 4) can be combined to give the relation : 

l/D2 - l/D1 = 1/Do ~ Pi [L]1 (5a) 

or l/D2- l/D1 = (1/Do) { P1[L] + MLf + .. . ... } (5b) 

upon rearrangement, this leads to : 

( DJ[L] ) ( l/D2- 1/DI ) =PI + p2[L] + .. . .... (6) 

Therefore, if the ligand (L) is the concentration of carboxylate groups from the HA, a plot of (DJ[HA]) 
(l/D2- 1/D1) vs free carboxylate concentration [HA] should give a straight line with an intercept equal 
to p 1 and a slope of zero if only a 1: 1 complex is formed, or a straight line of intercept equals p 1 and a 
slope of P2 if a 1 :2 complex is formed. 

The Do values for Th4
+ was calculated from the equation:18: 

log Do= 4.00 pH+ 3.00 log [HDEHP] + 1.55 (7) 

where pH is the negative logarithm ofW molarity. 
The plots of {DJ[HA]}{(l/D2)-(1/D1)} vs the free humate concentration [HA], equation (6), 

for Th4
+ with the gray HA was linear with zero or negative slopes, (figure 5) . Thus, the binding fimction 

required analysis with one constant p 1 implying formation of only a 1: I complex . 
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This result agrees with the potentiometric titration of the HA where one maximum is observed in the 
first derivative curve, figure 1, which implies one type of ionic functional group. The variation of the 
binding constants obtained at different pH values with the degree of ionization (a) of the humate 
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polyelectrolyte is shown in figure 6. The strength of the binding ofTh4
+ to the HA sample increases with 

the degree of ionization, which is a function of pH. Increasing the solution pH increases the ionisation of 
the HA acidic groups, and increases the binding constant. From figure 6, equation 8 could be derived 
for the value of the binding constant as a function of the degree of ionization of HA : 

log (3, = 7.93 + 12.50 a. (8) 

Thus, the value of the binding constant at 50% ionisation (a.= 0.5) is equal to 14.18 . This value lies in 
the range of the reported values11

"
19 for the binding of Th4

+ with soil and lake humic acids . By 

comparing the values of log(3 1 and pK. obtained in this work with previous studies, it is noted that the 

binding constant of Th 4+ at any value of (a.) increases with increasing pK. of the HA. 
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ABSTRACT 
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Extractive recovery of boron in wastewater was examined by using 2-butyl-2-ethyl-1,3-propandiol (BEPD) as an extractant 
and 2-ethylhexanol (EHA) as a diluent. Boron is well extracted in this system and extracted boron was completely recovered 
by alkaline solution. In the continuous opemtions of extraction and stripping, equilibrium sepamtions can be carried out at 
low specific velocity though there was the lowering of efficiency by increasing the specific velocity. Since it was considered 
that this is based as extraction mte was compamtively low, the measurement of extraction mte was also carried out. 

Keywords: boron, wastewater, diol derivatives, mixer-settler, 2-ethylhexanol, 2-butyl-2-ethyl-1,3-propandiol 

INTRODUCTION 

The acidic wastewater from desulfurization plant of a thermal power plant using coal as a fuel 
contains boron in relatively high level. It is known that though boron of a small amount is essential for 
the growth of plants, the growth is inhibited in the concentration of more than 5 mg/1 1

• At present, 
boron is not a regulation object, however, it is an inspected item with the index value of 0.2 mg/1 and it 
will be regulated in the near future, in Japan. 

Boron exists as boric acid or borate in water and it can be practically recovered by using the 
chelating resin having N-methyl (polyhydroxyhexyl) amino group and this method is used for 
ultrapurification of water in semiconductor manufacturing industry 2. Solvent extraction method may 
be more advantageous for wastewater treatment since it can be treat a large quantity easily 3

. Though 
boron can be extracted physically, from the viewpoint of extractability, chemical extraction using 
extractant may be more preferable for practical use 4• 

In this study, the process for the extractive recovery of boron in acidic wastewater was studied. The 
extraction and stripping of boric acid was examined using 2-butyl-2-ethyl-1,3-propandiol (BEPD) as 
an extractant and 2-ethylhexanol (EHA) as a diluent by considering extractability, selectivity and 
stability 5

. Based on the data of extraction and stripping, mixer-settler type extraction system was 
equipped and continuous operation was carried out. Furthermore, the extraction rate of boron was 
measured by using a flat interface contactor. 

EXPERIMENTAL 

Desulfurization waste water. 

In this study desulfurization wastewater from coal thermal power plant with fluorine, metals and 
calcium removed was used. The actual composition analysis of this wastewater is shown in Table 1. 
As the concentrations of components except B, Na, Mg, Cl and S04 were very low an aqueous 
solution of boric acid was used as a model wastewater in this study. 

Extraction and Strioping of Boric Acid. 

For the measurement of the extent of extraction, aqueous solution of boric acid and organic 
solvent ofEHA containing BEPD ofthe same volume were taken into a Erlenmeyer flask and shaken 
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at 25 °C. After extraction equilibrium was 
reached, the concentration of boric acid was 
measured. For the stripping, boron in the 
organic solvent was back-extracted into 
aqueous alkaline solution in a similar manner. 

Continuous Operation Using Mixer
Settler. 

Continuous operations were carried 
out using a mixer-settler (mixer, 0.185 x 10-3 

m3
; settler, 0.545 x 10-3 m3

) at room 
temperature. For extraction, the model 
wastewater (Cai = 0.030 kmoVm3

) and the 
organic solvent, l.O kmoVm3 BEPD/EHA, 
were fed at the same flow rate into the mixer 
in the one-pass. For one-pass recovery, the 
organic solvent containing borate (Coi = 0.030 
kmol/m3

) and 0.5 kmol/m3 aqueous alkaline 
solution were fed at the same flow rate (Sv = 

0.41 h-1
) . For concentrating recovery, the 

alkaline solution was circulated from settler 
to mixer at the same flow rate of the organic 
solvent feeding (Coi = 0.0235 kmol/m3

; Sv = 
0.41 h-1

), and pH ofthe aqueous solution was 
kept at pH 11 by pH controller. 

Extraction Rate of Boron. 

Extraction rate of boron was 

TABLE 1 
Composition of Desulfurization Wastewater 

Item 
Concentration 

[kmoVm3
] 

B 0.012 
Na 0.26 
Mg 0.11 
Ca 8.o x 10-3 

~ 5.8 X 10-4 
K 6.6 X 10-4 
Ni 2.2 X 10-5 

Cu 3.3 X 10-7 

Li 4.0 X 10-7 

Zn 1.7 X 10-5 

p n. d. 
v 4.0 X 10-7 

Cr 1.6 X 10-7 

Mn 4.9 X 10-5 

Fe 2.7 X 10-3 

Mo 3.9 X 10- 7 

w 3.3 X J0-7 

AI 3.2 X 10-5 

Si 4.1 X J0-4 
Cl 0.096 

so4 0.09 

measured by using a flat interface contactor with interface area of 4.30 x 10-3 m2
. To obtain the initial 

rate of the extraction, 0.200 kmol/m3 boric acid solution was contacted with the same volume of 
BEPD/EHA at 25 °C. Each phase was stirred by reverse rotation of two six-blade turbine impellers at 
30 min-1

• 

Analysis. 

The concentration of boron was obtained spectrophotometrically by azomethine H coloration 
method 6 . The absorbance of sample was measured by UVNIS Spectrophotometer Ubest-35, JASCO 
Corp., Japan. 

RESULTS AND DISCUSSION 

Extraction and Stripping of Boric Acid 

The extraction equilibrium was examined in batch experiments of extraction and stripping. 
Figure I shows the effect of BEPD concentration in organic phase on the extent of extraction in initial 
boron concentration of0.030 kmol/m3 in aqueous phase. The value of they-intercept was not zero, and 
it is because diluting solvent, EHA, could extract boron 7

. The extent was saturated at more than 2 
kmol/m3 BEPD, but phase separation was not easy at this range. From the viewpoints of extractability 
and stability, 1 kmol/m3 BEPD/EHA was considered to be suitable. The effect of initial boron 
concentration on the extraction with I kmol/m3 BEPD/EHA is shown in Figure 2. The values were 
roughly constant under the experimental condition except the case of that initial boron concentration 
was extremely low as 0.001 intercept was not zero, and it is because diluting solvent, EHA, could 
extract boron 7 . The extent was saturated at more than 2 kmol/m3 BEPD, but phase separation was not 
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easy at this range. From the viewpoints of extractability and stability, 1 kmoVm3 BEPDIEHA was 
considered to be suitable. The effect of initial boron concentration on the extraction with I kmoVm3 

BEPDIEHA is shown in Figure 2. 
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Figure 1. Effect of extractant 
concentration on extraction 
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Figure 3. Effect of alkali concentration on 
stripping 
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Figure 2. Effect of boron concentration on 
extraction 
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Figure 4. Effect of boron concentration on 
stripping 

The values were roughly constant under the experimental condition except the case of that initial 
boron concentration was extremely low as 0.001 kmoVm3

, and 75% of boron was extracted even if the 
boron concentration was low as 0.01 kmoVm3

. The extraction from actual waste-water was also 
attempted and there was no remarkable effect of coexistence components since the same results were 
obtained. Figure 3 shows the effect of alkali concentration in stripping phase on the stripping in initial 
boron concentration of 0.023 kmoVm3 in 1.0 kmoVm3 BEPDIEHA. Though the extent increased with 
alkali concentration up to 0.05 kmoVm3 and approximately 100% strippings were achieved up to 3 
kmoVm3

, the extent decreased above this concentration. Since the similar behavior was observed by 
the addition of sodium chloride, it was considered that the extent decrease was caused by the increase 
of salt concentration. Figure 4 shows the effect of initial boron concentration in 1.0 kmoVm3 
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BEPD/EHA on the stripping by 0.5 kmol!m3 alkaline solution. The extent of stripping was decreased 
with increasing the boron concentration in organic phase. This was caused by pH decrease with the 
increase of boron concentration in aqueous phase and more than 80% of boron could be stripped by 
adjusting pH to 11 . 

Continuous Operation Using Mixer-Settler 

A mixer-settler type extraction system was equipped for extraction and stripping, and 
continuous operation was carried out. The effect of specific velocity of feed on the extraction in one
pass extraction is shown in Figure 5. 
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Figure 5. Effect of specific velocity in 
one-pass extraction 
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Figure 8. Time course of boron 
concentration in concentrating recovery 

At the time when 4 times volume of the mixer-settler was fed, the extents of the extraction were 74, 69 
and 66% at Sv = 0.41, 0.82 and 1.64 h- \ respectively. Though a value near to the equilibrium was 
obtained at Sv = 0.41 h-1

, the value lowered with increasing Sv. The effect of specific velocity of feed 
on the stripping in one-pass recovery is shown in Figure 6. Though a result that was not in steady state 
completely was contained, more than 80% of the extents of stripping were obtained and complete 
stripping was achieved at Sv = 0.41 h- 1

• From these results of one-pass experiment, it was considered 
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that the extraction and stripping rates was comparatively low since though equilibrium separations 
were achieved in the case of low specific velocity, the extents were lowered with increasing the feed 
rate. Figures 7 and 8 shows the results of a concentrating recovery. In this run, stripping phase was 
circulated with pH control. The extent of stripping that stabilized after 5 hours was only about 80%, 
though specific velocity was low as Sv = 0.41 h-1 (Figure 6) . However, boron was concentrated well as 
boron concentration in the circulating stripping phase increased linearly and it in the effluent organic 
solvent could be kept low (Figure 7). 

Extraction Rate of Boron 5 
0 

~ 

VI 
4 0 

<£ 

I 3 0 

'h 0 
...... 2 
X 0 

0 
~ 1( 
II: 

0 
0 1 2 3 4 

Because there was the effect of space 
velocity, initial extraction rate was examined 
by using a flat interface contactor. The effect of 
BEPD concentration on the flux of boron 
extraction is shown in Figure 9. The flux was 
increased according to the first order against 
BEPD concentration. The rate of extraction 
only with EHA was very low and it was 
improved by addition of BEPD. The extraction 
rate was low after all, and it was proven from 
this result that to extract boron effectively was 
important in this system. BEPD oo ce tJ aicn [ lqrd/m 3 

] 

NOMENCLATURE Figure 9. Effect of extractant 

C,;: inlet concentration of boron in aqueous 
solution 

concentration on extraction rate 

C0 ; : inlet concentration of boron in organic solvent 
Sv: specific velocity based on the total working volume of mixer-settler 
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ABSTRACT 

REACTIVE LIQUID-LIQUID EXTRACTION OF HEAVY 

METALS FROM LANDFILL LEACHATE 
W Mickler, A Reich and E Uhlemannt 
Universitiit Potsdam, Institut fur Anorganische Chernie und Didaktik der 
Chernie, PF 60 15 53, D-14415 Potsdam, Germany 

Toxic heavy metals can be extracted simultaneously by reactive liquid-liquid extraction from a model landfill leachate. 
Commercial alkylphosphoric acids (D2EHPA, D2EHTPA), B-diketones (LIX 54~ and a novel alkylmethylphosphonic acid (ironex~ 
were used as extractants and compared with 4-acyl-5-pyrazolones. According to their ligand strength, the presence of complexing 
agents in the aqueous phase (tartrate, ammonia, cyanide, chloride and humic acid) hinders the extraction. 
The composition of the extracted species with the phosphoric acids were found as ML2(HL) or ML(HL)l respectively. The B-diketones 
form 1 :2 complexes. 
The influence of the aromatic or chloric solvents on the extmction behaviour is not advantageous in contrast to the non-toxic aliphatic 
hydrocarbons. 
All tested compounds extract the toxic heavy metals quantitatively but only LIX 54 is able to perform the separation from alkaline earth 
metals. 

Keywords: landfill leachate, D2EHPA, D2EHTPA, pyrazolone derivatives, B-diketoncs, reactive extraction. 

INTRODUCTION 

About 2.4 kg of heavy metals are released in Germany per hectare landfill and year by landfill 
leachate. Their recovery represents an extensive reduction of the environmental pollution. 1 As landfill 
leachate consists of a multi-component mixture, precipitation connected with the landfill is especially used 
to its decontamination. In general, hydrometallurgical processes focus on the selective separation of some 
single components? The advantage of the reactive liquid extraction consists in the possibility of separating 
selectively the dangerous components from an unproblematic matrix. 

Within the large number of potential extractants, alkylphosphoric acids are of crucial irnportance3 

whereas B-diketones or 4-acyl-5-pyrazolones respectively play a limited role in spite of their favourable 
qualities such as co-ordination ability, stability or acidic strength. 4'

5
'6.

7
. In contrast to the alkylphosphoric acids 

these compounds allow additionally the specific and selective extraction of heavy metals.8
•
9 The reported 

experiments will also include studies of the influence of secondary contents of the aqueous phase on the 
extraction equilibrium. 

For comparison, a new extractant, an alkylsubstituted arninomethylphosphone acid (Ironex®, BASF), 
was used because of its excellent parameters for the iron (III) extraction 10

•
11

. 

Generally, the aim of the experiments is the simultaneous separation of heavy metals from a model landfill 
leachate by reactive liquid-liquid extraction to form an unproblematic matrix. 

EXPERIMENTAL 

Extraction parameters 

The experimental conditions of the liquid-liquid extraction were the following: 
cM.n+ 10·5 

.. . 104 mol/dm3 (I= 0.1 mol/dm3 KN03) 

cHL 10'3 
.. . 10'2 mol/dm3 (solvent: kerosene), n-octanol as modifier 

phase ratio 1 +I ( 20 cm3
, separation funnels) 

temperature 25° C 
extraction cycle 10 minutes (mechanical shaker) 

t deceased 
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The pH-adjustment was carried out by adding HN03 or NaOH respectively. For the measurements 
a pH-meter MV 86 (praecitronic, Germany) with glass electrode (Schott, Germany) was used. The metal 
concentration was determined by AAS (AAS 1100 B, Perkin Elmer) after re-extraction from the organic 
phase. The metal stock solutions were prepared by dilution of a Merck-standard solution with bidistilled 
water. All chemicals were ofp.a.-quality. 

Assuming the general equation: 

Mn+(aq) + n HL (orgJ = ML (org) + n W <•v , 

D = cMn+(org) I cMn+(aq) 

the distribution coefficient (D) was calculated from the metal concentration in the aqueous phase before 
extraction and from the organic phase after re-extraction with sulphuric acid. 

The extraction yield (EI%) can be calculated using the relation R = ( D I D+l ) 100%. For the 
extraction constant Kex, the equation: -log Kex In = pH05 + log CHL is valid. 

The distribution coefficient and extraction constant are connected by the relation: 

log D = n pH+ log Kex + n log CHL. 

The slope n of the functions log D = f (pH) and log D = f (cL) corresponds to the number of coordinated 
ligands. 

Extractants 

4-Acyl-5-pyrazolones 

The syntheses of 1-phenyl-3-methyl-4-(2-ethylhexanoyl)-5-
pyrazolone were performed following the method of Jensen12 by the 
reaction of 1-phenyl-3-methyl-5-pyrazolone with the corresponding acid 
chloride. The compounds were purified by distillation in vacuum. Some 
analytical data have already been published.13 (R=alkyl) 

jJ-Diketones 

The syntheses were performed following a Claisen condensation 
of acetophenone with the corresponding phenyl- or ethyl esters in the 
presence of sodium amide.14 The compounds were purified by distillation 
in vacuum. Some of their analytical data are given elsewhere. LIX 54 was 
purified by distillation. (R= i-octanoyl I alkyl) 

Alkylphosphoric acids 

The commercial extractants were used as received (Bayer AG) . 
Di-(2-ethylhexyl)-phosphoric acid (D2EHP A) Di-(2-ethylhexyl-monothio )-phosphoric acid 

Aminomethylphosphonic acid"' (AMPS) 

The compound were used as received (BASF) after several washing operations 
to the neutral state. The syntheses are described. 11 
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RESULTS AND DISCUSSION 

The contents of the used model landfill leachate compared with the German legal values are given in table 1. 

Element 
Calcium 
Magnesium 
Iron 
Cadmium 
Lead 
Chromium 
Copper 
Nickel 
Zinc 

Concentration in llg/dm3 

100000 
20000 
10000 

100 
1000 

10000 
2000 
1000 

10000 

legal limiting values in l!g!dm3 

100 
500 
500 
500 
500 
2000 

Table 1 Typical contents of the (model) landfill leachate (pH: 4.75- 7.10) 

With the help of the function E% = f (t), for the most systems it was found that extraction equilibrium 
was reached after 5 minutes. Only in the case of Cr(IID the ligand exchange was hindered and the extraction 
time increased by about 4 times. 

The suitability of different solvents for the extraction processes was examined by the function log 
D= f (pH). Comparably, the best results were obtained for aliphatic hydrocarbons. 
Table 2 summarises the results for the extraction of typical contents of landfill leachate with different 
commercial extractants. It can be seen that the thiophilic soft cations are better separated by the extractant 
D2EHTPA than by D2EHPA. The results for AMPS could be found in the same region. Generally, the B
diketones show better separation factors than the phosphoric acids. 

pRos lgl<ex 
Extractant Cu Zn Cd Ni Cu Zn Cd Ni 
Di-(2-ethylhexanoyl)-
-5-pyrazolone 2.05 5.80 8.20 6.70 -0.10 -5.90 -10.4 -7.40 
D2EHPA® 5.18 4.80 5.18 5.48 -4.14 -3.39 -4.30 -4.81 
D2EHTPA® 3.50 4.95 3.85 5.78 -0.79 -3.67 -0.99 -5.41 
LIX 54® 3.90 6.55 * 6.40 -3.80 -7.10 * -7.86 
AMPS® 3.35 6.57 7.25 7.85 -1.35 -3 .45 -2.08 -3.38 

* Extraction less than 50 % 
Table 2 Extraction data of 4-Acyl-5-pyrazolones, B-Diketones, Alkylphosphoric acid 

Figure I represents the log D/pH-function of a substituted 4-acyl-5-pyrazolone. In the neutral pH 
region copper, iron and zinc are extracted quantitatively whereas the alkaline earth metals are not included. 
Nickel and cadmium are extracted only incompletely and a significant separation of the heavy metals from 
the alkaline earth metals could not be observed. 

In the case ofLIX 54 it can be shown that the heavy metals are extracted simultaneously in a good 
yield whereas the extractability of calcium (6%) and magnesium (23%) is only small. The phase transfer of 
the cadmium complex with LIX 54 is hindered since it should be realised that the octahedral complex can be 
co-ordinated with two water molecules. The results of the extraction experiments are put together in figure 
3. Especially in the case of AMPS the excellent separation of iron is obvious. 

In figure 2, using copper extraction as an example, the loading capacities of different commercial 
extractants are compared with that of a substituted 4-acyl-5-pyrazolone. Generally, the extractants show 
similar results, especially LIX 54 permits the extraction of 11.8 giL. 

In the case of the alkyl phosphoric acids, the composition of the extracted compounds could be found 
as ML(HL)2 or M~(HL) respectively. The B diketones form a 1:2 complex. 
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The influence of some typical contents of an aqueous leaching liquor were tested by the function log 
D = f (c anion) . Corresponding to the increasing complex stability of the anions, the metal extraction is 
hindered. The sequence cyanide> tartrate> ammonia >chloride was observed. In the case of humic acids that 
can be regarded as representatives of a metal-soil-interaction, the stability relations are similar to tartrate. 

3 

-2 

2 4 6 8 
pH 

Figure 1 Separation of different metals with 1-phenyl-3-methyl-4-(2-ethylhexanoyl)-5-pyrazolone 
log D= f(pH) 

o 4-acyl -5-pyraz.olo~ 
5 

• AMPS 

X Kelex 100 

* LIX 54 

5 10 15 20 
~Co loqu.l in gt"1 

Figure 2 Extraction isotherm of copper with different extractant pH = 4. 4 WHL = I 0 % 
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Figure 3 Simultaneous extraction from landfill leachate 
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ABSTRACT 

A COMPARATIVE STUDY OF THE TREATMENT OF 

CHROMIUM ELECTROPLATING WASTEWATER 

USING TwO EXTRACT ANTS, ALAMINE 336 AND 

ALIQUAT336 
YK Peter Sze, Cliff SW Lam, WK Long and JMY Ho 
Department of Biology and Chemistry, City University ofHong 
Kong, Hong Kong, China 

At a molar ratio of extractant to hexavalent chromium, Cr(VJ), of 4 to I, Aliquat 336 can effectively extract Cr(VI) with a 
percentage of extraction greater than 90% over a wide pH range (1.5 to 7). Fairly high concentrations of stripping agents, e.g. 0.5 
moVchn3 NaOH, are required for effective stripping. At the same molar ratio, Alamine 336 can extract more than 90"/o of Cr(VJ) 
over a much narrower pH range (1.5 to 2.5). Cr(VJ) loaded Alamine 336 solutions can be effectively stripped with NaOH at low 
concentrations, e.g. 0.1 moVchn3 The stoichiometries of the Cr(VJ) species in the organic solutions in equilibrium with simulated 
rinse-waters at different pH values are examined. 

Keyworrls: chromium(VJ), waste-water treatment, Aliquat 336, Alamine 336 

INTRODUCTION 

Hexavalent chromium, Cr(VI), is an extremely toxic meta!Y Very stringent discharge standards 
have been set by environmental authorities to limit its discharge3

'
4 The removal of Cr(VI) from waste-water 

by solvent extraction has been the subject of extensive studies.5-11 Some of these studies were aimed at the 
development of processes for the treatment of Cr(VI)-rontaining waste-water and the development of 
mathematical models for the processes.5-7 Some focused on a more fundamental understanding of the 
extraction chemistry.S-11 Recently, we reported the results oftreatment of simulated chromium electroplating 
rinse-water with mixer-settlers using Aliquat 336 as the extractant and NaOH as the stripping agent for 
Cr(VI) recovery.12 We were able to reduce the concentmtion of Cr(VI) in the simulated rinse-water from 130 
ppm (2.5 x 10-3 moVdm3) to a level below detection limit, estimated to be 0.04 ppm, meeting very stringent 
discharge standards. In this paper, we present more up-to-<late results that we have obtained with Aliquat 
336. Another extractant, Alarnine 336, was included in this study for comparison. 

EXPERIMENTAL 

The experimental procedures and the chemicals used were essentially the same as those described 
previously.12 Briefly, simulated rinse-water was prepared by diluting 1 000-fold a simulated chromium plating 
bath containing 248 g/dm3 Cr03 (Reag. ACS, RDH) and 2.5 g/dm3 H2S04• The Cr(VI) concentmtion of the 
simulated rinse-water was 2.5 x 10'3 moVdm3 with a pH at 2.6. A 2 moVdm3 NaOH or 2 moVdm3 H2S04 

solution was used for pH adjustment for study at other pH values. A solvent containing 0.01 moVdm3 Aliquat 
336 (Henkel Corporation, Tucson, Arizona, USA) and 5% v/v n-decanol (98%, Aldrich Chemical) in lsopar 
M (Exxon Chemical International, Hong Kong) was used to extract Cr(VI).12 In the present study, Alarnine 
336 (Henkel Corporation) at 0.01 moVdm3 in 5% v/v n-decanol and Isopar M was also used. Aqueous 
solutions were similarly prepared from Cr03. In addition, a solution prepared from K2Cr201 (Reag. ACS, 
RDH) was also used. 

RESULTS AND DISCUSSION 

The percentages of extraction of chromium by the two solvents at different equilibrium pH values of 
the aqueous solutions are shown in Figure 1. The results for the Aliquat 336 extractant are in good agreement 
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with those reported previously, 12 but in the present study, we have extended the pH range to 1. An increase in 
Cr(VI) extraction is observed when the pH increases from 1 to 2. The percentage ofCr(VI) extraction remains 
almost 100% between pH at 2 and 6, and then declines. 

The pH dependence ofCr(VI) extraction by Alamine 336 is very much different from that by Aliquat 
336 (Figure 1 ). After the maximum extraction which occurs at an equilibrium pH of 2, Cr(VI) extraction by 
Alamine 336 decreases rapidly with increasing pH This decrease can be attributed to a conversion of 
R3NH"(org) to R3N(org), which cannot extract Cr(VI). 
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Figure 1. Extraction percentages ofCr(VI) by Aliquat 336 and Alamine 336 solvents as a function of the 
equilibrium pH of the aqueous phase. The two solvents contained 0.01 moVdm3 of Aliquat 336 
and Alamine 336, respectively. The initial concentration of Cr(VI) in all aqueous solutions 
([Cr(VI)(aq)]init) was 2.5 x 10·3 moVdm3. 

The results in Figure 1 suggest that it should be much easier to strip Cr(VI) with alkalis from 
Alamine 336 solutions than from Aliquat 336 solutions. The results of stripping with NaOH solutions are 
shown in Figure 2. While NaOH at fairly high concentrations is required for effective stripping of Cr(VI) 
from the Aliquat 336 solution, NaOH at 0.01 moVdm3 can strip almost 90% of the Cr(VI) from the Alamine 
336 solution. This property is an advantage for Alamine 336 when considering which extractant to be used for 
the treatment of Cr(VI)-containing wastewater. An overall consideration will also have to take into account 
properties such as the degree of Cr(VI) decontamination required for the wastewater, stability towards 
oxidation in the organic phase, etc. 

In aqueous solutions ofCr(VI), the following equilibrium processes occur:13
'
14 

H2Cr04 • H" + HCr04- K1 = 0.16 

HCr04· • H" + CrO/ 

2HCr04. • Cr20 /" + H20 

K2 = 3.2 x w·7 

K3= 33.0 

Using the equilibrium constants, K~, K2 and K3, we calculated the concentrations of the species, H2Cr0"' 
HCr04·, CrO}· and Cr20 /", in the aqueous solutions. At the Cr(VI) concentration that we used, 2.5 X 10.3 

molldm3, the dimer, Cr20 /", was present as a minor species, amounting to less than 12.5% at maximum. The 
concentration of HCr04- increased with pH up to pH 3.5 at the expense of H2Cr04. It then decreased as 
CrO/ gradually increased in concentration and became the predominant species at pH ;::: 7. 
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In our previous work, 12 we obtained the UV and visible spectra for the organic solutions in 
equilibrium with the aqueous solutions at different equilibrium pHs from 2 to 12.5 with the initial Cr(VI) 
concentration being 2.5 x 10'3 M for all the aqueous solutions. We found in the pH range between 2 and 4, 
the spectra were almost identical and as the pH increased between 4 and 9, there was a gradual transition of 
the spectral contour. Between 9 and 12.5, the spectral contours were unchanged except that the intensity 
decreased with increasing pH in accord with the decrease in the percentage of extraction. We proposed that 
there were mainly two extracted species in the organic phase, one prevailing at equilibrium aqueous pH 
between 2 and 4, and the other prevailing at equilibrium aqueous pH between 9 and 12.512 In the transition 
between the two pH ranges, the predominance of the species shifted from one to the other. 

Figure 2. 
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Stripping percentage of Cr(VI) from the Aliquat 336 (black columns) and Alamine 336 
(white columns) organic solutions at three concentrations ofNaOH. The Aliquat 336 and 
Alamine 336 organic solutions contained 2.5 x 10'3 moVdm3 and 2.0 x 10'3 moVdm3 Cr(VI), 
respectively, before stripping. 

The species in the organic phase in equilibrium with aqueous solution in the pH range of 9 to 12.5 
can easily be identified as (R3WCH3h-Cr0/ because of the close resemblance between the spectra of the 
organic phase and of aqueous solutions in which CrO/- is the only important species (see Figures 3d and 3e). 
The species in the organic phase in equilibrium with aqueous solutions in the pH range of2 to 4 was assigned 
to R3N'"CH3.HCr04- in view of the fact that HCr04- is the predominant species in the equilibrium aqueous 
phase.12• This assignment needs a closer examination because of the possibility of a higher degree of 
dimerization in the organic phase. 

There have been several studies on Cr(VI) speciation in organic solutions of tertiary amines or 
quaternary ammonium salts. Deptula [II] studied Cr(VI) extraction by tri-n-octylamine from sulphuric acid 
solutions containing up to 10 g 1'1 (0.19 M) using the dilution and maximum saturation methods, and proposed 
that the following extraction mechanism took place in dilute sulphuric acid: 

The maximum distribution method in the study of Cr(VI) extraction is not conclusive as it is unable to 
distinguish between the R~.HCr04'(org) and the (R3N'"Hh.Cr20 l'(org) species since the extractant to 
Cr(VI) molar ratio is equal to I in both cases. Our own data obtained at equilibrium pH 3 also shows that the 
ratio of the extractant to Cr(VI) is close to 1 (Figure 4 ). Huang et al.10 studied the extraction of Cr(VI) by 
triisooctylamine in o-xy1ene from hydrochloric acid solutions containing about 1 gldm3 of Cr(VI) (0.019 
moVdm3). They concluded that R3N'H.HCr04-was the dominant form in the organic phase. Lo and Shiue8 

used a concentration of 1 x 10·3 moVdm3 Cr(VI) in a study of the solvent extraction system of Aliquat 336 
dissolved in a mixture of kerosene and xylene. They proposed that R3WCHr.HCr04- was the major form in 
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the organic phase. However, their data could almost equally well fit a model in which, the dimer, 
(R3WCH3) 2.Cr20/", was the only extracted species. Yamada and Sekine9 studied the solvent extraction of 
Cr(VI) from acidic aqueous nitrate solutions into chloroform by ion-pairing with tetrabutylarnmonium ions. 
Their numerical method takes into account both W.HCr04·(org) and {W)2.Cr20/'(org) in the 
distribution expression and allows calculation of the apparent dimerization constant defined as follows: 

The value for ~.org was found to be 1047
, which is about three orders of magnitude larger than that for 

aqueous solutions. In Yamada and Sekine's system,9 it can be calculated that at a total concentration of 2.5 x 
10·3 mol/dm3 ofCr(VI) in the organic phase, about 94% of the Cr(VI) exists as the dimer. 

Figure 3. UV-visible spectra of (a) organic solution (0.01 mol/dm3 Aliquat 336) containing Cr(VI) 
extracted from an aqueous solution ([Cr(VI)(aq)]init = 2.5 x 10'3 mol/dm3

) at equilibrium pH 
3; 2 mm pathlength, (b) aqueous solution of0.65 molldm3 K2Cr20 7 at pH 4; Cr(VI) exists 
mainly as CrzOl (86%, calculated) and 14% as HCr04·, ca. 0.01 mm pathlength, (c) 
aqueous solution of 2.5 x 104 molldm3 Cr(VI) at pH 4; Cr(VI) mainly exists as HCr04. 
(98%, calculated) and 2% as Cr20/'; 10 mm pathlength, (d) organic solution (0.01 mol/dm3 

Aliquat 336) containing Cr(VI) extracted from an aqueous solution ([Cr(VI)(aq)]ini, = 2.5 x 
10·3 molldm3

) at equilibrium pH 12; 2 mm pathlength, and (e) aqueous solution of2.5 x 104 

mol/dm3 Cr(VI) at pH 12; Cr(VI) exists as 100% CrO/; 10 mm pathlength. 

The spectrum of a solution containing 2.5 x 10·3 mol/dm3 Cr(VI) in our Aliquat 336 solution is 
shown in Figure 3a. This solution was obtained by equilibrating the organic solvent with an aqueous solution 
of Cr(VI) ([Cr(VI)ini, = 2.5 x 10·3 mol/dm3

) at an equilibrium pH of 3. The spectra of aqueous solutions of 
Cr(VI) in which the predominant species are Cr20/' and HCr04·, respectively, are shown in Figures 3b and 
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3c. The close resemblance between Figure 3a and Figure 3b suggests that there should be a significant 
concentration of the dichromate species, CH3NR3)2.Crz0/, in the organic phase. 

The spectra ofCr(VI) extracted into the Alamine 336 solvent at equilibrium pH values of up to 4.3 
are similar to the spectrum shown in Figure 3a, with different intensities reflecting the different concentrations 
ofCr(VI) extracted. The dichromate species, (R~.CrzO/ is again expected to be present in significant 
concentration in the Alamine 336 organic phase. We were unable to obtain spectra at higher equilibrium pHs 
( 5. 8-ll . 9 studied) because of the low concentrations of Cr(VI) extracted. 

The presence of dimeric Cr(VI) species in significant concentration in Alamine 336 and Aliquat 336 solutions 
is of great interest and deserves further attention. 

0.03 0.035 {).()4 

Figure4. Molar ratio of [Cr(VI)(org)] to [Aliquat 336(org)] as a function of initial [Cr(VI)(aq)]. 
[Aliquat 336(org)] was 0.010 moVdm3 and the equilibrium pH of the aqueous phase was 
3.0. 
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ABSTRACT 

TAILOR-MADE AROMATIC CAGE COMPOUNDS AS 

TOOLS FOR SELECTIVE SOL VENT EXTRACTION OF 

METAL IONS 
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Vllgtle1 

1Institut fur Anorganische Chemie. Technische Universitiit 
Dresden, D-01062 Dresden, Germany. 
2Kekule-Institut fur Organische Chemie und Biochemie. 
Universitiit Bonn, D-53121 Bonn, Germany. 

Differently functionalized aromatic cage compoWlds were synthesized and investigated in view of their extraction properties 
toward metal ions. The compoWlds show a pronom1ced selectivity for Ag(l) over various hard and soft metal ions. The 
extraction efficiency of Ag(I) strongly depends on the extractant structure and is controlled by different coordination patterns. 
Molecular modeling calculations of the complex structures allow the interpretation of the experimental results. 

Keywords: cage compoWlds, silver, molecular modeling. 

INTRODUCTION 

Selective binding and effective removal of metal ions from solution by solvent extraction 
require a perfect conformity between metal and extractant combined with a high lipophilicity of the 
formed complex. Supramolecular chemistry offers interesting possibilities 1 in designing tailor-made 
molecular architectures with different nature, arrangement and number of donor sites and thus, in 
controlling metal extraction selectivity. In this connection, a cage-like framework with aromatic 
coordination centers linked by functionalized spacer units represents an interesting concept 2 

2 3 4 5 

The aim of this work is the design of selective extractants, especially for silver. For this 
purpose, the novel aromatic cage compounds 2-5, which differ in shape, size and donor functionalities, 
have been synthesized. 3 The extraction behavior of these compounds was investigated in the system 
metal salt-picric acid-H20/ligand-CHCh or CH2Ch. For comparison, the [2.2.2]paracyclophane 1, 
which forms stable 1: 1 complexes with Ag(l), 4 was also tested in the extraction experiments. The 
results obtained are interpreted on the basis of molecular modeling calculations for the ligands and 
their silver complexes. 
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EXPERIMENTAL 

Liquid-liquid extraction 

The extraction experiments were performed in micro reaction tubes (2 cm3
) at 25 ± I oc by means 

of mechanical shaking. The phase ratio V (aq): V (org) was 1:1 (0 .5 cm3 of each phase). A shaking time of 
30 minutes was sufficient to achieve equilibrium. After extraction the phases were separated and 
centrifuged. The metal concentrations in both Rhases were determined by y-radiation measurement of 
the radioisotopes 22Na, 60Co, 64Cu, 65Zn, 109Pd, I Om Ag, 203Hg with a Nal(Tl)scintillation counter (Cobra 
II; Canberra-Packard) and P-radiation measurement of the radioisotopes 45Ca, 2~1 with a liquid 
scintillation counter (Tricarb 2500; Canberra-Packard). The radioisotopes were supplied by Medgenix 
Diagnostics GmbH (Ratingen, Germany) . 

The stoichiometries of the extracted species were determined by multiple regression analysis of 
the experimental data with a modified Marquardt procedure5 on the basis of the following extraction 
equilibrium: 

Molecular modeling 

The molecular modeling studies have been performed at a semi-empirical level using PM3 
(extractants) and ZIND0/1 (Ag(l) complexes). The molecules under study were completely geometry 
optimized until a gradient norm less than 0.001 kcal·mor'·k' . All calculations were done on a 
Pentium II/400 MHz computer. HyperChem 5.02 (Hypercube) and CERIUS2 1.6.2 (Molecular 
Simulations Inc.) were used for computer graphics and the initial building of the molecular models. 
The usefulness of the methods was proven by calculation of different ligand and complex structures 
and comparison with the related X-ray structures 6

. 

RESULTS AND DISCUSSION 

The extraction behavior of the extractants 1-5 toward various metal ions has been investigated 
under comparable experimental conditions. The results are summarized for Ag(I), Tl(I), Co(II) and 
Hg(II) in Table I. The metal ions Na(I), Ca(II), Cu(I), Cu(II), Zn(II) and Pd(II) are not e11.1racted; the 
DM values are always lower than 10·3 As it is shown in Table I, the extraction efficiency for Ag(l) 
very strongly depends on the ligand structure. For example, 2 gives a very low silver extractability, 
indicating only weak metal-ligand interactions. The distribution ratio is more than one order of 
magnitude lower than with the simple [2 .2.2]paracyclophane 1. In contrast to this, compound 3, which 
differs from 2 only by the two central aromatic bridges (2: biphenyl; 3: diphenyl ethane), shows a 
significant improvement of silver extraction and provides some support for the idea of using weak 
silver-n interactions to control the extraction selectivity. 

As expected, 4 and especially 5lead to improved extractability for silver, obviously caused by the 
introduction of the strongly complexing pyridine units into the molecule 7

• In addition to the pyridine 
functions, 5 possesses a tris(2-aminoethyl)amine unit on the top and on the bottom of the molecule. 
This unit is well known as the complexing agent "tren" for transition metal ions 8

. In spite of this, the 
silver selectivity over Tl(I), Hg(II), Zn(ID and Cu(II) is surprisingly high. Furthermore, in the case of 
5, a pronounced extraction of Co(II) over Hg(II), Zn(II) and Cu(II) was observed. This result is 
contrary to the stability order of metal binding by "tren" 9 and points to a sharp change of 
complexation behavior going from the simple chelate to the cage compound. One disadvantage of this 
compound is the protonation of amine nitrogen at pH < 5 and the accompanying change of solubility 
properties. 
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Table 1. Distribution ratios for Tl1
, Ag1

, Co11
, Hg11 with extractants 1-5 

DT1 DAg Dco DHs 

1 < 10-3 4.2·10-2 I < to-3 

2 < 10-3 4.0·10-3 I < to-3 

3 8·10-3 1.1·10-1 I 5.0·10-2 

4 < 10-3 2.4·10-1 I < to-3 

5 < to-3 19 1.1-10-1 < 10-3 

- -4 _ ,_ - .-l 
_, _ 

1-4. [MeCln] or [Me(N03) 0 ]- 1 10 moVdm , [plene ac1d]- 1 10 moVdm , 
[ligand] = 1-10-3 moUdm3 in CHC13. 

5: [MeCI.] or [Me(N03)n] = 1-10-4 moVdm3
; [KN03] = 1·10-2 moVdm3 pH= 6 

(MES/NaOH-buffer); [ligand] = 1-10-3 moVdm3 in CH2Cl2. 

Logo., 

~I 
I 

-3.5 ·3 ·2.!i ·2 

1-4:[AgN03] = 1·104 moVdm3
; [picric acid] = 1-10-2 moVdm3

; [ligand]= 5·104 
.. . 1·10-2 moVdm3 

in CHCh. 
5: [AgN03] = 1·10-4 moVdm3

; [KN03] = 1·10-2 moVdm3
; pH= 6 (MES/NaOH-buffer); 

[5] = 5·10-4 ... 5·10-3 moVdm3 in CH2Ch. 

Figure 1. Extraction of Ag(I) with 1-5 at varying ligand concentrations 

Extraction experiments for silver(!) at varying ligand concentrations shown in Figure 1 
demonstrate that in all cases, 1:1 complexes [AgLt predominate in organic solution. Semiempirical 
molecular modeling calculations for the ligand-silver interactions in the extracted 1: 1 complexes allow 
the interpretation of the extraction results. Generally, the results point to a clear improvement of the 
Ag(I) coordination by the ligands in going from extractant 2 to 5. In the first structure [Ag·2t (Figure 
2), the silver ion is fixed outside the cavity and coordinates at the molecule surface only with one 1t
arene system. The Ag ... 1t-arene distance (2.95 A) is relatively long compared with the 
[2 .2.2]paracyclophane 1 (2 .55- 2.67 At In the case of the hydrocarbon 3, in contrast, the silver ion is 
enclosed within the cavity (Figure 2), and as for the [2 .2.2)paracyclophane complex, silver interactions 

with three 1t-systems are possible. The Ag ... 1t-arene distances are shorter (2.60- 2.68 A) than for 2 
and similar to 1. This result supports the observed increase in the silver extractability in comparison 
with compound 2. 

Molecular modeling studies were also performed to estimate the activation energies 10 for the 
complexation and decomplexation processes of Ag(I) with the compounds 2 and 3. Significant 
differences were found, which support the experimental finding. As expected from the extraction 
results, the energy barrier for 3 is much lower (12 .1 kcaVmol) than that for 2. Compound 3 possesses a 
larger entrance on its surface, which facilitates the transfer of the silver ion into the cavity. The 
binding of the silver ion inside the cavity of 3 leads to a gain in stabilization of about 7 kcal/mol 
versus 2. 
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Figure 2. Calculated structures of [Ag·2t (left) and [Ag·3t (right). 

The calculated structure of [Ag·4t (Figure 3) shows that, in analogy to 3, the silver cation is 
included within the cavity. In this case, the silver ion can interact with the lone electron pairs of two 
pyridine nitrogen atoms. An interaction with the third nitrogen atom is not possible for sterical 
reasons, caused by the rigid bridging aromatic rings at the top of the molecule. Therefore Ag(I) adopts 
a favorable linear arrangement between two pyridine units (Ag ... N(l), N(2) 2.51 A; Ag .. . N(3) 7.09 
A). Because the binding Ag ... N-pyridine is stronger than a cation-7t interaction, an enhancement of 
silver extraction results . 

Figure 3. Calculated structure of [Ag·4t 
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The calculated structure of [Ag·5r (Figure 4) shows that all three pyridine nitrogen atoms bind 
the silver ion in the cavity. As a result of the significant flexibility of 5, the pyridine units can tum 
(from the free ligand to the complex) toward the central cavity of the molecule and interact with Ag(l) 
(Ag ... N(l), N(2) 2.50 A; Ag ... N(3) 2.51 A) . The consequence of this observation with respect to 
solvent extraction is that 5 yields the highest extractability for silver obtained during these studies. 

Figure 4. Calculated structures ofligand 5 and its [Ag·St complex 

In contrast to the silver complex structure, preliminary calculations of the Co(II) complex with 
5 give some evidence for the metal arrangement near one "tren" group inside the molecule. Therefore 
the manipulation of "tren" by introduction in the rigid cavity of 5 should be the reason for the 
observed binding changes in comparison with the free chelate ligand 8

•
9

. 

CONCLUSIONS 

Extractants with a preorganized spherical architecture based on aromatic subunits are 
appropriate to assure the selective transfer of silver ions from an aqueous into an organic phase. Shape, 
size, flexibility of the ligands, type and number of donor· sites play an important role in selectivity 
control. It has been shown that cation-7t interactions can provide an useful basis for the design of 
selective extractants for silver. Remarkable selectivity, together with a high extractability, have been 
obtained using cage ligands with pyridine subunits . Molecular modeling calculations of ligand and 
complex structures have been shown to give important information for the understanding and the 
interpretation of the host-guest interactions in these systems. 
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ABSTRACT 

SOLVENT EXTRACTION SEPARATION OF SOME 

TRANSITION ELEMENTS WITH HEXAACETATO

CALIX(6)ARENE 
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Solvent extraction separation ofthoriwn (IV), chromiwn (ill), manganese (II), bismuth (ill) and lead(II) was carried out with 
lx 104 molldrn3 ofhexaacetato-calix(6)atene in toluene at pH 6.0-7.5 The elements from the organic phase were stripped 
with 2- 4 molldrn3 of mineral acid excepting thoriwn which was stripped with 0.05 molldrn3 nitric acid. Elements from the 
aqueous phase were determined spectrophotometrically with suitable chromogenic ligands. They were separated from several 
multicomponent mixtures. The methods were extended for analysis of these elements from the real samples. 

Keywords: thorium, chromiwn(ill), manganese, bismuth, lead, calixarene, analysis 

INTRODUCTION 

The supramolecular compounds are pronusmg extractants for transition and main group 
metals . They have flexible structures with the possibility of enlarging annular space by synthesizing 
higher homologues. Their selectivity can be enhanced by the effective substitution of the upper or 
lower rim with hydrophillic substituents like acetate. These compounds are relatively inexpensive. 
They can be easily synthesized by the base catalysed reaction of tertiary butyl phenol and 
formaldehyde. 1 The substitution of hydroxyl group by acetyl group leads to formation of hexaacetato
calix(n)arene. This ligand has proved to be promising extractant for cobalt,2 palladium3 and iron.4 By 
extending these studies it was observed that thorium, chromium, manganese, bismuth and lead could 
also be quantitatively extracted. The hydroxamic acid derivative of this ligand was used for 
extractions of chromium5 and manganese6 while the sulphonyl carbamide7 derivative was used for 
extraction of lead. This paper presents a systematic investigation of the solvent extraction of some 
transition elements with hexaacetato-calix(6)arene. 

EXPERIMENTAL 

Apparatus and reagent 
A Jasco V-530 UV-visible spectrophotometer with matched quartz cuvettes and a digital pH 

meter with combined electrode assembly were used in these studies. 
The hexaacetato-calix(6)arene was synthesised by the base catalysed reaction of p-t-butyl 

phenol and formaldehyde and acetylated by usual procedure.1• 2 The compound was purified and 
characterised by various spectral methods? A solution of lxl04 mol/dm3 reagent concentration in 
toluene was used for the extractions. Solutions of thorium, chromium, manganese, bismuth and lead 
were prepared and standardised colorimetrically with suitable chromogenic ligands such as Thoron 
(0.1% aq)(thorium), Xylenol orange (10-3 moVdm3)(chromium), periodate (0.4%)(manganese), 4-2-
(pyridylazo) resorcinol (0.1 %)(lead) and thiourea(l2%)(bismuth). 

General procedure 
An aliquot of solution containing about 3-10 ~g/cm3 of the element (thorium/chromium/ 

manganese/bismuth/lead) was taken. The pH of the solution was adjusted to between pH 6.0 -7 by the 
addition of dilute mineral acid.(with the exception of bismuth). The resulting solution was transferred 
to a separating funnel. Then 10 cm3 of 1xl0 - 4 moVdm3 hexaacetato-calix(6)arene in toluene was 
added to it. The solution was then vigorously shaken for 2-3 minutes . The two phases were allowed to 
settle and separate. The metals were stripped from the organic phase with suitable mineral acid and 
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was determined spectrophotometrically with the appropriate chromogenic ligand. The amount of metal 
was calculated from the calibration curve. 

RESULTS AND DISCUSSION 

Effect of pH 
The extraction was carried out in the pH range of 1.0- 7.5 (figure 2). Quantitative extraction 

for thorium was possible at pH 7.5, chromium at pH 6.0, manganese at pH 5.7- 6.7, lead at pH 6.0 
and bismuth in O.IM hydrochloric acid. The extraction usually commenced at pH 1.0 increased to 
>60% at pH 3.0, was quantitative between pH 6.0 - 7.5 and declined above pH 8.0. The extraction 
occurred by bond formation through acetyl group. The extractant was stable in aqueous acidic medium 
and it was possible to use the same organic phase after metal stripping several times to obtain the same 
extraction performance. 

Effect of pH 
t-Bu 100 

80 

80 __.,_ Th(IV) 
w 

-+-Cr(IIQ ?fl. 

40 -Mn(IQ 

-+-Al(ll) 

OAc 
20 

pH 

Figure 1 Figure 2 

Effect of reagent concentration 

The reagent concentration was varied from lxl0·4 to lxl0-6 moVdm3 with the optimum 
reagent concentration being lxl04 M for all metals. Extraction of the metals commenced at 0.75 x 104 

moVdm3 increased to >75% with lxl04 moVdm3 reagent and was quantitative at 5 x 104 moVdm3 of 
hexaaceto-calixarene. The use of higher reagent concentration did not improve the extent of extraction. 

Effect of diluent 

Various non-polar and polar solvents e.g. benzene, toluene, xylene, hexane, carbon 
tetrachloride, chloroform, dichloromethane and dichloroethane were tested as diluents. Toluene proved 
to be best for thorium, chromium and bismuth, while for manganese hexane was best and for lead 
xylene was ideal. All extractions were however carried with a common diluent namely toluene as it 
was less toxic and offered clear-cut phase separations. 

Effect of stripping agent 

Mineral acids like hydrochloric, nitric sulphuric, perchloric and acetic acids were studied as 
stripping agents in the concentration range ofO.Ol- 4.0 moVdm3

. In all the cases quantitative stripping 
was observed for the acids listed in Table!. 

Nature of extracted species 

The composition of the extracted species for each metal was ascertained by plotting graph of 
log distribution ratio against log reagent concentration 
at fixed pH of quantitative extraction. The corresponding slopes for the elements are given: 
thorium(3.73), chromium(2.74), manganese(2.3), lead(l.8), bismuth(2.87). Hence thorium was 
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extracted in the ratio of 1:4 for metal to ligand, chromium and bismuth were extracted in a ratio of 1:3 
and manganese and lead were extracted in ratio of metal to ligand of 1:2. 

Table 1 Quantitative stripping with various acids.(mo1ar concentrations) 

Metals HCl HN03 H2S04 HC104 CH3COOH 

Th 0.05 0.05 - - 0.5 

Cr 4.0 - 2.0 3.0 -
Mn 3.0 3.0 2.0 - -
Bi 2.0 2.0 2.0 - 4.0 

Pb 4.0 4.0 0.1 - -
Extraction time 

The period of equilibration was varied from 2- 10 minutes . It was observed that quantitative 
extraction was possible within an equilibration time of3 minutes . 

Separation from binarv mixtures 

All these metals were extracted under the optimum conditions of extraction in the presence of 
various diverse ions. The tolerance limit was calculated as the error of ±1.2% in recovery of the 
metal. Transition metals were tolerated at a ratio of 1:15 while main group elements were tolerated at a 
ratio of 1:10 but anions were tolerated at a higher ratio of 1:20. It was significant that alkali and 
alkaline earths were tolerated in the ratio of 1:25 

Table 2: Separation from multicomponent mixtures. 

No Metal Cone. pH Stripping Agents Recovery(%) 
flg/cm3 (moVdm3) 

1 Cr (III) 3 7.0 4.0HCl 99.3 
Th(IV) 5 7.5 0.005 H2S04 98.6 
Fe(III) 10 7.0 1.0 HCl 99.7 

2 Th(IV) 5 7.5 0.005 H2S04 98.6 
Co(II) 3 7.5 1.5~SCN 99.9 
Cr(III) 3 6.0 4.0HC1 99.5 
Pb(Il) 5 6.0 4.0HN03 99.5 

3 Th(IV) 5 7.5 0.005 H2S04 98.6 
Pb(Il) 3 6.0 4HCl 98.5 
Fe(III) 4 7.0 1 HCl 99.7 

4 Th(IV) 5 7.5 0.005 H2S04 98.6 
Mn(Il) 10 6.0 0.1 CH3COOH 96.4 
Cr(III) 5 6.0 4.0HCl 99.5 
Fe(III) 4 7.0 1.0 HN03 99.0 

5 Th(IV) 5 7.5 0.005 H2S04 98.6 
Tl (III) 5 3.0 2MHC104 99.5 
Bi(III) 10 1.0 2MHN03 99.6 

Separation from multicomponent mixtures 

The metals were separated from multicomponent mixtures contammg 3-4 elements. A 
representative separation is illustrated from Table 2 for each metal in tertiary mixtures of chromium, 
thorium and iron, chromium was stripped with 4moVdm3 hydrochloric acid, thorium with 0.005 
mol/dm3 sulphuric acid and iron with 1mol/dm3 hydrochloric acid. 
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In a quaternary mixture of thorium, cobalt, chromium and lead, thorium was stripped with 
dilute sulphuric acid, cobalt with 1.5 mol/dm3 amonium thiocyanate, chromium with 4mol/dm3 

hydrochloric acid and lead with 4 mol/dm3 nitric acid. 
In another quaternary mixture of thorium, manganese, chromium, iron, thorium was stripped 

with dilute sulphuric acid, manganese with 0.1 mol/dm3 acetic acid, chromium with 4 mol/dm3 

hydrochloric and iron with 1 mol/dm3 nitric acid. Using the same methodology separations of other 
mixtures were carried out. 

Application to real samples 
The proposed method was extended for analysis of chromium and manganese from steel 

sample and analysis of bismuth and lead from pharmaceutical samples. 

Advantages of calixarene as an extractant 
There are several methods for extraction of these metals however their separation with 

hexaacetato-calix(6)arene had several advantages . It is possible to substitute the lower or upper rim of 
the calixarene to suit complexation. The cavity for intercalation can also be modified by using higher 
homologues to accommodate any metal with varying coordination number. Calixarenes have adequate 
flexibility to suit the stereochemistry of a particular metal . The substitution of the litigating group can 
improve its solubility in solvents and provide better selectivity. Non-centrosymmetric structures are 
attractive for complexation. 

The proposed methods are simple, rapid, selective and reproducible. The total time required 
for separation and determination is less than 30 minutes. The relative standard deviation is ±1.2% 
with as little as 3.5 Jlg of metal can be analysed by the proposed method. 

The method also permits separation of elements from matrix containing commonly associated 
metals . The proposed methods are applicable for these metals from real samples. 
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ABSTRACT 

LANTHANIDE AND ACTINIDE EXTRACTION Wlm 
CALIX[4]- AND CALIX[6]ARENES BEARING 
AMIDE GROUPS 
Nguyen TK Dunga\ Kenji Kunogi2 and Rainer Ludwig 
FU Berlin, Institute fur Inorganic and Analytical Chemistry, 
Fabeckstr. 34-36, 14195 Berlin, Germany 
1visitor from: VINATOM, Centre for Analytic Chemistry and 
Environment, 59. Ly Thuong Kiet, Hanoi, Vietnam. 
2Saga University, Dept. of Chemistry, 1-Honjo machi, Saga 840, 
Japan 

The solvent extraction of trivalent Am, Nd, Eu, lb, Dy, Er and Yb by newly synthesized macrocyclic compounds was 
investigated. The compounds are calix[n]arenes (n=4, 6) substituted with carboxylic acid and amide groups, differing in 
cavity size and arrangement of the ligating groups. The influence of the molecular structure on the extractability and 
selectivity towards f-element ions is discussed in terms of extraction constants. 

Keywords: lanthanides, actinides, macrocyclic compounds, calixarenes 

INTRODUCTION 

Macrocyclic extractants, which offer the possibility to selectively recognize metal ions, are of 
interest for improving separation processes. Calixarenes1 of different ring size combine a cyclophane 
backbone with hydrophobic as well as ionophilic groups and allow the selective inclusion2 and 
extraction3 of ions, ranging from alkaline and alkaline earth to heavy metal ions. 

In this work, we report on extractability, extraction equilibria and extraction constants of 
lanthanide and actinide ions, which were subjected to solvent extraction by the ligands according to 
Scheme 1. The ligands differ in the number and position of carboxylic acid and amide groups. 
Cooperative binding of the acid and amide groups in calix[6]arenes was observed in the extraction of 
Am3+.4•

5 The extractability of metal ions with high coordination numbers (Ln3+) by calix[4]arenes is 
significantly lower than the extractability of metal ions with low coordination numbers such as Au3

+ and 
Pd2

+. 
6

•
7 The results of loading tests are reported. The calculated extraction constants are compared with 

reference systems. 

L R R' n mi 
1 t-bu -CH2-C(O)-NH(n-C4H9) 3 R R 

2 t-oct -CH2-C(O)-N(i-C4H9)2 3 

~ 3 t-bu -CH3 5 

4 t-bu -CH2-C(O)-N(C2H5)2 3 3 1 

5 t-bu --CH3 3 3 I yH2 R' 

6 t-oct -CH2-C(O)-N(C2H5)2 I 3 COOH 

7 t-bu -CHrCOOH 3 

8 t-oct -CH2-COOH 3 

Scheme 1: Investigated ligands 
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EXPERIMENTAL 

Materials 

The parent calix[n]arenes (n = 4,6) were synthesized and products complied with NMR-, mass 
spectral-, mp-, IR- and elemental analytical data.1 Air-sensitive reactions were done under Nr 
atmosphere using transfer techniques. NMR-spectra were recorded at 250 MHz eH) and 63 MHz (13C) 
if not stated otherwise at room temperature with CDCh as solvent. TLC was carried out on Merck 
Silica gel 60F254• All solvents were distilled and chemicals were of p.a . grade. The terms ' lower' and 
'upper' rim refers to the ionophilic and hydrophobic side of the macrocycle, respectively. 

The synthesis of compounds 1, 2, 4, 5, 6, 7 and 8 was reported previously4
•
5
•
8 Ligand 3 was 

synthesized from parent tert-butylcalix[6]arene in three steps via the intermediates 3a, and 3b as 
follows : 

Synthesis of 5, 11, 17,23,29,35-Hexa-tert-butyl-37,38,39,40,41-pentahydroxy-42-methoxy
calix[6] arene 3a: p-tert-Butylcalix[6]arene (1 equiv.) is refluxed with 3 equiv. BaO and 9.8 equiv. Mel 
in acetone until TLC (CH2Ch) shows a maximum at Rr= 0.47 (ca. 5 hours) . The product mixture is 
cooled, quenched, filtrated, and the filtrate is dried. After dissolving in CH2Ch it is washed with 
HCI/1-hO and dried again. Removal of the impurities, which in TLC show lower R1 values, is achieved 
by Soxhlet-extraction using n-hexane. The separation of 3a from the main by-product 
5,11 , 17,23,29,35-hexa-tert-butyl-37,38,40,41-tetrahydroxy-39,42-dimethoxycalix[6]arene 3c was easy 
after derivatization to the corresponding esters 3b and 3d by fractionated crystallization from ethanol. 
Identification of 3a and 3c was done by comparison of the NMR-spectra with reference9

. 

Synthesis of 3b: 1.5 g of the hexane-insoluble fraction is refluxed with 0.35 g NaH in THF for 
4hours . After cooling and addition of2.2 ml ethylbromoacetate reflux is continued for 20 hours . After 
cooling, residual NaH is decomposed with ethanol, the suspension filtrated and evaporated. The residue 
is dissolved in CHCh, washed with 0.5 M HCl and dried. From ethanol, first 0.5 g of 3d crystallize, 
followed by 1 g of the desired product 3b. The symmetric tetraester 3d as well as its hydrolyzed 
product, the tetraacid 3e are insoluble in most solvents. 

5,11 ,17 ,23,29 ,35-Hexa-tert-butyl-3 7,38,39 ,40,41-penta[(ethoxycarbonyl)methoxy ]-42-methoxy-

calix [6]arene 3b. MS(EI): 1417 (L), 1371 (Frakt. -0-C2H5) ; NMR (1H, CDCh): 1.01 (s, 18H), 1.07 
(s) and 1.09 (s) (27H), 1.24 (m, 15H), 1.36 (s, 9H), 2.17 (bs, 2H), 4.17 (bm, 29H), 4.43 (bs, 4H), 6.71 
(s, 2H), 6.84 (s, 2H), 6.92 (s, 2H), 7.14 (s, 2H), 7.19 (s, 2H); (13C): 14.02, 14.12, 30.60, 31.12, 31.23, 
31.37, 31.52, 33.96, 33.99, 34.08, 60.29, 60.66, 69.42, 69.84, 124.61-126.57 (6s), 127.64, 132.23, 
132.70, 133.19, 133.40, 145.44, 146.03, 146.11 , 146.21, 152.31, 152.51 , 155.27, 168.85, 169.16; 

Calc. C 73 .7, H 8.25, found C 73.33, H 8.09%, mp 195-196°C. 
5,11, 17,23,29 ,35-Hexa-tert-butyl-3 7,38,39 ,40,41-penta(carboxymethoxy)-42-methoxy

calix[6]aren 3. By refluxing 3b with 25 eq. tetramethylammonium hydroxyde in THF/water for 12 
hours. NMR eH, CDCh): 1.0 (s, 27H), 1.15 (s, 27H), 3.32-3.43 (m, 9H), 3.95-4.08 (m, 6H), 4.21 (s, 
4H), 4.45 (t, 6H), 6.83 (s, 6H), 7.00 (s, 6H), 7.60 (bs, -OH and H20); (13C): 29.55, 30.27, 31.23, 
31.33, 34.05, 34.15, 60.91, 69.37, 69.64, 71.71, 123.88, 125.39, 126.41, 132.56-133.03 (5s), 146.12, 
146.55, 146.72, 150.98-151.74 (4s), 153.25, 156.52, 172.16; IR 1744 vc0 ; Calc. C 72.39, H 7.57, 

found C 70.08, H 7.56%. 
5, 11, 17,23,29,35-Hexa-tert-butyl-37,38,40,41-tetrakis[(ethoxycarbonyl)methoxy]-39,42-

dimethoxy-calix[6]arene 3d. MS (EI): 1345 (L); NMR CH, CDCh): 1.06 (s, 9H), 1.11 (s, 27H), 1.32 
(m, 12H), 1.39 (s, 18H), 3.44 (bm, 4H), 4.01 (s) and 4.28-4.56 (m) (30H), 6.61 (s, 6H), 7.18 (s, 6H); 
(

13C): 14.00, 14.14, 30.11,31.18, 31.49, 34.10, 58.87, 60.84, 69.90, 123.65, 126.72, 127.77, 132.41 , 
132.77, 133 .69, 145 .67, 146.41 , 151.87, 154.73, 169.09. 

5, 11,17,23,29 ,35-Hexa-tert-buty1-37 ,38,40,41-tetrakis( carboxymethoxy)-39 ,42-dimethoxy
calix[6] aren 3e. As described for 3. NMR CH, CDCh): 1.12 (s, 54H), 3.24 (s, 12H), 3.38 (s, 6H), 
3.97 (s, 8H), 6.93 (s, 12H). 
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Two-Phase Solvent Extraction Procedure 

Extraction of 241Am at tracer levels from diluted HN03 was carried out at 296 K with phase volumes of 
3 ml each on a magnetic stirring plate in a glove box for 4 h at 400 rpm, followed by liquid scintillation 
counting (model LSC 6500, Beckmann Instr.) of the aqueous phase. The specific activity was I 

kBq/cm3 (3 .3 ·10·8 mol/dm3
) before extraction. The oxides (>99.9%) of Nd, Eu, Tb, Dy, Yb and Er 

were converted to perchlorate stock solutions (pH 2.5). The extraction experiments were carried out at 
298 K for 4 hours at 100 rpm using an overhead shaker in a thermostatted box. The aqueous phase for 

lanthanide extraction contained either 1·104 mol/dm3 of Nd(III) (single element extraction) or 6 

lanthanides (Nd + Eu + Tb + Dy + Yb + Er, 1·1 04 mol/dm3M each, competitive extraction). The pH
values given in the figures are equilibrium values, measured with an Ross combination electrode. Equal 
phase volumes were used for extraction and for stripping. The solvent was chloroform (p .a.), washed 
and saturated with water before use. Complete stripping of the lanthanides from the organic phases was 
achieved with 10 mmol/dm3 DTPA at pH 5 (mass balance 100%). Lanthanide concentrations in the 
aqueous and stripping solutions were analyzed by ICP-AES (model IRIS/AP,TJA). The data are 
averages of at least 3 measurements . No extraction took place by chloroform in the absence of 
calixarenes. Extraction equilibria were attained within 30 min. of magnetic stirring, as tested with 
ligand 1. 

Data Treatment 

The distribution ratio D, defined as the ratio between the metal concentration in the organic and in the 
aqueous phase at equilibrium, serves as a measure of extractability and of the stability of the 
complexes, which formed between ligand and metal. As the solubility of the extractants in aqueous 
solutions is very low (e.g. less than 2.10-5 mol/dm3 ligand 1 dissolves in pure water) and their 
distribution constant between chloroform and water are high (e.g. log K = 3.15 for 1 at pH 6), the 
complex formation occurs at the liquid-liquid interface and the complexation in the aqueous phase can 
be neglected in the data treatment. 
Extraction constants Kex were calculated according to the equations (I) and (II) (vide infra) where a 
solid line denotes the species in the organic phase. 

Due to the low ionic strength in the investigated solutions, activity coefficients were not taken 
into account in the calculations. The concentration of uncomplexed ligand in the organic phase cL was 
calculated from the initial ligand concentration and the measured concentration of complexed Ln(III) in 
the organic phase. In case of Am(III) extraction, the initial ligand concentration can be regarded as the 
equilibrium concentration due to the trace concentration of Am(III). 

RESULTS AND DISCUSSION 

Figure 1 shows the plot of log D vs. the pH in the extraction of Am(III) into chloroform by 
calixarenes of various ring size and with different functional groups (Scheme 1 ). Despite the ring size, 
the following molecular features are different: the number of -O-CH2-COOH groups ranging from 6 
(ligands 7, 8) over 5 (ligand 3) to 3 (ligands 4, 5, 6 and 1, 2) . In the calix[6]arenes the -COOH groups 
are more flexible than in calix[4]arenes due to the rotational freedom of the phenyl rings . The 
compounds 1, 2, 4 and 6 are bearing amide groups; 7 and 8 differ in the hydrophobicity, while 1 and 2 
differ in both hydrophobicity and the kind of amide group. 
In the range of pH below 3.5, a slope of3.0 was obtained from the plot for the calix[6]arenes 4, 6, 7, 
and 8 and for calix[4]arene 2, in accordance with the ionic charge. A slope less than 3 was obtained for 

ligands 1 and 55 
From the order of extractability being 1 < 2 = 5 < 4 < 6 < 3 = 7 < 8, it is concluded that: 
(i) a high number of ligating groups calix[n]arenes promotes the extractability, with a maximum being 
around n = 6±1 , which is similar to the extraction ofLn(III)8

•
10

•
11

; 
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(ii) monoalkyl amide-substituted calix[4]arene 1 shows the lowest extractability, possibly due to 
intramolecular hydrogen bonding between NH and CO; 
(iii) three flexible -COOH groups in a larger open cavity (ligand 5) result in an extractability 
comparable with a rigid narrow cavity (ligand 2) . 
(iv) the difference in extraction of Am(III) and Ln(III) by calix[6]arenes increases when the number of
COOH groups decreases from 6 to 3.4•

5 

1. 

0 

~ 
-0. 

Ugand 
No. 

• 
0 2 

v 4 

~ 6 

0 7 

6 8 

1.5 2 2.5 3 3.5 4 4.5 
pH 

Figure!. Extraction of Am(III) at 293K by various 
calixarenes 
Aq. Phase: 241 Am(III), activity lkBq/ml (3 .3*10-BM) 
in 0.0002 to 0.03M HN03, Org. Phase: chloroform 
containing 3mM ligand 

D Am 

0 0 
~ • Nd 

0 Eu 

-1 .... Tb 

<> Oy 

-2 • E r 

v Yb 

.5 2 2.5 3 3 .5 
pH 

Figure 2. Extraction of Am(III) and Ln(III) by 
ligand 3. 
Aq.Phase: Am-series: see Fig. I ; Ln series: 0.6mM 
Ln(CI04)3 (various concentrations), Org.Phase: 
chloroform ocntaining 3mM ligand 

The extraction constants (Table I) for the calix[6)arenes 4, 6, 7 and 8, which were determined from the 
plot of log D - 3pH vs. log cL according to Eq. (I) or (II) as indicated, were used to calculate the solid 
lines in Figure l , fitting well the experimental data. 

The extraction ofLn(III) and Am(III) by the recently synthesized ligand 3 is shown in Figure 2. 
A slope of 3.0 was obtained in this plot for Am(III) and all six lanthanides(III). The order of 
extractability showed as: Am > Nd > Eu > Tb> Dy > Er > Yb, following the order of the ionic radii in 
the series of Ln(III). 

The extraction data for trivalent Nd and Am at various ligand concentrations are plotted in 
Figure 3. Although the experimental conditions for Nd in single element and in competitive extraction 
were different, an excellent agreement was found between these data as seen in Figure 3. The 
stoichiometry of the extracted complexes is different for Am(III) (1 : 1) and Nd(III) (1 :2 metal to ligand) . 
The values of Kex for all six Lanthanide(III) were obtained from the plot 1ogD-3pH vs. logcL in Figure 
4, which were used to draw the solid lines in Figure 2. These lines fit well the extraction data and it 
proved the stoichiometry as above-mentioned. 
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Figure 3. Comparison of the extraction of 
trivalent Am(V) and Nd (D•) at various 
concentrations of ligand. Aq.phase; Am-series: 
see Fig. I , Nd. series: O.linM Nd(III)(O), or 
O.lmM each of 6 Ln(III)(•) in HCI04. 
Org.phase: CHCI3 containing vairous amounts 

Figure 4. Competitive Extraction of 6 Ln(III) with 
Ligand 3 as function of ligand concentration 
Aq.phase: dilute HCI04 containing O.lmM each of6 
Ln(III). Org phase: CHCh containing various amounts 
of ligand 

The loading test for Nd was carried out in order to learn the influence of metal ion 
concentration in the aqueous phase to the extraction of Ligand 3. The results was given in Figure 5. It 
is seen that the stoichiometry of the extracted Nd{III)-complex remains 1:2 at high loading. 

Extraction Equilibria 
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Figure 5. Loading test for Nd(III) 
extracted by Ligand 3. 
Aq.phase: dilute HCI04 containing 
various amounts ofNd(Cl04)3 
Org.phase: CHCI3 containing 3mM of 3 

M3+ + HL = MR 3L + 3W 
I I· 

logKex = logD - logcL - 3pH {I) 

M3+ + 2RL = ML-R 3L + 3W J J· 
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logKex = logD - 2·logcL - 3·pH (II) 

Table 1 Values of Jog(Kexldm3 ·mor I) for the extraction from water to chloroform 

Metal Arne) Ndd) Ndc) Eud) Tbd) Dyd) Erd) Ybd) Eq. 

Ligand 3 -4.90 (I) 
Ligand 3 -2 .66 -2 .66 -2 .71 -3 .04 -3 .09 -3 .32 -3.37 (II) 

Ligand4 -2.92 -4.12 -4.11 -4 .29 -4 .53 -4 .65 -4 .87 -4.94 (II)e) 

Ligand 5 -5.48 -5.47 -5 .84 -5 .88 -6 .10 -6 .19 (II)e) 

Ligand 6 -2.52 -4.31 -4 .55 -4 .56 -4 .77 -4 .96 -5 .24 -5 .18 (II)e) 

Ligand 7 -4 .9 (I) 
Ligand 8 -4.14 (I) 

c) from single element extraction; d) from competitive extraction of 6lanthanides; e) from ref.5 

CONCLUSIONS 

The order of extractability ofLn(III) and Am(III) by the investigated calixarenes is: 
1 < 2 = 5 < 4 < 6 < 3 = 7 < 8. It shows, that the number of ligating groups as well as the size of the 
cavity which is formed by them determine the extraction efficiency. Stepwise removal of -COOH 
groups from ligands 7 or 8 reslts in decreasing extraction; the decrease is stronger for Ln(III) than for 
Am(III) and can be partly compensated by amide groups. 
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ABSTRACT 

COEXTRACTION OF VARIOUS METAL IONS WITH 

CALIX(4)ARENE CARBOXYLATE COMPLEXED 

WITH SODIUM ION 
Keisuke Ohto, Hideaki Ishibashi, Shigemasa Kuwata and 
Katsutoshi Inoue 
Department of Applied Chemistry, Faculty of Science and 
Engineering, Saga University, 1-Honjo, Saga 840-8502, Japan 

Solvent extraction of sodiwn ion with p-t-octylcalix[4]arene tetracarboxylate was investigated to elucidate coextraction 
mechanism of sodiwn and other metals. The result suggested that two sodiwn ions are simultaneously extracted by a single 
molecule of calix[4]arene derivative under the present experimental conditions. The first sodiwn ion was found to be 
complexed at the inside of the calix[4]arene cavity. It was found that the complexation with the first sodiwn facilitates the 
extraction of the second sodiwn ion, which was complexed at the outside of the cavity; that is, the extraction of sodiwn ion 
may be concluded as coextraction of sodiwn ion itself Most of metal ions were also coextracted together with sodiwn by 
calix[4]arene tetracarboxylate. 

Keywords: calix[4]arene carboxylate, coextraction, sodiwn. 

INTRODUCTION 

Calixarenes are phenolic cyclic oligomers. A number of studies have been conducted on the 
recognition properties of calixarenes such as ionic recognition and molecular recognition.14 In 
particular, calix[4]arene compounds have been found to show high sodium selectivity due to their 
rigid structures. Ludwig et al. 5 and we6 have reported that the extraction and the separation abilities of 
calix[4]arene carboxylate for rare earth metal ions were significantly enhanced in the presence of 
sodium ion. Although both authors have proposed that these are attributable to the co-extraction of 
sodium together with other metal ions, the extraction mechanism have not been elucidated in detail 
yet. 

In the present paper, we report for the extraction of sodium ion with calix[4]arene carboxylate 
to elucidate the coextraction mechanism of sodium and another metal ion. Furthermore, the extraction 
of another metal ions with the sodium-complexed extractant was investigated to determine the 
extraction mechanism of the metals . 

EXPERIMENTAL 

Reagents. 

25,26,27,28-Tetrakis(carboxymethoxy)-5,11, 17,23-tetrakis
(1, 1 ,3,3-tetramethylbutyl )calix[ 4 ]arene (cone conformation) was 
synthesised in a similar manner to that described in the previous 
paper.7 The chemical structure of the extractant was shown in Figure 
1. 

Extraction of sodium ion. 
Figure 1. Chemical structun 

of the extractant. 

The extraction of sodium ion with calix[4]arene carboxylate was carried out in a similar 
manner to that described in the previous paper. 8 

Determination of extraction mechanism for various metal ions. 

The extraction of metal ions with sodium-loaded calix[4]arene carboxylate was carried out in 
a similar manner to that described in the previous paper.9 
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RESULTS and DISCUSSION 

Extraction of sodium ion. 

Figure 2 shows aryl peak of the extractant in 1H-NMR at some pH values. Arduini et al. and 
Arimura et al. reported that the chemical shifts of p-t-butylcalix[4]arene tetraester was observed in the 
complexation with sodium ion due to the structural change 
caused by surroundin~ the sodium ion by phenoxy oxygens 
and carbonyl groups.' The aryl peak of the sodium loaded 
extractant molecule appears at 7.05 ppm apart from the 
original peak at 6.90 ppm. Although the extent of the shift 
increased with the increase of pH, the further second shift 
was not observed. That is, the change of the chemical shift 
was observed only once from 6.90 ppm to 7.05 ppm. Since 
the ratio of the integral ratios between the original and shifted 
peaks may be related to loading percentage of sodium ion 
with the extractant, the relationship between the loading 

6 1
.1. 

1
_
0 

.., (ppm) 

percentage and the shifted percentage was examined. 

pH 

1.09 

1.36 

1.80 

Figure 3 shows the effect of pH on loading Figure 2. 'H-NMR spectra of aryl 
percentage of sodium ion, % L, and on percentage of the peak of the extractant at various pH. 
chemically shifted extractant, % S. The% L was calculated 
from the amount of the extracted sodium ion measured by 
AAS. The % S was evaluated in terms of the integral ratio of the shifted peak of the aryl protons 
recorded by using 1H-NMR spectrometer. At around pH 2, the% L attains to 200 %, which means 
that the stoichiometry of the extractant and sodium ion is I :2. On the other hand, since only one 
chemical shift was observed, the % S attains to only l 00 %. Furthermore, the shape of both plots are 
analogous and at pH I - 2 the observed value of% L appears to be nearly twice of that of% S. If the 
plotted value of% S completely coincide with those of% L at low loading region (at pH 1.0 - 1.6), the 
complexation should take place only for the first 
sodium ion, until the vacant cavity of 
calix[4]arene is saturated with the first sodium 
ion, where chemical shift is observed. However, 
the observed % S appears to be nearly half of% 

200 0 200 

L over whole pH under the present condition, ,.... 
which seems to suggest the following two ~ I 00 • 100 ~ 
conclusions. The first is that both of two sodium 
ions are not complexed at the inside of the 
cavity, but that the first sodium ion is 
complexed at the inside of the cavity causing 
chemical shift and the second one is complexed 
at the outside of the cavity causing no chemical 
shift. The second is that two sodium ions are 
simultaneously extracted with a single molecule 
of the extractant, which means that the 
complexation with the first sodium facilitates 
the extraction of the second. This conclusion 
was further strongly supported by the result of 
the competitive extraction of four kinds of alkali 

0 
2 

pH 

0 
3 

Figure 3. Effect of pH on %Loading of sodium ion 
('VoL) and on % Shifted of the extractant (%S). 0% 
Loading of sodium ion, e: % Shifted of extractant, 
[Nal=O.I mmol dm-3, [Extractant]= 5 mmol dm-3 

metal ions. That is, potassium was extracted as the second ion even at pH 1.4 in the presence of 
sodium ion, while it was not extracted at pH lower than 3. 0 in the absence of sodium ion. This result 
also suggests that even alkali metal ion is coextracted with sodium ion by calix[4]arene carboxylate. 

As shown in Fig. 4, we can propose the model of the simultaneous extraction of two sodium 
ions with a single extractant molecule under the present condition. Since the complexation with the 
first sodium ion enhances the extraction ability of the extractant and the sodium concentration is kept 
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at as high as 0.1 mol dm-3 under the present 
condition, the second sodium ion was easily 
complexed with the extractant preorganised by first 
sodium ion causing simultaneous extraction of two 
sodium ions. The enhancement of the extraction of 
the second sodium ion induced by that of the first 
ion may be attributable not only to the enhancement 
of the dissociation of the second carboxyl group but 
also to the breakdown of intramolecular hydrogen 
bonding. As mentioned above, p-t-
octylcalix[ 4]arene tetracarboxylate derivative 

+2Na 

-2Na 

\\!! ww 
rj~ 

6-' HO, 0 
~OH • complexed with sodium ion coextracts not only 

other kinds of metal ions but also sodium ion itself Figure 4. Model of the simultaneous extraction 
This result strongly supports the coextraction of two sodium ions with the extractant under the 
behaviour of various metal ions with the sodium- present conditions 
loaded p-t-octylcalix[4]arene tetra-carboxylate. Since the interaction between the extractant and the 
second sodium ion is not so strong, because it is extracted just by one carboxyl group, it is preferably 
substituted by other metal ions with higher affinity than sodium ion with carboxyl groups. 

Determination of the extraction mechanism for various metal ions. 

In our previous work, rare earth metal6 and copper9 ions were suggested to be coextracted together 
with sodium ion by calix[4]arene 
carboxylate. However, it has not been 
confirmed whether other metal ions are 
coextracted with the sodium-loaded 
extractant or not. Since two sodium ions 
are extracted with a single molecule of 
the extractant, three extraction 
mechanisms can be proposed as shown in 
Figure 5, where the stoichiometry of 
another metal ion and the extractant is 
assumed to be I : I . The first is that two 
sodium ions are still kept to be complexed 
with the extractant even after the 
extraction and another metal ion is further 
extracted. The second is that only first 
sodium is kept to be complexed, while the 
second sodium ion is released and 
substituted by another metal ion at the 
extraction. The third is that both of two 

~~"&J 
Complexation with I 

Free 
10ci{4]CH 2 COOH 

sodium ion + 
,----'-----. 

Extraction of 
another metal 

Coextraction 

c• /1l... \ 
~ 

+ 
~ 
~ 

with sodium ion 

Sodiwn-loadcd 
10ct(4JCH 2 COOH 

Ion-e1.change 
sodiwn ion 

with 

sodium ions are substituted by another 
metal ion. The former two mechanisms Figures. 

Three proposed extraction mechanisms. 

are named as the "coextraction" mechanism, while the third one as the "ion-exchange" mechanism. In 
order to determine the extraction mechanism for all metal ions, the extraction of various metal ions 
was carried out with the sodium-loaded calix[4]arene. Table l lists the relation between the eluted 
sodium concentration and the extracted nickel ion as typical result. The concentration of extracted 
nickel ion corresponds with that of released sodium ion. Therefore, the extraction of nickel ion comes 
under the "co-extraction" mechanism. The extraction mechanism of other various metal ions was also 
inferred in the similar manner as shown in Figure 6 in a periodic table. Majority of metal ions except 
for lead ion were found to be extracted by either of the two "coextraction" mechanisms. The 
extraction mechanism for some metal ions was not able to be inferred due to the formation of 
precipitate or because they were not extracted under the present condition. That is, all metal ions the 
extraction mechanism of which were inferred are extracted by the "coextraction" mechanism with 
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calix[ 4]arene carboxylate in the presence of sodium ion. This result supports the fact that the 
extraction ability of calix[4] arene carboxylate is enhanced by the complexation with the first sodium 
ion and even the second sodium ion can be extracted by exchanged with proton. 

4.80 
4.80 
4.81 
4.86 
4.91 

[Ni]i 
1.479 
1.224 
0.773 
0.465 
0.248 

[Ni)eg 
0.920 
0.683 
0.328 
0.123 
0.025 

[Ni)org 
0.559 
0.541 
0.445 
0.342 
0.223 

[Ni)elu 
0.529 
0.473 
0.432 
0.367 
0.272 

Table 1 Relation between the eluted sodium concentration and the extracted nickel concentration 

Figure 6.Extraction mechanism of various metal ions. 
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ABSTRACT 

EXTRACTION OF EUROPIUM(III) AND 
AMERICIUM(III) WITH DIAMIDE COMPOUNDS 
FROM NITRIC ACID SOLUTION 
Wen-Jun Chen, Lin Zhu, Song-Dong Ding, Zhong-Qun Liu, 
Sao-Jin Chen, Chuanjin Xia, Zhongliang Huang and Yong
DongJing 
Department of Chemistry, Siochuan University, Chengdu 
610064, China 

The solvent extraction properties of the diamides, (R1 R2NC(0))2R3 for Eu3+ and Am3+ have been examined. The primary 
factor effecting their extractive properties is the bridged radical linking up two tenninal amide groups. The extractive ability 
of the diamides for Eu3+ and Am3

+ is in the order of R3= -(-CH20CHr )->-( -CH20CHr )..Y>-(-CH2-h. Using diamides with 
R3= -( -CH20CHr has extractants, the Eu(III) and Am(III) can be extracted effectively from nitric acid solution, and the 
extractive ability of the diamides with n=l is remarkably larger than that ofn=2. The effect ofR1 and R2 on the extractive is 
exhibited to a Jess extent. With the extractive systems developed in this paper, the amido podands might be utilised in 
separation/recovery of trivalent actinides and lanthanides from the reprocessing wastes in nuclear industry or the 
hydrometallurgy of rare earth elements. 

Keywords: diamide extractants, europium(III), americium(III) 

INTRODUCTION 

Trivalent actinide and lanthanide ions can be extracted effectively with some selected diamide 
compounds, [R1R~C(O)hR3 , if the substitute groups R\ R2 and R3 have suitable structures. As the 
diamide compounds contain no phosphorus atoms they are fully incinerateable and show good 
prospects for applications in the nuclear industry.1

•
5 In the case of R3 = -(-CH2-h, their extractive 

ability for trivalent actinide and lanthanide ions was very poor. Cuillerdier et al.3 reported that some 
pentaalkyl malonamides, [{R1 R~C(O)h CHR4 (especially for R4 = alkyl or oxyalkyl) have good 
extractive power for trivalent actinide and lanthanide ions. It is reported that a special kind of diamide 
compounds of R3 = -( -CH20CHr )-,, called amido-podands, have selective co-ordination properties 
similar to crown ethers, with the advantage of being easy to synthesise, and lower toxicity. Compared 
to the pentaalkyl malonamides, the amido-podands display the following advantages: much higher 
extractive ability for lathanides and actinides; very easy synthesis and high yield. Some articles6

·
8 

reported the extraction of lanthanides with amido-podands in the presence of a large anion such as 
picrate. It follows that these extractive systems are difficult to apply on a plant scale. 

This paper reports our recent investigation on the extraction of Eu(III) and Am(III) with some 
amido-podands from nitric acid solutions without the presence of a large anion. It appears that the 
primary factor effecting their extractive properties is the bridged radical linking two terminal amide 
groups . Using suitable diluents, the lanthanide and actinide cations can be extracted effectively 
without a large anion by amido-podands . So, these extractants could be used in separation I recovery 
of trivalent actinides and lathanides from reprocessing wastes in the nuclear industry or 
hydrometallurgy of rare earths from wide range of nitric acid concentrations. 

EXPERIMENTAL 

Reagent 

The extractants shown in figure I were synthesised in our laboratory, and characterised by 
I.R., M.S., H1NMR and elemental analysis. Purity of the products was >98%. 152

•
154Eu and 241Am 

were provided by the China Institute of Atomic Energy with radiochemical purity >99%. All other 
chemicals used in this work were reagent grades . 
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CsH11 CsH17 
N-C CH2- CH2 C-N 

CH3 0 0 CH3 

N,N' -dimethyl-N,N' -dioctylsuccinoamide (MDOSA ,I) 

R R 
N-C-(-CH20CH2-h C-N 

R' 0 0 R' 

R = CH3. R' = C8H17, n = 1: N,N' -dimethyl-N,N' -3-oxy-dioctylglularamide(.DMDOGA ,II) 
R = R'= C.JI9, n =I: N,N,N',N'-tetrabuty13-oxy-glularamide(TBGA ,Ill) 

R = R'= C.JI9, n = 2: N,N,N',N'--tetrabuty13,6-dioxy--octandiamide(TBODA ,IV) 

Figure 1. Extractants investigated in this work 

Procedures 

Equal volume of aqueous and organic phases were pipetted to a ground tube, and shaken for 
20-30 minutes with a mechanical shaker at 200.5 rpm, temperature 12C. The equilibrium 
concentrations of Eu3

+ and Am3
+ in each phase were determined by means of counting radioactivities 

of 152.
154Eu and 241Arn in a Nal(Tl) scintillation counter respectively. The distribution ratio DM was 

calculated from the quotient of the radioactivities in organic and aqueous phase. 
ITIR spectra were recorded on a 170X Nicolet Fourier Transform Spectrometer for all samples. 

RESULTS AND DISCUSSION 

Effect of the structure of diamides 

The results of the extraction of Eu3
+ and Arn3

+ from nitric acid solutions with extractants I to 
IV as a function of the nitric acid concentration in the aqueous phase, CH, are shown in figure 2. The 
distribution ratios of Eu3

+ and Am3\ DEu and DAm, increase with the HN03 concentrations in the 
aqueous phase. The amido-podands with bridged radical R3 = -CH20CH2-, DMDOGA and TBGA, 
exhibit good extractive power for both Eu3

+ and Am3
+, and the DEu values are about an order of 

magnitude higher than those for DAm. For DBODA, an amido-podand with the R3 = -(-CH20CHr)-, 
the distribution ratios of Eu3

+ and Am3
+ ,DEu and DAm are remarkably lower than that of both diamides 

mentioned above, and the DEu values lie close to DAm· In the case of R3 = -CH2CHr, DMDOSA, the 
DEu and DAm are much lower than that of DMDOGA, TBGA, and TBODA, and reach a maximum at 
c~ 2.5 mol!l . 

Compared to the results reported, 3 shown in table 1 and figure 2, the extractive power of the 
amido-podands DNDOGA, TBGA for Eu3

+ and Am3
+ is remarkably higher than that of extractants I, 

V and VII. This shows that the effect of the bridged radical R3 on the extractive power of diamide 
compounds is more important than that of substitute radicals R1 and R2 Meanwhile, it denotes that the 
selectivity between the metal ion and the chain length of bridged radical linking up two terminal amide 
groups is emerging in these extractants. The existence of oxygen atom(s) in R3 is favourable for the 
formation of the cyclic structure of the extractive chelate complexes between metal ion and ligand. For 
the case of R3 = -( -CH20CH2-)-, enlargement of cyclic chelate causes decrement in the stability of the 
extractive chelate complexes. 
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100 

DM 4 Sa,(III)= 2 .67 

10 
logD 3 R2 = 0.9973 

2 SAm(III) = 3.11 
ill I R2 = I 

N 0 
-I 

0.1 -2 SEu(IV) = 2 .38 

-3 R2 = 0.9989 

0.01 -4 SAm(IV) = 2.44 

-5 R2 = 0.9821 

0.001 -6 

0 2 4 6 -4 -2 0 

C HN03,mol!L log C L(o)> mol/L 

Figure 2. Extraction of Eu(III) and Am(III) 
with Diamides (Organic Phase: O.OlmoUI 
diarnides, 20%(v/v) n-Octanol-kerosene; 
aqueous phase: CEu=5xl04 mol/L, CAm=trace 
amounts (using 50J.Lg/mL as carrier)) 

Figure 3 . Dependence of DAm and DEu on the 
Extractant Concentrations (Organic Phase: 
diamides, 20o/o(v/v) n-Octanol, kerosene; 
aqueous phase: CEu=5x l04 mol/L, CAm=trace 
amounts (using 50J.Lg/mL as carrier)) 

Table 1. Extractive properties of some diamide compounds (CAm= tracer, CEu = 5104 mol/L, CL(o)= 
extractant concentrations, t: 20± 1 °C) 

CL(o) Dmax Dmax 

No Rl R2 R3 diluent M Am Eu conditions 
I CH3 CsH11 CH2CH2 20%-octnol- 0.05 0.01 0.02 2-3MHN03 
II CH3 CsH11 CH20CH2 kerosene 0.01 1.7 15 4-5MHN03 
III CJ-19 CJ-19 CH20CH2 0.01 2.5 73 .1 
IV CJ-19 CJ-19 (CH20CH2h 0.01 0.22 0.44 
y l' l CH3 C.JI9 CH2 benzene 0.5 0.55 -- 2-3MHN03 
VJLi l CH3 CJ-19 CHR4 t-butylbenzene 0.5 7.55 -- 5 MHN03 
Vlll' l CJ-19 CJ-19 (CH2)3 toluene 0.5 <0.01 <0.01 2-3MHN03 

. 4_ 

Effect of nitric acid concentration in aqueous phase 

The values of DEu and DAm increased with increasing nitric acid concentration in aqueous 
phase CH, see figure 2. In the case of DNDOGA, TBGA and TBODA, the maxima of DEu and DAm 
appear near CH = 4--5 mol/L. For the other extractants, the maxima emerge near CH = 2--3 mol/L. 
Reduction ofDEu and DAm at higher acidity is induced by the competition of nitric acid. 

Effect of extractant concentration in organic phase 

The values of DEu and DAm increased with increasing extractant concentration in organic phase 
CL(oh shown in figure 3. Plots of log DEu and log D Am vs. log CL(o) are straight lines. Slopes of the 
straight lines are not integers and further study on the complexation ratios of Eu3

+ and Am3
+ with 

extractants remains to be done. From Stephan et a!, 8 we may assume that the complexation ratio of 
Eu3

+ or Am3
+ to the extractant equals 2. 
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Extraction of nitric acid 

The extraction of nitric acid with increasing extractant concentration in the organic phase CL(o) 
is shown in figure 4. For TBGA , the slope of the plot log DH vs. log CL(ol varies from S = 0.67 at CL(o) 
< 0.25mol/L to S = 1.37 at CL(ol >0.25mol/L .For TBODA, S = 1.30. It appears that the complexation 
ratio of nitric acid to extractant varies with the structure of extractant and the ratio of nitric acid to 
extractant in organic phase. 

0 

log D l:tJ. 5 

-I 

-I. 5 

-3 

S(IV) = 1.30 

R 2 = 0.9993 

-2 -1 
log c l.(o) ,mol/L 

v 

0 

Figure 4. Extraction of Nitric Acid with Diamides 
(Organic Phase: diamides, 20%(v/v) n-Octanol
kerosene; aqueous phase: 1.5x l0-3 mol/L Fe(N03h, 
HN03 

Effect ofFe(NO~h and Al(NOuJ on the D Eu 

8 
DEu 

6 
Fe 

4 
Eu 

2 

0 0.5 1.5 
CA1 or c.,, mol!L 

Figure 5. Effect of Fe(N03)3 or Al(N03)3 
Concentrations in Aqueous Phase on DEu (Organic 
Phase: 5xl0-3 mol/L DMDOGA, 20o/o(v/v) n
Octanol- kerosene; aqueous phase: 1 mol/L 
HN03, CEu=5xl04 mol/L 

The dependences of the value of DEu upon the concentration of Fe(N03)3 and Al(N03)3 in 
aqueous phases are shown in figure 5. Fe(N03)J and Al(N03)3 are used as salting-out agents for the 
extraction of Eu3

+. The extraction of Fe(N03)3 was checked with 0.1 mol/L TBGA--20(v/v)% n
Octanol-Kerosene from 0.1--5 mol/L HN03. The distribution ratios ofFe(III), DFe, were in the range 
of0.1--0.2, with a maximum about 0.196 at CH = 1 mol/L. 
Al(N03h cannot be extracted. Therefore, the selectivity of DMDOGA to Eu3

+ against Fe3
+ was better 

than that of the pentaalkylpropanamides reported by Cuillerdier et al. 3 

Infrared spectroscopy investigation 

The infrared absorption spectrum of pure TBGA and the extractants equilibrated with aqueous 
phases containing HN03- NaN03 and Eu(N03)J - HN03- NaN03 are shown in table 2 and figures 6 -
7. As a hydrogen bond is formed with the nitric acid, the OH stretching frequency decreased 
remarkably. This result agrees with that of the DMDBTDMA reported by Nigond et a1.4 In addition 
the N-C=O stretching band is shifted to 1615 cm-1. The band of 1380 cm-1 comes from the stretching 
band of nitric acid and CH3. In figure 7, the formation of complex of Eu3

+ with TBGA induces the 
splitting ofthe N-C=O stretching band to two bands: 1645 cm-1 and 1620 cm-1, and the shifting of the 
stretching band of C-0-C to 113 9 cm-1• Based on the experimental results, we suppose that C=O of the 
amide radicals and the C-0-C of the bridged radical all take part in the formation of the extractive 
complex of Eu3

+ with TBGA. 
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Table 2 Infrared absorption spectrum 

TBGA 

extractant equil. with 
HN03 

extractant equil. with 
Eu3

+ and HN03 

100 
84 

T,o/. 68 

52 
36 

Directions 

Pure 

equilibrated with 
5.0 M HN03--l M NaN03 

equilibrated with 7E-3 M Eu3
+, 

5.6MHN03, 1 MNaN03 

20 2959 1653 
4L....o--'~'---''--....._..__..__~ 

4000 3180 2360 1540 720 310 

WAVENUMBER 

Figure 6 . IR spectrum of pure TBGA 

CONCLUSIONS 

IR absorption bands, em· 
-OH 

3664-
3246(m) 

---

---

T,o/. 

-N-C=O -CH20CH2- HN03 
,etc. 

1653 1120 --

1615 1148 1380 
1512 

1642(Eu) 1169 1378 
1617(HN03) 1514 

I 
4L-~C29~6~0--~~~~~ 
4000 3180 2360 1540 720 

WAVENUMBER 

Figure 7. IR spectrum of TBGA equilibrated 
with an aqueous phase containing 7xl0·3 

moVL Eu(N03)3, 0.5 moVL HN03, 1 moVL 
NaN03 

The primary factor effecting the extractive properties of diamide compounds is the bridged 
radical linking up two terminal amide groups, R3. The effect of R1 and R2 on the extractive ability 
exhibited to a less extent. With suitable organic solvents as the diluent, the Eu(III) and Am(III) can be 
extracted effectively with the amido-podands from nitric acid solution without external large anions. 
These systems could be utilised in separation /recovery of trivalent actinides and lanthanides from the 
reprocessing wastes in nuclear industry or the hydrometallurgy of rare earth elements. 
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ABSTRACT 

APPLICATION OF DIAZAPOLYOXABICYCLIC 

LIGANDS TO THE QUANTITATIVE EXTRACTION 
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Quantitative extraction separations of alkali and alkaline earths have been achieved by adding the macrocyclic ionophores 
as the masking reagents to the aqueous phase. Diazapolyoxabicyclic ligands ( cryptands) were applied as the ion-size 
selective masking reagents to the synergistic solvent extraction system with benzoyltrifluoroacetone (BFA) and tri-n
butylphosphate (TBP) or tri-n-octylphosphine oxide (TOPO) into cyclohexane. Quantitative extraction separations between 
magnesium and calcium and between lithium and sodium were achieved with BFA and TBP or TOPO in the presence of 
cryptand [2.2.1 ). Calcium could be also quantitatively separated from strontium in the synergistic extraction with BFA and 
TBP in the presence of cryptand[2.2.2). 

Keywords: macrocyclic compounds, ion-size selective masking reagent, cryptands, alkali metal, alkaline earth metal 

INTRODUCTION 

One of the most important aims for the development in the solvent extraction is designing the 
more selective or quantitative extraction separation system. It is known that the selectivity in the 
solvent extraction of metal ions can be improved by adding the appropriate masking reagents to the 
aqueous phase. Generally, the extractability of metal ions with open chain chelating reagents such as~
diketones is governed by the stability of the metal complexes. In the solvent extraction of alkali, 
alkaline earth and lanthanide metal ions with ~-diketones, metal ions having smaller ionic radii exhibit 
higher extractability. On the other hand, the stability of the complex formation between the macrocyclic 
ionophores, such as crown ethers and cryptands, and the above mentioned metal ions exhibits a quiet 
different tendency. Thus, combining the chelating reagents and the macrocyclic ionophores could 
possibly develop the more selective or quantitative extraction separation system. We have already 
reported the synergistic solvent extraction systems of higher selectivity among alkaline earths and 
lanthanides by the combination of chelating reagents and macrocyclic compounds as ion-size selective 
masking reagents. t-s Especially, in the synergistic extraction of alkaline earths with 1-phenyl-3-
methyl-4-benzoyl-5-pyrazolone (HPMBP) and tri-n-octylphosphine oxide (TOPO) in the presence of 
cryptand[2.2.2], we could attain the quantitative separation between calcium and strontium. 6 

Diazapolyoxabicyclic ligands (cryptands) exhibit a prominent selectivity for alkali and 
alkaline earth metals. They are soluble in water and their stability in complexation is large enough for 
use as practical masking reagents. Their selectivity for metal ions depends largely on the ring size, and 
therefore, one can choose an appropriate cryptand according to the purpose. However, the masking 
effect of cryptands depends on the pH unlike crown ethers, because they incorporate nitrogen as an 
element constituting the ring structure. Accordingly, in order to utilize the masking effect of cryptands 
more effectively, it is desirable to employ them in the alkaline region. 

In the present work, both cryptand[2.2.1] and [2.2.2] were applied to the synergistic extraction 
of alkali and alkaline earths into cyclohexane with benzoyltrifluoroacetone (BFA) and tri-n
butylphosphate (TBP) or TOPO. BFA, whose acidity is lower than HPMBP, was employed in order to 
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shift the extraction pH to more alkaline region than in the case of HPMBP. 

EXPERIMENTAL 

Materials. 

Cryptand[2.2.1] and cryptand[2.2.2] were purchased commercially from Merck, BFA and 
TOPO from Dojindo, TBP from Nacalai Tesque, and they were used without further purification. 
Other chemicals were of reagent -grade materials . Water was demineralized and distilled. 

Procedure. 

A 10 cm3 portion of an aqueous phase containing the required amount of metal ion, cryptand 
and 0.02 M Good's buffer such as tris(hydroxymethyl)aminomethane was adjusted to the desired pH 
with hydrochloric acid and tetramethylanunonium hydroxide. The aqueous phase was shaken for 2-20 
hours until the reaction reached equilibrium with an equal volume of an organic phase (cyclohexane) 
containing the required amount of BFA and TBP or TOPO at 25±1°C. After centrifugation of the 
mixture, the pH in the aqueous phase was measured. The metal concentrations in the aqueous phase 
was determined by atomic absorption spectophotometry and in the organic phase after back-extraction 
with a hydrochloric acid solution. 

RESULTS AND DISCUSSION 

The results for the extraction of magnesium, calcium and strontium with 2. 5 x 1 o-3 M BFA 

and TBP into cyclohexane are shown in Figurel. Logarithm of the distribution ratio of metal ions 
between the cyclohexane and the aqueous phase, log D, is plotted against the pH. Alkaline earths were 
extracted in the order Mg>Ca>Sr, which is the same order in which their ionic radii decrease. The 
slopes of the straight portion of the plots are two, indicating that two protons are released through the 
extraction reaction . 
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Fiure I. Extraction of alkaline earths into 

cyclohexane with BFA and lBP 

[BFA]o=[lBP]o=2 .5X10'3 M 

The stability constants of cryptates inclusion complexes between several kinds of cryptands 
and alkali, alkaline earth metal cations have been reported by JM Lehn et.al. in 1975. 7 Some stability 
constants of alkali and alkaline earths with cryptand[2.2.1] and [2 .2.2] are shown in Table l. These 
stability constants show the considerable differences between neighboring two metals, for example 
between Mg and Ca, and Li and Na with cryptand [2 .2.1] and also between Ca and Sr with 
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cryptand[2.2.2]. The quantitative extraction separation method between Mg and Ca, Li and Na and 
also Ca and Sr have been examined using cryptand[2.2.1] and [2 .2.2] as ion-size selective masking 
reagents . 

Table 1 Stability constants (13)* 

Mg Ca Sr Ba Li Na 

[2.2 .1] <2 6.95 7.35 6.30 2.50 5.40 

[2.2.2] <2 4.4 8.0 9.5 <2 3.9 

* taken from ref. 7. 

Synergistic extraction of alkaline earths with BFA and TBP in the nresence of crvptand [2.2.11 or 
[2.2.21 

Figure 2 shows the results for the extraction of Mg and Ca into cyclohexane with 2.5 x 10·3 M 
BFA and TBP in the presence of 0.01 M cryptand[2.2.1]. The distribution ratio of Ca decreases 
rapidly over pH 7.5 , while that of Mg are quite similar to those in the absence of cryptand[2.2.1] as 
shown in Figure I . Mg can be separated from Ca quantitatively at the pH range 8.5 - 9.5 where more 
than 98% of Mg (log D*> 1.80) is extracted into cyclohexane with slope of+ 2, while more than 99% of 
Ca (log D*<-2) remains in the aqueous phase at the same time. On the other hand, the distribution of 
Sr was very low (log D*<-3) in the pH range 7.0- 9.5. 
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Figure 2 . Extraction ofMg and Ca into 

cyclohexane with BFA and TBP in the 

presence ofcry ptand[2 .2 .1]. 

[BFA]o =[TBP]o =2 .5XI0 ·3 M, [LJ =O.OI M. 
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Figure 3. Extraction ofMg, Ca and Sr 

into cyclohelOille with BFA and ffip in 

the absence (blank synilols) and presence 

(solid synilols)ofcryptand(22.2). 

[BFA)o=[ffiP]o=O.Ol5 M, [L]=O.O l M. 

The application of cryptand[2.2.2] to the synergistic extraction of alkaline earths with BFA 
and TBP has been also examined. Figure 3 shows the results for the extraction of Mg, Ca and Sr into 
cyclohexane with 0.015 M BFA and TBP in the absence (blank symbols) and presence (solid symbols) 
of 0.01 M cryptand[2 .2.2] . Very low and constant (about log D*?-2.0) extraction of Sr was observed 
over pH 5.2, while that ofMg and Ca are quite similar to those in the absence of cryptand[2.2.2] . By 
controlling the concentration of BFA and TBP, Sr can be separated quantitatively from Mg and Ca in 
the pH range 6.7- 8.0, where more than 99% (log D*>2) ofCa and Mg are extracted into cyclohexane 
with slopes of +2, while more than 99% (log D*<-2) of Sr remains in the aqueous phase at the same 
time. 
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time. 

Synergistic extraction of alkali metals with BFA and TOPO in the absence and presence of 
crvptand!2.2.1l 

Cryptand[2.2 .1] has been also applied to the synergistic extraction of alkali metals with BFA and 
TOPO. Because of the low synergistic effect of TBP for alkali metals, TOPO has been used as a 
synergistic reagent instead of TBP. Figure 4 shows the results for the extraction of Li and Na into 
cyclohexane with 0.1 M BFA and 0.03 M TOPO in the absence (blank symbols) and presence (solid 
symbols) of 0.01 M cryptand[2.2.1] . As shown in Figure 4, the distribution ratio ofNa decreases 
rapidly over pH 7 .5, while that of Li is quite similar to those in the absence of cryptand[2.2 .1]. From 
this results, Na can be separated quantitatively from Li over pH 8, where more than 99% (log 0*>2) of 
Li is extracted into cyclohexane with slope of+! , while more than 99% (log D*<-2) ofNa remains in 
the aqueous phase at the same time. 

Extraction species 

The effect of BFA (HA) and TBP concentrations in the synergistic extraction of alkaline 
earths (M2+) has been examined in order to clarify the extraction species. The effect of BFA and TOPO 
concentrations in the synergistic extraction of alkali metals (~) has also examined. From these results, 
the extraction species of alkaline earths were confirmed to be MA2(TBPh, and that of alkali metals to 
be MA(TOPO). 

Extraction parameters 

In the synergistic extraction of alkaline earths (M2+) with BFA (HA) and TBP, the extraction 
constant, Kex.s, can be written as follows: 

Log Kex.s = log D- 2pH- 2log[HA]0 - 2log[TBP]0 (l) 

where subscript o denotes the organic phase and D, [MA2(TBP)2]o I [M2+], is the distribution ratio of 
alkaline earths. 

The distribution ratios of alkaline earths in the presence of cryptand[2.2.1] or [2 .2.2] (L), D*, can be 
expressed as follows: 

(2) 

where~ is the complex formation constant of cryptand[2.2.l] or [2.2.2] with alkaline earths in the 
aqueous phase, defined as [ML 2+)/[M2+) [L) . 
Dividing D by D* gives: 

DID*= 1+ ~[L] (3) 

The values of log~ were obtained from the straight portion of the plots in Figure 5 on the basis of 
Equation (3) . The concentration of the neutral form of cryptands [L] is obtained by the first and the 
second acid dissociation constants, K1 and K2, and the initial concentration of cryptands,[L]m;, as 
follows: 

(4) 

On the other hand, in the synergistic extraction of alkali metals (M+) with BFA (HA) and TOPO, the 

extraction constant, K ex,s, and the distribution ratios of alkali metals in the presence of cryptand[2.2 .1] 

(L), D*, can be expressed as follows: 

Log l<ex.s = logO- pH -log[HA]o- log[TOPO]o (5) 

D* = K.x,,[HA]o[TOPO)JfW]{l + ~[L]} (6) 
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The values of log Kex,, for alkali and alkaline earths calculated from Equations (I) and (2), and the 
values of logp obtained from Equation (3) are summarized in Table 2. These values are in good 
agreement with those in Table I . 

Combining the chelating reagents and the macrocyclic ionophores, such as cryptand [2 .2.1] 
and cryptand[2.2.2], having an opposite complexation tendency has been proved to be a powerful means 
to separate alkali and alkaline earths. This concept is universal and is of particular interest because it 
generates many opportunities for analytical and separation chemistry. 

Table 2 Ex tractwn parameters or 1 an a meea £ alkal ' d lkal' rth eta! m s 

K cx,s log~ log~* 

(A) Mg -3.50 --- <2.0 

Ca -4.60 6 .85 6 .95 

(B) Ca -4.24 --- 4.4 

Sr -5 .78 7 .93 8.0 

(C) Li -3.50 --- 2.50 

Na -5.60 5 .40 5.40 

* taken from ref. 7 . 
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ABSTRACT 
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The possibility of using new malonamides such as N,N.-dimethyi-N,N.-diphenyltetradecyl malonamide (DMDPIITDMA) 
for the extraction of base metals from hydrochloric acid solutions has been evaluated. It has been shown that Fe(Ill) may be 
selectively separated from other base metals such as Cu(II), Zn(II), Ni(II) from hydrochloric acid solutions of concentration 
greater than 4 M. Iron(Ill) is extracted as the tetrachloroferrate (ill) anion [FeCI4]". Spectroscopic data - IR, lN, NMR -
suggest an ion-pair mechanism for HCI concentration equal or greater than I 0 M in which the DMDPIITDMA is mono or 
diprotonated, while a solvation mechanism should be considered for lower acid concentrations. The effect of variables 
including acidity and chloride concentration are discussed in relation to the extraction data. Comparisons are made with 
extraction data from nitric acid media. 
Overall DMDPHTDMA acts as a very weak base or ligand operating through an ion-pair or solvation mechanism, depending 
on the hydrochloric acid concentration. 

Keywords: malonamides, ion-pair extraction, solvation, iron(IIl), hydrochloric acid. 

INTRODUCTION 

Recognising the need of alternative and efficient extractants to be used for hydrometallurgical 
purposes, our group decided to investigate the possibility of using newly synthesised rnalonamides, to 
recover base metals from acid chloride solutions. The increasing interest in extraction from this 
medium and the environmental advantages presented by diamides, 14 justified the present 
investigation. The studies developed until now have mainly considered the applicability of 
rnalonarnides to the treatment of effluents from the nuclear industry. 3-

8 

The ability of rnalonamides (RR'NCOCHR" CONRR' ) to extract polyvalent metals can be 
explained by the weakly basic nature of the amide carbonyl group.9 The selection of R, R' and R" 
groups should follow two criteria: to allow the solubility of the diamide and its metallic complexes in 
the organic phase, and to facilitate the formation of metal complexes in the aqueous solution. To 
achieve these objectives R and R' must have different sizes. If R is a small group (typically CH3) , the 
steric hindrance around the carbonyl oxygen atoms is kept to a minimum and both oxygen's can co
ordinate to a metal ion.4•

5 The lipophilicity of the ligands is increased by the presence of alkyl or aryl 
groups at R' and R" . The non-substituted amides (for which R" =H) generally present a maximum of 
extraction that depends on the acid concentration, while substituted arnides show a constant increase 
of the quantity of extracted solute. The low basicity of the amide carbonyl groups reduces the 
competition between HN03 and the metal when bonding to the extractant molecules.10

•
11 

DMDPHTDMA, a substituted malonarnide with the following structure (figure 1), was the 
object of the present investigation. In this molecule the above criteria are satisfied: R=CH3; R'=CJ-15 
(phenyl); R"=C1~29 . Previous studies with this compound 4

'
6

'
11 showed that DMDPHTDMA has less 

basic character than most of malonamides owing to the presence of the phenyl groups, which are 
bonded to the nitrogen atoms. This feature influences its extractive properties for the extraction of 
metallic nitrates from highly concentrated nitric media. DMDPHTDMA was found to be a good 
extractant oflanthanide(III) and actinide(III) ions from nitric acid solutions.4'

12 In a comparative study 
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it was found that DMDBTDMA (N,N'-dimethyl-N,N'-dibutyltetradecyl malonamide) and 
DMDCHTDMA (N,N'-dimethyl-N,N'-dicyclohexyltetradecyl malonamide) have a maximum of metal 
extraction (U(IV), Th(IV) and trivalent actinides) for HN03 concentrations between 7 M and 8 M, 
while for DMDPHTDMA the extraction increases continuously with the acid concentration. 6 The 
extraction of metal cations from nitric acid solutions is also enhanced when the extractant 
concentration increases. The dependence of extraction is almost linear with exception for HN03 

concentrations lower than 1 M and low diarnide concentrations. This can be explained by a change of 
mechanism. For low HN03 concentrations a solvation mechanism prevails while for higher 
concentrations the ion-pair is predominant. 

Crystallographic studies have been carried out on DMDPHMA (N,N' -dimethyl-N,N' -diphenyl 
malonarnide) a similar ligand to DMDPHTDMA but without the long alkyl chain.4 The structural 
studies of the lanthanide complexes indicated that both carbonyl groups were in the cis conformation 
and both were co-ordinated to the metal ions. 

EXPERIMENTAL 

The unalkylated malonarnide was prepared by reaction of methylaniline and 
dimethylmalonate. Alkylation on the central carbon atom was achieved by reaction with sodium 
hydride and then with bromotetradecane . The synthesised compound (20% overall yield) was 
characterised by melting point, elemental analysis and by spectroscopic techniques eH NMR and IR) 
and the data obtained were in accordance with previously reported results. 4

•
13

•
14 

Extraction experiments were generally carried out by shaking the two phases for 15 minutes at 
a temperature of 25°C, with a ratio between aqueous and organic phases equal to 1. Solutions of 
DMDPHTDMA in CC14 (0.1 M and 0.5 M) were used as the organic phases. Hydrochloric acid 
solutions (1, 4, 5, 6, 8, 10 and 12M) and metal feed solutions with 0.1 M iron(III), copper(II), zinc(II) 
or nickel(II) in HCl were used as aqueous phases. In all metal solutions the chloride concentration was 
maintained at 12 M by adding LiCI. In the HCl extraction studies the acid remaining in the aqueous 
phase was analysed by potentiometric titration with NaOH. The organic phases were analysed by IR 
and proton NMR spectroscopy . Analysis of the metal content before and after extraction was carried 
out in the aqueous phases by atomic absorption spectroscopy (Shimatzu AA 680). The charged 
organic phases were analysed by UV-visible spectroscopy (Shimatzu UV160). 

RESULTS AND DISCUSSION 

Hydrochloric acid extraction 

With the present work our group tried, as a first approach, to establish parallels between the 
extractive behaviour of DMDPHTDMA in both nitric and chloride acid media . 
An ion-pair mechanism for CHct o 10M and [DMDPHTDMA]=0.5 M, generically represented by: 
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DMDPHTDMA + HCl U DMDPHTDMAH+ .Cr (1) 

and a solvation mechanism, for cHc1 E 10M and [DMDPHTDMA] = 0 .5 M: 

DMDPHTDMA + HCl U DMDPHTDMA.HCl (2) 

were suggested, since no evidence of diamide protonation was obtained in the latter case. This 
conclusion is supported by proton NMR and IR spectra presented in figures 2 and 3. 

i) ii) 

173 172 111 HO HISI 1611 

Figure 2- A regions of 1HNMR spectrum of DMDPHTDMA in CC4 
i) - dH values of the CH proton (a) - before contact 
ii) -de values of the carbonyl carbon (b) - after contact with HCl 4 M 

(c) - after contact with HN03 4 M 

The occurrence of protonation, already proved in previous studies for HN03 medium (cHNOJ > 
1 M),6 causes a shift in the marked bands of spectra 2c that is not observed in the spectra after HCl 4 
M contact (spectra 2b).4 The IR spectra of the organic phase (figure 3) confirm these conclusions. The 
peaks at 1658cm·1 and 1678cm·1 can be attributed, respectively, to the vibrations of the aromatic ring 
and to the stretching of the carbonyl group.4

•
13

•
14 The peak of a symmetrical stretch of the carbonyl 

group of the diamide -1678cm·1
- shows a decrease in the transmittance, T, in comparison with the 

same band of the free amide (figure 3a) after contact with HCl solutions of 10M (figure 3c) and 12M. 
This feature is consistent with the expected protonation, which is reported to cause a decrease in the 
intensity of the carbonyl peak and the appearance of bands corresponding to the hydroxyl group.5 In 
fact , the increase in the dielectric constant of the organic phase, since more acid is extracted, favours 
the proton transfer to the diamide. 15 For cHcl < 10M there is no difference in the spectra, as could be 
seen in figure 3b +. In those cases the amount of acid extracted is low which favours the solvation over 
the ion-pair mechanism and causes no difference in the IR and NMR spectra. The following species 
(MAhHCl, (MA) .HCl, (HMAtCr (HMA)+Cr.HCl and (H2MA)2+(Cl")2, similar to those already 
identified in previous studies for nitric acid media, are suggested. 4

'
11 Studies of the distribution 

coefficient, D, with respect to HCl extraction will be done to confirm this hypothesis and will be 
reported . 

+ Spectra after contact with HCI of all concentrations from 4 M and 12M were obtained. 
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Figure 3 - A region of IR spectra of DMDPHTDMA in CC4 (a) and after contact with HCl 4 
M (b) and 10M (c). 

In the solvation mechanism there is probably the formation of hydrogen bonds between the 
oxygen of the carbonyl group and the HCl molecules, as it was previously suggested for HN03 

medium. 4•
11 No acid extraction was detected for cHci < 4 M, even after several hours of contact 

between the two phases. 

Extraction of metals 

The efficiency and selectivity of DMDPHTDMA for the extraction of some basic metals -
Fe(III), Cu(Il), Zn(Il), Ni(Il)- usually present in pregnant leaching solutions was studied. 
The analysis of the aqueous solution after contact with the organic phase showed that iron(III) was 
extracted from HCl solutions - with 12 M total chloride concentration - with an acid concentration 
higher than 4 M (figure 4) . For cHc1> 4 M iron(lll) ion is completely removed while no extraction 
occurs for cHc1E 4 M. This behaviour is similar to that previously observed for other malonamides: 
DMDCHTDMA, DEDCHTDMA (N ,N' -diethyl-N ,N' -dicyclohexyltetradecyl malonamide) and 
DIPDCHTDMA (N ,N' -diisopropyl-N ,N' -dicyclohexyltetradecyl malonamide). 16 No extraction was 
detected for the other basic metals (Cu(Il), Zn(II) and Ni(II)) . The same results were obtained when no 
other chloride than the acid was added to the solution. The selectivity for Fe(III) over the other 
mentioned ions is very promising considering that in some hydrometallurgical processes, zinc and 
copper are co-extracted together with iron.11

·
18 Moreover, taking into account that iron is frequently 

used as a leaching agent, as FeCh. the selective extraction of this metal makes possible its recovery 
and eventual reutilization. 
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Figure 4 - Extraction of Fe3
+ from HCl solutions by DMDPHTDMA 
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UV -visible spectroscopy was used to identify the [FeC14r species in the organic phases after 
extraction (figure 5) . [Fe(H20)6]

3+ was identified as the predominant species in HCl solutions with 
acid and total chloride concentrations lower than 4 M. This explains why no extraction was observed 
from these solutions. For acid solutions with cHci > 4 M the [FeC4r species prevails and, therefore, the 
extraction is possible . 
The extraction mechanism involves the transfer of the iron complex to the organic phase in the form of 
the following structures DMDPHTDMA.H +FeC14- (solvation mechanism) and DMDPHTDMAH+. 
FeC14- or DMDPHTDMAH/+ .(FeC14) 2 (ion-pair mechanism) . There is other evidence confirming this 
hypothesis : 

1. 00 
A 

0.0e 

308.0 

365,0 
I 

320,0 

I 

Figure 5- UV-vis spectrum of DMDPHTDMA O. lM after contact with iron (III) (O .OlM) in HCl 
12M solution· . 

1) when HCl was replaced by LiCl , for a total chloride concentration of 8 M , iron is still 
extracted. However, when NaCl replaced the acid, no extraction was observed. Lithium is small and 
thus can possibly act in a similar way to a proton, giving a mechanism similar to protonation: 

In any case the co-ordination mechanism should also be considered: 

The larger radius of sodium does not allow this phenomenon to occur and so no extraction was 
observed. 

2) when HCl was substituted for HN03, for a total chloride concentration of 10 M, the 
percentage of metal extracted was much lower (33%). This behaviour can be explained by the lack of 
formation of anionic nitrocomplexes for cHN03 < 9 M .16 

Preliminary striPping assays 

Stripping of iron(III) from the organic phase was accomplished with contact with water or 
diluted HCl solution allowing complete iron removal. The stripping reaction can be represented by 
equations (5) or (6), depending on the mechanism formerly verified for metal extraction: 

DMDPHTDMAH+ .FeCl4-(orgl+ 6H20 U DMDPHTDMA<orgl+ [Fe(H20)i+(Clh<av+ HCl<•v (5) 

DMDPHTDMA.H +FeCl4-(orgl+ 6H20 U DMDPHTDMA<org)+ [Fe(H20)6]3+(Clh<av+ HCl<•v (6) 

· Similar spectra were obtained after contact with Fe3+ in HCI solutions from 5M to 12M. 
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CONCLUSIONS AND PERSPECTIVES 

The results obtained for HCl extraction, supported by proton NMR and IR spectroscopy, 
suggest two extraction mechanisms: an ion-pair mechanism for cHct? 10M and a solvation mechanism 
(probable formation of hydrogen bonds between the acid and the carbonyl oxygen) for lower acid 
concentrations, as have already been proposed for HN03 mediwn. 

Among the base metals studied (iron, copper, zinc and nickel) only iron(III) was completely 
extracted from HCl solutions at concentrations higher than 4M. 

UV -visible spectroscopy proved that iron was extracted in the form of a chloro anion 
complex, [FeC14L which is in agreement with the two mechanisms previously suggested. 

Further work should be done to clarify the occurrence of these two mechanisms, the 
structure of the adducts and the selectivity of the extractant over other trivalent ions. A 
measure of the dielectric constant of the organic phases after acid contact and the 
determination of distribution coefficients will be a valuable contribution to this investigation. 
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ABSTRACT 

RECENT ADVANCES IN STRUCTURE-REACTIVITY 

STUDIES OF SOLVENT EXTRACT ANTS IN METAL 

EXTRACTION 
CY Yuan, SS Li, SG Yuan and HL Ma 
Shanghai Institute of Organic Chemistry, Chinese Academy of 
Sciences, Shanghai, China 

Various approaches including HSAB principle, computational chemistry, involving cluster analysis and factor analysis, 
theoretical chemistry, consisting quantum mechanics calculation and molecular mechanics as well as QSAR are applied to 
the structure-reactivity studies of organic extractants in metal extraction. Several new synergistic extraction systems are also 
reported. 

Keywords: extractants, HSAB principle, computational chemistry, molecular mechanics, QSAR studies, synergism 

INTRODUCTION 

Quantitative molecular design of organic extractants, in very practical term, contributes both to 
discovery of new selective extractants and to the progress of extraction chemistry in general. One 
understandable objective in the application of the progress of solvent extraction to the separation of 
metal is to obtain a maximum selectivity for a given metal. Development of such new extractants, up 
to now, is usually studied by the screening method, which requires a large amount of investment and 
labour. A much more effective way should be available if one follows the quantitatively relationship 
between chemical structure and the extraction properties of organic extractants. This is the basis for 
quantitative molecular design. Recent progress in computational and theoretical chemistry provides 
powerful tools in such studies. 

RESULTS AND DISCUSSIONS 

HSAB Principle and structure modification 

Metal extraction may be considered simply as the replacement reaction of water molecule in 
the hydration shells of metallic ions in aqueous solution by an organic ligand (extractant), Both metal 
ions (acceptor) and coordinating atoms (donors) are classified as hard, soft and borderline acids and 
bases according to the Pearson scale. Oxygen containing ligands (ether, alcohol, carboxylate, 
phosphate and phosphonate) are referred to as hard bases, which prefer to coordinate with hard acids 
such as lanthanides, actinides, niobium, tantalum, zirconium and hafnium. As soft bases, sulfur
containing ligands (thioether, thiourea, thio-carboxylate or dithiophosphate) prefer to combine with 
soft acids such as copper, gold, silver, platinum, palladium or mercury. A nitrogen-containing ligand 
e.g. aniline or pyridine, being a borderline base, reacts smoothly with a borderline acid such as iron, 
cobalt, nickel, ruthenium and rhodium. 

The hardness of donor atoms can be modified by the inductive or conjugation effect of the 
neighboring atom or group. An aliphatic hydroxyoxime, being a hard base, possesses poor ability for 
extracting Cu (borderline acid) at pH 2. An aromatic hydroxy-oxime, on the other hand, owing to the 
presence of a conjugated system, especially in the presence of an electron withdrawing group on the 
benzene ring, the hardness of the base is decreased dramatically and the extraction ability of Cu will 
be enhanced accordingly. It is evident that the HSAB principle is helpful for the prediction and design 
of effective solvent extractant in an empirical way. 1 

Computational chemistry in solvent extraction 

Since metal extraction is based on the formation of complex by organic ligands with metal 
ions or corresponding ionic species, may be regarded as a multi-component coordination process 
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between heterogeneous phases, it is therefore reasonable to understand the limitation of structure
reactivity studies based on universal analysis. To overcome this imperfection, the application of 
pattern recognition gave however some promising results. Meanwhile, various methods of multivariate 
analysis were developed rapidly in recent years as an effective way to extract valuable information 
from multi-dimensional data and has been applied extensively to chemistry. As one of the new 
approaches to the molecular design of extractants we have reported the application of cluster analysis 
and factor analysis to structure-reactivity studies of acidic phosphorus esters in extraction of 
neodymium, samarium, ytterbium and yttrium as representatives of light, medium and heavy rare 
earths.2 

In our study, two of the most common methods of cluster analysis, i.e. Hierarchical Cluster 
and Minimal Spanning Tree were used. Bin the Hierarchical Cluster method, it is necessary to 
calculate first the Euclidean distances between all possible pairs of points from the original data. These 
distances are usually arranged in a matrix with which a connection dendrogram, which is a hierarchy 
of points ordered by the relative distance between points, may be generated. The vertical axis is 
labeled the similarily value and the more similar the compounds, the higher and nearer to a unit is their 
similarily value. Large jumps in similarily value indicate the difference in the type of compounds. It is 
reasonable to make the boundary of the clusters. 

This resulted in four clusters and the first cluster was clearly divided into two sub-clusters. 
The Minimal Spanning Tree method is an imaginative diagrammatic method, by which all points are 
connected together in a single "tree", where the sum of the lengths of "branches" is minimal. 
Therefore, the longest branches of this tree correspond to the linkage between different clusters. The 
selection of there longest branches is, however, made by pruning as few branches as possible, and 
allowing the length of any branch in the same group to be less than double the mean length of the 
cluster. In the case of the seventeen acidic phosphorus esters studied, four clusters were obtained by 
this method. This result is coincident with that obtained by the Hierachical Cluster method. 

Cluster analysis helps to classify these compounds in hyperspace, however, it can hardly 
display clearly their relationship. At the present time, several available methods, including 
Eigenvector Projections and Nonlinear Mapping, can be used to project the multidimensional space 
into a two- or .three-dimensioned space with the maintenance of the original spatial relationships . 

Eigenvector projection reflects the relationship in the hyperspace with less distortion, and 
eigenvector analysis of the hyperspace results in a new coordinate system where the axes are 
eigenvectors. The result of analysis showed that the first two eigenvectors contain 99.88% of the total 
variance. Consequently, the result of the Minimal Spanning Tree methods displays concisely and 
visually the relationship between structure and behaviour of the compounds investigated. 

On the basis of the above studies further investigation was made by factor analysis . The 
extraction equilibrium constants of compounds investigated can be calculated by the following 
equations: 

(log'Kex)Nd,i = -3.80fl ,i + 0.28f2,I 
(logKexh .I = -l.Olfu + 3.65f2.1 

Theoretical chemistry in solvent extraction 

(log'Kex)Sm,i = -2.92fl ,i + 1.49f2,i 
(log'Kex)Yb,i= -0.24fl ,i + 5.08f2,i 

The reactivity of coordinating atom or group can be represented by charge density or bond 
order calculated by quantum chemical methods. In some cases, the PMO method is helpful in 

evaluating the relationship between ionization constant and distribution of 1t-electrons of aromatic 
base and acid3 Our laboratory is the first research group working on the structure-reactivity studies of 
solvent extractants based on Hucke! molecular orbital method including EMO, EHMO, CNDO and 
MND0.4'

5 As shown by charge density calculation, as expected qOH is very important for acidic 
phosphorus esters in rare earth extraction. However, the contribution of qO cannot be neglected. In 
transition metal extraction by hydroxyoxime type chelating agents, besides qOH, the contribution of 
qN in the oximido group is also important. With the aid of MNDO method, Rozen investigated the 
structure-reactivity relationship of extractants,6 but he was unable to get distinct results as his work 
was not based on the most stable configuration. However, by molecular mechanics calculation we 
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studied the structure-reactivity relationship based on the most stable configuration of extractants under 
investigationY In general, various molecular orbital calculation methods provide data related to 
charge density of atoms in functional group. On the other hand, molecular mechanic calculation is a 
powerful tool to evaluate the contribution of steric effects of the molecule based on energy calculation. 

Table 1 Es,ex Values of alkyl and alkoxyl groups calculated by molecular mechanics (kcal mor1) 

R R RO 

LlELsE LlllELsE Es,ex LlELsE LlllELsE Es,ex 

CH3 4.5890 -0 .0737 -0.037 2.9348 0.0 0.0 
CzHs 4.6627 0.0 0.0 2.9410 0.006 0.003 
C3H1 4.6764 0.0137 0.007 1.9406 0.006 0.003 

i-C3H1 5.1053 0.4326 0.216 2.9757 0.041 0.021 
n-CJ-19 4.6834 0.0207 0.010 2.9405 0.006 0.003 
i-CJ-19 4.7682 0.1055 0.053 2.9638 0.029 0.015 
s-CJ-19 5.1546 0.4919 0.246 3.1395 0.204 0.102 
t-CJ-19 5.7516 1.0889 0.545 
n-CsH11 4.6825 0.0198 0.010 0.9478 0.013 0.007 
n-CJf13 4.6833 0.0196 0.010 2.9515 0.017 0.008 

cycl-CJf11 5.0981 0.4359 0.218 
n-C1H1s 4 .6825 0.0205 0.0 2.9556 0.021 0.010 
n-CsH I7 4.6845 0.0218 0.011 2.9596 0.025 0.012 
i-CsH11* 4.8347 0.1720 0.086 2.9810 0.046 0.023 
s-CsH I7 5.2162 0.5535 0.277 3.2732 0.338 0.169 
n-C nHzs 2.9763 0.042 0.021 

* i-CsH I7 is CJ-19CHEtCHz-

The molecular mechanics calculations (Allingers MM2 Program) were successfully used in our 
laboratory to study the steric effect of substituents (R and Ro) on extraction of metals (N i, Co, RE) by 
acidic phosphorus ethers . Some parameters for phosphorus that were not included in MM2 were 
estimated and used to reproduce the known structure of some phosphorus compounds with satisfactory 
results. 

For the evaluation of the steric effect of substituents, dialkyl t-butylphosphate or phosphinate 
was proposed as model structure for the simulation of the steric enviroment of complexes. The 
optimum geometry of these compounds was determined by molecular mechanics program. It was 
found that the difference of the local steric energy of hydroxyl oxygen in these two structures is 
closely correlated with the degree of the size of substituents and can thus be used as a measurement of 
the steric effect of the substituents(Es,ex) (Table 1)9 

QSAR in solvent extraction 

For quantitative structure--reactive relationship (QSAR) study, as the result of our 
systematic investigations, an equation for regression analysis was introduced by us. 10 

log Kex,M = pLcr + 8LES + elogP + c 

where cr is the polar parameter, as shown by us, the polar substituent effect in organophosphorus 
compounds parallels that of carbon compounds; 11 Es is the parameter that is related to the 
configuration of the complex formed during extraction process. P is the partition constant of the 
ligand. Based on numerous experimental data we introduced specific Es parameters for R and RO 
groups of extractant molecule in extractive separation of rare earths,12 cobalt and nickel 13·14 that are 
successfully used in QSAR study in solvent extraction. 

For the illustration of such QSAR studies, the results of multiple regression of metal extraction by 
acidic phosphorus compounds is shown in Table 2. 
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Table 2 Multiple regression of metal extraction reaction by acidic phosphorus compounds 

log Kex.M = pia + cSIEs + elogP + c 

M p -cS -e c RMS Tp -To -T. 
Co2+ 0.341 1.012 0.159 4.498 0.106 0.915 3.314 4.970 4.464 
Ni2+ 1.984 2.696 0.259 2.607 0.494 0.913 3.850 2.376 1.561 
Nd3+ 3.601 4.327 1.543 7.291 0.532 0.939 4.573 1.778 3.224 
Sm3+ 3.036 4.972 1.757 9.096 0.607 0.928 3.973 1.792 3.216 
y3+ 2.982 6.244 1.743 11.282 0.603 0.928 3.927 2.263 3.211 

Yb3+ 2.766 5.707 1.754 11.691 0.547 0.935 4.056 2.302 3.598 

n 
19 
19 
8 
8 
8 
8 

RMS =root mean square error: r =correlation coeffecient: Tp,To,T. = T-test for terms of p,cS and e 
respectively. 

Synergism in solvent extraction 

The synergistic effect of extraction of uranium by D2EHP A and TBP was reported in the early 
60's. The mechanism of such effect was explained by ligand exchange or ligand substitution of metal 
complexes. In recent years, significant progress was achieved by binary extraction systems. 15

•
16 As 

found by us a mixture consisting Cyanex 272 [bis(2,4,4-trimethylpentyl)phosphinic acid,Cytec 
Industries] and C-274 (an organic monobasic acid bearing stereospecific alkyl chains) provides 
excellent extraction performance in heavy rare earth separation in particular thulium, ytterrbium and 
lutetium. 17 Preliminary investigation indicated that this system possesses characteristics of synergistic 
extraction. The mechanistic study of this system is under investigation. A new type synergistic binary 
extraction system involving dialkyl(aryl)sulfide and an acidic component as kinetic catalysts for 
selective extraction of gold and palladium from precious metals mixture was also reported. 18 
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The extraction ability for Am(ill) and nitric acid with four different malonarnides is presented together with experimentally 
detennined basicities and calculated gas-phase basicities. The highest metal extraction was achieved with the ligands of 
lowest basicity. The relative order of calculated basicities, using ab initio methods, showed to be in good agreement with 
experimentally determined basicities. 

Keywords: malonamides, ab initio calculations, americium(ill) 

INTRODUCTION 

Malonamides have been suggested as suitable co-extractants for the minor actinides and 
lanthanides in advanced reprocessing of spent nuclear fuel 1

•
2

• The long-lived minor actinides are then 
to be separated from the lanthanides and transmuted to short-lived nuclides in a reactor or an 
accelerator-driven sub-critical system. It is therefore important to study the chemistry and extraction 
behaviour of the malonamides. The extraction efficiency of the malonamides is considered to be 
related to both electroinductive effects and to steric hindrances around the binding site1

• The influence 
of the different malonamide structures on both metal and nitric acid extraction has therefore been 
studied and the extraction is related to the basicity of the malonamide. Gas-phase basicities have been 
calculated using ab initio methods (Gaussian 94 software). 

EXPERIMENTAL 

Reagents 

The different malonamides that have been studied experimentally all have the same 
general structure, but differ in the nitrogen substituent, R. 

R 
phenyl 

cyclohexyl 
4-chlorophenyl 

butyl 

Table 1. The different rnalonarnides investigated. 

© 2000 Society of Chemical Industry 

Abbreviation 
DMDPHTDMA 
DMDCHTDMA 

DMD(pClPH)TDMA 
DMDBTDMA 
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All the malonamides, except DMDBTDMA, were synthesised at the University of Reading 
and their purity checked by 1H-NMR, elemental analysis and melting poine. DMDBTDMA, 99% 
purity, was purchased from Panchim, France. Tert-butylbenzene (TBB), 99% purity, was used as the 
diluent in all experiments and was purchased from Acros. 

Experimental Procedure 

The metal extractions were carried out in 3.5 mL test-tubes by contacting equal volumes of 
organic and aqueous phase for 5 minutes . The aqueous solutions contained different nitric acid 
concentrations and O.lM solutions of the malonamides dissolved in tert-butylbenzene (TBB) were 
used as the organic phase in the extractions. After centrifugation, samples of each phase were 
withdrawn for analysis. y-Spectrometry with a HPGe-detector (EG&G ORTEC) was used to determine 
the ratio of the radioactivity in the two phases (D-value) when metal extraction was considered. For 
the nitric acid extractions, samples from each phase after extraction equilibrium were titrated with 
O.lM NaOH. The organic phase was titrated in ethanolic media. 

The basicities of the malonamides were determined by titrations in acetic anhydride media, 
using O.lM HC104 in anhydrous acetic acid as the titrand. The outer salt-bridge in a double junction 
Ag/AgCl reference electrode was changed to O.lM LiC104 in acetic anhydride. 

RESULTS AND DISCUSSION 

The protonation of the malonamide is an important issue when considering the metal 
extraction from relatively high nitric acid concentrations. During the extraction, the proton 
and the metal ion are competing for the same binding sites in the malonamide, the carbonyl 
oxygen atoms. Previous studies have shown that protonation occurs on the carbonyl oxygens 
rather than on the nitrogen atoms4

• Ab initio calculations performed on protonated 
malonamides supports these results. 

Structure C=O-ff C=O-ff N-ff 
(hydrogen bonded) (hydrogen bonded) 

DMDPHMAff -913 .296 a.u. -913 .287 -913 .262 
DMDPHMA2ff -913.519 -913.526 -913.476 
DMDCHMAff -920.293 -920.280 -920.270 
DMDCHMA2ff -920.513 -920.520 not calculated 

Table 2 Calculated energies (a.u.) for different protonation conformations with Gaussian 94 
HF/6-31G*. 

Model structures were built from the molecular conformations found in crystal structures of 
related compounds and then geometry-optimised with the Gaussian software. As seen in table 2, 
protonation on the nitrogen results in the highest energy for each species, which is the least stable 
conformation. The energetically most favourable conformation is when the malonarnide is 
monoprotonated on a carbonyl oxygen atom and hydrogen bonded to the other carbonyl oxygen. The 
diprotonated forms are in their most stable conformations when they are not hydrogen-bonded. 

Metal extraction and nitric acid extraction are assumed to be related to the basicity of the 
molecule. Low basicity of the ligand is considered to give good metal extraction since the competition 
between proton and metal ion is less severe than with a more basic ligand. The basicity of a few 
malonamides has therefore been determined experimentally by titrations in acetic anhydride media. 
The potential at the half-neutralisation volume (HNP) was taken as a measure for basicity. Figure 1 
shows the titration curves for four different malonarnides and the HNP's are listed in table 3. The 
higher the potential at the HNP the less basic the molecule. The 4-chlorophenyl substituted 
malonamide is thus the least basic malonamide and the cyclohexyl- and butyl- substituted 
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malonamides are the most basic ones. 
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Figure 1 Titration with 0 .I M HCI04 in acetic acid, acetic anhydride media of four malonamides, 
(CH3-NR-C=Oh-CH-Ct~29, with different nitrogen substituents (R). 

R 
4-chlorophenyl 

phenyl 
cyclohexyl 

butyl 

HNP(mV) 
557±0.5 
520±2 
372±6 
369±5 

Table 3 HNP for the different malonamides studied. The potential is adjusted with an external 
reference (butaneamide) . 

These basicity data are consistent with earlier extraction studies3 The metal extraction shows 
a decrease in extraction for the cyclohexy- and butyl- substituted malonamides at high nitric acid 
concentration, figure 2. This could be due to the higher basicity for these ligands and thus the 
competition between protons and metal for the binding site is more severe than for the less basic 
molecules. The 4-chlorophenyl and phenyl- derivatives are less basic and do not show this decrease in 
extraction at high nitric acid concentration. The nitric acid extraction, figure 3, also shows the same 
tendency; that is the highest nitric acid extraction for the cyclohexyl- substituted malonamide and 
lowest for the least basic ligand, the 4-chlorophenyl derivative. 

Some ab initio calculations were carried out to investigate if calculated gas-phase basicities 
could be related to the experimentally determined basicities. Gas-phase basicity is defmed as the 
negative of the Gibbs free energy of the protonation reaction: L + If f-7 Llf, where L is the 
ligand. The more negative the t.G the more basic the molecule. The method for calculating the free 
energies for the protonation reaction at 25°C is well established 5

"
7

: 

t.GR = t.HR - T t.SR 

-Tt.SR = -298.15[S(Llf)- S(L)- S{If)] 

t.HR = E(Llf)- E(L)- E(If) + t.(PV) 

E = Eelec + EZPE + (E - Eo) 
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Eetec is the energy of the geometrically optimised structure at OK, EZPE is the zero-point energy 
and (E- Eo) is the energy difference between 0 and 298 .15K. The zero-point energies are adjusted by 
the correction factor of 0.91 s-7 The electronic energy for the proton is zero and the only energy term 
that contributes to E(l-f') is the translational energy which is equal to 3/2RT. Since one mole of gas 
disappears in the reaction the ~(PV) term is equal to -RT and the entropy term of a free proton is equal 
to 7.76 kcal/mol s-7 

MIR = E(LW)- E(L)- 3/2 RT- RT = E(LW)- E(L)- 0.889 kcal/mol 
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Figure 2 Extraction of Am(III) by O.lM of the four different malonamides studied in TBB 
(room temperature). 
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Figure 3 Nitric acid extraction with O.lM of the four different malonamides studied in TBB 
(room temperature). 

The energies and entropies for the unprotonated (L) and protonated (Ut} malonamides were 
obtained from frequency calculations preceded by a full geometric optimisation, using the Gaussian 94 
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software. The 3-21G basis set was used in the geometry calculations and 6-31G* was used for the 
frequency calculations. All computations were carried out on Silicon Graphics Origin 2000 at Reading 
University. 

The calculated t-.G values in table 4 are ordered from the least basic, -215.30 kcaVmol, to the 
most basic structure, -230.71 kcaVmol. The long carbon chain at the central carbon (-C 1J-l29) , which is 
needed to achieve enough lipophilicity in the extractions, was replaced by a hydrogen atom to 
minimise the computation time. These calculated basicity data show the same relative order of basicity 
as the experimentally determined basicities . 

R 
4-chlorophenyl 

phenyl 
2,6-dichlorophenyl 

cyclohexyl 

H 
H 
H 
H 

t-.GR(kcaVmol) 
-215.30 
-228.56 
-229.35 
-230.71 

Table 4 The difference free Gibbs energy for the protonation reaction of some different substituted 
malonamides (Gaussian94, full geometry optimisation). 

The position of the chlorine atoms on the phenyl groups seems to have a great influence on the 
basicity. The calculated basicity for the 2,6-dichlorophenyl derivative was shown to be considerably 
higher than the 4-chlorophenyl substituent but there are, so far, no experimental data for the 2,6-
dichlorophenyl ligand to verify this. More calculations and measurements on new malonamides, e.g. 
with alkoxy groups on the central carbon, are in progress and are needed to verify the relation between 
calculated and experimental basicity and the correlation between basicity and extraction. If a property, 
like basicity, which seems to be related to the metal extraction, could be calculated accurately it might 
simplify the design of optimal extractants. 
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ABSTRACT 

PHOTOSTABILITY OF HYDROXYOXIME 

COMMERCIAL COPPER EXTRACT ANTS: 

ACORGA P5100 AND SME529 
Ewa Krzyanowska and Andrzej Olszanowski 
Institute of Chemical Technology and Engineering, Poznan 
University of Technology, PI.Skodowskiej-Curie 2, 60-965 
Poznan, Poland. 

The photostability ofhydroxyoxime commercial copper extractants, Acorga P5100 and SME529 are studied under exposure 
to UV light Extractant samples in a mixture of octane:toluene ( 4:1 v/v) are exposed to a temperature below 22°C in a 
Heraeus photoreactor. The influence of water and sulphuric acid on the photo-degradation of oximes is also studied. 
2-Hydroxy-5-nonylbenzaldehyde and 2-hydroxy-5-nonylacetophenone, respectively, are the main products of the photo
degradation of both extractants. 2-hydroxy-5-nonylbenzaldehyde oxime is less stable than 2-hydroxy-5-nonylacetophenone 
oxime in both dry and wet solvents. The opposite order of stability is observed in the presence of sulphuric acid. The rate of 
photo-degradation is enhanced by the bubbling of water and sulphuric acid through the hydrocarbon phase. However, the 
high loading of hydroxyoxime depresses the photo-degradation and protects extractants against light, including sunlight. 

Keywords: Acorga P5100, SME 529, 2-hydroxy-5-nonylbenzaldehyde oxime, 2-hydroxy-5-nonylacetophenone oxime, 
degradation. 

INTRODUCTION 

Hydroxyoximes of the general formula: 

,._ 

R 

~/OH 

c, 
y 

are active substances in commercial copper extractants such as LIX and ACORGA, produced by 
Henkel and Zeneca. According to the literature hydroxyoxime degradation under the conditions of 
copper extraction from acid sulphate solutions is less than the losses induced by incomplete phase 
disengagement. 1 The stability of metal extractants is, however, an important parameters which needs 
to be considered in the industrial extraction of metals. 

Degradation of hydroxyoxime extractants is promoted by elevated temperature, high 
concentration of sulphuric acid and light, and involves mainly the hydrolysis of the oximino group. 
Oximes of aromatic hydroxyketoximes are more resistant to hydrolysis than oximes of aliphatic a.
hydroxyketones, e.g. LIX 63, and the hydrolytic resistance increases in the following order: 2-
hydroxy-5-alkylbenzaldehyde oxime, e.g. ACORGA P 50, P 5100, < 2-hydroxy-5-alkylacetophenone 
oxime, e.g. SME 529 and LIX 84, < 2-hydroxy-5-alkylbenzophenone oxime, e.g. LIX 65N. 

The resistance of the extractant to light is important during extraction and stripping, especially 
in kinetic studies with diluted solutions, and in industry in older extraction installations having open 
mixers and settlers in those countries where exposure to light is unavoidable (e.g. Africa, South 
America and Australia). This problem was not considered for a long period oftime. 

The photostability ofthe commercial hydroxyoxime copper extractants, ACORGA P5100 and 
SME 529 under exposure to UV light are studied in this paper together with the influence of water and 
sulphuric acid on the photo-degradation. 

EXPERIMENTAL 

Samples of commercial extractants: ACORGA P5100, (ZENECA) and an archive sample of 
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SME 529, produced earlier by Shell were used. Photo-degradation was carried out as reported for the 
case of individual model hydroxyoximes containing the short methyl group instead of the branched 
alkyl group 2

-4 

RESULTS AND DISCUSSION 

With these commercial extractants the analysis of the photodegradation products is more 
complicated, compared to the individual models, because, a) the nonyl group consists of several 
branched isomers, b) ACORGA 5100 contains free nonylphenol added as a modifier, and c) the 
presence of other components present in the nonylphenol used in surfactant industry cannot be 
excluded (Figure 1). 

DAD1 B. Sig•230,4 Ref=500,100 (D:\523B\60.D) 

ACORGA P51 00 after 60 min 

1011 12 13 

r;;~ ~ ~ 
~g ;: ~ 
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., ., 

.,; 
5 ACORGA P6100 
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~ §~ "' ;!: 
ai~ ~ 

14 16 

14 

"' ., ., 

18 

9 

~ 
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Figure 1. Chromatograms of ACORGA P5100 before (4, p-nonylphenol; 5, 2-hydroxy-5-nonyl
benzaldehyde oxime) and after 60 min ofphotodegradation (5, p-nonylphenol; 6, 2-hydroxy-5-nonyl
benzaldehyde oxime and 7 and 8, hydroxyaldehydes.). 

The main product of ACORGA P5100 degradation is 2-hydroxy-5-nonylbenzaldehyde (peak 6 
Figure I) which can be recycled after oximation (Figure 2). However, after longer exposure to light 
the aldehyde undergoes further photodegradation to non-recycleable products. Rapid destruction of the 
extractant was observed between 10 and 30 minutes. The effect ofthe presence of water on the photo
degradation is small and almost negligible. The fastest degradation was noted when the medium 
contained sulphuric acid (Figure 3). These conclusions are also valid for the degradation of SME 529 
(Figure 4). Total disappearance of the initial hydroxyaldehyde oxime in ACORGA P5100 was 
observed after 80 minutes. 
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During photoreaction a gradual decomposition of p-nonylphenol is observed yielding 
alkylphenols of lower molecular masses, which exhibit higher solubility in aqueous solutions. Such 
degradation was not observed with individual models containing normal alkyl groups. 
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Figure 2. Composition of ACORGA P 5100 after photo-degradation in a mixture of octane 
and toluene: 
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Figure 3. Relative content of non-degraded 2-hydroxy-5-nonylbenzaldehyde oxime in ACORGA 
P5l 00 dissolved in octane:toluene (4 : I v/v) : 
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Figure 4. Relative content of non-degraded 2-hydroxy-5-nonylacetophenone oxime in SME529 
dissolved in octane:toluene (4:1 v/v) : 

-+--Dry solvent --5%acid -+-S% water 

Table 1. Extent of total photo-degradation to recycled products for ACORGA P5100 and SME 529. 

Reagent System Total degradation I degradation to recycled products 
(%/%) 

10 min 15 min 30min 60min 80min 100 min 
ACORGA Dry 2.8 19.2 35 .8 56.4 67.4 76.8 
P5100 solvent 2.8 18.8 27.8 29.4 32.8 33.2 
ACORGA Water 0.2 17 .0 46.2 59.2 76.8 85 .6 
P5100 (5%) 0 4.7 20.8 28.4 31.8 33 .8 

ACORGA Acid 4.2 30.8 38 .0 65.0 100 100 
P5100 (5%) 0 9.8 13.8 19.8 14.7 13 .8 
SME 529 Dry 18.0 30.2 45.6 51.3 57.0 57.8 

solvent 16.0 25 .1 33.5 38.5 42.9 43 .7 
SME 529 Water 21.8 36.0 44.3 46.1 50.1 51.1 

(5%) 19.2 27.0 40.3 41.8 42.2 43.1 
SME 529 Acid 25.1 37.3 55 .0 66.9 78.5 86.1 

(5%) 21.4 28.5 42.3 51.9 62.3 70.8 
• the first value denotes the total degradatiOn, whtle the second one the degradation towards the 

products which can be oximated and then recycled. The values are given in per cents in relation the 
initial content of the active substance. 

The results of the photodegradation of both extractants are similar, thus 2-hydroxy-5-nonyl
acetophenone and 2-hydroxy-5-nonylbenzaldehyde are respectively the main products of the photo
degradation . A comparison of the stability of both extractants shows that SME 529 (which contains 2-
hydroxy-5-nonylacetophenone oxime) is more stable than ACORGA P5!00 (with 2-hydroxy-5-
nonylbenzaldehyde oxime) in dry and wet solvents . The opposite order of stability was observed in the 
presence of sulphuric acid. 

The data given in table 1 indicate that in each system the degradation of SME 529 yields a 
higher percentage of products which can be recycled following an additional regeneration step; i.e. 
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oximation of the hydroxyketone produced during degradation. The degradation of 2-hydroxy-5-
nonylbenzaldehyde oxime yields mainly 2-hydroxy-5-benzaldehyde in the first step (up to 30 minutes 
reaction), which however undergoes further degradation to non-recyclable products . This means that 
degradation should be monitored in order that regeneration can be carriedut the before the undesired 
degradation of intermediate 2-hydroxy-5-nonylbenzaldehyde. 
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ABSTRACT 

PHOTODEGRADA TION OF 0XIMES OF 2-HYDROXY-
5-t-OCTYLBENZOPHENONE, 2-HYDROXY-5-t
OCTYLBENZALDEHYDEAS~ODELSOF 

HYDROXYOXIME EXTRACT ANTS OF ~ETALS 
Ewa Krzyanowska and Andrzej Olszanowski 
Institute of Chemical Technology and Engineering, Poznan 
University of Technology, Pl.Skodowskiej-Curie 2, 60-965 
Poznan, Poland. 

2-Hydroxy-5-t-octylbenzophenone oxime (!), 2-hydroxy-5-t-octylacetophenone oxime (IT) and 2-hydroxy-5-t-octyl
benzaldehyde oxime (Ill) and their copper complexes are used to study their photo-stability under UV light in a mixture of 
octane:toluene (4:1 v/v). The influence of water as well as sulphuric acid on the photo-degradation of oximes is also studied. 
Degradation products are identified. Photo-degradation of! yields different products compared with IT and m. 2-Hydroxy-5-
t-octylbenzophenone or 2-phenyl-5-t-octylbenzoxazole is the main degradation product of I depending on reaction conditions 
(diluent, water or sulphuric acid content). The former can be oximated to the oxime and recycled. The latter becomes a 
ballast substance. A photo-isomerization of (E)-isomer into non-active (Z)-isomer is also observed. IT and Ill yields mainly 2-
hydroxy-5-t-octylacetophenone and 2-hydroxy-5-t-octylbenzaldehyde, respectively, which may be oxirnated and the reagent 
recycled. 
Copper complexes increase the stability ofhydroxyoximes and may be considered as natural stabilizers. 

Keywords: 2-hydroxy-5-t-octylbenzophenone oximes, 2-hydroxy-5-t-octylacetophenone oxime, 2-hydroxy-5-t-octyl
benzaldehyde oxime, degradation, isomerization. 

INTRODUCTION 

Degradation of hydroxyoxime extractants is promoted by elevated temperature, high 
concentration of sulphuric acid and light. Hence, it mainly takes place in the stripping section but does 
so to a lower extent than one would expect, considering the hydroxyoxime structure. 1

•
2 Degradation of 

hydroxyoxime extractants involves mainly the hydrolysis of the oximino group, e.g. 

OH 0 '-....z 

Z•H,CH3,CsH5 

R = CsH19. C12H25 

In our previous papers3
-
5 the photo-isomerization and photo-degradation of 2-hydroxy-5-

methylbenzophenone (E)-and (Z)-oxime in ethanol, octane, toluene and a mixture of octane and 
toluene under exposure to UV light were studied. The main path of photo-degradation of (E)-oxime 
led via (Z)-oxime to 3-phenyl-5-methylbenzisoxazole, 2- phenyl-5-methylbenzoxazole and 2-hydroxy-
5-methylbenzophenone. Photo-isomerization and photo-degradation kinetic models were developed 
for both oximes.5 

Hydroxyoxime extractants are complex mixtures having various structures of the nonyl or 
dodecyl group (propylene trimer or tetramer).6 Hydroxyoximes having the 1,1,3,3-tetramethylbutyl 
group (isobutylene dimer), abbreviated as t-octyl, can be considered as appropriate models of 
commercial reagents . Such hydroxyoximes exhibit similar hydrophobicity and as a result possess 
similar partition and solubility data and extraction properties as analogs having 9 and 12 carbon atoms 
in the alkyl group. 

2-Hydroxy-5-t-octylbenzophenone oxime (1), 2-hydroxy-5-t-octylacetophenone oxime (II) and 
2-hydroxy-5-t-octylbenzaldehyde oxime (III) and their copper complexes were used to study their 
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photostability under UV light in a mixture of octane:toluene (4: 1 v/v). The influence of water as well 
as sulphuric acid on the photo-degradation of oximes was also studied. 

EXPERIMENTAL 

Oxime samples, 4.056 x1o-3 Min a mixture of octane: toluene (4:1 v/v) were exposed in a 

Heraeus photoreactor of 120 cm3 volume. To the solution of octane : toluene in some experiments, 

water or sulphuric acid (!50 g/dm3) was also added up to 5% of volume. The photo-degradation was 
carried in the same way as in the case of individual model hydroxyoximes containing the short methyl 
group instead of the branched alkyl 3

•
4 Analyses of oxime solutions were carried out using a Hewlett

Packard HPLC series 11000 with a diode array detector. 

RESULTS AND DISCUSSION 

2-Hydroxy-5-t-octylbenzophenone, 2-phenyl-5-t-octylbenzoxazole, 3-phenyl-5-t-octyl-
benzisoxazole were detected as products of the photo-degradation of I. Also photo-isomerization of 
(E)-oxime to (Z)-oxime was observed. N-(2-hydroxy-5-octylphenyl)-benzamide and N-phenyl-2-
hydroxy-5-octylbenzamide were not detected as products of the photo-degradation, as opposed to the 
photo-reaction of2-hydroxy-5-methylbenzo-phenone (E)- and (Z)-oxime (Figure 1). 

When water or sulphuric acid (150 g/dm3) was added to the reaction medium, differences in 
the conversion rate, the amount of photo-degradation products and the content of the products of the 
photo-degradation of 2-hydroxy-5-t-octylbenzophenone oximes were observed. For all systems rapid 
reduction of (E)-oxime was observed between 30 and 60 minutes of light exposure. The yields of 2-
hydroxy-5-t-octylbenzophenone and 2-phenyl-5-t-octylbenzoxazole differed and depended on the 
photoreaction conditions. The highest and lowest amounts of 2-hydroxy-5-t-octylbenzophenone were 
formed in those systems containing water and dry solvents, respectively (Figure 2). 

The formation of ketone was observed only after 80 minutes of photo-reaction in the octane
toluene mixture. This could be explained by other competing reactions, mainly those that lead to 
benzisoxasole and benzoxazole derivatives . 

0 5 10 15 30 60 80 100 120 180 
min 

Figure 1. Photo-degradation of 2-hydroxy-5-t-octylbenzophenone oximes in a mixture of octane and 
toluene. 

-+- Benzisox. --- Benzox. __.._(E) -oxime --M- (Z) -oxime --- Benzoph. 

294 



Extractants and Diluents 
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min 

Figure 2. Comparison of the content of 2-hydroxy-5-t-octylbenzophenone formed during photo
degradation of2-hydroxy-5-t-octylbenzophenone oximes in an octane-toluene solution: 

-+- Acid (5%) __._.Dry solvent 

01•100 

20 40 

--M- Water (5%) 
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min 

Figure 3. Photo-degradation of 2-hydroxy-5-t-octylacetophenone oxime (II) in a mixture of octane and toluene: 

-+-II --- 2-hydroxy-5-t-octylaetophenoe __._. 3-methyl-5- t-octylbenzisoxazole 

The main path of the photo-degradation of II led to 2-hydroxy-5-t-octyl-acetophenone and 3-
methyl-5-t-octylbenzisoxazole. The degradation of this oxime was faster in comparison to I, with the 
ketone as the main product of photo-degradation; the content of 3-methyl-5-t-octylbenzisoxazole as a 
by-product of degradation was much lower than during the same process ofl (Figure 3). 

The results obtained of the photo-degradation of III indicated that the main product of 
degradation is 2-hydroxy-5-t-octylabenzaldehyde. A small amount of 5-t-octylbenz-oxazole and a 
minimal amount of N-(2-hydroxy-5-t-octylphenyl)formamide were observed as by-products of 
degradation. The effect of water and sulphuric acid on the photo-degradation of III was similar to that 
ofl. 

An important factor in the progress of photo-degradation is the concentration of oxime. With 
an increase in a concentration of oxime, degradation decreased (Figure 4). 
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Figure 4. Photo-degradation of 2-hydroxy-5-t-octylbenzaldehyde oxime in octane toluene 4: I v/v, initial 

concentration of III; I0-2mole (cone.) and I0-4mole (dil.) . 
-+- Oxime dil. -+- Aldehyde dil. """"*"-Oxime cone. -----Aldehyde cone . 
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Figure 5 . Comparison of the photo-degradation ofhydroxyoximes in an octane-toluene solution. 

-+-III ---11 -+-I 

A comparison of the photo-degradation of all analysed oximes under the same conditions 
indicated that I is the most stable in light, with III more easily degraded under the same experimental 
conditions (Figure 5). 

Analysis of the main products formed during photo-degradation shows that the processes of 
photo-degradation are different. In the case of the photo-reaction of II and III, the main products are 
appropriate ketone or aldehyde, which are formed at the initial step of the reaction, and their volume is 
large. 2-Hydroxy-5-t-octylbenzophenone is not formed in the initial stage of reaction, and its content is 
not high (Table I, Figure 6). These data are very important if the regeneration of an extractant through 
its supplementary oximation with hydroxyloarnine, in the presence of an alkaline substance is being 
considered. The results obtained show that such regeneration can only be carried out for the 
acetophenone and benzaldehyde derivatives. 
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Table 1. Extent of total photo-degradation and degradation to recycled products. 

Reagent System Total degradation/degradation to recycled products 
(%/%) 

10min 15 min 30 min 60min 80min 100 min 
I Dry 8.4 10.9 17.5 52.0 82.8 89.8 

solvent 0 0 0 0 4.2 5.1 
I Water 12.3 20.0 42.9 73 .4 90.1 93.8 

(5%) 7.0 10.9 22 .6 44.4 51.7 53.9 
I Acid 13 .0 17.1 42.3 78.6 94.9 97.1 

(5%) 6.6 7.8 13.8 19.4 20.6 22.2 
II Dry 45 .4 63.1 82.7 90.9 93.1 94.1 

solvent 32.0 45 .6 62.0 69.3 70.3 70.7 
III Dry 23.2 32.2 61.2 81.4 98 .2 99.8 

solvent 20.4 29.2 56.3 78.4 82.4 86.1 
III Water 14.3 20.1 90.2 96.9 98.7 99.9 

(5%) 13.4 18 .5 77.1 80.4 83 .9 86.7 
III Acid 19.0 22.3 27.4 85.1 98 .0 99.2 

(5%) 15 .I 18.9 23.3 72.3 80.9 86.4 
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Figure 6. Comparison of the content of hydroxyketones and hydroxyaldehydes formed during the 
photo-degradation of oximes I, II and III in an octane-toluene solution: 

-+- 2-hydroxy-5-t-octylbenzaldehyde 
_.._ 2-hydroxy -5-t-octylbenzophenone 

--2-hydroxy-5-t-octylacetophenone 

The photo-stability of the oxime complexes of copper(II) was much greater than the oxime alone 
(Figure 7) . Thus the complex of oxime with copper substantially protected the oxime against light. 
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Figure 7. Photo-degradation of the copper complex of 2-hydroxy-5-t-octylbenzophenone oximes in a 
mixture of octane and toluene 
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ABSTRACT 

SYNERGISTIC EFFECTS IN THE EXTRACTION OF 

METAL IONS BY MIXTURES OF DIALKYL

PHOSPHORIC ACIDS AND SUBSTITUTED CROWN 

ETHERS 
R Chiarizia1

, ML Dietz\ AH Bond1
, VJ Huber\ AW 

Herlinger2 and BP Hay3 

1 Chemistry Division, Argonne National Laboratory, Argonne, IL 
60439, USA 
2 Department of Chemistry, Loyola University Chicago, Chicago, 
IL 60626, USA 
3Pacific Northwest National Laboratory, Richland, WA 99352, 
USA 

The extraction of alkaline earth cations from weakly acidic solutions by three dialkylphosphoric acids and various isomers 
of dicyclohexano-18-crown-6, both alone and in combination in toluene solutions, has been examined to determine the 
effect of both the crown ether stereochemistry and the structure of the organophilic anion on the magnitude of the 
synergistic effects. The synergistic effects have been found to differ considerably among the crown ether isomers and to 
vary with the extent of alkyl chain branching in the dialkylphosphoric acid. Attempts to correlate the synergistic effects 
with ligand strain energies from molecular mechanics calculations are described. 

Keywords: synergism, alkaline earths, crown ether stereoisomers, dialkylphosphoric acids 

INTRODUCTION 

In an effort to develop guidelines for the rational design of synergistic extraction systems for 
metal ions using macrocyclic polyethers, we have examined the extraction of Ca+2

, St2 and Ba+2 into 
toluene by various organophosphorus acids and crown ether isomers, both alone and in combination. 
Although synergistic effects involving mixtures of crown ethers and organophosphorus acid anions are 
well known, '·7 few of the previously described studies have taken a systematic approach to the 
elucidation of the factors responsible for the observed synergism. By contrast, the present work employs 
structurally well-defmed macrocycles and organophilic anions, thereby providing a means of 
determining the influence of the crown ether stereochemistry and anion structure on the observed 
synergistic effects. 

The series of dicyclohexano-18-crown-6 (DCH18C6) isomers shown in Figure 1 and the 
dialkylphosphoric acids of increasing steric bulk shown in Figure 2 were used. The extraction data were 
then used to determine if a correlation exists between macrocyclic ligand strain energies (calculated by 
molecular mechanics) and the synergistic effects . 

EXPERIMENTAL 

The preparation and purification of the materials used in this work can be found in reference 8. The 
distribution ratios, D, of 45Ca, 85Sr and 133Ba were determined at 23±1°C as reported in reference 9. For 
the pH dependencies of the metal distribution ratios, the procedure described in reference 2 was 
followed. The details of the calculations of the crown ether ligands reorganization energy, ~Ureorg, are 
reported in reference I 0. 
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cis-.ryn-cis-dicyclohexano-18-crown-6 (A) cis-an/1-cis-dicyclohexano-18-crown-6 (B) 

trans-.ryn-trans.dicyclohexano-18-crown-6 (C) /rans-anti-trans.dicyclohexano-18-crown-6 (D) 

Di-n-octylphosphoric acid 

HDOP 

cis-/rans-dicyclohexano-18-crown-6 (E) 

Figure 1. DCH18C6 isomers used in this work 

Di(2-ethylliexyl)phosphoric acid 

HDEHP 
Di( diisobuty hnethy !)phosphoric acid 

HD(DiBM)P 

Figure 2. Dialkylphosphoric acids used in this work 

RESULTS AND DISCUSSION 

Figure 3 shows the results of a continuous variation study of the distribution ratios of Ca +2
, Sl2 

and Ba+2 as a function of the crown ether (CE) mole fraction in HDOP-CE mixtures at constant HN03 

and metal ion concentrations. Similar results have been obtained for the other dialkylphosphoric acids 
used in this study. 

These data illustrate a number of features of the investigated systems. First, the extraction of 
the metal cations by the CE alone is negligible, which allows us to define a synergistic factor, SF, 
simply as the ratio of the D values in the presence and in the absence of crown ether under each set of 
experimental conditions. Next, no significant synergism is observed for Ca+2

, probably due to the poor 
ability ofDCHl8C6 to complex this cation. 7

'
11 In contrast, a strong synergistic effect is observed with 

St2 and Ba+2, both of which are strongly complexed by 18-membered crown ethers . 7
'
11 For these two 

cations, the various stereoisomers of DCH18C6 yield remarkably different SF values, in the order 
A>B>E>C~D (vide infra). Finally, the maximum D values generally occur at a CE mole fraction of 
0.2, indicating that the synergistic complexes of Sr+2 and Ba+2 contain four molecules of 
dialkylphosphorc acid for each CE molecule. 
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Figure 3. Continuous variation plots for the HDOP-CE system. [HDOP]+[CE] = 0.1 Min toluene; 
[HN03] = 0.01 M; [M(N03)2] = 0.001 M 

Figure 4 shows the pH dependencies of the metal distribution ratios at constant ionic strength 
and temperature measured with 0.1 M HDOP either alone or in the presence of 0.025 M CE (various 
isomers), that is, under conditions corresponding to the maxima in the continuous variation plots in 
Figure 3. Similar data, not shown here, were obtained for HDEHP and HD(DiBM)P. The data in Figure 
4 confirm both the lack of synergism for Ca+2 and the order of effectiveness of the various isomers of 
DCH18C6 in enhancing Sr+2 and Ba+2 extraction by HDOP (vide supra). The same order was verified 
with the other two dialkylphosphoric acids with one exception, the HD(DiBM)P- Sr+2 system, in which 
isomer B was slightly more effective than isomer A. 

Error! Not a valid link. 
Figure 4. pH dependencies with 0.1 M HOOP alone or with 0.025 M DCH18C6 in toluene; 

[M(N03)2] = 0.001 M 

In all cases, the slope value of the pH dependencies is + 2, indicating that when the cations are 
extracted by HDOP, HDEHP or HD[DiBM]P, either alone or in combination with the various isomers 
ofDCH18C6, two W ions are liberated during extraction. 

The extractant dependencies of the D values were also measured and slope analysis of the 
logarithmic plots of D vs . extractant concentration obtained at a constant aqueous phase pH (between 2 
to 3) and at very low organic phase loading was performed. With the dialkylphosphoric acids alone, 
slopes of the dependencies were 2.5 for Ca+2 and 3.0 for Sr+2 and Ba+2

, although some deviation from 
these values was observed with HD(DiBM)P. Overall, our results agree with previous literature 
information concerning extraction of alkaline earth cations by dialkylphosphoric acids. 12 
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Extractant dependencies were also determined for synergistic systems (not shown for the sake 
of brevity). In all cases, the slope of the logarithmic plots of D vs. the dialkylphosphoric acid 
concentration (at constant DCH18C6 concentration) was +2. When the DCHI8C6 concentration was 
varied, keeping the dialkylphosphoric acid concentration constant, slope values of+ 1 were obtained. In 
several cases, however, slopes less than unity were observed at the highest CE concentrations, in 
agreement with previous studies 2 Using these results, together with the dimeric state of aggregation of 
organophosphorus acids in toluene 13 and the absence of interaction between the two extractants in the 
organic phase (confirmed by vapor pressure osmometry and infrared spectroscopy measurements 14

), the 
equilibria describing the extraction of alkaline earth cations by mixtures of dialky1phosphoric acids and 
DCH18C6 can be written as follows, where HA and B represent the two extractants in the organic 
phase: 

M+2 + (2+n/2)(HA)z <=:> M(HAz)z·nHA + 2W Kex 
in the absence of crown ether, with n = 1 for Ca+2 and n =2 for Sr+2 and Ba+2 For Sr+2 and Ba+2 in the 
presence of DCH18C6, this becomes: 

M+2 + 2(HA)z + B <=:> MB(HAz)z + 2W l<ex.s 
The synergistic constant K,, defined as the Kex..!Kex ratio, 13 corresponds to the organic phase 

reaction that leads to the formation of the final Sr+2 and Ba+2 complexes: 

M(HAz)z ·2HA + B <=:> MB(HAz)z + 2HA K, 

The K, values listed in Table 1 have been used to quantitatively describe the synergism in the 
investigated systems. Because of the low reagent concentrations in both phases, these values can be 
considered to be nearly thermodynamic constants. 

Table 1: Values ofthe synergistic equilibrium constants, K. 

DCH18C6 HOOP HDEHP HD(DiBM)P 
isomer Sr Ba Sr Ba Sr Ba 

A (1.07±0.09) (5 .32±0.64) (1.96±0.24) (5 .26±0.69) (4 .19±0.57) (7.25±1.45) 
x102 x103 x103 x103 x102 x103 

B (3.17±0.31) (1.27±0.17) (3.49±0.52) (1.84±0.20) (5.48±0.55) (8.01±1.44) 
x101 x103 x102 x103 x102 x102 

E (9.43±0.44) (4.09±0.49) (8.08±1.00) (3.62±0.40) (6.54±0.95) (1.95±0.33) 
x10° x102 x101 x102 x101 x102 

c (3 36±0.18) (3 58±0.94) (1.03±0.13) (1.45±0.29) 
x10° x101 x101 x101 

D (2 60±0.23) (1.58±0.32) 
x10° x101 

Figure 5 shows the relationship between the log K, (Table 1) and the ligand reorganization 

energy (L'1Ureorg) calculated through molecular mechanics for the metal complexes of the various 
stereoisomers of DCH18C6. These reorganization energies represent the degree to which complex 
formation between a crown ether and a given metal ion induces steric strain in the crown ether. Ligands 

highly organized for binding exhibit small L'1Ureorg values, down to the limiting value of L'1Ureorg = 0 for 
ligands that are perfectly organized for binding. Extrapolation to L'1U,eorg = 0 of the linear correlation 

between the logarithm of the binding constant and L'1Ureorg allows an estimation of the binding constant 
for ligands with an optimum configuration. 

The results shown in Figure 5, which represent the first report of a correlation between 
synergistic constants and ligand strain energies, seem to indicate that the primary factor determining the 
magnitude of the observed synergistic effects is the reorganization energy of the various DCH18C6 
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isomers . It also appears that the steric hindrance due to the branching of the alkyl groups of the 
dialkylphosphoric acids also plays a role, although a more limited one. 

H 0 0 P H 0 E H P HD(DIBM)P 
1 0 . 1 0. 1 0 

1 0 ' 1 0 ' 1 0 

K 

1 0 ' 1 0 ' 1 0 

1 0' 1 0 ' 1 0 

S r 

B a 
1 0' 1 0 ' 1 0 

1 0 1 5 20 10 " 20 10 t. 20 

fiU r• o rg 

Figure 5. Relationship between log K, values and DCH18C6 isomers reorganization energy 
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ABSTRACT 

SOL VENT EXTRACTION OF CALCIUM AND SOME 

DIVALENT TRANSITION METALS BY MIXTURES OF 

ORGANOPHOSPHORUS ACIDS AND BIFUNCTIONAL 

PHOSPHONATES 
JS Preston and AC du Preez 
Process Chemistry Division, Mintek, Private Bag X3015, 
Randburg 2125, South Africa 

In this work we describe the extraction of some alkaline-earth metals (principally calcium) and divalent transition metals 
(Mn, Co, Ni and Cu) by selected organophosphorus acids in admixture with monofunctional or bifunctional neutral oxygen
donor compounds containing P=O groups. It was found that the extraction of the alkaline-earth metals from nitrate media 
(0.40 M NaN03) by organophosphorus acids (0.20 Min toluene) is appreciably enhanced by the addition of the bifunctional 
P=O donor compound, tetraisopropyl methylenediphosphonate (TIPMDP, 0.10 M) to the organic phase. The synergistic 
shifts in the pH50 values lie in the order: Mg < Ca > Sr > Ba. For calcium, the synergistic shifts obtained with the different 
types of organophosphorus acid decrease in the order: (RO)lPOOH > (RO)RPOOH > R2POOH, where R = 2-ethylhexyl. The 
corresponding ethylenediphosphonate (TIPEDP) and analogous monofunctional compounds, such as diisopropyl n
hexylphosphonate, give rise to much smaller shifts. The synergistic shifts with TIPMDP are greater for calcium than for 
manganese, cobalt, nickel and copper, thus permitting the selective removal of calcium impurities from solutions of the 
transition metals in some cases. In a batch-countercurrent experiment, 99% of the calcium was removed from a gypsum
saturated simulated cobalt electrolyte (30 gL'1 Co as sulphate) in 3 stages at pH 3.0, with only 0.3% extraction of cobalt. 

Keywords: calcium, phosphorus acids, bifunctional phosphonates, synergism. 

INTRODUCTION 

Recently, we observed that the extraction of the trivalent rare-earth metals by alkylsalicylic 
acids was considerably enhanced by the addition of certain diphosphonate esters, 
(ROhPO.(CH2)n.PO(OR)2, such as tetraisopropyl methylenediphosphonate (R ==isopropyl, n == 1) to 
the organic phase. 1 This enhancement was quantified in terms of the synergistic shift in the pH 50 value 
produced by adding the neutral diphosphonate (L) to the acidic extractant (HA): 

6pHso == pH so HA - pHso HA+L 

where pH50 represents the pH value for 50% metal extraction at unit phase ratio in the system 
identified by the superscript. The synergistic shifts were particularly marked in the case of the light 
rare-earth metals lanthanum, cerium, praseodymium and neodymium (up to 1.65 pH units), which was 
taken as an indication of the probable coordination of the diphosphonate in a bidentate mode. In 
contrast, the heaviest rare earths showed considerably smaller shifts, similar to those produced by 
monofunctional phosphonates (about 1.0 pH unit), which suggests that the smaller radii of these 
cations might be insufficient to permit bidentate coordination of the diphosphonate ligand. 

Since the light rare-earth metals have trivalent cationic radii in the range 1 00-1 06 pm, similar 
to the radius of divalent calcium (99 pm), the possibility exists that the steric requirements for the 
coordination of the diphosphonate to the latter cation might also be favourable and, consequently, 
marked synergistic effects might be produced. In contrast, valuable transition metals such as cobalt, 
nickel, manganese and zinc, the hydrometallurgical sources of which are almost invariably 
contaminated with calcium, have much smaller cationic radii (69-80 pm) than the latter metal. Since 
calcium is partially extracted by the reagents commonly used in the recovery of these transition 
metals, organophosphorus and carboxylic acids, it can build up to saturation level in the recycled strip 
liquor and cause problems associated with the precipitation of gypsum. 

Accordingly, we considered that it would be interesting to examine the extraction of calcium 
and some transition metals by alkylsalicylic and organophosphorus acids in the presence of suitable 
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diphosphonate esters, with the aim of developing a synergistic system suitable for the selective 
removal of the alkaline-earth metal from base metal solutions. 

EXPERIMENTAL 

The experimental methods and the sources of the reagents used have been described 
previously. 1

•
2 All organic phases were made up in toluene of analytical reagent grade. 

RESULTS AND DISCUSSION 

Extraction from nitrate media 

As expected according to the argument outlined in the introduction, appreciable synergistic 
effects were obtained when tetraisopropyl methylenediphosphonate (TIPMDP) was used as an 
additive in the extraction of calcium by alkylsalicylic acids such as 3,5-diisopropylsalicylic acid 
(DIPSA). Thus, for example, the addition ofO.lO M TIPMDP to 0.25 M DIPSA produced a 
synergistic shift (~pH50) of 1.54 pH units in the extraction of calcium (0.02 M) from 0.40 M NaN03, 

compared with somewhat smaller shifts for divalent transition metals such as manganese 1.26, nickel 
0.80, and zinc 0.69 pH units, under the same conditions. 

100 

Ca 

75 

?{!. 

" 0 

'ii 50 
f' 
x w 

25 

3.0 3.5 4.0 4 .5 5.0 5.5 6.0 6.5 7.0 

Equilibrium pH 

Figure I Extraction of divalent metals (0.02 Mas nitrates) from 0.40 M sodium nitrate by 0.25 M 
DIPSA alone (open symbols) and in admixture with 0.10 M TIPMDP (closed symbols) in 
toluene at 20°C. 

Unfortunately, however, owing to the weak extraction of calcium by DIPSA itself, the relative 
positions of the shifted extraction curves do not allow any useful separations to be made, as is evident 
in Figure I . 

Attention was therefore turned to analogous mixed extractant systems based on 
organophosphoric acids, some of which are themselves known to show a high affinity towards 
calcium2 Table 1 shows the effect of some phosphonate additives on the extraction of calcium and 
other alkaline-earth metals by di(2-ethylhexyl) phosphoric acid (D2EHP A). It can be seen that 
significant synergistic shifts are obtained only for the methylenediphosphonate (TIPMDP), and that 
the shifts lie in the order Mg < Ca > Sr > Ba, that is, with a maximum at calcium. The same order is 
obtained with the ethylenediphosphonate (TIPEDP), but the shifts are considerably smaller. The shifts 
are smaller still with the monophosphonate (DIPHP), and no maximum is observed in the series. 
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Table 1 Values ofpH50 and ~pH50 for the extraction of the alkaline-earth metals by mixtures of 
D2EHPA (0.20 M) and additives (0 .10 M) in toluene at 20°C 

Additive Mg Ca Sr Ba 
pH so ~EHso pH so ~EHso pH so ~EHso pH so ~EHso 

None 4.13 3.17 4.22 4.47 
TIPMDP 3.72 0.41 2.41 0.76 3.61 0.61 4.04 0.43 
TIPEDP 3.98 0.15 2.92 0.25 4.03 0.19 4.38 0.09 
DIPHP 3.99 0.14 3.05 0.12 4.09 0.13 4.50 -0.03 

TIPMDP = tetraisopropyl methylenediphosphonate. 
TIPEDP = tetraisopropyl ethylenediphosphonate. 
DIPHP = diisopropyl n-hexylphosphonate. 

Table 2 Values of pH50 and ~pH 50 for the extraction of divalent transition metals by mixtures of 
D2EHPA (0.20 M) and additives (0 .10 M) in toluene at 20°C 

Additive Mn Co Ni Cu 
pH so ~EHso pH so ~EHso pH so ~EHso pH so ~EHso 

None 3.19 3.99 4.52 3.27 
TIPMDP 2.85 0.34 3.88 0.11 4.25 0.27 3.21 0.06 
TIPEDP 3.14 0.05 3.99 0.00 4.30 0.22 3.28 -0.01 
DIPHP 3.09 0.10 4.04 -0.05 4.51 0.01 3.30 -0.03 

The effects of the addition of the same series of bifunctional compounds on the extraction of 
some divalent transition metals by D2EHPA are shown in Table 2. The shifts are considerably smaller 
than the corresponding values for calcium, which results in good separations between calcium and the 
transition metals in some cases: pH50Me- pH50ca = 1.84, 1.47, 0.80 and 0.44 pH units for Me= Ni, Co, 
Cu and Mn, respectively, as seen in Figure 2. These separations considerably exceed those obtainable 
using D2EHPA alone (1.35, 0.82, 0.10 and 0.02 pH units, respectively). Also, the Mn/Co separation 
increases from 0. 80 pH units for D2EHP A alone to 1. 03 for the mixed extractant. 

Table 3 Values of pH 50 and ~pH 50 for the extraction of calcium and manganese by mixtures of 
different organophosphorus acids (0.20 M) and tetraisopropyl methylenediphosphonate 
(0 10M) in toluene at 20°C 

Acid type Alkyl group, R Ca Mn 
pH so ~EHso pH so ~EHso 

(RO)zPOOH n-Octyl 1.84 0.42 2.29 0.32 
2-Ethylhexyl 2.41 0.76 2.85 0.34 
2,6-Dimethyl-4-heptyl 5.12 0.59 4.47 0.00 

(RO)RPOOH 2-Ethylhexyl 4 .28 0.33 3.93 0.06 
RzPOOH 2-Ethylhexyl 6.05 0.10 
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Figure 2 Extraction of divalent metals (0.02 Mas nitrates) from 0.40 M sodium nitrate by a mixture 
of0.20 M D2EHPA and 0.10 M TIPMDP in toluene at 20°C. 

Table 3 shows the effect of the addition of 0.10 M TlPMDP on the extraction of calcium and 
manganese by different organophosphorus acid extractants (0.20 M in toluene). For the series of acids 
with a given substituent alkyl group (R = 2-ethylhexyl), the synergistic shifts for calcium (~pH50ca) 
decrease in the order: (ROhPOOH > (RO)RPOOH > R2POOH, as do the separations between the 
extraction curves (pH50M" - pH50C•) . For the organophosphoric acids (ROhPOOH with increasingly 
bulky alkyl groups R (n-octyl < 2-ethylhexyl < 2,6-dimethyl-4-heptyl), the synergistic shifts for both 
metals show a maximum value at the middle member of the series, but in no case can the efficient 
separation of these metals be effected (Table 3), the highest value ofpH50Mn - pH50ca being only 0.45 
pH units . 

Extraction from sulphate media 

It is well known that the effect of extraction from sulphate media is to increase the pH50 values 
relative to those in nitrate solutions, owing to ion pair formation between the metal cation and the 
SO/ anion. 3 For the 0.20 M D2EHP NO.I 0 M TlPMDP mixture, the pH50 ca value shifts from 2.41 
to 2.72 in passing from 0.40 M NaN03 to 1.00 M Na2S04 . The corresponding pH50co values are 3.88 
and 4.48, giving a separation (pH50co - pH50c") of 1.76 pH units in the sulphate system, as compared to 
I. 4 7 pH units in the nitrate system. Unsatisfactory values of pH 50 Mn - pH 50 ca were once again obtained, 
however, these being 0.53 and 0.44 pH units for the above-mentioned extractant mixture 

Batch-countercurrent extraction experiments 

The distribution isotherm for the extraction of calcium from 1.0 M sodium sulphate solutions 
by 0.20 M D2EHPA plus 0.10 M TIPMDP in toluene shows that efficient recovery (96-99%) can be 
obtained in 3-4 stages at pH 3. 0 and an organic-to-aqueous phase ratio of I: 1, as shown in Figure 3. As 
an example of a possible practical application, a batch-countercurrent experiment with 3 extraction 
stages was carried out to remove calcium from a gypsum-saturated solution (600 mgL"1 Ca) containing 
0.50 M cobalt sulphate and 0.50 M sodium sulphate. The above-mentioned organic phase was used at 
unit phase ratio, and each stage was adjusted to pH 3.0 using concentrated sodium hydroxide solution. 
After steady-state conditions had been reached, the raffinate was found to contain 6 mgL- 1 of calcium 
(99% removal), whilst the calcium-loaded organic phase contained 90 mgL·1 of cobalt (0.3% loss). 
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Distribution isotherms for the extraction of calcium from 1.0 M sodium sulphate by a 
mixture of0.20 M D2EHPA and 0.10 M TIPMDP in toluene at 20°C. McCabe-Thiele 
construction drawn for an organic-to-aqueous phase ratio of unity. 
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ABSTRACT 

THE EFFECT OF REAGENT STRUCTURE ON THE 

EXTRACTION AND SEPARATION OF NICKEL AND 

COBALT BY MIXTURES OF CARBOXYLIC ACIDS 

AND PYRIDINE DERIVATIVES 
JS Preston and AC du Preez 
Process Chemistry Division, Mintek, Private Bag X3015, 
Randburg 2125, South Africa 

The effect of alkylpyridines and related compounds upon the extraction of divalent nickel and cobalt from nitrate media by 
solutions of some carboxylic acids in xylene was studied. Addition of the pyridine compounds caused substantial synergistic 
shifts in the pH50 values for the extraction of both metals, and these were greater for nickel than for cobalt in any given 
system. With regard to the influence of the nature of the individual extractants on the extent of the synergistic effects, the 
shifts in the pH50 values were found to increase with increasing pK. and with increasing steric bulk of the carboxylic acid 
component. These observations can be rationalized in terms of the ease of replacement of solvating carboxylic acid ligands 
(HA) by the N-donor ligands (L ). In contrast, the synergistic effects were somewhat less dependent on the structure of the 
pyridine derivative, and the shifts did not usually decrease significantly when L contained an electron-withdrawing group. 
However, the shifts were greatly decreased when the substituent group on the pyridine ring was located adjacent to the 
nitrogen atom (i.e., the metal-coordinating site), presumably for steric reasons. Batch countercurrent experiments were 
carried out with an aqueous feed solution containing 5 gL"1 nickel and 5 gL-1 cobalt, and an organic phase containing 0.50 M 
4-(5-nonyl)pyridine and 0.25 M 4-tert-butylbenzoic acid. Four extraction stages at pH 4.9 and two scrubbing stages were 
used to obtain a 99.6% pure nickel product and a 98.7% pure cobalt product. Complete stripping of the loaded organic phase 
was readily achieved by contact with dilute mineral acid to give an equilibrium pH of 3.0. 

Keywords: nickel, cobalt, carboxylic acids, pyridine derivatives, synergism. 

INTRODUCTION 

Over the past few years we have carried out a number of studies on the separation of divalent 
nickel and cobalt in dilute acid media by solvent extraction with synergistic mixtures of carboxylic 
acids and pyridinecarboxylate esters. 1

-
4 Most of the data pertain to systems based on alkylsalicylic 

acids, 2
-
4 since these were found to be especially conducive to large synergistic effects upon addition 

of the pyridine esters. However, it remains uncertain whether the synergistic shifts and nickel-cobalt 
separations obtained have been optimized with respect to their dependence upon the structure of either 
the acid or theN-donor component of the extractant mixture. Neither has it been established if the 
presence of the electron-withdrawing substituent (CO.OR) on the pyridine ring plays an important role 
in the development of substantial synergistic effects . 

From a practical point of view, the likelihood of these systems being used commercially 
would be enhanced, for economic reasons, if the structures and syntheses of the reagents involved 
were the simplest possible. Accordingly, we now report on the use of simple alkyl-substituted 
pyridines as synergists for the extraction of nickel and cobalt by alkylsalicylic acids and some less 
complex carboxylic acids. 

The carboxylic acids used were based upon notional modifications to the structure of 3,5-di
tert-butylsalicylic acid {Ia in Figure I; R =X= tert-C~9), which was previously identified as giving 
the largest synergistic shifts amongst the salicylic acids examined in combination with 
pyridinecarboxylate esters.3 The other acids investigated were (R = tert-C~9 in all cases): 5-tert
butyl-3-methylsalicylic (lb; X= CH3), 5-tert-butylsalicylic (lc; X =H), 3-bromo-5-tert-butylsalicylic 
(ld; X = Br), 4-tert-butylbenzoic (2), 4-tert-butylcyclohexane carboxylic (3), and 4-tert
butylphenoxyacetic acid (4) . 

The pyridine derivatives used included those of the 4-alkyl type (5 in Figure I; R = 5-
nonyl, tert-butyl, or benzyl), as well as the 3- and 2- isomers where R = benzyl (6 and 7, 
respectively), the 4-, 3-, and 2-benzoylpyridines (8, 9 and 10, respectively; R = phenyl) and 
the benzyl3-pyridinecarboxylate (11; R =benzyl). 
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Figure 1. Structures of carboxylic acids and pyridine derivatives used (see introduction for individual 
identities of groups R and X) 

EXPERIMENTAL 

The carboxylic acids were synthesized and purified as reported previously,3
-
5 whilst the 

pyridine derivatives were used as supplied by the Aldrich Chemical Company or Janssen Chimica (97-
99% pure). 

Distribution equilibria for nickel and cobalt were determined at 20°C, using the technique 
described previously? The aqueous phases usually contained 0.02 M nickel or cobalt (as nitrates) in 
0.40 M sodium nitrate. Unless stated otherwise, organic phases contained 0.25 M carboxylic acid 
together with 0.25 M pyridine derivative in xylene of AR grade. 

RESULTS AND DISCUSSION 

Effect of Structure of Carboxylic Acid on Metal Extraction 

Figure 2 shows the extraction of nickel (0 .02 M) from 0.40 M sodium nitrate by mixtures of 4-
(5-nonyl)pyridine (0.25 M) and different carboxylic acids (0.25 M) in xylene at 20°C. 
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Figure 2. Extraction of nickel (0.02 M) from sodium nitrate solutions (0.40 M) by mixtures 
of 4-(5-nonyl)pyridine (0 .25 M) and carboxylic acids (0 .25 M) in xylene . 
Numbers on curves correspond to structures of acids shown in Fig. 1 and Table 1. 

The values of pH so (the pH value at 50% extraction) and ~pH 50 (pH 50 ac id - pH50acid+pyrid ine) for 
the extraction of nickel and cobalt by these mixtures are given in Table 1. It can be seen that the order 
of the pH 50 values follows that of the pK. values of the acid component (determined as previously 5 in 
50 vol. % 2-propanol containing 0.10 M sodium nitrate at 20°C), which are also shown in Table I. 
However, the slopes of plots of pH50Ni and pH 50 co against pK. are considerably less than unity: the data 
for nickel fit the relationship: 

pH50Ni = 0.313 + 0.716 pK. 

with a correlation coefficient of 0.981, and those for cobalt fit the equation: 

pH50co = 0.971 + 0.712 pK, 

with a correlation coefficient of0.909. 
The parallel nature of these plots confirms that separation between the two metals (pH50 co-Ni = 

pH 50 co - pH50Ni ) is almost independent of pK., and equal to an effectively constant value of about 0.7 
pH units . 

Notwithstanding the nearly constant values of pH 50 co-Ni, there is considerable variation in the 
~pH50Ni and ~pH 50 co shifts shown in Table 1. However, it is apparent that the values for the prototype 
acid (Ia) are not enhanced by any of the structural modifications investigated. 

The particularly low shifts obtained with the phenoxyacetic acid (4) probably result from the 
low degree of steric hindrance in its own solvation of the metal complexes, together with the 
competing reaction of this relatively strong acid (HA) with the alkylpyridine (L) to form the ion-pair 
LI-1 A" in the organic phase. 
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Table 1 Values of pH5o and t.pH5o for the Extraction of Nickel and Cobalt by Mixtures of 
4-(5-Nonyl)pyridine (0.25 M) and Different Carboxylic Acids (0.25 M) in Xylene 

Acid in Fig. I a pKa pH 5o t.pH5o 
No. Group X of acid Ni Co Co-Ni Ni Co 

la t-CJ-19 4.82 3.51 4.29 0.78 2.29 1.60 
lb CH3 4.55 3.49 4.26 0.77 2.11 b l.44b 
lc H 4.36 3.43 4.20 0.77 2.03 1.40 
ld Br 3.63 3.11 3.90 0.79 1.41 c 0.85c 
2 5.91 4.70 5.39 0.69 1.91 U3 
3 6.75 5.16 5.83 0.67 1.57 1.05 
4 4.31 3.37 4.15 0.78 0.53 -0.13 

a Group R is tert-CJ-19 in all cases for compounds 1-4. 
b Hypothetical pH50 values for acid lb alone were estimated by means of the correlation established 
previously between the pH50 and pK. values/ since it is insufficiently soluble in xylene in the absence 
of the alkylpyridine . 
c Acid lc is insufficiently soluble in xylene in the absence of the alkylpyridine, and its pK. falls 
outside the range established for the correlation mentioned above. The pH50 values for this acid alone 
were therefore replaced by the corresponding values for the structurally similar 3-bromo-5-
nonylsalicylic acid. 

Effect of Structure and Concentration of Pyridine Derivative on Metal Extraction 

Figure 3 shows the extraction of nickel (0.02 M) from 0.40 M sodium nitrate by mixtures of 4-
tert-butylphenoxyacetic acid (0.25 M) with various pyridine derivatives (0 .25 M) in xylene at 20°C. 

2. 5 3.0 3.5 4.0 4.5 

Equilibrium pH 

Figure 3. Extraction of nickel (0 .02 M) from sodium nitrate solutions (0.40 M) by 4-tert
butylphenoxyacetic acid (0.25 M, open symbols) and its mixtures with pyridine derivatives 
(0.25 M, closed symbols) in xylene. Numbers on curves correspond to structures of pyridine 
derivatives shown in Figure I and Table 2. Open symbols show extraction by acid alone. 
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Table 2 shows the pH50 and 6pH5o values for nickel and cobalt in these systems, as well as 
those for corresponding mixtures containing 4-tert-butylbenzoic acid as the acid component. It can be 
seen that, in most cases, nickel-cobalt separations in the range 0.64-0 .78 were obtained, irrespective of 
the nature of the substituent group in the pyridine derivative. Similarly, the synergistic shifts for a 
given acid/metal combination covered a relatively small range (e.g., 1.85-2.18 for nickel in systems 
based on 4-tert-butylbenzoic acid). The only exceptions to these generalizations concern systems in 
which the pyridine derivative contains a substituent in the 2-position (compounds 7 and 10), in which 
case steric effects clearly interfere with the coordination of these ligands to the metal. 

Table 2 Values ofpH50co-Ni and 6pH50 for the Extraction of Nickel and Cobalt by Mixtures of 4-
tert-Butyl-phenoxyacetic or 4-tert-Butylbenzoic Acids (0.25 M) and Different Pyridine 
Derivatives (0 .25 M) in Xylene 

Pyridine deriv . in Fig. 4-tert-Butylphenoxyacetic' 

No. 

5a 
5b 
5c 
6 
7 
8 
9 
10 
11 

R 

(C.Jl9hCH 
(CH3)3C 
CJ1sCH2 
CJ1sCH2 
CJ1sCH2 

CJ1s 
CJ1s 
C,;Hs 

CJ-IsCH2 

H Co-Ni p 50 

0.78 
0.65 
0.73 
0.77 

0.76 
0.75 
0.41 
0.77 

0.53 
0.45 
0.61 
0.59 

0.97 
0.89 
0.25 
0.78 

• For acid alone, pHsoNi = 3.90 and pHsoco = 4.02. 
b For acid alone, pHsti = 6.61 and pHsoco = 6.53. 

-0.13 
-0.08 
0.01 
-0.07 

0.34 
0.27 
0.04 
0.12 

c Precipitation of the extracted metal complex occurred. 

4-tert-Butylbenzoic 

0.69 
0.64 
0.67 
0.71 
-0.12 
0 .64 
0.69 
0.11 
0.68 

1.91 
2.03 
2.02 
2.01 
-0.11 
1.95 
2.18 
0.41 
1.85 

6pHsoc 
0 

1.13 
1.31 
1.27 
1.22 
-0.08 
1.22 
1.40 
0 .22 
1.10 

For practical purposes, increasing the concentration of the pyridine dervative was found to increase the 
nickel-cobalt separation, as shown in Table 3 for mixtures of 4-(5-nonyl)pyridine with 0.25 M 4-tert
butylbenzoic acid. 

Table 3 Values ofpH50 and 6pH50 for the Extraction ofNickel and Cobalt by Mixtures of 4-tert
Butylbenzoic Acid (0 .25 M) and Different Concentrations of 4-(5-Nonyl)pyridine in Xylene 

Pyridine pH so 6pHso 
Concn. (M) Ni Co Co-Ni Ni Co 

0.00 6.61 6.53 -0.08 0.00 0.00 
0.10 5.03 5 .65 0.62 1.58 0.88 
0.25 4.70 5.39 0.69 1.91 1.13 
0.50 4.52 5.28 0.77 2.09 1.24 
1.00 4.28 5.24 0.96 2.33 1.28 

Batch Countercurrent Sel!aration of Nickel from Cobalt 

A batch countercurrent experiment 2 was carried out using a feed solution containing 5 gL-1 

each of nickel and cobalt in 0.40 M sodium nitrate, and an organic phase comprising 0.25 M 4-tert-
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butylbenzoic acid and 0.50 M 4-(5-nonyl)pyridine in xylene. In order to simulate more exactly an 
overall process, the organic phase had been previously loaded with nickel and then stripped with dilute 
nitric acid to pH 3.0. 

On the basis of the distribution isotherm for nickel, 3 extraction stages were used at an 
organic-to-aqueous phase ratio ofunity and an equilibrium pH of4.9. After steady state was reached 
(6 full cycles), the raffinate was found to contain 95 .9% pure cobalt, which was increased to 98.7% 
purity by the addition of a fourth extraction stage. The loaded organic phase was found to contain 
94.0% pure nickel, which was increased to 99.6% purity by the addition of 2 scrubbing stages using a 
solution containing 25 gL-1 nickel at an organic-to-aqueous phase ratio of25 . 
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The extracting properties at low pH of synergistic systems composed of a soft donor ligand (Tpy or TPTZ) and a lipophilic 
carboxylic acid ( ct-bromodecanolc acid) are sununarised. The differences in the extraction performances can be explained 
by the difference in the basicity of the soft donor complexing ligands, in terms of competition for the complexation between 
the proton and the metallic cation. The extraction results can be directly linked to the properties of the ligands in the 
aqueous phase. 

Keywords : synergism, actinides, lanthanides, carboxylic acid, triazines, terpyridine 

INTRODUCTION 

The separation of trivalent actinides, americium and curium, from actinides and lanthanides 
mixtures is an important step in an advanced partitioning process for wastes issued from the 
reprocessing of spent nuclear fuel. To achieve this separation, the use of soft donor complexants and/or 
extractants containing Nor S atoms is a potential way. 1

'
2 In this paper, we investigate the potentialities 

of these systems along two complementary axes. First, we study in details the mechanism of extraction 
of M(III) (M = Am, Eu) by synergistic extraction systems composed either of 2,4,6-tri-2-pyridyl-1,3,5-
triazine (TPTZ) or 2,2':6',6" terpyridine (Tpy) and of a-bromodecanoic acid (HaBrClO). Then, we 
study the complexation properties of some ligands, including TPTZ and Tpy. We try to link the 
extraction results with the complexation ones . 

EXPERIMENTAL 

Chemicals 

a-Bromodecanoic acid (HaBrClO) was from Fluka (98 % purity) . Nitrogen polydendate 
ligands (L) : TPTZ and Tpy were provided by Aldrich (analytical grade reagents). Hydrogenated 
tetrapropene (TPH) was from Prochrom (Champignols, 54, France) and used as received as the organic 
diluent. 

M(III) extraction procedure and determination of complexation constants. 

Extraction of Am(III) and Eu(III) at tracer level was performed using 241Am and 152Eu (y 
counting at 59.54 keV and 121.78 keV for 241Am and 152Eu respectively). Organic and aqueous phases 
were mixed for 30 minutes at 22°C. Distribution ratios DM were calculated according to the equation 
DM = [Activity]0 rg/[Activity].q ; [Activity]org and [Activity]aq being the radioactivity (in counts/s) of 
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241 Am or 152Eu at equilibrium for equal volumes of organic and aqueous phases respectively. Separation 
factors SF Am!Eu were calculated as DAnfDEu ratios for the same experimental conditions. 

Complexation constants were determined using UV visible spectrophotometry. Different 
solutions containing the same initial concentration of ligand and increasing concentrations of HCI (or 
MCh) were prepared. The ionic strength was maintained constant at I = 2, through addition of LiCI. 
The modifications of the ligand spectrum, namely the UV bands at 220 and 270 nm, were recorded. The 
experimental spectra were fitted with the theoretical ones, using a non-linear regression method (Partial 
Least Squares or PLS), over a wide range of wavelengths (usually 100 nm, including the two regions of 
interest (220 and 270 nm)). The fitting parameter was the protonation constant (or the complexation 
constant in case of M(III) complexation) . The fitted theoretical spectra thus gave the values of these 
constants . 

RESULTS AND DISCUSSION 

M(III) synergistic extraction system. 

Figures I and 2 present some typical results obtained for M(III) extraction by these systems. 
These systems have been studied a lot recently,3-

6 for their potential ability to extract selectively Am(III) 
over Ln(III) from aqueous solutions of low pH. 

1000 

0.01 0.1 [HNO,],, (moi/L) 

Q]:&Ph : [TPTZ] = 0.1 M, [HaBrC10] = 1 M, TPH 
Aq. Phase : [HN03] = variable, room temperature 

Figure 1 : Extraction of Am(III) and Eu(III) by 
TPTZ in a synergistic system 

J 

10000 

1000 

100 

10 

0.1 

0.01 

0.001 

~ - .. . . 

0.001 0.01 0.1 
(HNO~., (molll) 

Org. Ph.: [Tpy] = 0.1 M, [HaBrC10] = 1M, TPH 
Aq. Phase : [HN03] = variable, room temperature 

Figure 2 : Extraction of Am(III) and Eu(III) by 
Tpy in a synergistic system 

The synergistic extraction of M(lll) (= M3+) by TPTZ or Tpy (= L) and Ha.BrC 10 mixtures have been 
already studied, as mentioned before . The global formula for the extraction system was shown to be : 

Such studies have outlined different phenomena for these extraction systems: 
• at low pH (below pH= 1), TPTZ became soluble in aqueous phase, and there was a decrease in 

its extraction performance. This phenomenon was even more important in the case ofTpy;4 

• for high Ha.BrC 10 concentrations (above [Ha.BrCw] = 0.5 moVL), the acid dimerised in the 
diluent;7 

• for high Ha.BrC 10 and TPTZ concentrations, there was a strong interaction between TPTZ and 
Ha.BrC 10, resulting in adduct formation . This was also the case with Tpy;4 
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• increase in the lipohilicity of the system did not automatically lead to an increase in the M(lll) 
extraction performances.6 

All these results allowed us to understand the mechanisms of extraction, but no definite proof 
was obtained about the reason for the better M(III) extraction by TPTZ system than Tpy at low pH. For 
that reason we focused our interests in the determination of the protonation and M(III) complexation 
constants of these two ligands in similar media. 

Complexation and protonation constants. 

Some protonation constants of Tpy and TPTZ are already available in literature, but the media 
always differed. Table I below summarises the results available, and introduces the values found in this 
work. 

Table 1 : Protonation constants ofTpy and TPTZ in different media 

References Conditions pKa1 pKa2 
7 4.69 3.99 

Terpyridine H20 (I= 0.001) 3.27 
8 H20 (I= 0.01) 4.66 3.28 ,... 

H20 (I= 0.05) 4.81 I 
,... 

I 'N ,... 
9 H20- I= 0.05 4.55 3.45 I ,.._ N N,.. 

This work MeOH/H20 (I = 2) 3.2 ± 0.2 2.9 ± 0.2 

TPTZ 
H20 (I= I) 3.3 ± 0.2 1.8 ± 0.3 

y 3 
H20 (I= I) 3.8 ± 0.2 2.7 ± 0.3 

N / N 
« NJly) This work MeOH/H20 (I = 2) 2.4 ± 0.2 0.9 ± 0.1 

N ~ 

The values presented have a wide dispersion. Nonetheless, the values for high ionic strength 
media are in good accordance within each other. TPTZ appears less basic than the Tpy, which is in 
accordance with the extraction data concerning these two systems : 

• TPTZ was a better extractant than Tpy at low pH; 
• Tpy was more soluble in aqueous phase at low pH. 

The next step was the determination of complexation constants with Eu(III) as explained in the 
experimental section. 

The different equilibria in aqueous phase can be written as follows: 

(2) 

(3) 
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(4) 

By expressing the conservation of the species, M0 being the initial concentration of the metal 
and L 0 the initial concentration of the ligand, we have : 

(5) 

M 0 = [M 3+] + fJ · [L] · [M 3+] (6) 

By using Equations (2), (3) and (4) into Equations (5) and (6), it becomes : 

(7) 

Equation (7) is a classical square equation, which can be resolved into: 

We thus have the expression of the ratio of the complexed species over the protonated ones: 

[MV'] 2·a·fJ·M0 1 
a -1 a- fJ · (M0 

- L") + ~ 
(9) 

[LH ' ] + [LH;· ] 

This expression can be simplified, by taking into account the chemical properties of the system, 
and the different possible approximations: 

K.1 and K.2 << I ; M0 and L0 << 1; pH :5: 1 (strong acidity) 

Then we have: 

(10) 

So the ratio of the complexed species over the protonated ones can be expressed as : 

(11) 

Or in logarithmic presentation : 

( 
[ML3+] ) 

log + 2+ :.:: logfJ- pK. 1 - pK.2 + 2 ·pH+ logM 0 

[LH ]+[LH 2 ] 

(12) 
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We used Equation (12) to present our results in table 2 below. 

Table 2 : Complexation constants ofTpy and TPTZ with Eu(III) 

Acidity constants Complexation constants with Selectivity Eu3
+ Iff' Eu3+ 

pK1 pK2 log P1(Eu) pH=O pH= 1 

I Tpy 3.6 2.9 2.4 -4 .1 -2 .1 

I TPTZ 2.3 0.9 2.9 -0.3 1.7 
Solvent medium CH30HIH20 (76/24%v0 J, I = I mol.L-1 (LiCl), 25°C 

This table enabled us to deduce the speciation of the elements in an aqueous phase containing 
nitric acid and europium nitrate: 

• in the case of Tpy, the data showed that for both pH values (0 and 1), the protonation 
reaction was the strongest, due to the high basicity ofTpy; 

• in the case of TPTZ, at pH = 0, the protonation reaction was preponderant, but at pH = 1 
it was the M(III) complexation reaction which was the strongest one, thus indicating a 
possible extraction of M(III) for this pH value. 

These results explained the behaviour of the molecules in the extraction system, and allowed us 
to understand why TPTZ was a better extractant than Tpy from low pH aqueous solutions. 

CONCLUSIONS 

In this study, we were able to explain the differences in the behaviours of complicated 
synergistic systems, by the behaviour of one of their components in the aqueous phase (the nitrogen 
polydendate ligand) . The importance of M(III)IH' competition was pointed out in our systems. In our 
search for the design of new extractants for the An(III)/Ln(III) separation from nitric acid solutions, this 
will enable us in the future to look for ligands with a very low pK.. As was shown in this study this is 
the most important parameter to look for. 
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SEPARATION OF TRIVALENT AMERICIUM AND 
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The separation of trivalent americium and europium with some substituted oligopyridines and triazines in synergy with 2-
bromodecanoic acid was studied. All ligands, except the quinolinyl-derivatives, showed high metal extraction and good 
separation factors for trivalent americium over europium. The substituted di-pyridyltriazines and the quaterpyridine showed 
the highest distribution ratios and quater- and quinquepyridine the highest separation factors , at low nitric acid concentration. 
The basicity of the different ligands was determined by titration in acetonitrile media and was related to the metal extraction. 
The substituted di-pyridyltriazines, which showed the highest metal extraction also showed the lowest basicity. 

Keywords: americium, europium, non-aqueous titration, synergism, 2-bromodecanoic acid, oligopyridines, triazines 

INTRODUCTION 

In future reprocessing of spent nuclear fuel, transmutable actinides are considered to be 
selectively extracted from the fission products.1 One of the major problems in this reprocessing is the 
separation of the trivalent actinides, mainly Am and Cm, from the trivalent lanthanides, because of 
their similar chemical properties in aqueous solution? Previous studies on tri-pyridyltriazines (TPTZ) 
showed that these ligands had the potential to separate trivalent actinides from trivalent lanthanides.3 

Batch extraction experiments were performed to investigate the possibility of separating trivalent 
actinides from lanthanides by solvent extraction with a synergistic mixture of substituted oligopyridine 
or triazine, and 2-bromodecanoic acid. Both extraction and separation ability were studied and the 
basicity of the different ligands was also determined by titration in non-aqueous media. The extraction 
and separation performances were related to the basicity of the ligands. 

EXPERIMENTAL 

Reagents 

The oligopyridines and triazines listed in Table 1, were synthesised at the University of 
Reading except for Terpyridyl, 98% purity, which was purchased from Aldrich. The purity of the 
synthesised ligands was checked by 1H-NMR, elemental analysis and melting point determination. 
Tert-butylbenzene (99%) from Acros, was used as the diluent in all experiments and 2-bromodecanoic 
acid (HA), 98% purity, was obtained from Fluka. HPLC-grade acetonitrile (Fischer Scientific), with 
less than 0.0040% water, was used in the non-aqueous titrations. 
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Table 1 Ligands studied in this work 

y,,H,. 

Procedure 

Name/Abbreviation 

2,2 · -6 ',2 · · -terpyridine 

Terpy 

4 · -tolyl-2,2 · :6 '2 · ·
terpyridine 

Tolpy 

4 · -( 4-nitrophenyl)-
2,2 · :6 '2 · · -terpyridine 

Nitrotolpy 

4 · -( 4-dodecyloxyphenyl)-
2,2 · :6 '2 · · -terpyridine 

Dodoxy 

(4 ',4" )-ditolyl-
2,2 ':6'2":6" 2'"-

quaterpyridine 

Quater 

Ligand 

0 
H, Jl 

N C,3H27 

Nj,_N 

d'~ N -.;:, 
1.6 

0 

H, )l 
N C7HI5 

N)..N 

o:r~ N "> 

lA 

Name/ Abbreviation 
( 4. ,4. ")-di-( 4-

heptyloxyphenyl)-
2,2':6'2'':6''2'":6'"2 .... _ 

quinquepyridine 

Quinque 

4-octanoyl arnino-2,6 di(2-
pyridyl) 1,3,5 triazine 

OADPTZ 

4-tetradecanoyl arnino-2,6 
di(2-pyridyl) 1,3,5 triazine 

TADPTZ 

4-tetradecanoyl amino-2,6 
di(2-quinolinyl) 1,3,5 

triazine 

TADQTZ 

4-octanoyl arnino-2,6 di(2-
quinolinyl) 1,3,5 triazine 

OADQTZ 

The solvent mixture of I M 2-bromodecanoic acid and 0.02 M of the extractant (oligopyridine 
or triazine) in TBB was vigorously shaken with the aqueous phase, containing tracer amounts of 24 1Am 
and 152Eu, for five minutes at room temperature. After phase disengagement by centrifugation, aliquots 
of each phase were withdrawn for radiometric analysis. They-activities at 59.6 keV and 122 keV, for 
24 1Am and 152Eu respectively, were measured using a HPGe detector (EG&G ORTEC). The 
distribution ratio DM was taken as the ratio of the measured radioactivity of aliquots of organic and 
aqueous phases, with equal volumes of each phase. The basicities were determined by titration in 
acetonitrile media, using O.lM HC104 in anhydrous acetic acid as the titrand 4 The half-neutralisation 
potential (HNP) was used as a value for the basicity. To facilitate dissolution of the ligands in the 
titration media, a constant amount of HA (0 .25 mmol) was added to the solvent in each experiment. 
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For Quater and Quinque, which are even harder to dissolve, a modified titration media was used (60% 
acetonitrile, 40% chlorobenzene). A higher amount of HA (1 mmol) was also added to each 
experiment and the ligands were thereafter compared to Terpy in the same modified media. 

RESULTS AND DISCUSSION 

Metal Extraction 

Extraction studies were carried out on a number of oligopyridines and triazines in synergy 
with 2-bromodecanoic acid (HA) in tert-butylbenzene. 

Terpyridines 

IE+4 ....------G--Am, Terpy 

------ Eu, T erpy 

IE+3 

IE+2 

IE+ I 

D IE-tD 

IE-I 

IE-2 

IE-3 

--tr--Am, Tolpy 
........... ...... _____..__ Eu, Tolpy 

IE-3 

<> Am, Dodoxy 

• Eu, Dodoxy 

Am, Nitrotolpy 
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Figure 1 Extraction of americium and europium with 0.02M oligopyridine or triazine and 1M HA 
in tert-butylbenzene compared to extraction with only 1M HA. 

Substitution on the terpyridine was expected to increase the distribution ratios due to an 
increase in lipophilicity of the ligand, but the distribution ratios for the substituted terpyridines are 
lower than for the unsubstituted Terpy. Other effects, like the basicity of the ligands, seem to be more 
important for the metal extraction than lipophilicity. The substituted terpyridines in figure I, i.e. 
Tolpy, Dodoxy and Nitrotolpy, show similar nitric acid dependency, distribution ratios and separation 
factors for americium and europium. The different substituents on the central pyridyl groups do not 
seem to effect the extraction considerably. The substituted triazines, TADPTZ and OADPTZ, showed 
even better extraction than the oligopyridines, although the separation factor is similar to the 
oligopyridines, see figure 1 and table 2. On the other hand, the quinolinyl derivatives, OADQTZ and 
T ADQTZ, showed almost no synergistic enhancement in metal extraction or separation compared to 
extraction with only HA, figure 1. 

The oligopyridines with four and five pyridyl-groups respectively, Quater and Quinque, both 
showed larger selectivity for americium over europium than both the substituted terpyridines and the 
triazines at low nitric acid concentration, figure 2. The number of nitrogens that are coordinated to the 

325 



Proceedings ISEC'99 

metal could be the important factor to achieve good separation of trivalent actinides from trivalent 
lanthanides. However, when the nitric acid concentration is increased the separation factor decreases 
to a value below the separation factor for the terpyridines, indicating that protonation at higher nitric 
acid concentration might hinder the coordination of the metallic cation. 
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[HNOJ]~mt~a,(M) 

Figure 2 Extraction of americium and europium by 0.02M of Quater or Quinque and IM HA in 
tert-butylbenzene from nitric acid. 

Basicity 

The basicity of the ligands is assumed to be related to the metal extraction due to the 
competition between protons and metal ions for the binding sites in the molecules, when extracted 
from acidic media. The basicity was therefore measured for the different ligands, by titration in 
acetonitrile media, where the potential at the half-neutralisation volume (HNP) was taken as a measure 
for the basicity . 

The titrations of the different ligands showed lower basicity, higher HNP, for Terpy compared 
to the substituted terpyridines, Dodoxy and Tolpy, as seen in table 2. The metal extraction is highest 
for Terpy compared to the other terpyridines, which is consistent with the assumption that low basicity 
gives high metal extraction. However, Nitrotolpy showed the lowest basicity of the terpyridines but 
also the lowest metal extraction. Low solubility of this ligand in the organic phase might be the cause 
for this lower extraction. 

The substituted triazines showed even lower basicity than the substituted oligopyridines, table 
2. The di-pyridyltriazines, TADPTZ and OADPTZ, also showed better metal extraction than the 
substituted oligopyridines, but the quinolinyl derivatives, TADQTZ and OADQTZ, showed the lowest 
metal extraction of all studied ligands. The metal extraction with T ADQTZ and OADQTZ seen in 
figure I is mainly due to HA in this system. Molecular modeling shows that there is sterical hindrance 
in the molecule and this might make coordination difficult and therefore decreases the extraction. 
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Table 2 Extraction data with 0.02M oligopyridine and lM HA in tert-butylbenzene at O.OlM HN03 

and average HNP measured in acetonitrile with addition of0.25mmol HA. 

Ligand HNP(mV) DAm SF (DrunfDEu) 
Dodoxy 137 4.2 7.7 
Tolpy 143 2.8 8.3 
Terpy 157 13 7.2 

Nitrotolpy 179 2.6 9.0 
TADPTZ 195 359 7.5 
OADPTZ 198 287 10 
OADQTZ 233 0.09 3.5 
TADQTZ 234 0.16 3.0 

The separation factor does not seem to change much when basicity changes. The best 
separation factors were achieved with Quater and Quinque at low nitric acid concentration and their 
basicities were shown to be even higher than Terpy, table 3. The number ofnitrogens that coordinate 
to the metal during the extraction might be more important for the separation, as mentioned earlier. 
Crystallography of a Y(III)-Quater complex showed that Quater is coordinating with its four nitrogen 
atoms to the metal and a Eu(III) complex with an oligopyridine with six pyridyl-groups showed 
coordination of six nitrogen atoms to the metal. 5

'
6 Both the separation factor and the high distribution 

ratios for Quater could be due to the large number of nitro gens that coordinate to the metal. If Quinque 
is assumed to coordinate to the metal with its five nitrogen atoms, it would be expected to be an even 
better extractant and show better selectivity. However, the metal-Quater complexes were shown to 
have more stable conformations than metal complexes with Quinque which results in the better metal 
extraction with Quater. 

Table 3 Extraction data with 0.02M oligopyridine and 1M HA in tert-butylbenzene at O.OlM 
HN03. Average HNP measured in 60% acetonitrile/40% chlorobenzene with addition of 
lmmolHA. 

Name 

Quinque 
Quater 
Terpy 

HNP(mV) 

167 
175 
191 

DAm 
12 

390 
13 

SF (DrunfDEu) 
22 
19 
7.2 

The relation between metal extraction and basicity is seen in figure 3 where DAm(m) at O.OlM 
HN03 is plotted versus the HNP for the different ligands. The quinolinyl derivatives were excluded 
from this graph since they do not contribute to the extraction compared to HA alone. Nitrotolpy is also 
a bit out of range, but, as discussed earlier, solubility problems with this ligand are probably affecting 
the metal extraction. 

327 



Proceedings ISEC '99 

1E+3 

1E+2 

lE+l 

lE+O 

120 

•TADP1Z 

o OADP1Z 

•Tetpy 

eDodoxy 

oTolpy 

A Nitrotolpy 

•• 
CD 

130 140 150 

• 

160 

HNP(mV) 

AM 

170 180 

• [] 

A 

190 200 

Figure 3 Extraction of Am(III) at O.OlM HN03 with 0.02M of the ligand, lM HA in tert
butylbenzene plotted versus basicity (HNP) in acetonitrile. 
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ABSTRACT 

SYNERGETIC SOL VENT EFFECTS IN THE KINETICS 
OF THE EXTRACTION OF CHROMIUM(III) 
C Mack and MJ Hampe 
Institute of Chemical Process Engineering, Darmstadt University 
of Technology, Petersenstr. 30, D-64287 Darmstadt, Germany 

Kinetics of extraction of chromimn(III) by bis(2-ethylhexyl)phosphoric acid (D2EHPA) is studied experimentally. The 
influence of contact time and of type and concentration of the organic diluent is discussed. Single drop experiments have 
been carried out using a single drop and drop swarm cell, which allows to contact both phases for definite times. The 
structure of the organic diluent is of strong influence on both extraction kinetics and equilibrimn. 

Key-words: extraction kinetics, solvent effects, chromimn(III), bis(2-ethylhexyl)phosphoric acid, synergism 

INTRODUCTION 

Chrornium(III) is used as a catalyst for organic syntheses and for the tanning of leather4 In 
effluent streams chromium may give rise to environmental problems. Chromium as other heavy metals 
too, acts toxic on fishes (> 52 mg/1), plants (algae: >5 mg/1) and arthropodes (> 0,32 mg/1), so that a 
decontamination of industrial effluents containing these metals is necessary. Liquid-liquid extraction is 
one possibility in order to decrease the concentration of metal ions in aqueous solutions. Efficient 
process design is based on knowledge of the transport properties of the transfer component, its 
equilibrium and in this case also of the kinetics of the ion exchange reaction. 

Extraction of chromium(III) from aqueous solutions by D2EHP A was studied by some authors 
before, but systematic and detailed observations of the influence of the diluents on kinetics and 
equilibrium are scarce. Pandey4 studied the extraction of chromium(III) with combinations of 
D2EHP A, Cyanex and isodecanol in kerosene; slow kinetics of extraction is reported, which could be 
confirmed by our studies. The dependency of extraction equilibrium on acidity, concentration, 
temperature and kind of diluent has been discussed by Islam and Biswas.2 The present work focuses on 
the difference of the extraction kinetics of chromium(III) and by bis(2-ethylhexyl)phosphoric acid 
(D2EHPA) with respect to different diluents . Results are compared to those of the extraction ofzinc(II) . 

EXPERIMENTAL PROCEDURES 

The aqueous solutions (0,01 M) were prepared by dissolving CrCh6 H20 and ZnChin water. 
The reagent grade salts were commercially supplied by Merck KGaA (Darmstadt, Germany). 
Chromium(III) forms hexa-coordinated complexes with many inorganic species. After the salt is 
dissolved, the solution is coloured darkgreen. Because of the substitution of chloride ions by water 
molecules within the first co-ordination sphere, after some time the colour changes to violet. 

[CrCh (HzOhl3H20 
dark green 

Cr(H20)6Cl3 
violet 

The aqueous phases containing chromium(III) were stored for 24 hours, so that only violet 
solutions were used for the experiments. Organic solutions were made of D2EHP A (Merck KGaA and 
Bayer AG, Germany) dissolved in toluene (Merck KGaA), cyclohexane (Merck KGaA) and 
isododecane (Bayer AG). The aqueous phase was saturated with the diluent of the organic phase before 
the salts were dissolved. No modifiers were used. The starting pH-value in the aqueous phase was 3. All 
chemicals were used without further purification. Experiments were carried out at 25 ± 0,1 o C. Metal 
concentrations were detected using a Perkin Elmer AAnalyst 300 atomic absorption spectrometer. 
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Equilibrium experiments were carried out in a glass vessel of 200 ml capacity by taking equal amounts 
(50 ml) of aqueous and organic phases. The contact times of the equilibrium experiments were up to 48 
hours. Kinetics of extraction was observed using the experimental setup shown below. 

tank 
cont. phase 

magnetic valve 
rotary pump 
continuous phase 

Figure 1: Experimental set -up used for kinetic experiments 

Hamilton Microlab 
j dispenser 

The experimental set-up shown in figure 1 was developed and tested by Schroter et a1. 5 Its 
main part is device A allowing to contact two fluid phases in countercurrent flow for a definite time. 
Single drops or swarms of drops of the dispersed phase are fixed at a velocity-dependent location in a 
cone by the continuous phase moving in the opposite direction. The flow of the continuous phase is 
sustained by a rotary pump. Drops of the disperse phase are generated at the orifice of a capillary (B) 
using one of two syringes of a Hamilton Microlab 541 C dispenser. The drop size depends on the 
diameter of the orifice of the capillary, the ejecting velocity and the properties of the liquids used. The 
radius of the droplets varied between 2.5 mm and 2.7 mm depending in the nature of the diluent. The 
contact time between the two phases is controlled by a magnetic valve interrupting the flow of the 
continuous phase. The drops rise to a collecting capillary (C) and are sucked off automatically using the 
second syringe of the Hamilton dispenser. The circulating volume of the continuous (aqueous) phase is 
about two liters and can be increased up to about 4.5 liters using an accessory tank (not shown). 
Because of the large excess of the volume of the aqueous phase over the volume of the organic phase the 
concentrations of the aqueous phase do not change significantly during experiments. 

RESULTS AND DISCUSSION 

Equilibrium models 

The basic reaction for the extraction of chromium(III) is (a bar indicates species in the organic 
phase) 

CrCh + 3 RH B CrR 3 + 3 HCl (I) 

D2EHPA is considered to be mainly monomeric in aromatic and dimerized in aliphatic diluents. 
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Dependency of extraction on contact time 

The molar flux of a component i from the bulk to the interface is given by 

Ii. i =J3i ( Ci-Ci* ) (2) 

with 13i being the mass transfer coefficient, Ci the concentration in the bulk and Ci* the concentration 
at the interface. If the mass transfer is at unsteady state, penetration theory can be used to describe the 
mass transfer between the interface and the bulk. Use of Fick' s second law of diffusion 

a Ci = Oij a2
Ci 

at a x 2 

leads to the definition of 13i 

f3i = J¥f 

(3) 

(4) 

in terms of the diffusion coefficient Dii and the contact timet of the liquid elements at the liquid-liquid 
interface. 13i exhibits the characteristic dependency on the inverse square root of contact time. This 
characteristic could be found in all experiments . Figure 2 shows the mean concentration of 
chromium(III) in an organic droplet dependent on the contact time and the diluent. The time in seconds 
is represented as absciss and the concentration of Cr(III) in the organic phase as ordinate. 

Mass transfer 

To model the mass transfer, it is necessary to know whether the mass transfer is governed by chemical 
reaction or molecular transport. As D2EHP A is nearly insoluble in the aqueous phase, it is probable, 
that the liquid-liquid interface is the location where the chemical reaction takes place. 

~ .s 
0 

500 ~~~-,~~~~~~--~--~~~~~-----, 

; ~> i~CidO<ie<:aiie , 
; ·:+--fJ cyclohexcane! 
~C;· ·· <.··. toluene · 

41Hl calculated 

360 

..... --· 

200 - - - - - - - ~ - : -_.-_..-_:. - - - :- - - - - - - - ..: - - - - --- -:- - - - - - - - ~ - - - - - - -
::-~ 

/--·1 
-s: , 

/I I 
; / I 

100 ·'' ~' ' 8 ~~d'' 

,·/P 
.' /; ' 
'. 

0 .:~ .. ~-.-,.{_):~:f): ::-: :c:::-:-::-:-:-:. ·:~·_(;_· : ...•.... c ••••• ~:.':::. ···· ··· ···-··· :::·· .. ..... ... : .. -~-
0 D ro H ~ ID 

t[sec] 
tro 

Figure 2: Mean concentration of Cr(III) in the organic phase; initial concentrations 
0,01 M (520 mg/L) Cr(III) in the aqueous phase and 0,09 M D2EHPA in the organic 
phase; broken line given by equation (5) 

To get a first impression, experimental results are compared with calculations based on the model of a 
rigid sphere where mass transfer takes place only by radial diffusion. Transformation of Pick's second 
law of diffusion to spherical co-ordinates and solving it under the assumption of a constant 
concentration at the interface leads to the time-dependent mean concentration in the sphere 
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(5) 

with the radius of the sphere R and the equilibrium concentration at the interface c0 . Calculations 
have been carried out for D2EHP Nisododecane. The diffusion coefficient Dij was estimated as 
3.2510.10 m%ec (0.09 M D2EHPA) and 2.0210·10 m%ec (0.9 M D2EHPA) by the method of Wilke 
and Chang using the molar mass of a complex containing one chromium(III) ion and three D2EHP A 
anions . Diffusion coefficents are going to be determined experimentally in the near future . The 
calculated concentrations as function of time are shown in figure 2 (0.09 M D2EHPA) and figure 3 (0.9 
M D2EHPA) by the broken lines . The measured concentrations are in the same range as the ones 
calculated by equation (5) . Similar results have been discovered for the other diluents used. The limiting 
case of purely diffusive transport and vanishing convection is reached for rigid drops. However, the 
droplets were not rigid but clearly exhibited the circulating regime. If mass transfer from the bulk of the 
continuous phase to the interface is supposed to be very fast and to offer no significant mass transfer 
resistance, the influence of the chemical reaction on the interfacial resistance can be estimated. Keeping 
in mind that the model used is for a rigid sphere without convection inside, the observed concentrations 
should be higher than the calculated ones . Taking into consideration the effect of convection (circulation 
inside the droplet) by using the model of Kronig and Brink,3 calculated results would be even higher. 
This leads to the conclusion, that the mass transfer of chromium(III) is influenced by chemical reaction 
rates . 

Dependency of the extraction on D2EHPA-concentration 

Figure 3 compares the curves for D2EHPA-concentrations of 0,9 M and 0,09 M dissolved in 
the diluents isododecane and toluene. 
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Figure 3: Mean concentration of Cr(III) in the organic phase; initial 
concentrations 0,01 M (520 mg/L) Cr(III) in the aqueous phase and 0,09 M and 
0,9 M D2EHPA in the organic phase; broken line given by equation (5) 
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The ratio of the time-dependent concentration of chromium(III) in the droplet for higher D2EHP A 
contents is about ten times for isododecane, but about hundred times in the case of toluene. Further 
investigations dealing with this effect are necessary. 

Dependency of extraction on the diluent 

Figures 2 and 3 show, that an aliphatic diluent is more applicable to the extraction of chromium(III) 
with D2EHP A than diluents with cyclic structure and aromatic diluents. The rate of extraction increases 
in the order: 

toluene < cyclohexane < isododecane 

Similar results have been reported by Islam and Biswas 2 

Comparison of the extraction of zinc(II) and chromium<IIIl 

Figure 4 shows the mass transfer coefficient of zinc(II) and chromium(III) dependent on the 
time. The mass transfer coefficient of zinc is about six times as high as the one of chromium(III). 
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Figure 4: Mass transfer coefficient B [mm/sec] for 0,09 M D2EHPA in 
isododecane dependent on contact time t; initial concentrations of chromium(III) 
and zinc(II) O.OlM. 
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ABSTRACT 

MICELLAR EXTRACTION OF COMPLEXES OF 

LANTHANIDES WITH HUMIC ACIDS 
J Reitmeir, JI Kim1 and P Plucinski 
Technische Universitat Miinchen, Institut fiir Technische Chemie, 
85748 Garching, FRG 
1Forschungszentrum Karlsruhe, Institut fiir Nukleare 
Entsorgungstechnik, 76021 Karlsruhe, FRG 
2 University of Bath, Department of Chemical Engineering, Bath 
BA2 7AY, UK 

A new method has been proposed for the recovery of lanthanides from aqueous streams. Lanthanides, existing in the soil or 
in the groundwater, form stable, water soluble complexes with fulvic or humic acids. In this work, the application of 
microemulsions for the extraction of the lanthanide/humic acid complexes has been developed. The extraction of metal ions 
together with the polyelectrolytes (humic or fulvic acid) is accomplished by contacting an aqueous solution of the lanthanide 
complexes with a water-in-oil microemulsion stabilised by cationic surfactants. This process of recovery proceeds via 
interactions of cationic surfactants with carboxylic and phenolic groups of humic acid. 

Keywords: lanthanides, humic acids, surfactants, reverse micelles 

INTRODUCTION 

In the past few years much effort has been directed towards the safe isolation, for a long time, 
from the biosphere of the radioactive wastes resulting from commercial power production. Since the 
standard method of managing reactor wastes is to assign them to shallow burial sites, the mounting 
waste volumes can be viewed as a potential source of contamination of groundwater systems1

• There 
are documented examples in the literature of the leakage of radioactive compounds to the 
environment? Such leakage of radioactive wastes releases these compounds to subsurface flow 
systems, where they can migrate and contaminate large areas . One of the most important reactions of 
free lanthanides and actinides in the groundwater/soil system is their complexation with humic 
substances 3

•
4 

Humic acids (HA) are formed by the random condensation of breakdown products of 
terrestrial and aquatic plants and extracellular metabolites of phytoplankton. These substances are a 
mixture of polydispersed, heterogeneous polyelectrolytes, whose conformation is determined by the 
environmental conditions. They are predominantly negatively charged due to the presence of 
carboxylic acid and phenolic groups. Thus, they can interact with the heavy metals present in 
groundwaters . The interactions between humic substances and metal ions have been described as ion 
exchange, surface adsorption, chelation, coagulation and peptization reactions .5'

6 

In our earlier work7 it was found that quaternized polyvinylpyridine derivatives (polycations) 
reacted with AOT (sodium bis(2-ethylhexyl)sulfosuccinate) to form insoluble (either in isooctane or in 
water) complexes whenever the surfactant/cation monomer concentration was less than 1.4. A surplus 
of AOT in the system led to quantitative transfer of the complex from aqueous to micellar phase. The 
same principle can be applied for the extraction of metal ions adsorbed at the surface of humic acid 
molecules . 

The aim of this work is to apply micellar extraction to remove lanthanide/humic acid 
complexes from contaminated aqueous streams (groundwater). The surfactants present in the form of 
water-in-oil microemulsion interact with humic substances dissolved in the aqueous phase (the so
called Winsor II system: water-in-oil microemulsion in contact with an excess of aqueous phase) 
enabling their solubilization in the organic phase. In this way the lanthanides enter the organic phase 
as species adsorbed on the surface of humic acids. The humic acids naturally present in 
soiUgroundwater systems can act as a benign chelating agent and carrier for the removal of 
lanthanides, utilising the enrichment effect due to strong electrostatic interactions between trivalent 
lanthanides and humic acids . 

© 2000 Society of Chemical Industry 335 



Proceedings ISEC'99 

EXPERIMENTAL 

The extractional equilibria were measured with the standard methods 8 Equal volumes (usually 
10 ml) of aqueous HAlLa solution and the microemulsion phase were shaken at 175 strokes min·' (SM 
25, E. Buhler) for 12 hours. The dispersion was then left for phase separation for at least 24 hours. If 
the phase separation was not complete, the system was centrifuged at 3000 rpm for 15 minutes to 
obtain clear phases . The experiments were done at room temperature. The concentration of lanthanum 
in the aqueous phase was measured directly by inductive coupled plasma atomic emission 
spectroscopy (SPECTROFLAME, Spectre, Germany); the concentration of metal ions in the organic 
phase was measured after re-extraction with 1.0 kmol m"3 nitric acid. The water content of the micellar 
phase was determined by Karl Fischer titration (633 Karl-Fischer Automat, Metrohm, Switzerland). 
The concentration of humic acid in both phases was determined spectroscopically (Cary IE, Varian). 
The pH of the aqueous phase was measured using a 746 Multi-Calimatic pH meter (Knick, Germany). 
All chemicals used were of analytical grade or better. The humic acid used was supplied by Aldrich. 
Various quaternary ammonium compounds (Merck, Fluka) were investigated as surfactants to prepare 
stable water-in-oil microemulsions and then, stable Winsor II systems. 

RESULTS AND DISCUSSION 

Humic acids can bind lanthanides due to the presence of negatively charged carboxylic and 
phenolic groups 5

·
6 In the case of very dilute solution of radioactive elements, an excess of free 

negatively charged groups results at the surface of humic acid. These groups interact with cationic 
surfactants, enabling the solubilization of a La/HA complex in the micellar phase. The interactions, 
and therefore the partitioning of lanthanides between the phases, depend on the dissociation of 
carboxylic and phenolic groups ofHA, i.e. on the pH of the aqueous phase. 
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Figure 1 The dependence of the efficiency oflanthanum extraction on the pH of the aqueous phase. 
org = organic phase, aq = aqueous phase, tp = third phase, 0 = initial 
Aqueous phase: [NaCI] = 0.1 kmol m·3, [La3+]0 = 10 ppm, [HS] = 0.4 kg m·3, buffer cone. 0.02 
kmol m·3· 

Organic ;hase: [CTABr] = 0.1 kmol m"3 

Such dependence is shown in Figure 1 for lanthanum as a representative element. As the surfactant, 
hexadecyl-trimethylammonium bromide (CT ABr) was used, while the organic solvent was a mixture 
of isooctane and n-hexanol (9: 1 by voL) containing 20 % (v/v) n-butanol. Such a solvent was applied 
for the extraction of enzymes by microemulsions in the work ofKrei .9 
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With an increase in pH, an increase in the efficiency of lanthanum extraction was observed. For 
pH 2: 7.0, it was possible to extract quantitatively (within the range of analytical error) lanthanum 
adsorbed on humic acid. This result opens a new field of application of microemulsion systems in the 
environmental sector. If the pH value of the aqueous phase was lower than 7, the extraction efficiency 
diminished considerably. Simultaneously, the formation of a dark brown third phase at the oil/water 
interface was observed. The amount of lanthanum in this phase was not measured directly; it was 
calculated from the mass balance of lanthanum in the aqueous and micellar phase. It is worth 
mentioning that no formation of a third phase was observed for pH 2: 7.0. Probably, at low pH, most of 
the acidic groups ofHA were protonated and their interactions with La3+ and CTA+ were thus strongly 
hindered. The application of amphoteric surfactants (dimethylalkylammoniumpropane sulfonate; alkyl 
= cetyl-, tetradecyl-, and dodecyl-) also led to the formation of a third phase. In addition it was 
necessary for the aqueous phase to be saline to stabilise the extraction system. Unfortunately, the 
organic solvent applied in this series of experiments (isooctane, n-butanol and hexanol) is ecologically 
harmful (for 1:1 phase ratio the equilibrium concentration ofn-butanol in the aqueous phase was ca. 4 
vol. % - Krei\ In addition, relatively strong salinity of the aqueous phase was necessary to obtain a 
stable Winsor II system. Thus, further research was directed on finding a surfactant and a mixture of 
organic solvents meeting the ecological demands . 

In the next series of experiments, a tri-chain surfactant (trioctylmethylamrnonium chloride) was 
used together with aliphatic alcohols (n-hexanol, n-octanol and n-decanol) as co-solvents. No 
electrolyte was used in the aqueous phase to stabilise the two-phase surfactant system. The results of 
measurements of the efficiency oflanthanum extraction are shown in Figure 2. 
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• i = organic phase 
• I = third phase 
o i = aqueous phase 
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Figure 2 The influence of the concentration ofn-hexanol on the efficiency of lanthanum extraction. 
Aqueous phase: [La3+] = 10.4 ppm, [HA] = 0.4 kg m·3

, pH= 8.7; 
Organic phase: [TOMAC] = 8.05 mol m·3, isooctane. 

Quantitative transfer of lanthanum took place at high concentration of hexanol in isooctane 
(30% by vol.). At lower alcohol concentrations, the extraction efficiency was diminished and the 
formation of a third phase was observed. It is presently difficult to distinguish the action of alkanols on 
the lanthanum partitioning. Two options are possible: either the alkanols function as a co-solvent 
(change of the polarity of the organic phase) or as a co-surfactant (incorporation into the surfactant 
chains around the molecule of humic acid). 

As was the case with CT ABr, the distribution of lanthanum between the phases depends 
strongly on the pH value of the aqueous phase (Figure 3). By pH= 8.7 (resulting from dissolution of 
Aldrich humic acids present as sodium salt) lanthanum was efficiently (> 90%) extracted. Over the 
entire range of pH, no third phase formation was observed; the humic acid was extracted quantitatively 
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by the micellar phase. This indicates a different "strength" of the interactions of surfactant cations with 
humic acids than with La3

+. 

From the pH dependence of the efficiency of lanthanum extraction, one can envisage a possible 
scenario for lanthanide recovery: the separation of lanthanides can be achieved at basic pH, whereas 
the stripping takes place in an acidic solution. For the recovery of humic acids from the micellar phase 

the additional separation step (e.g. thermal phase transitionlO, precipitation ofHA!fOMA complexes) 
is necessary. 

Figure 3 
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The influence of pH in the aqueous phase on the efficiency of lanthanum extraction. 
Aqueous phase: [La3+] = 10.4 ppm, [HA] = 0.4 kg m·3

, pH adjusted by the addition of 
HCI or NaOH to the system; 
Organic phase: [TOMAC] = 8.05 mol m·3, isooctanelhexanol (8 : 2 by vol.). 

The efficiency of lanthanum extraction depends strongly on the relationship between the 
amounts oflanthanum, humic acid and surfactant in the system (Figures 4- 5). 
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Figure 4 The influence ofTOMAC concentration on the efficiency of lanthanum extraction. 
Aqueous phase: [La3+] = 9.9 ppm, [HA] = 0.4 kg m·3, pH =8.7; 
Organic phase: isooctanelhexanol (8 : 2 by vol.). 

The partitioning of lanthanum between the micellar and aqueous phases depends on the 
concentration of surfactant (Figure 4) . The extraction efficiency passes through a maximum with 
increasing TOMAC concentration. Too high a concentration of TOMAC hinders the extraction of 
lanthanum. 
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With increasing initial lanthanum concentration in the aqueous phase the efficiency of 
extraction decreases and on the other hand the formation of the third phase increases (Figure 5). 
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Figure 5 The influence of initial La concentration on the partitioning of lanthanum. 
Aqueous phase: [HA] = 0.4 kg m·3, pH =8.7; 
Organic phase: [TOMAC] = 8.05 mol m·3, isooctane/hexanol (8 : 2 by vol.). 

All of these results indicate the importance of competitive chemisorption of La3
+ and surfactant 

cations at the active sites of humic acid. An excess of surfactant leads to the quantitative transfer of 
lanthanum/humic acid complexes from the aqueous to the organic phase. These first results show the 
great potential of surfactant systems for the removal of toxic radioactive species from aquatic systems. 
Future work should be directed towards the thermodynamic modelling of the interaction of lanthanum, 
surfactant and humic acids in a two-phase system in order to derive the stability constants and 
optimise the solvent composition and surfactant concentration as well as towards the kinetics of the 
mass transfer. With this knowledge, it will be possible to evaluate the extraction efficiency and to 
determine the optimal choice of the phase contactor. 
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ABSTRACT 

SOLVENT EXTRACTION OF TRANSITION METALS BY 

AN IN SITU EXTRACTANT FORMATION METHOD. VI. 
UTILIZATION OF AN EASILY-SOLIDIFYING SOLVENT 
Kaoru Fujinaga, Yasushi Seike and Minoru Okumura 
Department of Material Science, Faculty of Science and 
Engineering, Shimane University, 1060 Nishikawatsu, Matsue 690-
8504 Japan 

It was found that a ternary mixed solvent containing carbon disulfide, pyrrolidine, and p -xylene formed 
pyrrolidinedithiocarbamic acid during the course of extraction and could successfully extract metal ions such as Fe!<-, Ni2

+, 

Pb2• , and Mn2+ into the organic phase without using a chelate extractant at all . The present method is advantageous over 
the usual extraction methods since the organic phase could be solidified by cooling, thus centrifuge and the phase 
separation could be carried out by decantation simply and conveniently. 

Keywords: in situ extractant formation, easily-solidifying extractant, pyrrolidinedithiocarbamic acid 

INTRODUCTION 

The in situ extractant formation method, which was originated by the present authors, is 
characterized by forming an extractant upon mixing solvents and by capability of metal extraction 
without using chelate extractants at all . Since the preparation of a chelate solution or the precautions 
for storing the unstable chelate solution are not required, the present method is simple, convenient, and 
not costly. So far, isoamylxanthic acid forming system1

'
2 and diethyldithiocarbamic acid(DTC) forming 

system3
.4 have already reported that these methods could be successfully applied to the extraction of 

transition metals. The present study was undertaken to find out new extractant formation system and a 
mixture of carbon disulfide(CS2) and pyrrolidine was observed to form pyrrolidine dithiocarbamic 
acid(PDC). However, if mixed CS2 and pyrrolidine directly, the mixture produced a precipitate and 
solidified, so that the third solvent was required as a diluent. 

While, in the solvent extraction, the most tedious step is the phase separation, and many studies 
to separate phases simply by solidifying the organic solvent have been carried out for a long time. The 
mixture of paraffin with different solvents,5 benzophenone (m. p. 48°C), 6 and naphthalene (m. p. 
80.2°C)7 were purposely used as a solidifying solvent. But these solidifying solvents have a higher 
melting point than room temperature. Therefore, the methods using these solvents were not always 
simple since it was necessary to dissolve the solidified organic phase in other solvents for the 
determination of extracted species, although the methods were still advantageous with respect to kinetics 
due to the high temperature at equilibration. If the organic solvent with a melting point in the vicinity of 
room temperature (called an easily-solidifying solvent) is utilized as an organic phase and if phase 
separation is carried out at low temperature by a cooling centrifuge, the above-mentioned tedious 
procedure can be avoided. In this case, the organic phase is re-Iiquefied by being left at room 
temperature for a while, after decanting the aqueous phase. As a result of preliminary experiments 
observing the solidifying behavior of 11 different solvents, p-xylene was found to be the most suitable 
for this extraction method and was mainly used in this study as a diluent. 

Consequently, the p-xylene-CSrpyrrolidine ternary mixed solvent system, which produced a well
known chelating reagent in the name of ammonium pyrrolidinedithiocarbamate(APDC), was examined for 
the simultaneous extraction of transition metals such as Ni(II), Pb(II), Fe(II), Mn(II), etc. 

© 2000 Society of Chemical Industry 341 



Proceedings ISEC'99 

EXPERIMENTAL 

Reagents and apparatus. 

A Hitachi model Z-5000 atomic absorption spectrophotometer was used to measure the metal 
concentration with a flame atomizer, and a Nihonbunko V -560 double-beam spectrophotometer was 
used to obtain absorption spectra with 1.0 em pathlength quartz cells. The metal solutions were stored 
in polyethylene bottles and were mixed in a volumetric flask so that the concentration of each metal was 
0.2 mM, prior to use. The other reagents were of analytical grade. 

Procedure. 

A !Om! portion of the metal ion solution, which was masked and buffered with 0.033 M 
diammonium hydrogen citrate and 0.017 M citric acid and was maintained ionic strength of 1.0 M with 
potassium nitrate, was equilibrated with a 2 ml of the PDC-forming solvent having a composition of 
1.0: l.0:98(v/v%) for CS2:CJf8NH: p-CJf.I(CH3h in a 30 ml extraction vial by shaking vigorously for 5 
min. After phase separation by cooling centrifuge at -3°C at 3000 rpm for 30 min, the metal ion 
concentration in the aqueous phase was determined by atomic absorption spectrophotometry. The 
extraction ratio was obtained by subtracting the determined metal ion concentration from the known one 
in the aqueous phase. 

RESULTS AND DISCUSSION 

Selection of easily-solidifying solvent. 

The 11 solvents: p-xylene (m.p. 13°), 1,2,4-trichlorobenzene (m.p. 17-18°), diphenylmethane 
(m.p. 26-27"), cyclohexanol (m.p. 25°), phenoxyethanol (m.p. 14°), dimethoxybenzene (m.p. 23°), 
acetophenone (m.p. 20°), propiophenone (m.p. 21°), benzylbenzoate (m.p. 19°), p-chlorotoluene (m.p. 
8°), and phenylether (m.p. 27°), were examined for their solidifying behaviors using a cooling 
centrifuge after equilibration with an 0.1 M KN03 aqueous solution. p-Xylene was chosen as an easily
solidifying solvent since it gave the best result, but there was still a problem. p-Xylene solidified at the 
bottom of an extraction vial when an aqueous phase was water but solidified at the top covering the 
aqueous phase when 0.1 M KON3 was used as an aqueous phase, and it was difficult to take out the 
aqueous phase by decantation. This problem was solved by setting the extraction vial upside-down in 
the rotor during a cooling centrifuge. The other solvents did not exactly solidify under the experimental 
conditions. 

Formation of PDC. 

A 0.1 M KN03 aqueous solutions adjusted at pH 9.0 were equilibrated with CS2 and 
pyrrolidine-, CSr, and pyrrolidine-containing p-xylene solution, respectively, and were subjected to the 
measurement of UV absorption spectrum, followed by comparing with that of APDC aqueous solution. 
The absorption maxima ("-max) of the spectrum for the aqueous phase equilibrated with CS2 and 
pyrrolidine-containingp-xylene solution were 254 and 275 nm and that for the APDC solution were 253 
and 277 nm, respectively. These two spectra coincide fairly well with each other, while other two 
solutions did not give any absorption maximum at these wavelengths. Therefore, it can be said that 
PDC is formed in the aqueous phase by shaking with the mixed solvent. The amount of formed PDC in 
the organic phase should be equal to the amount of added pyrrolidine by assuming that pyrrolidine was 
perfectly converted by CS2 into PDC. Since PDC is considered to exist in the form of pyrrolidinium 
pyrrolidine dithiocarbamate (PPDC) in the organic phase by analogy with the results of DTC-forming 
system reported previously, {PPDC}o,calcd, which referred to the PPDC amount in the organic phase 
calculated from the added amount of pyrrolidine, is mainly used in this study to discuss quantitatively 
the metal extractability. 
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of the PDC-forming solvent with the 
composition l.O-l.0-98(v/v%) for 
CSrpyrrolidine-p-xylene 
( {PPDC} o,calcd = 120 !lJllol) was 
examined by changing the amount of 
Ne+ in the aqueous phase from 0.2 
J.llllOl to 303!lJllol. Figure 1 
demonstrates that the extracted 
amount of Ni2

+ increased linearly till 
40 !lJllOl with the increment ofNi2

+ in 
the aqueous phase and afterward 
became constant, 57.7±3.5 ""mol. 
Taking into account the fact that Ne+ 
is extracted in the form of 
dipyrrolidine-dithio-carbamate 
complex in the usual APDC 
extraction method, this experimental 
result proved the validity of above
mentioned assumptions, i .e., (1) cs2 
and pyrrolidine react quantitatively 
to form PPDC in the organic phase 
and (2) the formed amount of PPDC, 
{PPDC}o,calcd, is exactly half of the 
added amount ofpyrrolidine. 

Extraction of metal ions. 

The extraction curves for metal ions 
as a function of pH, are shown in 
Fig. 2. The pH ranges for the 
quantitative extraction of metals 
obtained by the present PDC-forming 
solvent are wider compared to those 
obtained by the usual APDC 

extraction method8
) APDC is more stable against acid than DTC but is still labile in the acidic aqueous 

solution, the half-life value for PDC was reported as 18±5 minutes in 0.8 M HC19l. In the usual DTC 
extraction method, by dissolving diethylammonium diethyldithiocarbamate ( DEDTC) in the organic 
phase, acidic decomposition is avoided. However, in the APDC extraction method, the equivalent 
compound to DEDTC, PPDC, is not commercially available. 
As among the examined metals, Mn2

+ gave the worst extractability the effect of the mixing ratio of CS2 

and pyrrolidine on the Mn2
+ extraction was examined. Figure 3 clearly demonstrates that the 

extractability was remarkably improved by increasing the mixing ratios for cs2 and pyrrolidine. 

343 



Proceedings ISEC'99 

~ 0 

-~ 
i) 
ro 
0 ro ..... s 

100 

75 

50 

25 

0 
3 5 7 

pH 

9 11 13 

Figure 3. Effect of the mixing ratio on the extraction 
ofMn2

+. [Mn2
+) aq = 0.2mM, CS2-pyrrolidine

p-xylene compositions (v/v%) are 0.5:0.5:99 
for 411 , 1.0:1.0:98 for 0 and 2.0:2.0:96 
for 0, respectively. 

1.5 

1.2 
Q) 
(.) 

§ 0.9 
-€ 
0 
ell 0.6 
~ 

0.3 

0.0 

400 500 600 700 800 

Wavelength, nm 

Figure 4. Absorption spectrum ofp-xylene 
layer containing Fe3

+ complex. 
(b) Extracted with APDC and (b) extracted with 
the mixed solvent containing 1% of cs2 
and pyrrolidine. Aqueous phase 10 ml of 
0 .2 mM Fe3

+ solution adjusted at pH 5.3, and 
both organic phase were I 0 mi. 

344 

Extraction mechanism. 

Ten milliliter aliquots of 
p-xylene and of the PDC-forming 
solvent with the composition 0.5-
0.5-99(v/v%) for CS2-pyrrolidine
p-xylene were equilibrated with the 
equal volume of 0.2 mM Fe3

+ 

aqueous solution adjusted at pH 
5.3, and visible absorption 
spectrum was measured. 
Figure 4 clearly shows that the 
positions of Amax and shapes for 
both spectrum agree fairly well . 
Therefore, it can be confirmed that 
Fe3

+ was extracted with PDC
forming solvent in the form of 
pyrrolidine dithio-carbamate 
complex. Taking into account the 
above results, metal extraction is 
considered to proceed as shown in 
FigureS. 
In conclusion, by associating the 
usage of an easily-solidifying 
solvent with cooling centrifuge 
method, phase separation in solvent 
extraction could be improved to 
simple and convenient method, 
since the aqueous phase can be 
removed by decantation. The 
superiority of this PDC-forming 
system in the metal extractability 
over the usual APDC extraction 
method was explicitly 
demonstrated in the extraction 
curve as a function of pH. 
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ABSTRACT 

A NEW HYDROXAMIC ACID DERIVATIVE 

EXTRACTANT FOR THE EXTRACTION OF 

COBAL T(II) AND URANIUM(VI) FROM NITRATE 

MEDIUM 
FA Shehata, S EI-Afifi and HF Aly 
Hot Laboratories Centre, Atomic Energy Authority, Cairo 
13759 Egypt, 

A new extractant of hydroxamic acid derivative, which is weak organic acid, was synthesised and used for Co(II) and U(VI) 
extraction from nitrate medium. The distribution ratio of Co(ll) and U(VI) between chloroform and the aqueous phase was 
measured as functions of the pH and the extractant concentration at 291K at an ionic strength of O.IM NaN03• The 
stoichiometry of the extracted complexes is I :2 [metal:ligand] . Extraction of more than 99% U(VI) was achieved by the new 
extractant in chloroform. Extraction of U(VI) in the absence and presence of Nd(III) was evaluated. 

Keywords: hydroxamic acid derivative, cobalt, uranium, nitrate 

INTRODUCTION 

Hydroxamic acids have received a considerable attention as reagents in analytical chemistry1 

for gravimetric analysis, for solvent extraction and spectrophotometric determination of metals2 

Detai led information has been published on hydroxamic acid complexes with the first transition metal 
series 3 In this respect, O.lM tri-n-butylaceto-hydroxamic acid solution in diethylbenzene (and its 
isomers) in 10% octanol has been chosen as an organic solution to treat the alkaline wastes coming 
from refeneration of solvent utilised in a reprocessing plant using a Purex flow sheet.4 Shal'gin and 
Konnik studied the reaction of Cr(III), Fe(III) and Cu(II) nitrates with 2,4-dichloro- and 2-methyl-4-
chlorophenoxyacetyl hydroxamic acid {H2L). Formation of Cr(III) and Fe(III) hydroxamates of the 
composition M(HLh.OH.nH20 was detected but Cu(II) nitrate affords chelate-type compounds of 
CuL. Tait et al6 investigated the extraction of Mn(Il), Fe(III), Co(II), Ni(II), Cu(II), Zn(II) and Cd(II) 
from 1M sodium sulphate by LIX-1104 (hydroxamic acid) at various aqueous pH values. The 
extraction order was Fe>Cu>Zn>Ni :::Co>Cd>Mn. The results showed that LIX-1104 form chelates of 
ML2 with Mn, Co, Zn, Cd and ML.2HL with Ni and Cu. 

In this work, a synthesised derivative of hydroxamic acid which has two functional groups as 
an acidic chelating organic ligand {HL), is evaluated as a new extractant for Co(II) and U(VI). The 
parameters affecting the extraction of Co(II) and U(VI) by HL in chloroform from an aqueous medium 
of constant ionic strength of O.lM NaN03 and the appropriate pH for extraction have been 
investigated. The extraction of U(VI) in the absence and in the presence of Nd(III) has been also 
studied. 

EXPERIMENTAL 

Chemicals and reagents 

All chemicals were of analytical grade and used without further purification. Radioactive 
tracer 60Co was prepared by neutron irradiation ofCoC03 in the ET-RR-1 Inshas reactor, Egypt. 

The hydroxamic acid derivative was prepared by condensation of the acid chloride of iso
nicotinic acid with o-tolylhydroxylamine.1•

7
•
8 Detailed synthetic procedure and structure 

characterisation by elemental analysis, IR and NMR spectroscopic analysis have been published9 and 
the proposed structure is shown below. 

Extraction procedure and apparatus 

HN03 acid was used to buffer the aqueous solution at a concentration ofO.OlM and the ionic 
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strength was adjusted to 0.1M with NaNOJ. The aqueous phase contained the tracer of radioactive 
Co(II) or a certain concentration of U(VI). The organic phase used was a chloroform solution of HL, 
as chloroform showed the highest solubility for the extractant of the tested diluents e.g. benzene, 
toluene, CC14, MIBK, xylene and kerosene. Pre-equilibration of the two phases was always carried out 
before the extraction. 

N-isonicotinyl-N-( o )tolylhydroxylamine or 
N-( o )tolylisonicotinohydroxamic acid 

Equal volumes of organic and aqueous phases were equilibrated for 30 minutes, under 
vigorous shaking in a thermostat water bath (18±2°C). After phase separation, known aliquots of each 
phase were sampled for analysis . The distribution ratio D was determined from the ratio between the 
concentration of the respective species in the organic to the aqueous phase. 

U(VI) was determined spectrophotometrically10 using a Shimadzu, UV-visible spectro
photometer Model UV-160A. Uranium solutions were measured by the colour of the nitrate solution at 
"-max of 417 ±2 nm. 60Co was analysed radiometrically by y-spectroscopy using a Bicon scintillation 
detector connected to a multichannel analyser coupled with a well-type Nai(Tl) detector. 

RESULTS AND DISCUSSION 

The extraction behaviour of the radioactive Co(ll) and U(VI) ions was investigated with 
chloroform solutions containing hydroxamic acid reagent (HL) from nitrate medium. Slope analysis of 
the effect of [H+], [HL] and [N03-] on the extraction of the two cations are given in Figures 1-3. The 
effect of [W] on the distribution as log-log plot gave a slope of -2 for the straight part for both Co(II) 
and U(VI) , Figure 1. This indicates that two protons are released into the aqueous phase. 

10 

0.1 

0.01 
1E-7 

slope= -2 

-•-U(VI), [HL]=!0-3M 

-•--co(II , [HL] =2x!0-2M 

1E-6 1E-5 1E-4 
[H+] ,M 

Figure 1. Effect of hydrogen ion concentration on the extraction of 10·1 M U(VI) and Co(ll) extracted 
by HL in chloroform from 0.1 M NaN03 
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The relation between log D and log [HL] gave a straight line of slope equal 2, Figure 2, indicating that 
the extracted species of both Co(II) and U(VI) contain two chelated molecules . The effect of nitrate 
ion concentration on the distribution gave a straight lines having small fractional slopes of about 0.2 
for both Co(ll) and U(VI) cations, Figure 3, indicating a negligible contribution of nitrate ions in the 
extraction. 
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Figure 2. Effect of ligand concentration in chloroform on the extraction of 10'3M U(VI) and Co(ll) 
from O.lM NaN03 
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Figure 3. Effect of nitrate ion concentration on the extraction of l o·3M U(VI) and Co(ll) extracted by 
HL in chloroform 
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Figure 4. Effect of metal ion concentration on the extraction of Co(II) and U(VI) extracted by HL in 
chloroform from 0.1M NaN03 

The effect of the Co(ll) and U(VI) cations concentrations on the extraction of the organic 
chelating hydroxamic acid is shown in Figure 4. A log-log relation between the molar concentrations 
of Co(II) and U(VI) ions in aqueous phase against the distribution ratio, D, gave straight lines with a 
negative slopes of 1. 

This result with those obtained from the studies of [W] and [HL] effects, supported that, the 
organic phase extracted chelates are formed as a result of a combination of two anions of the 
hydroxamic acid as a ligand with only one metal ion of both Co(II) and U(VI). 

Based on the results described above, it can be considered that, Co(II) and U(VI) extracted 
with HL according to the following extraction reaction at equilibrium: 

Ex 
M2

+ + 2HL till IJii MLz + 2W (1) 

Where M2
+ = Co(II) or U(VI) and bars refer to the organic phase species The extraction constant, 

Ex , is expressed by : 

(2) 

Ex for Co(II) and U(VI) with HL were calculated using equation 2. The results obtained show that the 
extraction constants are 1.24 ± 0.02 xl0-7 and 8.96 ± 0.13 xl0-7 for Co(II) and U(VI), respectively. 
From these results, it is clear that the co-ordination of U(VI) as oxy-cation is more than the co
ordination of Co(II) which is reflected by its high extraction. 

Use of extractant for determination of Uranium (VI) 

It is found that the extracted uranium forms a coloured complex with HL in the organic phase, with a 
maximum absorbancy in UV-VIS spectrum at 385±2 nm. Based on this finding, the possible use of the 
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extractant for extractive determination of U(VI) from nitrate medium was assessed. Therefore, the 
effect of HL on the extraction of different amount of U(VI) was carried out with a three concentrations 
of uranyl ion (10-4, 10"3 and 10"2) with different concentrations of HL within the range 0.0001-0.5M, 
Figure 5. From the figure, it is found that when U{VI) concentration is 104 M, more than 99.9% of 
U{VI) is extracted using 5x10·2 M HL. 
Based on this finding, the absorbancy of different concentrations ofU(VI) ranging from 10-2-10-5 Min 
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Figure 5. Effect of ligand concentration on the extraction of 10-2
, 10-3 and 104 M U(VI) from O.lM 

NaN03 at pH=5.8. 

0.1 M NaN03 and extracted by 5x10·2 M HL in chloroform was measured spectrophotometrically at 
Amax =385±2 nm. A linear relation was obtained as the measured absorbancy and U(VI) concentration. 
From this relation, the molar absorptivity, e, was calculated and was found equal to 310. 
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Figure 6. Effect ofNd3
+ concentration on the extraction ofU(VI)from NaN03 at pH=5 .8 by 0.05M HL 

in chloroform 
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Based on the previous results, uranium was determined in presence of Nd(III) ions. In this 
concern, different concentrations of U(VI) ions (5x 10·5 -5x!0-3

) were extracted by constant 0.05M HL 
in presence of different concentrations of Nd(III) ions (2x 104 ,5x104 and lxi04 M). Fig. (6) 
represents the results obtained, where linear relations are given. It is clear that, the presence of 2x10· 
4M Nd(III) ions does not affect the extraction of U(VI) in the range 5x I o-5 -I.5x I o-3 M, while the 
presence of 5x 10·4 and lxi0-3 start to affect the extraction of U(VI). 

It was found that the extraction of 10"3M Nd(III) alone by 0.05M HL in chloroform is 
negligible compared with U(VI) extraction, therefore, the effect of Nd(III) on the extraction of U(VI) 
is due to the salt effect. 

CONCLUSIONS 

Studies on the extraction behaviour of Co(II) and U(VI) cations with the new synthesised hydroxamic 
acid reagent in chloroform from nitrate medium were conducted at I8± I °C and the following can be 
concluded: 

the extracted species of Co(II) and U(VI) with the organic reagent (HL) were evaluated and 
found of the type ML2 for both Co(II) and U(VI). 

quantitative extraction ofU(VI) (oo99.9%) was achieved from O.IM NaN03 solution containing 
104 M ofU(VI) by- 0.05M HL in chloroform 

the presence of 2xl0-4M Nd(III) ions does not affect the extraction of U(VI), while higher 
concentrations of Nd(III) start to affect the extraction of U(VI) . 
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ABSTRACT 

SOLVENT EXTRACTION OF U022+ AND Tb4+ WITH 

PETROLEUM SULFOXIDE 
Shao-Ning Yu, Zheng-Ping Fan, Li Ma, Yan-Zhao Yang and 
Bo-Rong Bao 
Institute ofNuclear Research, Shanghai 201800, China 

The influence of the concentration of nitric acid, hydrochloric acid, phosphoric acid, petroleum sulfoxides (PSO), salting-out 
agent, kind of diluent and temperature on the distribution ratio of U(VI) and Th(IV) has been systematically studied. It is 
found that the extraction regularity of PSO is similar to that of TBP. The distribution ratio in phosphoric acid is lower, but it 
increases with the increase of hydrochloric acid concentration and reaches a high value. The U(VI) exhibits the maximum 
distribution ratio at 3-4 molldm3 HN03. The distribution ratio of U(VI) and Th(IV) increases rapidly at the presence of 
salting-out agent. The extracted compounds are determined to be U02(N03)12PSO and Th(N03),.2PSO. The extraction 
enthalpies of U(VI) and Th(IV) with PSO are also calculated. 

Keywords: U(VI), Th(IV), sulfoxide derivatives 

INTRODUCTION 

Petroleum sulfoxide (PSO) is a high efficient extraction agent. As a mixture of large amount 
of sulfoxide-like substances of similar qualities, PSO has such advantages as low cost, wide sources, 
no poisonousness, anti-radiation, less pollution and high efficiency in extraction, which have been 
studied in the extraction of precious metals.14 The extraction of U(VI) with sulfoxides has been 
studied by some authors.5 This paper makes use of the sulfoxide from Jiang Han oil field to perform a 
systematic study on the extraction behaviour ofU(Vl) and Th(IV) to provide some referential data for 
industrial use. 

EXPERIMENTAL 

Materials 

Industrial PSO is offered by Jiang Han Petroleum Co. Its average molecular weight is 270 
(260-290); the amount of contained sulphur is 9.3%; the purity is about 95%; its specific gravity is 
0.95 g/cm3 (25 o C); its boiling point is about 300° C. Kerosene is offered by Shanghai Chemical Agent 
Co. Other chemical reagents are all analytical pure. 

Measurement of PSO concentration 

PSO concentration was measured with HC104 potentiometric titration in organic system.6 We 
measured the contained amount of sulphur with the contained amount of =S=O. In the experiment, the 
DOSO((CsHnhSO) was used as the standard (in (CH3C0)20 solution) . 

Potentiometric titration method 

This was used first to determine the concentration ofHC104 in 1,4-dioxane solution: 

R2SO + HCl04--- R2SOJr + Clo4· 

Then the PSO concentration was measured with HC104, whose concentration was already known. 
PSO concentration can be calculated as follows: 

Mpso V pso=MHc i04 V HCI04 

Measurement of Distribution Ratio 

Certain volume of aqueous and organic phase (Vo : Vi = 3:3) was placed in centrifuge tubes 
which were shaken for 15 minutes, then the two phases were separated. The concentration of U(VI) 
and Th(IV) in aqueous were determined by Arsenazo III spectrophotometric method, 2 and the 
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distribution ratio was calculated. 

RESULT AND DISCUSSION 

Effect of diluent on distribution ratio 

The distribution ratio of U(VI) is higher in benzene, toluene and kerosene, but lower in 
chloroform. Here is the order of distribution ratio of U(VI) in some diluents at 25°C, [UO/+]= 
5.48xl04 moVdm3

, [PS0]=0.32 mol/dm3
, [HN03]=3.0 moVdm3

, [NaN"03]=0.lmoVdm3
. 

toluene(l3.2) > benzene (11.8) > cyclohexane (7.2) > kerosene (7.1) > petroleum 

benzine (6 .8) > dichloromethane (1.2) >chloroform (0.8) 

Effect of acid concentration in solution on distribution ratio 

In some kinds of acid media, the distribution ratio of U(VI) in phosphoric acid is lower, but 
it increases with the increase of hydrochloric acid concentration and reaches a high value. In nitric 
acid, the distribution ratio exhibits the maximum point at [HN03]- 3-4moVdm3 (Figure 1). 
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Figure 1 Distribution ratio of U(VI) as a function of aqueous acid concentration at 25°C; 
[UO/+] = 5.48 x 104 moVdm3

; [PSO] = 0.32 moVdm3
; [NaN03] = O.lmol/dm3 
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Figure 2. Distribution ratio of U(VI) and Th(IV) as a function of aqueous HN03 concentration at 
25°C; [U02

2+] = 5.48 x 104 moVdm3
; [Th4+] = 5.68 x 104 moVdm3

; [PSO] = 0.32 mol/dm3 

(or [TBP] = 0.32 moVdm3
) ; [NaN03] = O.lmoVdm3

. 
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The effect of nitric acid concentration in solution on distribution ratio is shown in Figure 2. The 
distribution ratio of U(VI) increases with the increase of nitric acid concentration, but begins to 
decrease when nitric acid concentration reaches certain level. This results from the competition 
between the nitric acid and uranium nitrate. On the other hand, when the nitric acid concentration is 
fairly high, the [U02(N03)]-, which is difficult to be extracted, is possible to be formed. The rule of 
extraction uranium by using TBP is the same as that by using PSO , but the extraction rule of Th(IV) 
is different (Figure 2). 

Effect of PSO concentration on distribution ratio 

The effect of PSO concentration on distribution ratio is shown in Figure 3. When the nitric 
acid concentration in solution is 3.0 moUdm3 , the distribution ratio of U(VI) and Th(IV) increases 
with the increase of PSO concentration. Log[D] and Log[PSO] are in linear relationship with the slope 
being 2. This shows that the extraction reaction formula is: 

uo;+ +2NO; +2PSO<o> ~U02(N03 ) 2 2PSO<o> or 

Th 4
+ +4NO~ +2PSO<o> ~Th(N03)42PSO<o> 

1.6 0 l.(A4 

12 0 

0.8 
0 
0') 0.4 

0 

-0.4 

-0.8 
-1.5 -1 -0.5 0 

I~ 

Figure 3. Distribution ratio of U(VI) and Th(IV) as a function of PSO concentration on distribution 
ratio at 25°C; [U02] = 5.48 x 104 moUcm3; [Th4+] = 5.68 x 104 moUdm3; [HN03] = 3.0 
moUdm3; ["NMOJ] = 0.1 moUdm3 

Effect of salting-out agent concentration on distribution ratio 

The effect of salting-out agent on distribution ratio is shown in Figure 4. When the nitric acid 
concentration in solution is 0.5 moUdm3 , the distribution ratio of U(VI) and Th(IV) rapidly increases 
with the increase of salting-out agent (NH4N03) concentration. 

Effect of U{VI) concentration on distribution ratio 

The effect of U(VI) and Th(IV) concentration on distribution ratio is shown in Table 1. When 
the U(VI) or thorium concentration in solution is quite low, the distribution ratio changes little with the 
increase of the U(VI) or Th(IV) concentration. When the U(VI) or Th(IV) concentration in solution is 
high, the distribution ratio decreases with the increase of the U(Vl)or Th(IV) concentration, which is 
mainly because of the increase of the saturation in organic phase. 
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Figure 4. Distribution ratio of U(VI) and Th(IV) as a function of aqueous ~03 concentration on 
distribution ratio at 25°C; [PSO] = 0.32 mol/dm3

; [UO/+] = 5.48 x 104 moVdm3
; [Th4+] = 

5.68 x 104 moVdm3
; [HN03] = 0.5 moVdm3 

[U](* 1 o-4 moVml) 2.74 5.48 11.0 21.9 43 .8 109.6 274.0 
Du 8.25 8.08 7.97 7.84 6.69 5.52 4.69 
DTh 1.20 1.23 1.27 1.18 1.09 0.98 0.73 

Table 1 Effect ofU(VI) and Th(IV) concentration on distribution ratio at 25°C; [PSO] = 0.32 mol/dm3
; 

[HN03] = 3.0moVdm3
; ~03] = 0.1moVdm3 

Effect of temperature on distribution ratio 

The effect of temperature on distribution ratio of U(VI) and Th(IV) is shown in Table 2 and 
Figure 5. The distribution ratio of U(VI) and Th(IV) decreases with the increase of temperature. 
Log[D] and 1/T are in linear relationship with the slope being 0.8 and 0.9 respectively. The extraction 
process is actually the exothermic process. The extraction enthalpies of U(VI) with PSO can be 
calculated: 7 Mlu=-14.2KJ/mo1; MITh=-16.8KJ/mol. 

0.6 

0.5 

0 0.4 

.EP 0.3 

02 

0.1 
3 

0 ~(IJ) 
0 lg)(Th) 

3.1 32 3.3 3.4 3.5 

1000/T 

Figure 5. Effect of temperature on distribution ratio of U(VI) and Th(IV) at 25°C; [PSO] = 0.32 
mol/dm3 (for [UO/+] = 5.48 x 104 moVdm3

); [PSO] = 0.20 mol/dm3 (for [Th4+] = 5.68 x 
10-4 mol/dm\ [HN03] = 3.0 moVdm3; ~03] = O.lmoVdm3 
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t(DC) 20 25 30 35 40 45 50 
Du([PSO] = 0.20 moVdm' ) 3.29 3.23 2 .95 2 .66 2.19 2.05 
DTh([PSO] = 0.32 moVdm3

) 3.30 3.29 3.23 2.95 2.66 2.19 

Table 2 Effect of temperature on distribution ratio of U(VI) and Th(IV) at [UO/ +] = 5 .48 x 104 

moVdm3
; 

[Th4+] =5.68 x 104 moVdm3
; [HN03] = 3.0 moVdm3

; ~03] = 0.1 moVdm3 
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ABSTRACT 

P ALLADIUM(II) EXTRACTION WITH ALKYL 

DERIVATIVES OF NICOTINAMIDE 
M Wireniewski, I Szczepanska, Aleksandra Borowiak-Resterna 
Institute of Chemical Technology and Engineering, Poznan 
University of Technology, Poznan, Poland 

Model individual N-alkyl- and N,N-dialkylnicotinamides were used for palladium(II) extraction from aqueous HCl 
solutions. The extraction is fast and equilibrium is obtained after 15 minutes. N-dodecylnicotinamide (DDNA) extracts 
palladium(II) the most rapidly and the equilibrium is obtained after I minute. The composition of formed complex was 
determined. 

Keywords: palladium(II), nicotinamide derivatives, chloride media 

INTRODUCTION 

The extraction of palladium(II) inspired a lot of interest in the last ten years and is used in 
industry. Various types of extractants have been proposed, e.g. derivatives of hydroxyquinoline, 
hydroxyoximes, dialkyl sulphides, aminoacids, pyridine carboxylates, 4-alkylphenylamines. Dialkyl 
sulphides, hydroxyoximes and aminoacids are well known as selective extractants of precious metals, 
which are used in several plants, including the Acton Precious Metal Refinery of INCO, Matthey 
Rustenberg, Lonhro Refiners. The extraction ofpalladium(II) is usually a slow process as a result of the 
symmetry of the palladium chlorocomplex PdCI/ and of the high hydrophobicity of extractants1 

Recently ICI proposed using of ACORGA CLX-50 for palladium(II) extraction from its acidic 
solutions.2-4 Two interesting features were reported; viz. an appropriate selectivity and good kinetics of 
extraction. The extractant contains hydrophobic pyridine carboxylates of unknown structure and 
concentration. One may suppose, that also other derivatives of pyridine carboxylic acids5

•
8 can be used 

for palladium (II) extraction from chloride solutions. 
The aim of this work is the synthesis of some model individual N-alkyl- and N,N

dialkylnicotinamides and the studies of extraction equilibrium in systems containing palladium(II) ions 
in 3 mol/dm3 HCI, 0.1 mol/dm3 HCI and 0.1 mol/dm3 HCI in the presence of0.5 mol/dm3 NaCI. 

EXPERIMENTAL 

Materials 
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Palladium(ll) extraction 
Extraction was carried out typically in a disperse system using equal volumes of the aqueous 

and the organic phases at ambient temperature. Aqueous phases contained 5xl0"3 mol/dm3 of palladium 
(II) in 3 mol/dm3 HCI, 0.1 mol/dm3 HCI and 0.1 mol!dm3 HCI in the presence of0.5 molldm3 NaCI and 
organic phases were prepared by dissolution of extractants in toluene. The palladium (II) content was 
determined in the aqueous phase before and after extraction by using spectrophotometrically iodidation9 

The composition ofthe formed complex was estimated. The UV-VIS spectra of analysed solutions have 
been measured in mixture of chloroform to methanol ratio equal 2: 1. The solutions of N
dodecylnicotinamide (DDNA) in mixture chloroform and methanol was reference material. 

RESULTS AND DISCUSSION 

Figures I and 2 show the effect of the number and length of the alkyl group of alkyl derivatives 
of nicotinamide on equilibrium extraction of palladium(Il) from 3 molldm3 HCI and O. Jmol/dm3 HCl in 
the presence of 0.5 mol/dm3 NaCI. The equilibrium extraction of palladium (II) is obtained after 15 
minutes. N-dodecylnicotinamide (DDNA) extracts palladium (II) the most rapidly and the equilibrium is 
obtained after 1 minute. The percentage extraction of palladium (II) increases as the length of the 
alkylamide group decreases, as a result of increased hydrophobicity of alkyl derivatives of nicotinamide. 
The rate of palladium (II) extraction with N,N-dioctylnicotinamide (DONA) and N,N
dihexylnicotinamide (DHNA) is less than the rate of palladium(II) extraction with N
octadecylnicotinamide (ODNA) and N-dodecylnicotinamide (DDNA). 
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Figure 1. Extraction of palladium (II) from aqueous 3 mol/dm3 HCl solution with alkyl derivatives of 
nicotinamide. 

The percentage of extracted palladium (II) by means of alkyl derivatives of nicotinamide 
amounts about 50% what indicates that the maximum extraction capacity is 0.5 mol Pd(II)/mol amide. 
The addition of NaCI and decreasing of HCI concentration in initial solutions slightly results in 
percentage of extraction process . It also causes a better phase separation. 

The composition of the complex is confirmed by the method of Vosburgh and Cooper (Table 1). 
The band characteristic for PdCL/" in chloroform-methanol solution is observed at 438 nm. The band is 
shifted towards shorter wavelengths as the ligand is added. Simultaneously, the absorbance decreases 
from 0.118 to 0.058, i. e. the half of the initial value. At molar ratio of the ligand to palladium (II) 
exceeding 2 both the wavelength and the absorbance at maximum are approximately constant. All this 
means that half of chloride ions is liberated from PdCl/ giving the complex PdChL2. 
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Figure 2. Extraction of palladium (II) from aqueous 0.1 moVdm3 HCI in presence of0.5 moVdm3 NaCI 
solution with alkyl derivatives of nicotinamide. 

Ligand to palladium (II) ratio Wavelength [ nm] Absorbance 
0.0 : 1 438 0.118 
0.4: I 427 0.093 
0.8 : 1 402 0.083 
1.2 : 1 396 0.082 
1.8 : 1 394 0.069 
2.0 : I 394 0.061 
2.2 : 1 393 0.052 
3.0 : 1 390 0.061 
5.0 : 1 390 0.058 

Table 1 The composition of analysed solution, wavelength of peak maximum and absorbance. 

50 

40 

35 
~ 

30 
= 0 25 'fl 
g 20 
~ w 

15 

10 

5 <> <> 
<> 

10 15 

Time [minute] 

20 25 

• 

30 

.DONA 

<>DOPA 

Figure 3. Extraction of palladium(Il) from aqueous 0 .I M HCI in the presence of 0.5 M NaCI solution 
with N-dodecylnicotinamide (DDNA) and N-dodecylpicolinamide (DDPA). 
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Figure 3 shows the change of the position of the alkylamide group in the pyridine ring. Pyridine 
derivatives having an alkylamide group at the 2 position are weaker extractants than those with amide 
group in the position 3. It is probably caused by steric hindrance or/and formation of hydrogen bonds 
between nitrogen in pyridine ring and amide group. Figure 4 shows a spontaneous transfer of 
palladium(II) to the toluene phase without any phase mixing. 
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Figure 4 . A spontaneous transfer of palladium(II) to the toluene phase from aqueous 3 M HCI solution 
with N-dodecylnicotinamide (DDNA) and octadecylnicotinamide (ODNA). 

CONCLUSIONS 

Extraction of palladium (II) monoalkyl pyridinecarboxamides increases when the length of the 
alkyl group decreases. A higher extraction is observed for the derivative with the alkylamide group at 
position 3 in comparison to the derivative having the group at position 2. A spontaneous transfer of 
palladium (II) to the organic phase is observed. A replacement ofHCI with NaCI has only a small effect 
on the extraction of palladium (II) 

The complex with the molar ratio of extractant to palladium (II) equal to 2 : I is extracted. 
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ABSTRACT 

CLOUD POINT EXTRACTION OF GALLIUM(Ill) 

WITH NONIONIC SURF ACT ANTS FROM 
HYDROCHLORIC ACID MEDIA 
Shigendo Akita1

, Nobuhisa Hyodo2
, Norihiro Kobayashi2

, 

Susumu Nii2
, Katsuroku Takahashi2 and Hiroshi Takeuchi2 

1Nagoya Municipal Industrial Research Institute, Rokuban, 
Atsuta-ku, Nagoya 456-0058, Japan 
2Dept. of Chern. Eng., Nagoya University, Chikusa-ku, Nagoya 
464-8603, Japan 

An aqueous solution of polyethylene glycol-type nonionic surfactants becomes turbid at a particular temperature referred to 
as the cloud point, and exhibits spontaneous phase separation at higher temperatures. Cloud point extraction makes use of 
this phenomenon to effect separations. In the present study, we have investigated the cloud point extraction of gallium(III) 
from hydrochloric acid media using polyoxyethylene-nonyl-phenyl ether having an average chain length of 7. 5 ethylene 
oxide units (PONPE7.5). Phase separation of aqueous PONPE7.5 solutions occurs upon heating, and Ga(ill) has been 
successfully extracted into the small surfactant-rich phase produced without any additives such as extractants. An increase in 
HCl concentration gives rise to an improvement in the extraction, and the maximum concentration of Ga(III) in the 
surfactant-rich phase is obtained at 4 M HCI. The selective separation of Ga(III) from some heavy metals has been achieved 
due to the poorer extractions of the other metals. Back extraction of Ga(III) from the loaded surfactant-rich phase can be 
effected with dilute HCl solutions. 
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INTRODUCTION 

Many separation methods take advantage of the transfer or partitioning of solutes between two 
immiscible phases. Two immiscible aqueous phases can be created by using water-soluble surfactants 
or polymers, and these systems have recently attracted special attention in separations since they need 
no toxic and flammable organic solvents. An aqueous two-phase system is formed when two water
soluble polymers such as polyethylene glycol (PEG) and dextran are mixed at appropriate 
concentrations. These systems have been investigated mainly for the separation of biomaterials1.2. 
Cloud point extraction is another water-based separation method, which makes use of the coacervation 
characteristics of PEG-type nonionic surfactants. 

Nonionic surfactants containing ethylene oxide (EO) chains exhibit a change in water solubility 
upon temperature alteration; on heating, the aqueous surfactant solution becomes turbid at a well
defined temperature referred to as cloud point (CP). CP depends strongly on the hydrophilic-lipophilic 
balance (HLB) of the surfactant: the longer the surfactant EO unit, the higher the CP of its aqueous 
solution. Such a clouding phenomenon has been ascribed to the dehydration of EO chains at elevated 
temperatures. At a temperature above the CP, the aqueous solution spontaneously separates into a 
small surfactant-rich phase, which still contains a substantial amount of water, and a bulk aqueous 
phase. The two phases thus formed have distinct chemical and physical properties, and this phase 
separation provides the basis of CP extraction methods for the separation of organic and inorganic 
compounds from aqueous streams. Along with its intrinsic safety, CP extraction is considered to have 
several advantages, including cost saving resulting from a relatively small amount of surfactant 
required, the ability to concentrate a variety of solutes into the small surfactant-rich phase, and 
applicability to solvent-sensitive bioproducts. 

To date, CP extraction has been applied for separating organic and inorganic compounds in the 
field of analytical chemistry 3'

9 and biochemistry. 10
'
13 In our previous papers, 14

'
15 the CP extraction of 

aromatic compounds from aqueous media was investigated using polyoxyethylene nonyl phenyl 
ethers. We also found that gold(III) is effectively concentrated into the small surfactant-rich phase 
from hydrochloric acid solutions without any complexing agents16

'
17 in the same way as the solvent 
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extraction with the same surfactants. 18 In the present study, the technique is applied to the recovery of 
gallium(III) from hydrochloric acid media, and the effects of operating parameters on the CP 
extraction are elucidated. 

EXPERIMENTAL 

Polyoxyethylene-nonyl-phenyl ethers (PONPE) having an average ethylene oxide (EO) number 
of7.5 and 10 were obtained from Tokyo Kasei Kogyo Co., Ltd. and used with no further purification. 
The general formula of PONPEn is HO(CH2CH2)nC~C9H19, where n is the EO number. Metal stock 
solutions were prepared by dissolving an appropriate amount of each metal chloride in deionized 
water. All chemicals used were of reagent grade. 

A prescribed amount of PONPE and/or NaCl was combined with appropriate volumes of 
standardized HCl and metal stock solution, and diluted with deionized water to a final volume of 20 
cm3 A well-mixed aqueous feed contained in a 25 cm3 graduated glass tube was heated slowly in a 
thermostatted water bath, and the cloud point (CP) was recorded as a temperature at which the 
solution turned turbid. When the CP was lower than room temperature, the solution was first cooled to 
near the freezing point before heating. Subsequently, the solution was allowed to stand at a prescribed 
settling temperature (ST) for 12 hr to attain the phase separation, and the equilibrium volumes of the 
surfactant-rich and aqueous phases were determined. The metal concentration in the aqueous phase 
was measured by inductively coupled plasma spectroscopy (ICP), and that in the other phase was 
calculated on the basis of mass balance. The initial concentrations of the surfactant and metal were 2.5 
wt% and 100 ppm, respectively, unless otherwise stated. 
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RESULTS AND DISCUSSION 

Cloud Point and Phase Separation 

Figure 1 shows the relationship between the CP of aqueous PONPE solutions and HCl 
concentration, with and without a small amount of Ga(III) present. The CP rises monotonously with 
an increase in HCl concentration, viz. salting-in of the surfactant, thus, requiring a higher ST for 
attaining phase separation. On the other hand, the addition ofNaCl brings about a decrease in CP, viz. 
salting-out of the surfactant, due to competition for water of hydration between the electrolyte and the 
surfactant. Aqueous PONPE7.5 solutions yield much lower CP than those of PONPElO since the 
former surfactant has lower aqueous solubility, resulting from its lesser hydrophilicity. Thus, the 
PONPE7.5 system allows the CP extraction to apply to a more highly acidic solution or a lower ST; in 
fact, phase separation could be obtained at ambient temperature at HCl concentrations less than 2.5 M. 
The mixed surfactant system of PONPE7.5 and PONEPlO yields a single intermediate CP between 
those of individual surfactants rather than two discrete CPs, indicating the formation of mixed 
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micelles oftwo surfactants. 
In the presence of a small amount of Ga(III), a slight decrease in the CP is observed at HCl 

concentrations over 2.5 M. This decline in CP is more prominent for solutions with higher metal 
concentration, although the data are not shown here. It is thought that Ga(III) ion replaces the water 
associated with the surfactant EO chains at high acidities, and makes the surfactant micelles more 
hydrophobic. 

Figure 2 represents the effect of HCl concentration on the equilibrium volume ratio of the 
surfactant-rich phase to the total volume, Vs/(Vs+Vw) , where V stands for the volume and the 
subscripts s and w correspond to the surfactant-rich and bulk aqueous phases, respectively. In the 
present study, the apparent phase separation was completed within 40 minutes for all runs, and the 
surfactant-rich phase was formed as a lower phase. When the prescribed ST was sufficiently higher 
than the CP, favorable phase separation could be obtained from aqueous PONPE7.5 solutions. The 
volume of the surfactant-rich phase formed is as little as 20 % of that of the aqueous feed; thus, 
significant enrichment of target solutes can be expected in CP extraction. The volume ratio, however, 
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increases with increasing HCl concentration. Also, increased acidity leads to poor phase separation 
due to a too small difference between the CP and ST. On the other hand, adding NaCI or raising ST 
not only decreases the volume ratio, but also permits the phase separation from solutions with higher 
HCl concentration. 

Figure 3 shows the effect of feed PONPE7.5 concentration on the volume ratio of the 
surfactant-rich phase after the phase separation at 40°C, indicating a linear increase in the ratio with 
the feed concentration. The addition of NaCl and the rise in ST have the same effect on the volume 
ratio as seen in Fig. 2. The residual amount of surfactant in the bulk aqueous phase was found to be as 
small as its critical micelle concentration (CMC), 19 reagent loss is therefore not a serious problem in 
CP extraction . 

Cloud Point Extraction of Gallium(III) 

Nonionic surfactants posses a number of electron-donating oxygen atoms, and high affinity for Ga(III) 
might be expected in such the same manner as for Au(III).16

'
17 Typical results for the CP extraction of 

Ga(III) using PONPE7.5 are shown in Figure 4 as a plot of the distribution ratio, D, against HCl 
concentration. The distribution ratio is defined as D = Cs/Cw, where C denotes the concentration of 
metal. Although the salt concentration and ST were varied depending on the solution acidity to be 
treated, the extraction can be seen to improve with increasing HCl concentration, and almost complete 
extraction can be achieved. The volume of the surfactant-rich phase is so small that high concentration 
of the metal can be attained; the logarithmic ratio of over 2.5 was obtained at around 4 M HCI. 
However, a further increase in HCl concentration reduces the distribution ratio due to the poor phase 
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separation resulting from the CP rise. 
Thus, Ga(III) can be satisfactorily extracted into the surfactant-rich phase with no addition of 

any complexing agents into the system, and the surfactant-rich phase can function as a pseudo-organic 
phase for Ga(III) , much like conventional solvent extraction using solvating extractants . Since the 

metal is known to exist in the form of GaC4- in solutions with high chloride concentrations, the 
extraction might take place through the coordination of the surfactant EO unit to hydrogen 
tetrachlorogallate, HGaC4. 
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Table 1 Back extraction ofGa(III) from metal-loaded surfactant-rich phase 
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The effect of feed PONPE7.5 concentration on the distribution ratio of Ga(III) is shown in Figure 5. 
Although the distribution ratio (i .e. metal enrichment) does not improve much, the percent extraction 
increases with an increase in the surfactant concentration due to an increased volume of the surfactant
rich phase at high feed concentrations (see Figure 3). For extraction from 4 M HCl solution, there 
exists a maximum in the distribution ratio at about 2.0 wt% PONPE7.5 . This indicates that an excess 
of the surfactant would lower the concentration of target solute in the surfactant-rich phase, unlike 
solvent extraction where the extractant concentration has no effect on the volume ratio of the two 
phases . 

The back extraction of Ga(III) from the surfactant-rich phase was examined using deionized 
water and 0.5 M HCI solution as the stripping agent. The results are summarized in Table I. After 
forward CP extraction at 50 oc from 4 M HCI, the metal-loaded, surfactant-rich phase was separated 
from the aqueous phase and combined with a stripping solution to bring the total volume to 20 cm3 

Then, after mixing the solution was phase separated again at 30 oc. As expected from Figure 4, at low 
acid concentration, the metal can be transferred into the newly formed bulk aqueous solution, and 
percent stripping values as high as 90% are obtained, with a total recovery of around 80%. This 
procedure of back extraction, however, leads to dilution of the concentrated metal according to the 
volume ratio of the two phases, and direct burning of the loaded surfactant-rich phase might be a more 
suitable option, especially for valuable metals. 

Figure 6 shows the results for the separation of various metals from an aqueous multi-element 
solution via CP extraction with PONPE7.5 at 55°C. Values of log D for the other metals (Cu(Il), 
Zn(Il), Co(Il), Ni(Il) and Al(III)) are close to zero, regardless ofHCl concentration, and the separation 
of Ga(III) from these metals improves with increasing HCl concentration up to 5 M. The extraction of 
Fe(III), however, is similar to that of Ga(III), and as a result, their separation is poor. These results 
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indicate that in CP extraction the unexpected metals are partitioned equally between the two phases, 
not excluded from the surfactant-rich phase. This suggests that the efficiency of separation strongly 
depends on the phase ratio; thus, it is crucial to select operation conditions so as to yield the smallest 
surfactant-rich phase possible. In conclusion, CP extraction is thought to be superior in the enrichment 
of a target solute, but inferior in the separation, compared with solvent extraction. 
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ABSTRACT 

ADDITIVE TAILORING IN BIPHASIC SYSTEMS FOR AN 

ENZYMATIC CONDENSATION REACTION 
Raanan Dunowicz and Aharon M Eyal 
Casali Institute of Applied Chemistry. School of Applied Science 
and Technology. The Hebrew University of Jerusalem. Jerusalem 
91904, Israel 

The enzymatically catalysed reaction between dodecanol and glucose to form dodecylglucoside was studied. This reaction 
serves as a model for two phase reaction systems in which the reagents have very little mutual solubility. Typically, both the 
rate and the yield in such reactions are slow. Five solvents (additives) were tested for their effect on reaction equilibrium, 
butanone, butanedione, formamide, methylformamide and dimethylformamide. These additives were introduced in relatively 
small amounts, insufficient to combine the two phases into one. Butanone addition reduced the yield of the reaction, while 
the others increased it in the sequence: butanedione >> methylformamide > dimethylformamide >> formamide. Addition of 
butanedione to the reaction system, in an amount equal to about 15% of the total, resulted in 500% increase in the yield of 
dodecylglucoside formation. Analysing the effects of the various additives indicate that the most efficient ones are: a) 
lypophilic solvents of relatively high polarity, which increase the solubility of the product in the organic phase and b) 
hydrophilic solvents of relatively low polarity, which improve the solubility of dodecanol in the aqueous reaction medium. 

Keywords: biphasic reactions, enzymatic condensation reaction, alkylglucoside 

INTRODUCTION 

Reactions between reagents of low mutual miscibility present a great challenge, particularly 
where large volumes of a co-solvent need to be avoided (e.g. for product dilution reasons) or when the 
only suitable co-solvents are toxic. That is the case in manufacture of esters or ethers composed of a 
long chain lypophilic reagent and a low molecular weight hydrophilic reagent. The present work 
studied the reaction of dodecanol and glucose to form dodecyl glucoside. 

In the absence of catalyst, the reaction is very slow due to the low mutual solubilities of the 
reagents and due to the formation of by-product water, which tends to push the reaction backwards. A 
strong acid catalyst and elevated temperature increase the rate, but result in uncontrolled reactions in 
which colored and other undesired products are formed. Enzymatic catalysis was studied for such 
systems. 

While accelerating the reaction, enzymes do not solve the problem of low yields, imposed 
mainly by low activity of reagents and high activity of the products in the equilibrium reaction phase. 
The yield of the reaction can be improved by transfer of the product to another phase.1

·
2
•
3 Thus, in case 

of single phase reaction, adding an immiscible liquid, which is a good solvent for the product, results 
in better conversions. In two-phase systems, like the one tested in the present work, improvement 
might be achieved by increasing the volume of the phase, which is preferred by the product (provided 
that there is no interference with other parameters) . The product concentration in that phase could still 
be low and recovery could be expensive. 

The purpose of the present work is to study improvement in the yield of the two-phase 
reaction by affecting the equilibrium of the reaction. Several researchers studied addition of a co
solvent in amounts sufficient to combine the two phases into one.4•

5 In some cases this route was 
successful in increasing the yield, but diluted the product and complicated its recovery. We studied the 
addition of solvents (referred to in the following as additives) in relatively small amounts. The 
additives distribute between the two phases, but do not combine them into one. The additives used in 
the present phase of the study were butanone, butanedione, formarnide, methylformamide and 
dimethylformamide. They were selected for their polarity and H-bond formation capability, which are 
in the range between those of the main solvents, water and dodecanol. 

These additives may affect the kinetics of the reaction both through the activity of the reagents 
and the products and through the effect on enzyme activity. Yet, while most previous studies dealt 
with kinetics, the main focus of the present work is shifting the equilibrium in the direction of higher 
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conversion into dodecylglucoside (DoG). Equilibrium data is more easily obtained by working in the 
opposite direction, i.e. hydrolysis of DoG. The experiments were therefore conducted in systems 
comprising two phases, dodecanol and an aqueous solution containing buffer and glucose. 
Dodecylglucoside, additive (except for the blank trials) and enzyme were added. After equilibrium 
was reached, the two phases were analysed for their DoG content. As equilibrium does not depend on 
the direction of the reaction and in order to avoid confusion, dodecanol and glucose are termed 
reagents and water and DoG are termed products according to the intended manufacture. 

EXPERIMENTAL 

Materials 

Dodecyl alcohol (DodOH) (99%), n-dodecyl 13-D-glucopyranoside (DoG) (98%), 2,3-butanedione 
(BD), potassium dihydrogen phosphate (99%), di-sodium hydrogen phosphate and the enzyme, 13-
Glucosidase E.C. 3.2.1.21 were all obtained from Sigma. D(+)-Glucose anhydrous (Gic.) (99.9%) and 
N-methylformamide (MF) (99%) were from Merck, butanone (B) (Chem.Pure.) and N,N
dimethylformamide (DMF) 99% from Riedel-deHaen, formamide (F) 98.5% from BDH, water 
column deionized 

Methods 

348.6 mg DodOH, 1.4 mg DoG 1.4mg, 343 .6 mg phosphate buffer (pH= 5 0.1 mol/dm\ 
42 .23 mg Glc 43.23 additive and 40u 13-Glucosidase were introduced into microtube plastic vial of 2 
cm3 capacity, 3 glass beads were added to each microtube and shaken at 200 strokes per minute in a 
linear shaking bath (GFL) at 35°C. Several trials were made with different amounts of each additive 
added. Each experiment was repeated at least twice. In one of these vials the reaction was terminated 
approximately after 100 hours. 5-lOu enzyme was added to the other vial, which was shaked for an 
additional I 00 hours. In all the experiments the second addition of enzyme had less than 10% effect on 
the results, indicating that equilibrium was reached in the first 100 hours. Blank trials were conducted 
in a similar way except for no addition of an additive. These blank test were conducted with each 
additive and amount in order to avoid possible errors due to changes in parameters, such as the 
calibration of the analytical systems. 

The vials were centrifuged and samples were taken for DoG analysis by HPLC: Column RP-
18e Merck, MeOH:H20 85:15, 0.4 cm3/min. , 35°C, detector Rl71 (Merck) . No DoG was found in the 
aqueous phase. 

The vials used for the enzymatic reaction were too small to detect changes in phase amounts 
on addition of the tested additives. The change in the amount of the phases (containing most of the 
product) was determined for each trial by introducing into a test tube all the components (except for 
the enzyme) at ten times the above-listed amounts, equilibrating at 35°C, phase separation and 
weighing. 

RESULTS AND DISCUSSION 

Figure 1 presents the effect of butanone and butanedione content on the organic phase 
concentration of DoG in equilibrium. Comparison to the blank (percentage) is shown too. Equilibrium 
DoG concentrations in the case of butanone are lower than those in the blank. This trend increases 
slightly on further addition of butanone, indicating that that additve shifts the equilibrium towards 
formation of dodecanol and water - the products in the intended reaction. An opposite effect is found 
for butanedione addition. The concentration of DoG increases nearly linearly with the content of this 
additive reaching four times the blank concentrations on addition of modest amounts of additive. 
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Figure 1 Additive effect on 13-Dodecylglucoside concentration 

Table I summarizes the data for the five additives in terms of DoG concentrations in the organic 
phase (additive trial, blank and the ratio between the two), changes in the amount of the organic phase 
and yield gain (taking into consideration changes in both concentration and volume of the organic 
phase). 

[DoG] org phase [DoG] [DoG] ratio Yield 
Additive change blank add I blank gain 

mg mg/g % mg/g mg/mg % 
Butanone 100 0.41 22 .6 0.59 0.69 -15 
Butanone 200 0.32 45 .2 0.59 0.54 -21 
2,3-Butanedione 50 0.77 16.0 0.47 1.64 90 
2,3-Butanedione 150 1.92 48.0 0.47 4.09 505 
Formamide 100 0.68 4 0.65 1.05 9 
Formamide 300 1.6 4 0.65 2.46 156 
Formam ide 600 2.8 4 0.65 4.31 348 
m-Formamide 100 0.83 5 0.65 1.28 34 
m-Formamide 150 1.13 7 0.65 1.74 86 
m-Formamide 200 2.5 9 0.65 3.85 319 
DMF 100 0.87 6 0.67 1.30 38 
DMF ISO 1.08 12 0.67 1.61 81 
DMF 200 1.8 18 0.67 2.69 217 

Table 1 Effects of additive on equilibrium concentration of dodecylglucoside, on the amount of the 
organic phase concentration and on the overall yield. 

Out of the five additives used here, one reduced the yield slightly, while the others increased it 
significantly. In cases of butanone (B) and butanedione (BD) there is a significant increase in the 
amount of the organic phase - the phase that the product prefers . In case of BD that increase 
contributed to the increase in the yield. 

Yet, we are mainly interested in the effect on the equilibrium of the reaction, which is better 
seen by comparing the product concentration in the additive containing trial to its concentration in the 
blank. Based on this parameter for similar weight additions, the improvement related to the additives 
follows the sequence: BD >> methylformamide (MF) > dimethylformamide (DMF) >> formamide (F) 
>> B. 
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The effect of the additive is analyzed in the following based on their effects on the activity of 
the reagents and the products of the condensation reaction. Increasing the activity of the reagents 
(dodecanol and glucose) in the reaction medium and decreasing that of the products (water and 
dodecyl glucoside) is expected to shift equilibrium to the product side. The analysis uses the following 
observations and assumptions: 
1. The non -enzymatic reaction is much slower than the enzymatically catalyzed one and is therefore 

negligable. 
2. The enzymatically catalyzed reaction takes place in the aqueous phase. 
3. Glucose (Glc) hardly transfers into the organic phase. 
4. Dodecanol (DodOH) concentration in the aqueous phase is low. 
5. Dodecylglucoside (DoG) strongly prefers the organic phase. 
6. The data in Table 1 presents equilibrium concentrations. 

Let us now analyze the effects of the additives on the activities of the reagents and products in the 
reaction medium: 
a. Glc activity in the reaction phase (aqueous) is high and does not present a limiting factor. Our 

assumption is that it stays so with the tested additive and their tested amounts. 
b. Additives that distribute mostly into the organic phase dilute the DodOH there, and decrease its 

activity in both phases. Additives that prefer the aqueous phase and reduce its polarity may 
increase the activity of DodOH there. Based on that consideration, shifting the reaction towards 
the product side would follow the sequence: DMF > MF > F >>Band BD. 

c. Water activity in the reaction phase is not affected significantly by lypophilic additives that 
distribute mostly into the organic phase. Hydrophilic additives that dissolve in the aqueous phase, 
dilute it and interact with the water molecules, would reduce water activity there and shift the 
equilibrium to the product side. Based on that consideration, the sequence would be F > MF > 
DMF »Band BD. 

d. Assuming that DoG activity in the reaction phase is equivalent to that in the organic phase, 
additives which prefer the organic phase and increase its polarity are expected to shift the 
equilibrium to the product side. Based on that consideration, the sequence would be BD > B >> 
DMF, MF and F. 

As suggested above, glucose activity does not seem to be a limiting parameter, but the 
thermodynamic data we have is not sufficient for determining the relative contribution of the other 
parameters. Some indication is obtained from the experimentally found sequence of additives 
contribution to shifting the equilibrium to the products side: BD >> methylformamide (MF) > 
dimethylformamide (DMF) » formamide (F) » B. 

The fact that the greatest contribution comes from botanedione indicates that transfer of 
dodecyl glucoside to the organic phase was very important. The finding that formamide had less effect 
than methylformamide and dimethylformamide indicates that increasing the concentration of the 
dodecanol in the reaction phase was somewhat more important than reducing water activity there. This 
finding does not support the suggestions in most previous publications that water activity is the most 
important parameter. 

Our results indicate that most efficient additives are either lypophilic enough to prefer the 
organic phase, but increase its polarity or hydrophilic enough to prefer the aqueous phase, but reduce 
its polarity. 

Table 2 and Figure 2 present the additives tested here, as well as water, dodecanol and 
glucose, according to the H-bond and polarity elements of their solubility parameter. It shows that the 
additives which contributed most to shifting the equilibrium (BD, MF and DMF) have solubility 
parameters, which are about half the way between those of water and dodecanol. The contribution 
decreases on further increasing of the protic/polarity contribution (going from methylformamide to 
formamide) or on decreasing it from that ofbutanedione to that ofbutanone. 
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8 Glucose 13.2 13 .5 21.2 28.3 0 
0 10 20 30 40 50 

Table 2Solubility Parameter 8/MPa112 dh 

Figure 2 Solubility Parameter by Hansen6 

As shown in Figure 2, the most efficient additives are quite similar in solubility parameter 
(and therefore probably have good mutual solubility), but are different enough to strongly prefer one 
of the phases . Is there a compound that would distribute more evenly between the phases, and play 
both the role of increasing the polarity of the organic phase and decreasing that of the aqueous one? 
This possibility should not be ruled out and such compound might be found among the other additives 
under study. One has, however to keep in mind that additive with good solubility in both phases would 
increase the mutual miscibility of the main solvents, water and dodecanol. This could have negative 
effects, e.g. increasing product (DoG) concentration in the reaction phase, which may shift he 
equilibrium backwards and interfer with its recovery 

In summary, our work shows that relatively small amounts of suitable additives shift the 
reaction equilibrium to the product side. Thus, addition of butanedione to the reaction system, in an 
amount equal to about !5% of the total, resulted in 500% increase in the yield of dodecylglucoside 
formation . Analysis of the results pointer out the properties of desired additives. Further work is 
planned for optimization of additives selection. 
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ABSTRACT 

LIX®-7800 SERIES: A NEW REAGENT FAMILY FOR 

REVERSIBLY EXTRACTING ANIONS FROM 

ALKALINE SOLUTIONS 

Phillip Mattison, Henkel Corporation, 300 Brookside Ave, 
Ambler, PA, USA 
Michael Virnig, Henkel Corporation, 2430 N. Huachuca Dr., 
Tucson, AZ, USA 

The combination of a weak acid such as nonylphenol with a quaternary ammonium salt provides a new method for solvent 
extraction of anions from alkaline solutions, while allowing stripping with strong alkali. 

Keywords: anion extraction (cyanides), alkaline solutions, nonyl phenol, quaternary ammonium salt, 

INTRODUCTION 

The reversible solvent extraction of anions from alkaline solutions has long been a difficult 
challenge. Quaternary amines are very capable of extracting anions from either acidic or alkaline 
solutions, but the anion cannot be stripped by varying the pH. The extracted anion must be displaced 
from the quaternary cation by another anion, either one which is preferred in the organic phase or which 
is at much higher concentration. In the area of aurocyanide extraction, this means that the preferred 
zinc tetracyanide anion is used to crowd off the gold, and then acid is used to decompose the zinc 
tetracyanide, capturing the liberated hydrogen cyanide with caustic scrubbing. The resulting quaternary 
salt is then returned to extraction. This process is not only cumbersome, but it raises concerns 
regarding process hazards. 

Amines have low effectiveness because they are protonated under acidic conditions to give an 
extracting cation, but are deprotonated under even mildly alkaline conditions. 

The development in recent years of the guanidine functionality as an extractant1
•
2 has allowed the 

extraction of anions up to an aqueous pH of 12 or more, but the extraction was reversed with strongly 
basic solutions of pH 13 .5 or higher. This is due to the high basicity of the guanidine functionality, 
which has a pKb of 12 to 13 . The first introduction of this functionality was as the AURIXTM 100 ion 
exchange resin, suited especially for extraction of gold from cyanide leach solutions. The second 
product was LIX® 79, a formulation of a tri-alkyl substituted guanidine in kerosene3 

RESULTS AND DISCUSSION 

LIX® -7820, previously designated XI-78, now presents an alternative, less expensive solvent 
extraction system based on a formulation of a quaternary ammonium compound and an organic-soluble 
weak acid such as an alkylphenol. In this system, the alkylphenol is used to effectively render the 
quaternary ammonium cation pH-dependent. Under extraction conditions of around pH 12 or below, 
the alkylphenol is protonated and the quaternary ammonium compound extracts an anion from the 
aqueous phase. But under more highly alkaline strip conditions, the alkylphenol becomes anionic, forms 
an ion pair with the quaternary ammonium cation, and consequently expels the extracted anion to the 
aqueous phase. Thus if Q+ is the quaternary ammonium cation, HP is the protonated form of the 
alkyl phenol, and X is the extracted anion, the reaction can be described as follows: 
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extraction stripping 

Other weakly acidic materials can be used in place of nonylphenol as long as they have high 
organic solubility and low water solubility. A number of such possibilities are described in Henkel's 
patent on the subject, US 5,158,603 . In most applications, however, nonylphenol is a good match for 
the desired pH range. 

Thus one is able to generate pH isotherms for various anions. In the following experiments, the 
organic phase was formulated to contain 0.05 molar Aliquat 336 (methyl-triC8.1oammonium chloride) 
and 0 . I OM nonylphenol in Conoco 170E, a low-aromatic kerosene. Both of these components have 
very low water solubility. Organic phase was first washed with 0.5M sodium hydroxide solution to 
convert the nonylphenol to its phenoxide and displace chloride from the organic. The resulting organic 
was shaken with an aqueous solution containing a complex metal cyanide of interest, pre-adjusting the 
initial pH using either sodium hydroxide or sodium bicarbonate. The initial solutions contained an 
amount of metal related to the expected anionic charge, and added cyanide to give the indicated ratio of 
equivalents of total cyanide to equivalents of metal. 

Metal Au+ Art Cu+ zn++ Co++ Hg+ 

Metal cone. , millimolar 2.5 2.5 2.5 1.25 1.25 1.25 
Eq. CN-/Eq. Metal 3.5 4.6 4.6 7.2 7.2 7.2 

The equilibrium pH after extraction was determined, and the aqueous phase analyzed for remaining 
metal level. Results for several metals are shown in Figure I. 

Figure 1 
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Values for the pH112 of each metal, i.e., the pH at which half of the metal is extracted, are given in 
Table I for both LIX® 7820 and for LIX® 79, a tri-alkylguanidine solvent extraction reagent. 
Table 1. Values of pH112 for LIX® 7820 and LIX®79 

Metal Au Ag Cu Co Hg Zn 
XI-78 12.6 10.8 10.7 12.8 12 .9 12.3 
LIX®79 12.0 10.7 10.4 11.8 ** 11.5 
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The extraction behavior of these two reagents differs in two ways: 

Figure 2a 

Figure 2b 

(1) LIX®7820 is a somewhat stronger extractant than LIX®79, requiring somewhat higher 
hydroxide concentrations for effective stripping. 

(2) In most cases, the LIX®79 isotherms tend to be more "S" shaped, while the LIX® 7820 
curves are more gradually sloped. 
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Interestingly, the value of the pH112 for a given anion is dependent on the ratio of quaternary 
ammonium compound to alkylphenol. Figures 2a and 2b show the effect of varying the ratio from 111.5 
to 112.5 on the pH isotherms ofzinc and nickel. 

The pH isotherms of gold, silver and copper were determined at quaternary ammonium 
to alkylphenol ratios of 111.25 and 1/2.0; values are in Table 2. 

Table 2. pH1,2 Values for G ld S'l d C 0 , 1 ver an opper 

Quat/Phenol Ratio 111.25 112.0 

Gold 13.5 12.1 

Silver 12.3 11.5 
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I Copper 11.5 11.1 

This sensitivity of pH112 to nonylphenol concentration suggests that there is a strong role for 
solvation of the quat-phenoxide ion pair, with phenolic concentrations above stoichiometric serving to 
stabilize the ionized phenoxide. Thus the extraction and stripping behavior can be fine-tuned by varying 
the ratio of nonylphenol to quaternary cation. Interestingly, the addition of tridecanol has virtually no 
effect on the pH112• Apparently the solvating species must be acidic enough to share a proton with the 
phenoxide anion; simple hydrogen bonding is not sufficient. Consistent with this point is the 
observation that when phenols are solvent-extracted by a quaternary ammonium extractant, the ratio of 
phenol to quat rises to 3 to 1. 

The alkylphenol component must not be so hindered that it cannot participate via solvation. 
Figure 3 shows the pH isotherms of organic phases containing 0.05M Aliquat 336 and O.lOM of either 
nonylphenol or 2,4-di-tert-amylphenol. The aqueous phase contained 0.0025M CuCN plus 0,006M 
additional CN-. 

Figure 3 
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In this case, the hindered phenol is unable to approach a phenoxide ion close enough to provide 
solvation, so that deprotonation (and consequent anion displacement) does not begin to take place until 
very high pH values. 

To predict extraction behavior in a continuous system, McCabe-Thiele isotherms were generated 
with gold for LIX® 79 and LIX® 7820. The starting aqueous feed solution contained 1120 mg!L of 
gold as aurocyanide at pH 9.8; the organic phases contained 0.005M Aliquat 336 and O.OIOM 
nonylphenol, and LIX® 79 at 0.005M guanidine. Solutions were contacted at varying phase ratios, and 
the aqueous phases analyzed. The equilibrium pH values varied from 10.3 to 11.4. The isotherms are 
shown in Figure 4. 

This implies that a LIX® 7820 operating circuit would have to run with a higher concentration of 
active reagent than a LIX® 79 circuit to obtain similar extraction results. A separate study of the 
extraction of copper from a gold cyanide leach raffinate indicates that a system for recovery of copper 
and its associated cyanide is feasible 4 
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Figure 4 

Gold Extraction Isotherms - UX 79 & LIX 7820 
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ABSTRACT 

ADVANCES IN GOLD(III)-CHLORIDE SOL VENT 

EXTRACTION USING NEUTRAL 0RGANO

PHOSPHOROUS DERIVATIVES. ESTIMATION OF 
AuCI4--H+ INTERACTION COEFFICIENTS 
AM Sastre1 and FJ Alguaci 
1 Department of Chemical Engineering. Universitat Politecnica de 
Catalunya. ETSEIB, Diagonal647. E-08028 Barcelona. Spain. 
2 Centro Nacional de Investigaciones Metalurgicas (CSIC). Avda. 
Gregorio del Amo 8. Ciudad Universitaria. 28040 Madrid. Spain. 

The extraction of gold(ill) from hydrochloric acid media by a series of novel extractants dissolved in various diluents had been 
studied. The reagents are neutral organophosphorous extractants such as phosphine oxides (Cyanex 92 I, Cyanex 923 and Cyanex 
925) and phospholene derivatives (DMPL, EHMPL and NMPL), whereas the diluents have different nature. The distribution of 
gold has been studied under different variables: equilibration time, temperature, ionic strength, metal and extractant concentrations, 
etc. The experimental data were treated numerically in order to defme the extracted species for each system. The experimental and 
numerical data were also used to estimate the interaction coefficient in the aqueous solution between AuCl4• and H' using the 
Specific Interaction Theory. Furthermore, experimental data on the extraction of HCl by these phosphorous derivatives were also 
presented. 

Keywords: gold, chloride, Cyanex 921, Cyanex 923, Cyanex 925, phospholene derivatives. 

INTRODUCTION 

The traditional route for the extraction and separation of precious metals consists of a series of 
selective dissolution-conditionin? and precipitation steps that are generally inefficient in terms of the degree of 
separation that can be achieved. Solvent extraction is an alternative procedure for separation and purification 
of these metals and particularly gold(III). Since AuC14- is normally found in these aqueous solutions, either 
basic or neutral extractants seem to be suitable for its extraction.2-4 

In the present study the application possibilities have been evaluated and compared for various 
solvation extractants such as phosphine oxides and phospholene derivatives in the extraction of gold(III) from 
tetrachloroaurate solutions; the extraction mechanism are also defined in order to increase the knowledge of 
these lesser known extraction systems. Results on HCl extraction were also presented. 

EXPERIMENTAL 

The extractants used were obtained from CYrEC Inc. (phosphine oxides) and Bayer Leverkusen 
(phospholene derivatives) and were used as obtained from the manufacturers The general characteristics of the 
reagents are summarized in Table 1. 

Recently, it was stated5 that the compositions ofCyanex 923 and Cyanex 925 are more complex than 
that reported in previous literature.6 All other chemicals were of AR grade. 
Extractions were accomplished by mechanical shaking of equal volumes of organic and aqueous solutions in 
separatory funnels therrnostatted at the required temperature. Gold was determined by AAS, whereas 
hydrochloric acid concentration was determined by titration with standard sodium hydroxide solutions using 
Bromothymol Blue as indicator. Respective concentrations in the equilibrated organic (Au) and aqueous 
(HCl) phases was calculated by mass balance. 
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Table 1 General characteristics data for phosphines oxides and phospholene derivatives 

Name Type Composition 

Cyanex 921 phosphine oxide tri-n-octyl phosphine oxide 

Cyanex 923 phosphine oxide mixture of phosphine oxides 

Cyanex 925 phosphine oxide mixture of phosphine oxides 

DMPL phospholene derivative 1-(dodecyloxy)-3-methyl-l-oxo-63
-

phospho len 

EHMPL phospholene derivative 1-(2-ethylhexyloxy)-3-methyl-1-oxo-63
-

phospho len 

NMPL phospholene derivative 1-(2,6-dirnethylhept-4-yloxy)-3-methyl-1-
oxo-63 -phospholen 

RESULTS AND DISCUSSION 

Hydrochloric acid extraction 

Neutral reagents extract HCl from aqueous solutions, the extraction can be represented by the general 
reaction: 

where L stands for the corresponding reagent. From the experimental data, the extraction constants (log B) for 
the extraction of HCl using these solvation extractants were calculated using the program LET AGROP
DISTR (7), some of the results are summarized in Table 2 

Table 2 Log B values for the extraction ofHCl 

Reagent [HCl]init, mol/L Diluent IogB 

Cyanex 925 1.0 xylene -0.99 

Cyanex 923 1.0 n-decane -0.93 

Cyanex 921 1.0 xylene -0.89 

DMPL 1.0 kerosene -0.84 

DMPL 1.0 cumene -0.59 

NMPL 1.0 cumene -0.54 

In the range of extractants concentrations from 0.01 to 0.8 mol/L the apparent extraction order for HCl is: 
Cyanex 921 > NMPL > EHMPL = DMPL > Cyanex 923 = Cyanex 925. 

Gold extraction 

To study the influence of equilibration time on gold extraction, experiments were carried out using 
different extractant (0.91 mM Cyanex 925 in xylene or 0.1 mol/L DMPL in cumene) and gold concentrations 
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(0 .05 mM Au in 1 moVL HCl media (Cyanex 925) or 0.14 mM Au in 1 moVL HCI media (DMPL)); the 
agitation time was varied from 1 to 60 min. The results obtained show that, under the experimental conditions 
used, the extraction is slightly dependent upon the agitation time and extraction equilibrium is nearly achieved 
within 5 min (phospholene derivatives) or 1 min of contact (phosphine oxides). 

The influence of temperature was also studied using organic phases of the phosphine oxides and gold 
solutions in 6 moVL HCI media. The increase of temperature decreases gold extraction. Table 3 shows the 
values of the change of enthalpy for these systems. The reactions are exothermic. 

Table 3 Values of tJ-f" for the extraction of gold by phosphine oxides 

Reagent Diluent 

Cyanex 921 xylene 

Cyanex 923 n-decane 

Cyanex 925 xylene 

J 
< 
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Figure 1.-The influence of Cyanex 
concentration on gold extraction. 
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Figure 2.-The influence of metal concentration on 
gold extraction. 

The effect of changing the extractant concentration on gold extraction was studied using aqueous 
solutions which contained 0.25 mM gold at various HCI concentrations and organic solutions of different 
Cyanex 921 concentrations in xylene. The results of these experiments (figure!) shows that at all acidic 
concentrations there is an increase in gold extraction as the initial extractant concentration is increased, 
maximum metal extraction is achieved in the range 5-7 moVL HCL 

The effect of changing the initial metal concentration (0.06 to 0.24mM) on gold extraction was 
studied using organic phases ofNMPL in cumene. Averaging results, obtained on three gold concentrations at 
1.0 moVL HCl, are shown in figure 2. The independence of Jog DAu with metal concentration suggest that 
metal polynuclear species were not formed in the extraction reaction. 
The extraction of gold from acidic tetrachloroaurate solutions by solvation extractants can be represented by 
the general equation: 

• T.,+ ~ pL(org) + AuC~ + n (aq) HAuC~J4ag) 

Experimental results were treated numerically, using the same program as mentioned above, in order to define 
the stoichiometry of the extracted species and their equilibrium constants. Table 4 summarizes the results 
obtained. 
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Table 4 Species for gold extraction by solvation extractants 

Extractant HCI,moi!L p log Kext 

Cyanex 921 1 1.0 2 6.78 

Cyanex 923 1.0 2 6.71 

Cyanex 925 1.0 2 7.87 

DMPL 1.0 1 1.11 MAX 1.32 
2 3.06 

EHMPL 1.0 1 1.28 
2 2.74 

NMPL 1.0 I 0.68 
2 2.19 

1 Species with p= I only is fonned from HCI concentrations of 3 mol/L 

Results obtained shows that the composition of extracted species are independent of I (HCI concentration), 
however, the value of the extraction constant depends on ionic strength. The variation in the extraction 

logy,=- zr D(I) + LE(i,k) mk 

constant with I can be correlated using the SIT. 8 In this approach the activity coefficient of an anion of 
charge z in a solution of strength I can be expressed as: 
where D(I) is the Debye-Hiickel term in the molality scale and E is the interaction coefficient. It can be 
correlated the experimental results with the above expression, and the values of E (AuCI4-,H+) can be estimated, 
results were summarized in Table 5. 

Table 5 Values of estimated interaction coefficients for (AuCLI,W) 

Extractant Species Interaction coefficient 

Cyanex 921 HAuCLJ- 0.23 
HAuChl-2 0.25 

Cyanex 923 HAuCLtL2 0.23 

Cyanex 925 HAuChl-2 0.28 

DMPL HAuCLtL 0.26 
HAuChl-2 0.28 

EHMPL HAuCLJ- 0.28 
HAuChl-2 0.28 

NMPL HAuClJ.., 0.28 
HAuChl-2 0.28 

From experimental data the extractability order for gold from HCI media can be deduced using these solvation 
extractants at reagent concentrations higher than 0.01 moi!L is: Cyanex 925 > Cyanex 923 > Cyanex 921 >> 
EHMPL = DMPL > NMPL. 
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ABSTRACT 

SOL VENT EXTRACTION OF GALLIUM(III) WITH 

NONIONIC SURFACTANTS FROM HYDROCHLORIC 

ACID MEDIA 
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The solvent extraction of Ga(ill) from hydrochloric acid solutions using a nonionic surfactant having an average chain length 
of 10 ethylene oxide units (polyoxyethylene nonyl phenyl ether, PONPEIO) as an extractant is described. Gallium(ill) is 
successfully extracted into a chloroform solution of the surfactant; the extraction improves with an increase in HCI 
concentration and nearly complete extraction can be achieved from > 6M HCl solutions. The extraction efficiency increases 
with an increase in the ethylene oxide number of the surfactant, and varies with diluent in the order: chloroform < 
dichloromethane < dichloroethane. It has been found that the extraction takes place through the coordination of one 
surfactant molecule to one hydrogen tetrachlorogallate with all combinations of surfactant and diluent. The selective 
separation of Ga(ill) from some heavy metals has been demonstrated, as has back extraction from the metal-loaded solvents 
with a dilute HCI solution. 

Keywords: nonionic surfactant, polyoxyethylene nonyl phenyl ether, gallium(ill), hydrochloric acid, mechanism of 
extraction 

INTRODUCTION 

A long-range strategy for securing a stable supply of gallium is a matter of great importance 
because of the increasing demand for the metal, especially in the field of electronics. Profitable 
gallium ores are very rare, and much attention has been paid to the recovery of gallium from 
secondary sources such as waste residues from the hydrometallurgical processing of aluminum or 
zinc . Solvent extraction is one of the most promising methods for recovering gallium from dilute 
streams, and has been investigated with various kinds of extractants, including high molecular weight 

amines, I ,2 organophosphorus compounds, l ,3 P-diketones4 and ketones5 for extraction from acid 

solutions, and hydroxyquinolines6, 7 for extraction from alkaline solutions. 
Polyethylene glycol-type nonionic surfactants have a number of electron-donating oxygen 

atom in their ethylene oxide chains, and are thus expected to form complexes with various solutes 

including metal ions,8 in the same manner as solvating extractants (e.g. methyl isobutyl ketone 
(MIBK) or macrocyclic polyethers, viz. crown ethers). Several studies have been described on the 

solvent extraction of alkaline earth metals9-ll and heavy metaJsl2-13 using nonionic surfactants as 

the extractant. In a previous paper, 14 we demonstrated the solvent extraction of Au(III) from 
hydrochloric acid media using nonionic surfactants in chlorinated organic solvents. In the present 
study, the solvent extraction of gallium from hydrochloric acid solutions is investigated using the 
same nonionic surfactants in three chlorinated organic solvents, and the extraction mechanism is 
proposed. 

EXPERIMENTAL 

Nonionic surfactants, polyoxyethylene nonyl phenyl ethers (PONPE or P) with an average ethylene 
oxide (EO) unit of 7.5, 10 and 20, were obtained from Tokyo Kasei Kogyo Co., and used without 
further purification. The general formula of PONPEn is HO(CH2CH20)C9H19, where n is the EO 
number. As a diluent for the surfactants, three chlorinated organic solvents, chloroform (CHC13), 

dichloromethane (CH2Ch) and 1,2-dichloroethane (ClCH2CH2Cl) were selected. Aqueous stock 
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solutions of metal were prepared by dissolving an appropriate amount of each metal chloride in a 
hydrochloric acid solution. All chemicals used were of reagent grade. 

In the equilibrium extraction study, equal volumes (10 cm3
) of aqueous and organic phases 

placed in a 50 cm3 glass stoppered flask were shaken for 1 hr using a mechanical shaker. The initial 
concentrations of the surfactant and metal were set to be 0.05 M and 100 ppm, unless otherwise 
indicated. After equilibration, the metal concentration in the aqueous phase was assayed by 
inductively coupled plasma spectroscopy (ICP), and that in the organic phase was calculated from the 
mass balance. The amount of the dissolved surfactant in the aqueous phase from the organic phase 
were determined by UV spectrophotometry at 277 nm, while the water content of the organic phase 
was determined using Karl Fischer Reagent SS (Mitsubishi Chemicals Co.) 

RESULTS AND DISCUSSION 

Figure I shows typical results for the solvent extraction of Ga(III) with several combinations of 
surfactant and diluent, plotted as the percent extraction against the equilibrium HCI concentration. The 
percent extraction, E, is defined as: 

E = 100 (1 - [M] I [M]O) (1) 

where [M] and [M]o denote the equilibrium and initial concentrations of metal in the aqueous phase, 
respectively. It should be noted that all of the surfactants used in this study dissolved readily in the 
three chlorinated solvents, and phase separation from aqueous HCI solutions could be obtained with 
little foaming and emulsification. The extraction improves with increasing HCI concentration, and 
complete extraction can be achieved at high acidities for all systems. Low values of the percent 
extraction at low acidities indicate that back extraction of Ga(III) using dilute HCI solutions will be 
highly efficient. 
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Figure I Effect of HCJ concentration on percent extraction 
of Ga(III) w ith a variety of surfactant and dilu ent. 

Figure 2 shows the effect of the initial PONPE concentration on the percent extraction of 
Ga(III). No increase in the solution viscosity was observed within the concentration range studied. As 
would be expected, the percent extraction increases as the surfactant concentration increases . The 
percent extraction also increases with an increase in the EO number of PONPE, i.e. the extractability 
of surfactant was found to be PONPE7.5 < PONPE10 < PONPE20. This implies that the interaction 
between the metal and electron-donating oxygen in the surfactant EO chains plays an important role in 
the extraction. 

As the diluent for PONPEs, both dichloromethane and 1,2-dichloroethane not only yield much 
higher Ga(III) extraction, but also allow the extraction from lower acid concentrations than 
chloroform does . Thus, the extraction improves with increasing the dielectric constant of the diluents. 
The same sequence of extractability, CHCb < CH2Ch < CH2CICH2Cl, was observed previously in the 
extraction of Au(III) using the same nonionic surfactant. 14 Unfortunately, the use of other solvents 
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such as carbon tetrachloride and kerosene, however, resulted in incomplete phase separation. 
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Figure 2 Effect of PONPE concentration on percent extraction 
of G a( III) with a variety of surfactant and diluent. 

Figure 3 shows the effect of hydrogen ion concentration on the distribution ratio of Ga(III), 
defined as : 

D = [M]org I [M] (2) 

where the subscript "org" denotes the organic phase. The extraction was carried out from mixed 
solutions of hydrochloric acid and sodium chloride at a constant chloride ion concentration of 4.5 M. 
Straight lines of slope I are obtained for all combinations of surfactant and diluent. Given the 
existence of GaCI4- in solutions at high chloride concentration, 15 the extraction probably takes place 
through the coordination of the neutral solvating extractant, PONPE, to hydrogen tetrachlorogallate, 
HGaC4, like that in the solvent extraction ofGa(III) with MIBK.5 
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Figure 3 Relationship between hydrogen ion concentration 
and distribution ratio of Ga(III). 

Figure 4 shows the relationship between the surfactant concentration in the organic phase and 
the distribution ratio of Ga(III) at a constant HCl concentration. The experimental data give straight 
lines with a slope of 1, indicating that the complex formation between one molecule of Ga(III) and 
one PONPE occurs in the organic phase. From the above results, we can derive the following 
stoichiometry for the extraction of Ga(III) from HCI solutions with PONPEs in the three chlorinated 
organic solvents, in the same manner as for Au(III) extraction.14 

GaC14- + H+ +PONPEorg = HGaC14PONPEorg (3) 
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Figure 4 Relationship between PONPE concentration and 
distribution ratio of G a (III) . 

An experiment on the extraction of heavy metals from HCl media with 0.05M PONPElO in 
chloroform was conducted for an aqueous solution containing Cu(II), Zn(II), Co(II), Ni(II), Al(III) 
and Fe(III), as well as Ga(III) . In Fig. 5 is plotted the percent extraction of each metal as a function of 
HCl concentration. The extraction of divalent metals is less than 10 % over the whole HCI 
concentration range studied. Thus, a selective extraction of Ga(III) can be achieved at > 4 M HCI. It 
should be noted that small amounts of the contaminating metals entrained in the organic phase might 
be removed by scrubbing with concentrated HCl solutions . Unfortunately, the extraction curve of 
Fe(III) is close to that ofGa(III), resulting in a lower separation factor between them. 
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Figure 5 Metal separation via solvent extraction using 
PONPEIO in CHC13 

Table I summarizes results for the back extraction of Ga(III) using 0.1 M HCl solution as the 
stripping agent. The metal-loaded organic solvents were prepared by the forward extraction from 6 M 
HCl solutions with 0.05 M PONPE in the respective diluents, and the mixing time for the back 
extraction was set to be 40 min. High efficiency can be obtained both in the forward and back 
extractions under the experimental conditions selected, and the total recovery of Ga(III) reaches 97 % 
or more for all runs. 

Following Ga(III) extraction from 6.3 M HCl with 0.05 M PONPE in the various diluents, the 
amount of dissolved surfactant in the aqueous phase and the water content of the organic phase were 
determined. The results are given in Table 2. With increasing EO number of PONPE, the residual 
surfactant concentration in the aqueous phase increases due to a rise in the surfactant hydrophilicity. 
However, even for PONPE20, the concentration is only 0.047 mM, and the loss of the surfactant 
might be negligible in the solvent extraction. A slight increase in the water content of the organic 

390 



Extractants and Diluents 

phase is observed by using the surfactant with higher EO number or the diluent showing higher 
extractability for Ga(III), i.e. having a higher dielectric constant. 

Table 1 Back extraction ofGa(III) from metal-loaded solvents with 0.1 M HCl 

Surfactant Solvent % extraction % striEEing %recove!J:: 
PONPE7.5 CHCh 97 100 97 
PONPE10 CHCh 99 100 99 
PONPE20 CHCh 100 100 100 
PONPE7.5 CH2Cl2 98 99 98 
PONPE7.5 CH2ClCH2Cl 98 99 97 

Table 2 Surfactant concentration in aqueous phase and water content of organic phase 

Surfactant Solvent (PONPE] [H20]org 
PONPE7.5 CHCh 3.2x1o-5 M 0.14% 

PONPEIO CHCh 4.1xlo-5 M 0.15% 

PONPE20 CHCh 4.7xlo-5 M 0.19% 

PONPElO CH2Ch 4.8xl0-5 M 0.22% 

PONPElO CH2ClCH2Cl 4.1xlo-4 M 0.25% 

In conclusion, all of the nonionic surfactants tested show a strong affinity for Ga(III), and in 
combination with the chlorinated organic solvents, provide an effective method for 
recovering the metal from hydrochloric acid streams. The expected advantages of using the 
nonionic surfactants over conventional extractants are non-toxicity, relative ease of chemical 
modification, and commercial availability of surfactant types with various EO numbers, 
which affect the extraction efficiency as well as the surfactant solubility in water. 
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ABSTRACT 

SOLVENT EXTRACTION OF GOLD FROM 

HYDROCHLORIC ACID SOLUTIONS USING 

BIS(DIALKYLPHOSPHONATE)S 
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The extraction of gold(ill) from hydrochloric acid medium is studied by using newly synthesized extractants, the a,ro
alkane-diyl-bis(dialkylphosphonate)s (ABDAP),commonly known as the bis(dialkylphosphonate)s. Gold is most favorably 
extracted with these reagents at HCl concentrations above 5M and the extraction is not interfered by palladium(II), 
silver(!), copper(II) and lead(II) ions, when methylene bis(diiso-propylphosphonate) (MBDIPP) dissolved in 1,2-
dichloroethane (DCE) is used as the extractant. In 5M HCl, the extraction of Au(ill) by MBDIPP reaches equilibrium in 1 
min. through formation of a !:! solvating complex, MBDIPP:HAuCl4. For ABDAPs, the extractability is affected by the 
alkoxy substituent attached to the phosphorus atoms while the selectivity of gold(ill) extraction is governed by the length of 
the hydrocarbon chain separating the two P=O sites in the diphosphonate molecule. Various extraction parameters are 
evaluated in relation to the recovery of the metal from acidic waste solutions and the data are compared with those of tri-n
butyl phosphate (TBP) and tri-n-octylphosphine oxide (TOPO). 

Key-words: gold(ill), hydrochloric acid media, bis(dialkylphosphonate) derivatives 

INTRODUCTION 

Solvent extraction of gold(III) from halide solutions is gaining increasing interest in relation to the 
recovery of gold from electronic scrap and other waste solutions of non-cyanide origin. Long-chain 
amines (basic ion-exchanger type) 1

'
2

'
3 and neutral organophosphorus esters (solvating type) 4

'
5

'
6 have so 

far been the most widely studied extractants for recovery of gold(III) from hydrochloric acid solutions. 
These mono-functional reagents are known to provide good extraction efficiency and kinetics for Au(III) 
but their selectivity data with respect to some important interfering species viz. Cu(II), Pd(II) are often 
missing in the literature. In the present work, the solvent extraction recovery of gold(III) from 
hydrochloric acid medium is studied by using a different class of reagents, namely, the 
bis(dialkylphosphonate)s. These compounds containing two P=O donor sites separated by a flexible 
alkylene chain are expected to offer better Au(III) extraction properties compared to those of mono
functional reagents. The results of the Au(III) extraction involving the new reagents are analyzed in 
terms of the equilibrium, kinetics and stoichiometry of the process. The effect of structural variants in 
the ligand molecule, the effect of aqueous phase composition, selectivity of Au(III) extraction etc. are 
also evaluated and are compared with those ofTPB and TOPO 

EXPERIMENTAL 

Reagents 

The bis(dialkylphosphonate)s: ethylene bis(diethylphosphonate)(EBDEP), methylene bis(di-iso
propylphosphonate)(MBDIPP), ethylene bis(di-iso-propylphosphonate) (EBDIPP), methylene 
bis(dibutylphosphonate) (MBDBP) were synthesized by a known method7 as exemplified here by the 
preparation ofMBDIPP. Di-iso-propylphosphite (0.15 mol) was allowed to react with metallic sodium 
(0.15 mol) kept under refluxing heptane (100 ml), the former being added in small aliquots over a period 
of 2 hours. After complete dissolution of sodium and attainment of clear solution of the mixture, a 
benzene solution (100 ml) of dibromomethane (0.075 mol) was added drop-wise under vigorous stirring 
condition. The reaction mixture was cooled and the white mass ofNaBr was removed by filtration. The 

© 2000 Society of Chemical Industry 393 



Proceedings ISEC'99 

solvent was evaporated and the product was purified by flush chromatography. The synthetic reagents 
used in this study are shown in Figure 1. 

n 

CH3CHT 2 

(CH3)2CH

(CH3hCH- 2 

CH3(CH2)r 

Ligand 

EBDEP 

MBDIPP 

EBDIPP 

MBDBP 

Figure 1: Structure and composition of the synthetic bis(dialkylphosphonate)s 

Reagent grade tri-n-butylphosphate and tri-n-octylphosphine oxide were obtained from Wako 
Pure Chemicals, Japan and were used without further purification. 

Stock solutions (0 .1 M) of Au(III) and other metal ions were prepared by dissolving their chloride 
salts in 1M HCI. 

Solvent Extraction Studies 

These were carried out in batch operations using 1 0 ml of the organic phase containing an 
extractant dissolved in the appropriate diluent was shaken with an equal volume of the metal ion 
solution in stoppered glass tubes (50 ml) with the help of a mechanical shaker. After a predetermined 
time, the two phases were allowed to settle and the concentration of the metal ion in the aqueous phase 
was measured by atomic absorption spectrometry. The per cent extraction (E) and the distribution ratio 
(D) of the concerned metal ion were calculated by equating mass balance between the two phases. 

RESULTS AND DISCUSSION 

The extraction of Au(III) with the presented reagents was studied under varying concentration of 
HCl ( l-6 M) in the aqueous phase and in presence of potential interfering ions like Cu(II), Ag(I) and 
Pd(II), while keeping other conditions similar. Figure 2 shows the extraction isotherms obtained with 
MBDIPP and TOPO. With each of the reagents except TOPO, the extraction of Au(III) increased with 
increasing HCl concentration and reached a maximum and almost constant value around 5M HCI. For 
TOPO, the extraction was similar throughout the range of acidity. The optimum Au(III) extractability 
of the reagents was in the order: TOP0(93) > MBDIPP(92) > MBDBP(89) > EBDIPP(80) 
>EBDEP(77)>TBP(40), the number in the parentheses representing the percent extraction values for 
gold. 

This order of extractability is more or less in accordance with the extent of basicity available at 
the active P=O site(s) in the respective extractants . It can be noticed that MBDIPP has higher 
extractability than EBDIPP, even though the later contains one more -CH2- unit in the molecule. This 
means that the >P(O)-CHz-(O)P< ligand cavity is more effective than the >P(O)-CH2CH2-(0)P< cavity 
to accommodate the Au(III) species. It was seen that TOPO provides somewhat better Au(III) 
extraction efficiency than MBDIPP. But with the former reagents TOPO, co-extraction of Ag(l) and 
Pd(II) is unavoidable at all acid concentrations. This may appear as a big disadvantage when the 
recovery of gold from industrial wastes and precious metal concentrates is considered.8 The extraction 
of gold with MBDIPP is completely free of interference from Ag(l), Cu(II), and Pd(II) at HCl 
concentrations above 5 M. Comparison of the extraction behavior of MBDIPP and MBDBP reveals 
that strength and selectivity of gold extraction with neutral bi-functional phosponates improve with 
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branching in the attached alkoxy chain. In consideration of the experimental results, MBDIPP appears 
to be the most suitable reagent for extraction of gold from hydrochloric acid solutions. 
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Figure 2. Solvent Extraction of Au(III) with MBDIPP and TOPO in presence of other metal cations at 
25±l 0 C. Extraction conditions were: [Ligand]= 5 .0 x 10·3 Min DCE, [M"+] = 1.0 x 104 M, 
Shaking Time = 3 h. 

The kinetics of any solvent extraction process is important for its commercial application. The 
equilibration time for the extraction of Au(III) using MBDIPP was measured in 1,2-dichloroethane and 
nitrobenzene and the results are produced in Figure 3. In both the diluents, the extraction of gold reaches 
equilibrium in less than l minute providing nearly 90% gold transferred to the organic phase. 
Such a reaction may be suitable for adoption in a counter-current continuous process of gold recovery . 
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Figure 3: Effect of shaking time on the 
extraction of gold using MBDIPP at 
25±1°C. (MBDJPP]=5.0 X 10·3 M, 

(Au(III)]=l.O x 104 M, [HCl] = 5 M. 
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The composition of the Au(III)-MBDIPP complex, was determined by the Slope Ratio method as 
shown in Figure 4. The log D vs. log [L] plot for the extraction of Au(III) yields a slope nearly equal to 
unity, indicating the formation of a l:l Au(III)-MBDIPP complex during the transfer of the metal to the 
organic phase. At higher HCl concentrations (- 5M) gold exists almost exclusively as the 
tetrachlorocomplex, AuC4"9 By analogy with other phosphoryl reagents, the extraction of gold in the 
present case may be defined as the solvation of the HAuC4 species by the P=O groups in the MBDIPP 
molecule.4 Figure 5 shows the influence of diluent on the extraction of AuC4". 

The extraction order is : nitrobenzene > 1,2-dichloroethane > chlorobenzene. There was no 
extraction in carbon tetrachloride and chloroform. It is therefore understood that diluents with high 
dielectric constants are needed to solubilize the MBDIPP-HAuC4 complex. 
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Figure 5: Effect of diluent on the extraction 
of Au(III) at 25±1°C. [MBDIPP] = 5.0 x 
10·3 M in DCE, [Au(III)] =1.0 x l04 M, 
[HCI] = 0.5 M, Shaking Time= I h. 
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Figure 6: Effect of alkali metal ions on the 
extraction of Au(III) at 25±1°C. 
[MBDIPP]=l.O x 10-2M in DCE. [Au(?)] 
=l.Ox l04 M in 2.0x l0-2M HC!. 

Solvent extraction processes based on solvating extractants are known to be highly dependent on 
the presence of counter-ions that ultimately affect the ionic strength of the aqueous feed solutions and 
also salting out effect. Figure 6 gives the effect of some alkali metal chlorides on the extraction of 
gold(III). It is seen that larger ions of small hydration degree like Na+ and K+ destabilizes the Au(III)
MBDIPP complex whereas the presence of Li+ with large hydration degree greatly enhances the 
extractability. 

Almost quantitative stripping of Au(III) from the Au(III)-MBDIPP complex loaded in DCE was 
possible in 1 minute contact time with 0.5M thiourea dissolved in O.lM HCl 

CONCLUSIONS 

The bi-functional bis(dialkylphosphonate)s are better reagents for extraction of gold from 
hydrochloric acid medium than the monofunctional trialkylphosphates containing comparable number of 
carbon atoms in the structure. 

In the bis(phosphonate) reagents, branching in the alkoxy groups favors selectivity of gold 
extraction. 
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A separation method based on extraction of gold(III) with MBDIPP could be tried for the 
recovery of the metal from industrial wastes dissolved in hydrochloric acid. 
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ABSTRACT 

SULPHUR-NITROGEN LIGANDS IN THE SOL VENT 

EXTRACTION OF SILVER FROM CHLORIDE 
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A concise review focusing on the solvent extraction of silver from concentrated chloride solutions is completed with new 
data for the metal extraction and stripping using the following N- and S- containing extractants: diphenylthiourea (DPT) , 
dibutylthiourea (DBT), thiuram disulphide (disulfiram, DSF), 5,5'-dithiobis-{1-phenyl-1-H-tetrazole) (JPT) and pyridine 
disulphide (aldrithiol, ADT). The extraction abilities are interpreted in terms of extractant composition and influence of 
structural modifications. The selectivity of the above mentioned extractants for the precious metal, when it coexists with 
high contents of copper, iron and lead in the feed aqueous solution, is also evaluated and discussed. Analysis of equilibrium 
data collected for silver extraction by DBT and DSF allows the proposal of the most probable reaction pathways involved in 
the metal extraction process. 

Keywords: silver, chloride, thiourea derivatives, nitrogen disulphides 

INTRODUCTION 

There has been an increasing interest in the development of chloride hydrometallurgy for the 
treatment of complex sulphide ores and concentrates during the past few years.1

•
2 In addition, the 

leaching solutions resulting from the hydrometallurgical treatment of, e.g., pyrites and chalcopyrites, 
usually contain traces of silver. 

For silver recovery, processes such as precipitation as silver chloride3 or cementation4 are well 
established. However, the solubility of silver chloride in water increases considerably when high 
chloride concentrations are involved, due to the formation of anionic chlorocomplexes of the type AgCh. 
, Agee- and AgC43 

. . 
5 Hence, it is interesting to investigate a profitable way to recover the significant 

quantities of silver remaining in highly concentrated chloride solutions, and this has motivated some 
recent research to promote solvent extraction alternatives for silver recovery from such media.6'

7 

Within the various types of organic compounds that were tested as extractants of silver from 
chloride media, some open chain thioethers and oxathioethers deserve a mention. 8 Other studies 
concerning silver recovery from chloride media involved the use of calixarene amide derivatives 7 and 
some neutral organophosphorous compounds, namely O,O-di-n-butyl-a-phenylarnino-phenylmethane
thiophosphonate9, triisobutylphosphine sulphide (JIBPS) and triphenylphosphine (I'PP/' 10 and 
triphenylphosphine sulphide (JPPS)n For an identical set of experimental conditions, TPP proved to 
be the most efficient extractant, followed by TIBPS;6

•
10 TPPS showed a very poor extraction ability, 

which can be considered a surprising result if the similarities of TIBPS and TPPS (replacement of 
isobutyl by phenyl groups) are taken into account. 11 In terms of selectivity for silver recovery, when the 
precious metal coexists with excess quantities of some base metals such as iron, copper and lead, TIBPS 
was largely the most suitable ligand.6 In addition, the presence of iron in the aqueous feed solution 
caused a synergistic effect on silver extraction by TIBPS and TPPS, phenomenon which also happened 
when the four metals were involved.6•

10
•
11 

Equilibrium studies performed with TIBPS support a sort of "solvation" reaction pathway for silver 
extraction, which can be expressed by equation (1), if only the predominant chlorocomplex species for 
chloride concentrations between 1M and 5M is considered.5 

AgCh\aq) + 2TIBPS(org) <=> AgCI.2TIBPS(org) + 2 Cl-(aq) (1) 
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For stripping, a stabilised sodium thiosulphate solution showed an efficient behaviour, represented by 
equation (2) .6'

12 Here also only the most stable anionic thiosulphate species is taken into account. 

In this work, to provide additional information concerning the solvent extraction of silver from 
concentrated chloride solutions, some commercial organic compounds containing nitrogen and sulphur 
atoms have been chosen and tested as extractants . 

EXPERIMENTAL 

Base-electrolytes were prepared using hydrochloric acid and sodium chloride, in which the total 
chloride concentration varied between 2.5 and 5 moVdm3

; the strongly acidic electrolytes always had a 
2M hydrochloric acid concentration. Silver feed solutions with concentrations between 5xl04 and 3xlo· 
3 molldm3 in silver were obtained by dissolving the required amount of silver nitrate (Merck, 99.5% 
purity) in the base-electrolytes. Solutions containing copper, lead and iron were prepared from the 
respective chloride salts using the 2 mol/dm3 HCl + 3 molldm3 NaCl electrolyte. All chemicals were 
pro-analysis quality . For the stripping experiments, a stabilized sodium thiosulphate solution whose 
composition is referred to by Rickelton13 was used; a 2 mol/dm3 sulphuric acid solution and a 5 mol/dm3 

hydrochloric acid solution were also tested as stripping agents for some loaded solvents . 
Organic phases were obtained by dissolution of the respective ligands in 1,2-dichloroethane 

(1 ,2-DCE, Riedel-de-Haen, 99.8%). The organic extractants were obtained from Aldrich and used 
without further purification. 

Extraction and stripping experiments were performed by mixing equal volumes of the aqueous 
and organic phases (A/0=1) for 30 minutes, at a controlled temperature of 20±2°C and at a constant 
stirring speed of 1250 rpm, which was enough to guarantee a good emulsion. The same procedure was 
also applied for the evaluation of the selectivity of the organic extractants towards silver, as well as for 
the equilibrium studies with DBT and DSF. 
Analysis of the metal contents was carried out in the aqueous phases, before and after extraction, by 
Atomic Absorption Spectrophotometry using a Unicarn 929 model. For each sample, three aliquots were 
analysed and the values obtained were critically treated and only accepted if a reasonable relative 
standard deviation was obtained. Metal concentrations in organic phases were found by mass balance. 

RESULTS AND DISCUSSION 

Extraction and stripping 

For the preliminary extraction experiments using the above mentioned organic ligands, a 2 
mol/dm3 HCl + 3 mol/dm3 NaCl solution containing 2xl0·3 mol/dm3 of silver was used. The results 
obtained are presented in Table I . Phenyl disulphide (PDS) was used for direct comparison with ADT. 

Under the experimental conditions used, the thiourea derivatives exhibited similar extraction 
behaviour, being the most efficient ligands for silver extraction amongst those tested. Therefore, the 
presence of either phenyl or n-butyl groups on the thiourea moiety did not produce significant 
differences on the extraction performance of both thioureas (the replacement of isobutyl by phenyl 
groups on thiophosphines caused a marked decrease in silver extraction, e.g. for TIBPS and TPPS 11

) . 

Amongst the disulphides, PDS was the best and DSF the worst, although the extraction values 
obtained were quite close. The pyridine rings in ADT, when compared with the phenyl groups in PDS, 
were not beneficial for enhancing silver extraction; on the other hand, the simultaneous presence of a 
disulphide link on a sort of thiourea moiety markedly reduced the affinity of such a ligand (DSF) for 
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silver ion in a chloride media. ADT and TPT showed identical extraction behaviour, although some 
stereochemical hindrance affecting TPT performance could be expected. 

Table 1 Percentage of silver extraction by the sulphur-nitrogen ligands. 

Extractants % of extraction 

DPT 96 
DBT 96 
DSF 21 
TPT 25 
ADT 27 
PDS 34 

* 0.1 mol/dm3 in 1,2-DCE, N0=1 , 30 minutes of shaking, 20°C, 1250 rpm 

The silver loaded organic solvents resulting from the above extraction experiments were then 
equilibrated with a stabilised sodium thiosulphate solution. 13 The stripping results obtained and the 
total silver recovery for each extractant are displayed in Table 2. 

Table 2 Percentage of silver stripping and total metal recovery. 

Extractants % of stripping % total recovery 

DPT 71 68 
DBT 71 68 
DSF 80 17 
TPT 4 <1 
ADT <1 <1 
PDS 1 <1 

* N0=1 , 30 minutes shaking, 20°C, 1250 rpm 

It can be seen from Table 2 that the stabilised sodium thiosulphate solution was effective for 
stripping silver from DPT and DBT (similar stripping efficiencies were achieved), and also from DSF. 
Silver contained in the other disulphides was not stripped under identical experimental conditions. 
Regarding the total silver recoveries using this stripping agent, only DPT and DBT can be considered as 
promising ligands for extracting the precious metal from chloride media, but the possibility of efficiently 
stripping silver from DSF using a thiosulphate solution can also be of interest. 

Hydrochloric and sulphuric acid solutions were also tested as stripping agents for silver 
contained in DBT and DSF solvents, using the same experimental conditions for extraction and stripping 
as reported earlier. The latter did not work at all for stripping the precious metal from the solvents 
tested (percentages lesser than 2.5%), but an efficiency of 76% was achieved using HCI as a stripping 
agent for DSF, leading to a total silver recovery of 14%. 

It is worthwhile mentioning that, for all cases, it was confirmed that the extraction and stripping 
equilibria were achieved within a 30 minute stirring time, and also that the rate of phase separation for 
both processes was always fast, about 2-3 minutes . 

Selectivity and interference studies 

It was decided to evaluate the behaviour of the extractants towards silver in the presence of relatively 
large concentrations of copper, iron and lead. Accordingly, synthetic feed solutions containing 3xl0·2 
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moVdm3 of copper, lxl0-2 moVdm3 of lead and 9xl0-2 moVdm3 of iron, added as Cu(II), Pb(II) and 
Fe(III) chlorides, together with lxl0-3 moVdm3 of silver in a 2 moVdm3 HCl + 3 moVdm3 NaCI solution, 
were prepared, and the selectivity towards the precious metal exhibited by the chosen set of ligands was 
analysed, Table 3. 

A general survey of the contents of Table 3 reveals that the ligands studied are not generally 
selective towards the precious metal. In fact, DPT and DBT, always exhibiting a similar extraction 
behaviour as stressed earlier, decreased their affinity for silver and extracted high percentages of 
copper, but also significant quantities of iron and, to a lesser extent, lead. On the other hand, the last 
three disulphides on the table did not significantly extract silver; however, it is interesting to notice that, 
although having quite similar structures, TPT and DPS extracted lead selectively, whereas ADT showed 
a remarkable affinity towards iron. Regarding DSF, it revealed an identical extraction performance for 
the four metals as both thiourea derivatives, but an interesting phenomenon is that the silver 
extraction efficiency increased to 92%. A contribution to an explanation of this feature will be 
highlighted in the next section. 

Table 3 Selectivity of the sulphur-nitrogen extractants towards silver. 

Extractants 

OPT 
DBT 
DSF 
TPT 
ADT 
PDS 

Ag 

71 
73 
92 
1 
3 
5 

% of extraction 
Cu Pb 

82 6 
89 2 
96 6 

20 

8 

* O.lmol/dm3 in 1,2-DCE, A/0=1, 30 minutes shaking, 20°C, 1250 rpm 

Fe 

21 
28 
26 

32 

These general selectivity results suggest once more6 that, under the adopted experimental 
conditions, copper is frequently co-extracted by ligands which efficiently extract silver and, inversely, 
it is not extracted when the organic compounds do not have a special affinity for the precious metal. 
Such a fact can be explained by the similarities between silver and copper, elements belonging to the 
same group in Periodic Table. 

DPT, DBT and DSF revealed a quite poor affinity for lead. Therefore, it was decided to study 
their selectivity towards the precious metal in presence of lead only. Using similar experimental 
conditions (9xl0-4 moVdm3 silver and lxl0-2 moVdm3 lead in a 2 moVdm3 HCl + 3 moVdm3 NaCl 
solution), it was found that none of the ligands extracted lead; DPT and DBT extracted all the silver but 
DSF, as expected, extracted only 24% of the precious metal. 

Extraction pathways involving DBT and DSF 

To clarify the reactions involved in silver extraction by some of the ligands studied in this work, 
DBT and DSF were chosen. DSF is the only ligand of those tested that showed a marked tendency to 
increase silver extraction when an excess of iron is present. This phenomenon was also found when 
TIBPS and TPPS were used for identical extraction systems and, based on the equilibrium data collected 
for the phosphorous extractants,6 an identical type of reaction is to be expected for DSF. Indeed, the 
synergistic effect of iron on silver extraction suggests that there is some ability of ferric chloride to act 
over the anionic silver chlorocomplexes, shifting the equilibria to the formation of silver chloride in 
solution, which could justify the easier formation of species such as AgCI.nL in organic phase. 12 This 
assumption is supported by some research performed on leaching of silver using either ferric or cupric 
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chloride solutions, 14
' 
15 which showed that the contribution of free chloride ions by a given concentration 

of cupric chloride always exceeds that of a similar concentration of ferric chloride, considering in both 
cases a constant total chloride concentration. However, taking into account that there still is an 
appreciable excess of free chloride ions in the polymetallic solution, further studies are needed to 
identify some other factors responsible for this synergism phenomenon. 

Extraction experiments with DBT and DSF were carried out to evaluate the dependence of 
silver distribution coefficients on ligand and chloride concentrations. Figure l shows two plots of log D 
vs. log [L] for DBT and DSF, using an initial feed solution containing 5xl04 molldm3 of silver in a 2 
mol/dm3 HCI + 3 mol/dm3 NaCI matrix, and other two plots of log D vs. log [Cl-], using 0.0 1mol/dm3 

DBT and 0.06 mol/dm3 DSF, for an initial solution containing 5xl04 mol/dm3 of silver and at least 2 
mol/dm3 HCl, the remaining chloride concentrations being made up with NaCI . 

2,9 2,5 • 2,4 • • ... • 1,9 
...... 1,5 

log D 1•4 ... LogD 

0,9 ... 
0,4 0,5 

• -0,1 ••• 0 • • 
-0,6 -0,5 

-2,6 -2,4 -2,2 -2 -1,8 -1,6 -1,4 -1,2 -1 0,3 0,5 0,7 

log (L] Log[O-] 

Figure 1. Dependence of silver distribution coefficient on ligand and chloride concentrations (L'l- DBT; 
•- DSF; Lin 1,2-DCE, 20°C, 1250 rpm, 30 minutes shaking, N0=1) 

The experimental ligand/silver and chloride/silver ratio, given by the slope of the straight lines 
which best fit the equilibrium data, have values of 0.7 and -1.5 for DSF and 1.5 and -1.7 for DBT, 
respectively. Accordingly, the results obtained for DSF and the synergistic effect of iron on silver 
extraction suggest a metal extraction reaction pathway as in equation (3), considering only the 
predominant chlorocomplex in solution5 

AgCl/ (aq) + DSF(org) <=> AgCl.DSF(org) + 2 CI-(aq) (3) 

There is also some possibility of having half of a DSF molecule "solvating" the silver ion, i.e. 0.5 
DSF.AgCl, suggested by the low slope of the straight line obtained from the log D vs. log [DSF] plot 
(Figure 1). 

For the case of DBT, some basic character is expected, motivated by the electronic density on 
nitrogens, which is more stereochemically accessible than in DSF. This feature, associated with the lack 
of synergism granted by iron for the extraction of silver from acidic chloride media, and also to the data 
presented in Figure 1, suggests the occurrence of equilibria (4) and (5). 

2 DBT(org) + 2 HCl(aq) <=> 2 DBTH+ Ct(or~) (4) 
2 DBTH+ CI-(org) + AgCh2

- (aq) <=> 2 DBTH+ AgCh- (org) + 2 CI-(aq) (5) 

These equilibria may be the predominant ones, although there is also the possibility of formation of 
species of the type AgCl.2DBT in organic phase. Moreover, if a slight acidic aqueous solution is 
involved (silver is equally well extracted from a 5 mol/dm3 NaCI solution when DBT is used), the 
"solvation" mechanism must occur, as there is not enough proton concentration to fully guarantee the 
ion-pair reaction pathway. 
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ABSTRACT 

FOAM SEPARATION OF TRIBUTYL PHOSPHATE 

FROM AQUEOUS SOLUTION BY SODIUM 

DODECYLSULFATE 
Zhidong Chang, Huizhou Liu, Ning Yao and Jiayong Chen 
Young Scientist Laboratory of Separation Science & Engineering, 
Institute of Chemical Metallurgy, Chinese Academy of Sciences, 
P.0.353, Beijing 100080 China. 

Tributyl phosphate (TBP) can be recovered from aqueous solution by foam separation, by using sodium dodecylsulfate 
(SDS) as a surfactant. The highest TBP concentration in the foam overflow from the separation column was almost three 
times the feed concentration. When the SDS concentration was the lowest, the TBP has the greatest enrichment under the 
experimental conditions. For higher concentrations, the enrichment decreases. The critical micelle concentration (CMC) is 
not influenced by the concentration ofTBP, when TBP concentration is lower than 0.02% (gig). 

Keywords: tributyl phosphate, foam separation, sodium dodecylsulfate, surfactant 

INTRODUCTION 

Foam separation techniques have been proven to be extremely effective to remove 
contaminants from dilute aqueous solutions. Many researchers are working in this field, their 
investigations include the recovery of proteins, enzymes and cells (or virus) from dilute solutions,1

•
2
•
3 

the concentration of metals or other ions in analytical laboratory or industry4
'
5 and waste water 

. 6-9 processmg. 
The fundamental principle of foam separation is that materials that are surface-active tend to 

adsorb on the gas-liquid interface. If bubbles are passing through the separation column, the surface
active materials can adsorb on the bubbles ' surface. While the bubbles have enough stability, they can 
be separated from the bulk solution, thus the surface-active materials can be recovered and 
concentrated. If the materials are not surface-active, they can be removed through interaction with 
surfactants . While surfactants are separated by foam, the target materials are also removed from the 
bulk solution. 

The non-surface-active materials have many ways to interact with surfactants. I) Ion-ion 
interaction, this is the main action in the foam separation process. The electrostatic force is great 
enough to capture any ions. Most of recent researches are focused on this aspect. 2) Ion-dipole force, 
which is not very effective.9 3) Dipole-dipole force or Van de Waals force, which are seldom seen in 
the literature. 

In the last years, concern about the environment has increased. The waste-water from 
chemical industry should be made clean enough, so that it can be discharged into streams and rivers . 
This process increases the cost, especially when dealing with water containing dilute solutes using 
conventional methods . It is necessary to develop a new technique to process such waste-water, which 
can clean up the water and recover solutes at the same time. 

Tributyl phosphate is a neutral donor extractant. Since it has good extraction characteristics 
such as high boiling point, 289°C (760 mmHg), low solubility, 0.39g/dm3 (25°C) and it is not 
flammable, 10 and is widely used in the extraction industry. However, since the water phase of this 
extraction system contains some TBP, because of large amount of water volume, there are economic 
and environmental interest in the recovery of this TBP. The traditional methods to recover organics 
from water are distillation and extraction, but they fail to recover TBP from water because of its high 
boiling point, low stability at high temperature, low concentration and other economic reasons. 

The structure of TBP shows that it cannot be ionised even adding acids or alkalis, so it cannot 
interact with a surfactant through static electric forces . In this paper, we try to appraise the ion-dipole 
force in the foam separation of TBP from aqueous solution, using an anionic surfactant sodium 
dodecylsulfate as surfactant. 
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EXPERIMENTAL 

Materials 

Both tributyl phosphate and sodium dodecylsulfate were analytical grade purity, purchased from 
Beijing Chemical Import & Export Company. Distilled water was used in all experiments. 

Methods 

2 3 4 5 6 

The schematic diagram of the foam 
separation apparatus is shown in Figure 
I. An acrylic glass cylindrical column 
with 50cm height and 8cm internal 
diameter was used as the foam separation 
column. ldm3 of premixed liquid 
containing water, TBP and surfactant 
was fed into the column. Scrubbed air 
was introduced into the bottom of the 
column through a sintered glass disk. A 
sample port was located lOcm above the 
bottom and samples of liquid phase were 
taken at 0 and 8 minutes after bubbling 
started which represented the initial TBP 1: air; 2: air compressor; 3: scrubber; 4: flow meter; 5: 
concentration and residual TBP separation column; 6: container of recovered TBP 

concentration respectively. All the 
overflowing foam from the overheads Figure l. Schematic diagram of the experimental 

was collected after the experiment apparatus 
started. The foam was broken up for analysis by freezing the foam samples for 30 minutes and then 
allowing them to melt at ambient temperature. Concentration of TBP was analysed by an HP6890 gas 
chromatograph equipped with a HP-5 capillary column and a FID detector. Concentration of SDS was 
analysed using JIS method. 11 

RESULTS AND DISCUSSION 

The effect of surfactant concentration on enrichment 

The mean gas flow rate in the experiments was O.Olm3/hour. Since it is very slow, the 
adsorption of solute on the surface of the bubble is considered at equilibrium. 
The enrichment ratio is defined as: 

Enrichment = Concentration of foam that overflow from column I Feed concentration 

By fixing the TBP feed concentration at O. lg/dm3 while increasing the SDS concentration, it can be 
seen that the concentration of sodium dodecylsulfate has great effect on the recovery of tributyl 
phosphate. The results are shown figure 2. When the sodium dodecylsulfate feed concentration is as 
low as just required ;for maintaining the lowest foam stability, which is 2.5xl0-2g/dm3

, the 
concentration of the recovery of tributyl phosphate reaches the maximum value. From that value, the 
recovery of tributyl phosphate went down with the increase of the concentration of SDS . This 
phenomenon can be explained as follows. There exists a competitive adsorption between TBP and 
SDS. The equilibrium surface concentration of the solutes in the foam is connected with the feed 
concentration and increases with the increasing of feed concentration. Therefore, the surface 
concentration of SDS increases with the increment of the SDS feed concentration. The available 
adsorption sites on the surface of the foam are limited, so that the surface concentration of TBP 
decreases. This can be seen from figure 2.b. 
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Figure 2.a Effect of the SDS concentration Figure 2.b The contrast of enrichment ratio 
between SDS and TBP in the foam on TBP recovery / 

The effect of feed concentration of TBP on recovery 

The relation between the feed concentration ofTBP, C~, and the concentration of the recovery 
of TBP, CR, is shown in figure 3. C1 vs. CR follows a linear relationship. This is in good agreement 
with our previous results using Tween series surfactant12 

From figure 3 it can be seen that the TBP concentration of recovery increased with the 
increase of TBP feed concentration when the initial surfactant concentration was constant. When the 
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Figure 3 The effect of TBP feed concentration on TBP recovery 

initial surfactant concentration increases, the TBP recovery decreases. This also demonstrates that a 
competition exists between TBP and SDS for the adsorption on the foam surface. 

The concentration of recovered SDS vs TBP feed concentration is plotted in figure 4, at 
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constant surfactant concentration, 10 cm3/1000 cm3
• The results of electric conductivity of the broken 

foam solution are also shown in figure 4. It can be seen that the recovered SDS concentration almost 
keeps the same level considering the experimental error. The electric conductivity of broken foam 
solution also follows the same trend. Because the structure of TBP is not as effective as that of SDS in 
occupying the adsorption site, the TBP has little influence on the adsorption of SDS, when the solution 
concentration was very low. The main role of SDS is only to maintain the stability of foam. If the 
foam can be formed and blown out, the less SDS usage and the greater the TBP adsorption. 

~~--------------------------------------~«0 
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Figure 4 Effect ofTBP feed concentration on SDS recovery 

The effect of TBP and SDS concentrations on electric conductivity and the critical micelle 
concentration (CMC) 

The effect of different TBP concentrations on the electric conductivity at constant surfuctant 
concentration is shown in figure 5. It can be seen that the TBP concentration has little effect on the 
electric conductivity of the solution. 
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Figure 5 The effect on electric conductivity by different TBP concentration 
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The effect of SDS concentration on electric conductivity is shown in figure 6, for a 2% TBP 
fixed concentration. Compared with the electric conductivity of the pure SDS solution, the electric 
conductivity of the solution of SDS and TBP has the same trend. From figure 6, it can be seen that the 
addition ofTBP has little effect on the critical micelle concentration (CMC) ofSDS. 
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Figure 6 The effect of SDS concentration on the electric conductivity 

From figures 5 and 6, it can be seen that some interaction take place between the hydrophilic 
heads of SDS and TBP, so that the electric conductivity of the SDS solution drops down when TBP is 
added. This is not observed if the concentration of either TBP or SDS is high enough. The added TBP 
can interact with the hydrophilic head of the SDS, which is not ionic form and therefore the electric 
conductivity drops down. However, the added TBP was saturated only part of SDS, so the electric 
conductivity of SDS decreases only slightly. The trend of the electric conductivity follows the increase 
in SDS concentration. 

The proposed interaction between TBP and SDS is represented in figure 7. The SDS and TBP 
adsorb on bubble surface respectively. The TBP competes for the bubble surface adsorption site with 
SDS. But the extend of TBP adsorption depends on SDS concentration. If the SDS concentration is 
very low, the stability of the bubble is low too. Therefore the foam can not be formed and the 
separation can not be fulfilled . If the SDS concentration is high, the adsorption of SDS is high, so that 
the are few available adsorption sites for TBP. That is why in figure 3 the adsorption ofTBP decreases 
with the increase in SDS concentration. However, when the TBP concentration is high enough, the 
SDS concentration should be increased correspondingly for stabilising the foam. So in figure 3 the 
TBP adsorption increases after a minimum value. 

0 

0 

Figure 7 Diagram ofTBP and SDS coadsorption on the bubble surface 
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CONCLUSION 

Under the experiment conditions, TBP recovery reaches its maximum when the SDS 
concentration was the minimum necessary to maintain the stability of the foam. The recovery of both 
TBP and SDS increases with the increase of feed concentration. The addition of TBP does not change 
the CMC ofSDS. 
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ABSTRACT 

EXTRACTION EQUILIBRIA OF NICOTINIC ACID 

USING ALAMINE 300/DILUENT AND 

CONVENTIONAL SOL VENT SYSTEMS 
Aynur Senol 
Department of Chemical Engineering, Faculty of Engineering, 
Istanbul University, 34850 Avcilar, Istanbul, Turkey 

Distribution of nicotinic acid between water and Alamine 300 (tri-n-octylamine) dissolved in various (proton-donating and
accepting, polar and non-polar) diluents, as well as a comparison with the extraction equilibria of pure diluent alone have 
been studied at 298 K and the phase ratio of 1:1 (v/v). Cyclic alcohol/amine system yields the highest synergistic extraction 
efficiency. The strength of the complex solvation was found to be reasonably high for halogenated aliphatic hydrocarbons 
and nitrobenzene, activating mainly the formation of acid1-amine1 structure. The influence of the acid structure over 
distribution has been evaluated through comparing the extractabilities of three acids containing different functional groups, 
i.e., nicotinic, benzoic and valerie acids. The results were correlated using various versions of the mass action law, i.e., a 
modified Langmuir equilibrium model and a chemical modeling ( chemodel) approach comprising one or two acid-amine 
complex formation. 

Keywords: nicotinic acid, Alamine 300, modelling 

INTRODUCTION 

Long-chain, aliphatic tertiary amines (e.g., Alarnine 336; 300) dissolved in suitable organic 
solvents are effective extractants for carboxylic acids.1

-
5 Three major factors have been found to 

influence the equilibrium characteristics of amine extraction of carboxylic acids from aqueous 
solutions, i.e., the nature of acid, concentrations of acid and amine, and the type of diluentl-5 

Simultaneously, the effect of additional controlling factors (such as the swing effect of a mixed diluent 
and the third phase formation) can also modify the reversible complexation stage.2

•
5 The spectroscopic 

studies of Yang et az3 revealed that Alarnine binds the non-dissociated part of acid in the organic 
phase through reversible complexation. The effect of diluent is mainly focussed on its ability to 
solvate polar ion-pair species through dipole-dipole interaction or hydrogen bonding, favouring the 
formation of one or simultaneously at least two acid-amine complexes.1-

5 

In this study, distribution of nicotinic acid (3-pyridinecarboxylic acid) between water and 
Alamine 300 dissolved in various diluents, as well as a comparison with the extraction capacity of 
pure diluent alone have been studied at isothermal conditions. Results were correlated in terms of a 
chemodel approach. 

THEORETICAL 

Using a chemical modeling approach of Tamada et a/.,1 the overall extraction equilibrium of 
acid/amine/diluent system can be described by the set of reactions (1): 

p = 1, k; q = 1, I (1) 

where HA =the non-dissociated acid in the aqueous phase, NR3 =tertiary amine. Overbar denotes 

species in the organic phase. Supposing the ratio of activity coefficients of species to be constant for a 
given temperature, it can be incorporated into the "conditioned" extraction constant defined in 
molarity scale [(moVl(P-q] as: 

p = 1, k; q = 1, I (2) 
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where CHA, CAM and C pq represent the concentrations of non-dissociated acid in the aqueous phase, 

free amine and complex (moll!), respectively. The equilibrium content of complexed acid, C HA , is the 
sum of contributions of the individual complexes : 

k 1 

cHA = L: L:PfJ~qc~A~ (3) 
p=l q= l 

Combining Equation (3) with the overall balance equation for acid, the equilibrium model is derived, 

c;A = cd +CHA +CTA> where c;A' CrA and cd represent the initial and total aqueous phase acid 

concentrations and concentration related to the acid portion physically extracted by the diluent, 
respectively. CHA are to be calculated from the dissociation equilibrium in the aqueous phase (pKa = 
4.75). 

Poposka et a/. 5 modified the Langmuir model of Bauer assuming an overall acid-amine 
complexation with an associated number (z) related to the maximum loading of amine, z = Zmax, 
where the undissociated acid molecules are regarded as "adsorbat". The extraction constant (/Jz) in 
(molllr' is attributed to the overall reaction in terms of Equation (4), assuming the formation of only 
one type aggregated structure. 

zHA + NR3 = (HAt(NRJ (4) 

(4a) 

EXPERIMENTAL 

Materials 

Alamine 300 (Henkel Co.), is a tertiary amine mixture containing mainly tri-n-octylamine (> 93 
%). It is a light yellow liquid with an average molecular weight of 354 g/mol and a density of 0.80 
g/cm3 Nicotinic acid (pellagra preventive factor, 99.5 %), as well as the organic solvents of analytical 
grade (2: 99 .5%, GC) were furnished from Fluka. All the chemicals were used without further 
purification . 

Experiments 

The extraction experiments were performed using equilibrium glass cells, each equipped with a 
magnetic stirrer and thermostatted at (25 ± 0 .I )"C . The equal volumes (I 0 cm3

) of initial aqueous and 
organic phases were agitated for 2 hand then left to settle and equilibrate for about 18-20 hours at a 
fixed temperature (25°C) and pressure (101.2 kPa) . The effective separation of the phases was ensured 
by centrifugation. Aqueous-phase pH was measured by Orion 601A pH-meter. Aqueous-phase acid 
concentration was determined by titration with aqueous NaOH (Titrosol A, Merck) as well as using an 
UV-spectrophotometer (Waters, LambdaM Model481, 263 nm) . The acid content in the organic phase 
was determined by mass balance. 

Tests covering the influence of diluents and the acid and amine concentrations on acid-amine 
complexation were performed using cyclopentanol, 1,2-dichloroethane (1,2-DCE), methyl 
isobutylketone (MIBK) and n-heptane diluents in amine mixture. The effect of the acid structure was 
evaluated for nicotinic, benzoic and valerie acids . 
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RESULTS AND DISCUSSION 

The physical extraction of acid by the diluent alone, as well as the overall distribution in the 
amine mixture were compared on the basis of Distribution ratio, D (the ratio of total acid (all forms) 

extracted in organic phase to total acid (all forms) in aqueous phase, eTA !erA ) and Extraction degree 

{£,% = lOOD/(1 +D)). 
The overall extraction capacity of amine/diluent system was evaluated with respect to Overall 

loading of amine (Z,), i.e., the ratio of total amount of acid extracted to total amount of amine in the 

organic phase, eTA I e~ . The most probable acid-amine complexation and the strength of the 

complex solvation were interpreted in terms of the stoichiometric loading factor, Zs, i.e., the ratio of 
complexed acid to total amine in the organic phase. This factor includes a correction term for the acid 

physically extracted by the diluent, Zs =(eTA - v · e;A )I e~ , where v = % volume of diluent in 

mixture, e ;A = amount of acid extracted by the diluent alone, mol/1. 

Evaluation of results 

Study of the extraction system (Table l) containing 0.102 mol/1 aqueous-phase acid solution 
and 0.0452 mol/1 (Alamine 300/diluent) solvent mixture tested for 14 different diluents reveals that the 
physical solubility of nicotinic acid in pure diluent alone is remarkably small with a distribution ratio 
of about l for cyclopentanol, and less than l for others ranging from 0.01 for hydrocarbons to 0.8-0.9 
for alcohols, but all not convenient as separation agents. The noticeably low extraction degree of 
nicotinic acid in polar diluents (e.g.1,2-dichlorobenzene (2.26 D) and nitrobenzene(3.99 D)) may be 
attributed to the formation of intramolecular hydrogen bonding due to the second proton accepting 
group in pyridine ring. Conversely, amine/diluent system favours the formation of polar acid-amine 
complexes (p,q) with different stoichiometry, mainly (1 ,2) to (1 ,1). The highest strength of the 
complex solvation was found for 1,2-DCE, chloroform and nitrobenzene promoting {1,1) complex 
formation, and some oxygenated aprotic compounds (ketones, benzyl acetate), activating {3,4) and 
(2,3) acid-amine structures. Referring to Table 1 it can be concluded that the order of increased 
extraction efficiency of pure diluent alone, as well as the most probable acid-amine complexation (p,q) 
appear as follows: 

kerosene {1 , 11) = n-heptane (1 ,9) =nitrobenzene {1 ,1) < cyclohexane {1,9) = 1,2-dichlorobenzene 
(2,3) <chloroform (1 ,1) < 1,2-dichloroethane (1 ,1) < dibenzyl ether (2,3) <benzyl acetate (3,4) < 
MIBK (2,3) < 1-octanol {1 ,2) < cyclohexanone (2,3) <benzyl alcohol (1,2) < cyclopentanol {1,2) 

No evidence of overloading of amine, i.e. Zs higher than 1, was observed in any of the systems 
tested . The highest synergistic extraction efficiency yields amine mixtures of alcohols (Z, ~ 1.5) and 
cyclohexanone (Z, ~ 1.4 ), as compared to the hydrocarbons, aromatics, ethers and halogenated 
hydrocarbons ones varying less than 1 (Z, < 1). 

The equilibrium data from Table 1 were interpreted in terms of a modified Langmuir approach 
using the concepts ofPoposka defined by Equations (4) and (4a). 

(5) 

where Do, e;A and e~ denote the distribution ratio of acid related to the diluent alone and the 

initial acid and amine concentrations, respectively. f3z values were correlated by Equation (5) 
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supposingp/q ratio in Table 1 to represent the associated number of the complex formation related to 
the maximum loading, i.e. , z = Zs ~ Zs,max = plq. 

Table 1 Summary of extraction equilibrium results for Alamine 300/diluent/nicotinic acid 

system at 25°C (C;A = 0.102 moll! acid; C~ = 0.0452 moll! Alamine) 

Solvent 

cyclohexane 
+ Alamine 300 
n-heptane 
+ Alamine 300 
kerosene 
+ Alamine 300 
a-dichlorobenzene 
+ Alamine 300 
I ,2-dichloroethane 
+ Alamine 300 
chloroform 
+ Alamine 300 
MIBK 
+ Alamine 300 
cyclohexanone 
+ Alamine 300 
nitrobenzene 
+ Alamine 300 
dibenzyl ether 
+ Alamine 300 
benzyl acetate 
+ Alamine 300 
cyclopentanol 
+ Alamine 300 
1-octanol 
+ Alamine 300 
benzyl alcohol 
+ Alamine 300 

pH CrA 

[mol/1] 
3.47 0.!005 
3.49 0.0957 
3.47 0.1008 
3.49 0.0960 
3.47 0.1010 
3.48 0.0972 
3.47 0.1004 
3.56 0.0728 
3.48 0.0995 
3.59 0.0632 
3.48 0.1002 
3.61 0.0602 
3.52 0.0892 
3.59 0.0635 
3.59 0.0640 
3.69 0.0382 
3.47 0.1009 
3.61 0.0596 
3.48 0.0980 
3.57 0.0710 
3.50 0.0948 
3.59 0.0642 
3.63 0.0532 
3.72 0.0330 
3.55 0.0758 
3.63 0.0540 
3.63 0.0545 
3.71 0.0345 

D 

0.015 
0.066 
0.012 
0.062 
0.010 
0.049 
0.016 
0.401 
0.025 
0.614 
0.018 
0.694 
0.143 
0.606 
0.594 
1.670 
0.011 
0.711 
0.041 
0.437 
0.076 
0.589 
0.917 
2.091 
0.346 
0.889 
0.872 
1.957 

E,% Zt Zs 

1.47 
6.18 0.139 0.107 
1.18 
5.88 0.133 0.107 
0.98 
4.71 0.106 0.085 
1.57 

28.63 0.646 0.611 
2.45 

38 .04 0.858 0.804 
1.76 

40.98 0.925 0.886 
12 .55 
37.75 0.852 0.574 
37.25 
62.55 1.412 0.588 
1.08 

41.57 0.938 0.914 
3.92 

30.39 0.686 0.249 
7.06 
37.06 0.836 0.680 
47 .84 
67.65 1.527 0.468 
25 .69 
47.06 1.062 0.494 
46 .57 
66.18 1.493 0.463 

(1,9) 
32.81 
(1 ,9) 
31.76 
(1,11) 
16.41 
(2,3) 
66.06 
( 1' 1) 
69.49 
(l , 1) 

138 .12 
(2,3) 
40.82 
(2,3) 
69.28 
(1' 1) 

191.74 
{2,3) 
53.98 
(3,4) 
80.31 
{1 ,2) 
85 .60 
(1 ,2) 

361.03 
(1 ,2) 
71.41 

" probable acid (p)/amine (q) complex referred to Eq. (4) ; 6 equilibrium constant in [(moUlrzJ due to 
Eq. (5) assuming z = Zs = p/q 

It is apparent from Figures 1 and 2 that the longer R-chain of valerie acid (VA) and benzene 
ring of benzoic acid (BA) make these acids more hydrophobic and thus more easily to extract by a 
polar diluent alone, yielding D values about 100 times greater, as compared to those of less 
hydrophobic nicotinic acid capable of intramolecular hydrogen bonding. However, nicotinic acid is 
more sensitive to ion-pairing complexation with amine through dipole-dipole interaction 
accompanying the multiple effects at carboxyl group and electronegative (proton accepting) pyridine 
ring, that is indicative from the reasonably high Z, values (Fig. 2) in contrast to the rather low D of 
distribution in polar (1,2-DCE) and protic (cyclopentanol) diluents alone (Figure 1), as compared to 
the same quantities of valerie and benzoic acids . 
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Figure 1. Physical extraction of nicotinic acid Figure 2. Comparison of overall loading for 
by solvents(- ). Comparison with valerie arnine/1,2-DCE system (aqueous-phase acid 
(VA) and benzoic (BA) acids(--) . concentration c;A = 0.01 mol!l) 

Figure 3 illustrates the increased synergistic extraction efficiency of amine mixture with 
increasing the acid concentration, related to the diluent as: cyclopentanol (1 ,2) > MIBK (2,3) ~ 1,2-
DCE (l , l} > n-heptane (1 ,4) . Since the non-polar Alarnine by itself is a relatively poor solvating 
medium for the polar complexes loading decreases with increasing amine concentration as the active 
solvent becomes a less favourable solvating agent (Figure 4). For the nonpolar mixture of inert diluent 
and amine, increasing the amine concentration, however, has little effect upon loading . 

1.5 

Z, 

0.5 

0 

.a. n-heptane 
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~ mk'll'entanol 

-- - ·-- · chemodel 
---- chemodel (a) 

0.02 0.04 0.06 0.08 
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Figure 3 Variation of overall loading with 
aqueous-phase nicotinic acid concentration 

( C~ = 0.0452 molll Alamine 300) 

2. 5 

Z, 1.5 

0.5 

0.06 0.12 0.18 0.24 
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Figure 4 Variation of overall loading with 
amine concentration (nicotinic acid m 

aqueOUS-phase, c;A = 0.102 mol/[) 

The results presented in Figures l , 3 and 4, were interpreted in terms of a chemodel approach 
according to Equation (3), using the multivariable procedures of linpack for one (S) and two (T) 
selected complex combinations (Table 2). However, the best fits display the approach comprising the 
simultaneous formation of two associated complexes (except for 1,2-DCE) depending on the diluent 
used, i.e., (1 ,2) and (2,3 ) for cyclopentanol, (1 ,1) and (2,3) for MIBK, (l , l} for 1,2-DCE, and (1 ,2) and 
(1 ,9) for n-heptane. Table 2 presents a quantitative assessment of the predicted equilibrium constants 
of individual complexes with respect to the mean relative error (e,%) and root-mean-square deviation 
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(a) of Z, factor. The model consistency was also studied through a plot of modelled values against 
observed performance (Figure 3). 

Table 2 Extraction constants of Equation (3), root-mean-square deviation (a) and mean relative error 
(e)" of chemodel estimates for nicotinic acid-amine complexation 

Diluent [J~q ; (p,q)- comp I fJ~q; (p,q)- comp II o(Z,) e, % a 
n-heptane fb 1.4465x I 02 {I ,2) 2 .2182x 1012 {1 ,9) 0 .004 3 .II 

sb 1.2045 x105 (1 ,4) 0 .008 8.85 

1,2-DCE s 7.4728x l0 1 ( 1, 1) 0.183 26.43 
MIBK T 4.4954xl01 (1 ,1) l.3609x 105 (2,3) 0.084 15.98 

s 1.2021 x107 (2,3) 0.220 22 .39 

cyclopentanol T 1.2064x 104 (1 ,2) 1.8103 x 105 (2,3) 0.225 12 .32 
s 1.461) X 1 04 

( 1 ,2) 0 .232 16.68 

a e = (100/N) L~=ll(z,,obs - zr,cal )/ z,_obs I; b one (S) or two (T) complex formation (Tin fig . 3) 

NOMENCLATURE 

CAM 

c~ 

cd 
CHA 

CHA 

eTA; e TA 

c;A 
c;A 
Do 
E 
HA 
p 
q 
NR3 
v 
z 
Z.;Zr 
(overbar) 

Greek letters 

fJ~q 
fJz 
(J 

<Subscripts> 
AM 
HA 
TA 

=not complexed concentration of amine in organic phase, [moVI] 

= initial concentration of amine in solvent mixture, [ moVI] 

= concentration of the acid portion extracted by the diluent, [mol/1] 

= concentration ofnondissociated acid in the aqueous phase, [mol/1] 
= concentration of acid complexed with amine, [moVI] 

= overall concentrations of acid in aqueous and organic phases, 
respectively, [moVI] 

= initial concentration of acid, [mol/!] 

= concentration of acid extracted by the diluent alone, [mol/!] 

= distribution ratio related to the diluent alone 
= degree of extraction, (extracted acid/initial acid), [%] 
= monocarboxylic acid 
= number of acid molecules involved in complex 
=number of amine molecules involved in complex 

= tertiary amine 
= percentage volume of diluent in the solvent mixture, [%] 
= associated number 
= stoichiometric and overall loading of amine, respectively 
= related to the species in the organic phase 

= apparent equilibrium extraction constant, Eq . (3), [(mol/1)1
-p-d] 

=apparent equilibrium extraction constant, Eq . (4a), [(moVI)"'] 

= root-mean-square deviation 

= amine 
= nondissociated acid 
= total acid 
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ABSTRACT 

SEPARATION OF PHENOL FROM AQUEOUS 

SOL UTI ON BY PREDISPERSED SOL VENT 

EXTRACTION 
Yun-Dong Wang, Min Chen, Lilian Xu and You-Yuan Dai 
Solvent Extraction Laboratory, The State Key Laboratory of 
Chemical Engineering, Department of Chemical Engineering, 
Tsinghua University, Beijing 100084, China 

Predispersed solvent extraction (POSE) is a new efficient and prompt method for separating solutes from aqueous solution by 
solvent extraction and has shown to be promising for extraction from extremely dilute solutions. This technique comprises of 
the use of colloidal liquid aphrons (CLA) together with colloidal gas aphrons (CGA). The use of colloidal liquid aphrons in 
predispersed solvent extraction may ameliorate the problems such as emulsion formation, reduction of interfacial mass
transfer and low interfacial mass transfer areas in solvent extraction process. The aim of this work is to experimentally 
prepare the CLA and CGA and to investigate extraction equilibrium of solutes by POSE process in semibatch extraction 
columns. Colloidal liquid aphrons are successfully prepared using kerosene as solvent, tributyl phosphate (1BP) as 
extractant, sodium dodecylbenzene sulphate (SOBS) as a surfactant in aqueous phase and Tween-20 and polyoxyethylene 
sorbitane monooleate (Tween-80) in oil phase. Colloidal liquid aphrons are also generated using hexadecyltrimethyl 
anunonium bromide (HTAB), SOBS and Tween-80 as surfactants. It has been found that the POSE process is more suitable 
for extraction of dilute solutions. In addition, POSE process has a great advantage over traditional single-stage extraction 
process. 

Keyword: predispersed solvent extraction, aphrons, phenol, TBP, surfactant, Tween 80, sodium dodecylbenzene sulphate 

INTRODUCTION 

Predispersed Solvent Extraction POSE is a novel technique, which intensifies conventional 
aqueous two-phase extraction by conversion of dispersed phase (usually the oil phase) into minute 
droplets called colloidal liquid aphrons . An essential feature of the technique is the buoying of the 
CLA's to the surface by a flotation process using colloidal gas aphrons (CGA). Two unusual factors 
that POSE differs from the conventional solvent extraction are: 1) There is no need for a mixing
settling stage; 2) The ratio of extorting solvent to pregnant solution can be very low, of the order of 
one to I thousand or even lower.' The use of CLA's together with CGA's may circumvent the 
problems such as emulsion formation, reduction of interfacial mass transfer and low interfacial mass 
transfer areas in separating bioproducts by solvent extraction? 

By now, most of the works reported in literatures are in the field of preparing CGA's and 
CLA's, as well as selection of suitable surfactant, determination of the surfactant concentration and 
effect of various operation parameters on the CLA's and CGA's sizes and stability.2-

5 Though in an 
exploiting stage, POSE is tentatively used widely. Chaphalkar et al6 and Honeycutt et al7 used CGA's 
to harvest bioproducts . Roy et al8 separated organic dyes from wastewater qualitatively using CGA's. 
Mention should be made to Save and Pangarkar,9 who conversed one phase in conventional aqueous 
two-phase extraction to CGA's to intensify mass transfer. Some other researchers successfully applied 
CLA's to their separation processes. Lye and Stuckey10 used CLA's for the extraction and stripping of 
the antibiotic erythromycin-A. Zhang et al 11

'
12 studied the preparation, characteristics of colloidal 

liquid aphrons and colloidal gas aphrons and flotation of a hydrophobic organic dye from wastewater 
by using POSE process in semi-batch and continuous countercurrent extraction columns. Limbs and 
Stuckey13 used CLA's to immobilise !3-galactsidase. Noble and Varley, 14 Jauregi et al15

'
16 used CGA's 

produced from non-ionic surfactants to recover proteins. Noble et al17 also compared the foam 
separation to colloidal gas aphrons as potential applications for protein recovery in downstream 
processing. Recently, Lye and Stuckey18 investigated the structure and stability of colloidal liquid 
aphrons using various experimental techniques . Their findings support the structure model proposed 
by Sebba1 who suggested that polyaphron (the aggregate of CLA's) phases resemble a biliquid foam 
while the individual CLA's, when dispersed in a continuous aqueous phase consist of spherical, 
micro-sized oil droplets surrounded by a thin aqueous "soapy-shell". Hashim et al 19 used CGA's to 
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clarify baker 's yeast suspension using benzyl dimethyl hexadecyl ammonium chloride as a surfactant. 
Hashim and SenGupta20 used CGA's to separate fine fibre from a lean slurry of cellulosic pulp in a 
flotation column. The pulp fibres were recovered as a foamate from the top . Sodium dodecyl sulphate 
having a concentration of 2.0 Kg/m3 was used as a surfactant to generate CGA's in a spinning disc 
apparatus. The results indicated that up to 70% flotation efficiency could be obtained with a short 
column height of 0.3- 0.35 m. The authors of this pap,er have performed a substantial research on 
CLA's and CGA's preparation and characterisation21

• 
2
'
24 as well as extractions using CLA's and 

CGA's 23
·
25 The aim ofthis work is to study the extraction ofPDSE process in a semi-batch extraction 

column and factors affecting the extraction efficiency. 

EXPERIMENTAL 

Reagents 

The solvent used in this work is kerosene (Lanzhou Refinery Plant), the extractant is TBP 
(tributyl phosphate), and the solute is phenol (AR, Beijing Chemicals Company). The surfactant used 
were SDBS (sodium dodecyl benzene sulphate, 98.5%), HTAB (hexadecyltrimethyl ammonium 
bromide, 99%), Tween 80 (polyoxyenthlene sorbitane monooleate). 

CLA's and CGA's preparation 

To prepare CLA's, the oil phase (50-1 00 cm3
) containing non-ionic surfactant was gradually 

added (4 cm3/min) into a foaming aqueous ionic surfactant solution using a mechanical stirrer at a 
stirring speed of 700 rpm. The volume ratio of the oil phase to the aqueous phase is defined as the 
phase volume ratio (PVR). CGA's were generated in an apparatus similar to the one described by 
Sebba26 The generator comprises of a beaker containing 300 cm3 of aqueous surfactant solution and a 
stirrer. The solution is stirred at a high speed of 4500 rpm until creamy CGA's were generated. In the 
PDSE experiments, CGA's were generated in situ. 

Extraction apparatus and procedure 

The extraction equilibrium experiments were performed by contacting aqueous phenol 
solution with CLA's in a conical flask in a water bath shaker at room temperature (25 ± 0.1 °C} for half 
an hour, keeping a vibration frequency of 200 rpm. After filtration, the phenol concentration in the 
aqueous phase was measured by UV-visible spectroscopy (HP-8452 UV Spectroscopy). The phenol 
concentration in the oil phase was then calculated by subtracting the initial phenol concentration with 
that of the aqueous one at equilibrium. Semi-batch PDSE experiments were carried out in an apparatus 
described elsewhere25 The glass column has a diameter of 5 em and a height of 150 em. The initial 
volume of the phenol solution is 1 dm3 with concentration ranging from 50 ppm to 2000 ppm. Diluted 
colloidal liquid aphrons were pumped into the column at a rate of20 cm3/min with different CLA's to 
liquid volume ratio. CGA's, which were 100 to 400 cm3 at a flow rate between 10 and 30 cm3/min, 
were introduced into the column after 5 minutes of completion of CLA's introduction. The thin layer 
of oil phase containing solute - phenol appeared in the upper part of the column. Samples were 
collected from the sampling ports at different heights of the column and were analysed after a simple 
filtration . 

RESULTS AND DISCUSSION 

When CLA's were prepared, some non-ionic surfactant should be added to the oil phase to 
maintain the spreading pressure of oil greater than that produced by the surfactant dissolved in water. 
Figure 1 shows the changes of partitioning coefficients with the surfactant concentrations in oil phase. 
It has been seen that the partitioning coefficient changes around 10%, which shows that the presence 
of oil surfactant will not affect the equilibrium of these experiments greatly. 

Figure 2 shows the phenol concentration in aqueous phase with extraction time in PDSE process 
using only CLA's. For two different initial phenol concentrations (100 ppm and 500 ppm), phenol 
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concentrations drop sharply within 10 minutes of time and then level off for the rest of extraction time, 
which shows that the majority of the extraction takes place only about 10 minutes . 
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There exists a linear relationship between phenol concentrations in aqueous phase and in oil phase as 
shown in Figure 3. High oil to aqueous phase ratio will result in a high partitioning. 

Extraction efficiency increases with decrease of initial solute concentration. Higher oil to 
aqueous phase ratio results in higher extraction efficiency. When oil to aqueous phase ratio changes 
from 0.005 to 0.04 (Fig. 4), the extraction efficiency increases nearly four times. 
The phase volume ratio (PVR) in CLAs preparation also has some effect on extraction but is moderate 
as compared to the oil to aqueous phase ratio (Figure 5). 

Figures 6 and 7 illustrate the effects of the amount of CGA's and its flow rate on the PDSE 
process efficiency. It was found that the overall percentage of phenol removal increases with increase 
ofCGA's amount, but not quite significantly. When CGA's increase to a certain amount, most of the 
parts of CLA's are adsorbed by CGA's. The excess CGA's cause the back mixing in the column, 
which prolongs the residence time of CGA's in the solution and increase the possibility of CGA's 
breakage, which causes CLA to entry backs to the solution. Therefore, the amount of CGA's added to 
the solution must be optimised. The flow rate of CGA's is also has an optimised value where the 
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extraction efficiency reaches its maximum. High flow rate of CGAs may produce a channelling flow 
in the column which, consequently, results in a poor flotation ofCLAs. 
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Colloidal liquid aphrons and colloidal gas aphrons have been prepared and used to separate phenol 
from aqueous solution. Results from semi-batch experiments showed that the initial phase volume 
ratio in CLA's and oil to aqueous phase ratio affect the separation performance. The PDSE process is 
also dependent on the amount of CGA's introduced and the flow rate of CGA's and, hence, CGA 
value and flow rate for the process were optimised. 

REFERENCES 

I Sebba F. Chemistry and Industry, 185, (1987). 
2 Stuckey DC. Solvent extraction in Bioteclmology, ISEC'96, Melbourne, Australia, 25, (1996) .. 
3 Sebba F. Chemistry and Industry, 367, (1984). 
4 Matsushita K, Mollah AH, Stuckey DC, del Cerro C and Bailey AI. Colloids and Surfaces, 69, 65, (1992). 
5 Amiri MC and Woodburn ET. Trans IChemE, 68. Part A, 154, (1990). 
6 Chaphalkar PG, Valsaraj KT and Roy D. Sep. Sci. Techno/., 28, 1287, (1993). 

422 



Extractants and Diluents 

7 Honeycutt SS, Wallis DA and Sebba F. Biotechnol. and Bioeng. Symp. 13, 567, (1983). 
8 Roy D, Va1saraj KT and Kottai SA. Sep. Sci. Techno/., 27, 573 , (1992). 
9 Save SV and Pangarkar VG. Biotechnol. and Bioeng., 41, 72, (1993). 
10 Lye GJ and Stuckey DC. Proceedings ISEC '96, Melbourne, Australia, 1399, (1996). 
11 Zhang C, Valsaraj KT, Constant WD and Roy D. Sep Sci Techno/, 31,1059, (1996). 
12 Zhang C, Valsaraj KT, Constant WD and Roy D. Sep Sci Techno/, 31,1463, (1996). 
13 Lamb SB and Stuckey DC.IChemE 1997 Jubilee Research Event, Nottingham, UK, 917, (1997). 
14 Noble MJ and Varley J. !ChernE 1997 Jubilee Research Event, Nottingham, UK, 873, (1997). 
15 Jauregi P, Gilmour Sand Varley J. Chern. Eng. J., 65, 1, (1997). 
16 Jauregi P and Varley J. Biotechnol. & Bioeng. , 59,471, (1998). 
17 Noble M, Brown A, Jauregi P, Kaul A and Varley J. J. Chromatography B, 711, 31 , (1998). 
18 Lye GJ and Stuckey DC. Colloidal and Surfaces A- Physicochemical and Engineering Aspects, 131, 119, 

(1998) 
19 Hashim MA, SenGupta B, Kumar SV, Lim R, Lim SE and Tan CC. J. Chern. Techno/. Biotechnol., 71, 335, 

( 1998). 
20 Hashim MA and SenGupta B. Resource Technology, 64, 199, (1998). 
21 Wang Y, Chen M, Xu Land Dai Y. 2nd China-USA Joint Conforence ofChemical Engineering, May 19-22, 

Beijing, China, (1997). 
22 Wang Y, Chen M, Xu Land Dai Y. Chern. Ind. Eng. Progr. (China), 6, 1, (1997). 
23 Wang Y, Chen M, Xu Land Dai Y. !ChernE 1997 Jubilee Research Event, Nottingham, UK, 1049, (1997). 
24 Wang Y, Chen M, Xu Land Dai Y. J. ofTsinghua University (Science and Technology) , 6, 42, (1998). 
25 Wang Y, Chen M, Xu Land Dai Y. , submitted to Separation Science and Technology, (1998). 
26 Sebba F. Chemistry and Industry, 91 , (1985). 

423 



Proceedings ISEC '99 

424 



Extraction Equipment and Design 





Extraction Equipment and Design 

ABSTRACT 

THE AP COLUMN- DEVELOPMENT OF A HIGH 
CAPACITY EXTRACTION COLUMN 
RW Cusack, DJ Glatz, TL Holmes 
Koch Process Technologies Inc, 1055 Parsippany Blvd Parsippany, 
NJ 07054, USA 

A new agitated liquid-liquid extraction column (AP Column) has been developed, which offers improved efficiency and 
higher capacity than the rotating disc contactor (RDC) Column. Direct comparison of the AP Column vs. the RDC Column 
has been demonstrated on a pilot scale for both a standard test system (toluene/acetone/water) and an actual operating plant 
system ( caprolactam process). In addition, scale-up criteria for the AP Column have been developed using 3" diameter and 
11 Y2' diameter columns. 

Keywords: agitated column, scale-up, column design, toluene/acetone/water system, caprolactam process 

INTRODUCTION 

Rotating Disc Contactors (RDC) have historically been used for many industrial liquid-liquid 
extraction (LLE) applications such as lube oil extraction, phenol extraction, and caprolactam 
production. Originally designed for refinery applications, the RDC offers a simple design with a large 
amount of free area. This was well suited for these applications which involved viscous and fouling 
fluids and did not require a large number of theoretical stages. When applied to more conventional 
aqueous/organic extraction application, however, the RDC suffers from poor efficiency, typically 
operating at 10 - 15% stage efficiency. This is primarily due to severe axial mixing in the RDC 
column, especially in large commercial size columns. In addition, the RDC capacity is relatively low, 
(typically at 20 - 30 m3fm2hr), and the column is prone to flooding by emulsification of the phases 
due to the high sheer action of the rotating discs. 

In 1987, the authors presented a paper at the AIChE Summer National Meeting entitled 
"Performance Characteristics of Packed and Agitated Extraction Columns".! At that time, a 3" 
diameter RDC was compared to both the Scheibel Column (3" diameter with rotating impellers) and 
Karr Column (2" diameter with reciprocating plates) for the toluene-acetone-water system, and the 
following conclusions reached: 

1. the Scheibel Column offers significantly improved efficiency, however it typically 
operates at lower capacity; 

2. the Karr Column offers both improved efficiency and higher capacity. 
When evaluating existing extraction applications utilizing the RDC column, revamp using 

either the Scheibel or Karr is generally not practical. The reciprocating action of the Karr Column 
plate stack requires a true internal surface for the column, and the drive assembly is completely 
different than the RDC. Generally, plant revamps also require increased capacity, which cannot be 
achieved with Scheibel internals. For these reasons, the authors began to evaluate alternate internal 
designs which could be used as a replacement for the RDC internals to achieve both higher efficiency 
and higher capacity in the same size column 

A new agitated extraction column design has been developed and has been named the AP 
Column. This design features a series of alternating packing and agitated stages, as shown in Figure 
I . Extraction performance is maximized by: 

1. minimizing axial mixing through the use of the packing stages; 
2. maximizing the throughput via the high open flow area of the structured packing; 
3. maximizing the mass transfer by supplying agitation to generate fine size dispersed phase 

drops, thus maximizing the interfacial area. 

© 2000 Society of Chemical Industry 427 
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FIGURE 1 

AP COLUMN DESIGN SIMPLIFIED SC HEMATIC OF EXTRACTION PILOT PLANT 

EXPERIMENTAL 

Preliminary AP Column Testing 

Initial pilot plant testing to evaluate the new AP Column 
was conducted using the standard test mixture (toluene-acetone
water). The pilot column was 3" diameter with a glass shell, and 
internals consisting of four (4) agitated stages and five (5) 
packing stages. A simplified schematic of the pilot plant set-up 
may be seen in Figure 2. The set-up is essentially identical to the 
set -up utilized earlier for the agitated and packed column 
comparison studies. 

A series of pilot plant test runs generated the data shown 
Table I. The optimal results for the 3" diameter AP Column have 
been plotted on the Stichlmair-Type Plot (Figure 3 for continuous 
to dispersed phase, c-d, mass transfer), which shows the 
performance of the pilot scale AP Column compared to the RDC . 
It shows for example, that at the rate of 20 m3/m2hr, the RDC 
develops 3.5 theoretical stages (TS) per meter while the AP 
Column develops 6.5 TS per meter. Also, the RDC reaches the 
flood point at approximately 25 m3/m2hr, while the AP Column 
extends out to 50 m3/m2hr. 
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Table 1: Agitated-Packed Extraction Column Test Results Standard test system 
toluene/acetone/water 

RUN Packing Crimp Total Flow Agitation Theoretical Volumetric 
# * Height (inch) (m3/(m2h)) (rpm) Stages/meter (m· Efficiency (h-1

) 

I) 

I 0.375 10.00 1000 3.83 38.3 
2 0.375 20.00 1000 5.91 118.2 
3 0.375 30.00 700 5.43 162.9 
4 0.375 40.00 600 4.67 186.8 
5 0.375 49.89 300 2.11 105.5 
6 0.5 10.58 1200 5.25 55.5 
7 0.5 20.48 1500 7.14 146.2 
8 0.5 30.73 675 5.09 156.4 
9 0.5 41.01 475 2.74 112.4 
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AP Column For Caprolactam Process 

Most caprolactam plants use a three (3) step LLE process for purification and recovery of caprolactam. 
The schematic for this process is shown in Figure 4. These columns are identified as follows: 
• Ammonium Sulfate Extractor: 

This column recovers caprolactam from the ammonium 
sulfate rich phase (approximately 1 - 1.5% leaving the phase 
separator downstream of the Beckman Rearrangement Reaction 
Section) by means of counter current extraction with toluene or 
benzene as the solvent. 
• Lactam Oil Extractor: 

This column recovers caprolactam from the lactam rich 
phase (approximately 70% caprolactam leaving the separator 
downstream of the Beckman Rearrangement) by means of 
counter current extraction with toluene or benzene 
• Backwash Extractor: 

RECOVERY OF CAPROLACTM 

0 -uu .. onom~-
0 -u-•••oo•unmuu~ 

0 -.. n•~•- 0 0 0 

This column is used to back extract the caprolactam from the solvent phase into fresh water. 

The majority of the caprolactam plants use RDC columns for the each of the extraction steps 
mentioned above . These plants are essentially carbon copies of original designs developed over 25 
years ago, and most have been operating for more than ten (10) years. World demand for caprolactarn 
continues to be on a steady increase, primarily due to Nylon 6 requirements . To meet the increased 
caprolactam demand, these plants have incrementally increased the throughput in the extraction columns 
to levels above the design capacity, with a resulting loss in efficiency. 

To evaluate the AP Column for the caprolactarn process, actual ammonium sulfate and Iactarn 
oil feeds, plus solvent (benzene) were obtained from an operating caprolactam plant. Test were 
conducted over a two (2) month period, using a scale model of the RDC columns (3" diameter), along 
with a 3" AP column (same height as the RDC) to obtain direct comparison. Results from the test 
program on the each of the process steps are provided in Tables 2 - 4. 

Table 2: AP Column and RDC Pilot Plant Data 
Caprolactam Process - Ammonium sulphate column 

Type of Flow Rate ( cc/rnin) Agitation Wt % caprolactam caprolactam 
Run No. Column Feed Solvent (rpm) Feed Solvent Extract Raffinate extracted% 

AS-2 57 STG RDC 1090 470 900 1.09 0.13 3.05 0.0199 98.16 
AS-4 57 STG RDC 1090 470 1000 1.17 0.13 3.69 0.0302 97.45 
AS-7 57 STGRDC 1250 470 950 0.99 0.15 3.41 0.0296 97.15 
AS-8 17 STGAP 1090 410 1100 0.92 0.0788 2.84 0.0335 96.3 

AS- 12 17 STG AP 1090 410 1000 0.8 0 .0938 2.98 0 .0608 92.04 

These test data, and visual observation of the pilot plant column performance, reveal the following: 

Ammonium Sulfate Column: 

All runs between 100% and 125% of existing operating levels for both the 57 stage RDC and 17 
stage AP columns produced similar results. Thus, it appears that this RDC is significantly over
designed for the ammonium sulfate extraction step. Unfortunately, higher rates were not attempted to 
determine whether or not the AP Column would demonstrate an advantage at rates significantly above 
design. 
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Lactarn Oil Extractor: 

For the 90 stage RDC, optimal performance at the existing operating conditions produced an 
aqueous raffinate with caprolactarn concentration of 1.18%. Operation at 125% of the existing 
operating conditions resulted in an raffmate concentration of 3.43% caprolactarn. The 25 stage AP 
Column (same height as RDC) generated a raffinate concentration of 0.3% caprolactam at both the 
existing operating conditions as well at 125%. Thus, the AP Column demonstrated both higher capacity 
and improved extraction efficiency for the lactarn oil extraction step. 

Backwash Extractor: 

The backwash extraction step showed the highest sensitivity to emulsification and flooding of the 
three steps studied. The pilot, 90 stage RDC was operated at 75% and 100% of existing operating 
conditions, giving raffinate (organic) concentrations of 0.15% and 0.6% caprolactarn, respectively. 
Attempts to operate the column at 125% were unsuccessful. Even at very low agitation, emulsification 
in the bottom section of the column resulted in an inoperable condition. The 25 stage AP Column was 
operated successfully at 100% and 125% of existing operating conditions, giving raffinate 
concentrations of 0.006% and 0.04% caprolactam, respectively. Thus, the AP Column is clearly 
superior to the RDC for the backwash extraction step. Not only does the AP Column provide higher 
extraction efficiency, it also minimizes the emulsion tendency, allowing trouble free operation. 

Table 3 AP Column and RDC Pilot Plant Data 
Caprolactarn process - Lactarn oil extractor 

Flow Rate (cc/min) Agitation Wt % Caprolactam Caprolactam 
Run Type of Oil AS. Benzene (rpm) Oil AS. Benzene Extracted % 
No. Column Feed Extract Feed Extract Solvent Extr. 

Solvent Raffmate 
L0-4 90 STG 480 340 1100 1000 84.4 2.62 0.1614 22.36 1.38 99.78 

RDC 
LO-S 90 STG 480 340 1100 1050 76.11 3.61 0.1651 21.99 1.18 99S7 

RDC 
L0-7 90 STG 600 425 1375 800 76.11 361 0.0536 19.93 3.43 99.05 

RDC 
L0-10 25 STG 480 340 1100 1200 74.43 3.2 0.0662 24.87 0 55 99.83 

AP 
LO-ll 25 STG 480 340 1100 1400 74.43 3.2 0.0298 24.81 0.3 99.93 

AP 
L0-12 25 STG 600 425 1375 1200 74.43 3.2 0.0298 23 .22 0 .3 99.96 

AP 

Table 4: AP Column and RDC Pilot Plant Data 
Caprolactarn process - Back extraction column 

Flow Rate Flow Rate 
Run Type of (cc/min) (cc/min) Agitation Wt% Caprolactam Caprolacta 
No. Column Extr. Feed Process Water (rpm) Feed Solvent Extract Raffinate m Extracted 

% 
BE-3 25 STG 1530 600 1000 22.43 0.0485 41 .67 0.0064 99.98 

AP 
BE-5 16 STG 1530 600 1000 22.94 0.0568 26.34 0.0427 99.85 

AP 
BE-7 90 STG !ISO 450 525 20.51 0.0374 28.3 0.145 99.4 

RDC 
BE-8 90 STG 1530 600 300 20.54 0.0374 2908 0.5536 97.75 

RDC 
• COLUMN ON VERGE OF FLOODING 
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AP Column Scale-Up 

To verify the AP Column scale-up, 3" and 11 \!," diameter columns with five (5) agitated extraction 
stages were set up and the standard toluene-acetone-water system tested. Optimal pilot plant test results 
are shown in Table 5 for c-d mass transfer which was discussed previously for the 3" diameter x 4 stage 
AP column. 
Table 5: Comparison of 3 and 11 .5 inch AP Column Performance 

Rtm 
No • 

S1 
S2 
S3 
S4 
S5 
S6 
S7 

dard Stan Test System- toluene/acetone/water 
APColumn Total Flow Agitation 
Diameter m3/(m'h) rpm 

(inch) 

3 10.24 800 
3 20.47 1500 
3 30.72 700 
3 40.96 450 

11 .5 10 300 
11 .5 20 450 
11 .5 30 200 

FIGUI\i 5 
VOLUMETRIC EFFICIENCY VS. TOTAL FLOW 
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-

Ill 

I 
II rt • 41 5I 

Thco. Stageo 
Per Meter 

4.36 
6.85 
6.33 
5.09 
3.56 
2.22 
4.09 

Stage Efficiency Volwnetric PI, Py Wy 
% Efficiency (h'1) L.(L,,L.) lblfl' (ft·lb,)llb, 

76.2 44.54 181 10.53 
120 140.22 597 34.71 
111 170.52 40.4 2.35 
89.2 182.68 8 .06 0.468 
189.4 35.5 422 24.59 
118.4 44.4 713 41 .49 
217.6 122.7 41 .8 2.43 

FIGURE 6 
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A plot of volumetric efficiency for the 3 and 11 .5 inch AP columns may be seen in Figure 5. 
As discussed previously by Karr/ the number of theoretical stages per meter of column height for 
mechanically agitated column decreases with increasing column diameter. 

To characterize AP Column extraction efficiency as a function of agitator power input, the following 
equation developed by Scheibel4 for radial turbines was used. A plot of extraction column stage 
efficiency vs . power input per stage per unit of volumetric throughput may be seen in Figure 6. 

(1) 
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As can be seen from this figure, the stage efficiency of the 
11.5 inch diameter AP column is the same as or better than the 
3 inch diameter column. Since 5 actual extraction stages were 
used here, the total power input is 5 times the value calculated 
from equation 1. A plot of total power per unit of total mass 
throughout as a function of total volumetric flow (m3/m2h) at 
optimum stage efficiency for both column diameters and both 
c-d and d-e mass transfer may be seen in Figure 7. For total 
flows below 20 m3/m2h the power input must be reduced to 
minimize back-mixing. Above 20m3/m2h, the power must be 
reduced to prevent flooding . 

POMSit IIPUT Pl:lt UMIT -SS THkUPI.JT 
AT KUIMUM ITME SPPICII!:.CY 

0 z 1• m. u cOL. 8 z u.s• m. u cot.. 
OPEN DATA POINTS • c-d MASS TRANSFER 

SOLID DATA POINTS - d -e MASS TRANSFER 

i -i-
i 

"' i ~ 
... I 
!§ ~ 
"' i;! 

CONCLUSIONS 

I. 

2. 

3. 

The AP column has been developed from pilot plant 
tests with the toluene/acetone/water system. 

Increased extractor efficiencies at increased 
throughput are realized by: 

\ 

TOTAL fLOW, CUBIC M/ (SQ.M•HR) 

• minimizing axial mixing through the use of packing stages alternating with agitated stages 
• maximizing the throughput via the high open flow area of the structured packing 
• maximizing mass transfer with radial turbine agitators to generate minimum size dispersed 

phase drop size while maximizing holdup. 
The AP column has been applied to the caprolactam recovery process via pilot plant tests with 
feeds and solvents from an actual operating plant. Test results indicate the following 
performance advantages as compared to presently used RDC columns: 
• equivalent performance of same sized RDC & AP columns was realized for the ammonium 

sulfate extractor step 
• same sized AP column provided capacity increases of 25% over RDC design rates for both 

the lactam oil extractor step and the water backwash step with a caprolactam 
concentrations in the raffinates well below target specifications 

• the RDC contractor was observed to readily form emulsions in the water backwash step 
which limited throughput in contrast to the nearly emulsion free AP column operation. 

Scale-up of the AP column was considered by performing pilot plant tests with 3 and 11 . 5 inch 
ID columns using the toluene/acetone/water system. Over the 10-40 m3/m2h total flow range 
considered in this analysis, volumetric efficiency of both columns increased with increasing 
throughput, while the HETS of the larger column is higher as expected. 
AP extractor agitation power input analysis reveals: 
• at equivalent per stage power input per unit of volumetric throughput, the stage efficiency 

of the 11.5 inch diameter AP is equal to or greater than that of the 3 inch diameter AP 
column 

• total power input per unit of total of mass throughput at optimum stage efficiency as a function of 
total flow (m3/m2h) was observed to plot on a single curve for both column diameters and both c-d 
and d-e mass transfer. The maximum in the specific power input vs. throughput curve occurs at 
20 m3/m2h. Below 20 m3/m2h power input was reduced to prevent backmixing, while above 20 
m3/m2h power input was reduced to prevent flooding. 
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DEVELOPMENT OF A MULTISTAGE MIXER
SETTLER COLUMN WITH A NOVEL IMPELLER 
Manabu Yamaguchi, Haruo Yamashita1

, Manpei Kaneda2 and 
Hideo Noda2 

Department of Mechanical Engineering Himeji Institute of 
Technology Himeji 671-2201, Japan 
10saka University; 
2Kansai Chemical Engineering Co.Ltd 

ABSTRACT 
A multi-stage mixer-settler column extractor with novel impellers was developed. The new impeller in the column was 
developed effectively to provide the functions of disintegrating one liquid and mixing between both phases during contact 
with the impeller which consists of a disc and static-mixers having a novel structure. The column consists of six stages 
separated by stator rings equipped with stainless steel mesh coated with Teflon. The effects of the impeller speed, and the 
flow rates of the continuous and dispersed phases on the hold-up fraction and the flooding flow rate of the dispersed phase 
were investigated using the system of toluene drops in water phase. The column performance for mass transfer was also 
investigated using the system of toluene/acetone/water under a variety of operating conditions and was evaluated by the 
number of theoretical stages per unit column height. 

Keywords: mixer-setter column, column hold-up, column flooding, mass transfer, impeller design, toluene/acetone/water 

INTRODUCTION 

Research strategies of recent extraction equipment are classified into two groups. 
1) One is the improvement and new development of the equipment. Some of them are 

improvement to the internal parts due to imperfect means of conventional contactors; changing the 
internal residence time required by the process and shortening the time required for separation of both 
phasesY The other is the development of novel equipment based on new concepts; application of 
electric fields to improve the hydrodynamics of the drops involving the breakage/coalescence balance 
and the interfacial flow of the drops 1• 

10 and others. 3• 
4 

2) Good understanding of single drop behavior within industrial equipment such as drop 
breakage, characteristic velocities and mass transfer is required for the more reasonable design of 
conventional equipment?· 9 

The present study is carried out with the 
objective of improving the contactor in the 
first group, that is, a novel impeller developed 
in the present work is devised to allow 
disintegrating of one liquid and mixing 
between both phases in the limited space on 
each stage. The new impeller consists of a 
special structure of static-mixers fixed on a 
disc. The dispersed and continuous phases 
flow through the channels of the static-mixers, 
and the dispersed phase is disintegrated into 
the continuous phase by twist shear flow 
which is produced by the two-phase flow 
through the static-mixer elements. The present 
paper presents the experimental results of the 
hydrodynamics and mass transfer in the 
vertical multistage mixer-settler column with 
an impeller. 

© 2000 Society of Chemical Industry 
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Figure 1 Schematic diagrams of impeller and 
structure of static mixer 
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EXPERIMENTAL STUDIES 

Impeller and its construction 

A schematic diagram of the impeller and structure of the novel static-mixer used in the 
present experiment is shown in Figure I. A typical conventional static-mixer has 180 degrees helical 
elements with alternating right- and left-hand twists. As the elements are fixed in the tube, they divide 
the tube into two flow channels . As shown in the figure, the static-mixer element, two plates bent at 
140 degrees are fixed side by side in a rectangular channel sized with a 1 Ox 1 0 mm cross section and 
28 mm length. The impeller, 110 mm in diameter, is made of stainless steel and consists of a 78 mm 
diameter disc with 24 pieces of the mixer on the disc. The dispersed and continuous phases sucked by 
centrifugal force into channel 'a' change the flow direction into the next channel 'b' because of the end 
of channel 'a', and the change in the flow direction into the original channel 'a' again and then out. 
Both phases are sucked into channel'b' flow in a similar manner as the flow pattern in channel'a'. That 
is one of both phases flowing through the two channels of the static-mixer is disintegrated into the 
continuous phase by a twist shear flow which is produced by the static mixer elements at the middle 
position in the channel. During this flow process, disintegration of the dispersed phase, mixing 
between both phases and total residence time of both phases are controlled. 

Experimental apparatus 

The main section of the column 
consists of a 150 mm diameter, 570 mm 
high glass column divided into 6 
compartments: a phase separation of both 
phases at the top of the column 1 00 mm 
high, 4 stages each 70 mm high, and a 
phase separation of both phases at the 
bottom of the column 185 mm high 
(thereafter called the top stage, lst stage, 
2nd stage, ... , and bottom stage ). The 
diameter of the impellers, located 15 mm 
above the lower stator ring in each stage, is 
II 0 mm and that of the stator opening is 
II 0 mm. Each stator ring is equipped with a 
drop coalescer which is made of a stainless 
steel mesh coated with Teflon and with two 
downcomers of stainless steel bent into a U Figure 2 The structure of a stage 
shape. Thus, the space in the stage is 
divided into a mixing zone and a 
coalescence zone except for the top and bottom of the column. In the experiment, fine droplets formed 
in the column were carried down with the continuous phase and accumulated at the bottom stage and, 
in the extreme case, they flowed out with the continuous phase due to entrainment. At the bottom 
stage, a stainless steel-like sponge layer was placed to prevent such entrainment. Each stage in the 
column was equipped with probes to sample the liquid phases. The probe was set at a suitable position 
above the impeller. The structure of the stage is shown in Figure 2. 

A single stage column was separately devised in order to observe the disintegration behavior 
of one liquid into the continuous phase within the static-mixer channels which is made of a transparent 
acrylic resin. To clarify the difference between the dispersed and continuous phases within the 
channels, the dispersed phase was colored and the behavior was observed using a TV system and 
photographs. 
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Experimental procedure 

Hold-up fraction of dispersed phase: 

The column was filled to a given level with water as the continuous phase which was fed at a 
given flow rate through the flowmeter from the top of the column. The impeller was rotated at a given 
speed, and the air in the column was exhausted. Toluene as the dispersed phase was fed at a given flow 
rate through the flowmeter from the bottom of the column. Each of the phases flowed countercurrent 
under a constant flow rate, and the exhausting rates of both phases, respectively, were controlled in 
order to keep a constant level of the dispersed phase/continuous phase interface in the top stage of the 
column. After the steady-state flow of both phases was maintained, the hold-up was measured using 
the following two methods. For the first method, the liquid phase in each stage was sampled by a 
syringe from each sampling probe, and the volume of both phases was measured using a volumetric 
cylinder; the hold-up fraction was defined as the ratio of dispersed phase volume to total volume of 
both phases. For the second method, after the feeding of both phases were simultaneously stopped, the 
dispersed phase was collected by intermittently rotating the impeller. A position of dispersed 
phase/continuous phase interface was measured and the total volume of dispersed phase in each stage 
was obtained; the ratio of dispersed phase volume to total volume of the 4 stage compartments was 
determined. 

Flooding flow rate of dispersed phase: 

When the feeding rate of the dispersed phase attained a critical value under a constant flow rate 
of the continuous phase and a constant impeller speed, the volume of the uncoalesced drops in the top 
stage of the column increased and forced the dispersed phase/continuous phase interface down, and 
finally the interface entered the 1st stage. This behavior made a steady state flow for both phases in the 
column impossible. Flooding was defined by this behavior. 

Mass transfer: 

The mass transfer characteristics were investigated using the water/acetone/toluene system 
which was recommended by EFCE. Mass transfer experiments were carried out under different flow 
rates for both phases and different revolutions of the impeller. As a part of the experimental 
conditions, a specific operating condition was chosen to compare the mass transfer performance of the 
present column with those of conventional contactors in the literature; a constant throughput ratio of I 
to 1.5 (water to toluene phase) was used. The experimental procedures were essentially the same as 
those in the hold-up experiment except for the liquid-liquid system used. After a steady-state flow for 
both phases was attained, the liquid phases at each stage were sampled using the probe, and the 
dispersed and continuous phases at the inlet and the outlet of the column were also sampled. After 
both the sampled phases were separated into the dispersed and continuous phases, respectively, they 
were rapidly moved by syringe into the sample bottles with a cover. The acetone concentration in each 
phase was measured using a gas chromatograph with a packing ofpolydivinylbenzene. 

RESULTS AND DISCUSSION 

Hold-up fraction of dispersed phase 

A typical result of the experimental hold-up at each stage under constant flow rates of both 
phases is shown in Figure 3 with revolutions of impeller as a parameter. The hold-up in the 1st stage 
was the highest irrespective of the impeller speed. This is because the coalesced dispersed phase in the 
lst stage was not sucked into the stage due to not having an impeller in the top stage. The hold-up 
increases with an increase in the impeller speed. This is because an increasing impeller speed caused 
the decreased drop size and drop rising velocity . The hold-up increased almost linearly with the flow 
rate of the dispersed phase, but it was the lowest in the 3rd stage. The effect of the continuous phase 
flow rate on the hold-up was slight. The fixation of the coalescer to disengage drops affected 
significantly the hold-up behavior. That is, the hold-up of the column equipped with the coalescer was 
about 50 % higher than that of the column without the coalescer. In addition to the hold-up behavior, 
the patterns of the drop size distribution in the column were distinctly different from with and without 
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dispersed phase decreased, while the flooding flow 
rate increased with impeller speed, and decreased through a maximum value at a critical impeller 
speed. 

Mass transfer 

The stage efficiency was close to I 00% irrespective of the impeller speed and flow rate of 
both phases. This is because the test liquid used is a relatively easy one with rapid establishment of the 
phase equilibrium. The column performance was obtained using the Number of Theoretical Stages per 
Column Height which is often cited in the literature [6,8); NTS/H [1/m] . Figure 4 shows a typical 
experimental result between NTS/H and impeller speed under the conditions of with and without the 
coalescer and constant total flow rate for both phases, 0.002 m3/(m2s), which maintained a constant 
throughput ratio of 1 to 1.5 (water to toluene phase) . 
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Figure 4 Effect of mass transfer on 
impeller speed with and without 
drop coalesce 
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As shown in the figure, the effect of the coalescer on NTS/H is significant and interesting; 
the influence of impeller speed on NTS/H is reversed with and without the coalescer. The performance 
of the column equipped with the coalescer strongly depended on the impeller speed and decreased 
through a maximum value with impeller speed. The efficiency without the coalescer linearly 
increased with the impeller speed. This may be due to the differences in the dispersion degree and the 
axial backmixing. Consequently, the column performance with the coalescer will be improved by the 
position of the impeller because it is proposed that impeller position has a significantly influence the 
backmixing intensity and the residence time of the dispersed phase. The relation between NTS/H and 
the total flow rate of both phases is shown in Figure 5 in which the NTS/H of the present column is 
compared with those reported in the literature. 

CONCLUSIONS 

A vertical multistage mixer-settler column equipped with novel impellers was developed. The 
column's hydrodynamic and mass transfer characteristics were investigated using the 
water/acetone/toluene system. The impeller equipped with novel static-mixers effectively displayed 
the functions for disintegrating a dispersed phase through the channels of the mixers and mixing 
between both phases . The coalescers equipped with a stator ring on each stage also satisfactorily 
worked for disengaging a dispersed phase. The present column ensures performance that compares 
favorably with conventional extraction equipment. 
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ABSTRACT 

DROP SIZE AND PHASE DISTRIBUTION IN 

EXTRACTION COLUMNS 
Jorg Koch and Alfons Vogelpohl 
Institut fur Thermische Verfahrenstechnik, Technical University of 
Clausthal, Leibnizstr. 15 D-38678 Clausthal-Zellerfeld, Germany 

Fundamental investigations of the distribution of the dispersed phase in a column cross section were carried out in a 
laboratory scale and a technical scale column. For the measurement of the local phase distribution, a new technique was 
applied. Also a new kind of distributor has been developed, which allows the control of the drop-size distribution generated 
by pulsing the dispersed phase inside a tubular distributor. 

Keywords: column, drop size, phase distribution, distributor design 

INTRODUCTION 

Several advantages of extraction columns with structured packings have led to an increasing use 
of this type of packing in solvent extraction. In particular, the structure of the packing allows a high 
phase throughput in addition to a good separation efficiency due to a reduced backmixing. However, the 
separation efficiency of this kind of packing depends strongly on the primary distribution and the droplet 
size of the dispersed phase in the apparatus. The rise of the drops in structured packings follows the 
channels formed by the packing. Therefore, structured packings have a low capability for the radial 
distribution of the dispersed phase in the extraction column.1 So the design of the distributor is one of 
the most important tasks for a high efficiency and a high phase throughput of a technical scale column. 

The importance of an even distribution over a packed column cross-section increases with the 
diameter of the apparatus . Thus, to examine the efficiency of a distributor, the experiments should be 
made in a technical scale column, the drop-size distribution and the phase distribution over the column 
cross-section must be measured in dependence of the phase ratio and the flowrates . The characterisation 
of the two-dimensional phase-distribution in a column cross-section requires a new method of 
measurement, which was developed in the laboratory-scale column and applied in the technical-scale 
column. 

The drop-size distribution generated by a distributor normally depends on the fluid velocity in 
the hole,2•

3 and thus on the flowrate of the dispersed phase. To achieve a drop-size independent of the 
fluid velocity, a second independent force is required to affect the drop formation. This force can be 
produced e.g. by the continuous phase as applied in the two phase nozzle.4 Another approach is the 
generation of an impulse on the dispersed phase inside the distributor as a second parameter for the 
control of the drop-size. In this study, electromagnetic pulsation was used to generate the impulse. 

EXPERIMENTAL 

In all experiments deionised water was used as the continuous phase and Shell KS Ill or 
SheiiSol 070 from the Shell Corporation as the dispersed organic phase. The physical properties are 
shown in Table I . The drop-size was measured with the capillary suction method.5 

Parameter SheiiSol 070 Shell KS 111 
density p 798 kgm·3 759 kg m·3 

viscosity 1-1. 1.68 x 10·3 Pas 1.60 x 10·3 Pas 

interfacial tension (water) A. 0.0342 Nm-1 0.0337Nm·1 

Table 1 Physical properties of the expenmental substances 
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Laboratory scale setup 

The laboratory scale apparatus consists of an extraction column (dh = 190 rnrn, h = 800 rnrn) 
made from PMMA. The experiments were carried out with the continuous phase at rest. For several 
distributors, the drop-size and the phase distribution at the top of the column were measured in 
dependence of the volume flux of the dispersed phase. In addition, the effect of a pulsation of the 
dispersed phase inside the distributor was investigated. 

As distributors, stainless steel tubes with an inner diameter of D = 34 rnrn and 21 holes with a 
diameter D0 = 2 rnrn respectively 19 and 37 holes with a diameter Do = 3 rnrn were used. An 
electromagnetic pulsation device for the generation of the impulse on the dispersed phase is fixed to the 
distributor. 

Technical scale setup 

For the technical scale column (d h= 600 rnrn, h = 3000 rnrn) only glass, stainless steel and 
PTFE were used to avoid corrosion by the experimental substances. A sieve plate ring-distributor with 
an inner diameter of 390 rnrn, an outer diameter of 460 rnrn and 2400 holes with a diameter of 1.5 rnrn 
was used for the first experiments . The distributor exists of two chambers. The dispersed phase enters 
the lower part which is separated from the upper one by a sieve plate with 20 holes with a Do = 4 rnrn 
which causes a high pressure drop to pre-distribute the fluid over the whole distributor cross section. 
The main formation of the drops takes place in the upper chamber at the 2400 holes with D0 = 1.5 rnrn. 
In this way, a decoupling of the distribution of the dispersed phase over the distributor cross section and 
the formation of the drops is achieved. 

In the experiments, the drop-size distribution and the phase distribution were measured at 
different heights above the distributor and with several phase ratios and flowrates of both the dispersed 
and the continuous phase. 

Phase distribution measurement 

The phase distribution over a column cross section is measured by a probe made from stainless steel 
which could be moved over the whole column cross section. The head of the probe is shown in Fig. I . 

weirplate 

•• 
drop rise t • 

Figure 1. Measurement probe 

The drops enter the head through the lower opening and coalesce, the weir plate hinders drops 
from entering the horizontal outlet so that the dispersed phase leaves the upper section of the outlet tube 
as a film. The film of the dispersed phase rises in the vertical tube to a separator, in which the fluid level 
is adjusted at the same level as in the column by an adjustable weir. Two solenoid valves can switch the 
outflow from the dispersed phase supply to a small vessel where the volume of the dispersed phase is 
measured. Thus an average value for the local volume flux of the dispersed phase inside the column can 
be calculated. 
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RESULTS AND DISCUSSION 

Phase distribution 

Figure 2 shows the local distribution of the dispersed phase at several heights above the 
distributor without countercurrent flow for three flowrates of the organic phase and without a packing. 
Because of the shape of the distributor, the distribution at the height of 390 rnm is very uneven for all 
flowrates. With increasing distance from the distributor, the phase distribution becomes more and more 
even. The self-distribution of the dispersed phase is caused by vortices with a diameter up to the column 
diameter. At a distance of approximately 2.5 times the column diameter, the dispersed phase is 
distributed evenly over the cross section. 

Figure 3 shows the results of similar experiments with countercurrent flow of the continuous 
phase. At a short distance above the distributor, the geometric shape of the distributor has the same 
influence on the phase distribution as discussed above. As distinct from the experiments without Figure 
3 shows the results of similar experiments with countercurrent flow of the continuous phase. At a short 
distance above the distributor, the geometric shape of the distributor has the same influence on the phase 
distribution as discussed above. As distinct from the experiments without countercurrent flow, the 
dispersed phase is evenly distributed at a distance of 1.5 times the column diameter. The reduced drop 
velocity leads to a higher hold-up and, because of the increased drop-drop interaction, the distribution 
ability of the column increases. 

Further experiments will show the influence of the structured packing on the drop-size and the 
phase distribution. 

Pulsed distributor 

Figure 4 shows the drop-size distribution generated by a tubular distributor with 21 holes and 
Do = 3 mm for a Weber number of 9.8. Without pulsation, the drop-size distribution shows two 
maxima at 3.3 mm and at 4.2 mm. With a pulsation of 35Hz, up to 80% of all generated drops have a 
diameter between 4.6 and 4.8 mm, so the drop size distribution is nearly monodisperse. The pulsation 
frequency was calculated from the natural frequency of a liquid sphere6

•
7

. The strongest effect of the 
pulsation on the drop formation was found for a pulsation frequency equal to the generation frequency 
of the drops or its half. 

In future experiments, this type of distributor will be applied in the technical scale column and 
its technical suitability will be investigated. 
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Figure 4. Drop-size distribution of the pulsed and unpulsed distributor 
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ABSTRACT 

THE APPLICATION OF ELECTRICAL CAPACITANCE 

TOMOGRAPHY TO LIQillD-LIQUID EXTRACTION 
COLUMNS 
GT Bolton\ WJ Korchinsky\ RC Waterfall2 and PD Martin3 

1 Department of Chemical Engineering, UMIST, PO Box 88, 
Manchester, M60 I QD, UK 
2 Department of Electrical Engineering, UMIST, PO Box 88, 
Manchester, M60 IQD, UK 
3 Separations Processes Service, AEA Technology pic, 404 
Harwell, Didcot, Oxfordshire, OXII ORA, UK 

Process Tomography uses non-invasive sensors to obtain information on the contents within a process vessel or pipeline. 
Electrical Capacitance Tomography (ECT) utilises a capacitance measuring system to obtain images of dielectric 
components in process vessels or pipelines and has previously been used for imaging gas/oil flow in pipelines, flow regimes 
in pneumatic conveying systems and air bubbles in fluidised beds. 
Multiple capacitance electrodes are arranged around the boundary of the region under investigation, resulting in a truly non
invasive and non-intrusive measurement technique. The measured capacitances for all possible combinations of pairs of 
electrodes give a ' body-scan' of the enclosed volume. An image reconstruction algorithm is used to generate a tomographic 
image (tomogram) of the dielectric distribution from the capacitance measurements which is converted to a variation in the 
process vessel's contents. 
In this paper the application of this technique to liquid-liquid systems is described. The objective of the work is to apply 
ECT to the monitoring of dispersed phase distributions in liquid-liquid contactors. Results are very encouraging: 
a) a suitable capacitance sensor has been designed. 
b) accurate measurements of average dispersed phase volume fractions, or hold-up have been demonstrated. 
c) mal-distributions of dispersed phase over a horizontal cross-section of a vessel have been illustrated. 

Keywords: tomography, capacitance imaging, dispersion, distribution, extraction columns 

INTRODUCTION 

Electrical Capacitance Tomography uses tomographic imaging methods to manipulate data 
obtained from capacitance electrodes to obtain precise quantitative information on processes 
containing multi-component mixtures. ECT has been successfully applied to a static system 
containing sand and air representing three common flow regimes: stratified, core and annular1

. It has 
been used to obtain real time images of air bubbles within a fluidized bed2 and it has been used to 
study the dilute-phase pneumatic conveying of granular solids3

• 

A typical ECT system, as shown in Figure I, consists of a capacitance sensor system to 
measure capacitance changes in the sensing zone, a data acquisition system to collect the sensor 
output signals and a computer for image reconstruction. 

Figure 1 Electrical Capacitance Tomography System 

Capacitance 
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The application of ECT to liquid-liquid dispersions could be a valuable tool in measuring dispersed 
phase hold-up, in identifying poor phase distributions and, in providing an indication of the approach 
to the column flooding point. An understanding of radial and axial mixing phenomena in extraction 
columns could follow. 

EXPERIMENTAL 

Flow Rig 

The liquid-liquid contactor test facility (Figure 2) consisted of a I 00 mm diameter glass section 
fitted with a polyethylene distributor with l mm diameter holes arranged on a 5 mm triangular pitch. 
Three different distributors were used in the experimental study. The first had holes perforated 
throughout its area and hence was expected to produce a uniform distribution of dispersed phase 
within the sensing zone. The remaining two were expected to produce non-uniform distributions of 
dispersed phase. One of these had 50% of its area perforated with holes and the remaining 50% had 
no holes, while the other had 25% of its area perforated with holes and the remaining 75% had no 
holes . A fixed speed pump was used to pump water from a reservoir through the distributor and 
column and back to the reservoir. A bypass from the pump back to the reservoir was fitted with a 
valve to allow control of the water flow rate. 

Imaging System 

The liquid-liquid contactor imaging system consisted of the three parts shown in Figure l . A 
12-electrode capacitance tomography sensor system was mounted 75 mm below the distributor, as 
shown in Figure 3. The sensor was fabricated of thin copper strips attached to the outer surface of the 
glass section. The height of the measuring electrodes was 50 mm, resulting in the image obtained 
being an average over this 50 mm height of the contactor. Driven-guard electrodes were placed above 
and below each capacitance electrode. These served to concentrate the electric field between the 
electrodes. The capacitance electrodes are surrounded (with a clearance of 20 mm) by a section of 
steel pipe to avoid external electrical interference. 

To obtain quantitative images, the tomography system must be calibrated. For this study a new 
calibration procedure was developed4 Calibration was performed by filling the sensing zone 
consecutively with kerosene, then with acetic acid, in order to set the lower and upper limits of 
permittivity. When high permittivity material (water) is introduced into a low permittivity background 
(kerosene) within the sensing zone the capacitance measurements between electrode pairs will 
increase. An ECT system measures the capacitance changes and reconstructs a cross-sectional image 
from the capacitance data. It has been shown that the effective permittivity of a mixture of 2 liquids, 
one dispersed in the other, varies linearly with the volume fraction of the dispersed material for low 
values of volume fraction. Therefore, the calibration procedure described above produces good 
quality images for liquid-liquid dispersions containing up to 30 vol. % water in kerosene. 

The measured signals from each pair of electrodes were proportional to the permittivity of 
water droplets in kerosene. Measurements were taken by applying a 15 V electrical potential to the 
electrodes. Capacitances between any two of the twelve electrodes were measured in all possible 
combinations, except for adjacent electrodes4

. For a 12-electrode sensor system there are 54 
independent pairs of electrodes (when adjacent pairs of electrodes are ignored) . Hence for each image 
54 independent measurements were taken. The data capture and image reconstruction time was 20 ms 
for one image. 

An essential requirement of the imaging system is that the capacitance measuring circuit should 
only measure the capacitance between the selected pair of electrodes. It should be insensitive to stray 
capacitances between measuring electrodes and earth and due to the cable connecting the electrodes to 
the circuit itself. This is achieved by the charge/discharge capacitance measuring circuit5

. The images 
were reconstructed from these boundary capacitance measurements by a modified linear-back 
projection algorithm6

. Each image consisted of812-pixels. 
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Figure 2. Flow rig facility 
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Experiments were conducted for water dispersions in a continuous kerosene phase with no 
mass transfer. The continuous kerosene phase was stationary. Results are given here for three water 
superficial velocities (Vd). As previously described, three distributors were used to vary the 
uniformity of distribution. 

Table I shows the average dispersed phase hold-up measured by the electrical capacitance 
tomography system. The figures in brackets are the values obtained in the usual way, from interface 
levels while the test column was running, and then after the pump had been shut down and the outlet 
valve closed, allowing the calculation of the volume of accumulated drops at the interface. 

Table 1 Average dispersed phase hold-up measured by ECT system 

vd = 0.44 crnls vd = 0.73 cm/s vd = 1.1 crnls 

1 00% distributor area 0.05 (0.07) 0.11 (0.13) 0.15 (0.14) 

50% distributor area 0.05 (0.05) 0.10 (0.10) 0.15 (0.13) 

25% distributor area 0.03 (0.06) 0.10 (0.08) 0.13 (0.16) 

Previous work7
, which used ECT to measure the average volume fraction of water in water/kerosene 

mixtures of known composition within a small, agitated vessel, demonstrated that for volume 
fractions between 0 and 0.3 the ECT measurements were accurate to within ±0.01. In this work it is 
not possible to accurately obtain a check of ECT results, but the comparisons in Table 1 are very 
encouraging. 

Figures 4, 5 and 6 show three-dimensional surface plots, representing the distribution of dispersed 
phase hold-up within a cross-sectional plane of the test facility. Figure 4 shows the results for the 
distributor which had holes throughout its area. Figure 5 shows the results for the distributor which 
had holes on only 50% of its area (a semicircular distributor) and Figure 6 shows the results for the 
distributor which had holes on 25% of its area. 
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Figure 4 100% distributor a) Vd = 0.44cm/s b) Vd = 0.73 cm/s c) Vd = 1.1 crn!s 
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Figure 5 50% distributor free area a) V d = 0.44 cm/s b) V d = 0. 73 crn!s c) V d = 1.1 crn!s 
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Figure 6 25% distributor free area a) Vd = 0.44 cm/s b) Vd = 0.73 cm/s c) Vd = 1.1 cm/s 
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It can be seen from Figure 4 that the distribution of dispersed phase is uniform over the measurement 
plane as expected. Figures 5 and 6 clearly confirm the poor, non-uniform, distributions of dispersed 
phase, caused by the blanked off distributors. A drawback of the linear-back projection algorithm is 
that it smears out sharp transitions in relative permittivity8 As a result these plots of dispersed phase 
volume fraction over a slice through the column, near to the distributor, may be blurred between areas 
of high and low dispersed phase hold-up resulting in these measurements being of a semi-quantitative 
nature. However, they do still clearly show non-uniform distributions of dispersed phase. 

CONCLUSION 

Highly promising results have been obtained for non-invasive measurement of dispersed phase 
distributions in liquid-liquid systems utilising Electrical Capacitance Tomography. 
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ABSTRACT 

STUDY OF CHARACTERISTICS OF A PULSED 

PACKED COLUMN USING SUPER-MINI-RING 

(SMR) 
Jie Yu and Weiyang Fei 
Department of Chemical Engineering, Tsinghua University, 
Beijing 100084, China 

The hydrodynamics and mass transfer of Pulsed Packed Column filled with Super Mini Ring (SMR) and Raschig ring have 
been studied using 30% TBP-kerosene (d) /acetic acid/water (c) system in a lOOmm internal diameter column filled with 
lm height packing. The mass transfer and axial mixing parameters were estimated simultaneously from the measured 
concentration profiles of two phases based on back flow model. It was found from the comparison among packings that 
SMR has superior characteristics both in terms of capacity and mass transfer efficiency. New empirical equations of 
characteristic velocity, Hex and Hoxd were proposed. 

Keywords: pulsed packed column, Super Mini Ring, Raschig ring, hydrodynamics, mass transfer, TBP-kerosene/acetic 
acid/water 

INTRODUCTION 

The pulsed packed column (PPC) uses pulsation to enhance its mass transfer. Therefore, it has 
excellent performance and has successfully applied in the industries.H Conventional packings such as 
Raschig rings were usually used for experiments and applications. Though many high efficiency 
packings have been developed in recent years, there is only a few reports on the characteristics and 
applications ofPPC which use these new packings.4-6 

The newly developed Super Mini Ring (SMRf has three inner arches and very low 
high/diameter ratio (about 0.3), which could enhance the "dispersion-coalescence " recycle and control 
the non-ideal flow of the two phases inside the packing bed. Experiments8 have shown that the SMR 
have lower axial mixing and higher mass transfer efficiency compared with many packings used in 
packed extraction column. The purpose of this paper is, therefore, to study the hydrodynamics and mass 
transfer of PPC using stainless steel (s .s.)SMR and then compare with those of ceramic and stainless 
steel (s.s.)Raschig rings . 

EXPERIMENTAL 

The experimental equipment is shown in Figure I . The column, which was filled with packing 
of I m height, has an internal diameter of 0 .I m and was made of flanged glass . Five pairs of elaborate 
designed samplers were arranged in equal distance along the column, which assured pure samples of 
each phase could be obtained. Each phase was predistributed by a distributor before entering the 
packing bed. An air pulsation system was used. The pulsation amplitude was adjusted from ls-1 to 
2.33s'1 by pressure modulator and the pulsation frequency could be controlled from 0.005m to 0.0125m 
by a rotating valve. 

Phase 

Continuous phase 

Dispersed phase 

999.0 

853.0 

1..1. (mPa.s) 

1.24 

1.97 

Table 1 Physical Properties of Experimental System (l5°C) 
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Packing 

s.s. SMR 

ceramic Raschig ring 

s.s. Rachig ring 

size (nun) 

16x5.5x0.4 

16xl6x4 

16xl6x0.5 

Table 2 Properties Parameters of Different Packings 

Figure 1. Diagram of experimental equipment 

92.3% 

56.4% 

92.0% 

384 

272 

350 

The experimental system was 30%TBP-kerosene/acetic acid/water, its physical properties are 
shown in Table l.The equilibrium distribution of the system {l5°C} is y = 0.602x - 0.267x2 The 
properties of the packings used in this paper are shown in Table 2. 

The dispersed phase hold-up was measured by the volumetric replacement technique. Flooding 
velocity was measured by keeping the continuous phase velocity constant and increasing the dispersed 
phase velocity 0.2mm/s each time until flood occurred. 

During mass transfer experiments, the column was first operated into stable state after 5-6 
column volume was replaced by streams of two phases. Then seven pairs of samples were collected at 
the inlets, outlets and along the column in 10 minutes . The samples were analysed by titration. 

Data processing 

Many kinds of model have been developed recent years since the important impact of axial mixing 
on the performance of solvent extraction columns. However, none of them is satisfied enough for the 
scale up of the conunercial columns since the complicity of the two phase flow inside the column. Even 
for the latest developed Population Balance Model "should be considered only as useful guides, helpful 
for the description and the understanding of the operating conditions of all columns. Although such 
model clearly indicate a way forward, no confident scaling-up procedures have yet been developed".9 

The back flow model and diffusion model are still the most important and practical approaches for 
considering the influence of the axial mixing on the column performance. Therefore, they were used in 
this paper assuming constant flow rates and constant back flow ratios of two phases. The mass transfer 
and axial mixing parameters were estimated simultaneously from the measured concentration profiles of 
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two phases based on these models and combined with the maximum likelihood objective function and 
Marquardt's optimisation procedure. 10 

Packing 
s.s. SMR 

ceramic Raschig ring 
s .s. Raschig ring 

7.00 
13 .31 
0.37 

Table 3 Calculated Results ofC~,C2 and n 

RESULTS AND DISCUSSION 

Characteristic velocity 

0.70 
0.87 
0.06 

n 
1.39 
0.64 
0.26 

The conception of characteristic velocity was proposed11 to correlate the dispersed phase hold-up and 
velocity of two phases. It was found that this equation could be only used in the condition oflow 
dispersed phase hold-up and no obvious coalescence. Several modified equations1

2.
13 which take account 

of the drop coalescence under high dispersed phase hold-up were developed. Since the pulsed packed 
column usually operated under high dispersed phase hold-up region, equation ofWang12 was used in 
this paper. 

Since characteristic velocity in PPC decrease with the increase of pulsation intensity, an equation was 
developed to calculate characteristic velocity in PPC: 

u o = 0 .683[Eg · ~P)o.s [o- C
1 
(af)c' ] (2) 

aP P 
where 0.683(sg/ap . ~p/p) is used to evaluate characteristic velocity in packed column14 and c~, c2 and 
n are parameters evaluated from experimental data of pulsed packed extraction columns (see Table 3). 

Flooding velocity 

Different packings have different interaction with drops because of their difference in voidage, 
special area and geometry. Therefore, packing type has significant influence on flooding velocity . Figure 
2 showed that flooding velocity of PPC filled with s.s. SMR was about 20% higher than that of PPC 
filled with ceramic Raschig ring. This is mainly because SMR has higher voidage than ceramic Raschig 
ring. Figure 2 also showed that flooding velocity decreases with the increase of pulsation intensity. 
Flooding velocity could be evaluated through characteristic as follows .in equations 3-5. 

Udf =e·U0{n+1).q,; ·(1-<PrY 
U cf = E · U 0 • (1- <Pr )+1 (1- (n + 1 )l>r) 

<Pr = 2/(n + 2+ (n 2 +4(n +l)/LRf2
) 

(3) 

(4) 

(5) 

Equation 2 was compared with that proposed by Simons? Though Equation 2 is much simple than that 
of Simons and need not calculate the mean drop size beforehand, both of two equations give reasonable 
results for ceramic Raschig ring. The standard deviations are 12.2%, 16.8% respectively. However, 
when s.s . SMR are considered, there are big differences in calculation results (Figure 3). Calculated 
results by Equation 2 fit experimental data very well, whereas those by Simons ' equation3 are at least 
two times higher than experimental data. This is mainly because Simons' equation3 were proposed only 
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for Raschig ring. It seems that Simons' equation is difficult to use for high voidage, high efficiency 
packings. 
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Figure 2. Effect of packing on 
flooding velocity. 
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Figure 3. Comparison of flooding velocity 
between experimental and calculated data 

It is clear from the observation during the experiments that the mean drop size decreases with 
pulsation. Therefore, the pulsation intensity has great influence on Hox and Hoxp (Figure 4) . 

E 

I 

0.5 r-----------, 

0 . 4 

0 . 3 

0.2 

0 . 1 

Uc•O. 0015 m/s 
Ud•O. 0030 m/s 

• Hoxp 
A Hox 

0.005 0.01 0.015 0.02 

af, nh 

Figure 4, Effect of pulsation intensity on Hox and H.,xp (s.s. SMR) 

Compared with non-pulsation condition, Hox and Hoxp decrease more than 50% under the 
optimal pulsation condition. Regressed 30 groups of s.s. SMR experimental data by Marquardt's 
optimisation method, the following equation were developed: 

H ox =1.12*(~)"065(LJ-162 (6) 
ud 

H = 0 093 * (~)o.2o (L )-o.32 
oxd · U R 

d 

(7) 

Therefore, Hoxp could be evaluated by the following equation: 

H oxp = H ox + Hoxd (8) 
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The standard deviations of these equations are 17.5%, 41.2% and 13 .7% respectively. 

The geometry of SMR can enhance surface renewal and decrease axial dispersion. Therefore, 
lL,xp of PPC filled with s.s. SMR are much lower than that of ceramic and s.s. Raschig ring (Figure 5). 

E 

0. 7 ,------- -------, 

0. 6 

0. 5 
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Figure 5. Effect of packing on mass transfer 

CONCLUSIONS 
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I . The mass transfer efficiency increases sharply whereas flooding velocity decrease slowly with 
increasing of pulsation intensity. Therefore, pulsation has a positive effect on the performance of 
packed column. 

2. PPC filled with the s .s. SMR has much higher mass transfer efficiency than those of ceramic and s.s. 
Raschig rings. 

3. Empirical equations of characteristic velocity, Hex and Hoxd were proposed. These equations fit the 
experimental data reasonably. 
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NOMENCLATURE 

a pulsation amplitude, m 
lip specific interfacial area, m2/m3 

f pulsation frequency, s·1 

g acceleration of gravity, rn/s2 

Hex true height of transfer unit, m 
Hoxd dispersed height of transfer unit, m 
Hoxp apparent height of transfer unit, m 
LR ratio of phase flow, 0/A 
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ABSTRACT 

IMPACTS OF PACKING ON MASS TRANSFER OF 
HIGH VISCOSITY SOLVENTS DROP SWARMS 
Jie Yu and Weiyang Fei 
Department of Chemical Engineering, Tsinghua University, 
Beijing 100084, China 

The mass transfer coefficients of drop swanns were measured in a 0. lm diameter glass column equipped with a 
multichannel precision syringe pump and a computerized video imaging system. The four experimental systems are 30% 
Cyanex 923S-keroseneiHAclwater, 50% Cyanex 923S-keroseneiHAc/water, 80% Cyanex 923S-keroseneiHAc/water and 
pure Cyanex 923S/HAclwater. The viscosities of these systems ranged from 3.23 to 53.7 mPa.S. The impact of drop size, 
viscosity and SMR packing on Koo were studied. It is shown from the results that Koo decreases sharply with the increase of 
viscosity, whereas drop size only has a little effect on Koo. The SMR packing can enhance Koo significantly. 

Keywords: high viscosity, droplet swanns, mass transfer, Super-Mini-Ring 

INTRODUCTION 

Mass transfer coefficient is a key parameter for the scale up of extraction columns. There are 
many measurements on mass transfer coefficients . However, most of are based on single drop 
experiments. 1

-
3 The interaction of drops has not been considered in these cases. Therefore, it is 

necessary to measure mass transfer coefficient of drop swarms. 
Packing can decrease axial dispersion, increase drop breakage probability and enhance surface 

renewal, which are good for mass transfer. Research on drop behavior with regular packing was done 
recently.4 However, there is no information on the hydrodynamic and mass transfer of drop swarms 
within random packings . Since the Super Mini Ring (SMR) has superior characteristics for liquid-liquid 
extraction/ it is important to study its impact on the mass transfer of drop swarms. 

Several new solvents with high viscosity have been developed and applied successfully for 
hydrometallurgy and petrochemical industries in the recent years. These solvents have favourable 
thermodynamic properties, however, their mass transfer coefficients are very low. It is evident from the 
experiments that agitation has only a little influence on the mass transfer coefficients of high viscosity 
solvent. Therefore, the impact of drop size, viscosity and SMR packing on the mass transfer of drop 
swarms were studied in this paper. 

EXPERIMENTAL 

The experimental set-up is shown in Figure 1. The column was made of flanged glass with 
100mm i.d. and 600mm working height. Its bottom was made of plexiglass and has ten 3mm pores, 
which were sealed by vacuum rubber. These pores were arranged to insert needles and their distribution 
is illustrated in Figure 2. 

A multichannel syringe pump (model 74900-10) provided by Cole-Parmer Instrument Company 
was used to produce drop swarms. The pump could ensure that flow rate of each syringe was all the 
same. Medical needles of seven different gauges were used in the experiments. Teflon pipe served as a 
connector between needles and the syringe pump. The flow rate of the pump was controlled so that time 
of production of each drop was about 2 to 3 seconds. Drop size was calculated according to flow rate 
of the pump and time used to produce a certain number of drops. Two funnels were arranged lOOmm 
and 500mm away from the bottom to collect samples. The movement of drop swarms was recorded by a 
computerized video imaging system, which consisted of a PC computer with a capture card, a video 
camera and a video tape recorder. The image could be recorded on hard discs or record tapes . 
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6 

Figurel Experimental Set-up 
!.multichannel syringe pump; 2.sampling tube; 3.extraction column; 4.syringe; 5.flange; 
6.funnel; ?.needle; 8.video camera; 9. PC computer; lO.video tape recorder. 

When the impact of packing was studied, a tube with 90mrn inner diameter was suspended 
inside the column. The tube was filled with $16 stainless steel SMR of different heights . The surface of 
SMR was treated by solution of KMn04 and concentrated sulfuric acid to avoid wetting by dispersed 
phase. 

Deionized water was used as the continuous phase, 30%Cyanex 923S-Kerosene, 50%Cyanex 
923S-Kerosene, 80% Cyanex 923S-Kerosene and pure 
Cyanex 923S were used as dispersed phases. Acetic acid 
(A.R.) was used as solute to transfer from the continuous 
phase to the dispersed phase. The concentration of acetic 
acid was titrated with O.lM NaOH in presence of thymol 
blue. The physical properties of experimental systems are 
listed in table 1. 

Since the distribution coefficients of four systems 
are not very large, the mass transfer resistance in both 
phases could not be ignored, the drop overall mass transfer 
coefficient Koo was calculated in the experiments. Koo was 
calculated by the following equations: 

dp 
K = - -ln(l-E) 

od 6t 

E = (y 2 - y I )/(y. - y I ) 

Figure 2 the pore distribution 

(I) 

(2) 
where y ~, y2 were the concentrations at IOOmrn and 500mrn above the drop formation point respectively 
and y• was the equilibrium concentration of the continuous phase. 
Diffusion coefficients of experimental systems were calculated by Wilke-Chang equation6

. 
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Table 1 Physical Properties of Experimental Systems {18°C) 

Phases 

Water/HAc (0 .2M) (c) 
30%Cyanex 923 S-Kerosene (d) 
50%Cyanex 923 S-Kerosene (d) 
80%Cyanex 923 S-Kerosene (d) 

Pure Cyanex 923 S (d) 

RESULTS AND DISCUSSION 

Density 

(Kg · m-3
) 

1001.5 
789.2 
816.9 
854.5 
881.7 

Viscosity 
(mPa · S) 

1.066 
3.23 
6.36 

26.58 
53 .65 

Distribution 
coefficients 

1.74 
2.64 
3.57 
4.65 

Terminal velocities of different drops under mass transfer condition were measured in the 
experiments. It is shown from the results that the bigger the drop size, the higher the terminal velocity. 
There are several equations for evaluating terminal velocity7

-
9 The Klee-Treybal equation9 is the best 

one to predict experimental results, but with little higher values than the experimental ones. This is 
probably because the Klee-Treybal equation was proposed under no mass transfer conditions. The 
following modified Klee-Treybal equation could fit experimental data very well (Figure 3). 

u = 3 5 5p -0.45 11p 0.58 II -0. 11 d 0.70 
t • c r-c p in c.g.s units (3) 

The measured Koo of four experimental systems are shown in Figure 4. It is clear from the 
figure that Koo increases with initial drop size, while decreases with increase of solvent viscosity. On the 
other hand, Koo almost keeps constant when the viscosities are large enough (for 80% and pure Cyanex 
923 S) . 
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Figure 4 Effect of viscosity on Koo 

Table 2 Standard Deviations Between Experimental and Calculated Data 

Equations for individual mass transfer 30% 50% 80% pure 
coefficients Cyan ex Cyanex Cyanex Cyanex 

Laddha1 + Laddha1 38.4% 48.1% 67.1% 76.3% 
Garner-Tayeban10 + Laddha1 57.9% 62.8% 71.4% 28.6% 

Laddha1 + Blass2 3.12% 8.25% 35.8% 55.4% 
Gamer-Suckling" + Blass2 99.4% 99.6% 94.1% 93.0% 

Handlos-Baron12 + Boussinesq13 16.9% 10.2% 6.10% 21.4% 
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There are many equations used to calculate the inside and outside drop mass transfer 
coefficients .1

(}.
13 According to two-film theory, Koo could be calculated by the following equation: 

1 1 m 
-=-+- (4) 
K od kd kc 

Several well know equations for calculating kc and k! were combined to calculate Koo by equation (4), 
and then calculated results were compared with those of measured. Some of the standard deviations are 
shown in Table 2. It is clear from the illustrated results that almost all the equations could not evaluate 
experimental results good enough. Therefore, a new model with an interfacial motion hindrance factor P 
was proposed to describe the influence of solvent viscosity and surface contarninants .14 The equations of 
the model were as follows: 

Sh =113[1+ 2+3J.!d / J.! c +~ 1.45] -o.s Peo.s 

c . 1+~pdJ.!d /P c J.! c JRe 
(5) 

Kd = -~In[-; f -;-exp[- 4n 2

1t

2

2
DoE t)] 

6t 1t n=l n dp 
(6) 

(7) 

where p indicates factors that have influence on interfacial motion. It could be calculated by regressing 
the experimental data. Its values of four experimental systems are 56, 80, 1027 and 1675 respectively, 
which indicates that the higher the solvent viscosity, the bigger the resistance in mass transfer. Using 
this model, the standard deviations of the four systems are 2. 31 %, 2. 54%, 4.14% and 2. 73% 
respectively. Therefore, the new model could evaluate experimental data fairly well . 

Packing has complex effects on Koo. On the one hand, packing can increase drop breakage 
probability, enhance surface renewal and inner circulation of drops, which have a positive effects on 
Koo. On the other hand, drop terminal velocity decreases in presence of packing, which has a negative 
effect on Koo. The experimental results showed that Koo became bigger in presence of packing, which 
means that the positive effect of packing was higher than the negative one. Enhancement ratio was 
defined as ratio between l<od with packing and Koo without packing. 
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Figure 5 showed that enhancement ratio was between 1.3 and 2.1. Since agitation has a little 
influence on mass transfer of high viscosity solvents, our results provide a way to enhance their mass 
transfer. The effect of packing height on Koo was also investigated, as shown in Figure 6. Koo with 
200mm packing was a little larger than that with 100mm packing. 

CONCLUSIONS 

1. The modified Klee-Treybal equation (3) could evaluate the terminal velocity of high viscosity 
dispersed phases reasonably. 

2. The viscosity of solvents has significant impacts on Koo, while drop size has only a little effect on it. 
3. Koo is difficult to estimate by many well known individual mass transfer coefficients equations. A 

new model considering interfacial motion hindrance factor could fit experimental data fairly well. 
4. The SMR Packing can enhance the mass transfer coefficients of high viscosity solvents, the 

enhancement ratio is about 1. 3 to 2 .1 . 
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NOMENCLATURE 

D diffusion coefficient 
DoE effective diffusion coefficient 
dp drop diameter 
E fraction degree of extraction 
Koo drop phase overall mass transfer coefficient 
m distribution coefficient 

time 
U1 terminal velocity 

Greek letters 
p interfacial motion hindrance factor 
I! viscosity 
p density 
Llp density difference 
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ABSTRACT 

FLOW STRUCTURE AND TURBULENT FLOW 

ENERGY IN STAGEWISE EXTRACTION COLUMNS: 

INFLUENCE OF STAGE CONFIGURATION 
G Angelov1 and C Gourdon 
1 Institute of Chemical Engineering, Bulgarian Academy of 
Sciences, Sofia, Bulgaria, 
Ecole Nationale Superieure des Ingenieurs de Genie Chimique, 
Toulouse, France 

Turbulent operational regimes of extraction equipment are interesting from practical point of view because they ensure 
favourable conditions for interface contact and mass transfer operations. The structure and energy of the turbulent flow in a 
pulsed stagewise extraction column is studied. High-energy zones are localised on the stage and their evolution in position, 
volume, and intensity is registered as depending on stage geometry. A correspondence between these zones and drop
breaking zones is experimentally observed. 

Keywords: pulsed columns, turbulent energy, flow phenomena 

INTRODUCTION 

The flow energy in a solvent extraction device is composed from its own dynamic energy 
(velocity) and energy induced by external sources (e.g. agitation, pulsations, etc.). External energy is 
used to create turbulent operating conditions that intensify the mass transfer processes. The flow 
structure in column apparatuses is strongly influenced by the internals: packing, plates, etc. The concept 
of optimal internals design needs information how they affect the flow. This paper studies the influence 
of the stage geometry parameters on flow structure and on turbulent energy distribution in a stagewise 
extraction column (DRC - Disc and Ring Column) that has revealed itself as a promising contact device 
tested in various applications of liquid-liquid and solid-liquid extraction. 1

-
5 

APPARATUS DESCRIPTION 

The column is divided into stages by alternating immobile discs and rings (Figure 1). Although 
the plates are different in configuration, they ensure equal free area e for the flow and are placed 
equidistantly at distance H. A repeating compartment is formed by two rings and a disc between them. 
The ring aperture is considered to be the compartment entrance/exit. Its diameter Dr is smaller than the 
disc diameter Dd in order to close the direct axial way for the flow. Additionally, pulsations are 
induced to the fluids in the column by means of mechanical or pneumatic devices. 

Stage Geometry Parameters 

The geometry parameters of the stage are defined by its characteristic dimensions: 
The distance between two consecutive plates H and the column diameter De define the 

dimensionless ratio characterising the stage height as a part of column diameter: 

h=H/Dc 
Plate free area e is defined as: 

e = D/ID/ = (D/ - D/ )1Dc2 

These geometry parameters were varied in reasonable ranges 

h = 0,08-0,4 e = 0.2-0.5 

that were chosen by the following practical considerations: 
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Small to medium values of h are appropriate. Small values correspond to more compartments 
in a unit of column height and tolerate the apparatus efficiency. However, too small interplate distance 
will increase the pressure drop and energy consumption. Too large interplate distance will reduce both 
the number of plates and overall apparatus efficiency. 

In order to avoid a direct axial flow in the column, Dd should be larger than D,. The case of 
equal diameters corresponds to e = 0,5. So, values of e over 0,5 are not favourable for the flow 
structure and apparatus efficiency. 

H 

Figure 1. Apparatus scheme 

MATHEMATICAL DESCRIPTION 

Model and Assumptions 

The column is built of identical compartments, the fluid is incompressible Newtonian liquid, the 
flow is assumed to be axisymmetrical. Simulation of a single compartment should give typical results if 
flow periodicity exists for each compartments. The latter was proved experimentally in an earlier paper6 

by velocity profile measurements that have also shown the flow symmetry with respect to column axis. 
The hydrodynamics of this turbulent pulsed flow was described by Reynolds equations adapted 

to the specific flow conditions and particular geometry of column compartment. Additional terms were 
involved to account for the turbulent flow parameters - turbulent kinetic energy k and its dissipation 
rate g (k-g turbulence model) .7 

Boundary Conditions 

Symmetry condition was applied on the axis. Logarithmic law was used to specify the boundary 
conditions (BC) just outside the viscous sub layer along the rigid walls. 7 BC at the compartment open 
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boundaries were experimentally determined only for the existing pilot column with fixed geometry. For 
other stage configurations, BC for turbulent quantities were estimated from particular relations for DRC 
derived earlier:8 

In (kN/ ) = -5 .24- 4.53 In e 

E = 2k312/(h.Dc) 

Vs = 2 Apf 

where V, is the mean superficial velocity during the pulsation cycle, 
Ap is peak-to-zero pulsation amplitude, 
f is frequency of pulsation. 

RESULTS AND DISCUSSION 

Simulations of flow hydrodynamics for various geometry of the compartment were made 
resolving the model equations with particular BC that specify each considered case. The solutions 
supply results for the flow and turbulent energy parameters that are presented below. 

General Flow Structure 

A typical flow pattern is illustrated on Figure 2 that represents stream lines in a longitudinal 
section of the compartment limited by column axis, column wall, and two ring plates. Two large 
vortices are formed. They change their position corresponding to the ascending and descending phase of 
the pulsation. Experimental observations on DRC have proved the real existence of these permanent 
vortices.1

•
9

•
10 

a b 

Figure 2. Flow structure in a compartment (h = 0,155 ; e = 23 %; Re = 15 000) 
a) ascending flow b) descending flow 

Influence o[Plate Free Area 

The comparison of Figures 3a and 3b shows that the increased plate free area e changes only 
the form of lower circulation keeping approximately its volume and position. It becomes more round 
and is more attached to the column wall. 
The upper circulation is very pronouncedly changed. Its volume grows significantly covering nearly 
completely the disc surface. 
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a b 

Figure 3. Recirculating zones at various free area (h = 0,086) a) e = 23% b) e = 40% 

Influence of!nterplate Distance 

Comparing Figs. 2a and 3a that refer to the same Renumber, it is seen that a larger interplate 
distance increases the volume of circulating zones. 

Turbulent Energy Distribution 

Higher level of turbulent kinetic energy is found in the annular aperture between the disc edge and 
column wall and in the median section between the disc and ring in the entrance/exit zones (Figure 4) . 

• 0. ·• . . . . . ~·. ·~· ... ·. · ........... . 

~-----: ... :·.·.-: · ... -.... .....•.• ~ i·:::::::··············::, 
..... (. / .. , __ ____, 

a b 

Figure 4. Distribution ofturbulent kinetic energy in the compartment (h = 0,155; e = 23 %; 
Re = 15 000) a) ascending phase b) descending phase 

lllh = 1,5.10'2 m2/s2 CEJ k = 1.10·2 m2/s2 

Influence o[Plate Free Area 

It is illustrated by Figure 5. In case of smaller free area, higher energy zones are located at their 
usual places. An increase of plate voidage has the following consequences: the highest energy zone 
reduces its energy contents and moves over the disc under the ring aperture. The volume of higher 
energy zone is significantly reduced. 

Influence of!nterplate Distance 

This influence is detected from the comparison of Figures 4a and 5a (the same value of plate 
free area). The zones with higher energy contents are always placed in the annular aperture and in the 
median section, but the energy level reduces with the increase of the interplate distance. 

The results of this study also show the relation between the flow structure and turbulent energy 
contents . Changes in compartment geometry affect both of them. An increase of plate voidage means 
that plates occupy a lesser part of the column cross-section leaving more space for the flow and 
reducing its local velocity. An increase of interplate distance means a reduced number of obstacles per 
unit height. In both cases, the internals generate lesser turbulence. Consequently, the main flow with 
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lower turbulent energy is not able to sweep the recirculating (dead) zones and conditions for formation 
of larger circulations are created thus defavouring the mass transfer. The case is illustrated comparing 
Figures 3b and 5b. Higher energy contents correspond to more homogeneous flow structure with smaller 
internal circulations (Figures 3a and Sa). 
According to these simulation results, higher energy zones in the compartment are : 
- annular aperture disc - wall 
- median section disc-ring in the zone of ring aperture. 

The same zones are experimentally found to be places of intensive break-up processes. 9 It 
confirms the reliability of the present results because in effect drops are broken in smaller drops in the 
zones where the level of acting forces is sufficiently high to evoke drop deformation and breakage. 

( ( 

a b 

Figure 5. Influence of plate free area on turbulent kinetic energy distribution in the compartment 
(h=0,086; Re=l5000) a)e=23% b)e=40% 

•k=2.5.10-2 rn2/s2 
• k=2.10-2 rn2/s2 L.Jillk= uo-2 rn%2 
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Cyanex 923 has been proposed as an extractant for the removal of sulphuric acid from copper tank house bleed streams. This 
process requires many of stages and so is ideal for column operation. This paper presents a comparison between three types 
of columns for this service. The new super-mini-ring (SMR) packing marketed by Glitsch is the ftrst packing developed 
specifically for liquid-liquid extraction service and is compared with the standard packed column and a pulsed perforated 
plate column. 
Both the hydrodynamic and mass transfer behavior of these columns are presented for the 50"/o Cyanex 923 in kerosene/ 
H2SOJwater system. The results indicated that this system is unusual in that the HTU values obtained were high. This is 
ascribed to a slow heterogeneous reaction at the interface, and/or to very slow diffusion in the highly viscous dispersed phase 
droplets that were observed. The SMR packing was found to give Hex values about 4 7% below those for Raschig rings. 

Keywords: hydrodynamics, mass transfer, Super-Mini-Ring (SMR), Raschig Ring, pulsed perforated plate column, Cyanex 
923 

INTRODUCTION 

In the recovery of copper by leaching and solvent extraction followed by electrowinning, a 
bleed stream is taken from the electrolyte circuit in order to control the level of impurities in the 
electrolyte. A typical bleed stream has a flow-rate of 1.0 m3/hr with a composition of 180 giL H2S04, 

37 giL Cu plus a number of minor elements. The recovery of sulphuric acid from the waste bleed 
stream would significantly lower waste production of the electrowinning process and thus reduce the 
cost of copper production by reducing the amount of acid make-up required. 

The recovery of sulphuric acid could be achieved by the selective extraction of sulphuric acid 
with an organic extractant, a process that would have the ability to produce a concentrated pure 
product. Cyanex 923, which is a mixture of four trialkylphosphine oxides1

•
2
, has been proposed as a 

possible extractant for the recovery of sulphuric acid. It was found that Cyanex 923 displayed a good 
compromise between its ability to extract sulphuric acid and to be effectively stripped with water. 
Rickelton also observed that Cyanex 923 has a very high selectivity for acid extraction in preference to 
both copper and nickel. 

These processes require a large number of stages and so are ideal for column operation. 
Several types of extraction column could be chosen for this service; of these, the pulsed perforated 
plate column, in which mechanical energy is used to produce the pulsation, provides high turbulence 
at the interface and a large mass transfer area due to smaller drop sizes . Packed columns are another 
type of extractor which have also been widely used in the chemical and hydrometallurical industries. 
In such columns, the packing reduces axial mixing and increases the drop coalescence and breakage 
rates, thus resulting in increased mass transfer rates. Most packed tower installations use standard 
manufactured packings, such as Raschig, Lessing or Pall rings, and Berl or Intalox saddles made for 
gas-liquid contact. But there is evidence that some of these types of packing, which have been found 
to give high efficiency in distillation service, do not perform well enough for liquid-liquid extraction 3. 

The new SMR (Super Mini Ring) marketed by Glitsch is the first packing developed 
specifically for liquid-liquid extraction service. Thus the structure of the SMR could enhance the 
dispersion-coalescence cycle and control the non-ideal flow of the two phases in the packed bed and 
therefore increase its capacity and efficiency 3. 
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In the present work the hydrodynamic and mass transfer characteristics of the SMR is studied 
and compared with the standard Raschig ring packing; these in tum are compared with a pulsed 
perforated plate column both to obtain comparative information on the performance of such columns, 
and to study the feasibility of using the SMR packing in the hydrometallurical industry. 

EXPERIMENTAL 

Equipment 

The main section of the packed column was a 1.8 m QVF precision bore glass tube with an 
internal diameter (i.d) of 0.1 m, packed with 1.32 m of 16 mm ceramic SMR or of 12.5 mm ceramic 
Raschig rings respectively. The coalescence section comprised of a QVF glass tube of 0.1 m nominal 
i.d and 0.5 m long. The aqueous phase distributor consisted of a 9.5 mm diameter stainless steel (SS) 
tube located approximately 50 mm above the top of the packing. The dispersed phase distributor had 
19 nozzles each of 2.64 mm, assembled as two circles of six and twelve respectively around a single 
central nozzle on a plate of diameter 46 mm mounted centrally at the bottom of the column. 

The pulsed perforated plate column comprised a 1.0 m precision bore glass tube of 0.0725 m 
i.d. enclosing a stack of 16 stainless steel (SS) perforated plates, each punched with holes of 3.2 mm 
diameter on a 6 mm triangular pitch, giving 21% free area; the plate spacing was 50 mm. At the base, 
a 0.075 to 0.1 m glass converter and aSS conical adapter enclosed aSS dispersed phase distributor. 
The conical adapter was mounted on a plunger type pulsing unit. 

Materials Used 

The dispersed phase consisted of 50% Cyanex 923 in Shellsol 2046, which acted as extractant 
and diluent respectively. The continuous phase was a 2M aqueous solution of H2S04. 

Procedure 

Hydrodynamic and mass transfer experiments were performed at an organic/aqueous (0/A) 
ratio of 2.0. For each mass transfer run, the column was filled with the aqueous phase, the dispersed 
phase flow was then started, and the column allowed to reach steady state operation. Samples of both 
outlet phases were taken at ten minutes intervals and were later analysed for acid concentration. At the 
end of each mass transfer run, the dispersed phase holdup was measured by the shutdown technique 4 

RESULTS AND DISCUSSION 

Comparison of hydrodynamic characteristics of the three type of columns 

Gayler et al.4 proposed an equation based on the characteristic velocity approach for the 
prediction of the holdup and flooding point in packed columns, as follows : 

y, +-( V, ) = V,li. = Vo(1-X) 
eX e 1-X 

(1) 

Thornton 5 showed that the characteristic velocity concept could be used for the prediction of 
hold-up in pulsed perforated plate columns. Thus the characteristic velocity, V0, can be determined 
from the slope of a plot of the experimental data in the form v,+v,X/(1-X) versus eX(l-X), 

omitting the voidage term e in the case of the pulsed perforated plate column. The resulting value of 
V0 is then used to estimate the holdup at any phase flowrate. Typical fits of equation ( 1) are shown in 
figures 1 and 2 for the two types of columns. 

Thornton 5 also showed that the flooding velocities could be predicted by differentiation of 
Equation (1) and equating to zero. The flooding velocities attained in this manner are summarized in 
table 1 and indicate that the SMR and Raschig ring packed columns have similar flooding velocities. 
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These values are greater than those for the pulsed perforated plate column, so that packed columns 
give larger throughputs than pulsed perforated plate columns 

0.7 
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Figure 1 Plot of holdup data for SMR and 
Raschig Rings packed column 

Table 1. Predicted Flooding Velocities 

Type of Column 

SMR 
Raschig Rings 

Pulsed Perforated Plate Column 
A=1.4cm. f=0 .8 
A=l.lcm. f=l.5 

0.6 .-------------, 

0.5 

~ s. 0.4 

>? ~ 0.3 
~ 
;:o.2 
+~ 

> 0.1 

Pulsed perforated plate column 

VdNc=2 • • 

0~-+--r-~==~~~ 
0 0.02 0.04 0.06 0.08 0.1 0.12 

X*(1-X) 

Figure 2 Plot of holdup data for 
pulsed perforated plate column 

Vo Xr Vcf vdf 
(crn!s) (%) (crn!s) (crn/s) 
6.34 38.2 0.571 1.143 
7.83 38.2 0.706 1.412 

4.28 38.2 0.386 0.772 
4.11 38.2 0.370 0.740 

Comparison of mass transfer characteristics of the three tvpe of columns 

Axial dispersion must also be considered when assessing the performance of packed columns. 
Gayler and Pratt6 showed that backmixing of dispersed phase droplets is relatively small. Wen and Fan 
7 recommended the following correlation for Ec, the axial backmixing coefficient for packed columns, 
based on the original data of Vermeulen et al. 8 and Watson et al. 9. 

e V, d, = 7_8 x 10_, [1.435+(d pVcPc)•-'(v c)•·'](d pVcPc)•-"'(v c)'·' (2) 
E, 1{1' f.lc V 1{1' f.lc V d 

For the pulsed perforated plate column, it is generally agreed that again the dispersed phase 
backmixing coefficient, a d, is small 10

, and was therefore assumed to be zero. The continuous 
backmixing coefficient, Uc, was determined from the dimensionless expression proposed by Prvcic10 

for this contactor. 
The "true" height of a transfer unit based on continuous phase, Hex, was determined using a 

computer program, "coldsn.exe", developed by Pratt11 at the University of Melbourne. The program is 
applicable to simple countercurrent extraction in end-fed backmixed columns. The same program was 
used to determine (HTU)x, assuming zero backmixing in both phases. The comparison of (HTU)x and 
the true height of a transfer unit, Hex , between SMR and Raschig rings over a range of holdups is 
plotted in figures 3 and 4 respectively. These show that both the (HTU)x and Hex of SMR are 
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appreciably lower than those for the Raschig rings, indicating that the SMR gives a better mass 
transfer performance than Raschig rings for this particular system. 
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Figure 3 Comparison of (HTU)x between SMR 
and Raschig Rings Packed column 
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Figure 4 Comparison of Hox between SMR 
and Raschig Rings Packed column 

The (HTU)x and Hox for the pulsed perforated plate column are showed in figures 5 and 6, 
which indicate that the mass transfer efficiency of the pulsed perforated plate column increases with 
increasing pulsation intensity. With low pulsation intensity (f = 0.8Hz), the SMR was more efficient 
than pulsed perforated plate column. However, at the higher intensity (f = 1.5Hz), the pulsed column 
was more efficient than the SMR packed column. Thus increase in the energy input into the system 
can enhance the mass transfer efficiency, although at the expense of a reduced flooding velocity. It can 
be expected that the mass transfer efficiency of SMR packed columns would also increase with 
mechanical pulsation. 
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Figure 5 Comparison of(HTU)x between SMR Figure 6 Comparison oflfox between SMR 
and pulsed perforated plate column and pulsed perforated plate column 

DISCUSSION 

A comparison of figures 3 and 4, and of figures 5 and 6, reveals that the (HTU)x and Hox 
values are unexpectedly close, with ratios oflfox/(HTU)x of0.88 to 0.91 for Raschig rings and 0.73 to 
0.82 for SMR packing over the holdup range studied; the differences for the pulsed plate column are 
also close to unity. It should be noted that the Hox values may be overestimated as the "coldsn.exe" 
program is subject to increasing error for less than 1 to 2 transfer units in backmixed column. 

The reason for these small differences can be identified as due to the unusual properties of the 
Cyanex 923-H2S04 system used. Thus, it is apparent from the data in figures 3 to 6 that with a packing 
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height of 1.32 m, or with 0.90 m of perforated plates, the column was equivalent to only about 20-30% 
of a transfer unit. As a consequence, the concentration change in the continuous phase was very small, 
and would thus have resulted in a correspondingly small effect ofbackmixing in that phase. 

Two possible reasons for the observed low efficiencies may be considered. Thus, on the one 
hand the extraction process between the Cyanex 923 reagent dissolved in kerosene and aqueous 
sulphuric acid may involve a slow heterogeneous reaction at the interface. On the other hand, the 
transfer of sulphuric acid into the organic phase was observed to result in the formation of viscous 
drops with very slow diffusional transfer. Further work is therefore required to determine the true 
mechanism of the process. 

In conclusion, it is apparent from the data plotted in figures 3 and 4 that the new SMR packing 
gives superior performance as compared with Raschig rings for the present unusual system. 

ACKNOWLEDGMENTS 

The authors wish to acknowledge Targeted Institutional Links Grant from Australian 
Government DEETY A, Tsinghua University, Beijing, China and the Advanced Mineral Products 
Special Research Centre (AMPC) at the University of Melbourne for financial support for this work. 
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A pulsation amplitude, m 
"true" height of a transfer unit, m Hox 

(HTU)x 
X 

height of transfer unit based on continuous phase, m 
holdup of dispersed phase 

'V sphericity of packing 
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The conunercial applications of structured packings in liquid extraction are increasing. Relative to typical tray devices, 
these packings can provide an increased capacity for retrofitting, improved interface control, and improved mass transfer 
efficiency. However, these packings were developed for distillation to minimise pressure drop. As a result, structured 
packings may be subject to axial mixing. In this paper, axial mixing data and models are presented based on four 
contacting devices: spray, SMV-32, SMVP-32 and SMP-16. The data were obtained from a 42.7 em diameter (i.d.) column 
filled with 6-7.5 m of packing. The large-scale column is located at the Separations Research Program (SRP) facilities at 
The University of Texas. The axial mixing models are applied and compared with mass transfer data obtained from the 
identical column. 

Keywords: axial mixing, packed column, column scale-up 

INTRODUCTION 

Extraction processes are widely used in the production of chemical, petrochemical and 
pharmaceutical substances. Beginning in the 1940's and 1950's, extraction equipment was improved 
continuously to achieve higher separation efficiency at lower cost. Rotating and pulsating agitators 
combined with properly designed static column internals performed well, as did contactors using 
centrifugal forces . During this period, the understanding of single drop mass transfer to develop 
concentration profiles and fluid dynamic calculations grew rapidly. Several authors have developed 
sophisticated models to describe extraction processes based on laboratory-scale equipment. 
Unfortunately, the diameter of these columns has seldom exceeded 10 em because the quantities of 
liquids required for operation. When scaling up the results from laboratory-scale columns to industrial 
size columns, differences in performance are often noticed even if the same liquids and packing are 
used. 1 Visual observations of the phase flows in the SRP small diameter and large-scale columns 
confirm that there are significant differences in the flow patterns. 

During the past 40 years, several authors have worked on the determination and model 
development of axial mixing in extraction columns. The foundations were laid by publications of 
Miyauchi et al. 3 and Sleicher in 1959.4 For both publications, the authors solved the differential 
equations describing the mass transfer in a countercurrent process under the assumption of eddy 
diffusional backmixing in each phase. These publications show that the solution of the equations 
formulated in terms of the continuous mass transfer model is complicated. Concentration profiles can 
also be calculated iteratively, proceeding on the assumption that the column can be divided into stages 
with a certain backflow of the respective phase between the compartments.5'

6 Simplified solutions have 
been provided by Stemerding and Zuiderweg, 7 Richter, 8 Pratt et al.9

•
10 and v. Stockar and Lu. 11 

Since the initial articles appeared, much work has been performed to determine eddy diffusion 
coefficients in various types of columns. The majority of the publications, however, deal with 
mechanically-agitated columns using rotors or pulsation to enhance the mass transfer. Only a few 
authors have published results from static spray or packed columns. Furthermore, as knowledge of 
mixing mechanisms was refined, it became clear that the dispersion model, originally derived for a 
liquid continuum, should only be used for the dispersed phase at high coalescence and redispersion 
rates. If the drop identity is maintained for a longer time, convective forward mixing models, as 
proposed by Rod12 or Aufderheide et al.,13 seem to provide improved results. 
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Axial mixing in small diameter columns filled with laboratory-scale random packings has been 
studied in some detail. Such studies may be found in the papers of Hennico et al., 14 Ingham, 15 

Vermeulen et al.,16 Watson and McNeese,17 Pratt and Anderson, 18 Wen and Fan,19 and Komasawa and 
Ingharn?° Few publications address axial mixing extractors filled with structured packing. Streiff1 

presents data on Sulzer SMV packing installed in a column of 10 em diameter and 5 m height. In a 
related publication of Jancic et al./2 a plot of Peclet numbers for both the dispersed and the continuous 
phase is given. It was obtained from experiments in a column of 10 em diameter and 6 m packed height. 
Axial mixing in a Sulzer SMV structured packing was also assessed by Raube~ in a column of 5 em 
inner diameter and 4 m packed height. 

EXPERIMENTAL 

The computer-controlled extraction system used in the work is described by Seibert et al?4 in 
their large-scale mass transfer study. n-Hexane served as the dispersed organic component while city
water was used as the continuous phase. The column has an inner diameter of 42.7 em and was packed 
to heights between 6 and 7.5 m. Additional details on the equipment set-up are provided by Becker.25 

Packing geometries are given in Table 1. 

Packing 

KochSMV32 
Koch SMVP 32 

Koch SMVP16 

Type 

Structured 
Structured with intermediate 
plates (50% open area) 
Structured with intermediate 
plates (50% open area) 

Table 1 Packing Characteristics 

Spec. Surf. Area, 
cm2/cm3 

1.08 
1.08 

2.20 

Void 
Fraction 

0.98 
0.98 

0.98 

To generate a sharp input signal, the continuous water phase in the column was marked with a 
short impulse of 3.0 mol/dm3 sodium chloride solution. The tracer was automatically injected into the 
water inlet pipe through a pneumatic rotary valve for a time of0.7 seconds at a pressure of 4 bar. Three 
static mixer elements were inserted into the feed pipe to ensure complete radial distribution of the tracer. 
The concentration of the tracer was detected with conductivity probes at three locations along the 
column. The experimental set-up is shown in Figure 1. 

Light liquid out 

t 

Figure 1. Column setup for tracer injection and detection 
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The probes were specially constructed to sense the salt concentration over the entire cross-section of the 
column. A probe occupied only 5.0% of the cross-sectional area for the purpose of not disturbing the 
flow pattern. The 'time domain fit' was used to evaluate the gathered data. The two-parameter 
optimisation is necessary because the real velocity of the respective phase is not known and significantly 
different from the superficial velocity of the continuous phase. 

RESULTS AND DISCUSSION 

The axial mixing characteristics of each internal are compared in Figure 2. Structured packing 
with intermediate plates was observed to reduce backmixing relative to structured packing alone. Our 
data verify that structured packing reduces backmixing relative to the spray column. Nevertheless, it is 
important to note that structured packings, even with intermediate plates, do not prevent backmixing 
when operating with low continuous phase velocities (< 0.2 cm/s) suggesting that sieve trays may then 
be a better selection. 

100?-----------------------------------~ 

,j 10 c.. 

0.0 

~ ~~~~32 I u. = 0.93 cm/sl 
A SMV32 
0 SMVP16 

0.2 0.4 0.6 0.8 

Uc [cm/s] 

Figure 2. Comparison of Devices 

1.0 1 .2 

Preliminary models have been developed to predict internal continuous phase velocity (Uc,intl 
and the eddy diffusion coefficient. The mechanistic models were develop based on continuous phase 
velocities ranging from 0.02-1.23 cm/s and dispersed phase velocities ranging from 0.4 -1.34 cm/s. 
Additional details are described in the report ofBecker.25 The wake-factor (f mod) depends on the type of 
contactor as shown in Table 2. The internal velocities correspond to those evaluated from the tracer 
experiments . Details regarding the calculation of the internal velocity are given by Becker.25 

ro b 
Spray column 1.212 0.516 

SMVP-32 0.130 0.229 
SMV-32 0.246 1.648 

SMVP-16 0.144 0.578 

U, /U, 
Table 2 Function and parameters for the calculation of the wake-factor r mod = r 0 · e - - b -

_ Uc+rmooUd . _ o 
U c int - ( [ D (relative error- 14.3 Vo) 

' el-~d l+rmod 
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An empirical equation, valid for the spray and packings studied, was established to allow for the 
calculation of the eddy diffusion coefficient. 

( )

-0.41 

Ec = 0.583 Re};'~42 ~: ¢~·44 rg.s7 (Relative error =23.3%) (2) 

Employing the hydraulic diameter, the respective Reynolds number for the continuous phase can be 
defined as follows: 

Uc,intdhPc 
Reh c = --'------.::.. 

, f.l.c 

4ell- ¢ d (1 + r mod)j 

dh= ~p+a;(l+rmoo)] 

(3) 

(4) 

Mass transfer data have been obtained by Seibert et al.24 with various packings in the identical 
column used in the present work. The mass transfer data is based on the system toluene/acetone/water, 
an extraction factor near unity and acetone transferring from the continuous water to the dispersed 
toluene phase. The simplified solution proposed by v. Stockar and Lu11 was used to compare with 
large-scale mass transfer data. While the design of packed columns is based on the height of a transfer 
unit (HTU), many industrial designers still prefer to convert the HTU into the height equivalent to a 
theoretical stage (HETS). The HETS is equivalent to HTU for the case of an extraction factor of one. It 
should be noted that the dispersed phase Peclet number was assumed to approach plug flow (P~ = 10). 
The model provided reasonable agreement with the experimental data as shown in Figure 3. Further 
modelling efforts are needed to improve the agreement, particularly for the short packed beds . 

(5) 

Further work is needed with particular emphasis on the development of a physically-derived 
model that takes the properties of the chemical system into account. Experiments with a second test 
system (having low interfacial tension) should be carried out to assess the backmixing mechanisms 
when the drops are small. Since end effects seem to play a significant role in the hydrodynamics of 
extraction columns, it would also be helpful to use different sets of distributors in order to identify an 
optimum configuration. 
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Figure 3. Parity Plot 
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NOMENCLATURE 

ai specific interfacial area (=6<j>d&/dv.), cm2/cm3 

ap specific surface of the column packing, cm2/cm3 

dvs Sauter mean drop diameter, em 
~ hydraulic diameter (defined in equation 4), em 
Ec eddy diffusion coefficient, em% 
F feed rate, g/s 
m equilibrium distribution coefficient, wt./wt. 
Pei Peclet number of phase i (=Ui Z/Ei) 

S solvent rate, g/s 
Uc,int calculated internal continuous phase velocity with consideration of the wake 

factor, cm/s 
Ui superficial velocity of phase I, cm/s 

Z packed height, em 

Greek Symbols 
& void fraction, cm3/cm3 

<l>d fractional dispersed phase holdup, cm3/cm3 

Pc continuous phase density, g/cm3 

r wake factor (ratio of wake volume to drop volume) 
r 0 constant in Equation ( 1) 

A. extraction factor (=Sm/F) 
1Jc continuous phase viscosity, g/cm s 

Subscripts 
E extract phase 
R raffinate phase 
c continuous phase 
d dispersed phase 
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ABSTRACT 

PERFORMANCE OF A VIBRATING PERFORATED 

PLATE EXTRACTOR- HOLDUP AND 

CHARACTERISTIC VELOCITY 
Luiz MN G6isl, EB Tambourgi2, JAFR Pereira2 and JJ 
Marques2 
1 Federal Universty of Bahia, Departament of Chern. Eng. R. 
Aristides Novais 2 Federa9lio CEP 40.210-630, Salvador, Bahia, 
Brazil 
2University ofCampinas, DESQ/FEQ CEP 13083-970, 
Campinas, Sao Paulo, Brazil 

The present work refers to dispersed phase holdup in a vibrating perforated plate extractor. Experimental results of holdup 
are expressed in terms of experimental parameters, in such a way that one can see the isolated influence of each parameter on 
the holdup. New empirical correlations to characteristic velocity is also presented. 

Keywords: holdup, perforated plate pulsed extraction column, characteristic velocity 

INTRODUCTION 

Liquid-liquid extraction is an established method to promote separation of homogeneous 
liquid mixtures. It finds wide application in the petroleum refining, petrochemical, nuclear, 
pharmaceutical, metallurgical and other chemical industries. In most industrial applications, 
multistage countercurrent contacting is required. The hydrodynamic driving force necessary to 
promote counter-current flow and subsequent phase separation may be derived from the differential 
effects of either gravity or centrifugal force on the two immiscible phases. I 

Due to the great importance of holdup in the project of extraction equipment, some authors 
have published works with empirical correlations to predict holdup fraction in their apparatus. 
Thornton,9 Kumar et aJ.,6 Rama Rao et aJ.,8 Baird et aJ.2 among others appear as the authors of the 
most important works concerning this issue in the last years. 

The objective of the present work is evaluate a reciprocating perforated plate extractor using 
experimental data of dispersed phase holdup. The effects of frequency and amplitude of pulsation and 
dispersed phase flow-rate on the behavior of holdup are analyzed for a great number of situations. 
Furthermore a new correlation for characteristic velocity is also presented. 

EXPERIMENTAL 

The vibrating perforated plate extractor consisted of a glass tube, 97 em height and 5.5 em 
internal diameter, enclosing a PVC plate arrangement. The plates were attached to a PVC shaft and 
connected to a pulsation mechanism. The operation ranges are given in Table 1. 

Operation Characteristics: Range of Operation 
Number of plates 4and 7 
Percent of Free Area 20% and 38% 
Frequency (s-1) 0.4; 0.7; 1.2; 1.9 
Amplitude (em) 4.0; 6.0; 8.0 
Dispersed Phase Flowrate (cc/sec) 7.3; 8.4; 10.8; 14.2 
Continuous Phase Flowrate (cc/sec) 0.83; 3.83; 6.83 ; 10.00 

Table 1 - The Operational Ranges of the equipment 
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The continuous phase was water, fed to the top of the column pumped by a centrifugal pump 
and metered by a rotameter. The dispersed phase was butanol fed to the bottom of the extractor by 
gravity and metered by another rotameter. 

The dispersed phase holdup in steady state operation was measured directly by 
stopping all flows and then measuring the amounts of each phase present. In the holdup 
fraction calculation, the known volume of dispersed phase (butanol) in the upper layer was 
divided by the total volume of the column. 

EFFECT OF OPERATING PARAMETERS ON THE HOLDUP 

The effect of operating parameters on the holdup are illustrated using graphics and tables where 
holdup fraction is plotted against the variable analyzed. 

Effect of Pulsation Frequency 

The effect of pulsation frequency is illustrated by the experimental results shown in the figures 
1 and 2. It can be seen the holdup increases with the increase of pulsation frequency values. This fact 
occurs because the drop breaking is increased at high frequencies . This effect increases the interfacial 
area and the dispersed phase holdup. 

According to the figures, this increase is more effective at higher dispersed phase flowrate . 
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Figure 1 - Holdup fraction against frequency 
Free area 20%, 7 plates, A= 4cm, 

Qc = 10.0 cm%ec 

Effect of Pulsation Amplitude 
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Figure 2 - Holdup fraction against frequency 
Free area 20%, 7 plates, A= 4cm, 

Qc = 11.2 cm3/sec 

Figures 3 and 4 are plots of Dispersed Phase Holdup against Pulsation Amplitude. In both 
cases, most curves show a sharp point corresponding to a relative maximum holdup . 

The behavior shown in all the figures can be interpreted through the pulsation energy supplied 
to the liquid mass. The energy transferred to liquid depends strongly upon amplitude and frequency 
whose product, (j.A), represents the pulsation velocity. The higher is this velocity the higher will be the 
energy transferred. However, in the cases studied amplitudes higher than 6.0 em provided undesirable 
operating conditions, because the amount of energy reduced the holdup. 
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Similarly to the frequency effect, the amplitude effect is also based upon on the drop breaking. 
With the intense break of drops, the contact between the phases is improved. However, for amplitude 
ranges higher than 6.0 em, the dispersed phase drops reach small sizes, incurring entrainment and the 
decrease of the holdup fraction. 
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4.00 5.00 6.00 
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Figure 3 - Holdup fraction against Amplitude 
Free area 20%, 7 plates, A= 4cm, 

Qc = 10.0 cm3/sec 

Effect of Dispersed Phase Flowrate 
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Figure 4 - Holdup fraction against Amplitude 
Free area 20%, 7 plates, A= 4cm, 

Qc = 11 .2 cm3/sec 

The process of mixing in agitated extractor is enhanced both by agitation energy supplied to 
liquid and by the countercurrent flow of liquid phases. So it was expected the increase of holdup with 
the dispersed phase flow. 

Observing figures 5 and 6 this expectation can be confirmed. The holdup increases with the 
dispersed phase flow to different continuous phase flows and internal arrangements . One can expect that 
in situations where occur flooding phenomena the opposite behavior must occur. 
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Figure 5 - Holdup fraction against Dispersed 
Phase Flowrate 

Free area 20%, 7 plates, A= 4cm, 
Qc = 11.2 cm3/sec 
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Free area 20%, 4 plates, A= 4cm, 
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CORRELATION FOR CHARACTERISTIC VELOCITY 

Analyzing the studies reported on the literature concerning characteristic velocity in agitated 
mechanical extraction columns, it was concluded that the model proposed by Baird and Shen2 relating to 
the concept of relative velocity formerly described by Dell and Pratt,4 is the most suitable model to 
correlate experimental data in the present work. 

According to Baird and Shen2 the following equation can be applied to vibrating plate columns: 

vd +~= v {1-r/J) (1) 
rjJ 1-r/J 0 r/J y, 

As shown in equation I the characteristic velocity can be perfectly obtained by a linearization 
process . The parameter Vo would be the angular coefficient for an X "versus" Y plot. 

(2); Y= Va +_!j_ 
¢ 1-¢ 

(3) 

It was expected that the behavior of the points were conduced to a straight line. However, the 
figure 7 shows a strong tendency to the behavior of a crescent function. In this case, it was fitted into a 
third degree polynomial: 

Y =0.213X3 +0.312X2 -0.311X + 1. 746 (4) 

Here, V0, is interpreted as the angular coefficient of the equation I. The value of V0 , providing 
through differentiation of equation 4. 
Thus, Vo(XJ = 0.639X2 + 0.624X- 0.311 (S) 

[1-¢] 2 [1-¢] vo = 0.639 t/> ~ + 0.624 ¢'/, - 0.311 (6) 

This is the equation obtained in the present work to calculate characteristic velocity in function 
of the holdup fraction. 
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Figure 7 - Linearization Process of the equation 1. 

484 

• 

3.00 



Extraction Equipment and Design 

The characteristic velocity is a parameter that depends on drop size and physical proprieties of 
the liquid system.2 So, the non-liner behavior presented in the figure 7 is justified due to the dispersed 
phase entrainment effect that can occur inside the extractor. This effect was reported in the previous 
items of the present work. 

CONCLUSIONS 

The experimental results reported in the present work show a good performance of the 
equipment to provide high values of dispersed phase holdup that is a very important parameter in a 
mass transfer operation process . 

In the studies about the effect of operational parameters, good parameter combinations were 
obtained like, for example, pulsation frequency of 1.9 s·1; pulsation amplitude of 6.0 em and dispersed 
phase flow 14.2 cm3/sec that provided very satisfactory holdup levels. In the cases studied, the holdup 
was influenced by the dispersed phase flow. 

A Velocity Characteristic correlation was obtained with a good adjustment of data. Further, this 
equation can be tested with other pulsed extractors. 

NOMENCLATURE 

A- Amplitude (em) 
cm3/sec- cubic centimeters per second; 
f- Frequency (s-1

) 

Qc- Continuous phase flow (cm3/sec) 
Qa Dispersed phase flow (cm3/sec) 
¢ - Holdup fraction 
V0 - Characteristic velocity (crn/s) 
X- Shown by equation 2 
Y - Shown by equation 3 

REFERENCES 

1. Alatiqi Get al, (1995). 
2. Baird .Mill and Shen ZJ, Can. J. Chern. Eng., 62, 218, (1984). 
3. Chen BH and Liu CH, Can. J. Chern. Eng., 69, 300, (1991). 
4. Dell FR and Pratt HRC, Trans. !nsf. Chern. Eng., 29, 89, (1951). 
5. G6is LMNG Tese de Douforado, DESQ/FEQIUNICAMP, (1995). 
6. Kumar A and Hartland S, Chern. Eng. Res. Des., 61, 248, (1983). 
7. Marques JJ Tese de Mesfrado , DESQ/FEQIUNICAMP, (1994). 
8. Rama Rao NV et al, Can. J. Chern. Eng., 61, 168, (1983). 
9. Thornton J, Trans. !nsf. Chern. Eng., 35, 316, (1957). 

485 



Proceedings ISEC'99 

486 



Extraction Equipment and Design 

ABSTRACT 
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Experiments performed at low agitation speeds, using the high interfacial tension toluene (dispersed)-water (continuous) 
system, in a pilot plant Kilhni column, show that coalescence events are generally present and cannot be neglected in 
column-type liquid-liquid contactors, especially when the goal is the accurate modelling of the transient processes for 
control purposes. In this work, the features of this behaviour and the applicability to this situation of a new, fast and 
precise, recently developed algorithm, 1 that describes the dynamic behaviour of an agitated column, is illustrated. 
Experiments were performed at low agitation speeds, using the above high interfacial tension system. The simulations 
show reasonably good agreement with the experimental results and provide insight on the underlying behaviour 
mechanisms and important guidelines for the accurate modelling of the dynamics of the column. 

Keywords: Kilhni column, drop coalescence, drop breakage, column dynamics. 

INTRODUCTION 

Mechanically agitated devices for liquid-liquid contact in column extraction equipment have 
acquired great importance, thanks to their ability to create large interfacial areas, which promote mass 
transfer. The capacity and mass transfer efficiency of these columns have been shown to be greatly 
influenced by the hydrodynamic and mixing effects caused by drop interactions (breakage and 
coalescence). 

In recent years, many authors have spent great effort in modelling these columns and in the 
experimental validation of their models. Models such as those of Cruz-Pinto, 2 Casamatta and 
VogelpohV Laso et a/.,4 Tsouris et a/.5 and, more recently, Gerstlauer eta/. 6 have been proved able to 
describe with reasonable accuracy the results of their authors' experiments, but most of them adopted 
significant simplifications, in order to make calculations feasible in reasonable time. The most important 
simplification commonly made is to ignore inter-drop coalescence, because the modelling of this effect is 
responsible for most of the computational effort required for the solutions. 

However, even in strongly agitated columns, such as the Kiihni type, coalescence is generally 
present, being responsible for mixing effects that promote higher mass transfer rates. Zamponi et a/. 7 

noted this fact, and explicitly recommended the inclusion of coalescence effects in future modelling 
efforts . More recently, Kentish eta/., 8 although using a simplified model, included coalescence effects to 
obtain good agreement with experimental data from their Kiihni column. In addition, for control 
purposes, the agitation intensity may be an important manipulating variable and, in order to avoid 
flooding, its value may be lowered such as to adequately promote drop coalescence. 

Recently, a simplified version of an algorithm previously developed by Ribeiro,9 and further 
streamlined by Regueiras eta/., 10 has been proved able to accurately describe the transient behaviour of 
a continuous ideally agitated vessel, requiring only modest computer resources and very low 
computation times . Details of these models and corresponding algorithms are given elsewhere by 
Ribeiro eta/. 11 and Regueiras eta!. 10 A new powerful algorithm that combines the previous ones with a 
new transport model to describe the hydrodynamics of an agitated column has been developed by 
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Regueiras 1 and is used in the present work. Its application yields an encouraging agreement with the 
experimental results described below, which were obtained in a pilot plant Kiihni column (University of 
Munich). 

EXPERIMENTAL 

The experimental work was carried out by Gomes12 in a Kiihni pilot plant column (150 mm 
inside diameter, active height of 2520 mm, divided into 36 stirred compartments) . The test system was 
the equilibrated standard high interfacial tension toluene (dispersed phase)-water (continuous phase) 
system. Experiments at room temperature, under steady state conditions, were made both at normal and 
low levels of agitation. For flow capacities (superficial velocities) of about 16 m3/(m2.h), for which the 
normal operating range is within 140-150 rpm for this column, the agitation range was extended down 
to 100 rpm. Drop size distributions (by a photoelectric technique) and local hold-ups (by an ultrasonic 
technique) were measured. Due to the low agitation intensity, local hold-ups were much lower than 
under normal conditions and, consequently, the sampling time needed for sucking in the required I 000 
sample drops was much longer than usual. 

The local hold-up response to step modifications of the agitation intensity was also measured, 
by bringing the agitation intensity down to 100 rpm, after steady state was reached at 140 rpm. Local 
hold-up measurements were also made when the agitation intensity was suddenly increased from 1 00 to 
140 rpm. 

THE MODEL 

The Kiihni column may be adequately described as a sequence of agitated vessels with back
and forward mixing effects on the movement of the dispersed phase along the column, using a 
population balance formulation, with Coulaloglou and Tavlarides 's drop interaction frequencies. 13 The 
resulting equations were solved for each compartment by the numerical technique developed by Ribeiro9 

and further streamlined by Regueiras et a/. 10 

A new transport model was developed to describe the drop and continuous phase motions 
between stages . This transport model is based on the one described by Cruz-Pinto2 and directly 
calculates the slip velocities, taking into account the density effects and the drag relationships for the 
drops, as previously modelled by Bamea and Mizrahi.14

•
15 

The backmixing effect was also described and modelled as a random deviation superimposed on 
the terminal velocities of the drops, taking into account the influence of the agitation intensity, as a 
function of the rotor peripheral speed. A geometrical constriction factor, CR, which controls the drop 
passage between stages, was calculated as a linear function of the fractional free area of the separators, 
as suggested by Goldrnann.16 The equations for this model are given elsewhere by Regueiras. 1 

RESULTS AND DISCUSSION 

Figure 1 shows experimental and simulated local drop size number distributions along the 
column height, for the indicated continuous (Fe) and dispersed (F0 ) phase flows, at moderate (140 rpm) 
and low (100 rpm) agitation speeds. The values for the parameters of the drop population balance model 
used (which have not yet been fully optimised) were identical in both simulations and very similar to 
those used in previous work by Guimadies, 17 concerning agitated vessels, as well as (to within less than 
20%) to the ones used by Coulaloglou12 and Bapat,18 which have been claimed to be nearly "universal 
constants" for uniformly agitated contactors. 

At the lowest agitation speed, a marked effect of coalescence may be identified, even in the 
upper stages of the column. The larger drops obtained overall, and the corresponding larger drop 
diameters at the upper stages, are justified (and can be approximately predicted by the algorithm) by the 
increased coalescence relative to breakage, combined with the more rapid motion of such large 
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Figure 1. Drop size distributions for the equilibrated toluene-water system: Fe = 125 L.h-\ F0 = 160 
L.h-1

; left: I= 140 rpm, right: I= 100 rpm. 
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drops up along the column. The poorest agreement between simulated and experimental drop size 
distributions was obtained at the lowest instrumented stage (2"d) of the column (also the closest to the 
inlet dispersed phase distributor, for which experimental drop size data could not be measured, thus 
having to be grossly estimated). 

Additionally, it may be noted that, at 100 rpm, drop coalescence combined with less intensive 
breakage is responsible for the bimodal shape of the drop size distributions (as also approximately 
predicted by our model), which dies out only at the highest stages of the column, while the distributions 
are unimodal at 140 rpm, except at the lowest stages. 

It is somewhat intriguing that, at the column's 2"d stage, the experimental drop size distribution 
is wider and has higher average drop size at 140 rpm than at 1 00 rpm. At this stage it is also bimodal at 
140 rpm, although this feature is quickly lost higher up in the column, whereas such bimodal character 
appears only at higher stages at 100 rpm, finally to disappear at the highest stages. Here, the average 
drop size stabilises close to the higher modal size. The same features were found in various other 
experimental runs at low agitation rates.12 

These observations, and the way the darker (experimental) size distribution shifts and widens its 
shape along the column, can only be explained by increased drop coalescence relative to breakage at 
100 rpm. 

It is also reasonable to presume that, at the indicated flows, the distributor produces static drop 
size distributions (detectable by photography or any stage sampling method, like the one used) closer to 
those found at the 2"d stage for the lowest agitation rate. These, for more intensive agitation, given the 
higher local hold-up, will quickly tend to coalesce, yielding the bimodal distribution found at the bottom 
stages. Higher up in the column, however, it will quickly become unimodal, with a clearly decreasing 
average drop size. 

Considering that these are as yet non-optimised simulations, the agreement obtained for the 
local hold-ups may also be considered satisfactory, within the variation range of repeated experimental 
runs, as indicated in Figure 2. 
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Figure 2. Hold-up profiles at steady-state- Fe = 125 L.h-1, F0 = 160 L.h-1, I= 140 rpm 

The same coalescence effect becomes apparent when comparing the local dispersed phase hold-up 
values experimentally obtained before and after sudden step changes in the agitation rate (Figure 3). In 
this case, it may be noticed that the dispersed phase hold-up variation between the 16th and the 22"d 
stages is reversed, after an agitation rate change from 140 to 100 rpm. This may be understood as a 
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result of increased coalescence/breakage frequency ratios, as the drops are broken down along the 
column height. 
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Figure 3. Hold-up profiles before and after sudden step changes in the agitation rate- Fe = 
125 L.h"1

, F0 = 160 L.h-l 

CONCLUSIONS 

Although the operating range explored in this paper is not representative of normal steady state 
conditions, inter-drop coalescence cannot be neglected, when predicting (for control purposes) both the 
steady state and dynamic behaviour ofliquid-liquid extraction columns. 

A new, powerful, precise and fast algorithm to simulate the hydrodynamic behaviour of a 
mechanically agitated column (Kiihni type) has been developed. 

The algorithm is able to predict the local drop size distributions and the local hold-up profiles of 
a pilot plant Kiihni column. 

The agreement with the experimental data obtained in the pilot plant suggests that Coulaloglou 
and Tavlarides' population balance model may be appropriate, as well as, with minor modifications, the 
values for the breakage and coalescence parameters used by these authors for agitated vessels. 

Further optimisation of the interaction constants and transport parameters is possible and is 
being pursued, along the lines of our previous and current work on mixers, for comprehensive 
equipment performance predictions . 
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ABSTRACT 

STAGE EFFICIENCIES AND MASS TRANSFER 

COEFFICIENTS IN A MIXER-SETTLER 

EXTRACTION COLUMN 
K Takahashi, T Ban, K Tani, S Nii and F Kawaizumi 
Department of Chemical Engineering, Nagoya University, Japan 

The relationship between the stage efficiency and the volumetric overall mass transfer coefficient in a mixer-settler 
extraction column has been derived under an assumption of complete mixing within the mixer. Stage efficiencies measured 
with the extraction of iodine by heptane were in good agreement with the values estimated from the volumetric overall 
mass transfer coefficient. The latter was calculated with the interfacial area obtained from the drop diameter and the 
dispersed phase hold-up and the overall mass transfer coefficient determined from the mass transfer coefficients of the 
dispersed and the continuous phases. This indicates that the stage efficiency can be estimated for the liquid-liquid system 
where drop coalescence in the mixer play a minor role. The effects of both phase flow rates and the distribution ratio of 
solute on the stage efficiencies were discussed on the basis of the calculated results. 

KI!}'Words: stage efficiency, mixer-settler column, mass transfer 

INTRODUCTION 

The mixer-settler extraction column (MS column) proposed by Takahashi et.al. 1 has the 
characteristics that the maximum throughput increases with the agitation speed. At a high agitation 
speed, the mass transfer efficiency is high because of a large interfacial area due to the small dispersed 
drops and the large hold-up of the dispersed phase. Therefore, an effective separation with a high mass 
transfer efficiency and a large throughput can be realized by the MS column. A schematic diagram of 
one stage (stage number n) in the MS column is shown in figure 1. It consists of the lower mixer part, 
the upper settler part and the drop coalescer between them. The continuous phase (aqueous phase) 
flows into the mixer from the upper stage through the downspout, rises into the settler across the drop 
coalescer with the dispersed phase, and flows into the lower stage through the downspout after 
separation into two phases. The dispersed phase from the lower stage rises into the mixer through the 
riser, is dispersed into small drops within the mixer, coalesces within the coalescer and rises into the 
upper stage after separation from the continuous phase within the settler. The throughput increases 
with the agitation speed because the suction pressure induced by the lifter-turbine impeller promotes the 
dispersed phase flow through the riser (50 m3/(m2hr)) for agitation speed of 10 s·' in a column of 100 
mm diameter), and can be determined from a force balance between the pressure drop with the fluid 
flow and the sum of the suction pressure and the buoyant force of the dispersed phase in the riser.2 The 
mass transfer characteristics of the MS column were given by Nii et.al.3 To determine the practical 
stage number of the multistage extraction column for a given separation, the stage efficiency is 
indispensable as well as the theoretical stage number. 

In the present study, the relationship between the stage efficiency and the volumetric overall 
mass transfer coefficient is derived. Stage efficiency calculated from the estimated mass transfer 
coefficients and the estimated interfacial area is compared with the experimental value measured with a 
single stage MS column. The effects of the flow rates and the distribution ratio on the stage efficiency 
are discussed by using the calculated stage efficiencies. 

STAGE EFFICIENCY 

Assuming that the mass transfer occurs only within the mixer and both phases in the mixer are 
completely mixed, the mass balance in the n-th stage is given as follows, using the continuous phase 
concentrations given in figure 1 and the volumetric over-all mass transfer coefficient, KocG, based on the 
continuous phase concentration: 
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Koca VM(Cc,n - Cc,n *} = Qc(Cc,n-1 - Cc,n} (1} 
where VM is volume of the mixer, Qc the flow rate of continuous phase and Cc,n * the continuous phase 
concentration in equilibrium with the dispersed phase, Cc,n * = Cd,Jm, where m is the distribution ratio. 
Drops within the mixer have various concentrations according to the residence time of each drop, 
andCd,n is an average concentration of dispersed drops leaving the stage. From equation 1, the 
relationship between the stage efficiency and the volumetric mass transfer coefficient is derived as 
follows: 

Eoc = (Cc,n-1 - Cc,n}/(Cc,n-1 - Cc,n *}= (Koca VM /Qc}/{ 1 + (Koca VM /Qc}} (2} 

In the same way, the stage efficiency, Eoo, based on the dispersed phase concentration is expressed as: 

Eod = (Cd,n- Cd,n+I)/(Cd,n * - cd,n+l) = (Kooa VM /Qd)/{1 + (Kooa VM /Qd)} (3) 

where Cd,n * is the dispersed phase concentration in equilibrium with Cc.n, Kooa the volumetric over-all 
mass transfer coefficient based on dispersed phase concentration and Qd the dispersed phase flow rate. 
The stage efficiency can be determined by equations 2 or 3 if the volumetric over-all mass transfer 
coefficient is estimated. 

EXPERIMENTAL 

The extraction of iodine from h-KI aqueous solution into heptane was carried out with a single 
stage mixer-settler column of 100 mm diameter. When the multistage MS column was used, the outlet 
concentration was too small to get an accurate result, so the single stage column was used. Iodine 
concentration in the aqueous phase was determined by titration with a sodium thiosulfate solution and 
that in the organic phase by a spectrophotometer. The distribution ratio of iodine changes largely with 
KI concentration, then the ratio was measured for each experimental run. The outlet concentrations 
normalized with the inlet concentration are shown in figure 2, where Cc,m, Cc,out and Cd,out correspond to 
Cc,n-I. Cc,n and Cd,n in figure 1, respectively. When the flow rate of dispersed phase Qd was larger than 
that of continuous phase Qc, almost all solute in the continuous phase was extracted and the change of 
outlet dispersed phase concentration varied little with the agitation speed N The stage efficiency is 
plotted against N in figure 3. The efficiency increases with N until beyond 0.9 for N > 10 s-1. For a 
given N, Eoc was large when the flow ratio Qd !Qc was large. 
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ESTIMATION OF STAGE EFFICIENCY 

Interfacial Area 

The volumetric over-all mass transfer coefficient is obtained from the specific interfacial area a 
and the mass transfer coefficients kd in the dispersed phase and kc in the continuous phase. The 
interfacial area is given by: 

a= 6¢id32 (4) 

where ¢is the dispersed phase hold-up in the mixer and d32 Sauter mean diameter of dispersed drops. In 
the present mixer, the hold-up above the impeller ¢u was smaller than that below the impeller /,and 
these hold-ups could be estimated as follows for the mixer-settler extraction column of 100 mm in 
diameter.4 The average hold-up in the mixer is given as: 

f/J= (f/JUJ!l + /0-)/VM (5) 

where Jll and 0- are volumes above and below the impeller, respectively. Since agitation above the 
lifter-turbine impeller is mild, ¢u can be related with the slip velocity, v,, between two phases that rise 
concurrently around the impeller: 

v, = (1/A){Qd /¢u- QJ(1- ¢u)} (6) 

where A is cross sectional area of flow path around the impeller. This slip velocity could be correlated 
with the terminal settling velocity Yt as follows5 for the system in which drops hardly coalesced: 

v, = 0.21vt (7) 
From equations 6 and 7, the value of ¢u can be calculated for the flow rates Qc and Qd- Below the 
impeller in the mixer, there is a circulating core where the dispersed phase hold-up is expressed by a 
uniform value of/. The dispersed phase comes into the core from the lower stage through the riser, 
while it may leave the core by two mechanisms: one is transfer by mixing due to the difference in hold
up between above and below the impeller and the other is transfer accompanied by the total flow: 

Qd = K¥1.(/- f/Ju) + (Qd + Qc)/ (8) 

where K4> [m/s] is the transfer coefficient of dispersed drops and was correlated with N [s] by: 

K4> = 0.0043 + 260 N 7 (9) 

The coefficient was independent of Qd, Qc, /J.p and interfacial tension y, and the second term in the right 
side of equation 9 could be neglected for N > 7 s·1

• Adding to the above two mechanisms, dispersed 
phase may leave the circulating core by the slip motion at small N. This makes K4> apparently large, 
which may appear in the second term of right side in equation 9. The value of I is determined from 
equations 8 and 9 using ¢u determined above. 

On the other hand, the average diameter of drops was correlated with the Weber number, We (= 
N2Di3p/'/) and the average residence time of dispersed drops, Bd (=/0 /Qd), within the circulating core 
as follows: 7 

d32/Di = 0.8 We.o 72 Bd .o.36 (10) 

where Di is diameter of the impeller. Dimension of Bd is [s] and the calculated values of Bd in the 
present experiments were 10- 50s. Since d32 depends on I because Bd = f(l) and I on d32 because Yt 

= f(d32), I and d32 is determined by a trial and error method using equations 6 -10. 

Mass Transfer Coefficients 

In the previous paper/ it was shown that the mass transfer coefficients in the MS column could be 
calculated on the basis of mass transfer within and around a rigid sphere, because the diameter of 
dispersed drops is very small ( < 1 mm) for the system of no coalescence in the mixer. The mass balance 
for the dispersed phase is given as follows with the assumption of the complete mixing within a stage: 

kc!GVM(Cd.n.i- Cc~.n) = Qd(Cd.n- Cd.n+l) (11) 

where kd is the dispersed phase mass transfer coefficient and Cd.n.i the interfacial concentration of 
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dispersed phase. When the dispersed drop is a rigid sphere, the average concentration, Cd.n.t. of the drop 
of residence time t within the n-th stage is given as:5 

!(~=(Cd.n., - Cd,.,._t )l( Cd,n,i - Cci,rt<- t) = 1 - (6ht2):E(lln2){~(-4Ddn27t2t)/ct} (12) 

where Dd is the diffusion coefficient in drops, and d the drop diameter. The residence time distribution 
of drops is expressed for the mixer as: 

f(t) = (1/0d)exp(-t/Od) (13) 

where Od is an average residence time (= 1/JVM/ Qd). The outlet dispersed phase concentration, Cd,n, 
which is the average concentration of dispersed drops having various residence time, is derived from 
equations 12 and 13 as follows : 

(14) 

From equations 4, 11 and 14, the dispersed phase mass transfer coefficient is described as: 

kd = {d32/(68d)}{X/(1 -X)} (15) 

The coefficient can be calculated by use of d32 instead of din equation 12. The values of kd 
were measured by the experiments of back extraction of iodine from dispersed phase with aqueous 
solution of sodium thiosulfate where no mass transfer resistance exists in the aqueous phase (Nii et al. , 
1997b).3 Though experimental values of kd were about 20 %larger than the values calculated with 
equation 15 . Equation 15 can be used to estimate kd. 

When the drop diameter is small as in the MS column, the drops within the mixer is considered 
to circulate with the continuous phase and the relative velocity between the drop and the continuous 
phase may be small. The continuous phase mass transfer coefficient, kc, is determined by the following 
Ranz-Marshall' s correlation: 

She= 2.0 + 6.0 Re112 Sc113 (16) 

In the calculation of Re number, the terminal settling velocity of a rigid sphere having the same 
diameter and density as the dispersed drop is used. The values of a, kd and kc calculated for the present 
experiments are shown in figure 4 for various values of Qd. The interfacial area increases with the 
increase in Qd, and the mass transfer coefficients vary little with the flow rates. 

The value of kd increases with the increase in agitation speed because of the decrease in drop 
diameter, but kc varies very little with N. The value of Eoc in figure 3 increases with the increase in Qd, 
which reflects the variation of a with Qd. When Qc is increased, the calculated value of a decreases in 
contrast to the change with Qd as shown in figure 5. As a result, Eoc in figure 3 decreases with the 
increase in Qc. 
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The over-all mass transfer coefficients are determined according to the addition rule of mass transfer 
resistance. 

(17) 

The continuous phase mass transfer resistance is dominant for the present experiments because m > l 
and kd > kc. The over-all volumetric mass transfer coefficients are determined with these over-all mass 
transfer coefficients as well as the interfacial area described above, and then the stage efficiency is also 
determined as mentioned above. 

The stage efficiencies Eoc,caJ calculated with the values of a, kd and kc estimated for the 
experimental conditions are compared with the observed values in figure 6. Agreement between the 
calculated and the observed efficiencies is very well for any flow rates and agitation speed. This 
indicates that the stage efficiency for the extraction column in which liquid mixing between stages is 
negligible can be determined if the interfacial area and the mass transfer coefficients are estimated 
accurately. However, when drop coalescence occurs in the mixer, estimation of the stage efficiency is 
difficult because the drop diameter and the hold-up of dispersed phase depend on the degree of the 
coalescence. 

ESTIMATION OF FLOW RATES AND DISTRIBUTION RATIO EFFECTS 

The stage efficiency Eoc in figure 3 varied with the flow rates in both phases. To clarify the 
effects of flow rates on Eoc or Eoo, the stage efficiencies were calculated for various flow rates by use of 
the same physical properties and the same column geometry as in the experiment. Figure 7 show the 
effects of flow rates on Eoc or £ 00. The calculated value of Eoc increases with the increase in Qd, while 
Eoo decreases largely with the increase in Qd. This behavior can be explicable in terms of the change in 
interfacial area, a, because the mass transfer coefficients of both phases vary little with the change of 
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flow rate as mentioned above. When the value of Qd increases at a constant Qc, the dispersed phase 
hold-up increases monotonically and the drop diameter also increases due to the decrease in the 
residence time given by 0-ftQd, then the value of a given by 6¢id32 increases for small Qd and 
decreases slightly for large Qd because the drop diameter effect becomes more predominant than the 
hold-up one. Then the value of Eoc increases with Qd for small Qd but slightly decreases for large Qd. 
On the other hand, Ko<PVMIQd in Eq.(3) decreases with increase in Qd, then Eoo decreases with Qd as 
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shown in figure 7. When the continuous phase flow rate increases under constant Qd, the dispersed 
phase hold-up decreases and the drop diameter increases, i.e., the value of a decreases with both effects 
as shown in figure 5. Since the value of Krx11VwlQc in Eq.(2) decreases with increase in Qc due to both 
effects of decreasing a and increasing Qc, the value of Eoc decreases rapidly with the increase in Qc as 
shown by the broken line in figure 7. The change in Eoo. with the increase in Qc in figure 7 is moderate 
because Koo.aVM/Qd in Eq.(3) decreases only by the decrease in a. 

Figure 8 shows the effect of the distribution ratio on Eoc and Eoo. for constant flow rates of Qc = 
Qd = 10-5 m3/s. The value Eoc for a constant agitation speed increases with the increase in m, for 
Krx11VwlQc in Eq.(2) increases with Koc which increases with the increase in mas given by equation 17. 
The values of Eoo. decrease with the increase in m, for Koo. decreases with m. In case of N= 6 s-1 where 
the value of kc is nearly equal to kd as shown in figure 4, Eoc and Eoo. in figure 8 are symmetric each 
other. However, in case of N = 12 s-1, variation of Eoc is smaller than that of Eoo. because kd is larger by 
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several times than kc as shown in figure 4. 
The stage efficiencies discussed here is used for the extraction systems where extractive 

reaction rate is large and extraction equilibrium at the interface can be assumed. When the extractive 
reaction rate is small, the extraction rate is determined with the mass transfer coefficients and the 
reaction rate ate the interface. Extraction of copper by LIX84I-Shellsol solution with the 5-stage MS 
column was carried out by Tani et.al.,5 and the results were explained well with the interfacial area and 
the mass transfer coefficients described above as well as the reaction rate at the interface. 
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ABSTRACT 

EFFECT OF PHASE ENTRAINMENT ON THE 

PROCESS IN CENTRIFUGAL EXTRACTORS 
GI Kuznetsov, A V Kosogorov, AA Pushkov and VS Skachkov 
Research and Development Institute of Construction Technology 
(NIKIMT). 43, Altufievskoe Ch., 127410, Moscow, Russia. 
International Scientific Technical Center (ISTC). 9, Luganskaya 
ulitsa, PO Box 25, 11551, Moscow, Russia 

This paper considers the effect of design and operation features of a single stage centrifugal extractor CENTREK on the 
value and direction of phase entrainment. At the same time, effect of phase entrainment on extractor capacity, degree of 
extraction and product decontamination is also considered. 

Keywords: centrifugal extractor, entrainment, capacity, efficiency. 

INTRODUCTION 

Solvent extraction processes are traditionally carried out with minimal phase entrainment. This 
is justified from the viewpoint of decreasing solvent losses, improvement of ecological criteria and 
increasing product quality. However, this is not well 
founded if capacity of extractors is considered. Serious 
attention should be given to the optimization of the value 
and direction of the phase entrainment for a given process. 
The paper considers the following questions: 
- Effect of design and operation features of a single stage 
centrifugal extractor CENTREK on the value and direction 
of phase entrainment. 
- Effect of phase entrainment on the extractor capacity; 
- Effect of phase entrainment on the degree of extraction 
and product decontamination. 

RESULTS AND DISCUSSION 

A series of centrifugal extractors (Table I) has been 
developed by NIKIMT. 1 Their principal details and units 
are geometrically similar. 
The centrifugal extractor (Figure 1) comprises two 
principal units: body (1) and rotor-and-drive unit (RDU) 
(2) . Lower part of rotor has a screw conveyor (3) and a 
stirrer (4). In upper part of rotor there is an hydrolock (5) 
for the outlet of heavy phase and tubes (6) for the outlet of 
light phase. The inner space of rotor is supplied with vertical cross-baffles (7), which prevent slippage 
of the liquids into the rotor. Electric motor (8) is used as a drive. There is a gland (9) and a labyrinth 
seal (10) which protect the inner cavity of driver from corrosive vapors . The upper part of the rotor has 
an electro-connector (11), a cramp (12) and a clamp screw (13) that fixes the rotor. The body (1) 
comprises a mixing chamber (14) with two sleeves (15) for the inlet of feed solution and two annular 
collectors (one for the heavy phase (16) and for the light phase (17). Overflow sleeve (18) is connected 
with a collector for control of setup operation. Sleeve ( 19) is used for emptying the apparatus . 
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Parameter EC100 EC125 EC140 EC160 EC280 EC320 

Rotor diameter, mm 100 125 140 160 280 320 

Rotating speed, s·' 25 25 25 25 25 25 

Capacity,* m3/h 0.40 0.70 0.9 1.2 4.6 6.3 

Volume, I 
Separation chamber 0.35 0.70 1.2 1.5 8.0 12 
mixing chamber 0.73 1.1 1.25 1.4 3.2 4.0 

Driver power, kWt 0.18 0.37 0.37 0.75 2.2 3.0 

Size, mm 
Length 300 260 260 360 550 620 
Width 240 270 240 320 530 680 
Height 590 590 630 940 1350 1570 

Mass, kg 16 20 25 100 480 720 

Table 1 Characteristics of centrifugal extractors developed 

* - for solutions of 1.1 mol/1 of tributylphosphate in kerosene - 2 mol/1 of nitric acid with mutual 
entrainment of phases not over 0.05% (v/v); flow ratio (organic to aqueous solution) equal to 1, and an 
emulsion of the "oil in water" type used. 

The extractor operates as follows . 
Feed solutions are fed into the mixing chamber (14) where they are mixed by the stirrer (4). The 

emulsion thus formed is transferred by the screw conveyor (3) to the rotor (2) where it is separated 
under the action of centrifugal force . The heavy phase is first directed to the hydrolock (5), then to 
annular collector (16), and finally out of the extractor. The light phase is withdrawn from the extractor 
by tube ( 6), passes through the annular collector ( 17) and then goes out from the extractor. A length of 
tube (6) determines the interface position in the separation chamber and allows this position to be 
regulated without dismantling the extractor.2 The conical shape of the rotor and fixed activator (20) in 
hydrolock facilitate the operation with solutions containing some quantities of solids. Recirculation of 
one of the phases with a multiplicity of up to 100 can be provided in the centrifugal extractors. For this 
purpose, part of the volume of the annular collector of the recirculating phase is limited by partitions 
and is joined by pipes to the mixing chamber. The value of the angle e between the partitions and the 
multiplicity of recirculation b, (determined as the ratio of the flow being recirculated to the initial flow) 
are related by the expression: 

e = 360°*b,/(l + b,) . 

Thus the original design elements are used in a way that allows the control the interface position and the 
change of the value of the phase entrainment as well as to carry out the directed entrainment into the 
aqueous or organic phase. In the zone of phase inversion, the emulsion type can be changed by the order 
of adding the solutions into the mixing chamber (the continuous phase is the one that first enters the 
mixing chamber). The emulsion type in any flow ratio can be changed by the recirculation of that phase 
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which is required to be the continuous one. To prevent the contamination of product flow leaving a 
cascade, the last stages are used as cleaning stages. 

The extractor capacity can be considerably increased if one permits operation with increased 
entrainment or carries out the directed entrainment into heavy or light phases. The dependence of 
optimized capacity of the centrifugal extractor EC160 (under equal relative entrainment into both 
phases) on phase entrainment is shown in figure 2. Increasing ofthe entrainment from 0.1 to 2% allows 
the capacity to be raised by approximately two times when an "oil in water" emulsion is considered. On 
the other hand, for a "water in oil" emulsion, the capacity can be raised 1.3 times for the same diapason 
of entrainment. The dependencies of entrainment corresponding to light and heavy phases on capacity 
when radial flow of heavy phase (rh) varies and radial flow of light phase (r1) is constant, are shown in 
figure 3 ("oil in water" emulsion) and in figure 4 ("water in oil" emulsion). Changing the value of radius 
rh (or r1) or emulsion type in separating chamber, can affect the value and direction of entrainment. At 
the same time, the degree of extraction3 E = 1 - (A.- 1)/(A.N+I -1) and decontamination of targeted 
component should be not lower than desired, where N - number of extraction stages; A. - extraction 
coefficient under admission that it is constant. 
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Figure 2. Dependence of 
capacity on entrainment 

-+-"water in oil" emulsion type 

-----"oil in water" emulsion type 

When entrainment is considered, 4 

2.0 2.5 0.0 0.5 1.0 1.5 

capacity, m
3 th 

Figure 3. Dependence of entrainrrent:s on 

capacity ("oil in water" emulsion type): 
entrainment in light phase entrainment in heavy phase 

1 - rh = 35 mm 4 · rh = 42 mm 

2-rh =40mm 

3-rh=41mm 

5 - rh =40mm 

6 -rh =35mm 

r1 is constant 

A..= (mF, + Fa~,)/(mFs~a +F.), 

2.0 

where m is distribution coefficient; F s and F. are volumetric flows of organic and aqueous phases; F sia 
and F ais are volumetric flows of entrained organic phase into aqueous and aqueous into organic. 

The proposed kind of processes conducted with entrainment is illustrated by an example of the 
calculation of phosphoric acid extraction by tributylphosphate (TBP) and its purification from sulfuric 
acid for the following initial conditions: concentration ratio of contaminated (C) and target component 
(T) in feed aqueous solution xdxT = 0.0857, mT = 0.22, Il1c = 0.09, ET = 70%, decontamination factor 
of target compound bn = 160 and flow rate ratio of feed aqueous, organic and scrub solutions F. : F,: 
Fsc = 1 : 7 : 0.56. The dependence of the total number of extraction stages on the entrainment degree is 
shown on figure 5. The increasing of entrainment degree from 0.1 to 1% leads to the raising of the 
capacity of extraction setup (see figure 2). Thus, to keep the same technological performance as without 
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entrainment, the number of stages needs to be increased only from 25 to 27. 
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CONCLUSIONS 
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The calculation of admissible entrainment degrees, evaluation of their significance for a given 
process and performance of a process using the optimal entrainment factors allow a considerable 
increase in capacity without decreasing extraction degree and product decontamination but some 
increase in the number of stages needed. 
The proposed technique for performing extraction process can be used for of any type of apparatus and 
make it possible to optimize and intensify the extraction process. 
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ABSTRACT 

THE EFFECT OF AIR SPARGING ON THE 

ELECTRICAL RESOLUTION OF A WATER-IN-OIL 

EMULSION 
P J Bailes1 and PK Kuipa1 

1 Department of Chemical Engineering, University of Bradford, 
Bradford, West Yorkshire, BD7 IDP, UK 
2 Department of Chemical Engineering, National University of 
Science and Technology, Bulawayo, Zimbabwe 

A novel process is described in which the resolution of a 60% v/v water in kerosene emulsion using pulsed electrical fields 
is augmented by the simultaneous mild bubbling of Ll}e emulsion with air. Experiments conducted under continuous flow 
conditions confurn that electrical resolution of the emulsion with air sparging is superior to that obtained using the electric 
field on its own. The results obtained with an electrostatic coalescer of innovative design show that it is possible to achieve 
a 35% enhancement in emulsion resolution. Optimum values of the voltage pulsation frequency at which electrical 
resolution of the emulsion is best are observed with and without air sparging. The study also shows that emulsion 
resolution increases with increasing residence time and applied voltage. The addition of charge dispersant to the kerosene 
gives interesting results which warrant further investigation. The new method is expected to be of benefit to the oil 
industry and in the processing of liquid membrane emulsions and solvent extraction dispersions that are slow to separate 
into their constituent phases. 

Keywords: emulsion breaking, coalescence, electric field DC, air sparging, electrical resolution 

INTRODUCTION 

The resolution of water-in-oil emulsions with high intensity alternating current (A C) or direct 
current (DC) fields is a specific method of emulsion breaking which relies for its effectiveness on the 
insulating character of the oil continuum, i.e. the need for an intense electric field requires the 
continuous phase to be insulating so that the field may be maintained. The electric field accelerates the 
process of phase separation by inducing electrophoretic and dipolar forces between the water droplets 
resulting in an increased incidence of collision and coalescence between the droplets within the 
emulsion. These processes cause a shift in the droplet size distribution towards larger droplets, which 
are inherently quicker to settle to the bulk interface. Resolution of crude oil emulsions by this means is 
widely practised and recent advances have enabled the treatment of emulsions containing 65% v/v water 
or more1

. For such emulsions it has been demonstrated that the deleterious effects of droplet bridging of 
the electrode pair and the attendant short-circuiting between these electrodes can be circumvented by 
coating the energized electrode of the pair with a layer of insulating material and applying a pulsed DC 
field, at a frequency characteristic of the electrode and emulsion system. Excessively strong electric 
fields will create shearing forces within the emulsion that result in further droplet break-up and 
stabilization of the water-in-oil emulsion. 

It has been shown2
'
3 that a significant increase in resolution of a water-in-oil emulsion can be 

achieved if the emulsion is simultaneously subjected to a pulsed DC field and mild bubbling of the 
emulsion with air. This finding may be a consequence of closer and more frequent approaches between 
charged water droplets caused by the agitation associated with air bubbling. Such an explanation is 
supported by the work of Urdahl et al4 who found that electrostatic coalescence can be highly effective 
in an emulsion system undergoing turbulent flow. However, it is also possible that channels created in 
the viscous emulsion by the passage of the gas bubbles could provide conduits for the coalesced water 
droplets to fall more rapidly to the bulk interface. Additionally, the coalescence rate is likely to be 
augmented by the charge accumulation that will occur at the large gas/liquid dielectric interface within 
the body of the emulsion. 

This paper reports the results from a systematic investigation of emulsion breaking with and 
without air sparging and compares performance over a range of emulsion flow rates, pulsation 
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frequency, applied voltage and electrical conductivity of water-in-kerosene emulsions. 

EXPERIMENTAL 

The Perspex coalescer incorporated zones for introducing and distributing the feed emulsion, a 
zone for treatment of the emulsion between horizontal electrodes, and a launder for removal of the 
treated emulsion (figure 1 ). Its rectangular box -shaped design permitted a treating zone 170 mm in 
length and 100 mm in breadth, with an electrode spacing of between 35 mm and 45 mm along its length. 
A corrugated high voltage electrode formed from a rectangular sheet of mild steel (thickness 0.13 mm) 
laminated with high density polyethylene (thickness 125 Jllll) was chosen in order to enlarge the 
energised area. The lower electrode was formed from a brass sheet of thickness 5 mm which was drilled 
to allow drainage of the coalesced aqueous phase during operation. The air flow into the emulsion was 
distributed from a central manifold through 6 T -pieces which protruded 15 mm into the treating zone 
through holes in the earthed electrode. 

Screw for Vertical 
Adjustment of 
HV Electrodes 

H.V.---.... ~~ Slot 
Inlet 

F:"d mrt~F== 
Emulsion 

Drain 
Lock 

Air Inlet to 
Manifold 

Figure 1 Electrostatic coalescer incorporating air sparging 

Air Inlet to 
Manifold 

1 of 6 T-Type 
Air Distributors 

Operation of the coalescer required an initial charge of distilled water up to the level of the 
lower electrode. Emulsion was then introduced at the desired flow rate and the high voltage electrode 
was energised as soon as the emulsion started to trickle over the exit weir. The effective volume of the 
emulsion treatment zone was 850 mL and the emulsion was fed to the coalescer from an adapted 1 OL 
aspirator vessel through a rotameter. Performance comparisons were made for flow rates ranging from 
28 mL/min to 116 mL/min, corresponding to emulsion residence times in the coalescer of approximately 
30 and 7 minutes, respectively. The water separating from the emulsion during treatment was drained 
from the coalescer under manual control so that the aqueous bulk interface was maintained at the level 
of the earthed electrode. Each experiment was allowed to continue for a period equivalent to two 
emulsion residence times in the coalescer before a sample was collected from the emulsion exit port for 
analysis of its water content using the Karl Fischer auto-titration method. The results of the analysis 
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were then used to calculate the percentage change in dispersed phase volume fraction that equates to the 
percentage resolution of the emulsion. 

A high shear Schultshalzer homogeniser was used to prepare small batches of emulsion which 
were then stirred together and charged to the adapted aspirator vessel. Each batch of emulsion was 
prepared by adding 196 mL of distilled water in a constant stream to a 130 mL mixture of odorless 
kerosene and 5% wt/wt Brij 92 in a blending process of 70 seconds total duration. The use of Brij 92 
which is a non-ionic surfactant with a hydrophobic-lipophilic balance (HLB) value of 4.9 ensured the 
formation of a very stable water-in-oil emulsion. When allowed to separate at room temperature under 
normal gravity conditions, only 2.0% v/v of the water dispersed in the emulsion separated to form a 
water layer after one month. Only emulsion which was 16 ± 3 hours old was used in this work and 

experiments were carried out with and without air at a temperature of25 ± 1°C. 
The electrical equipment that was used to supply and monitor the pulsed DC to the coalescer is 

described elsewhere5 Experiments were performed with pulses of nominally square form and a 
mark/space ratio of unity. 

RESULTS AND DISCUSSION 

The effect of the frequency of pulsation on the electrical resolution of a flowing emulsion 
containing 61% v/v water is shown in figure 2. In this case the nominal applied voltage is 20 kV and 
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Figure 2 Emulsion resolution in pulsed DC fields, with and without air sparging, as a function of 
pulsation frequency 

the residence time of the emulsion in the treating zone is 17 minutes. There is evidently an optimum 
pulsation frequency at which resolution is a maximum; furthermore this frequency is increased by the 
action of the air. 

For an emulsion containing 60% v/v water, figure 3 shows a comparison of electrical resolution 
with and without air sparging made under equally favourable (optimum frequency) conditions. In this 
case it is seen that regardless of the emulsion residence time in the treating zone the application of air 
improves emulsion resolution. For the test apparatus an air flow rate of 5 L/min was observed to give 
the best resolution irrespective of the emulsion flow rate into the coalescer. Variations in the quality of 
the test emulsions probably account for the discrepancy in the absolute values that are evident from a 
comparison of figures 2 and 3. 

At constant residence time as expected, the emulsion resolution was found to increase with 
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increases in the applied voltage, performance definitely leveling off at 10 kV for the case with air 
sparging (figure 4). Air sparging in the absence of an applied voltage had no discernible effect on 
emulsion resolution. 
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Figure 3 Emulsion resolution in pulsed DC fields, with and without air sparging, as a function of 
residence time in the treating zone (applied voltage= 20 kV) 

Figure 5 shows the result of increasing the conductivity of the organic phase by the addition of 
the charge dispersant STADIS 450 (supplied by Associated Octel Company Ltd.). The observed 
decrease in electrical resolution as the charge dispersant concentration is increased can probably be 
attributed to the increased rate of charge leakage from the water droplets caused by the higher 
conductivity of the surrounding organic phase. This situation would be expected to reduce the 
electrophoretic and dipolar forces between droplets and thereby diminish the process of resolution. The 
upward trend in emulsion resolution that is observed with ST ADIS concentrations greater than 11 ppm 
in the absence of air sparging, apparently contradicts this explanation. However, when there is no air 
sparging, emulsion resolution is very sensitive to pulsation frequency and comparisons made at a fixed 
frequency of 2 Hz could be misleading, especially if the optimum pulsation frequency is affected by the 
electrical conductivity of the organic phase. These aspects are currently the subject of further 
laboratory work. 
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Figure 4 Emulsion resolution in pulsed DC fields, with and without air sparging, as a function of voltage 
magnitude (emulsion residence time= 17 minutes) 
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Figure 5 Emulsion resolution in pulsed DC fields, with and without air sparging, as a function of charge 
dispersant concentration (emulsion residence time= 17 minutes; applied voltage= 20 kV) 
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ABSTRACT 

THE USE OF VIDEO CAMERA FOR THE 

DEVELOPMENT, MONITORING AND 

DOCUMENTATION OF SX PROCESSES 
B Grinbaum 
IMI(TAMI) Institute for Research and Development, P.O.B. 
10140, Haifa Bay 26111, Israel 

The development of small and cheap camcorders opens new horizons for the use of videotaping in investigation of SX 
processes. The simple camcorder, operated by an amateur, is usually sophisticated enough to record the interesting 
phenomena clearly and sharply. It is small enough to be taken into a plant, and gives sharp images even in dim light, so that 
external illumination is usually unnecessary. Examples of the areas where the technique can be an advantage are 
discussed. 

Keywords: videocamera, flow phenomena, 

INTRODUCTION 

The visual observation of flow phenomena is of great importance for better analysis and 
understanding of the hydrodynamics of the solvent extraction process. Several important parameters 
may be best detected and measured by direct observations: the quality of ruixing, the type and shape of a 
dispersion, the accumulation of crud, the development of flooding, phase inversion, the rate of phase 
separation etc. The fact that most bench-scale and pilot-plant columns and ruixer-settlers are transparent 
makes the observations easy. The drawback is that observation is always a subjective process, as it 
depends on the skills of the observer, his impression and interpretation. The use of moving picture 
photography (video) makes these observations into an objective document, and a hardcopy of the 
experiment, just .like recording of data measured by sensors. 

The use of moving pictures for investigation of SX processes has been known for a long time. 
Its main scientific goal was to follow the changes in the shape of droplets due to mass transfer, or flow 
patterns during forced motion. Experienced cameramen, using sophisticated and expensive equipment 
usually did the filruing. 

The Advantages of the Camcorder Video Movie 

The development of small and cheap camcorders opens new horizons for the use of videotaping 
in investigation of SX processes. The simple camcorder, operated by an amateur, is usually 
sophisticated enough to record the interesting phenomena clearly and sharply. It is small enough to be 
taken into a plant, and gives sharp images even in dim light, so that external illumination is usually 
unnecessary. 
The main advantages of the video are: 

1. In the investigation of the hydrodynamics of the process, the visual appearance of the 
dispersion is most important. A video enables one to investigate the characteristics of the flow, i.e. type 
of dispersion, ruixing regime, coalescence and breakage of droplets, degree of foaming, and sometimes 
helps to estimate the drop size distribution. This analysis, done in the office, on a large monitor, and 
using the slow motion and still options, is much easier and exact than direct observations. 

2. For experiments done in pilot plants at remote sites, e.g. mines and factories, the subjective 
impression of the expert in site is the only documentation of the phenomena. Videotaping enables the 
entire team of experts and managers of the research institution as well as the customer to get a direct 
impression of the work and to analyse the phenomena, without travelling to the site. 

3. The phenomena that were observed and videotaped may be used for demonstration of the 
advantages of the proposed process and/or equipment. Later it may serve for training or educational 
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purposes. Especially in columns, it is important to show the operators, who in many cases may not have 
been present for the pilot experiments, a movie of the glass pilot plant, in order to improve their 
understanding of the equipment and its behaviour. 

EXAMPLES 

The following examples describe the situations mentioned above: 

1. A Team Can See Better Than a Single Person 

Laboratory experiments on mass transfer and phase separation in extraction of Ni-Co were 
done by a single engineer at a remote site. They consisted on mixing of the organic and aqueous phases 
in a beaker, under various mixing conditions . The goal of the work was to find the "natural" type of 
dispersion, the rate of phase separation and the degree of mass transfer as a function of the mixing 
intensity and the location of the mixer. While the mass transfer and time of phase separation can be 
determined quantitatively, the type of dispersion was more problematic. In a few cases it was difficult to 
determine if the dispersion was W/0 or 0/W. Analysis of the videotape by a team of experts, using 
VCR in slow motion, enabled determination of the dispersion type by the location of the bubbles in the 
continuous phase. In a few cases the dispersion was different from what the engineer assumed during 
the work. 

2. Seeing is Believing 

The goal of the experiment was to check the feasibility of work with solids in a pulsed column. 
The test case was stripping of uranium with an ammonia solution. The main question was what happens 
if, due to an accidental pH rise, some "yellow cake" solids deposit in the column. The team who ran the 
column found that the solids dissolved quickly after a short distance, without causing any harm, 
provided that the disturbance was short and occurred above the middle of the column. They then had to 
convince the customer that this was really the case. Oral presentation left doubts that maybe the 
interpretation of the results was too optimistic. But after a short movie describing the phenomena was 
displayed, everyone was convinced of the results. They did not have to simply believe - they saw it 
themselves, even more clearly than the experimental team. 

3. Seeing is Understanding 

We teach students, co-workers and operators about various phenomena in solvent extraction. 
Sometimes it is difficult for them to realise what happens and how it really looks. Just a short list of 
phenomena for which a short movie is better than a long lecture: 

a . Generation of 0/W or W /0 dispersions and the difference between them 
This most basic concept in solvent extraction can be easily demonstrated by a video, using either a 
beaker or any type of column. 

b. Flooding 
For a person who has never seen an extraction column at work, it is difficult to understand how flooding 
occurs and what really happens inside the column. A short video clip can clarity it, and show the 
difference between various types of flooding, i.e. a "cork" of the dispersed phase in the column vs. 
accumulation of the dispersed phase in its settler. 

c. Influence of intensity of mixing on creation of droplets and phase separation 
d. Continuous operation of a mixer-settler with a 3-phase dispersion 

Many students cannot understand why a 3-phase system is so undesirable and why it should be avoided. 
A clip that shows the accumulation of the third phase in a settler can clarity this immediately. 

e. Two simultaneous dispersions in one column 
In a pulsed column sometimes part of the column works, at steady state, with an 0/W dispersion, while 
the rest of the column works with a W/0 dispersion. This phenomenon is usually detected by a sharp 
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change in the measured hold-ups: aqueous hold-up below 40% indicates a W/0 dispersion, while 
aqueous hold-up above 60% indicates an 0/W dispersion. For people who have never seen this, it is 
rather difficult to believe that it really exists. A video clip can demonstrate it. 

CONCLUSION 

Possible applications of the video camcorder for demonstration and documentation of solvent extraction 
phenomena have been described. The list of applications is long. The effort in making the video is 
relatively small, the costs are negligible, and the impact - impressive. 
So, let's use it! 
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ABSTRACT 

MULTICOMPONENT KINETICS IN LIQUID-LIQUID 

SYSTEMS: AN EXPERIMENTAL STUDY 
Michael J Brodkorb and Michael J Slater 
Department of Chemical Engineering, University of Bradford, 
Bradford, BD7 lOP, UK 

Experimental mass transfer data have been obtained using a proposed new liquid-liquid extraction test system of toluene -
acetone - phenol - water. The system toluene - acetone - water has already been adopted by the European Federation of 
Chemical Engineering and extension to a quaternary system is felt desirable because the problems of multicomponent mass 
transfer in liquid systems must be tackled if equipment procedures are to be advanced. The experimental data are being used 
to evaluate a recently-developed computer program simulating the multi-component mass transfer to single drops in vertical 
unhindered motion. The model uses Stefan-Maxwell principles to describe solute interactions and employs a drop behaviour 
model that can describe the effects of interfacial contamination. Combination of these principles with the non-equilibrium 
idea, considering phase equilibrium only at the interface and a concentration gradient on either side of the interface, results in 
an advanced mass transfer model. The evaluation of the model with the experimental data introduced here lead to satisfying 
results. 

Keywords: multi-component kinetics, Stefan-Maxwell, drop behaviour, interfacial contamination, test-system, 
toluene!acetone!phenoUwater 

INTRODUCTION 

Considering the advances in modelling other separation processes during the last few years, 
mostly a result of the rapid increase in computing power availability, it seems quite odd how far the 
simulation of liquid-liquid extraction behaviour lags behind. Design procedures still depend on large 
amounts of experimental data, both bench-scale and pilot plant-scale, which are difficult to obtain and, 
therefore, expensive. Then, after obtaining these essential data, it is most often proprietary knowledge 
that allows the scale-up to process-size equipment. This unfortunate situation might result in cases 
where liquid-liquid extraction could be an economical, as well as an ecological alternative to 
distillation, but does not find its use because of design difficulties. 

It has long been recognised that instead of simulating the mass transfer of the entire extractor 
content containing two homogeneous phases using transfer heights or stage efficiencies, it seems more 
promising to model the mass transfer of single drops and to combine the model with one of the 
hydrodynamic tools such as "drop population balance" or "Monte-Carlo simulation". Several 
modelling programs have emerged from this concept (e.g. Zimmermann et al .1 or Ghalehchian2

) . 

Unfortunately, none of these to our knowledge is in commercial use, as a thorough evaluation of any 
of the models has not yet been achieved. This is due to the lack of published experimental pilot-plant 
data and the diversity of the data necessary to validate this type of model, which make it very 
expensive to obtain a full set, table I . 

If a liquid-liquid extraction column simulation model is to be used in an industrial 
environment, it has to consider all of the mass transfer influencing conditions . Two major influencing 
factors are the presence of contamination in industrial systems, and its influence on the hydrodynamics 
and the mass transfer, and the effects of multiple transferred species, as nearly all industrial systems 
are multi-component systems. 

The study shown here presents the first part of an attempt to provide a complete set of 
experimental data including the effects of contamination and multiple components. This covers the 
provision of all necessary physical properties data for one system, single rising drop mass transfer 
experiments and evaluation of these with a suitable model. The system chosen is a quaternary system, 
so that multi-component effects can be observed. 

The subsequent steps will then be the acquisition of experimental pilot-plant data, and use of the 
data in validating a column design programme. 
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Physical Properties density, viscosity, interfacial tension, 
Liquid-liquid equilibrium 

Chemical Properties Reaction? 
Single Drop Mass Transfer Data Mass Transfer = function of concentration, 

drop size, contamination . 
Column Type Geometry, operation limits 
Hydrodynamic Data Break-up behaviour, coalescence behaviour, 

axial mixing 
Pilot Plant Mass Transfer Data Mass Transfer= function of hold-up, flow 

ratios, concentration, contamination 

Table 1: Experimental data necessary for evaluating pilot plant simulation model 

Test System/Physical Properties 

The chemical system used for this project is the quaternary system toluene (T) - acetone (A) -
phenol (P)- water (W). It is based on the established ternary EFCE test system T-A-W and has been 
proposed by von Reden and Slater 3 

. The system is presented schematically in Figure I . 
As experimental equilibrium data were available only for the ternary sub-system T-A-W 4

, quaternary 
equilibrium data of the complete system (T-A-P-W) have been measured and successfully correlated 
by the UNIQUAC Gibbs free energy model 5 The resulting binary interaction parameters and 
additional experimental density data are presented 6 

T p 

w 
Figure 1: Schematic representation of the liquid-liquid equilibrium of the proposed test system 

toluene (T)- acetone (A)- phenol (P) -water (W) 

Multicomponent Non-Equilibrium Model 

A multicomponent non-equilibrium model has been developed by von Reden7 to describe the mass 
transfer in single drops. The major characteristics are: 

• the effects of multicomponent mass transfer are described by the Stefan-Maxwell equations and 
application of the linearised theory 8

•
9

; 

• equilibrium between the phases is considered only at the interface (rate based approach1<); 
• the effects of contamination are implemented with the contamination factor model given by 

Slater11
'
12 

The model has been improved by including a more sound implementation of the UNIQUAC 
equilibrium calculations. Through this and the provision of UNIQUAC binary interaction parameters 
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based on experiments, it was possible to overcome the limitations of the model being valid only for 
low solute concentrations, as experienced in earlier work7 

EXPERIMENTAL 

The "Single Drop Method" has been established as a simple way of determining the overall 
mass transfer rate for drops, for example13

. In this method single drops are released inside a column 
filled with the continuous phase. The drop rises or falls through the continuous phase and mass 
transfer between the two phases takes place. The drop composition is determined subsequently to the 
mass transfer process and the overall mass transfer coefficient can be determined. The advantages of 
single drop experiments as a crude method of measuring mass transfer is their ease of use. 
Disadvantages are the limited reproducibility of the acquired data. Every attempt to improve the 
reproducibility leads consequently to more complex and, therefore, more expensive experiments. Thus 
a feasible balance has to be found. 

In this study a simple apparatus was used. The end effects of drop formation and coalescence 
are accounted for by the subtraction method14

. After the mass transfer process, the samples were 
analysed by gas chromatography. The error in reproducibility of the measured mass transfer was 
checked by repeating the experiment and was found to be about ± 1 0%. Thus, the experimental results 
can be used to give at least qualitative accounts of the influence of the various parameters. 

Von Reden 7 compiled an extensive list of single drop experiment data available in the 
literature. With the exception of the work of Paschke and co-workers15 there is no published 
experimental data for the simultaneous mass transfer of multiple components for single drops. 

Mass transfer experiments have been carried out for the three different systems T-A-W, T-P
W and T-A-P-W at different concentration levels, different drop sizes and for different levels of 
contamination. 

RESULTS 

The comparison of the ternary solute mass transfer with quaternary solute mass transfer under 
the same conditions for both solutes enables the study of multi-components effects. A good way of 
presenting mass transfer data is to plot the degree of extraction, which is the ratio of actual mass 
transfer to maximum possible mass transfer (defined by the equilibrium condition), as a function of 
exposure time - in this case the rising time. 

Phenol and acetone mass transfer data measured at the same experimental conditions are 
shown in figure 2 and figure 3, respectively. The experimental mass transfer (circles) is compared with 
the predicted mass transfer at a level of contamination (contamination factor m =50), which seems 
reasonable (by experience) for laboratory experiments (solid line) . . The dotted lines are the prediction 
of the limiting cases "Potential Flow" (maximum predictable mass transfer) and "Rigid Sphere" 
(minimum predictable mass transfer). 

In the case of the phenol mass transfer, both prediction as well as experiment, show very little 
influence of the acetone present in the quaternary system. The predicted mass transfer is nearly equal 
(relative difference < I%) and the experiments, as well, show no significant difference between 
quaternary and ternary conditions. 

A different picture has been obtained for the mass transfer of acetone. The presence of phenol 
as the fourth component in the quaternary system reduces the mass transfer rates of acetone relative to 
those obtained for the ternary system. This effect can also be observed for the mass transfer prediction. 
A value for the contamination factor ofm =50 has been kept the same for both situations but the value 
might depend on the solutes and their concentrations. 

515 



Proceedings ISEC'99 

100 

80 
/ 

~ 2..... 
c: 
0 

potential flow I 
tl 60 
(U 

~ I 
0 

40 Q) 

~ 
C) 
Q) 

Quaternary Expe~ 

0 
20 

/ ~Rigid Sphere 

_,.,/: , ::.,......' ~ 
___..-:: Ternary Experimenls 

0 
0.1 Time[s] 

10 100 
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CONCLUSIONS 

Experimental mass transfer data have been obtained and successfully applied to evaluate a 
previously proposed multicomponent mass transfer model. The effects of the mass transfer of multiple 
components have been shown. Thus, it seems necessary to incorporate the modelling of multiple 
components into liquid-liquid extraction models. 

The quaternary system toluene-acetone-phenol-water has been proven to be a useful test 
system for the investigation of those multicomponent effects in liquid-liquid systems. The introduction 
as an official EFCE test system is strongly recommended. 
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ABSTRACT 

IN-LINE MIXERS FOR THE EXTRACTION OF 

URANIUM BY A TERTIARY AMINE FROM ORE 
LEACH SULPHURIC ACID SOLUTIONS 
Gordon M Ritcey 
G.M. Ritcey & Associates Inc. Nepean, Ontario, Canada, 
K2H8A9 

This paper describes the pilot plant investigation of the in-line mixers as a possible replacement for the conventional 
mixers in the extraction of uranium from sulphuric acid leach solutions. The effect of variables such as flow, phase ratio 
and number of extraction units on the mass transfer efficiency as well as the effect on the settler requirements were 
investigated. The pilot plant was on the site of the Ranger uranium mill in Australia that was considering plant expansion. 

Keywords: in-line mixers, uranium, tertiary amine, Alamine 336 

INTRODUCTION 

For many years, uranium solvent extraction plants treating ore leach solutions have used mixer 
settlers. These are high shear, with the consequence of producing emulsions, and with any solids 
present, result in crud formation. This means poor utilization of the settler as well as high solvent losses 
and high maintenance costs. 

Because the rate of mass transfer of uranium is rapid, other types of contactors can be 
considered that could improve on the capital and operating costs. Pulse columns have been proposed for 
years, and were implemented in France in the late 1970's. More recently, pulse columns have been a 
success at the Olympic Dam uranium expansion in Australia .. 

Another type of contactor that could be considered would be the in-line mixer. If mass transfer 
could be accomplished in such a low shear device, obvious advantages of improved settling could result, 
with less stable emulsions and cruds being formed. If successful, the in-line mixer could replace the high 
shear agitators presently in use, where the design is for about 2-minutes mixing. 

With that objective, the initial exploratory tests were conducted at the Ranger mill site in 
Australia during September 199 5. Those tests indicated the possible viability of using such mixers, but 
a more prolonged test program would be required to provide sufficient data such that scale-up and costs 
could be determined. The subsequent test program was conducted during March-April, 1997. 

PLANT PROCESS DESCRIPTION 

The ore containing the uranium is leached in sulphuric acid, passed through a CCD thickener 
circuit, clarified and the clarified pregnant leach solution (PLS) is sent to solvent extraction. The PLS, 
containing about lg!L uranium at pH 1.5, is contacted in 3 extraction stages with a tertiary amine in 
Shellsol 2046 diluent. Following a 2-stage wash of the solvent, the uranium is recovered by stripping 
with ammonia-ammonium sulphate solution. The solvent is finally contacted with sulphuric acid to 
protonate it prior to recycle to extraction. 

PILOT PLANT DESCRIPTION 

The pilot plant was located in the SX plant area, under the mixer settlers . The pilot plant 
included a long, deep settler which subsequently provided very useful information to relate to the flows 
through the mixers . The organic and aqueous flows were connected directly to the appropriate plant 
flows, and valved through flow meters to the pilot plant. Although there are several designs of in-line 
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mixers, such as the Kenics, Sulzer, Lightning, the Lightning was selected for these trials. Typical plant 
leach feed solutions, at pH 1.5, contained about 1 giL uranium. The solvent feed to extraction, in the 
data presented, contained 0.2- 0.4 g UIL, and the solvent consisted of2.5% Alamine 336 tertiary amine 
in Shellsol 2046 diluent. The usual length of each "test run" was 0.5 hour, although some tests ran for 
1.5 hours, and a final test went for a duration of about 5 hours to determine consistency. With a 
retention time in the mixer system of less than 10 seconds, 0.5 hours was considered to be more than 
ample to attain chemical and physical equilibria. 

The specifications of the units are as follows : 
In-Line Mixer Units Type: Lightning 

Elements: 220 mm length, 25 mm diameter 
Glass pipe: 25 mm diameter to accept the mixers 
Configuration: horizontal, straight line 

Dimensions: 275 mm wide x 1215 mm long x 650 mm deep 
Construction: glass sides, stainless steel ends and reinforced with stainless steel 
Picket fences : 2 off-set rows of25 mm OD poly pipe, extending the depth of the 
settler;an additional similar stainless steel pipe picket fence was also investigated 

In-line mixer dimensions: L 220 mm x D 25 mm 
Volume of 1 mixer unit 0.000107 m3 

Volume of9 units (9 x 0.107) = 0.00097 m3 

Volume of6 units (6 x 0.107) = 0.000642 m3 

Time of Contact in Mixers: 
At about 85% of flooding flow, of 14.25 Lim, or 855 Llh or 0.885 m% passing through 9 

extraction units, then 0.00097/0.855 = 0.0011 h, 
or 0.0011 h x 3600 sec= 4.0 sec/9 units; or 2.7 sec/6 mixer elements. 

RESULTS 

The initial preliminary tests determined the flooding regime for the particular geometry of the 
equipment. For a 9-unit extraction system, and with the length of settler (1215 mm) being used, the 
flooding point (for extraction) was indicated as 17.2 L/m of mixed phases at A/0 2/1. Thus, the 
subsequent tests were run at varying total flows of about 15% less than the flooding point. The results 
and data achieved from the test program are given below. 

Extraction units Flow Extraction efficiency (%U) 
Number Lim Bench Plant Pilot Plant 

9 6.95 89.6 90.5 91.9 
9 6.95 80.5 82.1 82.3 
9 9.75 82.4 81.9 88.9 
9 14.65 77.7 80.0 82.9 
9 6.95 80.1 95.1 76.3 
9 6.95 84.4 81.2 83 .1 
9 6.95 79.4 80.3 77.9 
9 6.95 77.7 80.0 82.4 

Table 1: Comparison of Pilot Plant Results with Plant and Bench Shake-Out Tests 
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Extraction stage 

Some of the data are summarised in Figures 1-4, and in Table 1. Observations and conclusions 
are given in the following: 

Figure 1: Extraction vs. Flow Rate 
AJO 211 9 Extraction Units 
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Figure 2: Phase Ratio vs. Extraction 

9 Extraction Units 

100 

• 
95 • • 

5" 
90 • • 

~ 85 

·~ 
:: eo • 
)( 
w 

75 

70 • 
65 

0 0.5 1.5 2 2.5 3 

Phase Ratio (AJO) 

521 



Proceedings ISEC'99 

Figure 3: Mixer Units vs. Dispersion Band Length & Extraction 
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Figure 4: Flow vs. Mixer Time & Dispersion Band Length 
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Protonation stage 

At high 0/ A ratios normally used, the phases separated in less than 1 minute, and no dispersion 
band was generated. At the low 10 giL acid the organic was cloudy, and clarity improved as the acid 
strength was increased to the higher 40 giL. The optimum conditions appear to be 0/ A 4/l (although 
probably a higher 0/A might be attainable), 3 extraction elements, and protonation with 40 giL H2S04, 
at a total flow to these size mixers of about 15 Lim (which is approaching plug flow in this particular 
size units for this specific system). At optimum conditions, and with recycle of the aqueous over a 6-
hour test period, extractions of about 95% U were achieved. 

Wash stage 

The phase separation was rapid, usually in less than I minute. A small settler area would be 
required because of the lack of a dispersion band. It would appear that the scrub circuit could easily 
tolerate a high 0/A ratio of perhaps lOll or higher using the in-line mixers . 
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CONCLUSIONS 

The in-line mixer tests have demonstrated extremely high stage efficiency when evaluated in the 
uranium solvent extraction process conducted at a uranium mill on process liquors. The following are 
the indicated advantages: 

• no requirement to maintain a specific phase continuity in mixing; 
• decreased solvent inventory because of no recycle requirements; 
• fine droplets were produced and high mass transfer efficiency resulted without high shear and 

turbulence; 
• no possibility to draw air into mixing which produces serious problems in the conventional high 

shear pump-mix mixers; 
• improved settling rates, and therefore increased settler utilization; 
• decreased stable emulsions and crud formation, and therefore decreased solvent losses; 
• demonstrated to be viable for extraction, protonation, and washing sections; 
• settler area requirements appear to be at least one-half that required as a result of conventional 

mixing in extraction; 
• in both the protonation and wash stages, the dispersion bands were flat, with rapid coalescence; 

settler area requirements would be minimal; 
• settler area requirements are reduced when the mixed flows are organic continuous, that is at 

high 0/ A ratios in the mixer units as in protonation and wash sections; 
• no tests were performed in the stripping circuit, although the kinetics of stripping may make in

line mixing suitable. Also, if that is possible, then pH control may be greatly facilitated by the 
introduction of the reagent directly into the pipe. 

Thus, the data from these successful continuous pilot tests indicates that the in-line mixer could 
replace the agitated mixer, which is usually designed for about 2-minutes retention time in mixing in the 
uranium amine extraction process, and still continue to utilise the present or modified settler design. 
This alternative to conventional contacting could be particularly attractive for a mill planning an 
expansion program, as well as in a new plant, where in-line mixers might be considered for 
incorporation in the solvent extraction plant to reduce mixing shear and thus settler area requirements. 
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ABSTRACT 

FAST PRE-NEUTRALISATION AND EXTRACTION IN 

A TUBULAR REACTOR USING AN ACIDIC 

EXTRACTANT 
E JAliskelliinen and E Paatero 
Lappeenranta University of Technology P.O.Box 20, FIN-53851 
Lappeenranta, Finland 

An agitated tubular reactor was used to study the partial neutralisation ofVersatic 10 extractant with aqueous ammonia and 
the following extraction of nickel with the pre-neutralised extractant. Both reactions are very fast and complete in a few 
seconds. The fast metal extraction is explained to take place as a pseudo-homogeneous reaction in a micellar media. 

Keywords: Versatic acid, pre-neutralisation, nickel, in-line mixer 

INTRODUCTION 

A notable direction in the technological development at the present time is based on the concept of 
process intensification in chemical reactor design. 1 In the liquid-liquid extraction of metals with acidic 
cation exchangers the process can be intensified by neutralising the reagent prior to the contact with the 
metal bearing aqueous solution instead of controlling the pH during the contact. 

In the present work this concept is illustrated using Versatic 10 extractant (Shell Chemicals Co.) 
which is mixture of highly branched isomers of C10 monocarboxylic acids. The ammonium and sodium 
salts of these types of extractant molecules are amphiphiles, which form microscopic aggregates 
(micelles and microemulsions) when mixed with water and an organic solvent? In the previous works by 
the present authors the phase equilibria corresponding to the neutralisation conditions has been reported 
for Versatic 10 and aqueous ammonia mixtures?·3 When the degree of neutralisation is about 50% the 
system is as a single phase microemulsion. It was also shown that Ne+ could be added into the 
microemulsion up to 10% of the full nickel load without a break up of the phase into two liquid phases3 

(Figure 1). 
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increasing amounts ofNi2+. 
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The micellar formations are dynamic units that are constantly forming and dissociating on a time
scale in J.l.S to ms range (for review \ Furthermore, the microemulsion has an extremely large internal 
interface. For organic syntheses using microemulsions as medium for interfacial reactions the high 
solubility of the reactants in the microemulsion and high reaction rates result in excellent space-time 
yields 6 It is anticipated that also metal extraction with a microemulsion solution is very fast as the 
phase diagram in Figure 1 implies that complexation of Ni2

+ with Versatic is a pseudo-homogeneous 
reaction at least during the initial moments of the process. 

The main aims of the present work were on the other hand to find experimental evidence that the 
pre-neutralisation step is fast and on the other hand to confirm that metal extraction with the pre
neutralised extractant is pseudo-homogeneous and fast. A special type of experimental tubular reactor 
with short contact times was constructed for that purpose. 

EXPERIMENTAL 

All experiments were carried out at 25 oc with 40 wt-% Versatic 10 dissolved in isooctane. The 
aqueous ammonia was Pro-analysis quality. The ammonia concentration was analysed prior to use by 
HCI titration. The phase equilibria in test-tubes were determined as described else where.4 

The phase transition kinetics was studied in a long transparent adiabatic tubular reactor 
equipped with an equally long stirrer rotating at the speed of 2000 rpm (Figure 2). The aqueous and 
organic phases at 25 oc were pumped co-currently into the reactor. At the entrance in the reactor the 
solution mixture was always milky. In case that the system became a microemulsion the solution turned 
clear and transparent usually at about 10-20 em from the entrance. 

Aq. feed 

Org. feed 

Figure 2. 

I<( 450mm >I 

-------+ 152:'SS EES2S I 1 ~ 
di = 3 mm Mixed liquid 

Tubular reactor used for the studies of phase transition kinetics. 

RESULTS AND DISCUSSION 

Dynamics of pre-neutralisation 

The tubular reactor was used to study the phase transition dynamics corresponding to the pre
neutralisation of Versatic 10 with ammonia. Concentrated (13. 3 M) aqueous ammonia was fed to the 
reactor together with the organic phase containing 40 wt-% Versatic in isooctane. The feed ratio was 
adjusted to keep the degree of neutralisation (N) fixed at 50%. 

Pre-neutralisation can be described by the reaction formula: 

{I) 

where q oo3 for concentrated aqueous ammonia andy =2 when N =50%. 

The total volume flow rate was varied between 13 .8 and 70 ml/min corresponding to the 
residence times of 13 .2 and 2.6 s, respectively. In all experiments the mixture turned clear single phase 
before the outlet which was regarded as an evidence that the pre-neutralisation is fast and only 
controlled by the mixing characteristics. The pre-neutralised extractant is in form of a hydrotropic 
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solution (n~olnNH4A = 3) which becomes a microemulsion when diluted with water. lbis pre-neutralised 

extractant was used for the metal extraction experiments. Since the neutralisation is exothermic the 
temperature increased to 37.2 oc due to the reaction. The reaction enthalpy was determined separately 
using a ChemiSens reaction calorimeter model RM-2 as 83 kJ/mol NH3• The latter determination was 
carried out with diluted aqueous ammonia (0.479 and 0.862 M) in a two phase system. 

The fast relaxation towards phase equilibrium can be sensitively studied in the tubular reactor by 
diluting the rnicroemulsion with water and by measuring the solubilized amount of water before the 
break-up to two phases. The water uptake as a function of the degree of neutralisation is shown in 
Figure 3. The contact time was 10 s. The maximum of water/ammonia ratio in the system (n~olnNH4A = 

14.2) was recorded when N was equal to 50%. Figure 3 shows also the experimental values obtained in 
test tubes at fully equilibrium conditions. We can conclude that the equilibria was always reached in the 
short contact reactor. 

Figure 3. 
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Kinetics of nickel extraction 

The pre-neutralised extractant binds Ni2
+ through a cation exchange reaction: 3 

Ni2• +(2+m)/ yNH,A · (y-l)HA· q~O=ll x(NiA2 ·mHA · pH
2
0). +(2+m)/ yNH

3 
+((2+m)ql y- p)H20+2H+ (2) 

The nickel complex may thus remain hydrated in the organic phase. 
The effect of nickel was first studied analogously with Figure 3 but adding 0.085 M NiS04 in the 

water. The same boundary for the one-phase region was obtained both in the short contact reactor in a 
few seconds as in test tubes during several hours (see Figure 4). When nickel was present, however, the 
phase inversion from a 0/Wm (=Winsor I) to a W/Om (=Winsor II) system was not as sharp as with 
pure water. The error interval for the experimental data at N = 50% was V'3% for four determinations . 
The repeatability for all other measurements was better than V'0.6%. Therefore, the difference between 
the dynamic conditions and equilibrium conditions is significant 
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The phase behaviour was further studied in the tubular reactor by increasing the aqueous phase to 
pre-neutralised organic phase ratio and keeping the aqueous nickel concentration as well as the degree of 
neutralisation fixed. The A/0-ratio was increased until phase break up was observed. Similar 
experiments were carried out for different nickel concentrations and for different N. The results are 
plotted in Figures 5a and 5b. 

Figure 4. 
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CONCLUSIONS 

1) The neutralisation of Versatic 10 with aqueous ammonia is fast process that can be carried out in 
tube (e.g., with an in-line mixer) with a short contact of a few seconds. 
2) The extraction of nickel with a pre-neutralised Versatic 10 is fast pseudo-homogeneous reaction, 
which takes place in a microemulsion environment. It can favourably be carried out in a tubular reactor. 
3) The degree of neutralisation governs the structure ofthe phases during nickel extraction. When Ne+ 
is exchanged to NH/ according to equation (2) the amount of remaining Nl4+ controls the amount of 
solubilized water in the organic phase. The maximum amount of water is obtained when the 
Nl4+Nersatic ratio is 1:2. 

NOMENCLATURE 

dj 
m,p, q, x, y 
n; 
N 

v 
HA 

HA 
L,2L, 3L 
O, Om 
W,Wm 

internal diameter (mm) 
constants used in equations (1) and (2) 
amount of the i species (mol) 
degree of neutralisation, = n NH4PinHA.tot 

volume (I) 
monomeric form of carboxylic acid 

monomeric form of carboxylic acid in the organic phase 
regions where one, two, respectively three liquid phases are in equilibrium 
normal organic phase, micellar "water-in-oil" phase, respectively 
normal aqueous phase, micellar "oil-in-water" phase, respectively 
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ABSTRACT 

COMPARISON BETWEEN DIFFERENT 

EXTRACTORS FOR A HIGH VISCOSITY 

EXTRACTION APPLICATION 
D Kirschneck1

, H Schmitf and R Marr1 

1Institut fur Thermische Verfahrenstechnik und Umwelttechnik, 
TU Graz, Inffeldgasse 25, A-8010 Graz, Austria 

2Lucas Meyer, Ausschlager Elbdeich 62, D-20539 Hamburg, 
Germany 

Various batch and continuous extraction experiments have been carried out with a high viscous medium used as the 
delivering phase for the transferring compound. The experiments were performed batch on lab-scale using a stirred tank and 
a rotor-stator-mixer. On continuous pilot plant scale a stirred column, static mixers and a rotor-stator-extractor were 
compared. Temperature and phase ratios were varied. It was found that the mass of product in the extract phase is 
proportional to the Reynolds number and therefore proportional to the power input in the dispersion until Re reaches 10000. 
Further increase in Re does not change the extraction efficiency. This relationship was found to be nearly independent of the 
applied extractor type. That means the same extraction yield was reached in different extractors at the same power input. 
Using adequate definitions of the Reynolds number and taking into account the effective viscosity of the dispersion the 
extraction performance of different apparatus configurations can be compared in the same diagram. As the dynamic viscosity 
is indirect proportional to Re energy input increases with higher viscosities, that means only extractors with a high energy 
input are useful for extractions with the high viscous medium chosen to be the dispersed phase. 

Keywords: high viscosity, Reynolds number, extractor comparison 

INTRODUCTION 

Solvent extraction is a unit operation, which can be used for separation of multicomponent 
systems. Biological matrices offer a wide range of applications for solvent extraction to reach 
commercial products by fractionation of compounds having a similar chemical structure. Mass transfer 
difficulties start when the feed is of high viscosity. As a test system a multicomponent mixture of polar 
(mostly phospholipids) and non-polar lipids with a viscosity of 1 Pa.s as feed was used. It should be 
extracted with ethanol (5 rnPa.s) as solvent. The aim is to extract one of the phospholipids 
(phospha~idylcholine). Wagner1 reviewed extraction equipment for high viscosity applications and 
came to the conclusion that centrifugal extractors, separators and spray columns were commonly used 
for high viscosity applications . Stirred and pulsed columns are preferred for medium viscous systems, 
but the opinion as to which type of equipment should be chosen and how viscosity influences 
hydrodynamics are different. 

Special problems of high viscosity extraction 

In an early step of process design it must be decided if the viscous medium should be the 
continuous or the dispersed phase. If the viscous medium is chosen to be the continuous phase, the 
force on the drops caused by the density difference shall to be large enough to ensure a reasonable 
terminal velocity of the drops raising in the continuous phase. Otherwise even in the case of a small 
energy input intensive drop breakage would cause a lot entrainment. Therefore equipment providing a 
high effective phase separation (e.g. centrifuge) is needed. If the viscous medium is chosen to be the 
dispersed phase, a high energy input will be necessary to disperse the viscous fluid. In the present 
investigation the high viscous raw lecithine is chosen to be the dispersed phase. 

High viscous droplets behave like rigid spheres. They have no internal circulation and the 
diffusion to the surface is limited, since the diffusion coefficient is according to the Stokes-Einstein
Equation proportional to the dynamic viscosity. The diffusion depends linear on the diffusion 
coefficient. That means only the near-surface-region of the drops can be extracted. The enhancement 
effect of surface renewal can easily be demonstrated experimentally. In the first experiment the 
viscous medium is extracted batchwise in a stirred tank. Extraction time is five minutes. Analytical 
samples of both phases are taken aft~r waiting ten minutes of settling time. In a second experiment 
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five dispersion/settling cycles were performed with each dispersion and settling step lasting for one 
minute. Another five minutes of settling were given afterwards . Note that the overall contact time for 
dispersing and for settling was the same in both experiments, demonstrating the important effect of 
surface renewal. 

These findings have important implications for the experimental determination of extraction 
distribution coefficients and on phase equilibrium data in general. To obtain reliable results out of such 
experiments a sufficient number of settling and redispersing cycles must be performed. 

EXPERIMENTAL 

In an initial investigation, experiments focused on lowering the viscosity of the viscous 
phospholipid medium were performed. It was found out that premixing with the solvent can reduce 
the viscosity. The feed was adjusted to a feed composition corresponding to a state point near the 
binodeal curve outside the two-phase region. lbis reduces the viscosity from 1 Pa.s to about 200 
mPa.s. Lowering the viscosity by heating the feed was not successful since part of the mixture starts to 
decompose at temperatures higher than 50°C. 

Based on the considerations in Part 2 it was decided to choose a stirrer with a high energy 
input for Jab-scale experiments, to have enough turbulence energy to produce small drops and thereby 
maximising their interfacial area. 100 g of the lipid mixture was premixed with 19 cm3 ethanol by 
means of a stirrer at 500 min·1

• The extraction was carried out by means of a rotor-stator-system 
(Ultraturrax T25 from IKA-Werke/Staufen(Ger) with stirrer unit S25N-18G) by adding 73 cm3 solvent 
ethanol and stirring for 5 minutes at speed levels between 8000 and 24000 min"1• The first aim was to 
maximise the extraction yield to keep the amount of solvent as small as possible. 

It was observed that the extraction yield increases by increasing the rotation speed. At certain 
level no increase of the extraction yield could be observed. The results are further analysed and shown 
in dimensioness form in figure 1. Settle problems have not been observed even in the cases of high 
energy input, that cause small drops. Settle problems only occur, if the leaching time of the near
surface-region is too short and phosphatidylcholine acts as a surfactant at the surface of the drop. 

Experiments with two different phase ratios and different extractors have been carried out. A 
conventional stirred tank and two different rotor-stator-systems (Ultraturrax T25/T50) have been used 
on batch Jab-scale. On the pilot plant scale extraction experiments have been carried out continuously 
by means of either a stirred extraction column or static mixers (plug flow) or of a rotor-stator-system 
(Ultraturrax T50 carried out as mixed flow vessel) . The results are shown in figure 2. 

RESULTS AND DISCUSSION 

Correlating the energy input to compare different extractors 

The aim of the model is it to compare hydrodynamic conditions of different extractors. To do 

this, physical properties of the two-phase system need to be calculated. The mean density p of the 

mixture can be calculated according to Liepe2 

(1) 

where P F and p5 are the densities <J>F and q>s are the volume fractions of feed and solvent. The effective 

viscosity lJ of the dispersion in the case that the solvent forms the continuous phase can be 
determined according to Liepe2 

(2) 

where l]s is the viscosity of the solvent and <J>F is the volume fraction of dispersed feed phase. K 1 and 
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K2 are constants. Prikrylova3 has determined the constants to be K1=l.7 and K2=0.5 for different oil
in-water emulsions. For <i>F<0.7 Bamea4 has found similar effective viscosities. 

Mass transfer is strongly influenced by the hydrodynamic conditions in the extraction 
apparatus. One way to characterise the hydrodynamic conditions is to calculate the Reynolds number. 
Two different equations have been used to calculate the Reynolds number for the different extractors. 
The Reynolds number for all stirred extractors (stirred tank with conventional stirrer, stirred tank with 
Ultraturrax, stirred extraction column) can be calculated by means of equation 3 

n d~ p 
Restirrcr = ----

11 
(3) 

The stirrer or rotor has a diameter of dR and turns n times per second. The average physical properties 
can be used as calculated before. For the experiments with static mixers as extractor the Reynolds 
number is given by the following equation 

pv dh 
Re staticMixer = ----

1>11 
(4) 

where v is the superficial velocity. The hydraulic diameter dh and gap fraction E are given by the 
manufacturer. 

Comparison between different extractor types 

Different extractors are compared by assessing at the extraction yield (in our case the solid 
content in the extraction phase) in relation to hydrodynamic parameter determining the energy input 
(in our case the Reynolds number). In figure 1 the solid content of the extracted phase is plotted versus 
Reynolds number on logarithmic scale for experiments with the same phase ratio. 
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Figure 1: Graph of solid content in the extracted phase versus logarithmic Reynolds number for 
different extractors 

It can be seen from the graph, that the solid content increases linearly until the Reynolds 
number reaches 10000. After Re = 10000 the solid content is independent of the of the Reynolds 
number. The important point is that this finding is nearly independent of the extractor type. A window 
of 2% solid content variance can be seen of experiments done with the same extractor type. Dependent 
on the type of extractor it maybe shifts parallel to a small extent. All the extraction experiments with 
the same phase ratio can be summarised in the same diagram. 

The graph shifts to smaller solid contents for higher solvent-to-feed ratios. This phenomenon 
is visualised in figure 2. As in figure 1 the experiments with the high phase ratio are carried out with 
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different extractors. The overall characteristic of this experimental series is the same with the solid 
contents just shifted to a lower level. 
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Figure 2: Graph of solid content in the extracted phase versus logarithmic Reynolds number for two 
different phase ratios 

Optimisation on pilot scale 

Based on the previous results a pilot plant was designed with a rotor-stator-system as 
extraction unit and hydrodynamic conditions according to a Reynolds number greater than 10000. The 
parameters, temperature and phase ratio were varied on two levels. The aim is to maximise the solid 
content in the extracted phase. The experimental solid content data points were fitted by a surface on 
the two-dimensional array of the range of the two independent variables temperature and phase ratio. 
Table 1 summarises the operation conditions of the experiments, the experimental determined values 
of the solid content as well as the deviation of the data points from the surface fit. The resulting 
surface is visualised in figure 3. 

No. Temperature Phase ratio Solid content Deviation of the 
[OC] [kg/!] (analysed) fitted surface 

[%} r%1 
1 44,1 110,95 17,9 -0,2 
2 39,0 110,95 16,9 ±0 
3 33,7 111,8 12,0 +0,2 
4 40,8 111,4 14,9 ±0 
5 49,2 110,95 18,5 +0,1 
6 43,7 111 ,8 12,8 +0,1 
7 38,6 112,2 10,8 -0,2 

Table 1: Dependency of the solid content on the temperature and on the phase ratio 

An interesting point experimental results was that the influence of temperature on the solid 
content is different for two phase ratio levels. While the solid content at high phase ratio is nearly 
independent of the temperature, a reasonable increase of solid content can be found by increasing the 
temperature at a low phase ratio level. This demonstrates that the parameters have a strong 
dependency on each other. Statistical experimental planning can be a useful tool to catch all 
dependencies of the investigated parameters. 
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Temperature in •c 

Figure 3: Dependency of the solid content on the temperature and on the phase ratio 

CONCLUSIONS 

Extractors applying a viscous medium as the continuous phase need an effective separator or a 
centrifuge to separate the phases and to minimise the entrainment. For extraction with the viscous 
medium to be the dispersed phase high energy input is necessary to disperse the system sufficiently. 
The interfacial area and thereby the solid content of extracted phase increases linear with the logarithm 
of the Reynolds number until Re reaches 10000. After that limit the solid content is independent of the 
Reynolds number. Different extractors (stirred column, static mixers, conventional stirrer, rotor-stator
systems) show the same characteristic. The extraction yield for the lipid/ethanol system was found to 
be of similar magnitude in all investigated extractor types. For a given temperature and phase ratio the 
extraction yield exclusively is a function of energy input. 

SYMBOLS 

d diameter [m] 
Re Reynolds number [-] 
n rotation per time [s.I] 

K~, K2 constants [ -] Subscripts 
v superficial velocity [m s·1

] F feed phase 

E gap fraction [ -] 
T) viscosity [Pa.s] 
q> phase fraction [ -] 
p density [kg m·3] 

h hydraulic 
R rotor 
S solvent phase 
x average value 
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ABSTRACT 
For developing a highly effective extractor, the extraction of Pd(II) in aqueous hydrochloric acid solution by toluene solution 
of tri-n-octylammonium chloride salt was investigated using a vibro-mixer type extractor in the various conditions. The 
overall extraction rate of Pd(II) were interpreted by (1,1) orders reaction rate of the concentrations of ammonium chloride in 
toluene and palladium chloride in the aqueous phase. The rate constant increased with vibration frequencies and feed 
velocities into the extractor. The extraction equilibrium of Pd(II) from hydrochloric acid solutions with tri-n-octylamine in 
toluene was also investigated. 

Keywords: vibro-mixer extractor, extraction kinetics, palladium, tri-n-octylamine 

INTRODUCTION 

Solvent extractions were generally operated by the heterogeneous systems. It is important to 
increase the contact surface area for achieving high extraction efficiency. Forced mixing type 
extractor, centrifugal and mixer/settler extractors have been used generally as high efficiency 
extractors. Vibro-mixer type reactors are able to produce small droplets and to obtain highly surface 
areas continuously and steadily by vibration of the disks in the extractor1

• Hence, the vibro-mixer type 
reactor is suitable for an effective extractor. 

Long-chain alkyl amines are one of the most useful extractants of precious metals. We have 
studied the extraction and the separation processes of precious metals using long chain alkyl amines2

'
3

. 

In this paper, firstly, the extraction equilibrium ofpalladium(ln2 from hydrochloric acid solution with 
tri-n-octylamine (TOA) in toluene was investigated to clarify the complex formed and the equilibrium 
constants. Furthermore, in order to develop a highly effective extractor, the extraction of palladium 
from hydrochloric acid solution with TOA in toluene was carried out using the vibro-mixer type 
extractor. The effects of flow rate of the fluids, frequency of the disks, the concentrations ofTOA and 
palladium on the extraction rates of palladium were examined. 

EXPERIMENTAL 

Tri-n-octylamine (99.7%, TOA) 
supplied from Koei Chemical Co. was used 
as an extractant without further 
purification. TOA was dissolved in toluene 
at desired concentrations. PdCl2 was 
dissolved in aqueous hydrochloric acid 
solutions. The extraction equilibrium was 
measured by the same method in previous 
papers. 2•

3 In the experiment of the 
extraction rate, TOA was previously 
converted to ammonium chloride salt by 
the equilibrating TOA in toluene with 0.1 
M hydrochloric acid in aqueous solution. 
In this condition, all ofTOA is converted to 
ammonium chloride salt.4 
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reactor A reactor B 

Figure 1 The vibro-mixer type extractor. 
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The two types of the vibro-mixer type extractor used in this experiment are shown in figure I . In the 
first type of extractor (hereafter called A-type), a set of spiral type vibration disks were put into a 
cylindrical tube having a net volume of 3.27 x 10·5 m3

. In the second type of extractor (B-type), four 
spiral disks were put into a cylindrical tube with five baffie disks having a net volume of 1.45 x 10"5 

m3
• The disks were vibrated up and down at 3 mm vibration amplitude. The toluene solution of TOA 

ammonium chloride salt and the aqueous hydrochloric acid solution of palladium chloride were 
pumped separately at a fixed flow rate into the bottom of the reactor. The effiuent mixed solution from 
the top of the extractor was settled and was separated quickly into the aqueous and organic phases 
within one minute. The steady state for the Pd(II) extraction in the extractor was previously found to 
be achieved after 5 minutes operation time. The concentration of precious metal in the aqueous 
solution was determined using atomic adsorption spectrometer. The concentration of the metal in the 
organic phase was calculated from mass balance. The concentration of TOA in toluene was 
determined by titration with a butanol-methanol mixed solution of hydrochloric acid using 
bromocresol green as an indicator. 

RESULTS AND DISCUSSION 

Extraction equilibrium of Pd(II) 

The equilibrium concentrations of Pd(II) in the organic phase, CM.org, were plotted against the 
initial concentration of TOA in toluene, Ca,o, in Figure 2. The values of CM.ors increased with an 
increase in Ca,o, and with decreasing in CHcJ. TOA in toluene reacts with hydrochloric acid in aqueous 
solution to form the TOA-hydrochloric acid complex as follows; 

B + HCI <::>BHCl (1) 
where Band BHCl indicate TOA and the complex between TOA and hydrochloric acid, respectively. 
In these experimental conditions, TOA is predominantly existed as the complex and the presence of 
free TOA is negligibly small4. The extraction of Pd(II) 
with TOA from hydrochloric acid solution is expressed by 
the following reaction: 

MCiz n-+ nBHCl <:::> (BH)nMC}z + nCr 

where MCizn- indicate the chloro-complex of the metals. 
Under the condition of this study, Pd(II) ions exist as the 
complex of PdC4:z,.. 5

. Hence, the values of Z and n are as 
follows; Z=4 and n=2 for palladium. The equilibrium 
constant ofEq(2), KM, is written as: 

KM = [(BH)nMClz][Cqn 

[MClz n-][BHCl] n 

By the consideration of distribution coefficient, 
D = (CM,or/CM.aq), Eq(3) is rewritten as follows ; 

= K M [BHCl] n 

(3) 

(4) 
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The concentration of BHCl, C8 , was evaluated by the 
initial concentration of TOA, Ca.o, and equilibrium 
concentration of the metal in the organic phase, C M.org, as 
follows ; 

Cs = Cs,o - nCM,org (5) 
[Cr] is assumed to be the hydrochloric acid concentration 
in this study. The plot oflogD against log{[BHCl]/[HCl]} 0 
for Pd(II) is shown in figure 3. The experimental results e> 

are plotted on the straight line having a slope of 2.0 for ..2 
Pd(II), regardless the concentration of hydrochloric acid. 
The intercept of the straight line gives the equilibrium 0 
constant for equation 2. The value of K M is obtained as 
6xl05 for Pd(II) . The calculated results using K M shown in -1 
figure 2 by solid line are almost agreed with the 
experimental results . -2 .__~-..._~_...._~_..._~___. 

Extraction Rate in the vibro-mixer extractor. 

When the A-type extractor was used, the values 
of the Pd(II) concentration in the effluent aqueous 
solution, CPd, were plotted against the average residence 
time of the fluid in the extractor, r, at constant CB.O and 
CPd.O for each vibration frequency of the disk, /, in figure 
4. In the case of no vibration of the disk, the values of 
CPd were not influenced by r. In the range ofjbetween 
50 and 200 spm, CPd decreased with increasing in r . The 
values of CPd at 300 spm were also not influenced by r. 
The values of CPd were plotted against fin figure 5. CPd 
decreased with increasing in f and approached to a 
constant value dependent on Ca.o being calculated by the 
equilibrium constant for the reaction2

. Reaction between 
Pd(II) and ammonium chloride was suggested to affect 
the extraction rates of Pd(II). As droplets size of the 
dispersion phase in the extractor decreased with 
vibration frequency of the disk. In the range of more 
than 400 spm, the reaction is considered to attain the 
equilibrium state. The flow velocities of the fluids in the 
extractor and the vibration frequencies of the disk affect 
the extraction rates of Pd(II) . The mixing of both phases 

are depend on the fluid dynamic properties in the 
extractor. 
The fraction of extraction of Pd(II), EA was calculated by 
the following equation; 

EA = (CPd,O- Cpd)/Cpd,Q 

(6) 

-8 -6 -4 -2 0 
log [BHCI]/(HCI] 

Figure 3 Relationship between logD and 
log{[BHCl]/[HCl]} for Pd(II) 
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Figure 4 Effect of the mean residence 
time, 't, on the concentration of 
Pd(II) in the effluent solution, CPd 
in the A-type extractor. 

The overall extraction rate, rpd, was calculated by the following equation; 

rpd = (CPd.o- CPd)/ r (7) 
Considering equations 6, equation 7 was transferred as follows; 

rpd = CPd.O · EA 1-r (8) 
By considering the reaction between palladium and tri-n-octyl ammonium chloride in equation 2, the 
overall reaction rate equation was assumed as the first order of Pd(II) and n-th orders of ammonium 
chloride as follows . 
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rpd = kr·Cpd'cbn (9) 
Combining equations 8 and 9 and reforming, the 
following equation was obtained. 

ln{Cpc~,o·E.J( rCpd)} = lnkr + n·lnCs (10) 

The values of In ln{CPd,oE A/( rCpd)} were plotted 
against InCa for various fin figure 6. The straight 
lines having a slope of 1. 0 were obtained for each f 
except that of greater than 300 spm. Then the 
extraction rate of Pd(II) in the extractor was 
interpreted as the first order for the concentrations of 
Pd(II) and ammonium chloride respectively. 
The following equation was obtained by combining 
Eqs(6), (8) and (9) at n=l.O. 

1/EA = 1/(A;.· r Ca) + 1.0 (11) 

The values liE A were plotted against 1/( r Ca) for 
each/in figure 7. The values of l!EA were plotted on 
the straight lines having a slope dependent on f The 
slopes of the straight lines in Fig. 7 show the values of 
(1/A;.) for eachf The values of k, calculated from the 
slopes of the straight lines were plotted against f in 
figure 8. The overall reaction rate constant, A;., 
increased with an increase in the frequency of the disk 
in the extractor. 

In case of the B-type extractor was used, the 
values of EA at r = 24 sec. were plotted against fin 
figure 9. EA attained the equilibrium values at 200 
spm. As shown in the previous analysis, l!EA was 
plotted against 11 (rCa) for r = 24 sec. in figure 10. 
The results were plotted on the straight lines having a 
slope dependent on f The result was similar to that 
shown in figure 7 for the results in the A-type 
extractor. The values of k, calculated from the slopes 
of these straight lines in the B-type extractor were 
plotted in figure 8 together with the results in the A
type extractor. The values of A;. increased with 
increasing in f As decreasing in r, the linear velocity 
of the fluids in the extractor increase. The fluids 
mixing in the extractor become vigorous . Overall 
extraction rate constant increased with increasing in 
the fluid velocity in the extractor. The values of k, in 
the B-type extractor at r = 24 sec. was equal to that in 
the A-type extractor. The mixing of the fluids was not 
affected by setting of baftle plates installed in the 
extractor. 
By using the vibro-mixer type extractor in the 
extraction of Pd(II) in the aqueous solution with tri-n
octylarnine of toluene solution, 0.1 x 1 o-s m3 of the 
liquid containing Pd(II) was found to be treated in only 
13 sec. to the equilibrium state of the system at 400 
spm of vibration. 
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kr overall extraction rate constant [l·min/mol] 
r pd overall extraction rate [mol!(l·min)] 
r mean residence time [min.] 
<subscript> 
M precious metal 
org organic phase 
0 initial state 
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ABSTRACT 

COMPARISON OF MEMBRANE-ASSISTED SOLVENT 

EXTRACTION TECHNOLOGIES FOR THE 

SEPARATION OF Cd-Ni MixTuREs 
I Ortiz, F San Roman, B Galan and AM Urtiaga 
Departamento de Quimica. E.T.S.I.I. y T. Universidad de 
Cantabria. Avda. de Los Castros s/n. 39005. Spain 

Having established the mathematical model and parameters that describe the separation of cadmium and nickel from highly 
concentrated aqueous solutions, using hollow fibre modules as contactors and D2EHP A as a selective extractant, in this work 
the analysis of the influence of the operation variables has been performed to find the optimum conditions for the separation. 
The variables analysed were the organic cadmium concentration and the volume of the organic solution. Finally, the kinetic 
results obtained with the Non-Dispersive Solvent Extraction (NDSX) configuration, working under optimum conditions were 
compared to the kinetic results obtained with a supported liquid membrane configuration. 

Keywords: nickel-cadmium batteries, cadmium, nickel, non-dispersive solvent extraction, supported liquid membrane 

INTRODUCTION 

Separation of nickel and cadmium from highly concentrated aqueous solutions has become a 
subject of interest, mainly due to the necessary treatment of wastes generated during the manufacture 
of nickel-cadmium rechargeable batteries and in the recycling of battery scrap. In previous works, 1'

2 

the viability of the separation of both metals from highly concentrated aqueous solutions that 
simulated acidic leaching solutions by means of the non-dispersive solvent extraction technology was 
reported. D2EHP A was used as selective extractant and a high acidic solution for the back-extraction, 
BEX, step. Details of the membrane are shown in Table 1. 

Characteristic of the Modules 

fibre 
Internal diameter 

wall thickness 
Number of fibres 
Nominal porosity 

Shell material 
Potting material 

shell inner diameter 
Shell length 

effective mass-transfer length 
effective mass-transfer area 

Values 

X-30/polypropylene 
240 J.Lm 
30 J.Lm 
10200 
40% 

Polypropylene 
Epoxy resin 

63mm 
203mm 
150mm 
1.4 m2 

Table 1 Hollow-fibre membrane module characteristics. 

Working in the concentration range of 0.2 - 0.4 mol/dm3 of cadmium and nickel in the feed 
solution it was demonstrated that both metals could be efficiently separated if the pH was kept equal to 
3.5. Under these conditions, the nickel remained in the feed whereas the cadmium was transferred to 
the BEX phase, where it can be concentrated to high values making easy the final management of this 
solution. Thus the separation-concentration process was governed by the kinetics of cadmium 
transport between the two aqueous phases, and therefore the optimisation of the operation variables is 
necessary. 

Two variables exert major influence on the process kinetics: i) the initial concentration of 
cadmium in the organic phase, and ii) the volume of the organic phase. The NDSX technology 
requires the use of two hollow fibre modules in order to perform the extraction and the back-extraction 
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steps, processes that are coupled through the organic solution and that are influenced by the conditions 
of the intermediate phase. 

After having analysed the influence these variables defining the optimum operation 
conditions, in this work the comparison the kinetic results that would be obtained working under a 
different configuration, i.e., supported liquid membranes, has been also made. Supported liquid 
membranes imply the use of only one contactor reducing considerably the volume of the organic 
phase. 

RESULTS 

As already mentioned the separation of cadmium and nickel mixtures can be achieved 
working with pH values in the feed solution of 3.5 . Figures la and I b, show representative results of 
the separation-concentration process . It is observed that while the cadmium in the feed was almost 
depleted, the nickel concentration remained practically unchanged (<6%). Therefore the kinetics of the 
separation process would be determine by the kinetics of Cd removal and concentration in the 
stripping phase. 

0,25 r-----------------, 

0,05 

oL----~--~--~------~----~ 
0 0,5 1,5 

llnw(h) 

Figure la. Cadmium and nickel concentrations in the extraction process . 

A kinetic model for the description of the mass transport rate of cadmium from the feed to the 
BEX solution has been developed based on the mass balances to the cadmium in the three fluid phases 
flowing through the two hollow fibre contactors and tree stirred tanks . The system used in this work is 
the same procedure described in other works.3•

4
•
5 
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l 0,3 

0,25 
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liS 0,15 
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Figure lb. Cadmium concentration the stripping process . 
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Extraction module 

Aqueous Solution - v;. oc~ = oc~ + AE KmE(CE -cE) 
F.LE at OZE F.LE 0 1 0 

(1) 

t = 0, c;- = c;,in ; ZE = 0, C~ = C!,in 

Organic Solution (2) 

t - 0 CE - c . ZE- 0 CE - CT 
- , 0 - o,initial , - , 0 - o 

Back-extraction module 

Aqueous Solution (3) 

Organic Solution (4) 

The mathematical equations for the three tanks, considered as ideal stirred vessels are as follows: 

t=O, C! =Co, initial t=O, c; = Cs, initial t=o, c~ = cE. initial 

Integration of the system of differential equations and comparison of the theoretical results with the 
experimental data allowed the determination of the design parameters: membrane mass transport 
coefficient, krn = 0.158 ~sand equilibrium parameter of the extraction reaction of cadmium with 
D2EHPA, ke =177. Simulated results are also included in figures la and lb (solid line) showing a 
good agreement with the experimental results. 

Next, with the obtained parameters the analysis was performed of the influence of the main 
operation variables having influence on the kinetics of the separation process, i.e., 1) the cadmium 
loading in the organic phase and 2) the total volume of the organic phase. Figures 2a and 2b show the 
influence of the initial concentration of cadmium in the organic phase in the kinetics of the extraction 
and back-extraction. An opposite influence is observed, that is the higher the initial organic cadmium 
concentration the lower the extraction rate but the higher the rate of the BEX step, concluding that the 
time of the back-extraction would determine the initial value of the organic cadmium concentration. 

Next the influence of the organic phase volume on the kinetics of the extraction and stripping 
processes has been analysed. Figures 3, 4 and 5 show representative simulated results considering 
different concentration of the organic phase. At low concentrations of organic cadmium, Co < 0.1 
mol/dm3 an increase in the organic phase volume represents a slight increase in the extraction rate and 
a slight decrease in the BEX rate. Whereas for high organic concentrations, Co > 0.2 mol/dm3

, the 
influence in the extraction rate remains the same but in the BEX phase a favourable influence is 
observed when the volume is increased from 1 L to 5 L. Obviously the increase of the organic volume 
would lead to an increase in the process costs, it being desirable to work with the minimum possible 
volume. 
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Figure 2a. Evolution of cadmium concentration in the extraction phase. 

0.8 ,.-------------------. 
--oraeftiePbutO M 

0.7 --- OrplliePiautO .:ZW 

A 0.6 

Ill 0 . .5 

i 
~ 04 

~ 0.3 

~ 0.2 

0.1 

- --- • · OraaaicPIIue0.4 W 

o.s I 

Time (h) 

-----...----

u 

Figure 2b. Evolution of the cadmium concentration in the stripping. 
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Figure 4. Influence of the organic phase volume. Initial concentration of organic cadmium 
equal to 0.2 mol/dm3 Volume of extraction phase 1 L. 
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Figure 5. Influence of the organic phase volume. Initial organic cadmium concentration equal 
to 0.4 mol/dm3 Volume of extraction phase 1 L . 

After these results the analysis of the process kinetics has been performed working with the 
same hollow-fibre contactor but under the performance of a supported liquid membrane. In the 
supported liquid membrane that the two aqueous phases flow through the same module the organic 
phase impregnating the pores of the hollow fibres. With the same assumptions made in the 
mathematical modelling of the NDSX process, the mass balance differential equations able to describe 
the process are given by the following equations6

·
7

•
8 

Feed Solution (8) 

Stripping Solution (9) 

t = 0, C, = Cs,initial ; z = 0, C, = c; 
Feed Tank dC~ =~fer . -cr) (10) Stripping Tank de; =~'c;in - c;) (11) 

dt V E ~ E,tn E dt V, ~ ' 

t=O, c~ = CE, initial t=O, c; = C,, initial 

Using the design parameters previously determined for the NDSX configuration, km=0.158 fL111/s and 
ke= 177 in order to simulate the kinetic results corresponding to the separation-concentration process 
of an aqueous solution containing initially cadmium and nickel in a concentration of 0.2M, a similar 
organic phase to that previously described and an acidic solution, pH=O.S as the BEX phase, the 
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curves represented in Figure 6 were obtained; this figure shows also the comparison with the results 
obtained under the NDSX configuration. 
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--SLM Extractio n 
--SLM Stripping 

----- -NDSX Extraction 

• ·- • • · NDSX Strippina 
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Tim • (h) 
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Figure 6. Evolution of the extraction and stripping for process NDSX and SLM 

It is possible to find conditions for the NDSX configuration that allows higher concentrations in the 
BEX solution that those obtained with the SLM technology. 
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ABSTRACT 

REACTIVE EXTRACTION USING A KARR. COLUMN 

FOR THE PRODUCTION OF DIOXOLANE FROM AN 

ALDEHYDE 
B Grinbaum, M Adda and Ch Eidelman 
IMI (TAM!) Institute for Research and Development, P.O.B. 
10140, Haifa Bay 10140, Israel 

The process of production of an aromatic dioxolane from the corresponding aldehyde is carried out by a reaction with 
ethylene glycol, in a two phase system: The water produced must be eliminated, in order to obtain quantitative conversion of 
the aldehyde. Continuous reactive extraction, instead of the batch reaction in mixed vessel, was tested: the glycol was fed in 
excess to the bottom of the extraction column: while the aldehyde was fed to the top. The glycol acts as a reactant and as an 
extractant for the water removal . The continuous process was carried out successfully, with results superior to those obtained 
in the mixed vessel. 

Keywords: reactive extraction, Karr column, dioxalane 

INTRODUCTION 

The production of an aromatic dioxolane from the corresponding aldehyde is carried out by a 
reaction with ethylene glycol, according to the general equation: 

RCO + CH20H-CH20H ~ Dioxolane + H20 

where R stands for the aromatic group. 
The water produced must be eliminated, to obtain quantitative conversion of the aldehyde. The process 
is carried out in a two phase system: the heavy organic phase contains the aldehyde and the dioxolane, 
while the lighter polar phase contains the glycol and the water. 

This behaviour gave rise to the idea of using reactive extraction instead of the mixed vessel: 
the glycol is fed in excess to the bottom of the extraction column: while the aldehyde is fed to the top. 
The glycol acts as a reactant and as an extractant for the water removal. The wet glycol is then dried in 
a separate distillation column, and recycled to the bottom of the extraction column. The entire process 
- extraction and distillation - was carried out continuously, with the dried glycol fed to the extraction 
column, and the wet one - to the distillation. 
The final conversion, in a column with an equivalent of 3.5 theoretical stages, residence time of 7.5 
min. and temperature of 90°C in the column, was 98% wt. 

For comparison, in a mixed vessel, a similar conversion was achieved with a residence time of 
20 hr, and at l20°C, but with lower product quality, due to creation of heavy decomposition products. 

In most of the chemical processes, there is interaction between reaction and mass transfer. In 
many cases, the reaction rate is or even the ability to quantitatively perform the reaction is controlled 
by the transport phenomenon and not by the chemical kinetic. 

Typical reactions of this type are esterifications, or more generally reactions in which water is 
formed and should be removed, in order to shift the equilibrium and enhance the reaction. 
These reactions follow the general formula: 

A + B <:::> C + H20 

Typically, there is the main (i.e. most expensive) raw material A, which is reacted with B to produce 
C. In order to obtain maximal conversion on A, the process should be operated with large excess of B 
and with continuous removal of the water formed, by distillation for example. 
In the dioxolane process, the raw material A is an aldehyde, which reacts with ethylene glycol (EG) to 
yield dioxolane and water. In the original industrial process, the batch reaction is carried out with a 
100% molar excess of ethylene glycol, and the water is removed by an azeotropic distillation with a 
suitable solvent. The duration of the batch, in a 20m3 reactor, is 20 hour, at a temperature of 120°C. 

© 2000 Society of Chemical Industry 549 



Proceedings ISEC'99 

This long residence time is determined by the distillation rate from the large reactor. The high 
temperature is required for the azeotropic distillation of the water (no suitable solvent with lower 
boiling point of the azeotrop could be found). Under these conditions, side reactions occur. They lower 
the purity of the product and cause a stable emulsion between the product and the excess ethylene 
glycol. 

PROPOSED PROCESS 

The proposed alternative is to perform the reaction in an extraction column. The ethylene 
glycol (EG) forms a separate phase which is more polar and which extracts the water, which is formed 
by the reaction. The process may be schematised as by the following model : 

The raw material (A), which is essentially in the apolar phase, passes to the polar one, in 
which it reacts with ethylene glycol (B) to give the product (C) and water. The water remains in the 
polar phase and C passes to the apolar one. In the proposed process, the reaction occurs in a 
liquid/liquid multistage extraction column. The ethylene glycol (EG) is fed, countercurrently to A, in 
stoichiometrical excess, and acts both as reactant and as extractant of the water which are formed in 
the reaction. The model of this process is shown in figure 1 : 

EXPERIMENTAL 

A 

j 
Dioxolane 

1 

apolar phase 

polar phase 

A + E. Glycol Dioxolane + ~0 

Figure 1: Model of the reactive distillation process 

The reaction is carried out in a 1" diameter, 1.5 m length Karr type reciprocating extraction 
column. A is fed at the top of the column, and EG at the bottom. Under optimal conditions, a 
conversion of 98% is obtained. 

Figure 2: Scheme of bench scale unit 
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The dry EG absorbs water in the column, and exits with 5 to 10% of water. The EGis dried by 
fractional distillation, and recycled to the extraction. Scheme of the experimental unit is shown ir.. 
figure 2. 

The temperature is the column is between 70°C to 90°C. At such a temperature, practically no 
by-products are formed. The distillation of water from the EGis performed at 120°C. The EG after the 
distillation contains 0.25% H20, which is adequate for the process. We therefore separate between the 
reaction, which should be performed at moderate temperature for high selectivity, and the distillation 
at high temperature, which is performed in a mixture free of product. The solvent is present all the 
time in the apolar phase. 

RESULTS 

The results of the experiments are summarised in Table I. 

EG:A Molar Ratio 3 3 6 6 6 
Temperature ( 0 C) 70 70 70 70 90 
Flowrate of A (1/hr) 0.75 1.5 1.0 2.0 2.0 
Residence time (min) 30 15 15 7.5 7.5 
%H20 in EG feed 0.75 0.25 0.25 0.25 0.25 
Agitation Frequency 90 90 90 67 53 
(pulse/min) 
Conversion (%wt.) 92 73 98 93 98 

Table 1 Effect of operating conditions on the yield of the process 

All the experiments were carried out at amplitude of 40 mm. No problems of phase separation or 
entrainment were observed. 

DISCUSSION 

The proposed process enables us to obtained the desired conversion of 98% A in 7.5 minutes 
at 90°C, compared with a contact time of20 hours at 120°C in the batch process . The product from the 
extraction process is superior, due to lack of side reactions. The molar ratio of EG:A should be 6: 1. 
Temperature has strong effect on the desired contact time: for a contact time of 7.5 min., increasing 
the temperature from 70°C to 90°C, increased the conversion from 93% and 98%. The strong effect of 
the temperature indicates that we achieve the conditions of kinetic limitation. This is the opposite of 
the batch process, which was totally diffusion limited. 

Higher molar ratio of EG:A improves the conversion and decreases the desired contact time, 
due to better extraction of the water into the apolar phase. At an EG:A molar ratio of 3, the conversion 
was 73% and 92% for a contact time of 15 and 30 minutes respectively. Increasing the molar ratio to 
6, increased the conversion to 93% and 98% for a residence time of7.5 and 15 minutes respectively. 

The reaction of formation of the dioxolane is reversible and the final conversion is related to 
the concentration of the water in the EG. This conversion was found experimentally to fit the linear 
equation: 

Conversion = 1 00 - 3 * cmo (1) 

where both the conversion and the concentration of water are in %weight. 
A maximal concentration of0.5% water is allowed to obtain the required conversion of 97-98%. Up 
to an initial concentration of 1.5% water in the EG, the conversion achieved from the extraction 
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column was near to the theoretical value, according to the equilibrium data. At an initial concentration 
of 5%, the conversion obtained in the column is lower than expected. The model provided at the 
beginning may explain this phenomenon. The reaction takes place in the EG phase; the solubility of A 
in EG is reduced in presence of water; therefore the water slows down the reaction rate and does not 
permit full conversion to be achieved in a reasonable time. 

Evaluation ofthe number of plates 

For molar phase ratio of 6, and 0.25% H20 in the dried EG, the humidity of the wet EG in the 
raffinate is 6.7% (from total mass balance, assuming 98% conversion). 
A simple calculation shows that a total of 3.5 theoretical plates are required to obtain a conversion of 
98%. 

CONCLUSIONS 

In the proposed process the water formed in the reaction is removed by extraction instead of 
distillation. That permits a drastic reduction of the time of reaction and of the temperature with a 
consecutive increase of the selectivity. Use of such a methodology may also be applied in process 
using phase transfer catalyst. 
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~-rt7~~-rt7~~;,;.,....:77'• •• · STUDIES OF THE EXTRACTION THERMODYNAMICS 

ABSTRACT 

OFf-ELEMENTS 
Kenneth L Nash 
Chemistry Division, Argonne National Laboratory, 9700 S. Cass 
Ave. Argonne, IL 60439-4831, U.S .A 

Though they were discovered in the 18th century, practical applications of individual lanthanides were not possible until the 
development of first ion exchange and later solvent extraction techniques. Today, solvent extraction using lipophilic 
organophosphorus complexants is the principal separation technique applied for lanthanide production by hydrometallurgy. 
Separation chemistry (co-precipitation, ion exchange, and solvent extraction) also was central to both the discovery of the 
individual actinides and to the preparation of samples of sufficient purity to allow elucidation of their chemical/physical 
properties. Solvent extraction, in the form of the PUREX process, has become the single most important separations 
process in actinide technology. In this report, the basic thermodynamics of extraction of actinide and lanthanide metal ions 
is discussed. 

Keywords: thermodynamics, lanthanide, actinide 

INTRODUCTION 

Solvent extraction separations off-elements are central to the technological development of both 
material science utilizing the lanthanides and to nuclear waste processing for isolation and production of 
actinides . For the lanthanides, acidic organophosphorus extraction reagents are most commonly used, as 
their extraction characteristics are suitable for both isolation of the group from many mineral matrix 
cations and of individual members of the series. As the extractant in the PUREX process, tributyl 
phosphate (TBP) is the most important reagent in actinide processing. 

The transfer of a metal ion from an acidic medium to an organic extractant solution and back is 
governed by the relative positions of several overlapping and competing equilibrium processes. In the 
aqueous phase, hydration and protonation equilibria of metal cations, chelating agents, and metal 
complexes, and the complexation equilibria of metal ions and ligands control the relative extractability 
of metal ions . In the organic phase, metal-ligand bonding, non-specific and specific solvation of 
complexes, and ligand-ligand interactions are the most important thermodynamic processes. Most often, 
solvent extraction reactions are characterized by reversible equilibria, though kinetically inert processes 
can contribute to apparent irreversible reactions. 

In this report, the thermodynamics of extraction of lanthanide and actinide ions by different 
types of solvent extraction reagents will be discussed, emphasizing the general characteristics of 
different systems. The concept of enthalpy-entropy compensation in extraction equilibria will be 
examined to provide additional insights into the different separations processes. 

EXPERIMENTAL 

Most investigations of the thermodynamics of f-element solvent extraction thermodynamics 
have been performed relying on the change in the extraction equilibrium constant (Kex) as a function of 
temperature and the Van' t Hoff relationship (d(ln Kex)/d(lff) = -Llli/R). Second order thermodynamic 
effects from changes in ~Cp do not often complicate the application of this technique, as the 
temperature range is generally restricted by solubility and volatility considerations. There have been 
several reports of enthalpies measured calorimetrically in synergistic systems. In these experiments, 
measured enthalpies describe the addition of a co-extractant to the primary chelate complex of the 
extracted metal ion in a homogeneous organic phase. The experimental results described below are 
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derived from a variety of literature reports. The reader is referred to the original references for details of 
the experimental procedures. 

RESULTS AND DISCUSSION 

Acidic Extractants 

For extraction of polyvalent metal ions by acidic extractants, the phase transfer equilibrium reaction is: 

Kl 
Mm+aq + mHL = MLm + mlt (1) 

where species in the organic phase are indicated by the bar above the symbol. Measured heats for metal 
ion extraction by this reaction include contributions from (partial or complete) dehydration of the aquo
metal ion; the solvation of the 'm'lt ions released by the extractant; deprotonation of the extractant; 
degrees of freedom lost by the free ligands upon complexation; bond energies from ligand coordination 
of the metal ion; and readjustment of the organic solvent from solvation of 'm' protonated ligand 
species to solvation of one complex. 

Perhaps the most extensively investigated reactions in f-element solvent extraction are the 
trivalent lanthanide-thenoyltrifluoroacetone (ITA) systems. Partly because of the consistent 
stoichiometry of the system (M:L = 1 :3), the Ln(ITA)3 complex is the preferred platform for studies of 
synergism. Dukov et al 1 report that the m for extraction of P~+, Gd3

+, and Yb3+ from 1 M Na/HCl is 
endothermic (+43.0 to +45.4 kJ/mol) and independent of the organic diluent (CJL;, CHCh, CC4). 
Differences in the free energy of extraction between the metal ions and/or the diluents are therefore 
derived primarily from changes in entropy, which ranges between -43 and +24 J/mol-K. These general 
characteristics have been confirmed by other authors who have investigated the Ln-IT A system 2

•
3

. 

Extraction by acidic pyrazolone ligands display similar enthalpies while the extraction entropies are 
more positive than for ITA4

. The favorable ~S accounts for the generally stronger extraction of 
lanthanides and actinides by pyrazolones than by ~-diketones. 

Sulfonic acid extractants like dinonylnaphthalenesulfonic acid (HDNNS) are highly aggregated 
in organic solvents, even at very low concentrations. Micellar extractants generally exhibit little 
sensitivity to the size of the cation being extracted, extracting classes of metal ions (like the lanthanides) 
approximately equally. Otu and Westland 5 have reported that the extraction of La3

+, Nd3
+, Gd3

+, and 
E~+ is characterized by m = 7.3 to 10.2 kJ/mol and t.S = +69 to +80 J/mol-K. The narrow range of 
thermodynamic parameters is consistent with the low selectivity of the extraction system for individual 
members of the series. 

Monoacidic organophosphorus extractants also aggregate in lipophilic solutions, typically 
existing as hydrogen bonded dimers. For some extractants, the dimer arrangement is maintained in the 
metal complexes, for others the ligands monomerize on complexation. Westland and Otu6 observe that 
increasingly exothermic m values (-19.9 to -32.5 kJ/mol) across the series Nd3+, Gd3+, Dl+, Er3+ 
accounts for the increasing extraction strength by 2-ethylhexyl-p-phenylphosphonic acid (H(EHFP)) in 
the same order. 

The greater affinity of actinides for donor atoms softer than oxygen is at the heart of all 
successful separations of the trivalent ions of the transplutonium elements from the lanthanides 7. This 
difference in interaction strength has been attributed to a greater tendency for the actinides towards 
covalency in their bonding, which should, in principle, be manifested thermodynamically by exothermic 
complexation heats . 

Dithiophosphinic acid extractants (e.g. Cyanex 301) have been shown to exhibit separation 
factors of greater than I 03 for trivalent actinide ions over lanthanides of comparable size. Zhu et al 8 

have reported enthalpy for the extraction of Am3+ and Eu3+ from 1.0 M Na/HN03 by purified Cyanex 
301 as MIAm = +18.1 kJ/mol, LlliEu = +43.6 kJ/mol with corresponding entropies of t.SAm = -87 
J/mol-K, t.SEu = -66 J/mol-K. The enthalpy difference is the principal source of the greater selectivity 
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of Cyanex 301 for Am3+ (~(Llli) = -25.5 kJ/mol, ~(-T~S) = +6.3 kJ/mol} which is consistent with 
increased strength of the Am-S bonding relative to that ofEu-S. 

Neutral Extractants 

Neutral extraction reagents accomplish phase transfer of the metal ion by solvating 
electroneutral complexes of the metal ions. The generic extraction equilibrium reaction is : 

K2 
Mm+ + mX + y S -= MXmSy (2) 

The most common neutral extractants for f-elements are trialkyl phosphates, phosphonates, 
phosphinates, and phosphine oxides. As equilibrium 2 requires the organization of 1 +m+y species into 
one product species, one might predict that the net extraction entropy for such reactions should be 
consistently negative. In fact, for extraction of trivalent lanthanides, actinides, Th4+, and UO/+ by 
simple monodentate or complex bidentate organophosphorus extractants (which represent the bulk of 
such neutral extractant systems) the extraction entropies range between -40 and -150 J/mol-K 

independent of the nature of the counter ion Y . Extraction enthalpies are exothermic and in the range of 
-30 kJ/mol to -90 kJ/mol. 

The relative extraction of trivalent lanthanides and actinides in neutral systems has been 
examined comparing the relative extraction of Am3+ and Eu3+ by octyl(phenyl)carbamoyl
methyphosphine oxide (CMPOl, dihexyldiethylcarbamoylrnethylphosphonate (DHDECMP) 10 from 
nitrate and thiocyanate media. The thiocyanate systems demonstrate a greater selectivity for Am 
equivalent to about ~(~G) = 4-5 kJ/mol (a separation factor of 5-7). Substantially more exothermic 
extraction enthalpies are observed in both the Eu3+ and Arn3+ thiocyanate systems than in the 
corresponding nitrate reactions. This difference has been attributed to the energy required to transfer 

three SCN- ions from the aqueous to the organic phase 9
. Differences in the enthalpy of extraction of 

Am relative to Eu are not substantial enough to attribute the enhanced extraction of the actinide to a soft 
donor effect. 

Synergistic Extraction Systems 

Synergistic extraction systems combine thermodynamic features of both acidic extractants and 
neutral extractants according to the extraction equilibrium expression: 

K3 
(3) 

In most cases, the stoichiometry of the extracted complex with respect to the primary extractant 
(L) does not differ from that obtaining in the synergist-free system (equation 1). The net reaction for 
addition of the synergist to the extracted complex in the organic phase can be obtained as: 

- ~ 
MLm + yS = MLmy (4) 

by subtracting the appropriate equilibrium for equation I from equation 3. The constant ~ is K3/Kl. 
Because the adduct formation reaction can be formulated to occur completely in the organic phase, the 
heats of reaction are amenable to direct determination by titration calorimetry. 

The most thoroughly investigated synergistic extraction systems involving f-elements are those 
in which HTf A is the primary extractant. The thermochemistry of neutral organophosphorus 
compounds, aliphatic amines, crown ethers, bipyridyl and phenanthroline, and aliphatic sulfoxide 

557 



Proceeding ISEC'99 

extractants have all been investigated as synergistic reagents for lanthanide and actinide extraction by 
TI A. Most of the thermodynamic data were determined using the temperature variation method, some 
were investigated by calorimetry, and some systems have been studied using both techniques . Adduct 
formation reactions are generally exothermic (Mf between -20 and -70 kJ/mol) while the entropies cover 
a wide range of both favorable and unfavorable contributions to the net equilibrium, dependent 
primarily on the nature of the synergist. The tris-TIA complex of the lanthanides is a di- or tri-hydrate 
in most organic diluents, thus the adduct entropy partly reflects the ability of the synergist to displace 
this residual hydration. Caceci et al. 11 studied using calorimetry the addition of both TBP and 
trioctylphosphine oxide (TOPO) to the neutral TIA complexes of U02

2
\ Nd3

\ and Th4
+ in benzene. 

The enthalpies of adduct formation were 10-20 kJ/mol more exothermic in the dry solvent than the 
water-saturated equivalent. The Ll(LlS) values changed to almost fully compensate for the .::l(Mf) and 
maintain LlG constant. Crown ether adducts on the corresponding TIA complexes12 were characterized 
by entropy neutral contributions in the trivalent lanthanide adduct, but moderately unfavorable entropies 
for the uo/+ and Th4+ complexes. 

Addition of pyridine-based donors like bipyridyl to lanthanide TT A complexes or 
dipivaloylmethane (also a ~-diketone) is characterized by a strongly exothermic enthalpy (-40 to -70 
kJ/mol) partially compensated by an unfavorable entropy 13

-
15 The synergistic extraction of lanthanides 

by mixtures of TI A and trialkylarnines exhibits no temperature dependence implying that the addition 
of the adduct to Ln(TTAh is characterized by an enthalpy of the same magnitude but opposite in sign to 
that of the extraction of the lanthanide by TI A alone. This curious observation has been made for the 
combination of tertiary amines and pyrazolone extractants as well. 

Linear Free Energy Relationships and Enthalpy-Entropy Compensation 

In equilibrium thermodynamics, changes in the enthalpy are often compensated by entropy 
changes to keep the net free energy of a series of related reactions nearly constant. Because there are so 
many processes contributing to metal ion solvent extraction processes, whether enthalpy and entropy 
changes compensate in comparing a series of reactions is a complex question. In figure I, a linear free 
energy plot is shown for extraction of trivalent lanthanides, thorium, and uranium(VI) by acidic 
extractants, by the neutral extractant systems, and for adduct addition in synergistic systems as 
discussed above. If enthalpy-entropy compensation is complete, the slope of the plot of LlS vs Mf 
should be linear with a slope equal to the average temperature of the reaction. In figure la, the separate 
slopes for lanthanide extraction by TIA in benzene (several authors) and by H(EHFP) or HDNNS in 
petroleum ether have slopes within one standard deviation of 298 K. For extraction oflanthanides, Th4

\ 

and UOz2
+ by neutral extractants from nitrate and thiocyanate solutions (figure lb), the slope 

(temperature) exceeds 298 K (though it overlaps at ii D2 s) while the process of adduct formation in 
synergistic extraction systems (figure lc) is substantially lower than the mean experimental temperature 
of 298 K. If we assume that the measured Mf values are representative of the bonding changes in the 
respective systems, it appears that the neutral extractant systems are more ordered than expected, while 
adduct formation produces excess entropy relative to the net bond strength increase. 

These results are generally consistent with the nature of the reactions as written in equations 1, 
2, and 4. For interactions with acidic extractants, a straight-forward replacement of water molecules by 
chelating extractant molecules leads to extraction, and so enthalpy-entropy compensation is reasonable. 

For extraction by neutral ligands, several species must join to form the extracted complex and 
the system clearly becomes substantially more ordered. The overcompensation of LlS (excess entropy) in 
adduct formation is consistent with equation 4 if the predominant mechanism for adduct formation 
involves displacement of residual waters of hydration from the extracted chelate complex. Several 
literature reports indicate that this is the most common mechanism for synergism. 
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ABSTRACT 

SYNERGISTIC SOLVENT EXTRACTION OF 

ALUMINIUM(III), GALLIUM(III), AND INDIUM(III) 
WITH 2-THENOYLTRIFLUOROACETONE AND TOPO 
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, Ichiro Tanaka1
, Meri Yamada1 and 

Tatsuya Sekine1 

1Research Department, Nissan ARC, Ltd., Natsushima-cho, 
Yokosuka-shi, Kanagawa 2370061, Japan 
2Department of Chemistry, Science University of Tokyo, 
Kagurazaka, Shinjuku-ku, Tokyo 1628601, Japan 

Solvent extraction of aluminiwn (ill), galliwn (ill), and indiwn (ill) with 2-thenoyltrifluoroacetone (Htta) into non-polar 
solvents was studied in the absence and presence of trioctylphosphine oxide (TOPO). The extraction of galliwn (ill) and 
indiwn (ill) with Htta was enhanced by an addition of TOPO and a marked extraction of alwniniwn (ill) which was 
essentially not extracted with only Htta \Wen the two-phase agitation was continued for a short time was also found in the 
presence ofTOPO. Fwthermore, the rate of solvent extraction of both alwniniwn (ill) and galliwn (ill) with Htta was found 
to be increased by the addition of TOPO. The distribution ratio of metal ions was determined as a function of the 
concentration of Htta and TOPO but the results were complicated and the chemical form of the extracted species could not 
always be identified. 

Keywords: aluminiwn(ill), galliwn(ill), indiwn(ill), 2-thenoyltrifluoroacetone, trioctylphosphine oxide 

INTRODUCTION 

The synergistic enhancement of solvent extraction of metal ions with a chelating extractant 
and a solvating type extractant is usually explained in terms of extraction of adduct complexes with 
both of the extractants . It is known that a marked synergistic effect is caused by the combination of a 
(3-diketone such as 2-thenoyltrifluoroacetone (Htta) and a solvating type extractant such as 
tributylphosphate (TBP) or trioctyl-phosphine oxide (TOPO). However, it is supposed that such a 
synergistic effect should not be found when all of the coordination sites ofthe extracted metal chelate 
complex in the organic phase are already occupied with the bidentate chelating ligands and therefore 
no vacant sites are left that are available for further coordination with the solvating ligand. A good 
example for the lack of synergistic effect by the occupation of all of the coordination sites of a metal 
ion with a chelating ligand is that the solvent extraction of indium (III) with Htta into carbon 
tetrachloride was not enhanced by an addition of TBP. Furthermore, an impairment of the extraction 
(antagonistic effect) was found when the concentration ofTBP was higher than 0.1 mol dm-3

, whereas 
the solvent extraction of several other trivalent metal ions, lanthanum (III), europium (III), lutetium 
(III), and scandium (III) with Htta was very much enhanced by an addition of 0.1 mol dm'3 TBP.1 

In the present study, the solvent extraction of aluminium (III), gallium (III), and indium (III) 
from aqueous solutions with Htta into non-polar solvents and the effect of addition of the solvating 
extractant, TOPO, both on the degree of extraction and on the rate of extraction was studied. The 
extraction equilibrium of these metal ions in the liquid-liquid systems was measured as a function of 
the concentration of Htta and TOPO in the organic phase and pH in the aqueous phase. The rate of 
extraction of metal ions was also measured as a function of these in the system. 

EXPERIMENTAL 

All the reagents were of reagent grade. Solvent extraction was carried out in a thermostated 
room at 298K. Since Htta and TOPO partially associate in the organic phase and the association 
decreases the concentration of these reagents and since the rate of association is not high/ the organic 
solvent and aqueous solutions were prepared as follows . A portion ofO.l mol dm-3 sodium nitrate or 
sodium perchlorate solution containing acetate buffer, nitric acid, or perchloric acid was placed in a 
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stoppered glass tube (capacity 50cm3) and a 10 cm3 portion of carbon tetrachloride or toluene 
containing 2xl0·3 to 0.1 mol dm'3 of Htta and none or lxl0·3 to 0.1 mol dm-3 of TOPO was added. 
The two phases were agitated for two hours to equilibrate the association and partition of the reagents 
in the liquid-liquid system and then a portion of stock solution of one of the metal ions was added. 
The initial concentration of metal ions was lxlo-s to lxl04 mol dm-3. Then the two phases were 
agitated vigorously for a certain time and centrifuged. For the extraction of indium (Tin, the extracted 
metal ions in the organic phase were stripped by 1 mol dm-3 nitric acid. Since the back-extraction of 
gallium (III) from the organic phase was very slow, it was carried out as follows . A portion of the 
organic phase which extracted the metal complex was transferred into another tube and the same 
volume of 4-methyl-2-pentanone (MIBK) containing 0.2 mol dm-3 TOPO was added, and it was 
agitated with 1 mol drn-3 perchloric acid for one hour.3 The stripping of extracted aluminium (III) 
with Htta was much slower than gallium (III). Thus no stripping of extracted aluminium (III) with 
Htta was made. The metal content in an aqueous solution and that in a stripped solution was 
determined by inductively coupled plasma atomic emission spectrometry or atomic absorption 
spectrometry. The concentration of hydrogen ion in the aqueous phase was measured by 
potentiometry. 

RESULTS AND DISCUSSION 

ln the present paper, chemical species in the organic phase are denoted by the subscript "org" 
while those in the aqueous phase are denoted by lack of subscript. The volumes of two liquid phases 
were always assumed to be the same. The metal ion is represented by M3

+. The solvent extraction 
equilibrium ofM3

+ can be written as: 

M3
+ + 3Htla(orsl = M(ttahcorg) + 3W ; 

'Kw.o* = [M(tta)3]org[W]3 I [M3+] [Htta]ors3 (1) 

It can also be written as: 
M3+ +3tta- = M(ttahcorgl ; l<w.o = [M(tta)3]ors I [M3+][tta-]3 (2) 

When the formation of metal complexes with Htta in the aqueous phase is negligible, the distribution 
ratio of metal ion, D = [M(III)]org,totai I [M(III)]aq,totah can be written as: 

D = [M(ttah]org I [M3j = 'Kw.o*[Htta]ora3 I [W]3 
= 'l<w,o[tta-]3 (3) 

The formation of adduct complexes of M(ttah with TOPO in the organic phase can be written as: 

M(tta)3corgl + nTOPOcorgl = M(tta)J(TOPO)n<orgl ; 

Kcorgln = [M(tta)J(TOPO)n]org I [M(ttah]org[TOPO]orsn (4) 

The distribution ratio can be written as: 
D = ([M(tta)3]org + [M(tta)3TOPO]org + [M(tta)J(TOP0)2]org + .. .. . )I [M3+] 

= 'Kw.o*[Htta]org3 (1 + KcorgJI[TOPO]org + KcorgJ2[TOPO]ors2 + ..... )I [W]3 

= 'Kw.o[tta·f (1 + Kcorgli[TOPO]org + KcorgJ2[TOPO]org2 + .. ... ) (5) 
A part ofHtta in the organic phase associates with TOPO and the equilibrium can be written as:4l 

Htla(orsl + TOPOcorsl = Htta TOPOcorsl 

K.., = [Htta TOPO]ors I [Htta]org[TOPO]ors (6) 

The rate of extraction of the metal ions in the absence ofTOPO may be written as : 
v = -d(M3+] I dt = ko[M3+][Htta]ors•£W]b_____ (7) 

log ([M3+] I [M(III)]initiai) = -(kobsd I 2.303)t (8) 

Here ko is the rate constant and kobsd is the observed rate constant, kobsd = ko[Htta]org3[W]h ____ __ When 
TOPO is added, the rate of extraction of the metal ions may be written as: 

V = -d(M3+] I dt = ko (M3+][Htta]org'(W)b X (1 + fJ[TOPO]org + f2(TOPO]org2 + .. ... ) (9} 

The extraction equilibrium of indium (III) was reached by the two-phase agitation for a short time 
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such as within 3 minutes or even less. However gallium (III) was found to reach equilibrium by two
phase agitation for a long time; agitation for one day to one week was necessary. The rate of solvent 
extraction of aluminium (III) with Htta was even lower than that of gallium (III) . The extraction 
equilibrium did not be achieved by the two-phase agitation for one week and no extraction equilibrium 
was determined with aluminium (III). 

The quantitative strip~ing of the extracted indium (III) was achieved by an agitation of the 
organic phase with 1 mol ctm· nitric acid for three minutes . The stripping of gallium (liD was slow 
but it was accelerated by an addition of MIBK and TOPO into the organic phase, as was found with 
the stripping of beryllium (II) extracted with benzoylacetone into a non-polar organic solvent. 3 Thus 
the extracted gallium (III) chelate was stripped by I mol ctm·3 perchloric acid after the organic phase 
was added the same volume of MIBK containing 0.2 mol ctm·3 TOPO and the two phases were 
agitated for 30 minutes . The stripping of extracted aluminium (III) chelate was extremely slow and 
the amount of aluminium (III) extracted was estimated from the difference of the concentration in the 
aqueous phase between the initial feed and that after the extraction. 

Fig.1 Distribution ratio as a function of concentration of hydrogen ion in the aqueous 
phase. Open symbols: Metal ion is gallium(Ill). Closed symbols: Metal ion is 
indium(III) The concentrations of TOPO are 0 (0,e), 0.01 (L:I.,..A.) , and 0 .03 (0 •• ) 
moldm-3. 

Figure 1 gives the distribution ratio of gallium (III) and indium (III) extracted with Htta in the 
absence and presence ofTOPO as a function of hydrogen ion concentration. As is seen from figure 1, 
the distribution ratio of gallium (III) and indium (III) in the absence of TOPO is inverse third order of 
the hydrogen ion concentration. Furthermore, the distribution ratio of gallium (III) and indium (III) 
determined as a function of the Htta concentration in the organic phase at a certain given hydrogen ion 
concentration in another series of experiments was found to be the third order dependent to the Htta 
concentration. Thus the solvent extraction equilibrium of the metal ions with Htta in the absence of 
TOPO is represented by equations 1- 3. The value of extraction constant l<exJ.o* in equation 1 and 
l<exJ.o in equation 2 are given in table 1. 
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Log Kex,3,o Log K ex,3,0* 

Gallium (III) 24.3 0.12 
Indium (III) 20.4 -2.55 

Table 1 Summary of equilibrium constants 

Since the rate of extraction of aluminium (III) was very low, the extraction equilibrium could 
not be determined. As is seen from figure 1, the extraction of indium (III) and gallium (III) is 
enhanced when TOPO is added to the organic phase containing Htta. It was also found that the 
extraction from the aqueous phase, 0.1 mol dm-3 sodium nitrate solutions for indium (III) or 0.1 mol 
dm-3 sodium perchlorate solutions for gallium (III), was negligible with TOPO only. 'This suggests that 
the extracted species contained both Htta, which is most probably in the anionic form tta-. and TOPO. 
'This was further studied by measuring the dependence of distribution ratio on the concentration of 
Htta, TOPO, and hydrogen ions. By analyzing the extraction data thus obtained on the basis of 
equation 5, it was concluded that the dominant extracted species was M(tta)J(TOPO)z when both Htta 
and TOPO were present and when the TOPO concentration was not low. The extraction data of 
indium (III) in the presence of both Htta and TOPO could not be well explained on the basis of 
equation 5. As can be seen from figure I , the distribution ratio of indium (III) in the presence of 
TOPO is not inverse third order of the hydrogen-ion concentration as is given by equation 5. The 
extraction of aluminium (III) with Htta only was poor. However, when TOPO was added, the 
extraction was enhanced even when the conditions were otherwise identical. For example, the log D 
was 0.11 when the two phases were agitated for 16 hours and when the initial Htta concentration in 
carbon tetrachloride was 0.1 mol dm-3 and the pH was 2.3. However, if 0.1 mol dm-3 of TOPO was 
added to the organic phase of this solvent extraction system and the two phases were agitated for the 
same time, the log D was found to be 0.62. 

The extraction of aluminium (III) and gallium (III) was accelerated when TOPO was added. 
The rate of extraction should be dependent on the concentration of Htta, hydrogen ions, and also on 
the TOPO. It was found that the rate of extraction is inverse second order with respect to the hydrogen 
ion concentration. As was pointed out, Htta and TOPO associate with each other and the 
concentration of both of the reagents decreased and the association should cause an effect not only the 
degree of the extraction but also the rate of extraction. 

The rate of extraction of aluminium (III) and gallium(III) with Htta was enhanced by addition of 
TOPO. Figure 2 gives the dependence of the observed rate constant, kobsd, on the initial TOPO 
concentration when the initial Htta concentration was the same and the pH was kept constant. 

-3.0 

~ 
.0 

~ -3.5 
bO 

.3 

-4.0 
-2.5 -2.0 -1.5 -l.O -0.5 

Log [TOPO]org,initia! 

Fig.2 Depenndence of the obsereved rate constant of extraction of aluminum (Ill) (0) 
and gallium(Ill) (.6.) on the initial concentration ofTOPO. 
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As is seen from figure 2, the apparent slope of log kobsd vs. log [TOPO]org,initio.I is not large. However, 
when the decrease of the both Htta and TOPO concentration due to the association of these reagents is 
corrected on the basis of equation 6, it was concluded that kobsJ[Htta] 0 , 8

2 was proportional to 
[TOPO]org, when the pH is constant, that is, the rate is second order dependent on Htta and first order 
dependent on TOPO. 

The rate of solvent extraction of gallium (III) with Htta is rather complicated as was reported. 5 

The mechanism of solvent extraction may be changed by the addition of TO PO. This should cause the 
enhancement of the rate of extraction. The mechanism of extraction of aluminium (III) with Htta in 
the presence of TOPO may be similar to that of gallium (III). 

It is known that the maximum coordination number of these three metal ions, aluminium (III), 
gallium (III), and indium (III) is usually six. Thus when these metal ions are combined with three tta
ions that are bidentate chelating ligands, no vacant coordination sites should be left. From this, it is 
assumed that when the tris-tta complexes of these metal ions accept one or more than one TOPO on 
the coordination sites, the tta- ions can not be a bidentate ligand. However, the details of such changes 
in the structure of the complex cannot be estimated only from the extraction data 
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ABSTRACT 

THE INFLUENCE OF 1-0CTANOL ON METAL 

EXTRACTION BY DI-2-ETHYLBEXYL-PHOSPHORIC 

ACID 
OA Sinegribova, V Kim, NV Bukar, OV Sviridenkova and 
00 Olenicheva 
D. Mendeleyev University of Chemical Technology of Russia, 
Moscow, Russia 

The dependence of distribution coefficient on the molar ratio between the concentrations of octanol-1 and di-2-
ethylhexylphosphoric acid (HDEHP) for aqueous solutions containing alkaline-earth metals, (Ca, Sr, Ba nitrates), rare-earth 
metals, (La, Pr, Ce nitrates), and zirconium sulphate extraction by HDEHP solutions in inert diluent containing of 1-octanol 
has a maximum for all investigated metals. The location of the maximum value of the distribution coefficient depends on the 
nature of extracted metal and pH. The study of physical properties of lanthanum extracts indicated that in the organic phase 
the association and the formation of colloidal aggregates of metal dialkylphosphates takes place in the presence of 1-octanol. 
These aggregates can interact and be forced to structural transitions depending on aliphatic alcohol content in the organic 
phase. Using lanthanum extraction as a model system it was found that in the presence of different aliphatic alcohols or such 
surfactants as TBP, TOPO and CH3COOH the interrelation between metal distribution coefficient and molar ratio of the 
concentration of added surfactant and HDEHP has a maximum too. 

Keywords: 1-octanol, di-2-ethylhexylphosphoric acid, colloidal aggregates, alkaline earths, lanthanides, zirconium 

INTRODUCTION 

The micellar mechanism of extraction is one of intensively developing concepts in the theory 
of solvent extraction. The formation of colloidal particles, their composition and type, ion parameters 
of their interaction and structure of the mesomorphic phases formed can affect the kinetic and 
thermodynamic features of metal extraction.l-3 

It is known that the metal extraction by di(2-ethylhexyl)phosphoric acid (HDEHP) is a result 
of cation exchange combined sometimes with additional solvation. But under certain conditions the 
formation of the micellar species, for example, by salts ofHDEHP and Fe,l Na,4,5 Ni and Co,6 takes 
place in the organic phase. The formation of the reversed emulsion in the aqueous/organic systems, 
containing sodium di-2-ethylhexylphosphate, in the presence of long chain alcohols7,8 was found. 
However, the effect of alcohol on the metal extraction by HDEHP has not been studied in detail. 

In the present work the influence of 1-octanol on the extractability of alkaline-earth metals, 
rare-earth metals and zirconium in HDEHP solutions in octane, decane and toluene has been 
investgated. The main attention was given to the establishment of the relationship between the 
parameters of extractability and the type of structural organisation of the extract in organic phase for 
lanthanum extraction. The effect of other co-surfactants: aliphatic alcohol (!-butanol; isopentanol; 1-
hexanol; 1-decanol), TBP (tri-n-butylphosphate (C4R90)3PO), TOPO (tri-n-octylphosphine oxide 
(CgHJ7)3PO), CH3COOH has been studied also for lanthanum extraction. 

EXPERIMENTAL 

In the present work the following substances have been used: HDEHP, TOPO, TBP, acetic 
acid, octane, decane, toluene, aliphatic alcohols, alkaline and rare earth metals nitrates and zirconium 
sulphate with the content of main material not less than 98 %. 

The experimental procedure of solvent extraction was carried out as follows. Equal volumes 
of aqueous and organic phases (10 cm3) were mixed for 20 minutes. After phase separation the 
concentrations of metals in aqueous and organic phases were determined by complexometric titration 
with EDTA and murexide (for alkaline earth metals), xylenol orange (for rare earth metals and 
zirconium) as indicators. 
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To study the association and aggregation equilibrium in the organic phase the teclmiques of low 
frequency dielectrometry, conductometry, photon-correlation spectrometry were used. Dielectric 
measurements were performed by the resonance method in the frequency range 50-500kHz, using Q
meter "Tesla BM 560". Conductivity investigations of the solutions were carried out with the help of 
automatic device "Tesla BM- 484" at an operation frequency of 1592Hz using platinum electrodes in 
the measurement cell. Viscosity measurements of solutions were performed using a capillary cell (cell 
constant equal to 0.56). All investigations of organic phase properties were conducted at a temperature 
of 293 ± 0.1 K. 

Photon-correlation spectrometer included He-Ne laser with the operation wavelength of 632,8 
nm, photometer F-221 and correlator "Unicor SP" with 128 high-speed signal processors. The 
computing program allowed the calculation of the correlation function in the real-time mode, using 
cumulant method. 

RESULTS AND DISCUSSION 

The influence of 1-octanol on the distribution coefficient (D) for alkaline-earth metals, 
lanthanides and zirconium extracted into HDEHP is shown in figures 1-3 . In all cases the dependence of 
distribution coefficient on the molar ratio between the concentrations of 1-octanol and HDEHP U=[1-
octanol]/[HDEHP] has a maximum. The value Ucrit corresponding to the maximum value of the 
distribution coefficient and depends on the nature of extracted metal and pH. 
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Figure 1. The influence of 1-
octanol on the extraction of 
alkaline-earth metals in 
HDEHP. 
1 [Ca(N03h]=0.55moVdm3, 
pH=1.8; 
2-[Ba(N03)z]=0.40moVdm3, 
pH=2.0; 
3-[Sr(NOJ)z]=O .26moVdm3, 
pH=2.0. 
[HDEHP)=0.8 moVdm3 

Figure 2. The influence of 1-
octanol on the extraction of 
rare-earth metals in HDEHP. 
l .[La(N03)3)=0.33moVdm3, 
pH=l 7· 
2.[La(N03)3)=0.57moVdm3, 
pH=2; 
3.[Ce(N03)3]=0.3moVdm3, 
pH=1.8; 
4. [Ce(N03)3)=0 .3moVdm3, 
pH=l.3 ; 
5.[Pr(N03)3)=0.13moVdm3, 
pH=l.3. 
[HDEHP]=0.7moVdm3 in 
octane (!,3-5) and 2 m0Vdm3 

in toluene(2) . 
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Figure 3. The influence of 1-
octanol on the extraction of 
zirconium in HDEHP. 
l.[Zr(S04h)=0.05 mol/dm3

, 

pH=0.95, 
[HDEHP]=0.7 mol/dm3 in 
octane; 
2.[Zr(S04h)=0.57 mol/dm3

, 

pH=2.0, 
[HDEHP]=2 mol/dm3 in 
toluene. 

The experimental data for lanthanum extraction in the presence of different aliphatic alcohols 
indicate the maximum of the dependence D on U to remove to lower values with increasing molecular 
mass of alcohol (figure 4) . 
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Figure 4. Dependence of the 
lanthanum distribution 
coefficient on the molar ratio 
alcohol! HDEHP in the 
presence of aliphatic alcohols . 
I. !-butanol; 2. isopentanol; 
3. 1-hexanol; 4. 1-octanol; 
5. 1-decanol 
[La(NOJ)J)=0.33mol/dm3

, 

pH=l.7; 
[HDEHP]=0.25mol!dm3 in 
toluene. 

To reveal peculiarities of processes, occurring in the organic phase in the presence of alcohols, 
a complex study of lanthanum di-2-ethylhexylphosphate - toluene - 1-octanol system has been carried 
out. Conductivity (figure 5, curve 1), determination of hydrodynamic radius of particles (figure 5, curve 
2) and dielectric permeability increments (L\E=Eo-E, where Eo and E- dielectric permeability solvent and 
solution, respectively, figure 6, curve l) as well as viscosity measurements (figure 6, curve 2) at 
different amounts of octanol-1 have been performed. In all cases the presence of bend point at mole 
ratio U=Ucrit was found. Analysis of the data allows the proposal that at small amounts of alcohol in 
the organic phase the association of lanthanum di-2-ethylhexylphosphate molecules in the form of chain 
structures takes place, as has been described. 10 Increasing the number of links in the chain structure 
leads to a rise in conductivity.11 However, at U=Ucrit, the conductivity of organic phase abruptly falls 
(figure 5, curve 1), which could be explained by structural transition of the chains to more complex 
associates, for instance, micellar or vesicular structures .12 It should be noted that in the micellar 
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(rnicroemulsion) systems the conductivity must increase, 13 because of the dynamic nature of particles, 
both in kinetic behaviour, and also in the aspect of aggregation stability. Consequently, a decrease of 
conductivity as well as simultaneous rise of hydrodynamic radius of particles above Ucrit (figure 5, 
curve 2) indicates the formation of vesicles, which have a rigid structure and therefore inflexible phase 
boundaries.14 Substitution of a molecular (with certain part "relay race") mechanism of conductivity 
on interparticle causes a decrease in conductivity. Dielectric measurements confirm this proposition. 
Dielectric permeability correlates to increase of dipole moment and molecular (particles) polarizability 
in the liquid medium.15 At the reorganisation of chain associates to vesicular structures with spherical 
symmetry, the dipole moment decreases due to the mutual influence of molecules that leads to the 
reduction L'.E (figure 6, curve 1). At U>Ucrit, processes of vesicle aggregation (dimerisation) as well as 
their transition to elliptical forms bring about the growing polarizability of particle and t.E, accordingly. 
In particular, dynamic light scattering (figure 5, curve 2) showed that change of U from 0.1 up to 0.15 
resulted in a increase of the hydrodynamic radius of particles from 20 to 60-70 run. The structural 
transition process in the organic phase is also confirmed by viscosity studies (figure 6, curve 2). 
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Figure 5. Dependence of conductivity (I) and 
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Figure 7. The influence of 
co-surfactant on the 
extraction of lanthanum in 
HDEHP. 
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So, small additions of alcohol lead to the formation of the chain associates, whose presence 
promotes the metal mass transfer into organic phase. However at higher concentrations of alcohol in the 
extraction system the formation of other structural species (vesicles) is preferred. This structure 
contains the extracted salt, extractant and the aliphatic alcohol. It leads to a decrease of the extractant 
activity in the organic phase, which results in a decrease of the metal distribution coefficients. Since the 
increase of alcohol hydrocarbon chain length (as well as their molecular weight) stimulates the 
formation of lyophilic particles, 14 it can lead to a change of extraction parameters . 

The influence ofTBP (curve I), TOPO (curve 2) and CH3COOH (curve 3) on the lanthanum 
extractability is shown in figure 7. The presence of maximum at the certain value U was characteristic. 
It was established, that there is no actual thermodynamic extraction equilibrium between the lanthanum 
extract and aqueous (pH==2) phase. We supposed that it is dealing with the presence of vesicles in the 
organic phase. It was known that the vesicles are not really lyophilic particle.14 

For complete lanthanum back extraction the extract was needed to strip by strong acid solution (5 
mol/dm3 HCI) . 

REFERENCES 

1. Dias Lay .ML, Perez de Ortiz ES and Cruertges K, Proc.Int. Solv. Conf ISEC'96, 1, 409, (1996). 
2. Paatero E and Sjoblom J, Hydrometallurgy, 25, 231 , (1990). 
3. Nitsch Wand Plucinski P, J. Phys. Chern., 97, 8983, (1994). 
4. Faure A, Tistchenko AM, Zemb T and Chachaty C, J. Phys. Chern., 89, 3373, (1985). 
5 Yurtov EV and Murashova NM, Proc. of XI Russian Conference in Solvent Extraction (Russ) , Moscow, 

159, (1998). 
6 Neuman RD, Yu ZJ and Ibrahim T, Proc.Int. Solv. Conf ISEC'96, 1, 135, (1996). 
7 Chekmarev AM, Sinegribova OA, Kim Vet al., Colloidal Journal (Russ), 59, 399, (1997). 
8 Bukar NV, Kim V, Chekmarev AM et al., Colloidal Journal (Russ), 58, 441, (1996). 
9 Fourche G, Bellocq M and Brunetti S, J. Colloid Interface Sci., 88, 302, (1982). 
10 Osseo-Asare K, Sep. Sci. Techno/., 23, 1269, (1988). 
11 Dvalaitzky M, Lagues M, LePesant JP et al., J.Phys. Chern., 84, 1532, (1980). 
12 .Chen SY, Evans DF and Ninham BW, J. Phys. Chern., 88, 1631, (1984). 
13 Interfacial Phenomena in ApolarMedia eds. Eicke HF, Parfitt GD, Dekker NY, (1987). 
14 Fendler JHMembrane Mimetic Chemistry. Wiley-Interscience, (1982). 
15 Eicke HF, GeigerS, Sauer FA, Thomas Hand Bunsenges B. Phys. Chern. , 90, 872, (1986). 

571 



Proceedings ISEC'99 

572 



Fundamental Studies 

ABSTRACT 

EXTRACTING EMULSIONS- THEORETICAL REVIEW 

AND PRACTICAL USAGE 
EV Yurtov and M Yu Koroleva 
Mendeleev University of Chemical Technology, Moscow, Russia 

The extracting emulsions - liquid heterogeneous systems, which can extract substances from different mediwns, were 
observed. The properties of extracting emulsions such as viscosity, stability to sedimentation and to coalescence were 
investigated. Different methods of liquid membrane structuring and the creation of highly concentrated extracting 
emulsions are discussed. 

Keywords: emulsion liquid membrane, surfactant, 

INTRODUCTION 

Extracting emulsions are emulsions, which can extract substances from different media. They 
are often high dispersed and concentrated liquid heterogeneous systems that can be used in different 
fields : chemical industry; environmental protection; medicine; etc.1 

Along with the traditional method of liquid membrane extraction, i.e. extraction in a multiple emulsion, 
such systems can be used without dispersing the emulsion in a feed solution. Thus they can be applied in 
the form of a thin layer in a special apparatus or on the cleaning surface, for example as protective 
creams for human skin in industry and as curing creams in medicine or cosmetics. 

In considering the possible fields of application, extracting emulsions should possess different 
properties (Table 1). For the concentration of substances into the internal phase the capacity of 
extracting emulsions should be large and can be varied by the nature of the extracting substance. For the 
simplest form, i.e. non-polymeric anions or cations the capacity of the extracting emulsion is selected by 
the internal phase composition. For the recovery of substances with surface-active properties the 
extracting emulsions should have a very high value of the interfacial area. 

Properties Industry Medicine 
Recovery and concentration of Recovery of harmful Skin protection 
substances from industrial and substances from 
waste solutions human blood 

Capacity High Average Average 
Stability Average High High 

Table 1 Requirements of Extracting Emulsions in Different Fields of Application 

The stability of such extracting emulsions may be different in various applications. Thus if it is 
necessary to carry out a rapid and low-energy separation of internal phase components, the stability of 
the extracting emulsion need not be very high. 

The application of extracting emulsions in medicine and pharmacology demands very stable 
dispersed systems to prevent the penetration of the liquid membrane and internal water phase 
components into biological fluids. The problem of the capacity can be solved in many cases by the using 
of additional amounts of extracting emulsion. 

The capacity of extracting emulsions depends on the amount of the active components in the 
internal water phase, and consequently it depends on the internal phase concentration in the emulsion 
(<j>). 
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Extracting emulsions are the most often reversed (W/0) dispersed systems. These systems are 
thermodynamically unstable and phase separation takes place over time. The stability of the extracting 
emulsions should be divided in the aggregative (water phase separation) and sedimentation stability (oil 
phase separation). 

Aggregative stability of W /0 emulsions depends on the structure and properties of the 
adsorption layer at the interface: its viscosity; flexibility; the presence of a structural-mechanical barrier 
of nanodispersion which prevents coalescence of the internal phase droplets; composition of internal 
phase and liquid membrane; etc. The loss of aggregative stability leads to coalescence of internal water 
phase droplets in the extracting emulsion. 

The stability to sedimentation depends on the internal water phase concentration in emulsion, 
the structure of the oil phase -liquid membrane, etc. 

So the problem of the possible use of extracting emulsions can be divided in two parts. The first 
is the creation of a highly concentrated emulsion with internal phase concentration <j> > 0. 7 4 which are 
stable to sedimentation, and does not often required high stability to coalescence. The second one is the 
use of an extracting emulsion with<!>= 0.60-0.7, but with modification of the oil phase and the addition 
of special structure forming additives which greatly increase their stability to sedimentation. 
Extracting emulsions stabilized by: a) a monomeric surfactant, sorbitanmonooleate, and b) a polymeric 
surfactant, an ester of polyglycerol and oleic acid (molecular mass -3000) have been studied. For the 
investigations of the influence of the internal water phase concentration on the stability to coalescence 
and sedimentation extracting emulsions with a surfactant concentration corresponding to the complete 
adsorption at the interface were used. 2 
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Figure 1. The influence of the internal water phase concentration on 
the sedimentation stability of extracting emulsions 

Internal water phase concentration and the creation of highly concentrated extracting emulsions 

The velocity of sedimentation was calculated as the gradient of the oil phase separation on the 
time limiting to zero (Figure 1). Its value is very high in emulsions with <!> < 0.30. In the more 
concentrated extracting emulsions the velocity of the oil phase separation decreases gently with the 
growth of <j> . In the highly concentrated extracting emulsions with <j>> 0.74 the liquid membrane is very 
stable, and at <j>>0.90 oil phase separation is not observed at all. 
Liquid membranes in such systems are thin layers, in which the role of interfacial phenomena is great 
and influences to a large extent the kinetics of the extracting processes. 

The stability of extracting emulsions to coalescence also depends of the internal phase 
concentration. There is a maximum on the curves of half-separation period of the water phase (Figure 2) 
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at 4>=0.65 in the case of the polymeric surfactant, ester ofpolyglycerol and oleic acid, or the monomeric 
surfactant, sorbitanmono-oleate. 

Apparently, this is connected with the formation of periodic structures of water droplets, 
corresponding to the fixing in the first minimum on the curves of attraction-repulsion energy. At the 
higher concentrations of the internal phase the deformation of water droplets takes place, and extracting 
emulsion stability towards coalescence decreases. 

At the low concentration of the internal water phase half-separation period of water phase in 
emulsions with polyglycerololeate has the second maximum at 4>=0.30. 

The stability of emulsions with Span 80 increases with the decrease of the internal water phase 
concentration at 4> < 0.40 and at 4>=0.10 emulsion stability to coalescence is as high as at 4>=0.65 . This 
phenomenon is related with the formation of special structured systems during the water droplet 
sedimentation. But such dispersed systems cannot be used for extracting process because of its low 
capacity. 

-e-Polyglycerololeate 
800 

--0-- Sorbi tanrnonooleate 

0 0,2 0,4 0,6 0,8 

Internal phase concentration 

Figure 2. The half-separation period of the water phase versus 
the internal phase concentration in extracting emulsions 

Thus extracting emulsions with the high internal phase concentration are very stable to 
sedimentation. Their stability to coalescence is not the greatest, but they are stable over several weeks, 
and can be used in industry. 

So the region of existence of stable highly concentrated W/0 emulsions (4> > 0.74), and their 
physical-chemical properties were investigated. There are several methods for preparations of highly 
concentrated gel-emulsions with 4> > 0.993

'
4 But such dispersed systems are very viscous so their use in 

stirring extraction systems is difficult. Such emulsions can be used as a thin layer on the cleaning 
surfaces, but they have a low stability to heterocoagulation. For this reason only highly concentrated 
emulsions were investigated, which could be prepared by stirring in a special apparatus, as in system 
more similar to extracting one. 

Figure 3 illustrates the area of stable W/0 emulsion existence in relation to the surfactant 
concentration. The highest concentration of the water phase in extracting emulsions, which can be 
obtained by this method of dispersing, is 0.90. The half-separation period of water phase in such 
emulsions decreases in spite of increasing of surfactant concentration due to the large extent of droplet 
deformation, but the stability to coalescence is large enough for the use of such dispersed systems for 
extraction. 
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Figure 3. Maximum available concentration of the dispersed phase and the half
separation period of water phase in such emulsions versus surfactant 
concentration. The hatched area corresponds to the existence of stable W/0 
emulsions 

Liquid membrane structure and stability to sedimentation of the extracting emulsions 

As mentioned above extracting emulsions with internal phase concentration <P = 0.65 are very 
stable to coalescence, but oil phase separation takes place. Sedimentation stability can be improved by 
the creation of different structures in the liquid membrane (Figure 4). For the creation of solid particle 
dispersion in the oil phase paraffin and cetyl alcohol were used. Organogels were formed by surfactant 
molecules, emulsifier T -2 (the mixture of polyglycerol dialkanates with M=2000), or by the polymeric 
apolar compounds, polyethylene and polypropylene. 

Sorbitanmono-oleate was used for the stabilization of extracting emulsions, except those of 
emulsions with emulsifier T-2 as this possesses surface-active properties, and so other surfactants are 
not necessary. 

Figure 4. The scheme of extracting emulsion: A- unstructured 
type, B - with dispersion of solid particles, C - with organogel 

Figure 5 illustrates the influence of the structure-forming additive concentration on the velocity 
of the oil phase separation in the extracting emulsions. The dispersion of solid particles or formation of 
organogel in the liquid membrane leads to the increase of emulsion stability to sedimentation. The most 
stable systems were with the organogel in the disperse phase. Low concentrations of polyethylene or 
polypropylene in the liquid membrane of the extracting emulsions results in a sharp decrease of 
sedimentation velocity. It was not possible to prepare emulsions with a higher concentration of these 
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substances and with an internal water phase concentration cp=0.65 because of the dramatic increase of 
emulsion viscosity. 

0,5 
'7 

rn 
.... 

0,4 0 -* t:: 
0 

·p 
0,3 «< ....., 

t:: 
OJ 

.§ 
"0 0,2 OJ rn 
....... 
0 

c 
0,1 ·o 

0 
Q) 

> 
0 

0 5 10 

___._S olid particles: 
Paraffi n 

-o- Cetyl alcohol 

---+---Organogel micellar: 
Fnrulsifier T-2 

--l:s- Organogel polyrreric: 
Polyethylene 

__.__Polypropylene 

15 20 25 

Concentration, mas.% 

Figure 5. Velocity of oil phase separation versus concentration of structure-forming additive in 
the liquid membrane of extracting emulsions. The internal phase concentration - 0. 65 . 

100 

rn 
10 * «< 

~ 

!3 ·;;; 
0 
u 

~ 

0,1 

0 5 

___._Solid particles : 
Paraffin 

-o- Cetyl alcohol 

---+---Organogel micellar: 
Fnrulsifier T-2 

--l:s- Organogel polyrreric: 
Polyethylene 

__.__Polypropylene 

10 15 

Concentration, mas.% 

Figure 6. Viscosity of the liquid membranes in the extracting emulsions with structure forming 
additives. 

It follows from the data in figure 5 that oil phase separation does not take place in the 
extracting emulsions with emulsifier T-2 concentration above 10 mas.%. It should be mentioned that 
such emulsions are also very stable to coalescence. During two years of investigations no visual 
amounts of water separated from these extracting emulsions. 
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Figure 6 illustrates the viscosity of the structured liquid membranes. The formation of 
organogel (micellar or polymeric) results in the sharp rise of viscosity. This effect is the greatest in the 
case of polypropylene. 

So extracting emulsions very stable to sedimentation can be obtained. It is necessary to take 
into account that any structure-forming of the liquid membranes leads to the increase of its viscosity. 
This fact is detrimental to the kinetics of the diffusion processes in liquid membrane. 
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ABSTRACT 

GEL-LIKE DEHPA SALT SYSTEMS IN ORGANIC 

SOLUTIONS AND ON THE INTERFACE 
EV Yurtov and NM Murashova 
Mendeleev University of Chemical Technology, Moscow, Russia 

Gelation in DEHP A/NaOH/decane/water system has been investigated. Transparent, viscous and thixotropic gel forms are 
formed in the system with excess ofNaOH when a determined amount of water is added. The structure of the gel is probably 
formed by long cylindrical swollen reverse micelles. Such gel films may arise on the interface in extraction systems, 
containing DEHPA. The breakage of the gel film can cause interfacial instability and interfacial convection. The DEHPNa 
gel can be destroyed by increasing temperature or by addition of aliphatic alcohol. 

Keywords: DEHPA, gelation, micelle, interfacial convection, kinetics 

INTRODUCTION 

Aggregation processes in extraction systems using di(2-ethylhexyl)phosphoric acid (DEHPA) 
solutions often influence equilibrium and kinetics of the system. In general, they also complicate 
equipment performance and technological processes. One of the mechanisms for such phenomena 
could be gelation of DEHP A salts in the organic solutions and at the oil-water interface. The gelation 
of DEHP A salts in the interfacial area can cause the formation of a structural-mechanical barrier, 
which influences extraction process and phase separation. 

DEHP A salts in apolar organic solvents can form reverse micelles of different size and 
structure including giant cylinders.! ,2 It is interesting that the structure of the DEHP A molecule is 
similar to lecithin molecule, which can form giant cylindrical micelles and organogels in organic 
solutions.3 The mechanism of lecithin gelation was investigated in detail by Luisi et aJ.4 and it helped 
to understand better the mechanism of gelation in the DEHPA salt solutions. 

In this work the formation of gel-like DEHPA salts, their compositions, properties and 
stability have been studied. Methods of gel breakage, which could be important for practical 
applications have also been investigated. 

EXPERIMENTAL 

DEHPA, technical grade (DEHPA content 63.5 %) was used without further purification. 
DEHP A of such low purity was used to reproduce the conditions of real extraction processes. All the 
samples investigated were prepared by mixing required amounts of DEHPA, NaOH, water and 
decane at room temperature. For the rheological measurements a rotation viscometer with coaxial 
cylinders "Rheotest 2" was used. The measurements were carried out at shear rates of 3-1312 s-1 
(cylinder N) and the temperature was controlled with an accuracy of 0.25 °C. Before any 
measurement was carried out, the sample was left to attain the required temperature for 40 minutes. 

RESULTS AND DISCUSSION 

Conditions of gelation in DEHPA/NaOH/decane/water system at high concentrations (0.1-1 
molldm3) ofDEHPA and NaOH and at comparatively low (1-5% mass) water concentrations were 
investigated. To reproduce conditions used in industrial extraction processes, DEHPA of technical 
grade was used. Introduction of NaOH in the system, which results in DEHPNa formation, was 
chosen due to both the comparatively good knowledge of the aggregation processes in the 
DEHPNalorganic solvent/water system and to the presence of sodium in some extraction systems. 
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The influence of each component concentration (separately or together) on the viscosity of 
DEHP A/NaOH/decane/water system was investigated. 

Influence of water concentration. 

The investigation of the influence of water concentration on the viscosity of the 
DEHPNa/decane/water system without excess NaOH (i.e.only containing the neutral sodium salt) 
showed not very significant variation (Figure 1a). The maximum value of viscosity was reached at the 
molar concentrations of water to DEHPNa equal to 3. On further increase of water content, the 
viscosity sharply decreased and then, at values of W = [H20]/[DEHP A] greater than 4, slow and linear 
growth of the viscosity was observed. The system having DEHPNa concentration of 1 moVdrn3 was 
able to solubilize more than 20 mol of water per 1 mol ofthe salt and remained transparent and of low 
viscosity. Probably, in this case rnicroemulsion formation was observed at W>4 that is in good 
agreement with the data for DEHPNalheptane/water system studied by Yu et al. 5 

Influence ofDEHPNa concentration. 

DEHPNa concentration without excess NaOH and at a fixed W value does not strongly 
influence the viscosity of the system in the concentration range 0.1-1 moVdm3

. Considerable increase in 
viscosity was observed only at very high concentrations (more than 50% mass) of the salt (Figure 1b). 
It is very unlikely that such high concentrations of salts would be encountered in real extraction 
systems. 

Influence of excess of NaOH. 

It was found that the addition of NaOH in the system at fixed values of DEHP A, decane and 
water concentrations does not cause considerable growth of viscosity. The maximum value of viscosity 
took place at an acid-base ratio equal to approximately to 2:3 (Figure 1c). Viscosity decrease and 
sediment formation was observed on further addition ofNaOH. 

Gelation under the combined influence of water and excess of N aO H. 

Investigation of the combined addition of water and sodium hydroxide in the system afforded 
an interesting result, only in this case strong growth of viscosity took place. The greatest viscosity 
change was observed when the ratio acid: base : water molar concentrations was equal to 2:3:9 (Figure 
1d). At the component concentration ratio close to that mentioned above, viscous and transparent gels 
were formed. These gels flow as non-Newtonian liquids with an exponent value in the Ostwald-Veil 
equation less than one (i.e. viscosity decreases with the increase of shear rate). Small hysteresis was 
observed on the rheological curves of the gels, thus gels have weakly expressed thixotropic properties. 
Such rheological behaviour is similar to the behaviour of the other well-studied system- lecithin gels in 
hydrocarbon oil. 3'

6 

Phase behaviour ofDEHPA/NaOH/decane/water system. 

Phase transitions of DEHP A/NaOH/decane/water systems and lecithin/ hydrocarbon oiVwater 
are very similar. The examples of the viscosity changes and the phase transitions caused by the addition 
of water in these systems are shown in Figures 2 (DEHPA/NaOH/decane/water at the excess ofNaOH) 
and 3 (lecithin/vaseline oiVwater). In both cases, sharp viscosity growth (gelation) began at a 
determined W value. When further water was added, the viscosity change was not considerable. Again, 
when water concentration exceeded a critical value, viscosity decreased and clouding of the systems was 
observed and the gels were found to separate into two phases - a non-viscous upper one and the viscous 
bottom phase. In both cases, the upper phase was enriched with the organic solvent and the lower phase 
was enriched by the gelling substances - DEHPA, NaOH and water in the first case and lecithin and 
water in the second case. 
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Figure 1. Influence of the component concentrations on the viscosity of the system 
DEHPA/NaOH/decane/water. Shear rate 1312 s·1, T=20 C 
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The DEHP A salt gel structure. 
Based on the similarity of the 

phase transitions and the rheological 
behaviour of the DEHP A/NaOH/ 
decane/water and lecithin/ 
hydrocarbon oiVwater systems and 
on the similarity of the DEHP A and 
lecithin molecules, similar structures 
of the gels formed in these systems 
can be proposed. It is known that 
lecithin gel structure is built up by 
the entangled transient network of 
long cylindrical reverse lecithin 
micelles, and water is solubilized in 
the micelles. Gelation results from 
the gradual transformation of small 
spherical micelles into long and 
flexible cylindrical ones and addition 
of water induces this transformation. 
The molecule of water forms 
hydrogen bonds with P=O and P-OH 
groups of two phosphatidylcholin 
molecules that play the role of a 
bridge 4

'
7

. The gels obtained in the 
system DEHPN 
NaOH/decane/water also may be 
formed by the network of giant 

Figure 

cylindrical swollen reverse micelles . 
The existence of giant cylindrical 
reverse micelles in the heptane 
solutions of DEHPNa 1

•
2 can be 

considered as an argument for this 
3. Gelation and the gel destruction in the system proposition. 

lecithin/vaseline oiVwater. Lecithin concentration 20 
g/dm

3
, T=20 C, shear rate 3.0 s·

1 
Gelation on the interface. 

The following mechanism of the interfacial phenomena in some extraction systems with DEHPA can be 
proposed. The gel built up by the network of the giant cylindrical swollen reverse micelles may arise at 
the interface between the DEHPA solution in an apolar organic solvent and water solution ofNaOH and 
metal salts. These conditions take place in the real extraction systems at the interface: the high 
concentration of DEHP A and its salts resulting from the adsorption, the water concentration, which is 
high in comparison with that in the organic phase, and low, in comparison with that in the water phase. 
The gel film formed at the interface can exist and grow and then destroy. The gel film destruction may 
be accompanied by intensive fluxes of substances and cause interfacial instability and results in the 
spontaneous interfacial convection (Figure 4) . Sometimes nanodispersion droplets may result from the 
interfacial instability like nanodispersion formation described earlier. 7 Thus the gelation phenomenon 
starts decreasing which results in increase of the extraction rate, depending on the formation or the 
breakage of the gel structure. This is in agreement with the fact that sometimes, in extraction systems, 
interfacial film formation and spontaneous interfacial convection were observed during an extraction 
process under suitable conditions. 
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Figure 4. Scheme ofthe structures fonnation and breakage on the interface (0- organic phase, W
water phase) 
A. short and rigid cylindrical reverse micelles; 
B. gel-like structure formed by long and flexible cylindrical reverse micelles; 
C. destruction of the gel film and interfacial instability appearance. Sometimes it may cause 

nanodispersion formation 

Similar interfacial phenomena were described in the system lecithin solution in decane - water. When 
water contacts with the lecithin solution the gel film forms on the interface. The film is stable for some 
time and then the gel destruction takes place resulting in the further appearance of substance flux. 8 

Gel breakage. 

It is interesting to investigate not only the process of the gel fonnation but also ways in which 
gel destruction occurs in the DEHP A/NaOH/decane/water system and to compare the data obtained 
with those of the interfacial film destruction and mass transfer intensification in the industrial extraction 
processes . The action of two factors - temperature increase and addition of small amounts of aliphatic 
alcohol with different hydrocarbon chain length on the gels were investigated. The increase of 
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Figure 5. Influence of aliphatic alcohol addition on the gel 
viscosity in DEHP A/NaOH/decane/water system. 
[DEHPA] = 0.635 mol/drn3

, [NaOH] = 1 mol/drn3
, 

W = 3.0, T = 20 C , shear rate 1312 s·' 

temperature in the range 20-35°C 
causes the decrease of the gel 
viscosity from 54.7 mPa s at 20°C 
to 18.2 mPa s at 35°C. It is found 
that viscosity dependence is linear in 
the Arrhenius coordinates and it 
gives a value of the viscous flow 
activation energy approximately 
equal to 55 kJ/mol. 

Addition of a small 
concentration 0.5% of an aliphatic 
alcohol results in considerable 
reduction of viscosity of the gels in 
DEHP A/NaOH/decane/water 
system. The most effective action is 
observed in the case of butanol and 
pentanol (Figure 5). Viscosity 
reduction caused by the addition of 
alcohol was observed also with the 
lecithin gels. This phenomenon may 

be explained by the influence of the alcohol on the micelle shape - in the presence of the alcohol 
spherical, but not cylindrical swollen reverse micelles that form in the system. 
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CONCLUSIONS 

Gelation in the DEHP A/NaOH/decane/water system was investigated in similar conditions to 
those arising at the interface during extraction processes. A transparent, viscous and thixotropic gel 
forms when excess ofNaOH in the system was obtained by maintaining a determined amount of water. 
The rheological behaviour and phase transitions in such systems are quite similar to lecithin gels, thus, 
suggesting the resemblance of the structures of these gels as a transient network of long cylindrical 
swollen reverse micelles. The gel film of such structure may arise at the interface in extraction systems, 
containing DEHP A. The destruction of such a gel film can cause interfacial instability and interfacial 
convection. DEHPNa gel destruction was investigated where it was found that increase of temperature 
and addition of aliphatic alcohols cause considerable viscosity reduction in the DEHP A/NaOH/ 
decane/water system, which is in agreement with the practical methods of the interfacial film 
destruction. Currently gelation of some transition and D EHP A -rare metal salts is under investigation. 
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ABSTRACT 

EXTRACTION BEHAVIOUR OF ALKALI METALS 

UNDER THE CONTROL OF PH IN CROWN ETHER-J3-
DIKETONE EXTRACTION AND CROWN ETHER

SUBSTITUTED PHENOL EXTRACTION SYSTEMS 
T Shimosato, N Hirayama and T Honjo 
Department of Chemistry, F acuity of Science, Kanazawa 
University, Kakuma-machi, Kanazawa, Ishikawa, 920-1192, Japan 

The extractability of alkali metals increased as follows; Na, Li, Cs<Rb<K, with 12C4, B12C4, 15C5 
<18C6<DB18C6<DC18C6, along with DBM, DPM<NTA<BFA<TIA, in chlorofonn<benzene, 1,2-
dichloroethane<monochloro-, o-dichloro- benzene<o-, p-, m-xylene<toluene<nitrobenzene, and Li<Na<Rb<K<Cs with 
12C4, B12C4<DBI8C6<15C5<18C6<DCI8C6, along with p-nitrophenol <2,4-dinitrophenol<picric acid<2,4-dinitro-1-
naphthol(DNN), in benzene, toluene<l,2-dichloroethane <nitrobenzene. The selectivity (separation factor, a=Dj/D,l) was 
140 for KINa, 170 for K/Li, 7.4 for K!Rb and 73 for K/Cs, and %E was 88.4 forK, 5.2 for Na, 4.3 for Li, 50.6 for Rb and 9.5 
for Cs, without extraction plateau, at pH7. 9 in O.Oimol/1 DB18C6-0.ImoVdm3 ITA-toluene extraction system. However, the 
selectivity was 100 for KINa, 360 for K/Li, 3.4 for K!Rb and 0.69 for K/Cs, and %E was 86.3 forK, 6.2 for Na, 1.7 for Li, 
65.1 for Rb and 90.1 for Cs, with extraction plateau, at pH 7.6 in O.OimoVdm3 DB18C6-0.002molll DNN- 1,2-dichloroethane 
extraction system. The selectivity of K with DB 18C6 for Na and/or Li, and the high hydrophobicity of DNN having suitable 
pK, may contribute to the good separation of K from Na and/or Li. The extracted species was estimated to be the type of 
K:TI A: DB 18C6 and K:DNN :DB 18C6 in the ratio of I: 1: I . The recovery of K in initial amount was also found to be 98% 
within 5 minutes by established methods. 

Keywords: synergism, alkali metal, crown ether, ~ ·diketone, phenol derivative 

INTRODUCTION 

The extraction of alkali metals is generally known to be difficult because of their formation of 
aqueous stable complexes. The synergistic extraction of alkali metals was investigated with 
thenoyltrifluoroacetone (IT A) in the ~resence of some neutral ligands such as trioctylphosphineoxide 
(TOPO) and tributylphosphate (TBP). '2 Several ion pair extractions of alkali metals were also studied 
with crown ethers using picrate as counter anion,(R). However, the extractability of alkali metals 
described above is often less than 80%. 

One of the present authors has reported that the synergistic extraction of lithium is possible 
with ITA in the presence ofTBP in benzene, (Q) or 12-crown-4 (12C4) in a-dichlorobenzene. Twas 
his applied to the separation and determination of a trace amount of lithium in ppb to ppm level in 
water, (S). In the present work, the extraction behaviour of alkali metals (Li, Na, K, Rb and Cs) with 
crown ethers (12C4, Bl2C4, 15C5, 18C6, DC18C6 and DB18C) along with P·diketones (ITA, BFA, 
NTA, TAA, DBM and DPM) and substituted phenols (p-nitrophenol, 2,4-dinitrophenol, picric acid 
and 2,4-dinitro-1-naphthol (DNN)) in organic solvents (benzene, toluene, xylene, chlorobenzene, 
nitrobenzene, chloroform and 1,2-dichloroethane) has been investigated in detail, and the optimum 
separation condition of alkali metals has also been ascertained by using crown ethers under the control 
ofpK. and hydrophobicity of ion-pair reagents such as P·diketones and phenol derivatives. 

EXPERIMANTAL 

Apparatus 

A Hitachi model Z-61 00 polarized Zeeman atomic absorption/flame emission 
spectrophotometer, a Shimadzu model UV-160 spectrophotometer, a Taiyo model SR-11 Recipro 
shaker, a Tomy Seiko model CD-50R swing type centrifuge, and a Hitachi-Horiba model F-12 pH 
meter, were used. 
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Materials 

Standard solutions of alkali metals (Li:IOJ.1g/ml, Na:IOJ.1g/ml, K:5J.1g/ml, Rb:IOJ.lg/ml, and 
Cs: I OJ.lg/ml) were prepared by diluting each of a certified solution of 1000 J.lg/ml alkali metals (Kanto 
Chemical Industries Ltd.) with distilled-deionized water prepared by the Nanopure system (Barnstead, 
Ltd.). 

Buffer solutions (O.OlmoVdm3 Bis-Tris and 0.5moVmoVdm3 Tris) were prepared by diluting 
bis(2-hydroxyethyl)arninomethane (Bis-Tris, Wako Pure Chemical Industries, Ltd.) and 
tris(hydroxymethyl)arninomethane (Tris, Nakarai Chemical Industries, Ltd.) with distilled-deionized 
water, respectively. Hydrochloric acid was used for a suitable pH adjustment. P·diketones e.g. 
thenoyltrifluoroacetone (TT A), benzoyltrifluoroacetone (BFA), trifluoroacetylacetone (TF A) and 
dipivaloylmethane (DPM) (Dojindo Chemicals Ltd.), naphthoyltrifluoroacetone (NTA)(Aldrich), 
dibenzoylmetane (DBM) (Tokyo Kasei Ltd.), and substituted phenols e.g. p-nitrophenol and 2,4-
dinitrophenol (Wako Pure Chemical Industries, Ltd.), picric acid (Kanto Chemical Industries Ltd.), 
2,4-dinitro-1-naphthol (Schmid), were purchased. Crown ethers e.g. 12-crown-4 (12C4), 15-crown-5 
(15C5), 18-crown-6 (18C6), dibenzo-18-crown-6 (DB18C), and dicyclohexyl-18-crown-6 (DC18C) 
(Merck), and benzo-12-crown-4 (Bl2C) (Tokyo Kasei Ltd.), were purchased. All other chemicals 
were guaranteed grade materials and were used without further purification. 

Extraction and back extraction 

A solution containing a metal(Li:IJ.lg/ml, Na:IOJ.1g/ml, K:IJ.1g/ml, Rb:2J.1g/ml, and Cs:IJ.lg/ml) 
was adjusted to a desired pH using the buffer solutions of Bis-Tris (O.lmoVmoVdm3

) and Tris 
(0.5moVmoVdm3

) with hydrochloric acid(O.lmoVmoVdm3
) . 

A 5 cm3 of an aqueous solution and the same volume of organic solvent containing an ion-pair 
reagent and/or a crown ether were placed into a 10 cm3 glass-stoppered centrifuge tube, and were 
agitated on a shaker for 5 minutes . The two phases were separated by centrifugation at 2500 rpm for 5 
minutes. The pH of aqueous phases was determined after the extraction, and the value was used as the 
pH at extraction equilibrium. In the back extraction, the organic phase ( 4 cm3

) extracted was shaken 
with O.lmoVmoVdm3 hydrochloric acid for 5 minutes. The two phases were separated by 
centrifugation. The amount of metals stripped from the organic phases was determined by flame 
photometry at 670.8 nm for Li, 589.0 nm for sodium, 766.5 nm for potassium, 780.0 nm for rubidium, 
and 852.1 nm for caesium, respectively, and their extractability (%E) was calculated by using the 
results obtained. 

RESULTS AND DISCUSSION 

Effect of solvent 

The effect of organic solvent on the extractability of the potassium TT A chelate with or 
without DB18C6 was investigated by varying organic solvents such as benzene, nitrobenzene, toluene, 
o-xylene, m-xylene, p-xylene, monochlorobenzene, o-dichlorobenzene, chloroform, and 1,2-
dichloroethane. The %E of potassium increased as follows: chloroform<benzene, 1,2-dichloroethane 
<monochloro-, o-dichloro-benzene<o-, p-, m-xylene<toluene<nitrobenzene. It was found that the 
quantitative extraction of potassium was achieved by using nitrobenzene and toluene. Figure I shows 
the difference between the extractability of potassium and that of sodium in nitrobenzene and toluene. 
Taking into account the low solubility of the organic solvent in water and its high separability for 
potassium, toluene was selected as the extracting solvent. The effect of organic solvent on the 
extractability of the potassium DNN complex with or without DB18C6 was also investigated by 
varying organic solvents such as benzene, nitrobenzene, toluene, and 1,2-dichloroethane. The %E of 
potassium increased as follows: benzene, toluene<1,2-dichloroethane<nitrobenzene. It was found that 
the higher extractability of potassium was achieved by using nitrobenzene and 1,2-dichloroethane. 
Figure 2 shows the difference between the extractability of potassium and that of sodium in 
nitrobenzene and 1,2-dichloroethane. The %E of sodium in 1,2-dichloroetanne was lower than that in 
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nitrobenzene. Then, 1,2-dichloroethane having high separability for potassium was selected as the 
extracting solvent. 
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Fig. I. Efl'ect of solvent on the extractability of K and Na with TT A ond DB 18C6. 
TTA: O.lmoll, DBI8C6: O.Oimol/1, Shaltin& time: 10 min 
• : K-ni~·-41.: K-tolucnc:, & : Na-nitrobcnunc, + : No-toluene 

Effect of shaking time 
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To ascertain the appropriate shaking time to equilibrate the extraction of alkali metals, the %E 
of potassium with DB18C6 and TTA in toluene was determined at various shaking times (0-10 
minutes) at several fixed pH values (6 .6 and 7.5). It was found that the quantitative extraction of 
potassium with DB18C6 and TTA in toluene was achieved within 5 minutes. The %E of potassium 
with DB18C6 and DNN in 1,2-dichloroethane was also determined at various shaking times (0-15 
minutes) at several fixed pH values(4 .8 and 6.5). It was found that the quantitative extraction of 
potassium with DB18C6 and DNN in 1,2-dichloroethane was also achieved within 5 minutes . 

Effect of B·diketone and substituted phenol 

The extractability of potassium with some P·diketones along with DB18C6 in toluene was 
determined to ascertain the most suitable P·diketone among IT A, BFA, TF A, NT A, DBM, and DPM. 
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Fig.J. El!'ecl of 8 ·diketones on dbc extr.clability of I< with DB 18C6 in toluene. 
8 ·diketones: O.lmol/1, DB18C6: O.Oimol/1, Shaking rime: S min 
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As shown in figure 3, it is evident that TI A (logKo,TTA = I . 73, pKa = 6.18) is the most suitable 
reagent, because it gives high extractability. The extractability of potassium with some substituted 
phenols along with DB18C6 in 1,2-dichloroethane was also determined to ascertain the most suitable 
substituted phenol among p-nitrophenol, 2,4-dinitrophenol, picric acid and DNN. As shown in figure 
4, it is evident that DNN (logKD,DNN = 1.23, pKa = 5.92) is the most suitable reagent, because it has 
hydrophobic naphthalene ring, and gives high extractability of potassium under the controllable range 
of pH. 

Effect of crown ether 

The extractability of potassium with TI A along with various crown ethers in toluene was 
studied. The %E of potassium increased as follows; being in 12C4, Bl2C4, 15C5 
<18C6<DB18C6<DCI8C6, as shown in figure 5. Figure 6 shows the difference between the 
extractability of potassium and that of sodium with TI A in the presence of DB 18C6 and DC 18C6 in 
toluene. The %E of sodium with DB18C6 was lower than that with DC18C6. Then, DB18C6 having 
high separability for potassium was selected as the crown ether. The extractability of potassium with 
DNN along with various crown ethers in 1,2-dichloroethane was also studied. The %E of potassium 
increased as follows; being in 12C4, Bl2C4<DB18C6<15C5<18C6<DC18C6, as shown in figures 7 
and 8. These figures show the difference between the extractability of potassium and that of sodium 
with DC18C6, l8C6, 15C5, and DB18C6. The %E of sodium with DB18C6 was lower than that with 
other crown ethers. Then, DB18C6 having high separability for potassium was selected as crown 
ether. 
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Selectivity of DB18C6 

The selectivity of alkali metals was ascertained by using TI A along with DB l8C6 in toluene, 
and the results are shown in figure 9. The extractability of alkali metals increased as follows: Na, Li, 
Cs<Rb<K . This result depends on the ionic radius of alkali metals, namely on their fitness for 
DB18C6,R. The selectivity of alkali metals was also ascertained by using DNN along with DB18C6 
in 1,2-dichloroethane, and the results are shown in figure 10. The extractability of alkali metals 
increased as follows: Li<Na<Rb<K<Cs. The selectivity, (separation factor, a.=D,j/D,l, the ratio of 
distribution ratios between K and other alkali metals), was 140 for KiNa, 170 for K!Li, 7.4 for K/Rb 
and 73 for K/Cs, and the %E was 88.4 forK, 5.2 for Na, 4.3 for Li, 50.6 for Rb and 9.5 for Cs, without 
extraction plateau, at pH7.9 in O.Olmol/1 DB18C6-0.lmoVdm3 ITA-toluene extraction system. 
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However, the selectivity was 100 for KINa, 360 for K/Li, 3.4 for K!Rb and 0.69 for K/Cs, and %E was 
86.3% forK, 6.2 for Na, 1.7 for Li, 65.1 for Rb and 90.1 for Cs, with extraction plateau, at pH 7.6 in 
0.01moUdm3 DB18C6-0.002moUdm3 DNN- 1,2-dichloroethane extraction system. 

The selectivity of DB18C6 for K, Na and Li, and the high hydrophobicity of DNN having 
suitable pKa may contribute to the good separation ofK from Na and Li by forming ion-pair complex. 
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Fig.9. Effect of pH oo the extta<:tability of alkali metals with TIA and DBI8C6 in 
toluene. 
TIA: O.lrnoVI, DB18C6: O.Oimolll, Shaking time: S min 
A: l~ e: Na, • : K, +: Rb, 0: C& 

Composition of extracted species 
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Fig.IO. Elli<:t of pH on the extracllbility of alkali metals with DNN and DBI8C6 i1 
1,2-didlloroethane. 
DNN: 0.002molll, DB18C6: O.Oimol/1, Shaking time: Smin 
. , Li, e: Na, A: K, +: Rb, 0 : Cs 

The composition of the extracted species on the extraction of potassium with TI A 
(0.001-0.1moUdm3

) along with DB18C6 (0 .005-0.0lmoUdm3
) in toluene was ascertained by plotting 

log D vs. log [TIA]. and/or log [DB18C6]. at pH7.6. Each plot gave the straight line with a slope of 
unity, and the extracted species was estimated to be the type of K:ITA:DB18C6 = 1:1:1; the 
logarithmic extraction constant being -3 .80. The extraction of potassium with DNN 
(0.0001-0.01moUdm3

) along with DB18C6 (0 .005-0.01moUdm3
) in 1,2-dichloroethane was also 
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ascertained by plotting log D vs. log [DNN]o and/or log [DB18C6]0 at pH 6.7. Each plot gave the 
straight line with a slope slightly less than unity, in which the extracted species should be dissociated 
partially in 1,2-dichloroethane; its composition being expected to be the type of K:DNN:DB18C6 = 
1:1:1. 

Recovery of potassium 

The established methods were used to ascertain the recovery of 1J.tg/cm3 potassium in water. 
When the volume of the organic phase of 0.002mol/drn3 DNN along with 0.01mol/dm3 DB18C6 in 
1,2-dichloroethane was varied from 10 to 50cm3

, and when that of the aqueous phase was kept at 
l0cm3

, the extractability of potassium at pH 8.8 increased from 86 to 98%. When the extraction in the 
same volume (I Ocm3

) of both phases was repeated three times under the conditions described above, 
the extractability of potassium at pH 8.8 also increased from 86 to 98%. 

CONCLUSION 

The high extractability ofK having an extraction curve in plateau with DB18C6 and DNN in 
1,2-dichloroethane, the high selectivity of K with DB18C6 for Na and/or Li, and the high 
hydrophobicity of DNN having suitable pK. may contribute to the good separation of K from Na 
and/or Li. 

When K or Na is determined, much attention should be paid, because they are so easily 
contaminated elements, and only a trace amount of Na interferes for the determination of K by flame 
photometry. 
The extracted species was estimated to be the type of K:DNN :DB l8C6 in the ratio of 1:1:1 . 
The recovery of K in initial amount was also found to be 98% within 5 minutes by the established 
methods. 
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ABSTRACT 

A MECHANISTIC STUDY ON ION ASSOCIATION 

EXTRACTION WITH QUATERNARY AMMONIUM 

IONS 
Shoji Motomizu, Toshio Takayanagi and Eiko Wada 
Department of Chemistry, Faculty of Science, Okayama 
University, Tsushirnanaka, Okayarna 700-8530 Japan 

The mechanism of liquid-liquid extraction of ion associates formed between anions and quaternary anunoniwn ions was 
studied. Monovalent organic and inorganic anions were extracted into chloroform as ion associates with the cations, and 
the extraction constants, Kex, were determined. In this work, the ion association constants in the aqueous solution, Kass, 
were determined on the basis of ionic mobility measurement, which was carried out by high-performance capillary 
electrophoresis. Distribution coefficients of the formed ion associates, Ko, were also determined by using the extraction 
constants (Kex) and the ion association constants (Kus) obtained in this work. From the results obtained, the contribution of 
an alkyl group of the quaternary anunoniwn ions to ion association and ion extractability was found to increase regularly 
with an increase in the nwnber of methylene groups. The contribution of the ion association reaction in an aqueous phase, 
as well as the distribution coefficient, to the extraction constants was also clarified by considering each pair of the 
constants. 

Keywords: ion-pair extraction, quaternary anunoniwn ion, mechanism of extraction, capillary electrophoresis 

INTRODUCTION 

Ion association reaction is widely used for the separation and determination of ionic substances. 
In liquid-liquid distribution, more bulky or less charged ions, such as monovalent hydrophobic organic 
ions, are found to be more extractable into the organic phase. 1 The separability and/or extractability 
have been estimated from the extraction constants give in equation 1, related to its extraction reaction. 

Kex 
Q+ + K B (Q+•K)o 

Kex = [Q+•K]o I [Q+] [A-] (1) 

where Q+, K and (Q+•K) are respectively a quaternary ammonium ion, its pairing anion and an ion 
associate formed, and the subscript (o) denotes the species in the organic phase. The extraction reaction 
consists of two processes; the ion association reaction in an aqueous phase and its distribution between 
an aqueous phase and an organic phase. These equilibria are written as in the following equations 2 and 
3. 

K..,. 
Q+ +A- B (Q+•K) 

K ... = [Q+•K] I [Q+] [A-] 

Ko 
(Q+•A-) B (Q+•A-)o 

(2) 

(3) 

K0 = [Q+·A-]o I [Q+·A-]The extraction constant can be represented by using an ion association 
constant (K ... ) in an aqueous phase and a distribution coefficient of the ion associate (K0 ) between the 
organic and the aqueous phase, as in equation 4. 

(4) 

Ion association reactions in an aqueous solution have often been studied by conductometric 
measurements . However, measurements in aqueous solution has been limited for inorganic ion 
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associate, because of low solubility of organic ion associates, and therefore direct measurements for 
organic ion associates have been hardly studied. 

In this study, the authors propose a novel method for the analysis of ion association reaction in 
aqueous solution by using the mobility change in capillary zone electrophoresis (CZE). In this method, 
relatively large amounts of pairing cation are present in migrating solutions, and small amounts of 
pairing anions in the sample solution are injected into a capillary. As the amount of formed ion 
associate is dominated by the amount of the pairing anion, the formation of the precipitates does not 
occur. 

The tendency to ion association of a series of quaternary ammonium ions with some aromatic 
anions was investigated, and the contribution of methylene groups to this parameter was clarified. By 
using the ion association constants in an aqueous solution, the distribution coefficient of some ion 
associates was successfully estimated. 

EXPERIMENTAL 

Apparatus 

An Applied Biosystems Model 270A-HT capillary electrophoresis system with an UV detector 
was used. A fused silica capillary (50 11m i.d.) was purchased from GL Sciences, and was cut to the 
required length; the size ofthe capillary was of72 em total length and 50 em effective length to the UV 
detector. 

Reagents 

Migrating solutions were prepared with phosphate buffer, borate buffer or NaOH. Quaternary 
ammonium salts (Q+•Brl, such as tetramethylammonium bromide (TMA+•BO, tetraethylammonium 
bromide (TEA+•BO, tetrapropylammonium bromide (TPA+•Br-), tetrabutylammonium bromide 
(TBA+•BO, and tetraamylammonium bromide (TAA+•Br-), were purchased from Tokyo Kasei Kogyo 
and added in the migrating solutions. Some aromatic anions were used as analyte ions. 

Mobility measurement in capillary zone electrophoresis 

The migrating buffer was transferred into a cathodic and an anodic reservoir, and then filled 
into a capillary tube before each measurement with a vacuum system. Sample solution was introduced 
into the capillary from the anodic end with the vacuum system for 3 seconds (injection volume about 9 
nl). A voltage was then applied, and electrophoresis was started. The capillary was held in a 
thermostated compartment at 35°C throughout the experiment. The analyte anions were detected 
photometrically at a defined wavelength; 230 nm for the detection of naphthalene compounds and 210 
nm for the detection of benzene compounds. Electroosmotic flow (EOF) was monitored by adding 
about 3 (v/v)% of ethanol to the sample solution. 

The apparent electrophoretic mobility of an analyte, -llep', and the electroosmotic flow, 
llEoF, were calculated in the usual manner? Three or more measurements were carried out to 
obtain the mean electrophoretic mobility in each instance. 

RESULTS AND DISCUSSION 

Comparison of electrophoretic method and conductometric method 

The conductometric method is well known for the analysis of ion-ion interactions in solutions. 
Along with the increase in the concentration of single-component salt, the molar conductivity of the salt 
in the solution decreases. The decrease in molar conductivity is compared with the theoretical value, 
and the ion association constant can be determined. On the other hand, the electrophoretic method 
proposed here can treat several ion associates in a time, because the method includes "separation." 
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Capillary electrophoretic method has another merit that the concentration of sample ion is at sufficiently 
low concentrations, which eliminates the possible precipitates of ion associate. 

a) 
5,6 

b) 

3,4 

1,2 

4 

7,8,9 

l 

E I I E I I I 

0 5 10 0 5 10 15 

Migration time I min Migration time I min 

Figure 1 Typical electropherograms for aromatic anions. Migrating buffer: a), lOmM borax; b), 10 
mM borax+ 20mM TBA+•Br-. Sample: lx10-5 M anions. CE conditions: voltage, 20 kV; detection 
wavelength, 200nm; injection period, 3 s; capillary temperature, 35 °C. Signal identifications: l , 
naphthalene-1-sulfonate; 2, naphthalene-2-sulfonate; 3, naphthalene-2,3-dicarboxylate; 4, naphthalene-
2,6-dicarboxylate; 5, naphthalene-1 ,5-disu1fonate; 6, naphthalene-2,6-disulfonate; 7, phthalate; 8, iso
phthalate; 9, tere-phthalate. E, EOF (ethanol) . 

Capillarv electrophoretic separation of isomers by ion association in aqueous solution 

To investigate the ion association properties by the electrophoretic method, 10 rnM borax (pH 9.2) or 5 
rnM NaOH (pH 11.7) was used as a migrating buffer, because the carboxylic and phenolic analyte 
anions can exist as anions at such pH conditions. On the other hand, sulfonate compounds exist as 
anions over wide pH ranges in aqueous solutions. The CZE separation of nine kinds of analyte anions 
was performed: the electropherograms are shown in figure l . In the absence of an ion association 
reagent, separation of positional isomers is not sufficient (fig. Ia). This is because each anion exists as 
its anionic form and their mobility is almost the same. However, the isomers can be well separated by 
the addition of ion association reagent, TBA +, in the migrating solution (fig.1 b). In the case ofT AA + 
used as a pairing ion, the baseline got noisy when T AA + was present at higher concentrations above 5 
rnM. It should be attributed to the formation of precipitates. 

Change in electrophoretic mobility by the addition of quaternary ammonium ions 

Changes in apparent electro-phoretic mobility, -J,lep', on addition of TBA + are shown in figure 
2. For each analyte anion, - J.l•P' values decreased more significantly when the concentration and the 
bulkiness of Q+ increased. When TMA + was used as an ion association reagent, the decreases were less 
than those obtained with TBA+ and TAA+. Separation of isomers was not sufficient in TMA+, 
compared with TBA 

Determination of ion association constants 

Ion association constants, K...,., between quaternary ammonium ions and aromatic anions were 
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determined by measuring the change in electrophoretic mobility with the change in the concentrations of 
pairing ion. Four analysis methods, including three linear methods3

'
5 and one non-linear least-squares 

method,6 were performed to determine ion association constants most precisely. 
The apparent electrophoretic mobility, -)lep', can be written as: 

1 K ... [C] 
-l.lep' = 1 + K ... [C+~-I.lep) + 1 + K ... [C] (-l.lepiA) (5) 

where -)lep and -JlepiA are the electrophoretic mobility of a certain analyte anion and its ion associate, 
respectively. In the equation, a series ofC concentrations and corresponding -Jlep' values were input in 
a laboratory-written program in BASIC, and the values of -)lep, -)lepiA, and K ... were optimized. 
When an ion associate consists of an equally 
charged cation and anion, such as (C•K) and 
(C2+•A2

- ), it should be an electrically neutral ion 
associate. Therefore, the value of -JlepiA can be 
assumed to be zero in the equation, when 7 
applied to such ion associates. The assumption 
was proved to be valid for ion associates with 
various kinds of pairing cations; optimized -
JlepiA values for such ion associate without 
neglecting the value were almost zero. 

Factors contributing to ion associabilitv in an 
aqueous solution 

The capillary electrophoretic method has some 
advantages; for example, ion association 
constants are determined very precisely and 
simultaneous measurement is possible owing to 
the electrophoretic separation. Therefore, the 
ion association constants are easily determined. 
The present authors investigated some factors 
contributing to ion associability. The ion 
associability increases by utilizing 
hydrophobicity,6 the size of ionic charge,6

•
7 

basisity,8 multipoint interaction,7 and stacking 
of aromatic moieties.9 

Contribution of methylene group to ion 
associability in an aqueous solution 

4.0 

! 3.0 
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Figure 2 Change in electrophoretic 
mobility of anions by increasing the concentration 
of TBA + in the migrating solution. 1, naphthalene-
1-sulfonate; 2, naphthalene-2-sulfonate; 3, 
naphthalene-2,3-dicarboxylate; 4, naphthalene-2,6-
dicarboxylate; 5, naphtha-lene-1,5-disulfonate; 6, 
naphthalene-2,6-disulfonate; 7, phthalate; 8, iso
phthalate; 9, tere-phthalate. 

The ion association constants of some aromatic anions were plotted against the number of 
methylene group on the quaternary ammonium ions (figure 3). The slopes were about 0.06 in 
logarithmic value, and the value, 0.06, is attributed to the contribution of methylene group to ion 
associability in an aqueous solution. The value is about 1/10 of the contribution in the extraction 
constant (log Kex) in the liquid-liquid distribution of ion associates. 

Ion associability and extractability of aromatic anions 

The extraction constants of some aromatic anions with tetrabutylammonium ion were 
determined by the solvent extraction method, and the values are summarized in table 1. 

Ion association constants in an aqueous solution were determined by the proposed CZE 
method, and the values obtained are also summarized in Table 1. Distribution coefficients of the ion 
associates are calculated by using Eq. (4), and summarized in Table l.The ion association constants 
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(K .. ,) obtained were almost identical even when nitro groups are introduced to the phenolate anion. On 
the other hand, the extraction constants increased significantly by the introduction of nitro groups . The 
increases are very significant when the number of nitro group is large. 

Nitro groups can withdraw electron and disperse anionic charges. Therefore, the basisity around 
anionic oxygen is decreased, which can decrease the electrostatic interaction between pairing ions and 
would not enhance the ion associability so much. From the comparison K0 values, it is concluded that 
larger extraction constant of nitro-substituted anions is attributed to the larger K0 values. The reason 
should be explained by the dispersion of anionic charge and increased molecular size. 
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Figure 3 Relationships between log K.., values and the 
number of carbon atoms on quaternary ammonium ion. l, 
naphthalene-1-sulfonate; 2, naphthalene-2-sulfonate; 3, 
naphthalene-2,3-dicarboxylate; 4, naphthalene-2,6-
dicarboxylate; 5, naphthalene-1,5-disulfonate; 6, naphthalene-
2,6-disulfonate; 7, iso-phthalate; 8, tere-phthalate. 

Anion logK ... logKo** logKex 
Phenolate 0.40 -0 .70 -0.30 
o-Nitrophenolate 0.64 1.53 2.17 
m-Nitrophenolate 0.60 1.09 1.69 
p-Nitrophenolate 0.80 1.72 2.52 
2, 4-Dinitrophenolate 0.80 3.21 4.01 
2, 6-Dinitrophenolate 0.68 3.30 3.98 
2, 4, 6-Trinitrophenolate 0.67 4.86 5.53 
Benzoate 0.62 0.06 0.68 
p-Nitrobenzoate 0.55 1.12 1.67 
Benzenesulfonate 0.61 1.11 1.72 
p-Nitrobenzenesulfonate 0.64 2.38 3.02 

*Tetrabutylammonium ion was used as a pairing cation. ** The values are obtained using the ion association 
constants and the extraction constants. 
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Table 1 Equilibrium constants of liquid-liquid distribution of ion associates between an aqueous and a 
chloroform phase* 

CONCLUSIONS 

The tendency to ion association of organic ion associates in an aqueous solution was successfully 
analyzed by the proposed method using the change in electrophoretic mobility in capillary zone 
electrophoresis. Contribution of the stepwise reactions on ion association extraction was clarified by 
the ion association constants determined. Investigation of the tendency to ion association in an aqueous 
solution will extend the research field related to ion association extraction. 
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ABSTRACT 

PH DEPENDENCE OF DICARBOXYLIC ACID 

EXTRACTION BY A STRONG AMINE BASED 

EXTRACTANT 
Riki Canari and Aharon M Eyal 
Casali Institute of Applied Chemistry, The Hebrew University of 
Jerusalem, 91904 Jerusalem, Israel 

The mechanisms for extracting dicarboxylic acids by a strong amine-based extractant were determined by the loading curve 
dependence on the pH and confmned by IR and NMR spectra. Three main acid species are involved, the dominant one being 
determined by the pH. Extraction of undissociated acid takes place at above-stoichiometric mtios and strongly drops at a pH 
around the pK.1 of the acid. A monovalent ion-pair is the dominant species at stoichiometric extraction and divalent ion-pair 
when the concentration of the acid in the organic phase is half that of the amine. The reaction of two monovalent ion-pairs to 
form a divalent ion-pair is analysed as a neutralisation reaction of the second carboxylic acid by the amine. Therefore, this 
reaction takes place when the amine is a stronger base than the second anion of the dicarboxylic acid, pKa2<PK.s, and the pH 
range is close to the second dissociation constant of the acid, p~. 

Keywords: dicarboxylic acid, amine, NMR 

INTRODUCTION 

Recently great effort is being made to produce commercial products using renewable 
resources (mainly cereals) as raw material . Therefore, fermentation processes for producing carboxylic 
acids are of great interest. Unfortunately most of the suitable microorganisms are sensitive to low pH. 
Separation science is, therefore, faced with the need to create methods for separating carboxylic acids 
from fermentation liquors of relatively high pH. 

Only a few publications deal with the pH effect on extraction of acids1
'
2

'
3 and the 

understanding of this area is limited. In a previous article4 we analysed the effect of the pH on the 
extraction of mono-carboxylic acids by means of amine-based extractants . The extraction mechanisms 
were divided into two main categories: H-bonding and Solvation, on one hand, and Ion-pair formation 
on the other. For relatively weak bases, extraction is controlled by H-bonding or solvation and mainly 
determined by the concentration of the undissociated acid. The extraction is strongly dependent on the 
pK. of the acid. The ion-pair formation is the dominating mechanism when the amine extractant is 
more basic than the anion of the extracted acid (pKaa>pK.) (where pK.8 is the half neutralisation pH as 
determined by Grinstead' s method\ In these cases the extraction strongly depends on the pK. of the 
extractant. 

More complicated is the pH effect on the extraction of dicarboxylic acids. Where the main 
species in the organic phase are the undissociated acid, HAH, monovalent ion-pair, Bit AH- and 
divalent ion-pair, Bit A= 'liB (where B stands for the amine and A is the anion of the acid). 

Gusakova et.al.6 concluded from IR spectra that malonic acid formed divalent ion-pair when 
extracted by dibutylamine in various diluents or by triethylamine in methanol. That was not the case 
on extraction by a mixture of triethylamine and dioxane, acetonitrile or chloroform. They concluded 
that the alcohol hydroxyl group interferes with the intramolecular hydrogen bond of the dicarboxylic 
acid, allowing divalent ion-pair formation. Tamada et.al.7 analysed the formation of divalent ion-pair 
("(1,2) complex") by mass action law analysis and confirmed it by means of IR spectra. They 
concluded that succinic acid does form divalent ion-pair on extraction by Alamine-336 (tertiary amine) 
in octanol, but not by Alamine-336 in methylene chloride, chloroform, nitrobenzene or 
methylisobuthylketone (MIBK). Fumaric acid forms divalent ion-pair when extracted by Alamine-
336 in chloroform or in MIBK, and no evidence for divalent ion-pair formation was found for maleic 
acid extraction by Alamine-336 in chloroform. Tamada's main conclusion was that the dicarboxylic 
acids that form intramolecular hydrogen bonds, like maleic acid, are inhibited from forming divalent 
ion-pair. 
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In summary, although there is some evidence for divalent ion-pair formation in the literature, 
there is not enough knowledge of the mechanism, the parameters controlling it, and its dependence on 
pH. 

EXPERIMENTAL 

Materials 

Primene JMT- a primary amine of C18-C22 (Rohm & Haas), maleic acid (HOOC-CH=CH
COOH(cis)) with pK.1=l.8 and pK.2=6.l(BDH 99.5-105%), glutaric acid (HOOC-(CH2)J-COOH), 
pK.~=4.4 and pK.2=5.4 (Fluka 98.5%), DL maleic acid (HOOC-CH2CH(OH)-COOH), pK.1=3.4 and 
pK.2=5 .1 (BDH 99%) and n-octanol (Merck, 99%). 

Experimental methods 

Extractants composed of Primene JMT in octanol were loaded with maleic, glutaric or maleic 
acid at molar ratios of 2:1, 1.2:1 and 1.2:1 respectively. Samples of the loaded extractants were 
equilibrated with increasing amounts of NaOH solutions . At equilibrium the pH of the aqueous phase 
and the acid content of the organic phase were determined by NaOH titration. In the case of maleic 
acid, IR spectra of the organic phases were obtained on Nicolet (510) FT-IR spectrometer, and 1H 
NMR spectra of therse phases were recorded on a Bruker AMX-400 and 300 MHz spectrometer of 
the. (More details are presented in reference(4)) 

RESULTS AND DISCUSSION 

Figure 1 shows the pH dependence of maleic, glutaric and maleic acid extraction by an 
extractant composed of 0. 5 mol/kg JMT in octanol. The extraction curves of maleic and glutaric acids 
show two plateaus and two drops: a plateau in the stoichiometric extraction range (at a loading of 
-0.5mol acid/kg) followed by a drop at around pH-4 for maleic acid and around pH-5 for glutaric 
acid, then a plateau at a loading of -0.26mol acid/kg and a second drop around pH-7. 

The following analysis is suggested. A monovalent ion-pair formation is the dominating 
mechanism at stoichiomentric extraction, forming BW AH-. On raising the pH, two monovalent ion
pairs react to form a divalent ion-pair and an acid molecule leaves the organic phase as follows: 
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Figure 1: pH effect on dicarboxylic acido extraction by 
0.5mol/kg Primene JM T in octanol 
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(1) 

In this reaction the second carboxylic 
group is neutralised in the organic phase 
by the amine. Therefore, it takes place 
when the amine is a stronger base than 
the second anion of the dicarboxylic acid, 
pK.2<pl<.B, and the concentration of the 
amine is higher than that of the acid in 
the organic phase [HAH]org<[B]org· 
Moreover, the pH range for the first drop 
in these extraction curves is close to the 
second dissociation constant value of the 
acid, pK.2. A second plateau is found 
with amine to acid molar ratio of 1:2, 
indicating that the divalent ion-pair is the 
dominant specie. Starting at this point, 
the system shows a second sensitivity of 
extraction at pH around 7, which refers to 
the dissociation constant of the 
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protonated amine, pKaB, to form free amine in the organic phase according to equation (2): 

20~aq) + Bir A- +HB (org) +-+ B(or&l + 2H20 (aq)+ A= <•v (2) 

Tills analysis explains Tarnada et. a!. ' s results. The tertiary arnines they were using are 
relatively weak bases. The pKaB for tertiary amine in an alkanol diluent is above 5 and in a non-protic 
diluent around 44 (the pKaB value of the tertiary arnines depends strongly on the ability of the diluent to 
stabilise ion-pairs and also on the extracted acid properties). Therefore, succinic acid with a pK-2=5.5 
can form a divalent ion-pair with the tertiary amine diluted in octanol (p~ above 5), but not diluted 
by a non-protic diluent (pKaB around 4). Fumaric acid forms a divalent ion-pair upon extraction with 
tertiary amine in almost all of the diluents, due to its relatively low pK.2 value (pK.2=4.4). But, 
divalent ion-pair formation is not expected when extracting maleic acid due to its high pK.2 of 6.07 
compared to that of the extractant (the amine with the diluent). Therefore, by comparing the pK.2 of 
the extracted acid to the pKaB of the extractant one can predict the ability of forming a divalent ion-
pair. 

Focusing on the maleic acid extraction curve (figure 1), the initial total maleic acid to amine 
molar ratio was 2:1. The extraction shows high dependence on pH at two pH ranges, around pH=l.l 
and around pH of 6-8. At the lower pH range, undissociated maleic acid is extracted through H-bond 
to the monovalent ion-pair to form: BW AH' ... HAH or through solvation mechanism. The above
stoichiometric extraction strongly drops at a pH around the pK.1 of the acid, to reach the 
stoichiometric level of a monovalent ion-pair, according to equation (3) : 

O~aq) + BW AH' ... HAH (orgJ +-+ BW AH'(orsJ + H20 (aq)+HK (aq) (3) 

Starting at this point, the system shows only a single drop, a large one, in the pH range of 6-8, 
compared with the two drops observed for the extraction of glutaric and maleic acids. 
The pKa2 of maleic acid is 6.07 and the pKaB of JMT in octanol is about 7. According to the suggested 
mechanism the formation of the divalent ion-pair species would be expected in this pH range. One 
suggestion is that the large drop in the pH range of pH-6-8 is actually a combination of two drops 
representing the first reaction (at a pH of about pK82 of maleic, 6.07), and the second reaction (at a pH 
of about the pK. of the protonated amine, 7), respectively. Alternative suggestion is that the large drop 
is only a single drop indicating no divalent ion-pair formation . IR and NMR spectra were taken in 
order to clarify the picture. 

Figure 2 presents theIR spectra of 0.5 mol/kg JMT in octanol with various concentrations of 
maleic acid. The area of interest is around 1630-1720 cm·1

, with the peak of dissociated carboxylic 
acid at the lower end and that of undissociated acid at the higher end. 

The spectra of the above-stoichiometrically loaded organic phase (0.83, 0.64, 0.55mollkg) 
shows a peak at 1712cm·1

, which diminishing as the concentration of the acid decrease. Tills peak 
belongs to the acid molecules, H-bonded to the monovalent ion-pair BW AH' ... HAH. It almost 
disappears in the spectrum of the 0.465 mol/kg loaded organic phase, for which the two main peaks 
are at 1630 and 1680cm-1

• These peaks refer to the two carboxylic groups in the monovalent ion-pair 
BW AH', the dissociated and undissociated ones, respectively. One of the explanations suggested 
above for the single drop was that the monovalent ion-pair is neutralised by the base with no formation 
of the divalent ion-pair. In that case one would expect a decrease of these two peaks on pH elevation 
with no formation of another carboxylic acid-related peak. The spectra, however, show that, while 
these two peaks disappear, a new peak at 1650cm-1 forms (0.25, 0.14 mol/kg). We presume that this 
peak belongs to the two carboxylic groups in their undissociated form. This observation indicates that 
divalent ion-pair specie does form and that what seems to be a single drop (in figure I) is a 
combination of two reactions (according to equations 1 and 2) taking place at similar pH. 
L. Meyer8 developed a new, NMR-based, method for analysing the mechanism of acid extraction. We 
used this method to study maleic acid extraction by JMT in octanol. The NMR spectra of the maleic 
acid loaded extractant show four groups of peaks (figure 3). 
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Figure 2: IR spectra of0.5mol/kg JMT in octanolloaded with maleic acid 

1500 

A large group of peaks is observed upfield (1.1-1.9 ppm) and related to the alkyl chains of the amine 
and of the octanol molecules (CH3(CH2)CH2-0H). A triplet is found further downfield (3 .9-3.8ppm), 
relating to the methyl hydrogens in the a-position to the hydroxyl group of the octanol molecules 
(CH3(CH2)CH2-0H). A broad peak in the 5.7-6.2 ppm range is related to the hydrogen of the 
alcoholic group of the octanol molecules(CH3(CH2)CH2-0H), to the proton bound to the amine 
(R3NH'') and to the hydrogens of the water molecules in the organic phase. The last peak is a singlet at 
-6.2 ppm related to the vinylic hydrogens of maleic acid (HOOC-CH=CH-COOH). Two interesting 
phenomena occur as a result of raising the pH. First, the peak in the range of 5.7-6.2 ppm becomes 
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sharper. Secondly, there is an upfield shift of the singlet peak, which refers to the vinylic hydrogens of 
the acid. This upfield shift indicates that the hydrogens are in a more negative charged surrounding. 

Figure 3: NMR spectrum of0.5moVkg JMT in octanolloaded with maleic acid 

Figure 4 presents an analysis for these NMR spectra along with those of maleic acid extraction 
by 0.5 mol/kg TOA (trioctyl amine) in kerosene+ 20% octanol. The X axis refers to the maleic acid 
concentration in the organic phase and the Y axis to the peak location of the vinylic hydrogen atoms. 
This figure presents the sharp upfield shift of this peak in the JMT case, starting at a pH of about 6.2, 
which is close to the pKa2 of the acid. At this pH the acid to amine molar ratio is 0.33/0.5(=2/3), 
indicating similar concentrations of monovalent ion-pairs, BW AH-, and divalent ion-pairs, BW A= 
+HB. In contrast, the location of this peak does not change in the case of extracting the acid by a 
tertiary amine extractant. 

6.55 

• • • • 6.5 • • • • • •• 
• 6.45 

s 6.4 
P. 
P. 6.35 • 

6.3 

6.25 • 
6.2 

0 0.1 0.2 0.3 0.4 0.5 0.6 

(maleic acid]org.(IIDllkg) 

Figure 4: The NMR peak location(ppm) of the vinylic 
hydrogens of the maleic acid in the organic acid 

• O.SIIDllkg primenJMT in octanol • O.SIIDllkg TOA in kerosen+20"/ooctanol 

As explained above, the second carboxylic anion is a stronger base than the tertiary amine extractant, 
but weaker compared with the primary amine. Therefore, neutralising the second acidic group by the 

601 



Proceedings ISEC'99 

amine (and forming the divalent ion-pair) is energetically favourable in the case of extraction by the 
primary amine, but not for tertiary amine. 
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ABSTRACT 

A SPECTRAL STUDY OF THE RELATIVE BASICITY 

OF LONG CHAIN WATER-IMMISCIBLE ORGANIC 
AMINES 
Lily Poulad-Meyer and Aharon M Eyal 
Casali Institute of Applied Chemistry, School of Applied Science 
and Technology, The Hebrew University of Jerusalem, Jerusalem, 
91904 Israel 

A spectroscopic method is described for solving the problems related to determining the relative basicity of water immiscible 
amines. A correlation was found between said basicity and the NMR peak of the a-methylene protons of the amine - the 
stronger the base, the more upfield shifted are those protons. This correlation was explained, verified and used for 
determining the effect of various parameters on the basicity of arnines used in industrial extraction of acids. The basicity 
sequence for long chain water immiscible amines, as derived from the spectral method, follows the sequence tertiary > 
secondary> primary, similar to that determined for short chain water-miscible arnines by the gas phase basicity method. The 
spectral method exhibits a slight increase in basicity on going from methyl to ethyl and propyl amine. However, only 
negligible increase in basicity was observed on further increasing the chain length. In addition, the chemical shift of the 
a-methylene protons indicate that substitution of a hydrogen atom on a carbon atom, which is close to the amine nitrogen, 
increases the basicity through the inductive effect. 

Keywords: NMR, organic arnines. 

INTRODUCTION 

Solid anion exchangers and some of the most important industrial extractants use amines as 
active groups. While in a salt form, they bind anions mainly through ion exchange. The present article 
deals primarily with the case in which the amine is used in a free base form. The main focus is on 
solvent extraction process using amine-based extractants. 

An increasing fraction of the biotechnologically manufactured carboxylic acids are separated 
from fermentation liquors by such extractants . In most cases, the separated acid needs to be recovered 
in its acid form, rather than as the salt, meaning that stripping the acid out of the loaded extractant is 
important. Hence, optimization of extractant composition requires, in addition to selectivity, a 
combination of efficient extraction and reversibility. Better understanding the extraction mechanism 
and the role of the amine are therefore essential tools for developing solvent extraction processes using 
amine-based extractants. 

Previous studies pointed out two main mechanisms. If the amine is a significantly stronger base 
than the anion of the extracted acid, an acid-base interaction takes place forming an ion pair in the 
organic phase. That is the case for the extraction of most mineral acids with extractants containing 
aliphatic amines. Going to the other extreme, if the pK. of the acid is significantly greater than that of 
the amine, the latter is not protonated and the extraction follows hydrogen bond or solvating 
mechanisms. Above-stoichiometric extraction is usually due to binding a second acid molecule to an 
ion-pair. 

Knowing the basicity of the amine in the extractant is therefore very important. That basicity is 
determined by a number of parameters including: the number of substituents on the nitrogen atom, 
whether they are aliphatic or aromatic, the chain length and degree of branching, the nature of the 
solvent(s) of the amine, the concentration ofthe latter, temperature, etc. 

Grinstead and co-workers1 used pH half neutralization, pHhn, as a method for determining the 
apparent basicity of water immiscible amines. Grinstead's method is suitable for comparing the 
apparent basicities of water insoluble amines . As a means of determining the actual basicity of water 
insoluble amines, pH of half neutralization has many drawbacks, one of which is the assumption that 
the pH in the equilibrium aqueous phase is equal to that in the organic phase. The main problem by 
that method is, however, in the determination of the apparent basicity rather than the actual one. The 
result is therefore dependent on several parameters, which are not related to the amine itself. Eyal and 
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Canari2 showed that the apparent basicity is determined by the properties of the amine the diluent and 
the anion of the extracted acid. 

No method has been found in the literature for direct determination of the basicity of long chain 
amines in the organic solution. However, many authors in the past have used NMR analysis for the 
study of various aspects such as: comparison of the base strength of three amines in DMS0,3 proton 
transfer and titration curves,4

'
5 gas phase basicities,6 acid base equilibria/ and ionization constants .8 

The present work suggests the use of NMR analysis towards the study of basicity of long chain amines 
and compares the results to previously available data. 

EXPERIMENTAL 

Materials 

Primary, secondary and tertiary amines, with linear and branched chains were used: Primene
JMT, R3CNH2 (a mixture of isomeric amines in the range of C1 6-22, produced by Rohm & Haas, 
technical grade), n-octyl amine, n-OA, (Sigma, pure 99%), di-2-ethylhexyl amine, DEHA, (Hoechst, 
technical grade) and di-isononyl amine, DINA (Hoechst, technical grade); tri-n-octyl amine, TOA, 
(Aldrich, 98%), tri-iso-nonylamine, TINA, (Hoechst technical grade), tris-2-ethylhexyl amine, TEHA, 
(Hoechst, technical grade). An industrial kerosene, Isopar K (Exxon), was used as a diluent. 

Technical grade amines were used without further purification, in order to study the industrial 
amines as sold. 

Methods 

The molecular weights of the amines were determined by titration with HCI. 
The organic solutions were prepared by diluting the amine of interest with IsoparK to the 

desired concentration. 
pHhn measurements were determined in the method as described by Grinstead 1. 
1H NMR spectra of the organic phases were recorded on a Broker AMX-400 and a 300 MHz 

spectrometer. 5-mm o.d. NMR tubes were used. A sealed capillary containing benzene-D6 was 
inserted into the NMR tube and used as an external 2H lock and reference. 

RESULTS AND DISCUSSION 

Princiole of NMR Analysis 

In general, the chemical shift of a proton is approximately proportional to the electron density 
around it, and hence, to the electronegativity of the atom or group to which it is attached. The greater 
the electronegativity of that atom, the lower the electron density around the attached proton is and the 
further downfield the chemical shift. 

The electron withdrawal by the nitrogen atom of the amines lowers the electron density in the 
vicinity of the a.-methylene protons, thus causing their de-shielding. The more electronegative the 
nitrogen atom is, the lower is that density. A more electronegative nitrogen would have lower 
tendency to share its non-bonding electron with a proton and would thus be less basic. Thus, higher 
chemical shift of the a.-methylene protons is expected to be correlated with weaker basicity. 

The validity of the spectroscopic method 

The approach suggested in section above was first tested by comparing arnines with alkanols. 
Amines are more basic since the nitrogen is less electronegative than oxygen, and can better 
accommodate the positive charge of the ion. Based on this analysis, the chemical shift for amines 
should be smaller than that of alkanol of a similar chain. The data shown in table l confirms this 
expectation. 
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For short chain water-miscible alkyl-amines, the basicity sequence measured by 
potentiometric titration in water and in some organic solvents is: NH3<RNH2<R2NH>R3N10

•
11

•
12

•
13

. 

Because the ion of the secondary amine carries one more hydrogen atom than that of the tertiary 
amine, the ion of the secondary amine has greater capacity for forming hydrogen bonds, and 
consequently will be stabilized more14

• 

Base O(a.-methylene protons)ppm" 
n-hexanol 3.63 

n-hexylamine 2.69 
n-heptanol 3.60 

n-hepty !amine 2.65 
a) Chelllical shift, 8ppm, values are from Pouchert9

. 

Table 1: Chemical shift of alkanols and amines with similar chain 

As alkyl groups are electron-donating, one would expect that in the gas phase, where, solvation 
effects do not exist, the basicity order of amine towards the proton should be tertiary > secondary > 
primary > ammonia. This was indeed confirmed.11

•
13

-
17 

Thus, two effects act in opposite directions; the field effect increases the basicity as the number 
of the methyl groups increases, and the hydration effect decreases it. 

The NMR data and gas phase basicity values suggest the following sequence of basicity for 
water miscible amines: primary amines < secondary amines < tertiary amines. pH half neutralization 
data for amines show an opposite sequence. 

As explained in the introduction, there is no way to compare the NMR data to pH based pK. 
determination for water immiscible amines, but it can be done for water miscible ones. In Table 2 
pKa values of various amines in aqueous solutions, taken from Hall10

, are compared with gas phase 
basicities, taken from Aue13 and with chemical shifts of a.-methylene protons taken from Pouchert.9 

Amine pKa" GB KJ/mol" li(a-mothyleno 
ttotorulPPffic 

ammonia 9.26 821.7 -
methy !amine 10.64 860.6 1.95d 

dime thy Ia mine 10.61 888.3 1.87d 
ethylamine 10.75 873 .2 2.65 

diethylamine 11.00 907.5 2.59 
triethylamine 10.74 934.7 2.47 

n-propy !amine 10.59 879.1 2.67 
di-n-propylamine 10.91 917.1 2.60 
tri-n-propylamine 10.70 943 .9 2.39 

n-butylamine 10.61 881.2 2.69 
di-n-buty !amine 11.31 921.3 2.60 
tri-n-butylarnine 10.89 949.8 2.37 

a) pKa values in aqueous solutions at 25oc, from Ha1110
, 

(0.01mollit-1 aqueous solutions of arnines). 
b) Gas phase basicities measured relative to ammonia 

(821.7 KJ mot\ from Table I in Aue13
. 

c) Chemical shift, lippm, from Pouchert9 

d) These amines are measured in a 40% aqueous solution. 

Table 2: Comparison of the pKa values in aqueous solutions, gas phase basicities and chemical shift 
of the a.-methylene protons in water miscible short chain amines 

The apparent pK. values of the water immiscible amines in table 3 range over nearly nine orders 
of magnitude compared with 0.5 orders of magnitude for those in table 2. There is no clear correlation 
between the pK. values for the latter and NMR data. A reason for that could be the effect of the 
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diluent, water. Therefore, the chemical shift of the a-methylene protons have been compared with the 
gas phase basicities . 

A rather good correlation was found, as shown in figure 1. This correlation provides another 
confirmation for the spectroscopic method of amine basicity determination suggested here. 

• Ethylamine 

2.8 • Diethylamine 

2.7 ~ A Triethylamine 

[2 .6 lllltiiO- X n-propylamine .. 
«>2.5 A lK di-n-propylamine 

2.4 ... • Tri-n-propylamine 

2.3 + n-butylamine 
650 900 950 •di-n-butylamine 

GB KJ/mol •tri-n-butylamine 

Figure 1: Gas phase basicity values, GB, of amines compared with their a-methylene chemical shifts, 
&ppm. 

The effect of the degree of substitution on the nitrogen atom 

Table 3 summarizes the chemical shifts of the a-methylene protons for the non-diluted long 
chain amines and compares them to the pHhn values measured. 

The NMR data in table 3 suggests the following sequence of amine basicity: primary 
<secondary<tertiary. pH half neutralization data for those amines show an opposite sequence. The 
explanation for this follows. 

AMINE B( a-methylene pHh 
protons)ppm• nb 

n-O A 2.98 9.21 
JMf -c 7.64 

DINA 2.82 _d 

DEHA 2.72 2.71 
TOA 2.62 -e 

TINA 2.55 1.64 
TEHA 2.23 0.89 

a) NMR. analysis of the non-diluted amine. 
b) pHhn values of 0.5mollkg solutions of the amine in an inert solvent, Isopar K. 
c) JMf does not contain an a-methylene proton, the a-carbon is a tertiary carbon. 
d) Gel formation upon contact with the aqueous phase, and therefore the pH could not be measured. 
e) Third phase formation occurred upon contact the aqueous phase, thus, a deviation in the pHhn value. 

Table 3: The chemical shift of the a-methylene protons of the non-diluted amines and their measured 
pHhn values. 

The conflict between the data for water immiscible amines and those of the pH half 
neutralization, as shown in the opposite sequences in table 3, should therefore be explained by the 
effect of the method of determination. As explained in the introduction, pH half neutralization 
determines the apparent basicity and is therefore dependent on the extraction mechanism and on the 
parameters affecting it. 
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According to Grinstead, the increasing steric hindrance due to the bulk of the alkyl groups 
renders solvation of the ammonium cation or the ion pair more difficult and reduces the stability of the 
salt relative to the free amine. This tends to reduce the basicity of the more highly alkylated amines. 

The spectroscopic method, on the other hand, studies the amine itself (rather than its extraction 
capacity) and therefore is independent of solvation effects. 

Effect of chain length. 

Table 4 summarizes pK. data in aqueous phase, gas phase basicity and spectroscopic data for 
primary amines with a number of carbon atoms increasing from 1 - 8. The gas phase data show some 
increase in basicity on going from methyl amine to ethyl amine and propyl amine, but very little effect 
on further increase in number of carbon atoms. The implication for the amines of interest to us is that 
for water immiscible amines the chain length would not have significant effects on amine basicity. 

Amine pKa GB I>( am ethylene 
KJmol"1

' protons) 
ppm• 

methylamine 10.64° 860.6 -
ethylamine 10.67" 873 .2 2.65 

n-propylamine 10.69d 879.1 2.67 
n-butylamine 10.61 " 881.2 2.69 
n-pentylamine 10.63" 883.7 2.69 
n-hexylamine 10.64" 885.8 2.75 
n-heptylamine 10.66" - 2.70 
n-octylamine 10.65° 887.0 2.65 

a) Gas phase basicities measured relative to ammonia (821.7 KJ mor1
) taken from Aue13 in table 1. 

b) Chemical shift, 8 ppm, values are from Poucherf. 
c) pKa values in aqueous solutions at 25°C, Hall10

. 

d) pKa values in aqueous solutions at 25°C, ref. 22 in Smith12
• 

e) pKa values in aqueous solutions at 25°C, ref. 29 in Smith12
• 

f) The cause for the observed difference in chemical shift of the n-octylarnine protons, (ours vs. literature), is 
explained by the calibration method used. A capillary containing benzene 0 6 was inserted into each nmr tube for 
calibration, and thus shifts the peaks by 0.33ppm, relative to external TMS. 

Table 4: pK. values, gas phase basicities and chemical shifts of the a-methylene protons for 
primary amines with increasing chain length. 

Effect of branching. 

The chemical shift data in table 5 indicate that branching increases the basicity of the amine. 
The pH half neutralization based pK. data showed an opposite trend. Data for amines in gas phase 
could help in clarifying this apparent conflict. 

An agreement was found for these amines between the chemical shift data and those of gas 
phase basicities. Both showed that branching increases the basicity as found for water-immiscible 
amines. (The a position showed a deviation in their analysis . This result was interesting, however, at 
this point in our research we do not have a clear explanation. The explanation will be given in a future 
article.) As in previous cases, the conflict between the spectroscopic data and those of pH half 
neutralization might be due to the difference between independent and apparent basicity 
determination. 

Branching on a carbon atom, which is close to the amine nitrogen, increases the basicity 
through the inductive effect as indicated by the chemical shift of the a-methylene protons. Yet, on 
extraction of acids to form ion-pairs, it increases the steric hindrance for stabilization through 
aggregation and decreases thereby the apparent basicity. Thus, as in the case of the degree of 
substitution on the N atom, the chemical shift teaches about the basicity of the amine as such, while 
apparent basicity is strongly affected by steric and medium effects. 
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Amine GB B( a.-methylene 
KJmor protons) 

1• ppmb 

CH3CH2CH2NH2 879.1 2.67 
(a) CH3CH2(CH3)CHNH2 887.4 2.75 

CP) (CH3hCHCH2NH2 883.2 2.50 

(p, p) (CH3)3CCH2NH2 886.2 2.40 

(y) CH3CH2CH2CH2NH2 881.2 2.69 

(y,y) (CH,hCHCH2CH2NH2 2.70 

(CH3CH2CH2)2NH 917.1 2.60 

CP) f(CH,hCHCH?J,NH 922.2 2.40 

CH3CH2CH2CH2NH2 881.2 2.69 
(a.) CH3CH2CH2(CH3)CHNH2 2.85 

CP) CH3CH2(CH3)CHCH2NH2 2.60 

(y) (CH3hCH2CH2CH2NH2 2.70 

(8) CH,CH1CH1CH1CH1NH2 883 .7 2.69 
... 

a) Gas phase basicities measured relatiVe to ammorua (821.7 KJ 
mol-1

) taken from Aue (1979). 
b) Chemical shift, 8 ppm, values are from Pouchert (1983). 

Table 5: Gas phase basicities and chemical shifts of the a.-methylene protons in water
miscible short chain amines- the effect of branching 
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ABSTRACT 

A STUDY OF THE MOTION OF A SINGLE DROP 

UNDER THE INFLUENCE OF A PULSED DC 
ELECTRIC FIELD 
PJ Bailes\ JGM Lee 1 and AR Parsons' 
1 Department of Chemical Engineering, University of Bradford, 
Bradford, BD71DP, UK 
2Department of Chemical Engineering, University of 
Newcastle, Newcastle, UK 

The application of a pulsed DC electric field has been shown to be effective in improving the separation of liquid-liquid 
dispersions when an aqueous phase is dispersed in an organic phase. The improvement in the rate of separation has been 
attributed to the formation of dipoles in the aqueous drops caused by the action of the electric field. However, improved 
separation could also be due to the drops acquiring a charge from the continuous phase. The experimental system consisted 
of a de-ionised water drop falling vertically through n-dodecane between a pair of parallel plate electrodes, the positive 
electrode being insulated. A pulsed DC voltage was applied to the electrodes and the drop motion was recorded using a high
speed video camera at 60 frames per second. The voltage was recorded simultaneously with the images so that any 
correlation between the drop motion and the applied voltage could be observed. hnage analysis of a sequence of images 
yielded the x, y co-ordinates of the drop centre, allowing the drop trajectory to be obtained. Experiments were carried out to 
investigate the effect of varying the continuous phase conductivity and it was found that an increase in conductivity produced 
a decrease in the amplitude of the drop motion. 

Keywords: electric field (pulsed DC), drop behaviour, 

INTRODUCTION 

The efficient separation of liquid-liquid dispersions is a necessary feature of solvent extraction 
operations and in processes such as crude oil dehydration. One way of accelerating the rate of phase 
disengagement of water-in-oil emulsions using AC fields was first demonstrated in 1911 .1 Since then 
there have been many advances in the technology including the comparatively recent findinl that 
pulsed DC fields using an insulation coated, high voltage electrode allow higher water fractions to be 
treated than is the case with other electrical arrangements . 

The enhanced separation rate arises from the increased coalescence between drops, which is 
caused by the applied electric field. The interaction between the applied field and the charge on the 
drops is complex and poorly understood. One mechanism that is certainly evident is the formation of 
dipoles within the drop which leads to subsequent attraction and coalescence within the drop 
population due to dipole polarisation.3 Alternatively, drops can become charged by contact with 
separated charges that may be present in the continuous phase. In such circumstances, drops of 
opposite charge attract each other and coalesce. This mechanism is believed to occur when pulsed DC 
fields are used with an insulation coated electrode since this promotes charge separation. Experimental 
work with different pulsation frequencies has shown here that maximum available charge density 
correlates with optimum liquid phase separation.4 

From the foregoing it is apparent that enhanced drop coalescence can be the result of drops 
carrying a net charge migrating towards each other under the influence of an applied field. However, 
the enhanced coalescence can also be caused by an interaction between induced dipoles on drops that 
do not carry a net charge. In the latter case the drops would not be expected to migrate in a parallel 
field. The existence of a net charge can therefore be deduced if the drop is observed to migrate when 
under the influence of the field. In order to better understand this situation it is helpful to study a single 
drop as it falls through an insulating liquid to which an electric field is applied. 

The work presented below covers experiments carried out using single water drops in a continuous 
dodecane phase. The aim of these experiments was to investigate the effect of conductivity, applied 
voltage and pulse frequency on the motion of a single drop. 
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EXPERIMENTAL 

Experiments were carried out using pure n-dodecane (supplied by Avocado) as the continuous 
phase; the conductivity was altered by adding Stadis 425 (an antistatic additive supplied by Associated 
Octel Company Ltd). De-ionised water was used to form the drops. 

The apparatus is illustrated in figure 1. The experimental cell consists of 2 parallel electrodes. 
The positive electrode is a mercury filled, cuboid hollow, insulated by a 3 .lmm layer of Perspex. The 
negative electrode is a brass plate. The temperature of the dodecane is controlled between 25 and 27oc 
by circulating water through an external jacket. 

The drop is formed from a brass monofl.lament (diameter = 0.06mm) and positioned across the 
width of the cell (horizontal position) by means of 2 concentric, brass, cylinders. The monofilament, 
attached to the inner cylinder, is first dipped in water and then in the dodecane, as it is removed a drop 
is released into the dodecane. The outer cylinder keeps the monofilament in position. Using this 
method, drops of between 150 and 500mm diameter can be formed and positioned within a range of 
lmm across the width of the cell . The drop positioning apparatus is earthed to prevent the drop 
becoming charged as it is formed. 
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to position ~~ l to release drop 

,._ Brass tube to 
Pulsed DC High I -=4::=-r---c:::;:;;~====:=:~ position drop 
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Figure 1. Apparatus for single drop experiments 
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The drop falls under gravity and its motion was filmed for a portion of its fall using a video 
camera. For the work reported here, a 50mm focal length lens combined with a 25mm extension tube 
was used to give a calibrated frame width of llmm. The camera is connected to a Kodak Motion 
Corder Analyzer (Model 1000B) which has a 1086 frame memory, a resolution of 640 by 480 pixels 
and a trigger facility. A film rate of 60 f.p.s. was used. The cell was backlit using a Teflon filter and a 
75 Watt halogen light to obtain the best possible image contrast. 

The sequence of images stored on the Motion Corder was transferred to OPTIMAS, an image 
analysis package. The images were calibrated by means of a clear plastic ruler positioned in the same 
plane as the drop positioning apparatus at the start of each set of experiments. After enhancing each 
image, a circle was fitted to the drop and the required information (namely the drop centre x, y co
ordinates and diameter) was collected and exported to an EXCEL spreadsheet. The time of each frame 
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was noted and added to the spreadsheet. Typically a drop motion sequence would consist of 25 to 35 
images and last for 1 to 2 seconds . The initial position of the drop for each set of experiments was 
found by recording the trajectory of 10 drops with no field applied and taking the average x co
ordinate of the drop centres . 

The sequence of images stored on the Motion Corder was transferred to OPTIMAS, an image 
analysis package. The images were calibrated by means of a clear plastic ruler positioned in the same 
plane as the drop positioning apparatus at the start of each set of experiments. After enhancing each 
image, a circle was fitted to the drop and the required information (namely the drop centre x, y co
ordinates and diameter) was collected and exported to an EXCEL spreadsheet. The time of each frame 
was noted and added to the spreadsheet. Typically a drop motion sequence would consist of 25 to 35 
images and last for 1 to 2 seconds. The initial position of the drop for each set of experiments was 
found by recording the trajectory of 10 drops with no field applied and taking the average x co
ordinate of the drop centres. 

The voltage circuit used to produce the pulsed DC field is described by Bailes and Larkai.2 A 
square waveform was used with a mark/space ratio of one. An ADC 200 analogue to digital converter 
with PICOSCOPE software (supplied by Pico Technology Ltd) was used to record the voltage over a 
set time period and allowed the data (time and voltage) to be exported to an EXCEL spreadsheet. 
PICOSCOPE has a BNC trigger facility that was connected to the Motion Corder trigger to allow both 
instruments to begin recording simultaneously; the drop motion could then be compared with the 
action of the pulsed field . 

RESULTS AND DISCUSSION 

Figure 2 is a plot of the drop position against time. The edge of the Perspex which insulates the 
positive electrode lies along the y = Omm line and the earth electrode lies on the y = 10.6mm line . 
Superimposed over the drop position data is the voltage applied across the cell . It can be clearly seen 
from Figure 2 that the drop moves as the voltage is pulsed on and off, demonstrating that the drop has 
a net charge. The amplitude of the motion during the 'off' period of the voltage pulse is greater than 
that during the 'on' period causing the drops to move towards the earth electrode. At present we 
cannot say which mechanism is responsible for the drop becoming charged. The possible mechanisms 
include drop charging during formation, stripping away of the electrical double layer surrounding the 
drop as it falls ,5 or contact charging with space charges in the dodecane. 

The next comparison, shown in figure 3, is for drops of approximately the same size, moving 
through the cell under the same applied electric field conditions, with only the conductivity of the 
dodecane being changed by adding varying amounts of an antistatic additive. It can be seen that as the 
conductivity of the dodecane increases, the amplitude of the motion of the drops decreases. 
The explanation for this relies on the model developed by Bailes4 to explain the existence of an 
optimum pulsation frequency for separating water in oil dispersions using a pulsed DC coalescer . The 
model assumes that the electrical behaviour of the dispersion layer and the layer of Perspex insulating 
the positive electrode is analogous with the behaviour of two sets of a large resistor and capacitor in 
parallel, connected in series . If pure dodecane is used as the continuous phase then the conductivity of 
the dodecane is less than the conductivity of the Perspex layer. When applying a steady voltage across 
the cell, the majority of the voltage drop occurs across the dodecane creating a strong electric field. If 
the conductivity of the dodecane is increased so that it is greater than that of the Perspex, then under a 
constant voltage the stronger electric field will be in the Perspex. 
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Figure 3 Effect of continuous phase conductivity on drop motion 

Drop motion is caused by an electrostatic force acting on the drop, the magnitude of this force 
is equal to the charge on the drop multiplied by the electric field strength. Figure 4(a) is a comparison 
of the drop motion when there is no applied field and when there is a constant applied field for pure 
dodecane . In comparison figure 4(b) shows the drop motion with no field and a constant field for 

612 



Fundamental Studies 

dodecane whose conductivity is greater than that of the Perspex. It is clear that in the pure dodecane 
case, the magnitude of the electrostatic force is greater as the drop moves further, indicating that the 
electric field is stronger for the pure dodecane under a constant applied field. 
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Figure 5 Voltage profile across experimental cell during 'on' period 

When the voltage is pulsed on and off the situation changes. Figure S(a) shows the voltage 
drop across the liquid and Perspex layers for pure dodecane during the 'on' period of the pulse. It 
shows that soon after the voltage is switched on, a large voltage drop across the pure dodecane is 
established implying that there is a strong electric field in the liquid layer. Figure S(b) shows the 'on' 
pulse when the liquid layer conductivity is greater than that of the Perspex. In this case the voltage 
drop across the liquid layer is initially large, but decays with time towards its constant field value. 

This explains why the drops in the pure dodecane move more when the voltage is pulsed, as 
the magnitude of the electrostatic force will be greater due to the stronger field that prevails over the 
'on' pulse . For the case where the dodecane conductivity is greater than the Perspex conductivity, the 
field strength in the liquid is only high at the start of the pulse so the drop motion is consequently less 
as shown in figure 3. 
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ABSTRACT 

SINGLE DROP COALESCENCE - EXPERIMENT AND 

SIMULATION 
A Eckstein and A Vogelpohl 
Institut fur Thermische Verfahrenstechnik, Technical University 
Clausthal, LeibnizstraBe 15 38678 Clausthal-Zellerfeld, Germany 

The complex behaviour of drop swarms in liquid-liquid extraction columns can be described with a simplified drop 
population balance model. The required parameters for the characterisation of drop velocity, mass transfer, break-up and 
coalescence have to be obtained from single drop experiments in laboratory scale apparatus. These single drop parameters 
are determined in dependence of the drop size, pulsation energy input and the column equipment, e.g. sieve-plates or 
structured packings. 

Keywords: droplet breakage, droplet coalescence, droplet swarms, mass transfer, column 

INTRODUCTION 

Until now the safe construction of an extraction column requires extensive pilot-scale 
experiments that are quite costly. To minimise these costs, experiments may be carried out on a lab
scale or pilot-scale. For this purpose several "standard apparatus" were developed at the Institut fur 
Thermische Verfahrenstechnik, e.g. for the determination of single drop velocity, 1,2 drop break-up2,3 
and mass transfer.4 The single drop parameters were implemented successfully in a simplified drop 
population balance model for coalescence inhibited liquid systems.3,4 These "standard apparatus" 
have now been supplemented by an apparatus for determining coalescence parameters. 

Drop Coalescence 

Two parameters exist to describe the coalescence process: the coalescence time and the 
coalescence probability. The coalescence time is the time from drop collision till drop fusion. The 
number of drop fusions out of the number of drop collisions is the coalescence probability. Several 
experimental set-ups have been implemented to study the coalescence of drops. 

For the measurement of coalescence time the problem is often reduced to the collision of one 
drop with a plane interface.5,6,7 The disturbance caused by the drop on the interface due to collision 
is detected and its duration is defined as coalescence time. The measurement of coalescence 
probability is investigated in pilot-scale extraction columns by addition of a tracer into a fraction of 
drops entering the column. 8,9 The drop size and tracer distributions are measured at column entrance 
and exit. From this the coalescence parameters can be calculated with the knowledge of single drop 
break-up parameters. But this method uses a tracer that can influence the interface activities 
concerning the coalescence behaviour and the pilot-scale experiments are costly. 

To develop a measurement cell for the coalescence of single drops it is necessary to know 
where the coalescence takes places in an extraction column. Investigations of sieve-plate extraction 
columns have shown that coalescence takes place in the drop accumulation zone directly underneath 
the sieve-plates.3 The place of coalescence in structured packings was not detectable in observations 
of a glass packing with a high speed video camera.2 

EXPERIMENTAL 

The experimental set up to determine the coalescence probability is shown in figure 1. The 
apparatus consists mainly of a cone where a swarm of drops with the same diameter ds and the 
number n is held in place by a counter-current flow of continuous phase. The drops are produced with 
a precise dosing system. A single drop with the diameter d£ rises into and through the drop swarm 
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because of its higher rising velocity vr (dE> ds) . The size of the single drop after contact with the swarm 
de is measured with a photoelectric suction probe10

• The drop sizes before and after contact are 
compared. If de cf. dE, coalescence has taken place, if de = dE, no coalescence has taken place. 
Observation of 50 single drops gives a coalescence probability Kc = f{ dE. ds, n), dependent on the size 
of the single drop and the swarm drop and the number of drops in the swarm. 

counter current 
flow 

drop 
swarm 

drop size 
tr~:=?=:=- -- measurement 

0 0 

~ 
0 

0 0 
0 Oo 

' ' 
0 

·---
Figure 1. Experimental set up for the determination of the coalescence probability 

The experiments were carried out with the liquid system n-butylacetate (dispersed) I water. The number 
of drops in the swarm was varied from 20 up to 40. The number is limited by coalescence events of the 
swarm drops among one another. 

RESULTS AND DISCUSSION 

Figure 2 shows the coalescence probability dependent on the number of drops in the swarm for 
a single drop diameter of dE = 3,5 mm and a drop swarm diameter of ds = 3,0 mm. 

In general one expects an increasing coalescence probability with increasing number of drops in 
the swarm. This is confirmed for 20 and 30 drops. At higher numbers the drops start to influence one 
another in the swarm. The swarm extends over a larger part of the cone, so the drop density becomes 
lower with a higher number of drops. 

An equivalent hold-up of dispersed phase can be calculated with the measurement of the volume 
taken by the drop swarm and the number of drops. Figure 3 shows the coalescence probability 
dependent on the hold-up for a single drop diameter of dE= 3,5 mm. 

The trend of increasing coalescence probability with increasing hold-up is confirmed. 
The number of data is still to small to present correlations for Kc = f{ dE. ds, n) and implement them into 
the drop population model. But the first experiments show the this measurement cell is suited for the 
observation of coalescence of single drops within a drop swarm. 
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Besides the experimental investigation of the coalescence probability a simulation with the simplified 
drop population model was done. 11 The model was extended by the coalescence parameters. They were 
changed until the best fit was achieved with the data from two pilot-scale pulsed sieve-plate extraction 
columns. Figure 4 shows measured and calculated drop size distributions as a function of the column 
height for the two columns and the liquid system n-butylacetate I water. 
The results of the simulation are: 

the coalescence probability increases with increasing pulsation intensity for the column with the 
smaller diameter, the column with the larger diameter shows no dependency on the pulsation intensity; 

the coalescence probability in the column with the smaller diameter is higher compared to the 
column with the larger diameter; 

the coalescence probability decreases with increasing drop diameter. 

These results will be checked with the newly developed coalescence cell. 
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Figure 4. Measured and calculated drop size distributions vs . column height for two pulsed sieve-plate 
extraction columns with different column diameter 

CONCLUSIONS 

As the results show it is possible to measure the phenomena of single drop coalescence with the 
developed coalescence cell. More experimental data is needed to implement it into the drop population 
model. With this further single drop set up the aim, to simulate a whole extraction column with 
laboratory-scale experiments, becomes closer. 

NON-STANDARD NOMENCLATURE 

de size of single drop after contact with the drop swarm; dE size of single drop 
ds size of drops in the swarm; Kc coalescence probability 
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ABSTRACT 

DIFFUSIVITIES FOR MUL TICOMPONENT MASS 

TRANSFER CALCULATIONS 
AR Uribe-Ramirez1 and WJ Korchinsk~ 
1Facultad de Quimica, Universidad de Guanajuato, Col. Noria Alta 
s/n, 36050 Guanajuato, Gto., Mexico. 
2Department of Chemical Engineering, UMIST, PO Box 88, 
Manchester M60 lQD, UK. 

In previous works1
•
2 the authors presented an alternative solution to the problem of mass transfer in single drops for single

component and multi-component systems for the intermediate Reynolds number range (I OsR.e$250). In this work, the 
problem of calculating the diffusivity matrix using the Maxwell-Stefan approach and the Modified UNIF AC Activity 
Coefficient Model to calculate the thermodynamic factors is addressed. 

Keywords: Maxwell-Stefan, multicomponent mass transfer, diffusivity, UNIFAC model. 

INTRODUCTION 

The problem of multi-component mass transfer in liquid drops is of interest from the 
theoretical and the practical point of view. Many attempts have been made using both approaches, but 
so far the success has been restricted to some simplified situations. On one hand, the theoretical 
models resulting from mass balances in the drop are very complicated due to the fact that diffusive, 
convective and transient terms appear in the variation equation of mass transfer. Adding to this 
difficulty, the presence of more than one solute being transferred between the phases result in coupled 
systems of partial differential equations, which are possible to solve only when the matrix of 
diffusivities is constant. Uribe-Ramirei and Uribe-Ramirez and Korchinskl presented one possible 
solution. They obtained a solution using the property of a constant, square matrix, which can be 
diagonalized using the so-called linearisation theory proposed by Toor4

, and Stewart and Prober.5 An 
alternative solution was presented by Von Red en. 6 which uses the mass transfer model proposed by 
Slater, 7 generalised to multi-component systems. In all the previous works, the authors claim that their 
models closely fit the experimental data. However, there is still much work to be done in order 
validate these models. 

The exact solution of the multi-component problem in liquid systems cannot be obtained by 
analytical methods, due to the concentration dependence of the diffusivity matrices, which result in 
non-linear, coupled partial differential equations. In this case, a numerical method of solution can be 
tried. However, a first look into the solution can be obtained by considering that the diffusivity 
matrices for the liquid systems are constant, which is approximately true for small concentration 
changes.8 

To calculate the matrix of diffusivities using the Maxwell-Stefan approach, the 
thermodynamic factors have to be calculated using an activity coefficient model. Taylor and Krishna8 

carried out the calculation of these factors using some activity coefficient models: UNIQUAC, 
Wilson, NRTL. However, these models require experimental parameters, which are not always 
available, particularly for multi-component systems. In this case, a predictive model can be used 
instead, such as the Modified UNIF AC Activity Coefficient Model,9 which is the one used in this 
work. 
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THEORY 

The generalised Fic\('s Law for multi-component mass transfer can be written in matrix form 
as 

J=-D · V'c (1) 

where J is the vector of diffusive fluxes, D is the matrix of multi-component diffusivities and V c is the 
vector of concentration gradients. The matrix of multi-component Fick diffusivities can be written as 

D = B- 1 r (2) 

The matrix r is the matrix ofthermodynarnic factors, B is the matrix of Maxwell-Stefan diffusivities, 
whose elements are given by n 

Bi,i =;I + L;k 
r,n k = l r,k 

i ~ k 

and B .. =-x .(-1 __ 1 ) 
I,J I D iJ D l,n 

(3) 

x; is the mole fraction of species i and D;.i is the Maxwell-Stefan diffusion coefficient of the binary pair 
i,j. The calculation of the thermodynamic factors is a cumbersome step, because the derivatives of the 
activity coefficients are required. The Modified UNIFAC Model, Dortmund Version,9 is written as 

1ny1 =1ny1c +1nr/ 

Iny1c =1-V'1+lnV'1-5q{1- ~+I{~ )J 
Inr/ = L_v/ 1l (Inak -lna/il } 

k 

3 /4 
V' r; V =--r;_ F.= q; 

; = L xkrk314 I L_xkrk I L_xkqk 
k k k 

(4) 

(5) 

(6) 

and the parameters r1 and q1 are defined in the original reference,9 
Ykfi) is the number of groups of type 

kin the molecule i. ak is the activity coefficient of group kin the actual mixture and a/) is the activity 
coefficient of group kin a pure liquid formed with only molecules of type i. They are given by the 
expressions 

Inak =Qk[1-In(L_Bm'l'm,k) - L~m'l'k,m ] 
m m On '~'n,m 

n 

"v (n) x L.., m n 

xm = iL.vo(n)xn 
n o 

The thermodynamic factors are given by the following expression, 8 

where {
1 if i = j 

t5 . . = 
I , ] 0 if i ~ j 

r ij =oij +x; a:r~~ 
1 T ,P,l. 

and ~ = 8 Iny1 1-~l 
~r. m:j z: ~z: 

(7) 

(8) 

The symbol :E is used to indicate that the differentiation of lny; with respect to the mole fraction xi is to 
be carried out while keeping constant the mole fractions of all other species, except the n1

h. The 
symbol I is shorthand notation to emphasise that the mole fractions of all species, except the /h, are 
kept constant while performing the differentiation. This differentiation will be performed at constant 
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temperature (T) and pressure (P); therefore, these subscripts will be omitted for the sake of simplicity 
in the subsequent calculations. 
For the Modified UNIFAC (Dortmund) Model/ the partial derivatives in Equation (8) can be written, 
using Equation ( 4 ), as 

(9) 

The first term on the right hand side of Equation (9) can be obtained from Equation (5) as 

(10) 

The second term requires more manipulation. From Equation (6), it becomes 

(11) 

therefore (12) 

where the following parameters are defined as 

ox [ v (J) L v Yl l X m X m o P .. =~k. =""B~'I'mk mj = a
1 

= m L:v}n)Xn L:L:v}n)Xn ., =1 ~ .. , 
n n o 

Finally, substitution of Equations (10) and (12) into (9) yields 

=V' . (V' -1)+5qlV -F{l- V; J-""v (;)Q [p"' + ""'~' 0
m (

0
mi _ pmJJ] (13) 

1 1 1~ 1 1 F L,. k k p, L,. km p 0 p 
I r k k m mm m 

The thermodynamic factors are given by substitution of Equation (13) into Equation (8) and this into 
Equation (7) . It should be noted that the matrix in Equation (7) has (n-1) x (n-1) elements . 

SAMPLE CALCULATIONS 

One proposed liquid system for mass transfer studies is the ~uaternary system acetone-phenol
water-toluene. This system was recommended by von Reden, et al. 1 Uribe-Ramirez and Korchinsky 
performed multicomponent mass transfer calculations using this system. The initial, equilibrium and 
average concentrations at 293.15 K are given in Table I. 

The mass fractions in the continuous phase are assumed to remain constant. The mass 
fractions of the solutes in the dispersed phase are assumed to reach equilibrium with those in the 
continuous phase at the end of the mass transfer process. When the binary Maxwell-Stefan 
diffusivities are not available from experimental data, they must be predicted. Taylor and Krishna8 

recommended the prediction, firstly, of these diffusivities at infinite dilution of the solute by using a 
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suitable mathematical model. One of the best models for the prediction of the diffusivities in most 
liquid systems is the well-known equation of Wilke and Chan,11 given as 

D 00 . = 7 4 X 10-8 T .ji;M; (14) '·1 · -o.6 
J.JFi 

where D"'i.f is the infinite-dilution diffusion coefficient of the solute i into the solvent j in 

cm2/s, Tis the temperature inK,~ is the mole weight ofj, J.li is the viscosity ofj in cP, v; is the molar 

volume of i in cm3/mole, and ¢II is an association factor for the solventj, which can be found in the 
original reference.11 

Substance Dispersed phase mass fractions Continuous phase 
mass fractions 

Initial Equilibrium Average 
Acetone 0 0.02449 0.012245 0.023 
Phenol 0 0.01751 0.008755 0.008 
Water 0 0 0 0.969 

Toluene I 0.958 0.979 0 

Table 1 Mass fractions of the chemical species used for the calculations 

At higher concentrations, the Maxwell-Stefan diffusivities can be calculated by the following 
interpolating formula8 

D .. = (Doo .. ) (l+xrx1)12 (D oo . . )(l+x,-x1) t 2 
lJ 1,) ) ,l (15) 

The matrix B can be calculated from Equation (3). The mass distribution coefficients for the solutes 
acetone and phenol are 1.06 and 2.19, respectively. 

The matrices of thermodynamic factors and diffusion coefficients are assumed constant over 
the diffusion path; therefore, it is convenient to calculate these matrices at the average concentrations. 
The average concentrations are given in Table I . The matrices of thermodynamic factors are 
calculated from Equation (7) as 

r = an r = [ 
0.99029 -0.215571] d [0.956567 

I -0.096553 0.945302 2 -0.04763 
-0.220592] 
0.95242 

The diffusivity coefficients at infinite dilution, calculated from Equation (14) are 

[ 

0 0.177 2.62] 2 [ 0 0.177 1.066] 2 

E)1 
00 = 3.544 0 2.381 X 10-9 ~ and E> 2 

00 = 3.544 0 0.969 X 10- 9 ~ 
3.142 0.142 0 9.099 0.412 0 

Using Equation (15), the matrices of Maxwell-Stefan diffusion coefficients for concentrated mixtures 
at the average compositions, given in Table I, are 

[ 

0 0.804 2.631] 2 [ 0 
E>1 = 0.804 0 2.262 x 10-9 ~ and E> 2 = 0.798 

2.631 2.262 0 1.085 

0. 798 1.085] 2 

0 0.965 X 10-9 ~ 
0.965 0 s 

The B-matrices, calculated from Equation (3) are 

B = x10- an B = [ 
3.875 -0.167] 8 s d [ 9.224 

1 -0.068 4.575 m2 2 -0.0034 
x10-- 0.024] 8 s 

10.382 m2 

Using Equation (2) the matrices ofmulticomponent diffusion coefficients in the molar reference frame 
are given by 
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[ 
2.548 -0.468] _9 m2 d [ 1.037 -0.237] _9 m2 

Dn1 = x 10 - an Dn2 = x 10 -
-0.173 2.059 s -0.046 0.917 s 

Finally, the matrices of multicomponent diffusivities in the mass average reference frame are given by 

[ 
2.55 -0.291] _9 m2 d [ 1.038 -0.142] _9 m2 

D1 = -0.276 2.058 x 10 -s- an D2 = - 0.075 0.917 x 10 -s-

These matrices can be used for multicomponent mass transfer calculations in liquid-liquid systems. 
Some results for two different systems using the method of calculation reported in this work are 
presented in Table 2. In this Table, the theoretical results are compared with the experimental results 
reported in two different works.13·14 

The results presented in Table 2 show the discrepancies between the predicted and the experimental 
results. Larger errors are found in the system acetone-benzene-methanol. However, the benzene
methanol and acetone-methanol systems are associated binaries; the method does not perform well for 
such systems.12 The errors are slightly lower than those calculated using the NRTL activity coefficient 
model, presented by Kooijman and Taylor.12 However, the UNIFAC model does not need 
experimental values of the parameters, which is an advantage over other activity coefficient models. 
For this system, the maximum overall error is 27% with a maximum diagonal error of 50.6%. For the 
system acetone-benzene-carbon tetrachloride the maximum overall error is 8.7% with a maximum 
diagonal error of 10.5%. The direction of the off-diagonal coefficients is well predicted in all cases, 
except in one of them, for the system acetone-benzene-carbon tetrachloride at x1=0.1497 and 
x2=0.6984, where D~,2 experimental is 0.0137 and D1,2 predicted is - 0.128. 

X J x2 XJ D11 D1 2 D21 D2.2 
Acetone (1)- Benzene (2) - Methanol (3) 

0.3500 0.3020 0.3480 2.8790* -0.4300* -1.0260* 1.2530* 
3.6499t -0.0693t -0.3022t 2.3021t 

0.4000 0.5000 0.1000 3.6950* 0.8890* -1.1510* 1.1050* 
3.8649t 0.8928t -0.3052t 2.2371t 

0.7660 0.1140 0.1200 3.9780* 0.3470* -0.4580* 2.4550* 
3.9119t 0.3259t -0.5119t 3.1681t 

Acetone (1)- Benzene (2)- Carbon Tetrachloride (3) 
0.2989 0.3490 0.3521 1.8490* -0.3180* -0.0910* 2.2440* 

1.8690:t -0.2129_1 -0.0043! 2.2730t . 
0.1497 0.6984 0.1519 2.2020* -0.1280* -0.2480* 2.1270* 

1.9652! 0.0137! -0.1522! 1.9248! 
0.6999 0.1497 0.1504 2.3030* -0.2850* 0.0630* 2.7420* 

2.304lt -0.4019t 0.1848t 2.9969t 
* Data from this work 
t Data from Alimadadian and Colver13 and cited by Kooijman and Taylor12 

:t Data from Cullinan and Toor14 and cited by Kooijman and Taylor12 

Table 2 Comparison of the Diffusion Coefficients in the molar average velocity reference frame for 
two different systems at 25°C (all values of diffusion coefficients are expressed in m2/s x 10!). 

CONCLUSIONS 

In this work, a calculation procedure for the determination of the matrices of multi-component Fick 
diffusivities using the Modified UNIF AC Activity Coefficient Model, Dortmund Version/ is 
described. This method is simple and straightforward to use once the partial derivatives of the natural 
logarithm of the activity coefficients are found. The results from the theoretical calculations are 
compared to the results reported in different works .13

'
14 From the comparison, it was found that for the 
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system acetone-benzene-methanol the maximum average error is 27%, whereas for the system 
acetone-benzene-carbon tetrachloride the maximum average error is 8.7%. Further work to improve 
the accuracy of the predictions is recommended. 
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ABSTRACT 

CHARACTERIZATION OF POLYMERIC REVERSED 

MICELLES 
Yun-Dong Wang, Zhengmin Li, Hansong Huang and You
Yuan Dai 
Solvent Extraction Laboratory, The State Key Laboratory of 
Chemical Engineering, Department of Chemical Engineering, 
Tsinghua University, Beijing 100084, China 

Block copolymers of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) are macromolecular surfactants. 
Variations of the molecular characteristics (PPO/PEO ratio, molecular weight) of the copolymer during synthesis allows the 
production of molecules with optimum properties that meets the specific requirements in different areas. Polymeric reversed 
micelle extraction using amphiphilic block copolymers in organic solutions is a new extraction technique, which is proposed 
by the State Key Laboratory of Chemical Engineering, China. In this paper, polymeric reversed micelle formation and water 
solubilisation by PPO-PEO-PPO triblock copolymers have been systematically investigated. The effect of poly( ethylene 
oxide) (PEO) and poly(propylene oxide) (PPO) ratio on micellisation of block copolymers in various organic solvents such as 
n-hexane, n-heptane, benzene, xylene, etc. has been studied. The results show that GP330 with PPO content of 100% can 
dissolve in any proportion with organic solvents. However, the L series of copolymers (L61 , L62 and L64) only has small 
solubility in organic phase. Water solubilisation studies indicate that polymeric reversed micelle solutions prepared by 
aromatic hydrocarbons can solubilise more water than those of straight chain alkyl hydrocarbons. 

Keywords: reversed micelles, water solubilisation, polyethylene oxides 

INTRODUCTION 

Surfuctants have long been playing an important role in a wide variety of industries as a 
product performance aid. They are amphiphilic molecules containing a non-polar hydrophobic tail, 
usually a straight or branched hydrocarbon chain at one end, and a polar hydrophilic group which can 
be either non-ionic, zwitterionic or ionic at the another end. As a result of the solvophobic association, 
these molecules are capable of forming a rich variety of structurally organized assemblies such as 
micelles and reversed micelles. Reversed micelle solutions consist of aggregates that are formed 
spontaneously by self-aggregation of surfactant molecules in organic solutions .1 

Water-soluble block copolymers of poly( ethylene oxide) (PEO) and poly(propylene oxide) 
(PPO) are macromolecular surfuctants . Variations of the molecular characteristics (PPO/PEO ratio, 
molecular weight) of the copolymer during synthesis allows the production of molecules with 
optimum properties that meets the specific requirements in different areas . It is well established by 
now that block copolymers consisting of a hydrophobic PPO block with hydrophilic PEO blocks on 
each side can form micelles in aqueous solutions if the PPO block is large enough and the 
concentration is high enough. 2 An interesting property of aqueous polymeric micelle systems is their 
ability to enhance the solubility in water of otherwise sparsely water-soluble hydrophobic compounds 
for the core of the micelles provides a hydrophobic micro environment, suitable for solubilising such 
molecules.3 Promising applications are in separations. Hydrophobic pollutants, such as polycyclic 
aromatic hydrocarbons (PAHs), can be selectively solubilised in aqueous solutions of block copolymer 
micelles .4 However, polymeric micelle extraction has many limitations. Extraction can only be 
achieved by a membrane process, in other words, the two phases of micelle and aqueous solutions 
cannot be easily separated if they are brought into contact directly. Polymeric micelle extraction is 
very efficient for extracting non-polar hydrocarbons, but less efficient for polar or water-soluble 
solutes . 

Recent study by Alexandridis and Andersson5 has shown that polyoxyalkylene block 
copolymers can form reversed micelles in organic phase. The solubilisation of water by these 
polymeric reversed micelles has been investigated. Wu, Zhou and Chu.6 Wu and Chu,7 have also 
reported the water-induced micelle formation of a PEO-PPO-PEO copolymer in o-xylene. However, 
the solubilization of water-soluble solute in the polymeric reversed micelle solution has received scant 
attention in the literature. The extraction of phenol by polymeric reversed micelles has been 

© 2000 Society of Chemical Industry 625 



Proceedings ISEC'99 

extensively investigated by the State Key Laboratory of Chemical Engineering. 7"
11 A preliminary 

experimental study on the preparation and characterisation of polymeric reversed micelles was carried 
out in the Solvent Extraction Laboratory.12 

In this paper, the possibility of block copolymer reversed micelle formation and micellisation 
thermodynamics have been experimentally investigated. The specific objective of this paper is to 
explore the potential for using PEO-PPO-PEO block copolymer reversed micelles in the solubilisation 
of water or a dye for the determination of the solution erne as well as w0 (water solubilisation) values. 
The latter is defmed as the molar ratio of water solubilised in polymeric reversed micelle solution to 
molar surfactant. The fact that reversed micelles can solubilise relatively large amount of water can be 
used to determine the onset of polymeric reversed micelle formation. Preliminary results have shown 
that the solubility of water in various copolymer/solvent solutions increases in order of magnitude. 

EXPERIMENTAL 

The polymers used in this study were L61 , L62, L64 and GP330 (Jiangsu Petrochemicals 
Plant, P. R. China). Their formula, PPO content and total molecular weights are listed in table 1. 
Solvents used are n-hexane, n-heptane, n-octane, benzene and xylene. The water solubilisation 
equilibrium experiments were performed by contacting equal volumes of polymeric reversed micelle 
solution with water in a conical flask in a water bath shaker at room temperature (25±0 .1 °C} for one 
hour, at a vibration frequency of 200 rpm, then centrifuged for phase separation. After centrifugation, 
both phases were transparent with a distinct phase boundary. The amount of water solubilised in the 
organic phase was measured by Karl-Fischer titration system. 

Name Formula PPO/(PEO) M.W. of Total 
content(%) PPO M.W . 

L6l H(C~O)ndCJl60)nr(C~O)n3 -OH 90(10) 1750 1944 
L62 H( C2I-40 )n1-(C:Jf60)n2-( C~O)n3 -OH 80(20) 1750 2188 
L64 H(C21-40)n1-(C:JI60)n2-(C2I-40)n3-0H 60(40) 1750 2917 

GP330 H2C-O-(C3H60)n1-0H 100(0) 3000 3000 

I 
HC-0-(C3~0)nrOH 

I 
H2C-O-(C3H60)n3-0H 

Table 1 Physicochemical properties of copolymers 

RESULTS AND DISCUSSION 

Water solubilisation by triblock copolymers in organic solvents is used as an indication of 
polymeric reversed micelle formation and determination of critical micellisation concentration (erne). 
The amount of water solubilised in copolymer-alkyl hydrocarbon solutions over a wide range of 
GP330 concentrations is shown in figure 1. There is a GP330 concentration after which the solubility 
of water in GP330- alkyl hydrocarbon solutions has a dramatic increase. The GP330 concentrations 
are 3%, 4% and 8%, respectively for GP330-n-octane, GP330-n- heptane and GP330-n-hexane. As the 
carbon number in an alkyl hydrocarbon increases, the GP330 concentration at which water solubility 
increases dramatically is decreasing. A sharp increase in the water solubilisation capacity is an 
indicative of the polymeric reversed micelle formation. 
The solubilisation of water can thus be used to determine the erne of amphiphilic block copolymers in 
organic solvents. This is similar to the use of the solubilisation of organic compounds for detecting 
micelle formation in aqueous solutions. The erne for polymeric reversed micelles is then determined 
from the copolymer concentration at which the water solubilisation capacity starts to increase sharply 
as shown in Figure 1. Water solubilisation in polymeric reversed micelle solutions formed with 
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Figure 1 Water solubilisation in GP330 in 
different organic solvents 

different types of hydrocarbons is illustrated in Figure 2. It has been noted that the water solubilisation 
capacity of polymeric reversed micelle solutions with aromatic hydrocarbons is much higher 
than that with straight chain alkyl hydrocarbons . 
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GP330 wt% concentration 

Figure 2 Comparison of water solubilisation in 
GP330 in different organic solutions 

The amount of water solubilised in copolymer-organic solutions over a wide range of 
copolymer concentrations is shown in Figure 3 to Figure 5 for different poly-oxyalkylene copolymers 
of L61 , L62 and L64, respectively. They reflect the effect of the copolymer hydrophilic PEO block 
size on water solubilisation and polymeric reversed micelle formation by these triblock copolymers in 
organic solvents. The water solubilisation capacity with L62 (PEO content of 20%) in xylene is much 
higher compared to that with L61 which has the PEO content of 10%. The erne of L61 and L62 has 
merely a slight difference as they are expressed in molar concentration. The water solubilisation 
capacity increases with the increase of PEO content. 
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Figure 3 Water solubilisation in L61 in organic 
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CONCLUSIONS 

The polymeric reversed micelle formation by poly(propylene oxide)/poly(ethylene oxide)/ 
poly(propylene oxide) triblock copolymers in various organic solvents and the water solubilisation in 
these systems are presented. The ability of the polymeric reversed micelles to solubilise water has 
been used to detect the formation of the polymeric reversed micelles and determine the copolymer 
erne in organic solvent, just as solubilisation of organic compounds is employed for detecting 
micellisation in aqueous solutions. Water solubilisation in polymeric reversed micelle solutions varies 
with different types of hydrocarbons. Water solubilisation in polymeric reversed micelles is much 
higher with aromatic hydrocarbons that that with straight chain alkyl hydrocarbons. The polymeric 
reverse erne values were in the range of 0.01-0.04 molldm3

• The investigation of the polymeric 
reversed micelle formation is useful for the study of polymeric reversed micelle extraction process. 
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ABSTRACT 

MEMBRANE COALESCENCE AS A NOVEL PHASE 

SEPARATION STAGE FOR EXTRACTION PROCESSES 
Sandra Hoffmann and Walter Nitsch 
Technical University of Munich. Institute of Technical Chemistry. 
D- 85748 Garching, Germany 

This paper will propose membrane coalescence as an innovative and efficient process for phase separation of stable oil-in
water-emulsions. It has shown to be capable to separate oil droplets even when strongly stabilized by surfactants and thus 
only of micrometer size, whereby high efficiency of separation (up to > 95 %) and huge flow rates [< 680 m3/(m2h)] are 
reached. Fundamental studies1

•
2.3 on coalescence behavior concentrated on a substance selection known from research on 

extraction topics (additive ofDEPA, an interfacially active complexing agent). 
The method is based on the phenomena, that two-phase flow of the emulsion through a hydrophobic, microporous 
membrane leads to coalescence of dispersed organic phase. Oily domains, as enlarged to millimeter size (i.e. unstable 
aggregates of organic phase containing few aqueous phase), will instantaneously float to the surface and separate in a 
settler. Results concerning effect of technically relevant parameters on separation efficiency will be presented and 
discussed with respect to the mechanistic course. 

Keywords: coalescence, phase separation, microporous membrane, emulsion surfactant membrane, entrainment 

INTRODUCTION 

Regarding the unit operation extraction holistically, one will find technical problems not only in 
the context of mass transfer and concentration. Occurring entrainment, i.e. oily phase dispersed in the 
effuent, has to be removed in a subsequent phase separation stage. In case of emulsion stabilization by 
interracially active substances, the applicable range of mechanical separation methods is reduced to 
ultrafiltration and coalescing by fibre beds4 The aim of this study was to investigate membrane 
coalescence as a new method in regard to the operational range of separation performance as well as to 
the physical mechanism. 

EXPERIMENTAL 

The principle of process is operated in three functional groups ofthe pilot plant (figure 1): 
I. preparation of o/w-emulsion feed by either one of two dispersing tools; 
II. membrane coalescence; 
III. phase separation and volumetric measurement of its efficiency. 

olw-dloporslon 
In reootvolr {50 I) 

1 .... - • - • - • - • -o-----t~ 

Figure 1: Scheme of Experimental Plant 
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Preparation of Emulsion 

First, a 50 dm3 batch of a stable emulsion with a standard o/w-concentration of c0 = 3,3 vol.-% 
was prepared by recirculating for several hours(> 4 hours), by connecting different tools: 

Ia. Dispersion by gear pump, due to shear forces occurring at the gear rim: A circuit flow 
(150 dm3/h) passing a gear pump ('M 838', Schwinherr) was installed in most cases. 

lb. Dispersion according to the rotor-stator-method: In the case of high viscosity oil phases, for 
emulsion preparation the in-line-dispersing tool ' IKA-Super-Dispax SD 41 ' was used. 

Plant Unit of Membrane Coalescence 

The central unit is the coalescer through which the prepared stable o/w-testemulsion was 
transferred by a gear pump (flow up to 190 dm3/h). This was a hydrophobic, microporous membrane 
(table 1) held in place by polypropylene frits of a polycarbonate filter holder ('SM 165 08 B', 
Sartorius). Then, the coalesced phases pass through a sight window for observation purposes, to enable 
a direct view onto the membrane itself while functioning. A special clamping device combining sight 
flow cell and filter holder was developed?. 

material diameter 0 
PTFE 50mm 

Table 1: Geometric Features of Membrane ('Sartorius 11842') in Standard Case 

Determination of Phase Separation Efficiency 

After two-phase flow through the coalescer, liquid phases will be led into scaled settling flasks 
(see figure 1) which serves for volumetric determination of phase separation efficiency 17 commonly 
defined by: 

v 
17= org,a> * 100% 

v org,a 

Since the strong narrowing geometry of the settling flask shows a significant wall effect usually 
separated Vorg, ., is measured after 100 minutes; yet, it must be mentioned that in a normal scale settler 
sedimentation of coalescescing oil domains is spontaneous in all cases. 

Droplet Size Analysis by Measurement of Diffraction Light 

Experiments were accompanied by droplet size analysis ('LS 230', Coulter Electronics), i.e. 
laser diffraction spectrometry as well as ·~olarization Intensity Qifferential Scattering' for the 
submicron particle range. Results will be presented as volume percentage curves. 

Experimental Determination of Organic Load Vo,., m inside Membrane Pores 

After all the contents of membrane pore volume had been extracted by iso-propanol (HPLC 
grade), the volumetric fraction of organic load inside the membrane could be detected by uv/vis
spectrometry ('Cary 4'; A.= 262 run), after a small portion (13 vol-%) of toluene had been first added to 
the aliphatic main phase, due to its distinct extinction coefficient. 

Substance Selections and their Characterization 

Process development was mainly carried out with iso-dodecane I water as a model effluent, 
always with O.l-mol/dm3 additive of DEPA [bis(2-ethylhexyl)-phosphate] as an inter-facially active 
complexing agent exclusively soluble in the oily phase. Therefore interfacial tension was halved to 
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A-= 20,0 e-3 Nlm (measured by ring method,5 tensiometer 'KlO'-Kruess). Deionized water served as 
continuous phase. Effect of dispersed phase kinematic viscosity v = I.5-I27 e-6 m% ('mgw laucia' 
capillary viscosimeter) was investigated with aliphatic technical grade components (paraffins 
I O.I moVdm3 DEPA). 

RESULTS AND DISCUSSION 

Droplet Sizes of 0/W-Emulsions 

Figure 2 shows droplet size distributions d3 of 
two tested emulsions. 
All olw-emulsions with iso-dodecane I DEP A as 
comparably liquid organic phase can be 
dispersed by gear pump (see 'I.a'), the batch 
being recirculated(> I8 times) . 
Independent from olw-concentration (0 .I -
7 vol.-%), dispersing equally resulted in droplet 

size distributions d3 as shown for the standard 
case (3.3 vol.-%) in Figure 2. 
Also, for higher viscosity oil emulsions, 
comparable droplet diameters (Figure 2, viscous 
paraffin) can be reached by plant connection 
with rotor-stator-dispersing-tool ('l.b',Figure 1). 

The Phenomenon of Formation ofW/0-Domains 

droplet diameter [IUTll 

Figure 2: Droplet Size Distributions d3 

Apparently membrane coalescence cannot be treated as mere droplet enlargement from 
micro- to millimeter size, but as formation of unstable 'liquid/liquid-foam'. This resulted from 
photographs3 showing the fluid phases passing the sight window at the membrane outlet. 
Observations, at various flow velocities, led to the conclusion that oil domains built continually from 
coalescing droplets will be displaced from the membrane, carrying with them enclosed fractions of 
water. In the standard case of emulsion, the foamy w/o-domains are so unstable that their 
instantaneous breakdown forms oil droplets of millimeter size. 

Effect of Flow Rate, 0/W-Concentration and Oil Viscosity on Separation Efficiency 

Typically the curve (Figure 3) is characterized by a steep increase of separation efficiency 17 
in the range of low superficial velocities w up to a required value of w min = I* I o-2 m3/m2s where a 
separation plateau of ca. 95 % is reached. As a remarkable fact, residence times inside the thin 
membrane (Table I) can be calculated as of milliseconds for this technically interesting operational 
range; that, in the context of necessary hydrophobicity of membrane, hints at the important role of 
wetting. Transmembrane pressure drops show to be very low [e.g. t1P = 0.3 bar at a flow rate 
J = 100 m3/(m2h), standard emulsion]. 

Membrane coalescence does not much depend on o/w-concentration of emulsion c0 . This is 
correct to say for emulsions prepared with c0 = 0.3 - 7 vol.-% oil-in-water, for the curve shown for 
the standard experiment (see Figure 3, c0 = 3.3 vol.-%) did not change. Only an organic fraction as 
low as c0 = 0.1 vol.-% seems to mark the beginning of a performance limit since the plateau of 
separation efficiency will be decreased to less than 80 %. 

From Figure 4 showing the dependencies 1"/(w) of three emulsions with increasing kinematic 
oil viscosity v it can be seen that the separation plateau breaks off at successively declining 
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superficial velocities w,.a., though its value remains on high level (for maximum phase separation 
efficiencies see Figure 6). Therefore, oil viscosity shows an effect as the technically interesting flux 
range shortens with distinct vicousness of the dispersed phase. 
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90 
~ 
~ 80 
~ 

70 
~ 
c 60 Cll ·u 

<· Ill li: 50 
Cll organic phase: 
c 40 iso-dodecane I 0.1 M DEPA 
0 Ill 0 c0 = 3.3 vol-%; A= 13 *10"" m2 

:;::: 
e! 30 

[] 2*10"" m2 
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Figure 3: Effect of Superficial Velocity w 
and ofO/W-Concentration c0 

Oil/Water Ratio inside Membrane Pores 
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Figure 4: Effect of Oil Viscosity on 
Separation Efficiency 7](w) 
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Resulting from further experiments concerning the ratio of organic versus aqueous phase 
inside the membrane pores (Figure 5), it can be concluded that efficient coalescence always 
correlates to a significant accumulation of oil inside the membrane; this result indicates an important 
role of wetting. In spite of steady state organic load inside the membrane to be expected at rather 
low oily volume percentage co= 0.1 - 7 vol.-% of biphasic affiuent as well as effiuent flux, up to 
more than half of free pore volume can be measured filled with oil (vo~g, m < 70-vol. %). 
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From the fact of different oily loads measurable for various o/w-concentrations no value of 
maximum hold-up, but a ratio of equivalence can be inferred. Furthermore it must be hinted at the 
point of steep decrease of oily load V 0 rg, m with superficial velocity, up to reaching Wm;n, 

characterizing also beginning of phase separation plateau. Further experiments show accumulation 
of organic phase still being high for extremely viscous oils also (vorg. m ~ 25 vol-%, see Figure 6). 

Model Scheme of Membrane Coalescence According to Steps I to IV 

Processes inside the membrane leading to coalescence and aggregation can be understood with the 
model scheme according to Figure 7 as a description for a single membrane pore. 

I. wetting II. aggregation Ill. coalescence of oil 
by coalescence in pore, occlusion 

of aqueous phase 

IV. displacement 
and protrusion 
of w/o-domain 

Figure 7: Model Scheme of Coalescence Process inside a Single Membrane Pore 

I. Wetting of inner surfaces ofhydrophobic membrane by striking oil droplets . 
II. Aggregation of oil wetted regions due to further droplet coalescence. 
III. Coalescence in pore to oily domains thus occluding aqueous phase. 
IV. Displacement from pore and protrusion ofw/o-domain. 

The most decisive evidence of easily coalescing huge w/o-domains is borne by mentioned 
photographs showing the membrane effluent stream [3]. Their existence can be understood as 
formation of aggregates inside the membrane and at its outlet, induced by coalescence and flow 
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through numerous, sponge-like connected pores. A 'tri'-phasic situation (conti-nuous aqueous 
phase, oil domains occluding aqueous droplets) must be favored by obser-ved strong accumulation 
of oil, filling up to more than half of the membrane pore volume. 

CONCLUSIONS 

Table 2 gives a survey into both membrane and fibre bed as coalescing methods by two-phase flow 
of emulsion through porous media. Comparison suggests a special capability of the membrane to 
coalesce tiniest oil droplets, even in the presence of interfacially active substances as DEP A. While 
fibre beds separate best with droplet sizes close to 100 Jlll1, the lower limit for easy gravity settling 
of primary emulsions, membrane coalescence might fill the technical gap in the range of micrometer 
size oil droplets. With usage ofnonionic surfactants good separability of the oil phase could also be 
adjusted [3] . Also, applying the membrane, highly efficient phase separation takes place in a broad 
range of flow rates up to over ten times higher. Yet, due to absence of turbulence (Re ~ 1, also see 
[8]), possible redispersing eventually causing diminution of separation efficiency can be excluded. 

membrane coalescer fibre bed coalescer 
[3] f61 lZl 

organic phase iso-dodecane + DEP A, butyl benzoate, gas., toluene, octanol, 
paraffin+ DEPA; kerosene (Tergitol TMN, butyl acetate 

nonionic surfactants (Brij 52, 56, 58) Sarkosyl 0) 
o/w-concentration fvol.-%] 0.1 - 7 2-5 
inlet droplet diameter fl0-6 ml 1- 10 < 100 
flow rate J [l 0"2 m3 /m2s] 0.1 - 19 0.07- 1.8 
separation efficiency[%] ca. 80-98 complete or partial 

Table 2: Technical Survey on Novel Membrane Coalescer and State-of-the-Art Fibre Bed 

NOMENCLATURE 

co 
J 
Vorg,m 

w 
v 

oil-in-water-concentration of emulsion 
flow rate 
organic load inside membrane pore volume 
superficial velocity (flow rate per free pore cross-sectional area) 
kinematic viscosity of organic dirpersed phase 
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ABSTRACT 

THIRD PHASE FORMATION: A NEW PREDICTIVE 

APPROACH 
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TI!ird phase formation is a common phenomenon in solvent extraction. It has been experimentally well docwnented, 
especially in relation with the separation of actinides in nitric acid solutions, but the phenomenon also exists in the absence 
of metal ions. Its relation with the existence of molecular aggregates in the organic phase seems to be now established. 
The Flory-Huggins theory of polymer solutions has been successfully applied to predict the demixing behaviour in the 
quaternary system dimethyldibutyltetradecylmalonamide (DMDBIDMA)In-dodecane/water/nitric acid. The experimental 
observations concerning the effects of solvent, temperature and acid counter-ion on the critical aqueous phase acidity are 
presented and can be taken into account by this predictive approach. 

Keywords: third phase, Flory-Huggins theory, solubility parameter, malonantides, nitric acid 

INTRODUCTION 

It has often been reported, in solvent extraction, that the organic phase can split into two layers 
in certain loading conditions of the aqueous phase. This phenomenon especially occurs when the latter 
is highly concentrated in acids . It has been commonly observed in the separation of actinides'-3 and it 
constitutes a major drawback for the industrial development of such extraction processes. To avoid as 
far as possible the problem caused by the phase separation a better understanding of the mechanisms 
involved appears necessary. Several reviews24 have analysed the influence of various parameters to try 
to clarify the origin of third phase formation. The aggregation of the extractant molecules has been 
recognised as one of the possible explanations, since aggregation and third phase formation are both 
favoured by high acidities.4 Up to now the approach of this problem had remained essentially 
qualitative. It is only recently that different efforts have been made to gain some insight into the 
chemical origin of this process at the molecular level and to predict the phenomenon of third phase 
formation on theoretical grounds. In a first approach, which concerned the extraction system consisting 
of dimethyldibutyltetradecylmalonamide (DMDBTDMA)/n-dodecane/water/nitric acid, Erlinger et al5 

have considered the role of the interactions between the aggregates formed by the extractant molecules 
in the organic phase. A Baxter type potential (hard sphere sticky potential) was used to describe the 
behaviour of this complex fluid. This model was further developed to predict the demixing curves when 
different diluents were considered,6 showing a satisfactory agreement with the experimental results . A 
completely different predictive approach based on thermodynamic considerations has been attempted by 
Lefran~ois et al. who have made use of the Flory-Huggins theory of polymer solutions. A preliminary 
report7 of this work has demonstrated very encouraging results. We will recall here the principles that 
are behind this new approach; we will report some new experimental data concerning the above 
mentioned extraction system and we will compare them with the theoretical prediction from the model 
used. 
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EXPERIMENTAL 

The extractant dimethyldibutyltetradecyhnalonarnide (DMDBTDMA) 99 % pure was obtained 
from PANCHIM (France) and used as received; n-dodecane (purum), n-hexane (puriss) and nitric acid 
(65 %) were from Fluka; n-hexadecane (pro synthesis) from Merck; HCI (37%) from SDS; H2S04 (95-
98%) from ACROS; HCI (70-72%, normapur) from Prolabo. For details concerning the preparation of 
the diphasic or triphasic systems and for the analysis of their composition the reader is referred to 
previous publicationsY A digital densimeter (Anton Paar, Austria) was used to perform the density 
measurements (calculation of the apparent molal volumes) . 

THEORY 

The Fiery-Huggins theory of polymer solutions8 was applied before to the case of aqueous solutions of 
non-ionic surfactants to predict the dernixing behaviour associated with the so-called clouding 
phenomenon.9 We found that there was some analogy between this phenomenon and the splitting of the 
organic phase observed in liquid-liquid extraction. In both cases the part played by the inter-aggregate 
interactions have been stressed. We have previously discussed the limitations of this approach and the 
approximations that are involved7

• To treat the problem of third phase formation, the existence of the 
aqueous phase is ignored, and is only considered for the acidity it brings to the system, and we analyse 

the splitting of the organic phase. For this we calculate an "interaction parameter" x12 between the 
extractant aggregates and the organic diluent. This interaction parameter has been shown correlate with 
the acidity of the aqueous phase. 7 Phase splitting occurs when this parameter reaches a critical value. 
In addition a relationship exists between X12 and the "solubility parameter" 82 of the extractant 
aggregates; the latter should be considered as an apparent parameter since it depends on the acid 
loading. 

The system is described by the following equations (application of the equilibrium condition to 
the chemical potentials of the solvent (subscript I) and of the solute (subscript 2) in each organic phase) 

, I , '2 • I . ' 2 
Lnv, - (1- - )v 2 +x,2 v 2 =Lnv, -(1- - )v 21 +x 12 v 2 [1] 

X X 

1 ' 1 ' '2 1 . 1 . '2 
-Lnv 2 -(1--)v, +x 12 v 1 =-Lnv 2 -(1--)v, +x 12 v 1 [2] 
X X X X 

where v; are the volume fractions in the less concentrated phase and v; in the more concentrated one. 

v ; = 1-v~ 

v ; = 1-v; 
nV2 x = --
V, 

[3] 

[4] 

[5] 

where n is the number of extractant molecules in the aggregates (aggregation number) and Vi the molar 
volumes of the solvent or of the solute molecules (molar volume of a monomeric unit in the aggregates). 
For the calculations the V2N 1 ratio will be approximated by the ratio of the molecular weights M2/M1. 

These equations have to be solved for given values of x in order to obtain v~, v; and x12 (see 

references7
• 

10 for more details) . 

The experimental values of v~ and v; were calculated from the following equations applied to 

both phases : 

638 

[6] 

[7] 



Fundamental Studies 

where Cis the extractant concentration, d the density of the phase, do that of the diluent and M2 the 
molecular weight of a monomeric unit in the aggregates. For reasons discussed before7 these 
monomeric units, near the critical acidity, were assumed to consist of the association of one extractant 
molecule with one molecule of nitric acid (DMDBTDMA: HN03) . 

Each experimental couple of values of ( v ~, v ; ) can be associated with a value of x.12 (and thus 

with the corresponding HN03 concentration), the value of x being fixed. The best agreement between 
the experimental data and the theoretical prediction is found by adjusting the value of x . 
The ~pparent solubility parameter of the extractant aggregates c~h for a fixed aqueous phase acidity is 
related to x.12 by the following expression11

: 

VI 2 
x \2 = RT (o l - o2) [8J 

RESULTS AND DISCUSSION 

The conditions of third phase formation were investigated varying the nature of the solvent, the 
temperature and the nature of the aqueous acid solution. 

Solvent effect 

Although the qualitative behaviour was already known for the three solvents n-hexane, n
dodecane and n-hexadecane7

, no quantitative comparison between experiment and theory had been 

possible so far because the volume fractions v ~ and v; were not determined for n-hexane and n

hexadecane. This has now been done and we compare in Figures 1 and 2 the experimental results with 
the best fits obtained from the Flory-Huggins approach. 

0 2 4 6 8 10 12 14 

[HN0 3)aq (moVI) 

Figure 1. Solvent effect: experimental results 
and theoretical curves (x=14). T=25°C 

0 2 4 6 8 10 12 14 

[HN0 3)aq (mol/1) 

Figure 2. Solwnt effect: experimental results 
and theoretical cur.es (variable x ; n as 
indicated). T=25°C 

The theoretical demixing curve drawn for n-dodecane corresponds to the minimised sum of squared 
deviations, obtained for x=l4, which gives an aggregation number of about 5. The relationship between 
x12 and the HN03 concentration could then be established and from equation [8] we can associate an 
apparent value of &2 to each value of x12 after introducing in the equation the molecular parameters of n-
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dodecane {V1=228 .6 cm3 
• mole"1 and &1=7.8)12

. For the two other solvents Xn was recalculated using 
now the proper parameters of the solvent considered (131.6 cm3 ·mole·\ 7.3 and 294.1 cm3 ·mole·\ 8.0 
for n-hexane and n-hexadecane, respectively)12

, leading to new relationships between x12 and acidity. 
The results are represented in Figure 1. The theoretical prediction is quite food for n-hexadecane and n
dodecane but it could be better for n-hexane. It should be emphasised that x being fixed (x=l4), 
equation [5] implies that the aggregation number will change depending on the solvent considered (here 
we would obtain an aggregation number of about 2 inn-hexane and 6 in n-hexadecane). In Figure 2, we 
have kept the relationships between Xn and acidity as established before, but we have i) fixed the value 
of the aggregation number to n=5 in all the solvents (the value ofx is no longer fixed), and ii) varied this 
value for n-hexane. The results show that the model correctly predicts the shift of the critical acidity, 
although there is some uncertainty on the actual aggregation number, which may slightly change from 
one solvent to another. 

Temperature effect 

The critical aqueous phase acid concentration above which a third phase starts forming has 
been determined at different temperatures. The results obtained when a 0.3 M solution of 
DMDBTDMA in n-dodecane is equilibrated with different aqueous solutions of HN03, are represented 
in Figure 3. In first approximation we expect a variation of Xn inversely proportional to the 
temperature as indicated by equation [8]. The variations of V1 and oi with temperature have been 
neglected, but they should obviously be taken into account in a further refinement of this approach. 
Within the previous approximation, we can associate with each acidity and each temperature a value of 
the interaction parameter. For each temperature the dernixing is assumed to occur when Xn attains the 
critical value x12=0.81 which was previously obtained in n-dodecane with x=l4. The corresponding 
critical acidity have been represented in Figure 3. There is a slight and almost constant shift between 
the experimental data and the theoretical prediction, but the trends are very similar. Data previously 
reported in the literature by Smith et al3 show the same trends in the case of 0.5 M DMDBTDMA in 
TPH, but the critical acidities are shifted towards higher values, branched solvent being known to 
reduce third phase formation. 

[HN0 3)0 q (mol/1) 

5 

4.5 3q, 
4 

3 .5 

~ 3 

2 .5 I 
I 

2 

1 .5 2cjl 

0.5 

0+---,---,---,---,-_J 

0 10 20 30 40 

Figure 3. Temperature effect: limit ofthe 2 
phase- 3 phase transition (experiments (I ); 
theory (continuous line)) 

Effect of the nature of the aqueous acid solution 

2q, 

HCI 

3q, 

0 2 4 6 8 10 

Figure 4. Domain of2 phase- 3 phase 
transition for different acids. Organic phase: 
0.3M DMDBTDMA in n-{jodecane. T=2s·c 

For the experiments reported in Figure 4, we have fixed the initial concentration of DMDBTDMA in n
dodecane at 0.3 M, and this solution was equilibrated with an aqueous solution containing increasing 
concentrations of acids, to determine the critical concentrations (or at least the concentration domain) at 
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which third phase fonnation occurs . This was done for four different acids, for which the critical 
concentrations were found in the order: 

HCl04<HN03<HCl<H2S04 
This order follows the Hofineister ion series (or "lyotropic" ion series), which is known to express the 
effect of these anions on the water structure13

. The large Cl04' ion, at one end of the series, has been 
qualified as a "water structure breaker" and its transfer in an organic phase is much easier than for the 
SO/ ion, at the other end of the series, known as a "water structure maker" 13'14. By comparison with 
our previous results obtained with HN03 (taken here as a reference) we can thus assume that the critical 
value of the interaction parameter X12 will be attained with either a lower (case of HC104) or a larger 
(cases of HCl and H2S04) acid loading of the aqueous phase. This means that for a same acid 
concentration in the external phase the apparent solubility parameter lh will vary with the nature of the 
acid. For instance at 3 M of acid, where the theory predicts an apparent o2 of 10.75 for HNO/, we 
expect that the corresponding values for HC104 and H2S04 will be respectively larger and lower than 
10.75. We cannot say more at this stage of this work and a quantitative estimate ofthe o2 values will 
require additional experiments. 

CONCLUSIONS 

We have shown here that the influence of many parameters known to affect the conditions of fonnation 
of a third phase in solvent extraction can be predicted within the framework of the theory of Flory
Huggins. The concept of the interaction parameter x12 predicting the stability of polymer solutions was 
extended to the case of the extractant aggregates existing in solvent extraction. The demixing is 
governed by the value of the apparent solubility parameter of these aggregates associated with the 

critical value of X12-
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ABSTRACT 

SALT EFFECT IN THE QUATERNARY SYSTEM 

WATER+ ETHANOL+ 1-PENTANOL+ SODIUM 
CHLORIDE AT 25°C 
MM Olaya, A Botella and A Marcilla 
Chemical Engineering Department. University of Alicante. Apdo. 
99. Alicante, Spain 

The liquid-liquid-solid equilibria in the two-liquid and two-liquid + one-solid quaternary regions for the quaternary system 
water + ethanol + 1-pentanol + sodiwn chloride at 25 "C have been determined. Tie lines and tie-triangles data were 
measured after separating the conjugated phases. Distribution and selectivity curves are represented to analyse the sodiwn 
chloride salt effect and to compare these results with those obtained for the water + ethanol + !-butanol + sodiwn chloride 
water + ethanol + !-butanol + potassiwn chloride and water + ethanol + acetone + sodiwn chloride. A modification of the 
Eisen-Joffe equation has been used to correlate the tie-line and tie-triangle data yielding good results 

Keywords: phase equilibria, salting-out, salt effect. 

INTRODUCTION 

The addition of a salt to a liquid-liquid ternary system modifies the solubility of the solute and 
its distribution between two liquid phases (salt effect). This effect can be used to improve the 
conditions of extraction of some solutes. This paper is part of a series of studies involving quaternary 
systems including an inorganic salt. In all these systems the solute is ethanol and we study its 
distribution between organic and aqueous phases and the selectivity of the solvent for the ethanol 
extraction using different salts and solvents (water is present in all the systems studied). To obtain this 
information in a systematic and useful way it is necessary to determine the equilibrium data (tie-lines, 
tie-triangles and solubility surface of the salt) in all the equilibrium regions of the systems (two 
liquids, one liquid + one solid and two liquids + one solid regions). The systems previously studied at 
25°C are the following: 

Water+ Ethanol+ 1-Butanol +Sodium Chloride1 

Water+ Ethanol+ 1-Butanol +Potassium Chloride2 

Water+ Ethanol+ Acetone+ Sodium Chloride3 

The objective of the present work is to study the system Water + Ethanol + 1-Pentanol + 
Sodium Chloride and compare the salt effect with the previous systems considered. 

EXPERIMENTAL 

Chemicals 

Water used was bidistilled, and ethanol, 1-pentanol and !-propanol (used as internal standard 
in the chromatographic analysis) were analytical reagent grade (Merck). The contents of possible 
volatile impurities were examined by gas-liquid chromatography. The purity of all compounds 
determined by chromatography was minimum 99.5% (mass). Sodium chloride (Merck) was anhydrous 
and of reagent grade, and was dried before used. 

Analytical Methods 

Equilibrium measurements were made by preparing mixtures of known overall composition, 
stirring intermittently for 48 hours and allowing the mixtures to settle for 24 hours at a constant 
temperature of 25±0.1°C. At the end of each experiment, samples were taken from the liquid phases 
and analysed. Water, ethanol and 1-pentanol were determined by gas chromatography using a 
Shimadzu gas chromatograph GC-14A with an AOC-14 Auto Injector and an electronic integrator C
R64 Chromatopac. The column used was a 2m x 118" Porapack Q 80/100 and the column temperature 
was 180 °C. The helium flow rate was 30 cm3min·1

. The internal standard method was applied for the 

© 2000 Society of Chemical Industry 643 



Proceedings ISEC'99 

quantitative analysis, using !-propanol as the standard. For the analysis of water, ethanol and 1-
pentanol in the organic phases a thermal conductivity detector (TCD) was used. Nevertheless, when !
propanol was added to the aqueous phases, sodium chloride precipitated. Consequently, these samples 
were diluted with water until transparency, ethanol and 1-pentanol contents were determined using a 
flame ionization detector (FID) and water was calculated by mass balance. 

Sodium chloride was determined by two different methods depending on its concentration. In 
samples with concentrations higher than 0.5% (mass) it was gravimetrically determined by 
evaporating the solution at 1050C, until constant mass. Samples with lower concentrations were 
titrated with AgN03. At low salt concentrations the error involved with the gravimetrical method is 
large. 

Duplicates of each heterogeneus mixture were prepared and analysed. The relative accuracy of 
the mass fraction measurements of each of the components was approximately 1%. 

Experimental Methodology 

The methodology used to study the water-solute-solvent-inorganic salt systems has not always 
been adequate nor systematic, and it could lead to doubtful conclusions.4 In a previous paper1 a 
methodology for the determination of the equilibrium data of quaternary systems including an 
inorganic salt was suggested. This methodology is applied in the present paper to the quaternary 
system Water (A)+ Ethanol (B)+ 1-Pentanol (C)+ Sodium Chloride (D) at 25°C. 

Figure l(a) shows a qualitative representation of this or similar systems (systems with only one 
partially miscible liquid pair and the two other liquid pairs being totally miscible and the salt does not 
form hydrates). In these systems the following equilibrium regions can be distinguished: 

The two liquids region (2L) 
The one liquid+ one solid region (lL+lS) 
The two liquids+ one solid region (2L+ IS) 
The one liquid region (lL) 

To discuss the salt effect of the salt for the solute extraction it is necessary to determine the 
equilibrium data in the system without salt and in the 2L and 2L+ 1 S quaternary equilibrium regions. 

Figure l(b) shows a schematic representation of the methodology used, where the initial 
mixtures (a, d and h) and the compositions of the equilibrium phases (b-e, e-f-g, and i-g) have been 
indicated. 

a) 

In the 2L zone, an initial mixture represented by point a, splits into two liquid phases (b 
and c). 

In the 2L+ 1 S zone, an initial mixture, represented by point d, splits into two liquid phases 
(e and f) and one solid phase (g). 

b) ethanol 

water 
sodium 
chloride sodium 

chloride 

1-pentanol 1-pentanol 

Figure 1. a) Qualitative representation of the liquid-liquid-solid equilibrium in water+ ethanol+ 
1- pentanol + sodium chloride system at 25 oc. 

b) Representation of the initial mixture network to determine the quaternary regions. 

644 



Fundamental Studies 

Then, preparing initial mixtures as a and d and analysing the compositions of the b, c, e and f 
phases (g is in all cases the salt) the equilibrium data can be determined. The initial mixture points (as 
a in Figure 1(b)) to obtain the tie-lines in the 2L region have been prepared in sectional planes. These 
mixture points, in different sectional planes, form a network in the 2L region. 

RESULTS 

Ternary systems 

Two of the four ternary systems including in the quaternary system reported in this paper have 
been published in previous papers: water + ethanol + 1-pentanol (5], water + ethanol + sodium 
chloride. 1 The ternary system water + 1-pentanol + sodium chloride has been submitted for 
publication.6 The ternary system ethanol+ 1-pentanol +sodium chloride shows a solubility curve of 
the sodium chloride. The ternary system ethanol + 1-pentanol + sodium chloride has been determined 
by titration with AgN03• The values of solubility of the sodium chloride in ethanol and 1-pentanol are 
very low (0.068 and 0.012 'Jiomass, respectively). 

Quaternary system 

Two sectional planes (SP 1 and SP2) were selected to study the 2L region: 
SPl: (92.1%A + 7.90%D) + 100%B + (9.50%A + 90.5%C) 
SP2: (84.0%A + 16.0%D) + 100%B + (8.00%A + 92.0%C) 

Table 1 and table 2 show the tie-lines obtained in the sectional planes SP1 and SP2, respectively. 
Table 3 shows the equilibrium data (tie-triangles) in the 2L+lS region. 

Agueous Ehase Organic Ehase 

IOO~A) 100 \\{B) IOO~C) 100 \\{D) 100 \\{A) 100 \\\Bl 100\\{Cl 100 \\{D) 

91.8 0 0.958 7.23 8.41 0 91.5 0.039 

86.8 4.52 1.06 7.57 10.1 7.19 82.7 0.040 
82.7 8.56 1.14 7.58 12.6 14.9 72.4 0.120 

79.0 12.1 1.23 7.67 15.7 21.9 62.2 0.159 

75 .4 15.0 1.60 7. 97 20.0 28.2 51.2 0.597 

71.6 17.6 2.50 8.33 25.9 32.9 39.9 1.29 

Table 1. Tie-lines obtained (preparing initial mixtures in SP1) in the two-liquids quaternary region for 
the water(A) +ethanol (B)+ 1-pentanol (C)+ sodium chloride (D) system at 25°C. 

Agueous Ehase Organic Ehase 

100~A) 100 ~B) 100 ~C) 100 ~D) 100~A) 100~B) 100 3C) 100~D) 

83.8 0 0.379 15.9 6.70 0 93.3 0 

80.6 3.45 0.429 15.6 8.63 9.13 82.1 0.119 

77.2 7.00 0.477 15.4 11.1 18.5 70.1 0.197 
74.1 10.0 0.576 15.3 14.0 27.0 58.5 0.478 

71.1 12.6 0.739 15.5 17.8 34.3 46.8 1.07 

67.9 15.2 1.11 15.9 22.4 39.4 36.2 1.95 

64.0 17.9 1.90 16.1 26.7 41.7 27.9 3.67 

Table 2. Tie-lines obtained (preparing initial mixtures in SP2) in the two-liquids quaternary region for 
the water(A) +ethanol (B)+ 1-pentanol (C)+ sodium chloride (D) system at 25°C. 
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Aqueous phase Organic phase 

100w(A) 100 w(B) 100 w(C) 100 w(D) 100 w(A) 100 w(B) 100 w(C) 100w(D) 

73.6 0 0.121 26.3 4.74 0 95.2 0.039 
72.4 2.40 0.155 25 .0 6.10 10.3 83.5 0.080 
71.5 4.57 0.208 23 .7 8.57 21.4 69.7 0.316 
70.4 6.82 0.273 22.5 10.6 28.7 60.1 0.598 
69.1 9.53 0.376 21.0 13.9 34.3 50.6 1.20 
67.0 12.3 0.624 20.1 18.9 41.9 37.1 2.11 
64.5 15.8 1.44 18.2 25.4 44.2 26.4 3.87 

Table 3. Tie-triangles obtained in the two-liquids +one-solid quaternary region for the water(A) + 
ethanol (B)+ 1-pentanol (C)+ sodium chloride (D) system at 25°C. 

DISCUSSION 

To analyse the salt effect, the distribution curves of ethanol between water and 1-pentanol 
(Figure 2(a)) and the selectivity curves of 1-pentanol for the ethanol extraction (Figure 2(b)) have been 
presented. The distribution (Kd) and the selectivity (m) coefficients are defined as 

Kd = (wilor (1) mi = ((wi+~waterlt 
' (wi)aq ( w J 

(wi +~water) aq 

(2) 

where (wi)p is the mass fraction of component i (ethanol in this case) in phase p (or=organic phase 

and aq=aqueous phase). 
In these figures, points corresponding to the tie-triangles, the tie-lines of SPl and SP2 for the 

quaternary system water + ethanol + 1-pentanol + sodium chloride and the tie-lines of the ternary 
system water + ethanol + 1-pentanol have been plotted. As can be observed, the distribution of ethanol 
in the organic phase and the selectivity of 1-pentanol for the ethanol extraction follow the sequence: 
three-phase region > SP2 > SPl > no-salt ternary. Consequently, these coefficients are favoured by 
increasing the amount of salt in the system. 

a) 

40 

-i 30 
.! 
~ 20 

10 

b) 

0.8 

4 0.6 

t 
.! 0.4 

i 
0.2 

0~------.---.---.-~ 

10 20 30 40 so 0 0.2 0.4 0.6 0.8 
100 (wa).. (wof(wo+w..Vl .. 

1-+- Ternary system A+B+C ....... SP1 ..... ,,,,, ..... SP2 •*-' 2L +1 sl 1-+- Ternary system A+B+C -e- SP1 ·.·.-,,;.,.·.· SP2 ~- 2l+1S I 
Figure 2(a) Distribution curves of ethanol. (b) Selectivity curves of 1-pentanol for ehanol extraction, 

obtained in the different regions studied for the quaternary system water + ethanol + 
1-pentanol +sodium chloride at 25°. 

In figures 3 and 4 the distribution curves of ethanol and selectivity curves of the solvent for 
the ethanol extraction, respectively, for different ternary (without salt) and quaternary (saturated with 
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salt) systems have been represented to compare the magnitude of the salt effect with different salts and 
solvents . 

It can be deduced that the highest values of ethanol concentration in the organic phase 
(approx. 45 %mass) are achieved using 1-pentanol and sodium chloride (figure 3). With !-butanol 
and sodium chloride the maximum is approx. 40 % and with 1-butanol and potassium chloride less 
than 35 %. With acetone and sodium chloride the concentrations of ethanol in organic phases are very 
low (less than 10 %}, but we have to consider that in the ternary system without salt (water+ ethanol+ 
acetone) all binary pairs are totally miscible. If the extraction with 1-butanol and 1-pentanol are 
considered without salt, only less than 15 % and 25 % of ethanol can be obtained, respectively. 

50r--------------------------------------, 
45 

40 

• 35 
}/.. 
0 30 . . 
~ 25 

; 20 
~ .., 
C IS 

10 

25 30 

(lOO ·W ethanol)aq 

• Water+Ethanol+l-Butanol • Water+Ethanol+l-Butanol+NaCI (sat .) 

A W ater+Ethanol+l-Butanol+KCI (sat.) + Water+Ethanol+l-Pentanol 

X Water+Ethanol+l-Pentanol+NaCl (sat .) e Water+Ethanol+l-Pentanol 

Figure 3. Distribution curves of the ethanol for different quaternary and ternary systems to compare 
the salt effect. 

0.8 r-----------------------------------------, . 
~ 0 .7 
~ 

; 0.6 

~ 
+ 0 .5 
0 
= • 0 .4 

~ 
~ 0 .3 

0 
; 0.2 

~ 0 .1 

~ 

0 .1 0 .2 0 .3 0.4 

(Wethano1/(Wethano1 +W,.ater))aq 

• Water+Ethanol+l-Butanol • W ater+Ethanol+l-Butanol+NaCI (sat.) 

~ Water+Ethanol+l-Butanoi+KCI (sat.) + W ater+Ethanol+l-Pentanol 

X Water+Ethanol+l-Pentanol+NaCI (sat.) e Water+Ethanol+Acetone+NaCl 

Figure 4. Selectivity curves of the ethanol for different quaternary and ternary systems to compare the 
salt effect. 

If the selectivity of the different solvents (1-butanol, 1-pentanol and acetone) for the ethanol 
extraction is considered both with and without salt (figure 4}, it can be seen that the highest selectivity 
is achieved using 1-pentanol and sodium chloride. But if we compare the results obtained for the same 
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system with and without salt the highest salt effect is produced in the ternary system water + ethanol + 
1-butanol, when sodium chloride is added to saturation. 

The methods for correlating the equilibrium data can be classified into two broad general 
groups. The first group could include models with a physical background, which use equations like 
NRTL, UNIQUAC, ... to represent the interactions between the binary pairs. These models must be 
combined with any of the existing theories to represent the activity coefficient of the ionic species, 
such as those by Debye-Hiickel, Pitzer,7

•
8

. Nevertheless, this approach is out of the scope of the 
present paper and has not been considered. The second broad group corresponds to merely empirical 
models suitable for representing the behaviour observed. The Eisen-Joffe equation9 and the modified 
Eisen-Joffe equation, 1 which is the model attempted in this paper, belong to this latter group. This 
modified Eisen-Joffe equation can be written as 

( 
W i J I ) ( ) ( W solute J log -. =\a +P ·IOO(wsaltlaq + y+8·100(w 58n)aq · log - - - + 
W 1 or W water aq 

+(A. + T] ·100 (w salt laq ). [log (:solute J ]
2 

water aq 

(3) 

and it was applied to the systems: water+ ethanol+ 1-butanol +sodium chloride, water+ ethanol 
+ acetone + sodium chloride and water + ethanol + 1-butanol + potassium chloride. Very good 
agreement between experimental and calculated data were obtained where (wsolutefwwater)aq was the 

ratio (wethanoJIWwater) in the aqueous phase and the ratios (w/wi) or selected were (wethano/Wwater), 

(wethano/WsoJvent) and (wsaJtWsolvent), in the organic phase. 
In order to determine the organic phase in equilibrium with a given composition of the aqueous 

phase, three equations of this type are needed. The three equations used to correlate the equilibrium 
quaternary data of the system water+ ethanol+ 1-pentanol +sodium chloride have been: 

Io{ :: l = (a+f3 ·10(Xw0 ).,)+(y+8 ·IO<xw0 ).,)·Io{ : : ) .. ++(A.+TJ ·lO<xwo ).,){o{ :: J .. r 
lo{ ::J. =(a'+I3'·10(Xw 0 )oq)+(y'+8'·10{Xw0 ),J!o{ ::t ++(A.'+T]'·IOO(w 0 )oq){lo{ ::J.J 
Io{ ::l =(a"+I3"·IO<xw0 ).,)+(y"+8"·10<xwo).,)·Io{ : : ) .. +(A."+TJ"·IO<xwo).,){Io{ :: J .. r 

(4) 

(5) 

(6) 

where (w;)pare the mass fraction of component i (A=water, B=ethanol, C=1-pentanol and D=sodium 
chloride) in phase p (or= organic phase and aq =aqueous phase) and a., f3, y, 5, A. and 11 are empirical 
parameters to be optimized. The tie-triangle and tie-line data were correlated together. 

The simplex flexible method [1 0] has been used as the optimization method to determine the 
parameters of the correlation. The objective function and the standard deviation used have been 
calculated using the equations 7 and 8, respectively, 

[ ]

2 
n 

O.F =I I W; - I .!L 
k=l [ 'Wjl.~L [ i Wjl.~L (7) (8) 

where ij = water, ethanol, 1-pentanol, sodium chloride, i :t: j, exp = experimental, cal = calculated and 
n =number of tie-lines and tie-triangles . 

Table 4 shows the results of the correlation (parameters calculated and objective function and 
standard deviations values). Figure 5 shows the representation of experimental and calculated data for 
the three correlations carried out. A very good agreement can be observed for all the data. 
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Figure 5. Correlation of results, using a modification of the Eisen-Joffe equation, for the water+ 
ethanol+ 1-pentanol +sodium chloride system at 25°C. Calculated data using a) eq 4, 
b) eq 5, and c) eq 6. 

Equation (4) Equation (5) Equation (6) 

a. -0.55374363 a.' 0.2587267 a." 2.4250426 

p 0.00248787 P' 0.05508861 P'' -0.07641547 

y -1 .54290825 y' 1.07981596 y" 9.61849893 

() -0.0208272 ()' 0.04363218 ()" -0 .27970938 

A. -1.15049718 A.' -0.14505601 A." 4.64264389 

11 0.00362459 11' 0.01877037 11" -0.16216138 

O.F. 0.01445775 O.F. 0.03695552 O.F. 0.07395524 

(j 0.94337 

Table 6. Correlation results. 

CONCLUSIONS 

The two-liquid, two liquid + one-solid and one-liquid + one-solid regions of the system water 
+ ethanol + 1-pentanol + sodium chloride have been systematically studied at 25°C. 

The addition of sodium chloride improves ethanol extraction by 1-pentanol. This improvement 
results from the salt effect that modifies the phase equilibria, increasing the distribution coefficient for 
ethanol and the selectivity of 1-pentanol as the mass of salt increases. 

The distribution of ethanol and the selectivity for the ethanol extraction are more favourable 
using 1-pentanol and sodium chloride than using the following combinations: !-butanol + sodium 
chloride, !-butanol + potassium chloride and acetone + sodium chloride. 

A modification of the Eisen-Joffe equation has been used to correlate the tie-line and tie-triangle 
data for the 2L and 2L + IS regions, yielding good results. 
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ABSTRACT 

STUDY OF INCLUSION COMPLEX FORMATION OF 

SUBSTITUTED CYCLODEXTRINS WITH XYLENE 

ISOMERS 
I Uemasu 
National Institute for Resources and Environment, 16-3 Onogawa, 
Tsukuba, Ibaraki 305-8569, Japan 

6-0-a-D-glucosyl-a-cyclodextrin (CD) showed high selectivity in fonning an inclusion complex with p-xylene. On the 
other hand, 2,6-di-0-methyl-a-CD and 6-0-maltosyl-P-CD did not show such selectivity. It corresponded to the values of 
the formation constants of inclusion complexes detennined on the basis of fluorescence measurements. 6-0-a-D-glucosyl-a
CD was supposed to form mainly the 2:l(CD: p-xylene) inclusion complex, while the latter CDs form the 1:1 inclusion 
complex. The value of the formation constant of 6-0-a-D-glucosyl-a-CD-p-xylene complex was greater than those of the 
CO-other xylene isomer complexes. The values of the formation constants of 2,6-di-0-methyl-a-CD-p-xylene complex and 
6-0-maltosyl-P-CD-p-xylene complex were not very large compared to those of the CD-other xylene isomer complexes. The 
high selectivity in the inclusion of p-xylene by 6-0-a-D-glucosyl-a-CD seems to be attributable to the formation of the 2: I 
inclusion complex. 

Keywords: cyclodextrins, xylene, inclusion complex 

INTRODUCTION 

Cyclodextrins( CDs ) have the structure of a doughnut-shaped ring composed of six or more 
a-1,4-linked D(+)-glucopyranoses. They can accommodate various kinds of organic compounds in 
their apolar cavities to form inclusion complexes. The selectivity in the complex formation chiefly 
depends on the size and shape of guest species. 1 It was previously demonstrated that selective liquid
liquid extraction of xylene isomers is possible by the use of aqueous solutions of branched 
cyclodextrins.2•

3 In particular, branched a-cyclodextrins show high-selectivity in forming inclusion 
complex with p·xylene and extracting it from a xylene mixture. The great advantage is that it can 
avoid the formation of solid inclusion complexes that are extremely fine and sticky. In this study the 
inclusion complex formation of three kinds of substituted cyclodextrins (see figure I) with xylene 
isomers were examined in aqueous solution systems. To clarify the property of inclusion selectivity, 
the complex formation constants in the aqueous solution systems of the substituted cyclodextrins and 
xylene isomers were determined measuring the fluorescence intensity change and were compared. 

EXPERIMENTAL 

Materials 

6-0-a-D-glucosyl-a-CD (G-a-CD) and 6-0-maltosyl-!3-CD (M-J3-CD) were supplied by 
Ensuiko Sugar Refining Co., Ltd. (Japan) . These branched CDs contain less than 1.5% impurities. 
2,6-Di-0-methyl-a-CD (D-a-CD), o-xylene, m-xylene, p-xylene, xylene mixture and diethyl ether 
were purchased from Wako Pure Chemical Industries, Ltd. (Japan) . Ethylbenzene were obtained from 
Tokyo Kasei Kogyo Co., Ltd.(Japan). All were guaranteed reagents. Distilled and deionized water 
was used. 

Inclusion Extraction 

0.10 mol/dm3 aqueous solutions of substituted CDs, i.e. G-a-CD, D-a-CD and M-J3-CD, were 
prepared. 1 cm3 of xylene mixture was added to 10 cm3 of a CD solution and stirred in a thermostatic 
bath at 25°C for 15 minutes . No solids deposited. The reaction mixture was left undisturbed for a few 
minutes. Then it separated into two layers: the upper was the organic phase of xylene isomers and the 
lower was the CD aqueous solution in which guest species were extracted by inclusion complex 
formation . The CD aqueous solution was centrifuged at 3,000 rpm for 15 minutes to remove the 
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dispersed organic components in it. Then 5 cm3 of the CD solution was taken into a separatory funnel, 
diluted with water and shaken with diethyl ether. Then the inclusion complex was dissociated and the 
aqueous layer became a transparent solution of a substituted CD. The guest species were extracted 
into the ether layer. The ether solution was subjected to chromatographic analysis. 

Figure 1. Scheme of Cyclodextrin 

A glucopyranose unit is shown. a-CD is composed of six units. G-a-CD has one glucosyl 
group replacing the H atom of the OH group at the 6-position carbon. D-a-CD has twelve methyl 
groups replacing the H atoms of the OH groups at the 2- and 6-position carbons. M-P-CD is 
composed of seven glucopyranose units and has one maltosyl group replacing the H atom of the OH 
group at the 6-position carbon. 

GC Analysis of Xylene Isomers. 

Xylene isomers were analysed with a GC-14B gas chromatograph (Shimadzu Corporation, 
Japan) mounted with a fused silica megabore column with DB-WAX as the stationary phase (30m x 
0.72 mm o.d, film thickness 1.0 IJlll, J & W Scientific, USA). The measurement conditions were as 
follows: carrier gas, He; pressure 0.3 kg/cm2

; injection port temperature 300°C; sample size, 1.0 J.Ll ; 
splitting ratio, 1 :50; flame ionisation detector; column temperature: isothermal at 50°C. Under these 
conditions, the retention times were ll.8 minutes for ethylbenzene, 12.4 minutes for p-xylene, 12.9 
minutes form-xylene and 16.9 minutes foro-xylene, respectively. 

UV and Fluorescence Measurements. 

UV absorption spectra and fluorescence spectra of xylene isomers were measured in the 
absence or presence of substituted CDs at room temperature. Although xylene isomers are said to be 
practically insoluble in water, we prepared the aqueous solutions as follows: 3.0 J.Ll of a xylene isomer 
was added to 100 cm3 of water. It was shaken vigorously for a few minutes . 10 cm3 of the solution 
was taken and diluted with water or CD aqueous solution to 25 cm3 Thus we prepared six kinds of 
solutions of a xylene isomer: one did not contain CD and the other five contained CD from 0.0015 -
0.005 moVdm3 UV absorption spectra were measured using these samples. However, no isosbestic 
point was found . The wavelength at which UV absorption for each solution was close was chosen as 
the excitation wavelength to measure the fluorescence spectra. These measurements were carried out 
with a U-3410 spectrophotometer (Hitachi, Ltd., Japan) and an FP-777 spectrofluorometer (JASCO 
Corporation, Japan). 

RESULTS AND DISCUSSION 

Inclusion Selectivity 

As can be seen from table l, G-a-CD showed high selectivity in the extraction of p-xylene 
from a xylene mixture. On the other hand, D-a-CD and M-P-CD did not show such selectivity. D-a
CD seems to form the complex more favorably with ethylbenzene rather than the other isomers. M-P
CD showed the selectivity of including o-xylene more than the other isomers . 
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Starting G-a-CD D-a-CD M-13-CD 

Sample Oil 

o-Xylene 20.8% 3.6% 10.6% 42.5% 

m-Xylene 43 .8% 19.1% 43 .0% 29.5% 

p-Xylene 20.1% 57.7% 17.1% 17.0% 

Ethylbenzene 15.3% 19.6% 29.3% 11.0% 

Table 1 Changes in Composition of Oils Extracted by Cyclodextrins 

Starting G-a-CD D-a-CD M-13-CD 
Sample Oil 

m-Xylene 50.0% 14.5% 52.6% 43 .2% 

p-Xylene 50.0% 85 .5% 47.4% 56.8% 

Table 2 Changes in Composition of Oils Extracted by Cyclodextrins 

To confirm the inclusion selectivity to m-xylene and p-xylene, inclusion extraction was carried 
out using an equimolar mixture of m- and p-xylenes. The results are listed in table 2. It is remarkable 
that D-a-CD did not include p-xylene more than m-xylene because unsubsituted a.-CD and its 
derivatives usually make inclusion complexes more favourably with p-xylene than m-xylene. 

Formation Constants of Inclusion Complexes. 

Fluorescence spectra were measured to obtain formation constants of CO-xylene isomer 
complexes. In all the systems, fluorescence enhancement was observed with increasing the 
concentrations of cyclodextrins, which indicates that xylene isomers were included in the apolar 
cavities of CDs. By making the Benesi-Hildebrand plot, the complex formation constant can be 
calculated. Except the case of G-a-CD-p-xylene, the plots of M-1 vs. [CD]"1 showed a linear 
relationship in all of the other cases. This indicates that 1:1 complexes are formed between the COs 
and xylene isomers . 

Fluorescence spectra of G-a-CD-p-xylene system are shown in figure 2 and the Benesi
Hildebrand plot is shown in figure 3. When a linear line fitting was applied, the plot gave a negative 
value of formation constant. Then the plot was analysed supposing that both 2:1 complex of CD and 
p-xylene and I: I complex are present.4 The formation of 2: 1 complex of a.-CD and p-xylene has been 
already reported.5 Simplex method was employed for the non-linear least squares fit .6 Then the 
formation constant of 1:1 complex (KI) and that of2:1 complex (K2) were obtained. 

G-a-CD + p-Xylene ~ G-a-CD-p-Xylene 

G-a-CD + G-a-CD-p-Xylene ~ (G-a-CD)2 - p-Xylene 

Formation constants of inclusion complexes calculated on the basis of changes in fluorescence 
intensity are listed in table 3. The formation constant of G-a-CD- p-xylene complex is greater than 
those of the other G-a-CD-xylene isomer complexes. It corresponds to the high inclusion selectivity 
ofthe CD top-xylene. On the other hand, D-a-CD forms the 1:1 complex with p-xylene but does not 
form the 2:1 complex. The complex formation constant is smaller than that of 0-a-CD-m-xylene 
complex. This is in agreement with the results of inclusion extraction. 
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500 . 

Figure 2. Fluorescence Spectra of p-Xylene 
in Aqueous Solutions. [p-Xylene]=lxl04 M' 
l:[Gd-u-CD]=O M, 2: [Gd-u-CD]=0.0014l 
M, 3: [Gd-u-CD]=0.00169 M, 4: [Gd-u
CD]=0.00218 M, 5:[Gd-u-CD]=0.00286 M, 
6:[Gd-u-CD]=0.0042l M, Aex:272.5 nm 

G-u-CD 
a-Xylene 100 
m-Xylene 125 
p-Xylene 38(K1), 81(Kz) 
Ethylbenzene 130 
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Figure 3. Benesi-Hildebrand Plot for Changes in 
Fluorescence Intensity at 570nm for p-Xylene 
Solutions with Different Concentrations of G-u
CD. 

D-u-CD M-13-CD 
61 18 

210 76 
140 220 
260 220 

Table 3 Formation Constants oflnclusion Complexes ofCyclodextrins with Xylene Isomers 
(moVdm3

) 

Comparison between G-u-CD and D-u-CD. 

The cavity of unsubstituted u-CD can accommodate one molecule of benzene. A p-xylene 
molecule can be included by an u-CD molecule or two u-CD molecules . It is supposed that a p
xylene molecule is included very stable in the apolar cavity of a dimer formed by two u-CD molecules 
facing head-to-head. In the case of o- and m-xylenes, although one methyl group of xylene enters in 
the cavity of u-CD, the other methyl group causes steric hindrance so that a more stable inclusion 
complex cannot be formed. Such steric hindrance does not occur in the case of 13-CD since the cavity 
of 13-CD is wider by ca. 0.2 nm than that of u-CD. 

As can be seen from figure 1, the broader rim of G-O-CD undergoes no modification. Thus 
G-O-CD can form a head-to-head dimmer like unsubstituted 0 -CD. The hydrogen bonding by the 
OH groups of the broader rim is supposed to contribute the formation of dimmer. A p-xylene 
molecule is included stable in the apolar cavity of the dimmer, to which the high inclusion selectivity 
of G-O-CD top-xylene seems to be attributable. In the case of D-O-CD, the formation of such a 
dimmer should be difficult because of the presence of the methoxyl groups at the 2-position. 
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ABSTRACT 

MODELLING TBPIDILUENT MIXTURES AND WATER 

EXTRACTION BY THESE MIXTURES USING THE 

UNIQUAC EQUATION AND TAKING ACCOUNT OF 

COMPLEX FORMATION 
Beatrice Rat1

, Binh Dinh1 and Claude Poitrenaud1 

1 CEA- VALRHO (Marcoule), BP 171 - 30207 Bagnols-sur-Ceze 
Cedex, France 
2 CEA-SACLAYIINSTN, 91191 Gif-sur-Yvette Cedex, France 

The possibility of using UNIQUAC and UN1F AC equations to correlate thennodynamic properties of organic phase in 
metal solvent extraction is considered. UNIQUAC interaction parameters, regressed on 1BP/diluent (alkane, CC14, HCCh) 
mixtures, permitted the calculation of both activity coefficients and enthalpies of mixing. UN1F AC, using group 
contribution, permitted the representation of different 1BP/n-alkane mixtures with only two interaction parameters, but 
made no distinction between branched alkanes. The interaction parameters regressed on binary system 1BP/diluent and 
1BP/H20 were used to estimate the solubility of water in 1BP/diluent mixtures as a function of water activity and 1BP 
percentage. For a correct description of 1BP/diluentiH20/LiCl system, it was necessary, except in case of alkane, to 
supplement UN1F AC equation by explicitly taking into account formation of complexes (Chem-UNJF AC). 

Keywords: modelling, UNIQUAC, UNlFAC, Chem-UNJFAC, 1BP/diluent/H20/LiCl 

INTRODUCTION 

The main advantages of UNIQUAC and UNIF AC equations in estimating thermodynamic 
properties of organic phase in metal solvent extraction, are to take into account extractant percentage 
and diluent influence, and to use only binary parameters to describe multi-component systems. The 
advantage of UNIFAC equation lies in group contribution which give it a predictive power. These 
advantages led to the use of UNIQUAC and UNIF AC equations to estimate deviations from ideality of 
organic phases in nuclear fuel reprocessing. 

UNIQUAC and UNIFAC models 

For a multicomponent system, the UNIQUAC equation for the molar excess Gibbs energy is 
composed of two parts: 1•2 the combinatorial part, essentially due to differences in size and shape of the 
molecules, and a residual contribution, essentially due to energetic interactions. 

gE <jl 9 qi is the area parameter of component i 
combinatorial = L X· ln.i + J;. Lq ·X· ln__l 

RT i 1 xi 2 i 1 1 q,i cili and ei are the volume and area 
fractions of component i 

+ 
8E [ ( a .. )) residual = -Lq·x. In L9 · exp _1 

RT i I I i I T 

3.ji is the interaction parameter between 
molecule i and j 

UNIF AC model adopts the same formalism as UNIQUAC model but introduces the group 
contribution concept, i.e. molecules are considered as structural group assemblies. The UNIF AC 
method being based on the group contribution concept has the advantage that it can be used in the 
calculation of multi-component system with a small number of parameters . 
Some authors3

.4·
5
·
6 were already interested in UNIQUAC and UNIF AC models to evaluate non-ideality 

of such organic phases. In the present work, a progressive procedure was followed to fit interaction 
parameters, using experimental data of Rozen et al.6 and Li et al. 3

.4'
5 and carrying out additional 

acquisitions. Firstly, the ability of UNIQUAC to represent thermodynamic properties of TBP/diluent 
mixtures with diluents (alkane, CC4, HCCh) which exhibit interactions with TBP differing by their 
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nature and their strength was investigated. Then group contribution possibilities were tested, applying 
UNIFAC equation to TBP/n-CsHI8, TBP/iso-CsH1s and TiBP/n-CsHI8 mixtures . Finally, we tried to 
apply interaction parameters regressed on binary systems to predict thermodynamic properties of the 
TBP/diluent/H20 ternary systems. 

RESULTS AND DISCUSSION 

TBP/diluent mixtures 

Experimental data on liquid-vapour equilibria were used to estimate activity coefficients in 
liquid binary solutions. Rozen et al.6 measured the vapour pressure of volatile solvents (n-CJ-114, CC4 
and HCCh) with TBP. In the present work, a FTIR spectrophotometer equipped with a gas cell, was 
used for measurements of volatile solvent concentration in the vapour phase equilibrated with the liquid 
sample. TBP/n-C8H18, TBP/iso-CsH18 and TiBP/n-CsH1s mixtures were studied. 

UNIQUAC model 
UNIQUAC interaction parameters between TBP and diluent were regressed from experimental 

activity, and then, were used to predict enthalpy of mixing. Figures 1 and 2 compare experimental 
values of activity coefficients of Rozen et al.6 and enthalpies of mixing of Pyartman 7 with calculated 
curves. 

Calculated and experimental results are in agreement. Parameters were also regressed from 
activity coefficient in TBP/HCCh mixture, predicted enthalpy of mixing was not so good, due to large 
deviation from ideality. 

4.S 800 

(I) (b) 

4.0 

600 

'·' 0 Hexane (Rozen ct al.) 

• TBP (Rozen et a!.) 

I 400 

3.0 
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25 f = 
2.0 

200 

.., 
-UNIQUAC (this work) 
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0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 - -
Figure 1 : Activity coefficients (a) and enthalpy of mixing (b) in TBP/hexane at 25°C 
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Figure 2 : Activity coefficients (a) and enthalpy of mixing (b) in TBP/CC4 at 25°C 
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UNIFAC model 
To apply UNIFAC equation to correlate TBP/alkane experimental data, we defined structural 

group "CH2" and (CH20)JPO. CH3, CH2, CH, Care subgroups of the "CH2" principal group, they only 
differ in size and shape but have the same interaction parameters with the other groups. Interaction 
parameters between "CH2" and (CH20)3PO were regressed on TBP/hexane experimental data and were 
applied to all the studied TBP/alkane systems. 

0 TBP/hexane (R.oun el al.) 

6 TBP/hu:an.e (Li et al .) 

6 TBP!heptane (Li et al.) 

l 

0.0 0.2 0 .4 0 .6 0.8 1.0 

Figure 3: Activity coefficients in 
TBP/ n-alkane systems at 25°C 

3.0 

o TBP/octane (U et al .) 

• TBP/octane (this work) . TBP/uo octano (this worl<) 
2.5 . TtBP/octane (this work) 

-UNIFAC (this work) 

! 2.0 

•• 
l5 • . • 

0.0 0.2 0 .4 0 .6 0.8 1.0 

Figure 4: Activity coefficients in 
TBP/alkane systems at 25°C 

As seen in 3, experimental data exhibit an increase of activity coefficients in TBP/n-alkane mixtures 
with the lengthening of the alkane chain. TBP/alkane exhibit positive deviation from ideality. This 
deviation increases as the area of alkane increases, i.e. as the length of alkane increases. UNIFAC 
equation, with two interaction parameters, reproduces this increase of activity coefficients . 
The effect of branching is shown on 4. The experimental activity coefficients decrease when the alkane 
chain is branched. The effect is less pronounced when the extractant chain is branched. The reason is 
the same as previoulsly : a branched alkane has a smaller area than a straight-chain alkane. So the 
TBP/branched alkane mixtures are more favoured than TBP/n-alkane mixtures. UNIFAC made no 
distinction beween a straight-chain alkane and a branched alkane wih the same carbon atom number. A 
corrected area of iso-octane did not improve activity coefficient calculation. It seems that the 
combinatorial term ofUNIFAC equation did not permit the isomers to be distinguished. 

TBP/diluent/HaO/LiCl 

Experimental 

For ternary systems, measurements were carried out on water extraction by TBP/diluent 
(n-CJI14, CC4 and HCCh) mixtures (Figure 5) . The salting-out agent LiCl was used to fix water 
activity in the TBP/diluent/H20/LiCl system. 

As seen in Figure 5, the solubility of water in TBP/diluent mixtures decreases in the order 
TBP/n-CJI14 > TBP/CC4 > TBP/HCCh at moderate and high TBP percentage. At low TBP 
percentage, CC4 and HCCh are inverted. We expected the TBP/HCCh mixture to extract more water 
than TBP/CC4and TBP/hexane, considering the better affinity ofHCCh with TBP and H20 . This point 
of view did not consider that TBP, which interacts strongly with HCCh, is less available to extract H20 . 
These experimental results made us wonder if UNIQUAC equation with only binary parameters can 
calculate solubility of water in these TBP/diluent mixtures. 
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Figure 5: Experimental extraction isotherms of water by TBP as a function of water activity- extraction 
system H20/LiCI!fBP((a) 8.5, (b) 20.5, (c) 45 .5 mol%)/diluent 

UNIOUAC Model 

UNIQUAC interaction parameters between TBP and H20 were regressed on experimental 
solubility of water in undiluted TBP. Interaction parameters between diluent and H20 were either 
regressed (hexane) or found in literature8

'
9 (CC4). These parameters and those between TBP and 

diluent, previously regressed, were used to predict water solubility in TBP/diluent mixtures as a 
function of water activity and TBP percentage. 

Predicted solubilities of water were in good agreement with experimental data for hexane but 
were overestimated for CC4 (Figure 6) and HCCh. Thus, UNIQUAC with only binary interaction 
parameters do not take into account diluent and water competition with TBP. 
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Figure 6: Extraction isotherms of water- H20/LiCI!fBP/diluent ((a) hexane, (b) CC4) 

Chem-UNIF AC Model 

The application of UNIQUAC to predict water solubility in different TBP/diluent mixture, 
showed clearly that UNIQUAC method, in which chemical interactions are not allowed for explicitly, 
failed to describe mixtures where hydrogen bonding or other strong interactions are appreciable. The 
non-ideality of such solutions must be interpreted in terms of chemical interactions, taken account by an 
equilibrium constant for complex formation, and physical forces between all molecules represented by 
UNIQUAC or UNIFAC equation. Rozen et al.6 called this model Chem-UNIFAC. We used this model, 
but unlike Rozen et al.,6 we did not apply group contribution to describe TBP or diluent as group 
assemblies but to describe complexes. The AB complex, for example, was considered as formed with 
one group A and one group B. So, the interaction parameters number was minimised, an AlB mixture, 
where AB formed, is modelled with only 2 interaction parameters and I equilibrium constant. 
Modelling of the two binary systems TBP/CC4 and TBP/H20 was carried out by taking account of 
TBP.CC4 and TBP.H20 formation, i.e. new interaction parameters and equilibrium constants were 
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regressed. These parameters and literature H20-CC4 parameters (Table 1) were used to predict water 
solubility in TBP/CC4 mixture (Figure 7) . 

Good agreement was obtained between predicted and experimental solubilities . For 
TBP/hexane/H20/LiCl system the results obtained with Chem-UNIF AC were the same as UNIQUAC 
model. 

anm HzO CC14 TBP 

H20 0 497 84 

CC14 1201 0 92 

TBP 242 -58.5 0 

Table 1 :UNIF AC interaction parameters for 
TBP/CC1JH20 mixture 

TBP+CCI 4 <=> TBP.CCI 4 KT = 0.44 
TBP.CCI4 

TBP+H 20<:::>TBP.H 20KT = 0.1 
TBP.H20 

CONCLUSIONS 

• TBP 45.2 moWo 
• TBP 20.4 mol% 
• TBP 8.5 mol% 

- a,cm-UNIFAC(this wock) . .. 
--·· · ·UNIOUACithis work) .. -..-~ 

.- - ----~ 
0.01§ .. ~~ 

0.001 L--~--~-~--~-___J 

0.2 0.4 aiLO 0.6 0.8 

Figure 7 : Extraction isotherms of water 
TBP/CC4/H20/LiCl 

UNIQUAC permits the representation of TBP/diluent binary mixtures with diluents which 
exhibit of a very different nature and strength interactions with TBP. UNIF AC (UNIQUAC plus 
group contribution concept) permits the reproduction of TBP/n-alkane behaviour for different chain 
lengths with only two interaction parameters but not the difference between branched alkanes. 
UNIQUAC can correctly predict water solubility in TBP/diluent mixture, as a function of water 
activity and TBP percentage, when the diluent is an alkane but overestimates water solubility when 
TBP and diluent interact strongly. To obtain a good agreement with experimental data, Chem
UNIF AC, which takes into account complex formation, must be applied. We are looking forward to 
applying of Chem-UNIF AC to nitric acid and metallic nitrate extraction. 

NOMENCLATURE 

aii interaction parameter between molecules i and j in the UNIQUAC equation 
H.ruxinl! enthalpy of mixing 
qi area parameter of component i 
Xi mole fraction of component i in the mixture 
Yi activity coefficient of component i in the mixture (rational scale) 
<!li volume fraction of component i in the mixture 
ei area fraction of component i in the mixture 
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ABSTRACT 

A NOVEL STRATEGY FOR THE DESIGN OF 

ORGANIC LIGANDS OF HIGH SELECTIVITY 
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It has been shown that highly selective ligands for metal ions could be successfully designed taking into consideration the 
bite size (0-0 distance in the ligand or chelate ring) and the interligand contact in the complex. The distance between the 
two donating oxygen atoms in the Bdiketone type of ligands can be readily controlled by appropriate structural modifications. 
The complexation of Ae• was found to be greatly influenced by the effect of the inter ligand contact and that of In3

+ the bite 
size. The appropriate substituents were introduced to the B-diketone type ligands to control the bite size and the volume of 
the ligand. 

Keywords: acylpyrazolone, molecular recognition, substituent effect, bite size, interligand contact. 

INTRODUCTION 

Studies on the solvent extraction of metal ions with acylpyrazolones1
'
2 and acylisoxazolones,3 

which are structurally analogous to 13-diketones derived from 5-membered heterocyclic compounds, 
revealed that the improved extraction with strongly acidic extractants is usually accompanied by poor 
selectivity. These ligands were found to have longer distances between the two donating oxygen 
atoms as compared to the conventional [3-diketones according to estimation by molecular orbital 
calculations. These facts prompted the consideration that the 0-0 distance plays an important role in 
complexing metal ions. Recently, on studying the extraction of lanthanides using 2-
trifluoroacetylcyclo-alkanones4 and acylpyrazolones having bulky substituents at the 4-position,S it has 
been found that the separability of lanthanides was clearly improved with those ligands having the 
shorter 0-0 distance. It could be concluded that the 0-0 distance is one of the most significant 
factors that govern selectivity in the complexation of [3-diketones with lanthanides. If the structure of 
[3-diketone could be suitably modified introducing bulky groups at suitable positions for creating a 
steric effect, the 0-0 distance could be intentionally controlled, and, consequently, the extractability 
and/or the separability could be improved. Following the work on lanthanide ions, with ionic radii 
very similar to each other, this research has now been expanded to ions of the metals of group 13, 
which have large differences in ionic radii, in an attempt to investigate how the 0-0 distance and 
other factors in the structure of [3-diketones would affect their complexation reactions. 

In this paper, the selectivity of modified [3-diketones for Ae• (r = 0.53 A for coordination 
number 6), Ga3

+ (r = 0.62 A) and ln3
+ (r = 0.80 A) have been examined via solvent extraction, and the 

stability of Al3+, Ga3
+ and ln3

+ [3-diketonates has been discussed based on the structures of the ligands 
and their metal complexes. 

R3 

R1nR2 

H/ 

Rl R2 R3 

-CH3 -CH3 -H AA 
-CH3 -CH3 -Ph PhAA 
-CH3 -Ph -H BA 
-CH3 -Ph -Ph PhBA 
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EXPERIMENTAL 

Chemicals 

a-Phenylbenzoylacetone (PhBA) was synthesized according to the literature.6 

Acylpyrazolones were synthesized according to the method of Jensen.7 a-Phenylacetylacetone 
(PhAA) and benzoylacetone (BA) were f.urchased from Dojindo and used without further purification. 
Aqueous solutions of Ae+, Ga3+ and In + were prepared from standard solutions by Wako Chemicals 
and stocked in 0.02 mol dm-3 hydrochloric acid solution. Other chemicals were of analytical reagent 
grade. Water was demineralized and distilled. 

Apparatus 

Metal ion concentrations were measured with a Japan Jarrell Ash Model ICAP-500 
inductively coupled argon plasma atomic emission spectrophotometer. pH measurements were made 
with a Hitachi-Horiba F-8L pH meter equipped with a Horiba 6028 glass combination pH electrode. 
1H-NMR spectra were measured with a Varian VXR-200 spectrometer (200 MHz) at 25 oc in CDCh. 

Semi-empirical MNDO/H calculation was performed on fully optimized molecular 
geometries on a Cray Y-MP2E/264 using MND093 (Cray Research Inc.). 

Solvent Extraction Procedure 

A 10 cm3 aliquot of an aqueous phase containing lxl04 mol dm-3 of metal ion, 0.1 mol dm-3 

sodium perchlorate and 0.01 mol dm-3 sodium acetate as a buffering component was adjusted to the 
desired pH with hydrochloric acid or sodium hydroxide solution. The aqueous phase was shaken with 
an equal volume of benzene containing the required amount ofligand in a 30 cm3 centrifuge tube at 25 
oc until the reaction reached to the equilibrium. After centrifugation, the pH of the aqueous phase was 
measured and taken as the equilibrium value. The metal concentration in the aqueous phase was 
determined by ICP-AES and that in the organic phase was measured in the same way after back
extraction by stripping with hydrochloric acid solution. The sum of the metal concentrations in the 
two phases agreed well with the initial concentration. 

RESULTS AND DISCUSSION 

Molecular Orbital Calculations 

The distances between the two donating oxygens were estimated by semi-empirical MNDO/H 
calculation, which is the MNDO calculation that takes the hydrogen bond into consideration. The 0-
0 distances obtained by MNDO/H for various ~-d.iketones are shown in table 1. The distances 
between the two donating oxygens of acetylacetone (AA) and BA are 2.50 and 2.51A, respectively, 
whereas those for PhAA and PhBA are reduced to 2.44 A. A shortening of this distance was made by 
introducing a phenyl group to the a-position of AA and BA. The steric repulsion raised between the 
phenyl group and the two terminal groups in the structure of AA and BA brings a narrowing of this 
distance. This structural change is also supported by 1H-NMR data. The very broad peaks assigned to 
the enolic proton (-OH) for AA and BA appear at 1.44 and 16.15 ppm, respectively, while those for 
PhAA and PhBA are very sharp and shift downfield to 16.77 and 17.39 ppm, respectively. The sharp 
and downfield shift of the enolic proton signal is caused by the strong intramolecular hydrogen 
bonding arising from the narrow 0-0 separation. The intramolecular hydrogen bond energy (EOH) 
can be estimated as the energy difference between the hydrogen-bonded structure and the open 
structure in which the 0-H is rotated by 180° to minimize the hydrogen bond energy; these values are 
shown in table 1. 

In addition, the facts that the enolic proton signals correspond to one proton and there were 
observed no methyne protons for PhAA and PhBA indicate that both PhAA and PhBA exist 
quantitatively in the enol form in CDCh. It has been reported that the presence of an a-substituent 
usually favors the keto tautomer,8 and previous results9 are in agreement with this tendency. The 
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results obtained here agree with reports10
'
11 demonstrating that the ex-aryl group markedly increases the 

enol content unlike other ex-substituents, such as the methyl or bromo groups. 

0-0 distance (A)• 
HA 
A'b 

EOH (kJ/mol) • 
1H-NMR (-OH, ppm} 

pK. c 

• MNDO/H. fixed at planar. 

AA 

2.50 
3.09 
65.56 
15.44 
12.65 

PhAA 

2.44 
2.83 
77.53 
16.67 
12.85 

BA 

2.51 
3.10 

63 .51 
16.15 
12.66 

PhBA 

2.44 
2.84 
75 .69 
17.39 
12.90 

c measured in 1,4-dioxane/H20 (75 :25 v/v) . [(CH3)~CI04] = 0.1 mol ctm·3. 

Table 1 Comparison of properties of AA, PhAA, BA and PhBA 

Equilibrium Analysis 

The complexation of the two extractants PhAA and PhBA with Ae+ and In3
+, compared to 

that of AA and BA, has been investigated using solvent extraction. The extraction behaviour 
significantly changed following the introduction of a phenyl group to the ex-position. Almost 100% of 
Ae+ is extracted around pH 4.6 with PhAA, while In3

+ is totally unextracted below pH 5. A similar 
result was also obtained for PhBA. 

The extraction equilibrium can be expressed as follows : 

Ae+ + 3HAo == AIA3.o + 3W (1) 

The extraction constant, ~x, is defined in equation (2) . 

The log ~x values were obtained by substituting the pH1 12 values, the pH read from log D vs pH plots 
at which half of the metal ion is extracted (log D = 0}, in equation (2} and are summarized in table 2. 

As previously mentioned, Al3+ and In3
+ are extracted with AA and BA with similar extraction 

constants . On the contrary, In3
+ is not extracted at all with PhAA and PhBA, while Ae+ is extracted 

with the smaller extraction constants compared to those for AA and BA. Considering that the 
substituents at the ex-position of the P-diketones should be essentially independent of their 
complexation with the metal ions, the present results are surprising. 

pH 112 a log~ 

AI In AI In 

AA 3.30 3.95 -6.90 -8.85 
PhAA 4.01 -9.03 

BA 3.20 3.39 -6.60 -7.17 
PhBA 4.24 -9.72 

• [HA]o = 0.1 mol dm'3 in benzene. [NaCI04] = 0.1 mol dm·3. 

Table 2 Extraction data for AI and In 

An X-ray crystallographic study of AI and In P-diketonates was made to confirm the role of 
the substituent at the ex-position. The 0-0 distances of the P-diketones in Al(AAh, 12 In(AA}3, 13 and 
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In(TTA)314 were reported to be 2.726, 2.905 and 2.905 A, respectively. A survey of X-ray data of Al 
and In 13-diketonates shows that the 0-0 distances in Al 13-diketonates are among the shortest ones, 
while those in In B-diketonates are among the longest ones. According to MNDO/H calculations seen 
in table 1, the 0-0 distances in the anionic form ofPhAA and PhBA are 2.83 and 2.84 A, while those 
for AA and BA are 3.09 and 3.10 A. The non-extractability ofln3

+ with PhAA and PhBA could be 
ascribed to the phenyl group at the a.-position which prevents the 0-0 separation of the anionic form 
from broadening to fit to the desired configuration in the In complex owing to the between the a.
phenyl group and the terminal groups . 

Interligand Contact in Al and In 13-diketonates 

The intracomplex interligand contacts should have great influence on the stability of Al 13-
diketonates, which could be deduced from the extraction order of Ae+ and In3

+ with 13-diketones. In 
general, the organic ligands including 13-diketones form more stable complexes with metal ions having 
smaller ionic radii when their valency is the same. Consequently, the extraction constants for the 
smaller metal ions are usually higher than those for the larger ones. However, in the extraction of Al3+ 

and In3
+, the reverse in the extraction order is frequently seen depending on the bulkiness of the 

ligands. Ae+ is extracted better than ln3
+ with AA and BA. In the case of bulky 13-diketones, such as 

dibenzoylmethane (DBM) and TTA, the steric crowding of the ligands around Ae+ greatly destabilizes 
complexation because of its very small ionic radius, while this is not so serious in the case of In3

+. As 
a result, ln3

+ is better extracted than Ae+ with these bulky 13-diketones. It should be noted here that the 
0-0 distances of AA, BA, TTA and DBM are similar to each other according to the molecular orbital 
calculations. 

HPMAP 
HPMBP 

HPMlNP 
HPM2NP 
HPMPiP 

Extraction with Acylpyrazo1ones 

(G) 
(E) 
( s) 
(c) 

R 
-CH3 
-Ph 

-1 -Naph 
-2-Naph 
-C(CH3)3 

Five acylpyrazolone derivatives have been prepared as seen in the scheme. They are 1-
phenyl-3-methyl-4-acetyl (HPMAP), -benzoyl (HPMBP), -(1-naphthoyl) (HPM1NP), -(2-naphthoyl) 
(HPM2NP), and -pivaloyl (HPMPiP) -pyrazolones. The 0-0 distances were estimated by the 
MNDO/H calculation and seen in table 3. The 0-0 distances of the acylpyrazolones except for 
HPMPiP are 2.60-2.65 A, while that ofHPMPiP is 2.46 A. 

HPMAP HPMBP HPM1NP HPM2NP HPMPiP 

0-0 distance (A)' 
HA 2.60 2.65 2.64 2.65 2.46 
Ab 3.04 3.06 3.06 3.06 2.84 

EoH (kcal/mol)' 13.74 12.43 12.64 12.40 18 .38 
1H-NMR ( -OH, ppm) 14.9 

pK. 3.94 3.92 4.13 4.26 

• :MNDOIH. b fixed at planar. 

Table 3 Comparison of Acylpyrazolones 
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The 1H-NMR spectra show the evidence for the hydrogen bond strength. The signal assigned 
to the hydroxyl proton ofHPMPiP appeared at 14.9 ppm; whereas those for the other acylpyrazolones 
are too broad at 10-20 ppm to be observed . 

The extractions of Ae+, ln3
+ and Ga3

+ into benzene are shown in figure 1 plotting the 
logarithmic value of the distribution ratio of metal ions (D) against pH. The results are summarized in 
table 4. Being derived from the five membered heterocyclic 4-pyrazolone, the 0-0 distances of the 
present acylpyrazolone derivatives except for HPMPiP are longer than those of the conventional 13-
diketones . Owing to their long 0-0 distances, the extraction of ln3

+ was not disturbed and was made 
at pH 1-2. The extraction of Atl+ was seen in the higher pH region, although the ionic radius of Ae+ is 
much smaller than that ofln3

+. 

3 

Ga3+ ln3+ p.j3+ 

2 •A~ flil e 'i.l 
., • : v 

Cl •! m e \ 0 

E. ,, !Ill 0 VIA 

.&~ I~/' 
•f~ B 8 .,;.a 
·~ I e viA 

-1 
2 3 4 5 

pH 

Figure 1 Extraction of Al3
+ (gray symbol), Ga3+ (solid symbol) and In3+ (blank symbol) 

into benzene with acylpyrazolones . 
[acylpyrazolone]o = 5 x 10"3 mol dm-3 [NaC104] = 0.1 mol dm-3

. 

Ae+ Ga3+ 

pHII2 log Kex pHII2 log Kex 

HPMBP 3.12 -2 .47 l.39 2.74 l.65 l.96 
HPMAP 2.56 -0.78 l.04 3.78 l.75 l.64 

HPM1NP 3.78 -4 .45 l.86 l.32 l.31 2.96 
HPM2NP 3.63 -4 .00 l.91 l.l8 l.41 2.68 
HPMPiP 4.30 -6.01 2.43 -0.39 4.04 -5 .21 

[HA]o = 5xl0·3 mol dm"3 in benzene, [NaCl04) = 0.1 mol dm-3. 

Table 4 Extraction constants for group 13 metal ions 

Considering that the acylpyrazolones themselves are bulky ligands and their acidities are 
quite similar, it is clear that the extraction of Ae+ is under the effect of the interligand contact. It was 
found that the extraction reduces, as the substituent at the 4-position becomes bulkier. The 
quantitative separation of Atl+ from In3

+ can be readily achieved with the naphthoylpyrazolones. The 
extraction of ln3

+ does not depend on the size of the substituents. The effect of the interligand contact 
is also seen in the extraction of Ga3+. While the ionic radius of Ga3+ is smaller than that of In3+, their 
extractions were similar. In addition, the extractability decreases as the substituents becomes bulkier, 
like the case of Al3+, All of the acylpyrazolones examined are available to quantitatively separate Ae+ 
and Ga3

+. Owing to the steric repulsion between the 4-pivaloyl and 3-methyl groups, the 0-0 distance 
of HPMPiP is narrowed and the extraction of ln3

+ came close to that of Ae+ resulting in a quantitative 
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separation of Ga3
+ from Al3

+ and ln3
+. From results so far, there are two factors governing the 

complexation of group 13 metal ions with ~-diketones : the distance between the two donating oxygens 
and the interligand interaction. The balance between the two should decide the stability of each 
complex, that is, the extraction order, as well as the separation of Ae+ and In3

+. This observation may 
contribute to the basic knowledge on organic ligands, especially on the concepts of their complexation 
with metal ions, and confirms the suggestion for a perspective strategy for designing novel ligands of 
high selectivity from well-known typical ones. 
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ABSTRACT 

LIGAND-TIDCKNESS EFFECT LEADS TO ENHANCED 

PREFERENCE FOR LARGE ANIONS IN ALKALI 

METAL EXTRACTION BY CROWN-ETHERS 
Bruce A Moyer, Tamara J Haverlock and Richard A Sachleben 
Chemical and Analytical Sciences Division, Bldg. 4SOOS, MS-
6119, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, 
TN 37831-6119, U.S.A. 

Jean-Marie Lehn (Nobel laureate, 1987) suggested ligand thickness to be an important consideration in the design of host 
molecules for cation recognition. We have recently expanded the role of this simple ligand property by demonstrating a case 
in which ligand thickness contributes significantly to anion discrimination. It was found that in the extraction of sodium 
nitrate and perchlorate by a simple crown ether, bis(t-octylbenzo)-14-crown-4 (BOBI4C4), the normal preference for 
perchlorate is almost completely lost when the complex cation has the "open-face sandwich" vs. the "sandwich" structure. 

Keywords: crown-ether, anion effect, equilibrium modeling, sodium perchlorate, sodium nitrate 

INTRODUCTION 

In this paper the fundamental question dealing with whether the structure of a crown-ether and 
its complexes may influence the preference for a given co-anion in the extraction of salts of alkali 
metals is addressed. The converse question, namely whether the anion influences the preference of a 
crown ether for a given alkali metal cation, has been addressed by previous authors and answered in 
the affirmative. 1 One would thus expect that the properties of the crown-metal complex would have an 
effect on anion preference. 

We were led to investigate this issue in the course of developing a process for the extraction of 
. the pertechnetate anion, Tc04-, from alkaline waste solutions by use of crown- ethers.2 The process, 
known as SRTALK (§t[ontium and !echnetium extraction from alkaline solution), is depicted by the 
cycle shown in figure 1. As shown, the function of the crown- ether involves complexation of the 
abundant Na+ or K+ cations in the waste, facilitating the transfer of the cation to the organic phase. 
Although any of the anions present in the waste represent potential co-anions in the net extraction 
process, the thermodynamically preferred co-anions are those having large radii and correspondingly 
low (more negative) Gibbs energies of hydration or, more exactly, low Gibbs energies of partitioning 
to organic solvents.3 Even in the presence of an abundance of nitrate, nitrite, hydroxide, carbonate, 
aluminate, and other anions in the waste, the large, poorly hydrated pertechnetate anion at trace 
concentrations can be efficiently extracted. 

From the practical issue of selecting an appropriate crown ether for the SRTALK process 
arises the fundamental issue of how the crown ether structure can be tailored for the purpose of 
controlling anion selectivity. Although one may envisage many types of structural modifications to 
crown ethers that might influence anion interactions, one of the simplest properties of a crown ether in 
this regard relates to the degree to which it envelops the metal cation and prevents close contact 
between the cation and anion. In 1973, Jean-Marie Lehn examined the question ofligand thickness in 
connection with the selectivity of a host ligand for a given cation.4 Here, we examine this same 
property of ligand thickness, but in connection with co-anion selectivity. The example chosen for 
study is a simple system involving the small-cavity crown-ether bis(t-octylbenzo)-14-crown-4 
(BOB14C4) as an extractant for sodium nitrate and perchlorate salts into 1,2-dichloroethane {1,2-
DCE). Perchlorate was chosen, as a model anion for the experiments, since the high anion 
concentrations required would have made radioactive pertechnetate difficult to use_ As will be 
discussed below, this particular system allows a direct assessment of the ligand-thickness effect by 
virtue of the formation ofboth 1:1 and 1:2 metal:crown complexes. 
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Water 

Figure 1. SRTALK process for separating pertechnetate from alkaline nitrate wastes. 

THEORY 

Consider the extraction of a cation M'" by a crown ether CE to form an ion pair consisting of the 
complex cation M(CEt or M(CEh+ and co-anion X (overbars indicate organic-phase species): 

.!lG• ex 
M+ + x- + nCE :::::;:=!:::; M(CE) /X-

(1) 
Net reaction: 

M(CE) /X-

il Gip • l 
.!lGfo 

M+ + x- + nCE -- M(CE) n 
+ + x----

Organic 

-------------------------Aqueous 

Figure 2. Component equilibria in the extraction of an alkali metal salt by a crown ether. 

Component equilibria are defined in figure 2. These consist of partitioning of the free ions M'" and X 
to the organic phase, formation of the complex in the organic phase, and ion pairing of the complex 
cation with the co-anion. 5•

6 The corresponding standard Gibbs energy changes comprise the net 
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standard Gibbs energy change for the extraction process, and it may be seen that the ion-pairing term 
is the only term in which the crown structure and anion both have an effect: 

~G0ex = ~Gp0(M) + ~GP0(X) + ~Gf + ~Gip0 

Dependent on anion -----==-.,....)'-------J1~_J j 
Dependent on crown structure 2 _/ 

For extraction of sodium nitrate and perchlorate, the reactions may be written specifically: 

llG• ex (NO 3-) 

Na + + NO 3- + n CE Na( CE) n+NO 3-

Na( CE) n +clO 4 -

(2) 

(3) 

(4) 

If nitrate and perchlorate are considered to be in competition, selectivity may be viewed in terms of 
anion exchange, obtained by subtraction of equation 3 from equation 4: 

llG• exch 

(5) 

The value of MGexcho follows by analogous subtraction of eq.uation. 2 written for N03- from equation 
2 written for Cl04- to give four difference terms: MGp0(Na) = 0, MGp0(X) = llGp0(Cl04") -
llGp0(N03-) , MGt = 0, and MGip0 = ~Gip0(Clo4-) - ~Gip0(N03-) . It may be seen that the ligand 
contributes to only the ion pairing term MGip 0 : 

M Go exch = M GP o(X) + MG ipo 

Dependent on anion 

Dependent on crown structure 

Equation 6 is the same expression used to evaluate the selectivity of anion exchange generally. 3 

Various levels of electrostatic theory may be used to estimate both MGp0 (X) and MGip0 to the typical 
effect for the univalent case that for a large anion replacing a small anion, MGp0 (X) is negative and 
dominant and MGipo is a positive counter-effect. Because of the behavior of the first term, then, the 
larger the thermochemical radius of an anion is, the greater will be its tendency to exchange with 
another anion. At the same time, the ion-pairing term MGip o becomes more positive, but since the 
first term dominates, the net effect still is higher selectivity toward the larger anion. However, as the 
cation radius becomes larger, the ion-pairing term for a given pair of anions becomes smaller and 
ultimately approaches zero. That is, for sufficiently large cationic radius, the contribution of ion 
pairing to selectivity becomes negligible, and selectivity toward the larger anion is maximized. 
Hence, the larger the radius of the cation is, the greater will be the selectivity toward the larger of a 
pair of anions up to a maximum plateau value. If the cation is a complex of a metal cation and one or 
more ligands, the thickness of the ligands determines the overall cationic radius and the corresponding 
selectivity in anion exchange. Ligands with greater thickness force the anion to lie at larger distance 
from the cationic charge, bringing about greater preference for larger anions. 
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EXPERIMENTAL 

Solutions of BOB14C4 in 1,2-DCE were contacted with equal volumes of aqueous solutions 
of either NaN03 or NaC104 for 2 h at 25 ± 1 °C by end-over-end rotation. Aqueous phases also 
contained 2~a radiotracer, and distribution ratios were determined by gamma counting using a Nai 
detector. The following data sets were collected: 

0.05-2.5 
0.5 
2.5 

MBOB14C4 
0.1 

0.005-0.2 
0.005-0.2 

MNaCl04 
0.0001-5 
0.001-2.5 

0.1 
0.005 

MBOB14C4 
0.1 

0.01 
0.0001-0.1 
0.00025 - 0.1 

A total of 50 data points were subjected to equilibrium modeling using the program SXLSQI. As 
described elsewhere,6

•
7
•
8 the program employs Pitzer parameters and Hildebrand-Scott solubility 

parameters to respectively estimate the aqueous- and organic-phase activity coefficients. Values of 
log K corresponding to postulated equilibria thus refer to the condition of infinite dilution. 

RESULTS AND DISCUSSION 

Extraction experiments consisted of varying the concentration of either NaN03 or NaC104 
while holding the concentration of BOB14C4 constant in 1,2-DCE, or holding the concentration of 
either NaN03 or NaC104 constant while varying the concentration of BOB14C4. By use of the 
program SXLSQI, the observed behavior was found to be consistent with the equilibrium scheme in 
figure 2, assuming the following set of species: 

Na(CE)X Na(CEt Na(CE)/ 

It was found possible to simultaneously fit the nitrate and perchlorate data sets in a single model based 
on the six sodium species Na(CE)N03, Na(CE)Cl04, Na(CEt, Na(CE)2N03, Na(CEhC104, and 
Na(CE)2+. The nitrate and perchlorate data could be fit separately, but the two cationic complexes are 
common to both systems, making it preferable to fit all of the data together. Consistent with the 
somewhat polar nature of 1,2-DCE, it was necessary to assume the partial dissociation of the anion 
from the cationic complexes. The observation that two crown ether molecules could accommodate the 
metal cation follows reasonably from the small cavity size of the crown ether and the common 
tendency of the Na+ cation to take on a coordination number of 8. In fact, it was possible to obtain 
crystals with the stoichiometries Na(DB14C4)Cl04 and [Na(DB14C4)2]CI04·CHCh (DB14C4 = 
dibenzo-14-crown-4). The structures of these complexes as determined by X-ray crystallography9 

entail an "open-face sandwich" structure with coordination to the metal by bidentate perchlorate in the 
first case and a "sandwich" structure with perchlorate unable to coordinate to the metal in the second 
case. 

The preliminary log K values obtained from fitting revealed a dramatic effect of sandwich 
formation on anion selectivity in this system. Results are summarized in part in figure 3. Since the 
fitting gave -20.6 kJ/mol as an estimate for MGp0

, equation 6 becomes MGexch0 = -20.6 + MG;p0
, and 

MG;p0 may be estimated to be 18.3 and 1.2 kJ/mol for the open-face sandwich and sandwich 
complexes, respectively. It may be seen that the close approach of the anion to the Na+ cation in the 
open-face sandwich complex yields ion pairs that are more stable by 18.3 kJ/mol more for nitrate than 
perchlorate. When the anion is forced away by sandwich formation, nitrate ion pairs are only slightly 
more stable (1.2 kJ/mol), and the overall selectivity toward perchlorate increases three orders of 
magnitude. The example illustrates how the thickness of the ligand plays a key role in ion-pair 
extraction. 
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Charge separation small 
Weak anion discrimination 

log Kexch = 0.4 
1 o 3 selectivity 

enhancement 

Charge separation large 
Strong anion discrimination 

log Kexch = 3.4 

0 0 
~c~ 

/j'o· 
0 

~::~~;;: ---- -~;-~---- ---- -- ----- ---- --- ,,---- ---·;t )----
~:8~ ).,-

Open-face ssndwlch 
Partial encapsulation 
Zero ligand thickness 

Second ligand added 
Anion forced sway .o~ Sandwich 

G Metal encapsulated 
2·3 A Ligand thickness 

Figure 3. Scheme showing the effect of sandwich formation on anion selectivity, the extent of nitrate 
being displaced by the larger perchlorate. 

ACKNOWLEDGMENTS 

This research was sponsored by the Division of Chemical Sciences, Office of Basic Energy 
Sciences, U. S . Department of Energy, under contract number DE-AC05-960R22464 with Oak Ridge 
National Laboratory, managed by Lockheed Martin Energy Research Corp. LHD thanks the ORNL 
Postdoctoral Research Associates Program administered by ORNL and the Oak Ridge Institute for 
Science and Education. 

REFERENCES 

I. (a) Jawaid M and Ingman F, Talanta, 25, 91, (1978). (b) Yakshin W, Abashkin VM, and Laskorin BN, 
Dokl. Akad. Nauk SSSR,, 252, 373, (1980). (c) Olsher U, Hankins MG, Kim YD, and Bartsch RA, J. Am. 
Chern. Soc. 115, 3370, (1993). 

2. (a) Bonnesen PV, Moyer BA, Haverlock TJ, Armstrong VS, and Sachleben RA, in 'Emerging Technologies 
in Hazardous Waste Management Vf, Tedder DW and Pohland FG, Eds., American Academy of 
Environmental Engineers, Annapolis, MD, 245, (1996). (b) Bonnesen PV, Moyer BA, Presley DJ, 
Armstrong VS, Haverlock TJ, Counce RM, and Sachleben RA, 'Alkaline-Side Extraction of Technetium 
from Tank Waste Using Crown Ethers and Other Extractants', Report ORNL!fM-13241, Oak Ridge 
National Laboratory, Oak Ridge, TN, U.S.A., June, 1996. (c) Leonard RA, Conner C, Liberatore MW, 
Bonnesen PV, Presley DJ, Moyer BA, and Lumetta GJ, Sep. Sci. Techno/. (In press). 

3. Moyer BA and Bonnesen PV, in 'Supramolecular Chemistry of Anions', Bianchi A, Bowman-James K, and 
Garcia-Espana E, Eds., Wiley-VCH, New York, 1, (1997). 

4. Lehn J-M, Structure and Bonding, 16, 1, (1973). 
5. Moyer BA, in 'Comprehensive Supramo/ecular Chemistry', Atwood JL, Davies JED, MacNicol DD, V<>gtle 

F, and Lehn J-M, Eds., Pergamon, Elsevier, Oxford, 1, 377, (1996). 
6. Deng Y, Sachleben RA, and Moyer BA, J. Chern. Soc., Faraday Trans., 23,4215, (1995). 
7. Baes, Jr. CF, 'SXLSQI, A Program for Modelling Solvent Extraction Systems', Report ORNLffM-13604, 

Oak Ridge National Laboratory, Oak Ridge, TN, 1998. 
8. Baes, Jr. CF, Moyer BA, Case GN, and Case FI, Sep. Sci. Techno/., 25, 1675, (1990). 
9. Bryan JC, Haverlock TJ, Sachleben RA, and Moyer BA, Oak Ridge National Laboratory, manuscript in 

preparation. 

673 



Proceedings ISEC'99 

674 



Guest-Host Binding 

ABSTRACT 

LIQUID-LIQUID EXTRACTION OF METAL IONS 

WITH A MONOAZATETRATIDACROWN ETHER AND 
ITS ACYCLIC ANALOGUES 
Kenji Chayama\ Chieko Kurihara\ Haruo Tsuji1 and Eiichi 
Sekido1 

1 Department of Chemistry, Faculty of Science, Konan University, 
Kobe, Japan 
2Department of Chemistry, Faculty of Science, Kobe University, 
Kobe, Japan 

Cyclic and acyclic reagents containing 4 sulfur atoms and a nitrogen atom were successfully synthesized. A cyclic 
monoazatetrathiacrown ether, 1-aza-4, 7, II, 14-tetrathiacyclohexadecane (ATCH) and acyclic monoazatetrathioether 9-aza-
3,6,12,15-tetrathiaheptadecane (ATH) were synthesized by the reaction between appropriate dithiols and alkyl halides. 
Liquid-liquid extraction of metal ions was performed. Soft metal ions such as Ag(I), Cu(I) and Hg(II) ions which are 
classified as class b metal ions were selectively extracted. On the other hand, hard (class a) and intermediate (class ab) metal 
ions such as Mg(II), Mn(II), Zn(II), Co(II) and Ni(II) were not extracted at all. The extraction behavior of silver(!) and 
copper(!) ions with ATCH and ATH was examined in detail. 

Keywords: silver, copper(!), monoazathiacrown ether. 

INTRODUCTION 

Chemistry of thiacrown-ethers has been widely studied in these three decades as well as the 
chemistry of crown ethers. It has been shown that thiacrown-ethers have an excellent selectivity for 
class b metal ions. 1

•
3 These compounds are suitable for the solvent extraction of class b metal ions, 

because of their hydrophobic character and the solubility in the organic solvents such as 1,2-
dichloroethane and chloroform. However, the acyclic analogues of the cyclic compounds have not 
been widely studied.3

-
8 Cyclic and acyclic polythioethers have both been synthesized and the 

selectivity and the extraction efficiency for the metal ions studied.3 Furthermore, some new 
derivatives of cyclic and acyclic tetrathioethers containing a nitrogen atom in the molecule have also 
been synthesized. In this study, the extraction behavior of metal ions with a cyclic and an acyclic 
monoaza-tetrathioether derivatives are examined . 

ATCH ATH 

Figure 1 Structures of ATCH and ATH. 
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EXPERIMENTAL 

Synthesis of the reagents 

A cyclic monoaza-tetrathiacrown-ether, 1-aza -4,7, 11, 14-tetrathiacyclohexadecane (ATCH) 
was synthesized by the cyclization reaction between 1,4,8,11-tetrathiaundecane and bis(2-
chroloethyl)arnine.9 Acyclic monoazatetrathioether 9-aza-3,6,12,15 tetrathiaheptadecane (ATH) was 
synthesized by the 2:1 reaction between 1,4-dithiahexane and bis(2-chloroethyl)arnine.10 The HCl-salt 
of the products was recrystallized twice with chloroform-benzene. 

Other reagents and Apparatus 

Reagents used for liquid-liquid extraction were of reagent grade except 1,2-dichloroethane. 
The extraction solvent 1,2-dichloroethane, was shaken three times with 2 moVdm3 potassium 
hydroxide solution followed by shaking three times with water, dried over calcium chloride, and 
distilled. Extraction was carried out in a Taiyo M incubator. A Hitachi Z-8000 atomic absorption 
spectrophotometer was used to determine the concentration of metal ions in the aqueous solutions. The 
pH of the aqueous solutions was measured with a Hitachi-Horiba M-7 pH meter. 

Liquid-liquid extraction of the metal ions 

An aliquot (10 cm3
) of aqueous solution containing the metal ion (5 x 10·5 moVdm3

) , picrate 
ion (1 x 10·3 moVdm3

) and acetate buffer (1 x 10"2moVdm3
) was adjusted to an ionic strength of 0.1 

with sodium sulfate. This solution and 10 cm3 of the reagent solution in 1,2-dichloroethane in a 
stoppered cylindrical tube were shaken (180 strokes min.1

) for 30min at 25 ± 0.1°C. The mixture was 
then centrifuged for 5 minutes at 2000 rpm. After the two phases were separated, the pH of the 
aqueous phase was measured and the concentration of the metal ion in the aqueous phase and in the 
organic phase was determined by atomic absorption spectrometry. 

RESULTS AND DISCUSSION 

Liquid-liquid distribution of reagents 

The cyclic and acyclic polythioethers are insoluble in water, however the monoaza
polythioethers are soluble in acidic aqueous solution. The distribution behavior of ATCH and ATH 
between 1,2-dichloroethane and water was different from that ofpolythioethers that do not contain any 
nitrogen atoms. Protonated ATCH and ATH distributed to aqueous phase from 1,2-dichloroethane 
phase at pH values less than 3-4. As the pH in aqueous phase increases, ATCH and ATH were 
transferred to the organic phase. More than 99% reagent distributed to an organic phase at pH over 
6.0. In this study, picrate ion was used as the counter anion to form the ion pair with the metal 
complex cation. However the protonated reagent forms the ion pair with picrate ion, even in the case 
of the absence of the metal ion. This causes the reduction of picrate ion concentration in the aqueous 
phase, and results in a decrease of metal extraction. Then, the extraction behavior of picrate ion with 
ATCH and ATH was examined. It is concluded that the picrate ion formed the ion pair with ATCH and 
distributes to the organic phase below pH 4.0. On the other hand, the ion pair of ATH with picrate ion 
distributes to the organic phase below pH 2.0. 

Liquid-liquid extraction of metals 

Liquid-liquid extraction of the metals Mg(II), Mn(II), Zn(II), Co(II), Ni(II), Cu(II), Cd(II), 
Ag(I), Cu(I) and Hg(II) was performed. As shown in table I with a softness parameter a 11

, soft metal 
ions such as Ag(I), Cu(I), and Hg(II) ions which are classified as class b metal ions were selectively 
extracted. On the other hand, hard (class a) and intermediate (class ab) metal ions such as Mg(II) , 
Mn(II), Zn(II) Co(II) and Ni(II) were not extracted at all. Although Cu(II) ion belonging to class ab 
was slightly extracted, Cd(II) ion belonging to class b was not extracted at all. Copper(II) was 
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extracted 15% with ATCH at pH5.6. However, ATH did not extract Cu(II) at all. On the other hand, 
the extraction efficiency of Hg(II) with acyclic ATH is much higher than that with ATCH. As Ag(l) 
and Cu(l) were extracted perfectly, the extraction behavior of Ag(I) and Cu(l) with ATCH and ATH 
was examined. 

Metals Class fi ATCH ATH 
pH %E pH %E 

Mg(II) a 0 5.6 0 4.8 0 
Mn(II) ab 1.04 5.0 0 5.3 0 
Zn(II) ab 1.25 5.3 0 5.3 0 
Co(II) ab 1.39 5.0 0 5.3 0 
Ni(II) ab 1.41 4.9 0 5.6 0 
Cu(II) ab 1.64 5.6 15 .4 5.0 0 
Cd(II) b 1.65 5.6 0 5.0 0 
Ag(l) b 3.60 5.5 99.8 5.0 100 
Cu(I) b 3.92 5.6 99.4 5.0 95 
Hg(II) b 5.83 5.0 37.2 4.8 71 

Table 1 Data on the extraction of various metal ions with ATCH and ATH 

Liquid-liquid extraction of silver (I) ion 

Liquid-liquid extraction of silver (I) ion was examined. Extraction was greater than 99% with 
ATCH above pH 3.0, and with ATH at pH above 2.0. Molar ratio methods were performed to clarify 
the composition of the extracted species. Figure 1 shows the plots of the percentage extraction of the 
silver ion vs. molar ratio of ATCH in the organic phase and silver (I) ion in the aqueous phase. The 
plots indicate that the molar ratio of the silver(!) ion to ATCH is 1: 1. The plots of the logarithmic 
distribution ratio of the silver (I) ion vs. the logarithmic concentration of picrate ion are shown in 
figure 2. The relationship between the extraction constant Kex and the distribution ratio DM(r) is 
expressed as follows : 

M'" + mL + nPic· ~ MLmPic, (1) 

Log DM(r) =log Kex + mlog[L] + nlog[Pic] (2) 

The plots in figure 2 gave a straight line with slope 1, suggesting that n = 1 in equations 1 and 2. These 
results suggest that the composition ofthe extracted species with ATCH is Ag(l): L : Pic·= 1:1:1. For 
ATCH, the extraction constant was evaluated as log Kex = 9.8 ± 0.3 by the plots of logDAg(I) vs. 
log[Pic] and equation 2. 
Figures 3 and 4 show the results of the molar ratio method for Ag(I)-ATH-Picrate system. The results 
indicate that the molar ratio of the extracted species should be Ag(I) :ATH:Pic·= 1:1:1. In this case, the 
plots of the logarithmic distribution ratio of the silver (I) ion vs. the logarithmic concentration of free 
picrate ion did not give a straight line with slope 1, because silver ion was extracted perfectly with 
ATH even in the low concentration of picrate ion. This means that the Kex with ATH might be higher 
than that with ATCH. 

Liquid-liquid extraction of copper (I) ion 

Liquid-liquid extraction of copper (I) with ATCH and ATH was performed. Figure 5 shows 
the plots of the %E of the copper (I) ion vs. the molar ratio of ATCH in the organic phase and copper 
(I) ion in the aqueous phase. The result of molar ratio method indicates the molar ratio of the copper 
(I) ion to ATCH in the extracted species is 1: 1. The plots of log Dcu(I) vs. the log[Pic] are shown in 
figure 6 and the straight line with slope 1, suggesting again that n= 1 in equations 1 and 2 and that the 
composition of the extracted species with ATCH is Cu(l): L : Pic· = 1:1:1. The value of the Kex For 
ATCH was evaluated as logKex = 8. 9 ± 0.1. 
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Fig.4 Molar ratio method of Ag(l) complexes 
Initial concentration ; Silver(!) : 5 x !0'5N 
ATH : J xJ0'3M pH 5 

Figures 7 and 8 show the results of the molar ratio method for Cu(I)-ATH-Picrate system. The 
results indicate the composition of the extracted species is Cu(I}:ATH:Pic· = 1:1:1. It is thought that 
both the silver (I) and copper (I) atoms take a tetrahedral configuration. Like the silver (I) system, 
slope analysis could not be performed, because of the percentage extraction was greater than 99% for 
copper (1), even at low concentrations of picrate ion. It means that acyclic ATH has a higher extraction 
efficiency for copper (I) than cyclic ATCH as with silver(l). It is thought that the flexibility of the 
acyclic ligand contributes either for the metal complex formation reaction or for the distribution of ion 
pair complex in the extraction system. 

CONCLUSION 

Cyclic and acyclic monoazatetrathioether, ATCH and ATH were synthesized. Liquid-liquid 
extraction of several metal ions was examined. Selectivity of these reagents was similar to that of 
thiacrown-ethers. The extraction behaviour of silver (I} and copper (I) ions were examined. The results 
show that the composition of extracted species was 1: 1: 1 for metal:ligand:picrate. The comparison of 
the two ligands for the extraction of silver (I) and copper (I) demonstrates the benefit of acyclic ligand 
to extract the monovalent soft metal ions effectively. It is very important to note that the selectivity of 
the monoazatetrathioether for the soft metal ions is almost same as that of the tetrathioethers . 9'

1 0 There 
are some possibility for these ligands containing a nitrogen atom that a functional groups might be 
introduced to a imino group in the molecule. The attempt to synthesize such new ligands which has 
high selectivity for some soft metal ions would be important for the development of the separation 
science and for the analytical chemistry. 
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ABSTRACT 

SOLVENT EXTRACTION OF RARE EARTH NITRATES 

BY PHOSPHORYLATED CALIX(4)ARENES 
M Burgardl, B Ernstl, MR Yaftian2, CB Dieleman3, C 
Wieser-Jeunesse3 and D Matt3 
lEcole Europeenne de Chimie, Polymeres et Materiaux, C.N.R.S.
UMR 7512, F-67008 Strasbourg, France. 
2Department of Chemistry, Zandjan University, PO BOX 313, 
45195 Zandjan, Iran. 
3Groupe de Chimie Inorganique Moleculaire, C.N.R.S.-UMR 
7513, F-67008 Strasbourg, France. 

The solvent extraction properties of neutral, phosphorylated calix[4]arenes towards rare earth ions are presented. The 
extraction selectivity is discussed in terms of chemical, conformational and structural effects. The extraction properties are 
compared to related standard extractants (TOPO, carbarnoylmethylphosphonates). 

Keywords: rare earths, phosphorylated calix(4]arene, nitrate 

INTRODUCTION 
There is currently a growing need to discover new selective and effective extractants for metal 

ions. Research in this area is mainly motivated by major environmental and economic considerations. 
It is well known that phosphoryl groups are suitable for complexation and extraction of rare

earth (RE) ions. Recent investigations carried out by Harrowfield et az.1 have shown that 
calix[4]arene multiphosphate ligands provide interesting possibilities for the extraction of the RE
elements. Our approach for the selective extraction of rare earth metal ions is based on the use 
calix[4]arene-derived phosphine oxides where the phosphoryl-containing groups are anchored either 
at the lower or the upper rim. 

Figure 1. Conformations of calix[4]arene derivatives. 
upper rim 

lower rim 

cone 

R 

1,2-altemate 
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The calix[4]arene matrix is a particularly attractive building block since it possesses at both rims 
four circularly-arranged anchoring points where suitable binding functions can be tethere.d. The 
calixarene backbone itself may exist in four different conformations so as to provide access to a wide 
variety of receptors of well-defined shape and size (Figure 1), thus allowing its effective use in a 
number of separation problems.2-

7 

The present study focusses on the selectivity changes obtained in the competitive extraction of 11 

rare earth metal ions (RE3+) (RE =La, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Yb andY) originated by 
chemical and structural modifications within a series of neutral calix[4]arenes involving the phosphoryl 
function (Figure 2). 

Bu1 Bu1 Bu1 

1 2 3 

Bu1 Bu1 Bu1 Bu1 

4 5 6 

7 8 9 

Ph Me , I 
Ph....._:,p~N, 

II II Me 
0 0 

TOPO ~DMCMPO 

Figure 2. Chemical structure of the studied extractants. 
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RESULTS AND DISCUSSION 

Calixarenes in the cone conformation substituted at the lower rim by phosphoryl groups. 

Comparison with tri octyl phosphine oxide (l'OPO) 

Competitive extraction studies of calix[4]arenes5
'
6 bearing two (!), three (b_J) and four ~) 

phosphoryl groups show that the extraction efficiency increases as the number of PO groups increases 
(Figure 3). Cone-shaped tetra-PO-calix[4]arene 1 exhibits a significant selectivity for light rare earths. 
Particularly interesting is the observed peak selectivity which favours the extraction of praseodymium 
and neodymium. Although weakened, similar trends are observed with the di-PO derivative ! (peak 
selectivity for samarium). Comparison with a dicarbamoyl analog~) (Figure 4) suggests that the peak 
selectivity is a specific feature of the di-phosphoryl derivative. 

0.1 

... 

. ~ 0.01 
~ 

~ 
1 .5 0 .001 

:E s 
0 .0001 

0 .00001 

4 

La Pr Nd Sm Eu Gd Dy Ho Er Yb 

Figure 3. Competitive extraction for 11 rare-earth metal ions by!, ~, J, 1 ([L]0 = 0.002 M) and TOPO 
([L]0 = 0.008 M) in the presence of aluminium nitrate (0.9 M). 
Organic diluent : 1,2-dichloroethane. T = 25°C. 

The tri-PO compounds ~ and J exhibit very similar selectivity orders indicating that there is no 
significant influence of the fourth 0-substituent group (Me or H). Note, the selectivity compares well 
with that of trioctylphosphine oxide (TOPO). This suggests that there is no particular cavity effect in 
theRE complexation with the considered tri-PO-calix[4]arenes . 
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Figure 4. Competitive extraction for 11 rare-earth metal ions by!,~ and~ ([L]0 = 0.002 M) in the 
presence of aluminium nitrate (0.9 M). Organic diluent : 1,2-dichloroethane. T = 25°C. 

Calixarenes in the cone conformation substituted at the lower rim by phosphoryl and carbamoyl 
groups. 

Comparison with conventional carbamoylmethylphosphine oxides (CMPO 's) 

Substitution of one couple of distal pendant groups of~ by two -CH2C(O)NEt2 anns results in 
an important modification of the selectivity and an apparent loss of the particular effects observed for 
the tetra and diphosphoryl derivatives. 

Furthermore, it was shown that the carbamoylmethylphosphine oxide ligand D<I>DMCMPO 
extracts RE nitrates by forming 1 :2 metal-ligand complexes while the di carbamoyl - di-PO
calix[4]arene ~forms a 1:1 complex with the RE6

. Our findings (Figure 5) clearly show that the 
selectivity generated by two chelating CMPO groups cannot be correlated with that of the four pendant 
functions of the cone-shaped ligand ~' suggesting that different structural arrangements of two 
phosphoryl and two carbamoyl functions are conceivable around a rare earth metal centre. 

Conformational effects 

Changing the calixarene conformation may affect (Figure 5) significantly the extraction 
efficiency. Thus, it was found that the extraction is lower for the partial-cone conformer 1. The same 
trend holds for the selectivity. 
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Comparison of upper rim vs lower rim functionalized cone conformers 

It is shown (Figure 4) that the behavior of the upper rim functionalized derivative~ is markedly 
different from that of the lower rim analog!. but is similar to that ofTOPO (Figure 3). 

A remarkable feature was observed for the upper rim phosphorylated compound 2, for which a 
peak selectivity was observed within the light RE series (La-Gd) as already observed for ~. For the 
heavy RE earth elements, the selectivity order is similar to that of conventional phosphine oxides, thus 
contrasting with the behaviour of~. 

4 

0.0001 L._ ____________ _J 

La Pr Nd Sm Eu Gd Dy Ho Er Yb 

Figure 5. Competitive extraction for 11 rare-earth metal ions by~, §. and 1 ([L]0 = 0.002 M) and 
DCl>DMCMPO ([L]o = 0.004 M) in the presence of aluminium nitrate (0 .9 M). 

Organic diluent : 1,2-dichloroethane. T = 25°C. 

CONCLUSION 

Within the extraction systems investigated, two types can be distinguished : 
I . The "TOPO like" systems which are characterized by an overall increase of extraction efficiency 

as the atomic number increases and a poor selectivity within the heavy RE series. ln this 
category, one can include the tri-PO lower rim derivatives a, J), the mixed di-PO-di carbamoyl 
lower rim derivatives ~ and §. and the di-PO upper rim derivative ~. The overall increase of 
extraction efficiency can be rationalised in terms of increasing acidity with the atomic number. 

2. The second type of systems is characterized by a higher extraction efficiency for light RE ions 
except for La accompanied by a significant peak selectivity in the praseodymium-samarium 
sequence. Both tetraphosphorylated compounds ~ (lower rim) and 2 (upper rim), the upper rim 
diphosphorylated extractant~, and the carbamoylmethylphosphine oxide DCl>DMCMPO belong 
to this group. 
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For a complete understanding of the various chemical and conformational factors which influence the 
extraction efficiency as well as the selectivity, further experimental and theoretical investigations are 
needed. 
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Figure 6. Competitive extraction for 11 rare-earth metal ions by~ and 2 ([L]0 = 0.002 M) in the 
presence of aluminium nitrate (0.9 M). Organic diluent : 1,2-dichloroethane. T = 25°C. 
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A novel molecular mechanics force field for lanthanoid complexes coordinated to organophosphate, calixarene and aqua type 
ligands is presented. The ligand-metal-ligand (L-M-L) bending interaction is modeled with I ,3-non-bonded interactions 
(point on a sphere approach) and a harmonic M-L stretching potential is used for the stretching modes. A quantitative 
structure property relationship (QSPR) can be obtained, which relates the complexation strain energy difference between the 
lanthanoid cations and La(III) with their relative extractability. We provide that the molecular mechanics is an efficient tool 
for the design of new extractants of bisalkyl hydrogenphosphates and calixarene carboxylates having the specific 
lanthanoid(III) extractability properties. 

Keywords: QSPR, molecular mechanics calculation, lanthanoid, calixarene carboxylate, bisalkyl hydrogenphosphate, 

INTRODUCTION 

Molecular mechanics is a routine tool in organic chemistry, 1 and the development of novel 
approaches to optimize transition metal ion coordination geometries2 and of extensive 
parameterization schemes has lead to a situation, where many problems involving inorganic 
compounds may now be solved satisfactorily with the support of force field calculations.3 The design 
of metal ion selective ligands seemed to be an ideal task for molecular modeling but there are a 
number of inherent problems that limit its applicability. A few published reports of successful 
applications to predict selective metal ion complexation demonstrate the possibilities and limits of 
force field calculations in this area.4 

Force fields for severallanthanoid complexes have been reported by Cundari et a/.5 and Hay,6 

although no systematic study throughout the lanthanoid series has been carried out so far. Since the 
majority of commercial separation and refming of lanthanoids has been carried out by the solvent 
extraction with organophosphorus extractants, 7 force field for lanthanoid complexes having 0 donor 
atoms connected with P atom becomes one of the most helpful tools, in order to develop the novel 
organophosphorus extractants having high selectivity among adjacent lanthanoids. 

In this study, we present force field parameters for lanthanoid complexes with 0 donor atoms 
connected to phosphoryl P atom, carbonyl C atom and in aqua. Moreover, we perform the quantitative 
structure property relationship (QSPR) between total strain energy of complexes and extractability 
trends of lanthanoids(III) with some bisalkyl hydrogenphosphates and calixarene carboxylates 
described in previous papers,8

'
9 i.e. bis(4-ethylcyclohexyl) hydrogen-phosphate (D4ECHPA), bis(4-

cyclohexylcyclohexyl) hydrogenphosphate (D4DCHP A), bis(2-ethylhexyl) hydrogen-phosphate 
(D2EHPA), and calix[4]- and calix[6]arene carboxylates ([4]COOH and [6]COOH) (Figure 1). The 
force field presented here is, we believe, it represents the first attempt to model to high coordinate 
class oflanthanoid complexes as well as QSPR study using the molecular mechanics calculations. 
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EXPERIMENTAL 

Figure 1. Chemical Structures of D4ECHPA, 
D4DCHPA, D2EHPA, [4)COOHand [6]COOH 

R=CH 2COOH, (n=4,6) 

[n]COOH 

The calculations were performed with the strain minimization program MOMEC97 .10 Within 
the molecular mechanics frame work, the structure of a molecule is modified in order to minimize its 
total strain energy consisting of bond length deformation, valence angle deformation, torsion angle 
deformation and nonbonded interaction. Though other terms may be included to account for out-of
plane deformation, electrostatic interactions and hydrogen bonding, we have not attempted to simply 
model these effects. 
No symmetry restrictions were imposed on the local coordination sphere, and nonbonded interactions 
involving the metal center were neglected. This approach has also been taken by others in earlier force 
field calculations oftransition metal complexes,2'

11 and some lanthanide complexes.5
'
6 

Input coordinates were obtained from X -ray crystal structure data in literatures or produced 
with the graphics package HyperChemTM Release 5 (Hypercube, Inc., Canada). The strain-free bond 
length and force constant for each type of bond were adjusted until an optimal agreement between 
calculated and observed structures was obtained throughout the entire range of available structures. 
For each metal-0 atom (M-0) bond, the discrepancies between the calculated and observed bond 
lengths were also examined in all complexes which contained that bond type and parameters were 
adjusted in such a way as to minimize those discrepancies. 

RESULTS AND DISCUSSION 

Force Field Parameters of Lanthanoid Complexes. 

The parameters necessary to describe metal complexes can be conceptually divided into two 
types: metal-independent and metal-dependent. A common simplification is to assume that metal
independent parameters, derived for metal-free ligands, are transferable to coordinated ligands. This 
assumption of transferability seems particularly reasonable in light of the ionicity ofM-L bonding.2.6 

The metal-independent and metal-dependent force field parameters for calculating the 
structures in our work have been given in a previous work. 12 No constraints were placed on the 0-M-
0 angles instead, the 1,3-non-bonded repulsions of the donor atoms accounted for the geometry of the 
coordination sphere. This approach has the advantage to another are the strain-free M-L bond length 
(r0) and force constants (kr) appropriate for the metal ion in question. 

Figure 2 shows RMS overlays of the calculated lowest energy structures of all the extractants, 
calculated by MOMEC97 with those by the PM3 type semi-empirical orbital method (MOPAC93). 
The RMS value of residual distances in Angstroms denotes as a common measure ofthe similarity of 
the structures. Since both calculated structures are in good agreement with corresponding, we consider 
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that these force field parameters are also adaptable in order to obtain the calculated lowest energy 
structures of these extractants alone. 

D4DCHPA : RMS = 0.27A 

D2EHPA: RMS = 0.21A 

)-w~ vt-
tr\ 

~ ;,. )~ 
~~ ·~·"' [4]COOH : RMS=0.22A 

Figure 2. RMS overlay of computed MOMEC and PM3 
structures of metal-free ligands (hydrogen atoms omitted for 
clarity). 

Some lanthanoid(III) complexes available in literature, 13
'
14 mostly exhibit octa- to deca

coordinate. In particular, nona-coordinate complexes form regular or distorted tricapped trigonal 
prismatic (TCTP) geometry around metal centers. The bond lengths in these complexes were averaged 
and resulting bond lengths (rM.o) are shown in figure 3, together with r0 values parameterized in our 
work and van der Waals diameters (2rvdw). 15 All the parameterized r0 values are about 8% smaller than 
rM.o· Moreover, it is interesting that ro values are in good agreement with 2rvdW· 

QSPR of Extractability Trends of Lanthanoids 

In previous papers, 8•
9 we proposed the structures of lanthanoid complexes with D4ECHP A, 

D4DCHP A, D2EHP A, [4]COOH and [6]COOH from the stoichiometry of extracted species in organic 
phase. 
Hancock et al. firstly proposed QSPR theory for estimating the strain energy contribution to 
thermodynamics of complex formation on the system of transition metal complexes with 
polyamines.4

•
16 Under this theory and arrangement to our system, relation between the total strain 

energy and complex formation can be expressed by following equations. 
For the extraction with bisalkyl hydrogenphosphates: 

M(H20)93
+ + 6HR < > M(HR2k3H20 + 3W + 6H20 (1) 

UM 6UHR UMcom 3UH 6Uaq 

689 



Proceedings ISEC'99 

2.4 
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V van der Waals 

radiusx2 2rviNI 
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Atomic number of lanthanoid 

Figure 3. Plot of rM-o, r o and 2rvdW vs. 
the atomic number of lanthanoids. 

For the extraction with calix[4]arene carboxylate: 

M(H20)/+ + 2H4R E ;:. M-H3RH2R-3H20 + 2W + 6H20 
UM 2VH4R UMcom 2VH 6Uaq 

For the extraction with calix[6]arene carboxylate: 

M(H20)r + ~R o:: ;:. M -H3R-3H20 + 2W + 6H20 
UM · UH6R UMcom 2VH 6Uaq 

(2) 

(3) 

where U; (i = M, HR, ~ ~R, Mcom, H and aq) is the energy of respective molecule. 

Increase in the energy on complex formation and relation for relatively comparing mutual lanthanoid 
complex against La(III) complex are expressed by following equations: 

(4) 

(5) 

(n=2 at X=H4R; n=l at X=~R) 

(6) 

From the extraction equilibrium constant (Kex,M), the following free energy relationship is obtained: 

Ll~ = -RT In Kex, M (7) 

From Eqs.(6) and (7), the following equation can be finally derived: 

(8) 

where a is the apparent QSPR constant of above relationship. 
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Plot of D.UM - D.ULa vs. log (Kex, M I Kex, La) for bisalkyl hydrogenphosphates and calixarene 
carboxylates shown in Figures 4(a) and (b) revealed good linear relationship with a slope (a) of 1.26 
for all extractants in our work. We consider that this calculations can successfully expressed the 
complex formation behavior by strain energy terms around metal center. 

3 

• 
2 

6 

'o 
E 

1 

..:, 
:£ 

Slope a 1.26 
"::J:!, 0 
<l 

~5-1 

0 -2 

-3 
0 2 3 4 5 6 

• 
• 0 

0 

-2 -1 

0~ 

• • 

o Slope = 1.26 

0 

log(Kex.Ln/K.,.L,) 

• 

2 

Figure 4. Plot of D.UM - D.ULa vs . log(Kex, M I Kex, La) for bisalkyl hydrogenphosphates (a, left) and 
for calixarene carboxylates (b, right) . 

CONCLUSION 

lbis work shows how molecular mechanics methodology can be successfully applied to the 
calculation of structure in lanthanoid complexes. A simple method based on 1,3-nonbonded 
interactions of L-M-L and the use of harmonic M-L stretching potential yields very reasonable 
geometric results . 

We evaluated that QSPR between extractability trends of lanthanoid series with three bisalkyl 
hydrogenphosphates and two calixarene carboxylates can be obtained a good linear relationship for all 
the extractants. The QSPR study can be provide the possibility of application for predicting the 
selectivity of mutuallanthanoid(III) with fanciful extractants. 

Although this work has focused on modeling geometries found in lanthanoid complexes, the 
methodology is not limited to the fblock metals. Force field based on 1,3-nonbonded interactions 
between ligand donor atoms are suitable models for many of the more common geometries in 
coordination chemistry. 
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ABSTRACT 

EXTRACTION BEHAVIOR FOR TRivALENT 

LANTHANIDES WITH AMIDES AND EXAFS STUDY 
OF THEIR COMPLEXES 
H Narita, T Yaita and S Tachimori 
Separation Chemistry Laboratory, Department of Materials 
Science, Japan Atomic Energy Research Institute, Tokai-mura, 
Naka-gun, Ibaraki, 319-1195 Japan 

Solvent extraction of trivalent lanthanide (Ln(III)) ions with N,N'-dimethyl-N,N '-diphenyl-malonamide (DMDPhMA) and
diglycolamide (DMDPhDGA) and structural studies of their complexes in solution system by extended X-ray fine structure 
(EXAFS) spectroscopy were carried out. The distribution ratios (D's) of Ln(III) in the DMDPhDGA system were much 
higher than those in the DMDPhMA system. In the DMDPhGA-HN03 system, the D's increased with an increase in the 
atomic number, while the D's decreased in the DMDPhDGA-HCl and DMDPhMA-HCl / -HN03 systems. The EXAFS data 
shows that the DMDPhMA directly coordinates to Er(III) ion with a bidentate mode, while the DMDPhDGA with a 
tridentate mode. The counter ion of the Er(III) ion, N03-, Cl-, did not exist in the first coordination sphere of the Er(III) ion 
in the DMDPhDGA complex, indicating that the local structure around Er(III) in the DMDPhDGA-Er(N03)3 complex is 
identical with that in the DMDPhDGA-ErCl3 complex. 

Keywords: diamide, malonamides, glycolamides, lanthanide, EXAFS 

INTRODUCTION 

Amide compounds have recently become attractive as useful extractants in the nuclear waste 
reprocessing. I Unlike organophosphorus compounds, they are completely incinerateable, because of 
consisting of carbon, hydrogen, nitrogen and oxygen. Therefore, they do not generate additional waste. 
Among these compounds, the malonamides ((RlR2NCO)zCHR3), bifunctional amides, have been 
widely investigated by Musikas et al. and showed the good extractabilities of trivalent f-block 
elements.2 The diglycolamides (3-oxapentanediamides) ((RlR2NCOCHz)20), tri-functional amides, 
showed extremely high extractabilities for a few Ln(lll) and Am(lll) ions3. However, a systematic 
extraction for all Ln(lll) ions using these diamides has been limited. An understanding of the extraction 
properties of Ln(lll) with diamide compounds requires the knowledge of the structure and composition 
of the coordination sphere of Ln(lll) ion. Extended X-ray absorption fine structure (EXAFS) 
spectroscopy can determine a local structure around a specific metal of interest. The EXAFS, therefore, 
is one of the most powerful methods for the structural studies of organic ligand - metal complexes in 
solution. The EXAFS study of the organophosphorus compounds - holmium chloride complexes in 
ethanol solution showed that the diphosphine dioxides (DPDO) coordinates directly to holmium with 
symmetric bidentate mode, while the carbamoyl phosphin oxides (CMPO) with asymmetric bidentate 
mode.4 The detailed coordination properties of diamide-Ln(lll) complexes in solution system are not 
clarified yet. In this study, we report the extraction behavior of all Ln(III) (except Pm) ions from nitric 
acid and hydrochloric acid solutions withN,N'-dimethyl-N,N'-diphenyl-malonamide (DMDPhMA) and 
N,N'-dimethyl-N,N'-diphenyl-diglycolamide (DMDPhDGA) (Figure 1), and the local structure of 
DMDPhMA and DMDPhDGA-erbium nitrate and erbium chloride complexes in solution. 

EXPERIMENTAL 

Reagent 

DMDPhMA and DMDPhDGA were synthesized by a method similar to that described in the 
reference.5 (DMDPhMA Found: C, 72.3; H, 6.4; N, 9.8. C17H18N202 requires C, 72.3; H, 6.4; N, 9.9. 
DMDPhGA, Found: C, 69.1 ; H, 6.5; N, 8.8. CJ8HzoNz03 requires C, 69.2; H, 6.4; N, 9.0) The purity 
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was more than 99% on the basis of 1H-NMR and IR spectroscopy and liquid chromatography. All the 
other reagents were of reagent grade. 

Extraction 

The organic solution (diluent: chloroform) 
was pre-equilibrated with the same volume of the 
HN03 or HCl solution in the absence of Ln(III) 
ions. An aliquot of the pre-equilibrated organic 
phase and the same volume of the HN03 or HCl 
solution containing 10-6 M of 14 Ln(III) ions (La
Nd, Sm-Lu) were shaken for 20 min in a glass tube 
and were then centrifuged. A portion of the organic 
phase was transferred to another glass tube, and a 
specific volume of water was added. The mixture 
was shaken for 20 min and the Ln(III) ions in the 
organic phase were back-extracted into water. The 
recovery of the Ln(Ill) ions was very nearly 1 00%. 
The back-extraction was duplicated. The 
concentrations of the Ln(III) ions were measured by 
ICP-MS (Fisons, VG-PQ 0) as described in the 
previous paper. 6 The distribution ratio was defined 
as the concentration of the Ln(III) ions in the 
organic phase divided by the concentration of the 
Ln(III) ions in the aqueous phase. All the 
extractions were performed at 23± 1 oc. 

EXAFS measurements 

103 • • • • • (a) 

. . 

Q . . . • 
10"1 . . . . . . (b) . . . 

a a a a 
a . . . . . • 

10"' 
. (c) 

• . • • • • • • •• • (d) 
1 o·' ,__,_.__.__.__..__.__.__.__.__,___.__.__.__,__.__. 

H ~ W ~ M M ~ W U 
Atomic number 

Figure 2. The relation between the D's ofLn(III) and the atomic 

number in the (a)DMDPhDGA-HNO 
3
,(b)DMDPhDGA-HCI, 

(c)DMDPhMA-HNO 
3 

and (d)DMDPhMA-HClsystcms. 

[diamide):0.2M; [HNO 
3
):4M; [HCI]:9M 

The EXAFS samples were prepared by dissolving hydrated erbium chloride salt or hydrated 
erbium nitrate salt into ethanol solution containing the diarnides. The concentration of the diarnides 
(0.8M) was four times of erbium (0.2M). EXAFS spectra at Er Lm-edge of the samples were measured in 
transmission mode at the BL27B station of the Photon Factory in the High Energy Accelerator 
Organization (KEK). Synchrotron radiation from a storage ring operated at 2.5 GeV with a beam current 
of 100-250 rnA was monochromatized with a Si (111) double crystal monochromator. The EXAFS data 
was reduced as the previous paper.4 

RESULTS AND DISCUSSION 

Extraction of Ln(III) ions 

Figure 2 shows the distribution ratios (D's) versus the atomic number (lanthanide pattern for 
the D's) in (a) the DMDPhDGA-HN03 system, (b) the DMDPhDGA-HCl system, (c) the DMDPhMA
HN03 system and (d) the DMDPhMA-HCl system ([DMDPhMA], [DMDPhDGA] :0.5M; [HN03]:4M; 
[HC1]:9M). These lanthanide patterns are typical in each system, before the D's reach maximum. The D's 
from both the HN03 and the HCl solution in the DMDPhDGA system are much higher than those in the 
DMDPhMA system. The D's in the DMDPhDGA-HN03 system increase with an increase in the atomic 
number. The D of Lu(III), thus, is 10 times higher than that of La(III) . In contrast, the D's in the other 
systems decrease with an increase in the atomic number. The number of DMDPhDGA molecules in the 
extracted species obtained from slope analysis in 4M HN03 increased with an increase in the atomic 
number. 7 Therefore, the hydrophobicity of the extracted species for heavier Ln(III) ions can be larger 
than that for lighter Ln(III) ions. This may result in the increasing D's with an increase in the atomic 
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number. On the other hand, in the other systems, the number of the extractants in the extracted species is 
constant in the lanthanide series. 

EXAFS studies 

The radial structural function (RSF) obtained by the absolute values Fourier transforms of P
weighted EXAFS for ErCh-DMDPhMA and -DMDPhDGA complexes in ethanol are shown in Figure 3. 

I 
FT 

2 4 

R (~) 

Figure 3. Radial structural function for 

(a)DMDPhMA-ErC\ complex 

6 

and (b)DMDPhDGA-Erq complex in ethanol 

JO 
(k) 

1< 

Figure 4. RawEr L 
111 

-edge k3 -weighted EXAFS 

data for (a) the DMDPhMA-ErCI
3 

complex and 

(b) DMDPhDGA-ErCI complex . 
The solid lines are the ~xperimental data 
and the dotted lines are the theoretical fits of data 

The RSF phase shifts associated with the absorber-scatter interaction were not corrected. The 
first peak around 2 . 0~ arises from the oxygen of the coordinated water and the ligand. Figure 4 shows 
that the Fourier filtered EXAFS spectrum of the first peak weighted with P and the fitting results for 
these two complexes in ethanol solution. The fitting results are shown in Table 1. The interatomic 
distances of Er-O(carbonyl) in the DMDPhMA and DMDPhDGA complexes are 2 . 32~ and 2 . 33~, 

respectively. For the DMDPhDGA, Er-O(ether) is 2.47 ~. indicating that the DMDPhDGA coordinated to 
Er(III) ion in a tridentate mode. 

Er-O(C=O) Er-O(H20) Er-O(C-0-C) 
r(~) Nil rl- r(~)2l Nil ri r(~) Nil ci 

DMDPhMA 2.32 4 0.006 2.34 4 0.01 - - -
DMDPhDGA 2.33 4 0.004 2.34 2 0.009 2.47 2 0.003 

r: Bond distance, N: Coordination number, cr: Debye-Waller factor. 
I) All the coordination number held constant during fit. 2>r=2 . 34~ held constant during fit. 

Table l EXAFS structural parameters for diarnide- ErCh complexes in ethanol 

Figure 5 shows the comparison of the RSF between erbium nitrate ion system and the erbium 
chloride system: (a) erbium ion in the absence of the diarnide, (b) DMDPhMA-erbium ion system and (c) 
DMDPhDGA-erbium ion system (The RSF phase shifts were not corrected.) The RSF for erbium nitrate 
in Figure 5a apparently consists of 2 peaks. The second peak around 3.7~ is attributed to non-
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coordinated oxygen of nitrate ion. For DMDPhMA-Er(N03)3 complex, the second peak around 3.71':J. is 
also observed. Accordingly, nitrate ion coordinates directly to erbium ion, but chloride ion does not in 
Fig.ures 5a,b. This result indicates that no nitrate ion exists in the inner-sphere ofEr(III) ion and the local 
structure around Er(III) ion (-M) in the DMDPhDGA-Er(N03)3 is identical with that in the 
DMDPhDGA-ErCh. 

CONCLUSION 

(a) 

(b) 

(c) 

2 3 4 6 

R (~) 
Figure 5. Radial structural fimction for 
(a)the erbium ion in the absence of the diamide 
(b)the DMDPhMA-Er complex and 
(c)the DMDPhDGA-Er complex in ethanol. 
The solid lines are the nitrate ion system and 
the dotted lines are the chloride ion system . 

The distribution ratios ofLn(III) in the DMDPhDGA system were much higher than those in the 
DMDPhMA system. The EXAFS data showed the DMDPhMA coordinated to Er ion with two carbonyl 
oxygen atoms and the DMDPhDGA with an ether oxygen atom and two carbonyl oxygen atoms . The 
tridentate coordination of the DMDPhDGA may reflect the high extractability. The extraction behavior of 
Ln(III) with the DMDPhDGA exhibited a large difference between the HN03 and HCl system. However, 
the local structures of the DMDPhDGA-Er(N03)3 complex and DMDPhDGA-ErCh complex were very 
similar. This result suggests that the outer-sphere structure of complexes would play an important role for 
lanthanide extraction. 
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ABSTRACT 

EXTRACTION OF URANIUM {VI) AND 

PLUTONIUM(IV) FROM NITRIC ACID SOLUTIONS BY 

SUBSTITUTED CYCLIC AMIDES 
Shinichi Suzukil, Kazunari Tamural, Shoichi Tachimoril and 
Yoshiharu Usui2 
I Department of Material Science, Japan Atomic Energy Research 
Institute, Naka-gun, Ibaraki 319-1195, Japan 
2The Graduate School of Science and Engineering, Ibaraki 
University, Mito 310-8512, Japan 

In this study, seven substituted cyclic amides have been synthesized and the extraction of U(VI) and Pu(IV) by the amides 
was investigated under various conditions. From the results of distribution ratio(DM) as functions of nitric acid and cyclic 
amide concentrations, we discussed the effects of the amides structure, i.e., the branched alkyl group attached nitrogen atom 
and position of substituted octyl group on the extraction behavior of U(VI) and Pu(IV). Du and Dpu by OCLA is larger to 
small extant than that by EHCLA. OCLA and EHCLA respective concentration of I M in dodecane have produced the third 
phase. By introducing an octyl group to ring part, the third phase disappeared due to the increase of hydrophobicity of cyclic 
amides. Du and Dpu with 20EHCLA were lower than that with the mixture of 30EHCLA and 50EHCLA. Steric hindrance 
caused by n-octyl group neighboring C=O to the extraction of Pu(IV) is larger than that of U(VI). In this paper, the 

relationship between the DM and ring structure, especially steric effect around oxygen donor atom of the amides . 

Keywords: cyclic amide, uranium, plutonium, spent fuel reprocessing 

INTRODUCTION 

N,N-dialkylamidesl-7 have been studied extensively as possible alternative extractants to 
tributylphosphate (1BP) for actinide separation in spent fuel reprocessing. As cyclic amides8-14 are 
also useful for extraction of actinides, extraction behavior of U(VI) and Th(IV) by N-alkyl
caprolactam have been reported so far. In this study, solvent extraction of U(VI) and Pu(IV) with 
substituted cyclic amide was studied under various conditions. Cyclic amides, 20EHCLA and 
30,50EHCLA, have been synthesized in order to increase the lipophilicity of EHCLA. Compound 
30,50EHCLA and 30,500CLA are a mixture of 30EHCLA and 50EHCLA and that of 300CLA 
and 500CLA. The present study clarified the effects of amides structure, i.e., the branched alkyl 
group attached to nitogen atom and the position of substituted octyl group on the extraction of U(VI) 
and Pu(IV) by cyclic amide. 

EXPERIMENTAL 

Reagents 

Cyclic amides, i.e. N-(2-ethyl)hexylcaprolactam (EHCLA), N-octylcaprolactam (OCLA), 2-
octyl-N-(2-ethyl)hexylcaprolactam (20EHCLA), a mixture of 3-octyl-N-(2-ethyl)hexylcaprolactam 
and 5-octyl-N-(2-ethyl)hexylcaprolactam (30,50EHCLA) and that of 3-octyl-N-octylcaprolactam 
and 5-octyl-N-octylcaprolactam (30,500CLA) were synthesized in our laboratory. The cyclic 
amides prepared were characterized by gas-chromatography, IR and NMR spectrometry. N-dodecane 
(Wako Pure Chemical Industries,. Ltd.) as a diluent was of reagent grade and used as received. 

Distribution experiment 

Equal volumes of the aqueous of the required acidity containing U and Pu and pre-equilibrated 
organic phase by required concentration of HN03 were shaken for 10 minute. After the equilibration, 
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the system was centrifuged for 5 minutes. Distribution coefficient of U: Du between nitric acid solution 
and cyclic amides in dodecane was determined from measurement U(VI) concentration of both phases. 
U(VI) concentration was measured after dilution with HN03 by inductively coupled plasma mass 
spectrometry (ICP-MS : Fisons, PQO). The concentration of U(VI) in the organic phase was 
determined by ICP-MS after stripping in twice with 0.2 moVdm3 oxalic acid. Distribution coefficient of 
Pu: DPu between nitric acid solution and cyclic amides in dodecane was determined from measurement 
ofPu(IV) activity by using liquid scintillation counter(Packard, 2700TRIAB). 

RESULTS AND DISCUSSION 

Nitrogen alkyl branching effect on DM(M:U, Pu) 

Previous researcher reported slightly higher Du and DTh by N-n-octylcaprolactam than those 
by EHCLA. Du and DPu by OCLA is larger to small extant than that by EHCLA. Figure l shows that 
nitric acid concentration dependency ofDu by 1M OCLA and EHCLA in dodecane. Du increased with 
an increase in acid concentration and the third phase has been appeared in aqueous conditions of 1.0 M 
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Figure I Nirtic acid denendency ofDU by I M cyclic amides 

HN03 for OCLA and 0.7 M HN03 for EHCLA. 
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Figure 2 Nirtic acid denendency o~,pby 0.1 M cyclic amidE 

This effect is caused by difference in solubility of these amides, the third phase formation must be 
caused by distinction of physical property of cyclic amides which is due to carbon chain length of alkyl 
group attaching nitrogen atom, therefore the third phase formation order is EHCLA > OCLA. Figure 2 
shows cyclic amide concentration dependency on Du. The slopes of each line are 2.0 for OCLA, 2.3 for 
EHCLA, respectively, which indicated that approximately 2 cyclic amides molecule concerned in U 
extraction system. 

Figure 3 shows that nitric acid concentration dependency of DPu also for two cyclic amides. DPu 
had maximum in aqueous conditions of 3.0 M HN03 for OCLA, and 3.0 M HN03 for EHCLA, in 
which DPu is 0.26 for EHVLA and 0.15 for EHCLA at 25 °C, respectively. The order of magnitude of 
DPu is also OCLA > EHCLA in nitric acid concentration lower than 1.0 moVdm3, compared with U 
extraction result by same cyclic amides. Figure 4 shows cyclic amide concentration dependency on 
DPu. The slopes of each line are 4.2 for OCLA, 3.9 for EHCLA, respectively, which indicated that 
approximately 4 cyclic amides molecule concerned in U extraction system. 

In order to promote lipophilicity of EHCLA, n-octyl group attached to carbon atom of EHCLA. 
Then Du by 30,500CLA and 30,50EHCLA were compared and shown in figure 5. The Du by 
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30,500CLA showed a slightly higher value over the whole concentration of HN03. llris weak 
deleterious effect seen by 30,50EHCLA is also the steric one caused by branching. Figure 6 shows 
nitric acid concentration dependency of DPu by 30,500CLA and 30,50EHCLA. The DPu by 
30,500CLA showed almost same. Maximum DPu was obtained is 45.4 for 30,50EHCLA and 41.2 
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Figure 3 D u as a function of cyclic amide concentration 
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for 30,50EHCLA. DPu by 30,500CLA is larger than Du by one. From the result of U and Pu 
extraction by 30,500CLA and 30,50EHCLA, nitrogen alkyl branching effect on Du and DPu is 
slightly small. 

Cyclic amide concentration dependencies of Du and DPu by 30,500CLA and 30,50EHCLA 
are shown in Figure 7 and Figure 8 respectively. Slopes ofDu of each line are 2.0 for 30,500CLA and 
2.0 for 30,50EHCLA and that of DPu are 2.9 for 30,500CLA and 2.9 for 30,50EHCLA 
respectively. From the report of C.Musikus, DPu by N,N-dialkylrnonoamide which has nitrogen alkyl 
branch drastic decrease due to steric hindrance but DPu by cyclic amide could not seen the effect of 
nitrogen alkyl branching. In this respect, it is considered that rotation of amide bonding around C-N 
bond is restricted in cyclic amides . 
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Effect of appending n-octvl group to the cyclic amide ring on I>:M_{M:U, Pu) 
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In order to increase the solubility of the U(VI)-cyclic amide complex in the nonpolar diluent and 
avoid third phase formation, the introduction of n-octyl group to the cyclic amide frame of EHCLA was 
tried, to improve the lipophilicity of the cyclic amide molecule. Two derivatives of EHCLA, 20EHCLA 
and 30,50EHCLA, were synthesized to verify the behavior in the U and Pu extraction. The resulting 
Du was shown in figure 9 comparing with Du by EHCLA. The 1 M EHCLA in n-dodecane formed the 
third phase at the acidity higher than 1 Mas seen in figure 1 and figure 9. Whereas both 20EHCLA 
and 30,50EHCLA produced no third phase even at high acidity and the acid dependency of Du is 
larger with 30,50EHCLA than that with EHCLA. A drastic decrease of Du with 20EHCLA, caused 
by n-octyl group which appended to the carbon atom nearest to the functional C=O group, seems awing 
to the steric hindrance around oxygen donor atom. 

Figure 10 shows that cyclic amide concentration dependency of Du in acid condition 1.0 M 
HN03. The slopes of each lines are 2.3 for EHCLA, 1.9 for 20EHCLA and 2.0 for 30,50EHCLA. It 
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is indicated that about two cyclic amide attributed to extraction ofU. 
The acid dependency of Dr>u by both 20EHCLA and 30,50EHCLA was smaller than that by 

EHCLA in acidity less than lM(figure 11). But maximum DPu obtained is 41.2 for 30,50EHCLA. ln 
the case of 20EHCLA, third phase did not appear even high nitric acid concentration area, however, 
Dr>u is still several orders of magnitude below the values obtained by use of 30,50EHCLA. This DPu 
reduction was mentioned above is attributed to increasing of steric hindrance around oxygen atom to 
introducing n-octyl group to nearest C=O carbon atom. The reduction of DPu 20EHCLA is remarkably 
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Figure II Nirtic acid denendency of D Pu by I M cyclic amide Figure 12 q, as a function of cyclic amide concentration 

low, comparison with that of Du. This result means that Pu is more sensitivity for steric effect of 
extractant than U on the extraction by cyclic amide. Comparison of DPu between EHCLA and 
30,50EHCLA, DPu by 30,50EHCLA is slightly smaller than that by EHCLA. It is indicated that a 
little steric hindrance presence on Pu extraction by 30,50EHCLA, comparing eith U extraction by 
30,50EHCLA. 

Figure 12 shows that cyclic amide concentration dependency of DPu in acid condition 1.0 M 
HN03• The slope of each lines is 3.9 for EHCLA, 3.0 for 20EHCLA and 2.9 for 30,50EHCLA. 
Solvation number of 20EHCLA and 30,50EHCLA which appended n-octyl group to the EHCLA 
were reduced due to steric hindrance. 

CONCLUSION 

It could be concluded, from all above results, that a proposing amide, whose extraction behavior 
is most appropriate as an alternative to TBP, is the 30,500CLA which possesses the highest 
extractability and enough solubility among the extractants evaluated. Comparison of DM with N,N
dialkylamide which is the most possible to replace TBP as extractant in spent fuel reprocessing process, 
Dr>u obtained by 30,500CLA is enable us to considered to adjust to process. However separation factor 
of between U and Pu by 30,500CLA is small which is a subject in near future. 
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ABSTRACT 

OXIDATION OF CYANEX 302 AND CYANEX 301 BY 

FT -RAMAN AND UV-V SPECTROSCOPY 
A Almela, B Menoyo, MP Elizalde and F Mijangosl 
Departamentos de Quimica Analitica e lngenieria Quimica 1 
Universidad del Pais Vasco, Aptdo. 644, 48080 Bilbao. 
Spain 

The effect that exposure to nitric acid has on the extractants Cyanex 302 and Cyanex 301 has been studied by IT-Raman 
spectroscopy. It has been observed that an oxidation process in several steps takes place, leading to the formation of 
intermediate compounds which finally give rise to the formation of their oxy-acid analogues as well as other 
organophosphorus compounds. A kinetic study of the deactivation process that Cyanex 302 suffers on contact with HN03 
by UV-V spectroscopy is also presented. 

Keywords: Cyanex 302, Cyanex 301, Cyanex 272, nitric acid, IT-Raman spectroscopy, UV-V spectroscopy. 

INTRODUCTION 

The organothiophosphinic acids Cyanex 302 and Cyanex 301 whose major components are 
bis(2,4,4-trimethylpentyl)thiophosphinic acid and bis(2,4,4-trimethylpentyl)dithiophosphinic acid 
respectively have proved to be valuable solvent-extraction reagents as they are able to extract metal 
ions at very low pH values. However, one of the drawbacks of sulphur-containing extractants is that 
they are susceptible to oxidation and decomposition in the presence of mineral acids. Their stability in 
sulphuric and nitric acids has been studied by using IR spectroscopy, 1 and a severe oxidative 
decomposition as well as damages in the alkylchain has been reported after prolonged periods of 
exposure to nitric acid concentrations greater than 2.0 M. Moreover, for Cyanex 301, the formation of 
S-0 linkages has also been proposed. On the other hand, the radiolytical stability of commercial and 
purified Cyanex 301 has been studied by IR and P-NMR.2,3 and the formation of the 
monothiophosphinic and phosphinic acid homologues as well as other organic phosphorus compound 
species was proposed. 

The possibility of the formation of S-S and S-0 linkages is also suggested by Sole et al.4 in 
the study of the solvent extraction of copper by these reagents. Previous works 5 on the oxidation of 
short-chain dithiophosphinic acids have reported evidence of the formation of sulphanes ot the type 
R2P(S)-Sn-(S)PR2 (n=1, 2, 3). 

In this work, Ff-Raman spectroscopy has been applied to the study of the inactivation process 
of Cyanex 301 and Cyanex 302 in the presence of nitric acid. A kinetic study of the oxidation of 
Cyanex 302 solutions with nitric acid in a biphasic system has also been carried out by means ofUV
V spectroscopy. 

EXPERIMENTAL 

Cyanex 272, Cyanex 302 and Cyanex 301 were kindly supplied by Cytec. Canada Inc. and 
were used without further purification. The rough extractants were used for the Raman and Infrared 
measurements while for the UV-V experiments organic solutions of Cyanex 302 in n-heptane (Merck 
p.a.), were prepared at a concentration of0.1%. 
Solutions of mineral acids were prepared from HCl, H2S04 and HN03 (Merck p.a.). 

The Raman measurements were accomplished using a Nicolet 950 Ff-RAMAN spectrometer 
equipped with an InGaAs detector. Excitation at 1064 was provided by a Nd:YAG laser operating at 
1000 mW. Data were collected at a spectral resolution of 8 cm-1 and 100 scans were acumulated. 
Infrared spectra were recorded using a Perkin Elmer R-1430. 
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Several confirmative assays were made by gas chromatography using a HP5890 gas chromatograph 
equipped with a GC-MS detector. A HP-5 columm 12.5 m x 0.25 mm x 0.25 !J.m film thickness was 
used. 
Absorbance measurements were carried out using a UV-V Shimazu UV-260 spectrophotometer. 

RESULTS AND DISCUSION 

Ff-Raman spectroscopy 

272 

302 

301 

3000 2000 1000 0 

Figure 1. Raman spectra ofCyanex 272, Cyanex 302 and Cyanex 301. 

In the Raman spectra of the three extractants the majority of the bands observed correspond to 
vibrations of the alkyl chain of the organophosphorus molecule (bis(2,4,4-trimethylpentyl) radical): 
2954, 2904, v(CH3) as; 1450, o(CH3) as; 1407, 1351, o(CH3) sym of the tert-butyl group; 1246, 
1212, v(C-C) of the tert-butyl group; 955, 929, 908, bands characteristic of the branched chain; 750, 
v(sketetal) sym of the tert-butyl group as well as v(P-C). On the other hand, the vibrational band at 
approximately 610 cm-1 corresponding to P=S can be observed in both Cyanex 302 and Cyanex 301. 
The bands at 522 cm-1 and 480 cm-1 that appear in the spectrum of Cyanex 301 can be assigned to 
the PS(SH) stretch, the former also corresponding to the tert-butyl group. Cyanex 301 also exhibits a 
band at 454 cm-1 corresponding toP-S (this band is weak in Cyanex 302 due to the tautomeric form), 
and a signal in the region of 2500 cm-1 due to the vibration of S-H. In the Raman spectra of these 
extractants the bands corresponding to the bonds P-0-H and P=O are very weak and are masked by 
the bands of the alkyl chain. 

Additionally, in the infrared spectra of these extractants, Cyanex 272 shows a strong band at 
950 cm-1 due to P-0-H, this band having medium intensity in the case of Cyanex 302 and being 
negligible in the case ofCyanex 301. On the other hand, the band appearing at 1175 cm-1 in Cyanex 
272 can be attributed to the P=O stretch, this signal being very weak in both Cyanex 301 and Cyanex 
302 spectra (indicating the predominance of the thiono form of the monothiophosphinic acid). 

The three rough extractants Cyanex 272, Cyanex 302 and Cyanex 301 were treated with the 
mineral acids most frequently used as stripping agents: hydrochloric, sulphuric and nitric acids. No 
effect with the hydrochloric and sulphuric acids was observed whereas nitric acid (5.0 M) caused 
degradation of Cyanex 302 and Cyanex 301. 
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The stability of Cyanex 301 and Cyanex 302 that had previously been on contact with 5.0 M 
nitric acid for a short period of time was studied by carrying out two kind of experiments. In this 
sense, after mechanical agitation for 15 minutes, part of the organic phase was removed and kept in a 
tube while the rest remained on contact with nitric acid. The aim of the experiment was to find out 
whether the degradation process occurred even in the absence of prolonged contact with nitric acid. 
The results of the experiment showed that the degradation takes place only when the rough 
extractants are on contact with 5.0 M nitric acid for a long time. 

Figure 2 shows the variation of Raman spectra with time in the range of interest 1400-150 
cm-1 . Concerning Cyanex 301, the degradation process becomes to be important after three days, 
when the organic phase is completely yellow, and a yellow solid appears to be formed at the interface. 
Raman spectrum of this solid confirmed that sulphur was being formed which means that cleavages 
of the sulphur containing bonds are taking place. This fact is confirmed by the progressive decrease in 
the intensity of the bands at 2500 cm-1 (S-H), 610 cm-1 (P=S), 522 cm-1 (PS(SH)) and 454 cm-1 (P
S). On the other hand, new bands at 474 em-land 812 cm-lappear, as well as a peak at 218 cm-1. The 
degradation process seems to be practically completed in eight days as the bands corresponding to the 
P=S and P-S bonds have disappeared. The spectrum finally obtained practically matches the spectrum 
of Cyanex 272, suggesting the oxidation of the extractant from the thiophosphinic acid to the 
phosphinic acid. However, it must be taken into consideration that after three days a new band around 
474 cm-1 appears, this band overlaps the band at 454 cm-1 and increases, finally decreasing. This 
may indicate the formation of S-S linkages for a short period of time. 

Concerning Cyanex 302, Figure 2 shows that the degradation process takes less time to be 
completed. Thus, after being on contact with nitric acid for a few hours, the organic phase is yellow 
and there is again a yellow solid at the interface, which was confirmed to be sulphur. The Raman 
spectra shows that the bands at 602 cm-1 (P=S) and 466 cm-1 (P-S) experiment a decrease with time 
and in seven days they have disappeared, while new bands at 819 cm-1, 476 cm-1 and 218 cm-1 are 
being formed. The spectrum finally obtained shows its similarity to that of Cyanex 272 and also to the 
spectrum of Cyanex 30 1 after nitric acid treatment. 

Examination of the spectra of these nitric acid treated extractants shows the developing of 
new absorption bands at around 474 cm-1 and 218 cm-1 which seem to suggest that a new compound 
could be formed as well as the phosphinic acid. These fmdings are consistent with the results obtained 
by using gas chromatography where the comparison of the gas chromatograms obtained before and 
after contact of the organic phases diluted in toluene with 5.0 M nitric acid revealed that the 
monothiophosphinic acid is almost completely oxidized to the corresponding alkylphosphinic acid, 
whereas the dithiophosphinic acid is partially oxidized to both the monothio and to the phosphinic 
analogues. The chromatograms also show the formation of other organophosphorus compounds. 
Moreover, additional extraction experiments have confirmed that the organic solutions ofCyanex 302 
after nitric acid treatment are able to extract the metal ions, but at higher pH values, as corresponds to 
the Cyanex 272 analogue, thus agreeing with Modolo et al 3. 
Finally, it has to be pointed out that additional experiments carried out with H202 instead of nitric 
acid gave rise to similar results, although this time the degree of the degradation process seemed to be 
less severe. 
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Figure 2. Raman spectra ofthe organic solutions of(a) Cyanex 301 and (b) Cyanex 302 before and 
after prolonged contact with 5.0 M nitric acid. 

ffitraviolet - Visible Spectroscopy 

Preliminary experiments using UV-V spectroscopy showed that organic solutions of Cyanex 
302 on contact with nitric acid solutions developed a peak around 275 nm which increased gradually 
with time, reached a maximum and then decreased. These results indicated that the oxidation process 
could be studied from a kinetic point of view. Similar results were obtained with H202 aqueous 
solutions, although in this case only the increasing of the absorbance of the organic solutions was 
observed. 

Thus, the experiments were performed in a spectrophotometer cell (1 em path), containing 0.5 
ml of nitric acid solutions and 2 ml of 0.1% Cyanex 302 in n-heptane. The measuring distance was 
10.5 mm above the interface. No shaking was allowed in the experiments, trying to avoid any source 
of turbulence. Following this procedure, six series of experimental data were collected in the form A 
= f(time) . Each series corresponded to a nitric acid concentration in the aqueous solution: 2.9, 4.0, 
5.0, 7.2, 9.2, and 14.4 M. Figure 3 shows the representation of the experimental data at the different 
nitric acid concentrations. 
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Figure 3. Variation of the absorbance (275 run) of organic solutions of Cyanex 302 with time at 
different total nitric acid concentrations (M) in the aqueous phase. 

Data treatment was carried out taking into account the following assumptions: 
a.- The process occurs in two main steps: diffusion step and chemical reaction. 

In the diffusion step HN03 diffuses to the interface and reacts with the active 
component of the extractant giving rise to the oxidized intermediate that diffuses 
through the organic phase to the measuring zone. The chemical reaction assumes the 
degradation of the intermediate species to final products. 

b .- Only intermediate species are measured at 275 run. 
c.- There are no volume changes in both phases. 
d.- It is an isothermal system. No heat dissipation occurs. 

As a first approach, only the diffusion process was considered. Under these assumptions, this system 
can be treated as that described by Crank, 6 and the solution of the continuity equation, taking into 
account the Lambert - Beer law, has the expression: AI A inr = erfc [o I (Dn t)O.S] where A represents 
the measured absorbance and A;.r a parameter corresponding to the absorbance that would be obtained 
if only a diffusion process took place. o is the fixed measured distance (10.5 mm), and Dn represents 
the diffusion coefficient of the species measured in the organic phase. 

0.5 0.8 .,-;-...,..,..-------------, 
A/~nf A/A 

0 20 40 60 60 

Figure 4.- Comparison of some of the experimental data with the theoretical curves (continuous 
lines) assuming a diffusion kinetic model. 
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The function represented by the above equation was theoretically calculated using A;nr and Dn as 
fitted parameters. Numerical calculations were carried out minimizing the error square sum by means 
of the Solvent option of the Excel program 7. The estimated diffusion coefficient ranged from 0.27 ·I0-
7 to 5. 79·10-7 m2fs, depending on the nitric acid concentration in the aqueous phase. 

As an example, Figure 4 shows the comparison between the experimental and theoretical 
functions for the experiments carried out at 2.9 and 5.0 M nitric acid concentrations. As it can be 
seen, both functions show a good agreement in the first part of the curves (short periods of time) 
whereas for prolonged periods of exposure strong deviations due to chemical reactions following the 
diffusion step can be appreciated. 

The results obtained in this kinetic study agree with those obtained previously by Raman 
spectroscopy in the sense that the interaction between the alkylthiophosphinic acids and nitric acid 
gives rise to oxidation processes in which the initial oxidized form of the extractants, which probably 
are related to disulphide dimers of the acids, degradates to yield finally, as well as other compounds, 
the alkylphosphinic acid. 
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ABSTRACT 

INDIUM RECOVERY FROM INDUSTRIAL ZINC 

RESIDUES 
JS Benedetto!, EB Tambourgi2 and RM Mingotel 
1 Centro de Desenvolvimento da Tecnologia Nuclear CDTN 
/CNEN, R.Prof. Mario Wemeck s/n, Cidade Universitaria, 
Pampulha, CEP 30.123-970, Belo Horizonte, Minas Gerais, 
Brazil. 
2 Universidade Estadual de Campinas UNICAMP, Faculdade 
de Eng. Quimica, Depto de Eng. de Sistemas, Campinas - Sao 
Paulo, Brazil. 

This work presents a study of indium recovery from sulphuric liquor generated during the hydrometallurgical processing of 
zinc. The investigation aims at defining a process to obtain a purified solution of the metal fitting industrial requirements for 
further use. The main steps of the process were studied. Indium was initially precipitated with a small amount of iron to 
generate a solution with a lower Fe!In ratio. Following that, the solution was fed into the solvent extraction experimental unit 
for the recovery of indium, which was subsequently purified. 
A study of the main parameters of the process was conducted for the steps: iron reduction, indium precipitation, precipitate 
solubilization, solvent extraction and stripping of indium. 
The experimental results indicated that it was possible to obtain aqueous indium solutions with a high grade of purity. The 
recovery was practically complete: over 98%. 

Keywords: indium, iron reduction, D2EHP A, zinc residues 

INTRODUCTION 

Indium is a strategically important element. To date, most of the world's supply of indium has 
been recovered from the dusts and residues generated during the processing of Zn, Zn-Pb and Zn-Cu 
sulphate concentrates. It is known that most of indium in the feed to the jarosite circuit collects in the 
jarosite residue. Jn3+ replaces Fe3+ in the jarosite structure to form a nearly ideal solid solution 
series. The consequence is that it is virtually impossible to avoid indium losses in jarosite, while at 
the same time it is difficult to concentrate indium in the jarosite precipitate.! 

In common with many of the rarer metals, indium becomes concentrated in the by-products of 
the recovery of other metals, especially lead and zinc. Indium is most frequently associated with zinc 
and, as a result, is commercially recovered from zinc residues and smelter slags. At the present time 
these by-products constitute the only commercial sources ofindium.2 

The industrial solution is a sulphuric liquor with 80 ~g/cm3 of indium and other metal ions 
such as iron, zinc, and copper. Iron is present in significant amounts (25 .7 g!dm3) and its removal and 
disposal constitutes a major operational problem. Presently iron removal is accomplished by 
precipitation techniques as used in the zinc industry. These, despite their effectiveness, are associated 
with high consumption of neutralising agents, causing the accumulation of complex iron residues that 
might lead to environmental problems) 

Since the leach solutions are extremely complex and exhibit low concentrations of scarce 
metals, the method ultimately employed should be extremely selective . and active, and the 
accomplished upgrade in concentration should be very high to obtain the proper liquors and 
eventually produce the metals. Most desirable would be a solvent extraction process for direct 
recovery of the metals from sulphuric acid liquors.4 

The indium and iron Eh-pH diagrams are very useful in indicating the best conditions to 
attain an indium rich precipitate. This precipitate after solubilization can be fed in a solvent extraction 
process to obtain the purified metal. Indium is quantitatively extracted under adequate conditions but 
a competitive extraction offe3+ and zn2+ ions also occurs at this stage. To minimise the extraction 
of iron, Fe3+ has been reduced to Fe2+, since the ferrous ion has a higher pH range ofextraction.5 
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EXPERIMENTAL 

The route of the process includes four main steps. These are: 

Iron reduction 

Preliminary batch tests were carried out to investigate the parameters that most affect the 
process.6 Two reduction agents were tested: zinc sulphite (ZnS), and zinc powder (Zn). In this step the 
temperature and the time of reaction were investigated. 

Indium Precipitation 

The purpose of these experiments was to obtain maximum precipitation of indium with 
minimum iron contamination. Recovery of high purity indium would be reached on the next step by 
solvent extraction. The effect of the parameters that influence indium and iron separation was studied. 
These parameters are pH, temperature and sedimentation time, 

Precipitate Solubilization 

The indium concentrate was dissolved in sulphuric acid, and the acidity adjusted for the 
conditions required by the subsequent experiments. 

Solvent Extraction and Stripping oflndium 

This process provides a highly selective indium separation. Di-2-ethylhexylphosphoric acid 
(D2EHP A) diluted in isoparaffin has been used as the extractant for the recovery of indium. Previous 
batch tests with a synthetic solution indicated the range of the main parameters.6 Subsequently a few 
tests were run with the real solution to achieve the optimum conditions for this process. 

Sample characterisation 

The sample used in this investigation was collected from the sulphuric liquor flowing from the 
acid leach step of the industrial zinc process. The concentrations of the main elements present in the 
sulphuric liquor are shown in table 1: 

Species Concentration 

In 80 tJg/cm3 

Ga 20 f.Lg/cm3 

Fe 25.7 g/dm3 

Zn 95.0 g/dm3 

Cu 4.30 g/dm3 

Acidity 0.76 molldm3 

Table 1 Characterisation of the Main Species in the Feed 

Theoretical Basis 

The Eh-pH diagrams for indium and iron are shown in figures 1 and 2. The most effective 
separation of both elements occurs at a negative potential and at pH nearly 4. In these conditions indium 
should precipitate whereas iron would remain in solution as Fe2

+. 

The main reactions at the indium precipitation step are: 

Fe(OH)z = Fe2
+ + 20H Kps = 8.0 x 10'16 

Fe(OH)3 = Fe3
+ + 30H Kps = 4.0 x 10'38 

ln(OH)3 = ln3
+ + 30H Kps = 6.3 x 10'34 
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Figure 2 - Iron Eh-pH diagram 

Taking into account that the concentrations of iron and indium in the solution are 25 .7gldm3 

(0.4602 mol/dm3
) and 80 J.Lg/rnl (0.697x 104 mol!dm3

) respectively, the pH values at which metal 
precipitation begins are: 

Fe2 +: r ] s x 10-16 

Los- = 
0,4602 

pOH = -log[OH] = 7.4, 

r ] 4 x w -38 Los- =3 ---
0,4602 

pOH = -log[OH] = 12.3, 

[as-]= 3 6,3 x 1o-
34 

0,697 X 10-4 

pOH = -log[OH] = 9.7 

=> [OR] = 4.17 X 10-8 

=> pH= 6,6 

=> [OH-] = 4.42 X 10-13, 

=> pH= 1,6 

=> [OH-] = 2.08x 10-10 

=> pH=4,3 

With the above specified concentrations the onset of indium hydroxide precipitation is at pH 4.3 . Taking 
into account the acidity, all the Fe2

+ remains in the solution; however if ferric ions are present in the 
solution, they will precipitate together with indium hydroxide. 

RESULTS AND DISCUSSIONS 

Iron Reduction 

Figure 3 shows the influence of the temperature on the yield of iron reduction for both reducing 
agents tested, zinc sulphide and zinc powder. The amounts of ZnS and Zn used were 10% and 50% 
above their respective stoichiometric ratio to iron. Under such conditions the best yields for iron 
reduction were achieved with ZnS at temperatures over 50°C. The zinc powder is an effective reducing 
agent even at ambient temperature. 

Zinc powder is not recommended for this application as its recycle in the process cannot become 
economically viable. The following experiments were conducted with a ZnS reagent that may be 
substituted for the natural ore at the leaching step. 

Figure 4 shows the iron reduction as a function of time at two temperatures, 70°C and 90°C . 
Two hours are sufficient to reach the optimum reaction yield. After two hours the yield of the process is 
practically the same at both temperatures. 
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Indium Precipitation 

Figure 5 shows the influence of the equilibrium pH on the precipitation of indium and iron. It can be 
seen that the recovery of indium increases with decreasing acidity. The best condition was reached at 
pH 4, where all indium was precipitated and iron contamination was nearly 7.0% that of the feed. 
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Figure 3 - Influence of temperature on iron 
reduction yield. Time of reaction = 2h 
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Figure 4-- Influence of time on iron reduction 
yield 

Figure 6 shows the effect of temperature on the precipitation of impurities. The recovery of 
indium is nearly 100%. The grade of indium in the precipitate however decreases with increasing 
temperature due to the co-precipitation of impurities such as copper, iron and zinc. 

The effect of sedimentation time on the precipitation of impurities was also investigated. It has 
been observed that higher sedimentation times lead to an increased co-precipitation of copper, zinc and 
iron. Indium recovery reaches the maximum, nearly 100%, after the pH adjustment; thus it is not 
recommended to wait a long time for sedimentation. 
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Figure 5- Influence of pH on Indium recovery. 
T" amb., time of sedimentation= 30 min. 
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Figure 6-Influence of temperature on Indium 
recovery. pH= 4, time of sedimentation= 30 min 

After solubilization of the precipitate with sulphuric acid the resulting solution presented an 
indium I iron ratio almost 100 times higher than in the initial solution, whose composition is shown in 
table 2. 
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Solvent extraction and stripping of indium 

Previous tests with a synthetic solution of indium and iron indicated the use a diluted 
concentration of the D2EHPA extractant, around 2.0%, for the selective separation of indium. Figure 7 
shows the comparison of indium and iron extraction from the process solution using this extractant at 
different concentrations ranging from 1.0% to 5.0%. The recovery of indium reaches 99% and the iron 
extraction was lower than 15 .3%. 

Species 

In 
Fe 
Ga 
Zn 
Cu 
rr 

sol 

683 
2.48 
124 

9.1 
0.25 
0.3 
68 .0 

Concentration 

f!g/cm3 

g/dm3 

f!g/cm3 

g/dm3 
g/dm3 

moVdm3 

g/dm3 

Table 2 Characterisation of the solvent extraction feed solution 

Figure 8 shows the influence of the sulphuric acid concentration on the indium and iron 
extraction, also using D2EHP A . The recovery of indium decreases with increasing acidity, whereas 
that of iron is not sensitive to variations over the range of acid tested. 
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Figure 7 -Influence ofD2EHPA concentration 
on indium and iron extraction. Acidity [H'"] = 
0.3M,contact time= 5.0 minutes at A/0 = l 
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Figure 8 - Influence of acidity on indium and 
iron extraction. D2EHPA concentration= 5% , 

contact time = 5.0 minutes at A/0 = l 

The kinetics of indium and iron extraction using D2EHP A was investigated. Indium is extracted 
very quickly, requiring near one minute to reach equilibrium and the iron extraction is slow. Long times 
of phases contact are therefore not recommended because iron substitutes part of the indium that has 
already been complexed with the extractant. 
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Figure 9- Equilibrium isotherm for indium 
extraction with D2EHPA 2.5%. Acidity [H'] = 

0.3M 
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Figure 10- Equilibrium isotherms for indium 
extraction with D2EHPA. Acidity [H'] = 0.3M. 

Figures 9 and 10 show the extraction isotherms for indium with 2.5% and 5.0% of D2EHPA. 
Two stages are sufficient for complete extraction of this metal at the conditions of the study. In the first 
case the iron in the saturated organic is around 0.5g!dm3 and it can be separated in the next step of 
stripping. This iron contamination can be reduced using shorter contact times between the phases. 

The stripping of indium was tested with sulphuric and hydrochloric acids. Iron and indium were 
stripped in the same proportion by the sulphuric acid. Hydrochloric acid displayed high selectivity in the 
separation of these metals. Indium was extracted preferentially even with reduced acidity of this 
medium. 

CONCLUSIONS 

The results show that it is possible to obtain a precipitate with the Fe/In ratio reduced almost a 
hundred times lower then that of the feed. The recovery of indium in the product was almost 100%. 
After solubilization this product allowed a better separation of the metals in the solvent extraction 
process, using D2EHP A as the extracting reagent and hydrochloric acid in the stripping step . The 
results demonstrated that indium can be selectively separated. 
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TO THE EXPERIMENTAL DESIGN 
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Several new industrial applications of indium have been discovered, particularly in the highly competitive field of 
microelectronics. However, these applications require high purity grade indium and its inorganic compounds. Indium has 
been recovered as a byproduct from residues generated from the sulfuric acid leaching circuits in mineral plants for zinc 
recovery. Indium is associated in trace amounts to other metals in zinc ores, especially iron found in high concentrations in 
the leach liquor. This work presents the results for determination of the best experimental conditions to obtain a high indium 
concentration solution and minimum iron poisoning by solvent extraction with di(2-ethylhexyl)-phosphoric acid (D2EHP A) 
solubilized in isoparaffin. The variables studied were extractant concentration in the organic phase, acidity of the aqueous 
phase and contact time between the phases. The optimization procedure adopted was the Ascending Path Statistical Method 
which used the numeric values determined in the Yates Algorithm of the Full Factorial Design approach also applied in this 
work. The optimum experimental conditions led to a 99% indium solution with less than I% iron as impurity, suitable for 
some industrial applications. 

Keywords: indium, iron, factorial design, D2EHP A 

INTRODUCTION 

Indium tends to be associated with other metals of similar chemical properties such as zinc, 
lead, copper and tin. It does not occur naturally in concentrations that are high enough for mining 
purposes. The treatment of indium is a particular challenge for the extractive metallurgist because it 
exhibits a considerable chemical affinity for other elements making its separation difficult. The main 
hydrometallurgical techniques used for indium extraction and refining include solvent extraction, 
cementation and electrorefining. 

Most of the hydrometallurgical research work for indium recovery and refining involves 
solvent extraction. Hoffmann1 described the process developed by Cerro de Pasco, Peru using the 
sulfuric acid leach liquor from the zinc process for indium recovery. This solution was contacted with 
D2EHP A, 20 % v/v diluted in kerosene, as the organic phase. Stripping was accomplished with 
hydrochloric acid. Iron was maintained in the divalent state (Fe2+) to prevent co-extraction. The 
indium concentration of the final aqueous phase was six times the initial concentration. Indium was 
recovered from the solution by cementation with aluminum sheets.1 

Bonora and Zoner studied indium separation from a liquid industrial effluent containing 
0.46% indium by solvent extraction. The extractant used was D2EHP A, 20 % v/v in xylene. Attention 
was paid to iron and zinc that co-extracted under similar conditions to indium. Fe3

+ was reduced to 
Fe2

+, while for zinc removal a stripping stage with sulfuric acid was inserted, a fourteen-fold increase 
was observed. 2 

Fortes and Benedetto3 investigated the separation of indium and iron by solvent extraction 
using a replicated Full Factorial Design Method for three variables at two levels. The experimental 
work was carried out using synthetic solutions with iron and indium in sulfuric acid media and 
D2EHP A diluted in isoparaffin. The main solvent extraction variables studied were extractant 
concentration in the organic phase, acidity of the aqueous phase and contact time between the organic 

© 2000 Society of Chemical Industry 717 



Proceedings ISEC'99 

and aqueous phases. The statistical evaluation showed that D2EHPA was effective for this indium and 
iron separation. The most significant results were obtained using a feed solution where the trivalent 
iron was first reduced to the divalent state. Satisfactory separation was obtained at low levels of 
D2EHPA concentration (0.025 moVdm3

) with 0.2 N acidity in the aqueous phase and 1.0 minute 
contact time between the phases. Under these conditions, indium extraction was nearly 90 %while 
iron impurity was around 3 %.3 

This paper concerns the statistical optimization of the Fortes and Benedetto3 experimental 
results aiming at determining the best experimental conditions for the main variables for the solvent 
extraction with D2EHP A in isoparaffin which led to highly concentrated indium solution with 
minimum iron poisoning. The main variables studied were extractant concentration in the organic 
phase, acidity of the aqueous phase and contact time between the phases. The optimization procedure 
adopted was the Ascending Path Statistical Method 4 which used the numeric values determined in the 
Yates Algorithm of the replicated Full Factorial Design approach also applied in this work. The 
extraction isotherms for indium, under the optimum experimental conditions determined by the 
statistical approach and confirmed in bench-scale tests, were also constructed allowing the prediction 
of the theoretical number of countercurrent stages for indium extraction using the McCabe-Thiele 
diagram 5

. 

EXPERIMENTAL PROCEDURE 

The aqueous feed solutions were prepared from indium oxide (99. 9 % In20 3, Aldrich 
Chemical Co.), and iron sulfate (21-23 % F~(S04).xH20, Hoechst Brazil) in sulfuric acid solution 
(95-97% H2S04 PA Vertec). The hydrogen ion concentration of the solution was adjusted according 
to the selected experimental levels and the optimum conditions determined by the statistical approach. 
The iron and indium concentrations in the aqueous feed solution were 2.5 g/dm3 and 0.5 g/dm3 

respectively. The metal concentrations were chosen based on the leach liquor composition generated 
by the sulfuric acid leaching of a zinc ore after a previous mineral concentration. Analytical grade 
reagents and distilled water were used throughout the experiments. 

The organic phases were prepared with D2EHP A, (Daihachi Chemical Industry Co. Ltd, 
Japan) diluted in isoparaffin (Unipar Quimica, Brazil). Tests were carried out in 100 cm3 open vessels 
with mechanical stirring at 27±1° C and using 1:1 organic/aqueous (0/A) phase ratio. 

The ascending path method is a statistical procedure for moving the numeric values of the 
variables under study towards the direction of maximum increase in the experimental response. The 
validity of the statistical approach adopted in this experimental work was checked by the Fisher test.4 

The full factorial design method of three variables at two experimental levels for replicated 
responses was used. The main variables studied were organic extractant concentration in the organic 
phase, D2EHPA; acidity of the aqueous phase, [W]. and contact time between organic and aqueous 
phases, t. The upper and lower levels were, D2EHPA, 0.05-0.025 moVdm3

; [W]., 0.8-0.2 N; and t, 10-
1 min respectively. 

A sample of the aqueous phase after each test was collected for determination of iron and 
indium concentration in the solution by atomic absorption spectrophotometry (computerized model 
932 AA GBC Scientific Equipment, Australia). The iron (Fe2+) concentration was titrated with 
potassium dicromate.6 

Extraction isotherms were constructed using the optimum experimental conditions determined 
by the statistical approach. Successive contacts between the phases were made using open vessels with 
mechanical stirring at room temperature and 1:1 0/A phase ratio. Figure 1 shows a schematic diagram 
of the experimental setup used to obtain the numeric values to build the extraction isotherms for 
indium. Four contacts between both organic loading and exhausting stages were made. The number of 
theoretical countercurrent stages required for indium extraction was determined using the McCabe
Thiele diagram. Batch stripping tests were carried out using sulfuric acid at different concentrations 
for indium recovery. 
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Figure 1 Schematic diagram of procedure used to determine the extraction isotherms for 
indium 

RESULTS AND DISCUSSION 

The influence of some main variables on the indium and iron extraction by solvent extraction 
with D2EHP A was studied using a statistical approach. Table 1 shows the design matrix block for 
replicated experiments and the numerical values assumed for each variable using the replicated full 
factorial design method for three variables at two experimental levels. The negative sign represents the 
lower experimental level of the respective variable and the positive sign its upper level. The 
experimental responses were the percentage extraction of indium (In) and iron (Fe). 

Experiments 
Variables Replicated Experimental Results 

A B c In(%) In(%) Fe(%) Fe(%) 
1 95 88 5 0 
2 + 96 96 11 10 
3 + 20 10 1 1 
4 + + 73 81 I 4 
5 + 81 85 14 11 
6 + + 95 96 29 26 
7 + + 35 40 6 3 
8 + + + 87 81 9 12 

Table 1 Matrix for replicated experiments for indium and iron extraction 

The Yates Algorithm 3
'
4 was used to calculate effects of the variables and their interactions 

from the experimental results of indium and iron extraction. The Yates calculations showed that all 
parameters studied had significant statistical effects but with different intensities. The acidity of the 
aqueous phase exhibited the greatest influence on the experimental response of indium extraction. As 
expected on a system using an acidic organic extractant, the lower the acidity of the aqueous phase, 
the higher the indium extraction. This can be explained through an equilibrium equation of metal 
extraction by a cation-exchange system since its extraction is highly pH dependent.5 

The ascending path method was adopted to determine the optimum experimental conditions to 
reach maximum indium extraction using the acidity of the aqueous phase as a parameter. So, the 
optimum experimental conditions for maximum indium extraction were : concentration of D2EHP A = 

0.05 moUdm3
; acidity of the aqueous phase, [W]. = 0.25 N; and contact time between the phases, t = 6 

minutes. 
According to the statistical methods used the predicted response for indium extraction was 

99.4%. Table 2 presents the results of the experimental tests using the optimum conditions of 
maximum indium extraction. These tests were carried out to check the results obtained by the 
statistical model adopted in this work. The validity of the statistical model was confirmed using the 
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Fisher Test where the confidence level was higher than 95% and the experimental error was lower 
than 5%. It can be seen that the predicted value is very close to the experimental one for indium 
extraction with D2EHP A diluted in isoparaffin. 

Results In extraction % Fe extraction% 

Predicted 99.4 -

Experimental 99.8 1.6 

Table 2 Experimental results for indium and iron extraction under the optimum conditions for 
maximum indium extraction 

From the statistical model fitted to reach maximum indium extraction, it as not able to predict 
the iron extraction. From the experimental results it was observed that a good separation of the two 
metals can be reached under these conditions. 

To obtain indium aqueous solutions with satisfactory purity, the experimental conditions for 
minimum iron extraction must be used. Following the same procedure used for indium statistical 
analysis, it was noted that the time of contact between the phases had the greatest influence on the iron 
extraction. Therefore, the time of contact between the phases should not permit oxidation of iron (II). 
Such oxidation could permit competition between iron (III) and indium (III) due to their similar 
solvent extraction properties resulting in the replacement ofln3

+ in the organic phase by Fe3
+ ions.2.7 

The ascending path statistical method permitted the optimum conditions for minimum iron 
extraction to be determined at a 95% statistical confidence. The best conditions were: concentration of 
D2EHPA = 0.03 moUdm3

; acidity of the aqueous phase, [It].= 0.70 N, and contact time between the 
phases, t = 2 minutes. These experimental conditions predicted the iron extraction at nearly 0.3%. 
Table 3 shows the predicted and experimental results. 

Results In extraction % Fe extraction% 

Predicted - 0.3 
Experimental 59.0 Not detected 

Table 3 Experimental results for indium and iron extraction under the optimum conditions for 
minimum iron extraction 

These tests were carried out to check the values obtained by the statistical model adopted for 
minimum iron extraction conditions. The validity of the statistical model was confirmed using the 
Fisher Test where the confidence level was higher than 95% and the experimental error was lower 
than 5%. 

It was observed that iron was not detected in the raffinate (atomic absorption detection limit 
lower than 0.05 mg/dm3

). Therefore, the predicted response of iron extraction was reached in the 
experimental tests. Although the statistical calculations for iron extraction could not predict the values 
for indium extraction, it presented good experimental result in just one contact stage between the 
phases. 

The isotherm extraction curves were constructed to determine the number of theoretical 
countercurrent stages required for indium extraction. Figures 2a and 2b present the isotherms of 
indium extraction for the optimum conditions of maximum indium extraction and minimum iron 
extraction. A 4% level of iron extraction was found for the isotherm construction using the maximum 
indium extraction conditions. This value was constant during all experiments for the isotherm 
construction. For the isotherm curve constructed using the minimum iron extraction conditions, iron 
was not detected in the organic phase. 

The McCabe-Thiele Diagram (Figures 2a and 2b) shows that two theoretical countercurrent 
stages are required for full indium recovery. However, at least three stages are required for the indium 
extraction with minimum iron extraction. 
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A preliminary stripping study from loaded D2EHP A for indium recovery showed that sulfuric 
acid solutions were effective to recover indium, using the maximum indium extraction experimental 
conditions . Moreover, it could separate indium and iron. However the sulfuric acid solution did not 
show satisfactory results using the minimum iron extraction conditions . 
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Figure 2a Indium extraction isotherm for 
maximum indium extraction conditions 
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Figure 2b Indium extraction isotherm for 
minimum iron extraction conditions 

Two experimental conditions for indium recovery were determined, one to obtain maximum 
indium extraction using 0.05 moVdm3 D2EHP A concentration in the organic phase; aqueous solution 
0.25 N acidity, and 6 minutes of contact time. The other experimental conditions for minimum iron 
extraction were 0.03 moVdm3 D2EHPA concentration in the organic phase; 0.70 N aqueous solution 
acidity, and 2 minutes of contact time. 

These optimum conditions at a 95% statistical confidence, led to a solution with high indium 
concentration with minimum iron poisoning. The indium recovery reached values greater than 99 % 
with iron below I %. 

For complete indium recovering, two countercurrent stages were necessary using the optimum 
conditions for maximum indium extraction. However, at least three stages are required for indium 
extraction keeping the optimum conditions for minimum iron extraction. 
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ABSTRACT 

A SEPARATION AND RECOVERY PROCESS OF 

GALLIUM AND INDIUM FROM ZINC REFINERY 

RESIDUE 
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Department of Chemical Science and Engineering, Graduate 
School of Engineering Science, Osaka University, Toyonaka, 
Osaka 560-8531, Japan 

The separation and recovery process of Ga and In from zinc refinery residue by liquid-liquid extraction with 
organophosphorus compounds, such as bis(2-ethylhexyl)phosphoric acid (D2EHPA), 2-ethylhexyl phosphonic acid mono-2-
ethylhexyl ester (EHPNA) and bis(2-ethylhexyl)phosphinic acid (PIA-226), was investigated. The extraction equilibrium 
formulations for Ga, In and Zn were established up to high loadings of the extractant. D2EHP A is the most suitable 
extractants for separation of Galin. The simulation for the separation and recovery process of Ga and In from zinc refinery 
residue was carried out based on the equilibrium studies, and showed that effective separation and recovery of Ga and In was 
carried out with high purity. 

Keywords: gallium, indium, bis(2-ethylhexyl)phosphoric acid, 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester, bis(2-
ethylhexyl)phosphinic acid, tri-n-butylphosphate, counter-current cascade, zinc residues 

INTRODUCTION 

Ga and In have become very important in advanced electronic industries in recent years. One 
source for two metals is zinc refinery residue, since both metals are contained as minor components in 
Japan. 1 There are some reports for the extractive separation of Galin with several types of the 
extractants. 2' 

3 

In the present work, the separation and recovery process of Ga and In from zinc refmery residue 
with organophosphorus compounds is investigated. Firstly, the removal of major metal components 
other than Zn with 1BP is investigated. Secondly, the extraction equilibrium formulations of Ga, In 
and Zn in the aqueous chloride media is investigated up to the high loading ratios in the single, binary 
and ternary systems. The separation of Galin with the three extractants was also investigated.4 

Finally, the separation and recovery ofGa and In from zinc refmery residue is shown to be practicable 
by simulations based on the equilibrium studies. 

EXPERIMENTAL 

Reagents 

The extractants, tri-n-butyl phosphate (1BP), bis(2-ethylhexyl)phosphoric acid (D2EHP A), 2-
ethylhexyl phosphonic acid mono-2-ethylhexyl ester (EHPNA) were supplied by Daihachi Chemical 
Ind. Co., Ltd., Osaka, Japan. Bis(2-ethylhexyl)phosphinic acid (PIA-226) was synthesised as reported 
in the previous papers.5

• 
6 1BP was used without dilution. D2EHPA, EHPNA and PIA-226 were 

diluted in kerosene. The aqueous feed solution was prepared by dissolving metal chlorides into water. 

Procedure 

For the extraction with 1BP, the aqueous and organic solutions were shaken for 6 hours at 298 
K. The concentration of each metal was analysed by using an inductively coupled argon plasma 
emission spectrophotometer (ICP-AES). The corresponding organic phase concentrations were 
determined by mass balance. For extraction with D2EHP A, EHPNA and PIA-226, the aqueous and 
organic solutions having an 0/A volume ratio of 1 were shaken for 2 hours at 298K. The metal
loaded organic solutions were stripped using 6 mol/dm3 HCl for the case ofD2EHPA, 3mol/dm3 HCl 
for the case of EHPNA and PIA-226. The chloride ion concentration in the organic phase was 
measured by a potentiometric titration method with AgN03 after stripping with H2S04• Infrared 
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spectra of metal-loaded organic solution were recorded on a Ff-IR infrared spectrometer in an IR cell 
- ---

with T!Brffll windows. The loading ratio was defined as [M]/[(RH) 2 1reed. 

RESULTS AND DISCUSSION 

Removal of major components 

A typical composition of the liquor from zinc refinery residue available for liquid-liquid 
extraction is reported to be (3 .0 - 4.3) x 10"3 mol/dm3 Ga, (9.0 - 9.6) x 10·3 mol/dm3 In, (2 .3 - 4.6) x 
10"1 mol/dm3 Zn, (3 .7 - 5.6) X 10"1 mol/dm3 AI and (1.8 - 3.6) X 10"1 mol/dm3 Fe.1 The aqueous 
solution containing these metals was extracted with TBP. AI was not extracted with TBP at all. The 
extractability ofFe(II) was extremely low in the low range ofHCl concentration. Thus, Fe(II) and AI 
were removed easily by TBP at low concentrations of HCI. Thus, Zn was considered to be the only 
major impurity in the succeeding operations. 

Extraction equilibrium formulations of Ga, In and Zn 

Ga and In in single metal system 

The effect of equilibrium pH on the distribution ratio was investigated. In D2EHP A and 
EHPNA systems, straight lines with slope of3 were obtained, and a slope of2 in the PIA-226 system. 
In the PIA-226 system, another anion was co-extracted with the metals. In this system, the ratio of 
chloride to metal in the organic phase is rather high in the low loading region, indicating that the 
chloride ion was co-extracted into organic phase to compensate the positive charge of the metals. 

For the determination of extraction equilibrium formulations of Ga and In up to high loading 
ratios, the analytical composition of extract species at the high loading ratios was investigated. The 
loading ratios approached about l.O for all extractant systems, suggesting that a complex containing 
the dimeric extractant and the metal with the mole ratio of I : I was possibly formed at the extreme 
conditions of maximum loading ratios. For chloride ion, the ratios of chloride to metal approach 
around 0.25 for Ga species and 0.5 for In species. Moreover, the loaded organic solutions were 
studied by the IR spectrometry. The M-OH stretching sharp band appeared at 3700 - 3500 cm·1 in the 
high loading region, indicating that the hydroxyl ion is involved in the extract species.7 These ions 
may compensate the positive charge of metals. Considering the results obtained, the extraction 
equilibrium formulations were determined (table I), and extraction constants were calculated by the 
non-linear least squares method based on the mass balance equations and the formation of metal
chloro complexes. 8 

Galin in binary system 

Figure I shows the effect of equilibrium pH value on the distribution ratios in the Galin binary 
system. In binary systems with EHPNA and PIA-226, the mixed complex containing Ga and In with 
mole ratio of 1:1 was formed at high loading ratios for the EHPNA system and whole range of loading 
ratios for the PIA-226 system. The extraction equilibrium formulations and constants of EHPNA and 
PIA-226 systems were determined taking the mole ratio of mixed complexes into consideration, and 
these can express the extraction behaviour up to high loading ratios. The calculated distribution ratio 
are shown by solid lines in figure 1, together with the calculated separation factor, defined as Dm. IDa •. 
D2EHP A is the most suitable extractant for the separation of Galin because of no interaction between 
the two metals. Thus, D2EHP A was employed for the recovery process of the two metals from zinc 
refinery residue. 

Zn with D2EHPA 

Slope analysis and the investigation of the analytical composition of the extracted species 
indicate the extraction equilibrium formulation of Zn as shown in table 1. 
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Extractant metal 

D2EHPA Ga 

EHPNA 

In 

PIA-226 Ga 

In 

D2EHPA Zn 

D2EHPA In!Zn 

extraction equilibrium formulation 

Ga3
• +2(RH)2 ~G~(RH)+3W 

Ga3
• + GaCI2+ + 30W + 2G~ (RH) ~ Ga4R8Cl(OH)3 + 2W 

In3
• +2(RH)2 ~ lnR3(RH)+3W 

-----
InC12+ +OW+ lnR

3
(RH) ~ ln2R 4

Cl(OH)+ W 

GaCI2+ + 2(RH)2 ~ GaR2Cl(RH)2 + 2W 

3Ga3
• + 30W + GaR2Cl(RH)2 + 2(RH), ~ Ga4R8Cl(OH)3 + 6W 

InC1 2+ + 2(RH)2 ~ lnR
2 
Cl(RH), + 2W 

ln3
• +OW+ lnR 2Cl(RH) 2 ~ ln2R 4 Cl(OH) 

Zn'• +2(RH)2 ~ZnR,(RH) 2 +2H+ 

Zn'• +ZnR2 (RH) 2 ~Zn2R4 +2H• 

Table 1 Extraction equilibrium formulations 

0 

key metal 10
2 

0

~~101 
_________ e_ -- - 100 

2 

pH (-) 

Figure 1 Effect of equilibrium pH 
on the distribution ratio and 
calculated separation factor in 
Galin binary system. Comparison 
of observed data with predictions 
shown by solid lines 
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Ga!Zn binary system 

In Ga/Zn binary system, the extraction behaviour can be expressed up to high loading ratios by 
the extraction equilibrium formulations obtained with single metal systems. 

In!Zn binary system 

In ln/Zn binary system, the mixed complex containing both metals with a mole ratio of I 
was formed, as shown in Table 1. 

Ga/ln!Zn ternary system 

Simulation for the separation 
and recovery process of Ga 
and In from zinc refinery 
residue 

A simulation of the 
separation and recovery of Ga 
and In from zinc refinery 
residue was carried out based on 
the equilibrium studies with 
D2EHP A. A schematic 
flowsheet for a counter-current 
mixer-settler cascade is shown 
in Figure 4. The calculation 
was carried out by using 
equilibrium relationship in each 
extraction stage and mass 
balances for each metal, 
chloride ion, and hydrogen ion 
in each stage and in the cascade. 

Org. output soln. 

Org. soln. ( E ) Raffinate 

Figure 4 Schematic 
flowsheet for counter
current mixer-settler cascade 
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Zn reduction section 

The calculated results of the extraction with D2EHP A based on the feed concentration of 3. 0 x 
10"3 molldm3 Ga, 9.0 X 10"3 molldm3 In and 2.3 X 10"1 mol!dm3 Zn are listed in table 2 as Ex. #1. The 
effective recovery of Ga and In was carried out, while leaving most of Zn in the raffinate solution. For 
stripping of metal-loaded organic solution, the use of low concentrations of hydrochloric acid is 
preferable, since the separation of Galin is affected by chloride ion concentration, as shown in the 
extraction equilibrium formulations . A high ratio of organic solution to stripping solution is also 
preferable, since the metal concentrations are increased in the stripping stage. Effective stripping can 
be carried out with 3.98 x 10·1 mol!dm3 of hydrochloric acid, a flow ratio of FIE= l/3, and a counter
current cascade of 2 stages. The results are summarised in Table 2 as St. #I . 

Sectioo Stage [(RH),Jrood pH [Ga] [In] [Zn] [Ga) [In) [Zn] 
number ( moi!L) (moi/L) ( moi/L ) (moi/L) (moi/L) ( moi!L) ( moi/L) 

Zinc reductioo 
Ex. #I input I 5.o x 10·' 3.00x 10"3 9.00x 10·' 2.30 X 10"1 0 0 0 

output 2.20 2.78x 10 .. 6.20x 10"5 2.11 X J0"1 2.12 x 10·' 8.94 x 10·' 1.93 X 10"2 

St. #I input 2 5.o x 10·' 0.401 0 0 0 2.72 X 10"3 8.94 x 10·' 1.93 X 10"2 

output 0.400 8.16x 10"3 2.67 X 10"2 5.79 X 10"2 1.56 X 10-6 5.67x 10·> 1.49x 10_. 

Indium recovery 
Ex.#2 input 10 5.0x 10"1 1.48 8.16 X 10"3 2.67 x 10·' 5.79 x 10·' 0 0 0 

output 1.00 7.92 X 10"3 1.84x 10"5 5.75 x 10·' 2.39x 10 .. 2.67x 10"2 3.79 X 10_. 
Sc.#l input I 5.0 X 10"1 1.91 0 0 0 2.39x 10 .. 2.67x 10"2 3.79x 10 .. 

output 1.10 2.36 X 10-4 3.87 x 10·' 3.78 X 10-4 2.92 x 10·• 2.28x 10·' 1.26xl0 .. 

Gallium recovery 
Ex. #3 input 10 !.Ox 10·1 1.99 7.92 x 10·' 5.75 X 10"2 0 0 

output 1.77 1.89x 10·> 5.75 x 10·' 7.91 X 10"3 7.58x 10·' 

Table 2 Simulated Ga, In and Zn concentrations 

In recovery section 

The recovery of In from the resulting solution following the Zn reduction operation was also 
investigated. Figure 5 shows the organic phase concentration profiles obtained for each metal based 
on the counter-current cascade. The results are summarised in table 2 as Ex. #2. Ga and Zn extracted 
at stages l to 3 into the organic phase are returned back into the aqueous phase at higher stage 
numbers of the cascade. This is because the decreased concentration of free D2EHP A caused by the 
extraction of In acts to reduce the extraction of Ga and Zn. This exchange reaction is in accordance 
with the results shown in figure 3(b). The scrubbing effect using dilute acid solution was also 
investigated. The simulation shows that Ga and Zn in the organic phase are effectively scrubbed, such 

- - - -
that In with a purity, [In]/([Ga] +[In]+ [Zn]) , of 1.00 is obtained. The results are shown in table 2, 
asSc. #l. 

Ga recovery section 

The separation of Ga from Zn by the counter-current cascade with 10 stages and 1.0 x 10·1 

mol/dm3 D2EHP A was investigated. In this case, a lower concentration of extractant is preferable. 
The extracted Zn is excluded to the aqueous phase by the progressive extraction of Ga. An effective 
recovery of Ga was carried out with a purity of 9.91 x to·'. The results obtained are summarised in 
table 2 as Ex. #3 . 

CONCLUSIONS 

The separation and recovery process for Ga and In from zinc refinery residue using liquid-liquid 
extraction has been investigated, with the following results. 

Extraction equilibrium formulations for the single metal and binary system containing Ga 
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and In are well established taking co-extraction of chloride and hydroxyl ion into consideration, when 
employing D2EHPA, EHPNA and PIA-226 as extractants. In Galin binary system with EHPNA and 
PIA-226, the mixed complexes containing both metals with the mole ratio of l : 1 are formed. 
D2EHP A is the most suitable extractant for the separation of Galin. 

Extraction equilibrium formulations for the ternary system containing Ga, In and Zn are 
well established, when employing D2EHP A as extractant. 

The scrubbing effect of metal-loaded organic solutions with metal-free or metal
containing solution was investigated. Ga and Zn in the organic phase are effectively scrubbed into the 
aqueous phase with both types of scrubbing solution. The scrubbing effect can also be expressed by 
proposed extraction scheme. 

The separation and recovery process of Ga and In from zinc refinery residue with 
D2EHP A has been evaluated by simulation work based on the equilibrium studies. The process 
consists of three sections, (i) zinc reduction, (ii) indium recovery and (iii) gallium recovery. Gallium 
and indium are capable of effective recovery with purity of9.91 x 10·1 and 1.00, respectively. 
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ABSTRACT 

A BIGHL Y EFFICIENT PROCESS TO STRiP IRON 

FROM A NEW ORGANOPHOSPHORUS EXTRACTANT 
F Delmas and CA Nogueira 
INETI, Instituto Nacional de Engenharia e Tecnologia Industrial 
Est. Pa~o do Lurniar, 1699 Lisboa Codex, Portugal 

Aminomethylenephosphonic acid derivatives (AMPA), formulae R2NCH2P0(0Hh, have been recently proposed for metals 
extraction from acidic aqueous chloride and sulphate solutions. It is already known that this type of extractants exhibits a 
higher loading capacity for iron and a much better kinetic behaviour than the traditional organophosphorus acids like 
D2EHP A. Nevertheless the usual difficulties on iron stripping were also found in AMPA extractants, even using extremely 
acidic strip solutions. This paper reports a new extraction-stripping process developed by !NET!, which combines iron 
extraction with AMPA with a new reductive stripping method. Using this new approach the selective removal of73% of the 
iron (III) contained in a zinc-like process solution with 80 gil zinc, 14 gil iron (III) and 40 gil free sulphuric acid was 
achieved without pH control in the minimal configuration of I stage of extraction and I stage of stripping. An overall 
removal yield of about 99% is predictable for a 2+ 2 stages configuration. 

Keywords: iron, reductive stripping, aminomethylenephosphonic acid, D2EHP A 

INTRODUCTION 

Iron is present as contaminant in practically all the hydrometallurgical process streams and 
effluents. Iron removal is generally made by means of precipitation methods, which originates 
thousands of tones of solid wastes without any application. These unfriendly materials contain large 
amounts of accompanying hazardous metals and highly pollutant anions. Up to now they are being 
stored by industry in private overloaded lagoons. No consistent application or treatment of this kind of 
residue has been made so far. 

Solvent extraction has been long suggested as the alternative to solve that problem. Through it 
iron could be recovered selectively in marketable forms. Organophosphorus solvents have been 
considered as the most selective and practicable extractants for iron as they can extract selectively 
Fe(lll) from very acidic solutions. As is well known, acidic stripping of iron from organophosphorus 
acids is a very difficult task to carry out in the same way that extraction is easy to fulfil. The stripping 
reaction is very slow, not complete and impracticable even when made using very concentrated and 
active acids like HCl and HF. 

Several non-classical stripping techniques has been proposed to back-extract iron from acidic 
extractants but without remarkable success, namely hydrolytic stripping from Versatic acid developed 
by Monhemius and Thorsen1 and reductive stripping with hydrogen under pressure to produce metals 
directly from loaded solvents proposed by Burkin2

• More recently B. Belew et al.3 and Chi-Ming
Chang et al.4 at Missouri-Rota University used a so-called galvanic stripping with zinc metal and zinc 
alloys to strip Fe(lll) co-extracted by D2EHP A from pregnant zinc solutions. Their results seem to be 
non-conclusive and the process does not seem to solve the problem of iron recovery in pure forms 
from pregnant hydrometallurgical solutions and effluents. 

A new process for iron extraction and stripping combining an aminomethylene-phosphonic 
acid derivative (AMP A) with a new reductive stripping method developed in INETI is proposed in this 
paper. The AMPA extractant used had been already synthesised and proposed by Y. Baba et al.5 for 
palladium and platinum recovery and by BASP for iron recovery from zinc process solutions and 
used within the European RID IRONEX ProjectY 

© 2000 Society of Chemical Industry 729 



Proceedings ISEC'99 

MATERIALS AND METHODS 

An aminomethylenephosphonic acid derivative further called AMP A, of general formula 
R2NCH2PO(OH)2 synthesised and made available by BASF, was used in the extraction and stripping 
testwork. Di-(2 ethylhexyl) phosphoric acid (D2EHP A) was used for comparative purposes. 

The aqueous feed solution assaying 25 giL Fe(lll), 80 giL Zn and 40 giL H2S04 was prepared 
with reagent-grade chemicals. Iron turnings of carbon-steel with about 0.5% of carbon were used as 
reductive agent under inert atmosphere. The organic phases AMPA (10 or 15%), isodecanol (10 or 
15%) and D2EHPA (10 or 15%), Isodecanol (10 or 15%) was equilibrated with the feed solution for 
30 minutes in separatory funnels at several 0/A ratios to load organics with 8 to 14 giL Fe(lll). 
Discontinuous stripping tests were made in closed glass cylindrical reactors at 50 oc for 30 minutes. 
The stripping solution was 2M H2S04 and the stirring speed 500 rpm. 

The concentration of iron in the aqueous phases was determined by Atomic Absorption 
Spectrometry and in organic phases directly by quantitative EDXRF or by difference. 

The continuous extraction-stripping testwork with AMP A was carried-out in a thermostatised 
cascade of close glass 0.5litre mixers -!litre settlers . 

RESULTS AND DISCUSSION 

Comparative behaviour of AMP A and D2EHP A was already accessed in previous research 
workY In fact, although the higher effectiveness of AMP A in Fe(III) extraction from very acidic 
solutions and its higher loading capacity, iron stripping from AMP A with 2M H2S04 alone was even 
more inefficient than from D2EHP A. Fortunately AMP A shows a very unusual and favourable kinetic 
behaviour either in extraction or in stripping. The authors believed that this could be the potential key 
to open a way for a successful iron stripping process. Really, for the first time an acidic extractant for 
iron could achieve the equilibrium values within practicable residence times (one minute in extraction 
and less than five minutes in stripping). It will be surely interesting to exploit such behaviour in 
reductive stripping. The idea put in practice was to test the iron (Fe0

) itself as reductive agent to reduce 
Fe(III) to Fe(II) as it transfers to the aqueous phase by the reaction (l) below, so favouring the 
displacement of the equilibrium to the side of the stripping reaction(left side) and obtaining a pure iron 
(II) product. 

(1) 

Discontinuous Testwork 

The results and conditions of comparative stripping testwork using D2EHP A and AMP A are 
shown in Figures l and 2. The influence of the stripping conditions and agents in stripping efficiency 
are demonstrated. 

It can be seen from the Figures above that reductive stripping is not effective with D2EHP A. 
Acidic stripping alone and reductive stripping with zinc metal confirmed the poor results expected. On 
the contrary, reductive stripping with iron turnings under an inert environment was a successful 
operation, attaining more than 98% efficiency in a single contact. The very good results obtained in 
reductive stipping of AMPA can be attributed to the very fast stripping of Fe (III) in simultaneous with 
the regeneration of AMPA to its acidic form through the reaction (1) and to the fast reduction of Fe 
(III) by Fe0 as far it attains the aqueous phase, so favouring the reaction in the sense of the stripping. 
Reductive reaction surely prevails over the attack of the metallic iron by the free acid contained in the 
stripping solution. In fact the great liberation of H2 and the high consumption of iron observed in the 
tests with D2EHP A seems to confirm the above suppositions. 
The overall redox reaction (2) below is spontaneous (~0 positive, so t.G0 negative), 

Fe0 + 2Fe3+ ~ 3Fe2
+ (t.E0 = +l.21V) (2) 
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and the overall reductive stripping reaction with Fe0 can be written as follows : 

(R2NCH2P002hF~ + 6 Ir + Feo ~ 3 R2NCH2PO(OHh + 3 Fe2
+ (3) 

3 6 

:9 
~ 4 
2' 
0 

Qi' 2 
!::!:. 

0 

Extractants loaded with 13.5 giL Fe 
0/A = 1/5 Strip Soln. 2M H2S04 

Ei3 No additive 0 Fe0 (inert environment) 

D2Et-fJA 30% AMPA 15% 
lsodec. 15% lsodec. 15% 

Figure 1- Comparative stripping tests. 

Stripping Isotherms 

.AMPA 15%, lsodec. 15% loading 13.5 giL Fe 
0/A = 1/5 Strip Soln. 2M H2S04 

Zn -inert Fe° Fe0-inert 
env. env. 

Figure 2 - Reductive stripping of AMP A. 

A reductive stripping isotherm for AMPA 15%, Isodecanol 15% in kerosene, loaded with 12.4 gil Fe 
is shown in Figure 3. Stripping with 2M H2S04, Fe0 and inert atmosphere. The slope of the AMPA 
reductive stripping isotherm is very favourable to back-extract practically all the iron and to produce a strip 

liquor highly concentrated in Fe2
+· 

Figure 3 - Comparison of stripping isotherms. 
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Continuous reductive stripping 

The continuous test for a preliminary evaluation of the process was carried-out using the 
minimal configuration. The conditions of the test were selected by a trial and error method based on a 
worksheet. The results of the simulation are represented in Figure 4. 

20.-----------------------~ 50 

15 

~ 
!:!> 10 
0 

.!: 
Ill u. 

5 

0 
0 

X Continuous test data 

• Equilibrium data 

perating line 
0/A=1 .2 

xtractlon 

5 10 15 
Fe in aq. (g/l) 

~ 
40 

& 30 
ro 
0.. 
·c 
iii 20 
.!: 
Ill u. 10 

20 

X Continuous test data 

• Equilibrium data 

Operating line 
0/A= 4.5 

0 2 4 6 8 10 12 14 

Fe in org. (giL) 

Figure 4 - Simulation for the continuous reductive stripping test (I+ l stages). Extractant: AMP A 
15%, Isodecanoll5% in kerosene; stripping with 2M H2S04 and Fe0 under inert environment. 

The goals of the test were to decrease the Fe(III) in the solvent from 14 giL to 4 giL (~=10 
giL) and to produce a strip liquor over 50g Fe(II)/L. Stage efficiencies of 95% in extraction and 
stripping were considered. The flow-rates of the iron pregnant feed solution, solvent and stripping 
solution were derived from the simulation. 

The operative conditions established for the continuous test were: residence time 8 min in 
mixers and 16 min in settlers; configuration: l extraction stage and 1 stripping stage (2 mixer-settlers); 
flow-rates : QA=0.75 1/h Q0=0.90 1/h QS=0.20 1/h; flow-ratios: (0/A)ext = 1.2 (0/A)strip = 4.5; 
temperature = 50°C and reductive agent in the mixer: iron turnings. The results obtained in the 
continuous test are presented in Table l and Figure 5. 

AverageFe0 

Working Feconcentration(g/1) consumption 
Time (h) Feed Raffinate Strip liquor g/h g/gFe 

extracted 

6 4.6 59.8 4.40 0.62 

14 14 3.1 60.6 3.85 0.46 

21 4.1 58.1 3.81 0.51 

28 3.8 57.9 4.09 0.53 

Table 1 Continuous extraction and reductive stripping of iron (III) with AMPA 15%, 
Isodecanoll5% in kerosene. 
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Spent Organic 2.5 giL Fe 

EXTRACTION STAGE STRIPPING STAGE I 

• GJ ----11-g/L--Fe--•h Q ~ 
~.-----O,A=1.21 r O/A=4.51 1 

Raffinate 
3.8 giL Fe 

Feed 
Solution 

14 giL Fe 

Strip Liquor 
39 WI. Fe stripped 
58 giL Fe total 

Figure 5 - Results and flow diagram of the bench-scale continuous test. 

Stripping 
Solution 

From the figure it can be concluded that after 6 hours the system reached stationary values. 
During the remaining 22 hours the system stabilised giving more or less constant values for the 
raffinate and strip liquor concentrations. The Fe0 consumption was around 4 g/1, correspondent to 0.5 
gram per gram of extracted iron which is the stoichiometric quantity of iron metal used to reduce the 
stripped iron from its ferric to its ferrous state by the global redox reaction (2). This indicates that the 
proposed stripping mechanism is correct and that Fe(III) reduction takes place in the aqueous phase or 
in the interface organic-aqueous and Fe3

+ is stripped by the reaction inverse of the extraction reaction 
(1) . It confirms also that the reactions inside the stripping reactor are adequately represented by the 
global equation (3) . A further simulation was carried-out, showing that is possible to attain 99% of 
selective iron removal in a 2+2 stage configuration. 

It must be stressed out that the efficiency of reductive stripping of D2EHP A with Fe0 or other 
metal can not be comparable with the efficiency found when iron metal is used to strip iron from 
AMP A. And this is due to the unfavourable kinetics of D2EHP A reactions, which is the controlling 
factor of stripping operation. 

CONCLUSIONS 

The already known ability of aminomethylenephosphonic acid derivatives to extract efficiently and 
selectively iron from acidic solutions,().8 conjugated with a new reductive stripping method developed 
in INETI (Portugal), resulted in a new promising process for iron removal from acidic solutions. 
Continuous testwork shown that is possible by tis new concept to recover selectively about 99% of the 
iron contained in acidic process solutions in a 2+ 2 cascade configuration. 
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ABSTRACT 

SOLVENT EXTRACTION STUDIES FOR COBALT AND 

NICKEL SEPARATION FROM THE PROCESSING OF 

AMMONIUM CARBONATE MIXED SULFIDES 
E Garcia Liranza, AM Moreno Daudinot, R Viera Martinez 
and B Rosales Barzaga 
Solvent Extraction Department, Research Center for Laterite 

Minerals, Moa, Cuba 

The conventional separation of cobalt and nickel has usually been from acidic solutions derived from sulfides treatment. The 
Cuban Nickel Industry has two plants based on Caron process, which produce mixed cobalt-nickel sulfides as a final 
product. This paper describes the results obtained in studies carried out at laboratory and miniplant scale, using solvent 
extraction to separate cobalt and nickel from liquors obtained from the acid leaching ofNi +Co mixed sulfides produced at 
Punta Gorda Plant, Cuba in the Ammonium Carbonate leaching technology (Caron process). A comparison of the several 
extractants: phosphoric (DP 8R), phosphonic (PC88 A, P507), and phosphinic (Cyanex 272, Cyanex 302) acids was made to 
determine the best overall performance as regards cobalt selectivity over nickel and impurities, scrubbing and stripping 
efficiency and phase separation. Miniplant continuous circuits were run on two extractants to verify the above and to 
provide some data on relative product purity. The key to ultimate product purity would not only be the selectivity in 
extraction but also the relative ease in scrubbing for purity enhancement. 

Keywords: cobalt, phosphoric acid extractant (DP 8R), phosphonic acid extractant (PC88 A, P507), phosphinic acid 
extractant (Cyanex 272, Cyanex 302), ammonium carbonate liquors, Caron process, cobalt-nickel mixed sulfides 

INTRODUCTION 

The Cuban Nickel Industry, with more than fifty years of operation of the first of its 
production plants, is located in the eastern region of the country. It has a capacity of 50,000 t/year of 
nickel which is exported as a concentrate ofNi +Co sulphides, Ni oxide and Ni sinter. 

The systematic development of this industry is necessary to increase nickel and cobalt 
product diversity. Cobalt-nickel selective separation has been studied intensely in the last fifteen 
years, evaluating the use of different organic reagents: phosphoric, phosphonic, phosphinic acids, 
which increase their Co/Ni selectivity in this order.1 

Several authors have studied the extraction properties of the different representatives of these 
groups. A comparative study of the extractants D2EHP A, PC-88A and Cyanex 272 in sulphate 
solution,2 details the optimum conditions of Co-Ni separation, showing extraction isotherms and 
determination of process theoretical stages. 

A detailed study at laboratory and bench scale has been carried out with Cyanex 272,3,4 and 
a comparative study of the extractants Cyanex 302 and Cyanex 272 from sulphate solution has been 
published.5 Different methods have been studied for Co-Ni separation from sulphate and chloride 
solutions: precipitation methods and recently, solvent extraction. Results from pilot scale using 
PC-88A and tertiary amines to remove cobalt from sulphate solutions have been analysed and 
discussed.6 An extensive study of the theory and practice solvent extraction in nickel and cobalt 
hydrometallurgy is also available.? 

EXPERIMENTAL 

Laboratory scale 

Materials and methods 

Co-Ni sulphate solution from mixed sulphides dissolution was partially purified, with (g/dm3) 
32.28 Ni, 10.14 Co, 0.019 Zn, 0.48 Ca, 0.88 Mg and 0.19 Mn. Extractants DP 8R, PC 88A, P 507, 
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Cyanex 272 and Cyanex 302 were dissolved in kerosene (20% by volume). NJ40H (25 %) was used 
as neutraliser and loaded organic phases were stripped into dilute sulfuric acid. The metal ions were 
analysed by atomic absorption spectroscopy. 

RESULTS AND DISCUSSION 

The organic phase neutralisation was studied, with the conclusion that concentration and the 
nature and addition of the neutralising agent is very important in the extraction process. The optimum 
concentration of the neutralising agent was determined to reach the pH equilibrium where a high 
percentage of cobalt extraction would be achieved. The kinetics were studied at times from 30 to 420 
seconds. The extraction reaction was rapidly in all cases. 

The cobalt extraction isotherm for DP-8R, PC-88A, and P-507, was performed by repeated 
contact of the organic phase with fresh aqueous phase until the equilibrium was obtained, figures 1, 2 
and 3. The cobalt extraction isotherm for Cyanex-272 and Cyanex-302 was carried out varying the 
aqueous and organic phase ratio figures 4 and 5. 
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Figure 5. Cobalt Extraction Isotherm by 
CYANEX 302. Initial Co=10.14 

To decrease the content of co-extracted nickel scrubbing of the loaded organic phase was 
studied using scrub solutions containing nickel and cobalt at different levels, nickel (1-10 g/dm3

) and 
cobalt (14-32 g/dm3

). The volume ratio of the organic and the aqueous phase was 1:1; the pH values of 
the aqueous phase 3.5, 4.5, 5, 5.5 and 6.5. The phases were equilibrated for 5 minutes at room 
temperature (25 - 27°C). Scrubbing is more effective if nickel concentration in aqueous phase is 
maintained at the lower level and the cobalt concentration at the higher level, as in this case effective 
elimination of nickel from the organic phase results. The optimum pH of the scrubbing solution was 5.0. 

Stripping solutions included sulfuric acid in a range of 100 to 160 giL. The volume ratio of 
the two phases was 1: 1. Tables 1, 2 and 3 summarize the conditions in each experiment, Co/Me 
separation factor and the extraction percent. 

Extractants DP8R PC 88A p 507 Cyanex 272 Cyanex 302 
Extraction time (s) 120 90 90 60 60 
Neutralising concentration 0.030 0.036 0.034 0.043 0.056 
(cm3 NH40H/cm3 Organic 
Phase) 
Equilibrium pH 4.5-5 .1 4.8-5.3 4.8-5.3 5.5-6.2 5.5-6.2 

Table 1 Specific Experimental Conditions. 

Extractants 
Distribution Coefficient (D) Separation Factor (SF) 

Ni Co Ca Mg Co/Ni Co/Ca Co/Mg 
DP8R 0.085 2.794 5.41 1.23 33 0.516 2.270 
PC 88 A 0.013 13.39 3.71 1.06 1030 3.609 12.57 
p 507 O.Dl5 10.34 6.35 1.25 689 1.628 8.280 
Cyanex 272 0.028 51.49 0.18 0.77 1839 292 66.27 
Cyanex 302 0.042 78.19 0.09 0.31 1862 806 250.0 

Table 2 D and SF values for various extractants 
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Extractants 
Extracted Metal Percent{%) 

Co Ni Zn Ca Mg Mn pH 
DP8R 73 .64 7.83 100 84.4 55 .1 95 .7 5.08 
PC 88A 93.05 1.28 100 78.7 51.6 100 5.03 
p 507 91.18 1.48 100 86.4 55 .5 100 5.10 
Cy_anex 272 98.09 2.72 100 14.9 43 .7 100 5.78 
Cyanex 302 98.74 4.03 100 8.80 23 .8 97.3 5.81 

Table 3 Extraction Percentages with difference extractants 

Miniplant scale. 

The materials used are similar to the ones used in the laboratory scale test. Ten mixer-settlers of 
transparent acrylic form the continuous circuit. Each mixer-settler unit has mixing and settling volumes 
of2.736 and 9.360 dm3 respectively. 

The mixing all units was performed using variable speed mechanic stirrers, and the flow 
controlled by means of rotameters and manual valves. Peristaltic pumps were used to feed the mixer
settlers . 

The circuit consisted of three extraction stages, one scrubbing stage with H20 at pH 4.5, two 
scrubbing stages with CoS04 solution, two cobalt-stripping stages and one zinc-stripping stage. 

Experimental test runs were performed in a continuous way over fifty hours with, for PC 88A 
extraction phase ratio ofO/A = 1.18 (15 and 13.2 dm3/h respectively) and for Cyanex 272 flows were 
increased to 19.8 and 11.4 dm3/h (0/A = 1.74). 

RESULTS AND DISCUSSION 

Extraction 

The average chemical composition of the initial solutions and raffinates during test runs are 
shown in the table 4. 

Extractant 
Concentrations (gldm3

) 

Elements Ni Co Zn Mg Mn Ca 
PC 88 A Feed Solution 29.40 13.12 0.007 0.55 0.15 0.62 

Raffinate 27.71 0.95 0.000 0.32 0.00 0.10 

Cyanex 272 Feed Solution 25 .93 14.82 0.008 0.47 0.14 0.53 

Raffinate 23 .82 0.02 0 .000 0.07 0.00 0.35 

Table 4 Feed Solution and Raffinate for Acid Extractants. 

PC 88A, with an equilibrium pH 5.00 extracted 96% cobalt and a raffinate was obtained with 
25 :1 Ni:Co ratio and 97% purity. Certain quantities of impurities such as Zn, Mn, Ca and Ni were co
extracted with cobalt during the extraction. Ni extraction percentage was low at 0.29 %. Zn and Mn 
were totally extracted together with 14% Mg and 96 % Ca. According to these results the extractant 
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selectivity was in the following order: Zn>Mn>Ca>Co>Mg>Ni with a Co:Ni ratio in the organic phase 
of 155: I. 

When working at larger phases ratios and equilibrium pH 6.0 - 6.3 , Cyanex 272 reached 
99.8% Co extraction and a raffinate containing a Ni:Co ratio 2240:1 and a purity of 98%. Nickel co
extraction was low (0,3 %), and Ca did not exceed 5% extraction, demonstrating the capacity of this 
extractant to reject this element. Zn and Mn were totally extracted, while Mg extraction reached 64 %. 
According to these tests, Cyanex 272 order of selectivity was Zn>Mn>Co>Mg>Ca>Ni with a ratio of 
Co:Ni in the organic phase of 145:1. 

Scrubbing 

The scrubbing solution was prepared from the CoS04 product liquor of the bench initial run test, 
(g/dm3

): 21.55 Co, 0.69 Ni, 0.02 Zn, 0.37 Mg, 0.03 Mn and 0.24 Ca. 

Due to the impurities presence in this liquor, Zn, Mn and Mg concentrations in loaded organic phase 
increased during the first run tests hours, afterwards there was a decrease in nine hours . Scrubbing was 
effective, decreasing the Ni content to 2 ppm. The Co:Ni ratio in scrubbed organic phase was 2 586: I 
for PC 88A and 4 269: 1 for CY ANEX 272. In the table 5 a resume of these results is shown. < Here 
Table 5 > 

Extractants Composition (g/dm3
) 

Loaded Or anic Phase Scrubbed Organic Phase 
Co Ni Zn Mn Co Ni Zn Mn 

PC88A 9.55 0.03 0.001 0.134 9.270 0.003 0.017 0.390 
Cyanex 272 9.21 0.09 0.005 0.082 10.35 0.003 0.007 0.110 

Table 5 Scrubbing results for acid extractants. 

Stripping 

Stripping was performed with H2S04 liquor at pH 0.7 for both extractants. With PC 88A the 
01 A ratio used was 1 : 1, for this reason the acid solution was recycled the entire test run time, 
controlling the initial pH. 

The chemical composition of the stripped product solution obtained (in g/dm3
) was 0.006 Ni, 

70.57 Co, 0.051 Zn, 0.048 Mg, 1.102 Mn and 0.69 Ca. This liquor purity is 97.4 %, with a Co:Ni ratio 
of 11 ,762:1. The impurity content is due, mainly, to the high selectivity of this solvent towards these 
elements. Co stripping was 99.5%. In this section calcium was the most damaging element for circuit 
operation (it extracts more than 90%), due to calcium sulphate (gypsum) precipitation in the stripping 
stages, causing obstructions in the settlers. 

In the run test carried out with Cyanex 272, inner re-circulation in the stripping stages was 
implemented to operate with high 0/ A ratios of 11 : 1. The chemical composition of the cobalt product 
(in g/dm3) was 66.96 Co, 0.018 Ni, 0.007 Mg, 0.42 Mn and 0.01 Ca. The stripped product solution 
was obtained with 99.2 % purity and low impurity content. The Co/Ni ratio was 4 082 . There were no 
difficulties with precipitation as the calcium content was low. 

Zn stripping was performed in a later stage, with H2S04 at 150 g/dm3 concentration at an 0/A 
= 1:1 . Zinc content decreased to 1 ppm, obtaining by-product liquor with 0.083 g/dm3 of this metal. 

CONCLUSIONS 

The extractants studied can be used for separation of Co-Ni sulphate solutions from the Ni+Co 
mixed sulphides dissolution, because they offer an efficient cobalt extraction at room temperature 
without requiring many stages, only DP 8R extraction cannot achieve in these conditions . 
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It advantageous to use the phosphinic acid extractant to separate Co-Ni from this solution, as 
gypsum precipitation is avoided because these reagents have little selectivity for calcium. 
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Sulphuric acid leaching of spent nickel-metal hydride secondary batteries yields an acidic solution containing high levels of 
metal values such as nickel, cobalt and rare earths, together with an appreciable amount of metal impurities such as iron, 
aluminium, zinc and manganese. In the present work, solvent extraction has been used for separation and recovery of nickel, 
cobalt and rare earths from this leach liquor. A mixed rare earth oxide of over 99.8% purity was obtained by the use of an 
extraction circuit with 25 vol.% bis(2-ethylhexyl) phosphoric acid in kerosene, followed by precipitation with oxalic acid, 
and calcination of the precipitate. The total yield of rare earths approached 93 .6%. The cobalt and nickel in the raffinate are 
separated efficiently by selective extraction of cobalt with 20 vol.% bis-(2,4,4-tri-methylpentyl)phosphinic acid in kerosene. 
Subsequently the cobalt and nickel are recovered as oxalates by the addition of oxalic acid. The purities of cobalt and nickel 
oxalates were close to 99.6% and 99.8%, respectively. The overall recoveries were found to be over 96% for both cobalt and 
nickel. 

Keywords: nickel-metal hydride batteries, cobalt, nickel, rare earths, sulphuric acid, Cyanex 272, D2EHP A. 

INTRODUCTION 

Over the past decades, solvent extraction has been successfully applied on a commercial scale 
for the extraction of metals from primary metal resources, such as recovery of cobalt and nickel, 
copper, niobium and tantalum, rare earth elements, as well as platinum group metals and nuclear fuels 
like thorium and uranium, zirconium and hafnium. Solvent extraction also plays an important role in 
hydrometallurgical recovery of valuable metals from secondary raw materials as given in table 1. In 
our earlier works,7

•
9 solvent-extraction processes were developed for the recovery of molybdenum, 

vanadium, cobalt and nickel from spent hydrodesulfurization catalysts which are generated from the 
petroleum industry. In a recent publication a hydrometallurgical process was described for the 
recovery of cobalt and lithium from spent lithium-ion secondary batteries.10 This paper presents the 
results on the separation and recovery of cobalt, nickel and rare earths from spent nickel-metal hydride 
(Ni-MH) secondary batteries using solvent extraction. 

Ni-MH batteries were developed in 1989 and commercialized in 1990 in Japan. In recent 
years, these batteries have been used extensively in portable electronic applications including personal 
computer, video-recorder and telephone, etc. It can be seen from table 2 that the Ni-MH batteries are 
being produced at an extremely high rate in Japan. Additionally, because of their high energy density 
and design flexibility, the Ni-MH batteries are particularly well suited for battery powered electric 
vehicles (EV) and other mobile applications. Consequently, an appreciable amount of spent Ni-MH 
batteries will be generated in the near future. The expected tonnages of both primary and secondary 
scrap are potentially very large. Recycling of metal values from the scraps has thus become an 
important issue from the point of view of the economic incentive, since the Ni-MH batteries contain 
nickel, cobalt and rare earths, etc. The aim of this work was to develop an effective 
hydrometallurgica1 process for the recovery of metal values such as nickel, cobalt and rare earths from 
spent Ni-MH batteries. 
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Processes Secondary Objectives Leaching Extractants Ref 
materials 

Metallurgie Ni-Co alloy scrap Co, Ni HCl+Ch Alamine 336 
Hoboken 
(Belgium) 
Valberg (Sweden) waste soln. from Zn waste soln. from D2EHPA 2 

rayon rayon 
International anode slime Au aqua regia dibutylcarbitol 3 
Nickel (Canada) 
Zincex {Spain) pyrite cinder Zn chloridizing-roasting D2EHPA 4 

Calsinter (USA) fly ash AI sulfatizing-roasting Primene JMT 5 
H2S04 leaching 

MECER (Sweden) etching so ln. Cu ammonia leaching LIX 54 6 

Table 1 Application of Solvent Extraction in the Recovery of Metal Values from Secondary Raw 

Materials 

Year 1994 1995 1996 1997 

Output ofNi-MH 2.05 x108 3.06 x108 3.56 x108 5.8x108 

batteries (units) 

Table 2 Production ofNickel-Hydride Secondary Batteries in Japan11 

EXPERIMENTAL 

Materials 

The Ni-MH batteries used in this work were cylindrical batteries {TOSHIBA TH-3A type). 
The cells weighed an average of 24.8 g each and contained an AB5-type (rare earth metal system) 
negative electrode. The positive electrode of the batteries was composed mainly of 88% Ni, 6% Co 
and 5.6% Zn. The major components of the negative electrode are Ni (48%), RE (15 .4% La, 1.0% Ce, 
3.0% Pr, 9.7% Nd and 0.3% Sm), Fe (13%) and Co (3 .5%). The other metals (Zn, AI and Mn) 
accounted for less than 6.4%. The commercial extractants employed, bis(2-ethylhexyl)phosphoric acid 
(D2EHP A) was donated by Daihachi Chemical Industry Co. Ltd. and, Cyanex 272, the active 
component of which is bis(2,4,4-tri-methylpentylphosphinic acid was purchased from Cyanamid 
Canada Inc. These reagents were utilized as supplied. The diluent used was kerosene. Other reagents 
were of analytical reagent grade. 

Procedures 

Leaching 
The Ni-MH batteries were cut in half longitudinally to separate the metallic cases from the 

internal battery rolls. The battery roll (-17.8 g) was leached in 350 cm3 of 2 mol/dm3 H2S04 solution, 
under agitation for 4 hours at 95°C. After leaching, the insoluble residue was filtered off and washed 
with water. The final pregnant liquor contained: {g/dm3

) 10.6 Ni, 0.85 Co, 1.70 Fe, 0.36 Zn, 0.21 AI, 
0.54 Mn, 1.73 La, 0.10 Ce, 0.33 Pr, 1.10 Nd and 0.032 Sm {Total RE 3.29). The pH of the solution 
was about 0.4. The leach efficiencies of cobalt, nickel and rare earths were 100%, 97% and 96%, 
respectively. 
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Solvent extraction 

The extraction equilibrium data were obtained by contacting suitable volumes of the organic 
and aqueous solutions in 50 cm3 centrifuge tubes. The batch counter-current extraction processes were 
carried out by mechanically shaking separatory funnels of suitable sizes. All experiments were done at 
a temperature of 25°C. The pH adjustment was performed by the addition of a concentrated NaOH 
solution. 

Precipitation of rare earths, cobalt and nickel 

The mixed rare earths were precipitated by addition of concentrated ammonia solution until a 
pH 2-3 was reached, followed by an excess of saturated oxalic acid solution. The oxalate was calcined 
in a muffle furnace at 850-900°C to convert it to a mixed rare earth oxide product. Precipitation of 
cobalt and nickel was performed by a similar technique to that described above. 

Analysis 

The concentrations of metals in aqueous solutions were determined by ICP-AES. Those in the 
organic phase were calculated in the light of mass balance, unless otherwise specified. The total 
concentration of rare earths, which is represented by [RE] in the text, is the summation of the 
concentrations of individual rare earth elements in the solution. The pH value was measured with a pH 
meter. 

RESULTS AND DISCUSSION 

Recovery of Rare Earth Elements 

Preliminary extraction tests on the actual leach solution at different pH values by 25 vol.% 
D2EHPA in kerosene at an equal phase ratio showed that at pH close to 2.5, complete rare earths and 
iron as well as most of aluminium and zinc could be extracted, whereas the extraction of cobalt was 
negligible and no nickel extraction took place. But, the extraction of manganese was insufficient under 
the conditions to remove manganese entirely from the solution. Thus it is necessary to increase 
organic-to-aqueous phase ratio and use a multi-stage counter-current operation. For this purpose the 
distribution isotherm for extraction of manganese were determined by contacting the two phases at 
different phase ratios at pH around 2. 6. The equilibrium data are presented in figure I . 
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McCabe-Thiele construction shows that essentially complete extraction of manganese is 
attainable in 2 counter-current stages at an O:A ratio of 3:2 and an equilibrium pH 2.6. Therefore, the 
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aqueous feed liquor was processed in a 2-stage batch counter-current test, using 120 cm3 of organic 
phase and 80 cm3 aqueous phase for each contact. The equilibrium pH values for each contact were 
controlled at 2.56-2.60. After six cycles, the concentration of man~anese in the raffinate was found to 
be 0.010 g!dm3. Those of aluminium and zinc were 0.002 g!dm and 0.042 g/dm3 respectively. As 
expected iron and rare earths were never detected. The incomplete extraction of zinc is probably 
attributed to complexation of zinc ion with sulfate ion in the leach liquor. 12 The extraction of cobalt 
was less than 4.7% and that of nickel 0.8%. 

Small amounts of cobalt and nickel co-extracted to the organic phase was removed easily by 
scrubbing with 0.15 molldm3 H2S04 solution at an O:A ratio of 25:1 in a single stage. The scrub 
solution contained (g!dm\ 0.63 Co, 1.38 Ni, 1.21 Mn, 0.027 Zn, 0.019 AI and 0.045 La. No iron and 
none of the other rare earths were detected in the scrub solution. In practical applications, this 
solution can be returned to be mixed with the leach liquor. 

The rare earths in the scrubbed organic phase were stripped quantitatively by 1 molldm3 

H2S04 solution in a single contact at an O:A ratio of 20:3, thereby giving rise to a strip liquor 
containing, (g!dm\ 14.4 RE, 0.78 AI, 1.34 Zn, 2.02 Mn, 0.013 Co and 0.001 Fe. The stripping of iron 
by sulfuric acid was inefficient. However, investigations showed that the iron stripping was 
considerably improved by using hydrochloric acid. Nearly complete removal of iron from the organic 
phase is theoretically possible using 6 mol/dm3 HCl solution in four counter-current stages at an O:A 
ratio of 5:1. 

Separation of rare earths from metal impurities in the strip liquor was achieved by selective 
precipitation of rare earths with oxalic acid. Calcination of the oxalate gave a mixed rare earth oxide 
product containing 52.9% La203, 3.3% Ce02, 10.3% Pr6011, 32.5% Nd203 and 0.9% Sm20 3. With 
respect to impurities other than rare earths, analyses for three samples showed them to contain 0.007% 
CoO, 0.034% MnO, 0.052% ZnO, 0.006% Fe20 3 and 0.10% Ah03. The loss of rare earths was 
approximately 1.2%. 

Recovery of Cobalt and Nickel 

Following removal of rare earths and impurities from the leach liquor by extraction with 
D2EHPA, Cyanex 272 was used to selectively extract cobalt away from nickel in the raffinate. Figure 
2 gives the distribution isotherm for extraction of cobalt from the raffinate by 20 vol.% Cyanex 272 in 
kerosene at pH around 4.8 . The McCable-Thiele construction demonstrates that it should be possible 
to achieve nearly total extraction of cobalt from a solution initially containing 0.80 g/dm3 of cobalt in 
two counter-current stages at an O:A ratio of 1:1.2. 
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To confirm this, a 2-stage counter-current batch simulation was carried out. After six cycles the 
representative raffinate was found to contain 0.015 g/dm3 of cobalt corresponding to an extraction 
yield of > 98%. The concentrations of other metals in the loaded organic phase were (g/dm3

) : 0.065 
Ni, 0.012 Mn and 0.002 AI. . 

Trace levels of nickel co-extracted in the loaded organic phase could be removed by 
contacting it with a scrub feed (19 .2 g/dm3 Co as sulfate, initial pH 3.65) at an O:A ratio of 25 :1 in a 
single stage. The concentration of cobalt in the scrubbed solvent was 1.01 g/dm3 and the Co/Ni ratio 
was found to be 1530, indicating that nearly full elimination of nickel has been achieved under these 
conditions. The scrub solution contained (g/dm3

) : 17.5 Co, 1.63 Ni and 0.065 Mn. In commercial 
operation, this contaminated solution can be fed back to the extraction stage. 

The cobalt in the scrubbed organic phase was stripped readily and completely by 0.5 mol!dm3 

solution initially containing 0.80 g/dm3 of cobalt in two counter-current stages at an O:A ratio of 1: 1.2 
H2S04 solution at an O:A ratio of20: 1.1 in one contact. This final strip liquor contained (g/dm3

) : 18.4 
Co, 0.012 Ni, 0.18 Mn, 0.002 AI and 0.005 Zn. The cobalt was further recovered as a cobalt oxalate 
precipitate by addition of oxalic acid. Analyses for the products showed them to contain 0.025% Ni, 
0.01% Zn, 0.38% Mn and 0.004% AI. The percentage precipitation of cobalt was up to 98%. 

The nickel in the final raffinate was recovered directly as nickel oxalate by precipitation with 
oxalic acid. The contents of cobalt and zinc in the products were determined to be 0.058% and 0.15%, 
respectively. No other metal impurities were detected by ICP-AES. The precipitation yield of nickel 
was about 99%. 
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ABSTRACT 

A HYDROMETALLURGICAL PROCESS FORNi AND 

Cd RECOVERY FROM BATTERIES: PRELIMINARY 

DATA 
Loris Pietrelli, Gianni Ponzo and Laura Ranieri 
ENEA, CR Casaccia, Environmental Dpt. Via Anguillarese, 301-
00100 Rome, Italy 

Technological change is now generally regarded as essential in achieving the major advances in pollution reduction and the 
main reason to develop battery recycling processes is to avoid the waste of natural resources, in fact batteries cannot be 
dumped directly in common landfill because the raw material will be lost and therefore new material must be imported. The 
exhausted batteries management consists, generally, of thermal processes and in particular cadmium is usually recovered by 
pyrometallurgical processes. At present some hydrometallurgical processes have been developed to treat battery waste. In 
this paper a hydrometallurgical process for the recovery and recycling of metals from Nickel-Cadmium exhausted batteries is 
presented and discussed. The process is based on leaching of batteries by H2S04 followed by metals recovery and separation 
by using a macroporous ion exchanger with aminomethylphosphonic acid group. Leaching of electrodes have been studied at 
different acid concentration and temperature. Adsorption isotherms have been assessed to predict resin loading, kinetics, pH 
effect on the adsorption and the separation coefficients were investigated in batch tests with synthetic metal solution. 
Breakthrough and metal elution curves are reported for synthetic solution. The use of selective exchangers under optimised 
conditions allows quantitative separation of these metals and production of pure highly concentrated solution. The versatile 
process also allows the treatment of other similar wastes such as catalysts or liquid waste coming from metal finishing 
industry. 

Keywords: Ni-Cd Batteries, ion exchange, aminophosphonic acid, sulphuric acid 

INTRODUCTION 

In the late seventies or early eighties the industrialised countries tackled the problem of 
"batteries", at first not in general but only the special case of "mercury content batteries" was 
considered: it was the beginning of a discussion about the environmental and health impact 
assessment. The environmental risk associated with uncontrolled disposal of exhausted batteries was 
increasing, therefore in 1991 the EC adopted a Directive (91/57) on batteries and accumulators 
containing dangerous compounds. In addition to the Directive some other regulations have to be taken 
into consideration such as reducing the content of dangerous substances to a minimum and promotion 
of research on recycling processes. 

At present technological change is generally regarded as essential in achieving the major 
advances in pollution reduction and to avoid landfilling of materials from our limited natural 
resources, and from this point of view "separation processes" seem to be suitable to reach this goal. 

Recycling plants operating with economical benefits cannot be effectively realised but 
strongly depends on the quality (purity) of the recovered products and on the flexibility of the process 
(how many materials can be treated). From this point of view, the treatment of metal solutions using 
hydrometallurgical techniques is a well-known and efficient method to recover metals from the 
original sources and from wastes, moreover it can reduce specific energy demand while improving 
energy efficiency. 

At present some hydrometallurgical processes have been developed to treat battery waste but 
only one has an application on a large scale and for different types of primary and secondary batteries 
(maximum capacity of 7500 tons/y). 1 

Portable energy has many forms and within these Nickel-Cadmium batteries are widely used 
in many applications such as electronic communications, railways, emergency power supplies and 
domestic items. It seems that for many years Ni-Cd batteries will have no competitors in particular in 
some areas (emergency tools or mobile communications) mainly because Ni-MH and Lithium ion 
batteries are more expensive than Ni-Cd ones. As Cd would not be banned by authorities for use in 
batteries, Ni-Cd types probably will keep an important market segment. Therefore Ni-Cd batteries 
could be considered as recyclable material due to their high metal content. Industrial application ofNi-
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Cd battery recycling is known in Sweden, France, 
Korea, Japan and USA. In these plants cadmium 
is usually recovered by pyrometallurgical 
processes transforming it into oxide or metallic 
form. 
In this paper the preliminary results concerning a 
hydrometallurgical process for the recovery and 
recycling of metals from Ni-Cd exhausted 
batteries are presented. 

EXPERIMENTAL 

BATTERIES 

The general layout of the preliminary process Leaching solution 

Scraps _____. 

__. Solids 

includes the steps shown in Figure 1. The flow 
sheet is mainly based on mechanical dismantling, Fe(OH)3 
leaching and metal separation by ion exchange. 
Preliminary tests were performed to select a 
suitable exchanger among commercial materials.2 Ni!Co 
We selected an exchanger (20-50 mesh, bulk 
density 0.546 g/ml) with aminomethylphosphonic 
acid functional groups as the sodium 
form,obtained by treatment with NaOH . ELUTION BY 2M H2S04 --· 
Adequate contact time between metal solution Cadmium 
and exchanger is essential to allow equilibrium, 
therefore kinetics of adsorption were studied in 
batch tests. During these experiments known 
weights of exchanger were contacted, at constant Fig. 1 Preliminary flow sheet of the process 
shaking velocity at 20°C, with known amounts of 
metal solution for three hours. After 20 minutes of contact time about 100% equilibrium was obtained. 
The metal concentration in aqueous phase was determined by atomic absorption spectrochemical 
analysis using a Perkin-Elmer 5000 spectrophotometer. The ion exchangers were characterised by 
using synthetic leaching metal solutions made from analytical grade chemicals. 

The leached samples were prepared by separating and desegregating the electrodes (58.8% of 
the total weight) without grinding. For the small sized (cylindrical batteries) the electrodes are each a 
single rolled sheet. 

RESULTS AND DISCUSSION 

Leaching of batteries 

The electrodes are composed of the active materials containing Cd, Ni, Co and Fe. Nickel is 
the main component of the cathodes while Cd is the main component of the anodes. However a 

Metal Electrodes Anode Cathode 
Nickel 28.9% 21.8% 26.4% 

Cadmium 30.7% 51.9% 19.8% 
Cobalt 0.081% 0 0.02% 
Iron 0.69% 0.02% 0.005% 

Graphite 21.6% 10.1% 34.0% 
Stainless steel 18.1% 16.2% 19.8% 

Table 1 Composition of electrodes from small size Ni-Cd batteries (Panasonic KXA36A 300mAh) 
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significant amount of Ni (21.8 %) can be found in the anodic materials (Table 1). Nickel seems to be 
present in two different forms: metallic and small amounts ofNi(OH)2.3 

Leaching studies of electrodes were 
performed by using H2S04 as leaching agent 
mainly due to its low cost and less corrosive action 

100 
90 

on iron from battery components contained in the ,.-., ro 
electrodes. Tests have been carried out at different c 'iU 
temperature (25°C and ll0°C) and H2S04 oo 

concentration (0.6M and 1.8M). In Figure 2 the J g 
yield leaching profiles for electrodes at ll0°C are .!! 
illustrated. 
From the data it can be seen that leaching with 
1.8M sulphuric acid is easy and quick particularly 
for the anodes, mainly containing cadmium. At 
25°C long contact time (about 6 hours) was 
needed to reach about 60% of leaching for 

ro 
50 
40 
30 
20 
10 
0 

0 10 20 30 40 

-+-A( 1.8!\.$ 
.... C(l.SJ\.$ 

--.-xo.~ 

_._qo.~ 

50 

cathodes and 97% for anodes. Fig 2 ~of liDi:s (A) mail:xxi:s (q 
auO"Cma0.6M:mL~ . 

Equilibrium rates and sorption capacities 

70 

The sample solution and the exchanger were placed in a lOml beaker and equilibrated by 
mechanical shaking for a time sufficient to establish equilibrium condition at 20°C. The distribution 
coefficients (Kd) were calculated by measuring the concentration of metal in aqueous phase before 
and after equilibrium with sorbent, according to: 

Kd=[M].,/[M]soi=(M;-Meq)V/W X 1/Meq 1000 

where M; and M_q are, respectively, the initial 
and final metal concentration, V is the Kd 

100 

volume of sample (ml) and W is the weight of 10 

the exchanger. 
The Kd value obtained by using a batch 
method can be useful to predict the elution 
behaviour of the metals on the packed ion
exchange column. Therefore the effects of 

0.1 

0.01 

the pH on the rate of loading capacity for o.oo1 
metals from sulphuric acid solution on the 0 2 3 

resin is shown in Figure 3. These Kd values Fig.3.TheeffectofpHonKd 

4 5 6 pH? 

indicate that Cadmium could be separated from Nickel at pH 3-4, where the separation factor [a= 
Kd(Cd)/ Kd(Ni)] for Cd from Ni is sufficiently high (a>lO). 
Sorption isotherms were evaluated in aqueous medium and two models were used to quantify sorption 
relationship at equilibrium on a logarithmic diagram: 

1) the Freundlich equation, a= KtCeq 110 

where "a" is the amount of metal sorbed on the solid phase, Ceq is the equilibrium concentration of 
the element in the liquid phase, Kf and 1/n are empirical constants; 

2) the Langmuir model, a= Q0 bCeql(l +bC.q) 
where Q0 and b correspond, respectively, to complete the coverage of available sites (monolayer) or 
limiting adsorption capacity and to an empirical coefficient related to the enthalpy. 
Table 2 and Figure 4 show the values of the isotherm parameters and the comparison between 
theoretical and experimental data. The preliminary data obtained for Cd and Ni are generally best 
described by the Langmuir equation. 
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Parameter Cd Ni Parameter Cd Ni 
lin 0.2149 0.1174 Qo 82.64 37.45 
Kf 16.03 12.43 b 0.0147 0.007 

Table 2 Isotherm model parameters from Langmuir and Freundlich equations for Ni and Cd. 

Figure 5 shows 
experimental break-trough and 
elution curves for Ni and Cd 
recovery at pH=2.2. The initial 
concentrations of Ni and Cd were 
790 ppm and 900 ppm respectively. 

100 

A 91.1% of yield for nickel was 
obtained from about 25 bed 
volumes of feed solution and at that g 
time the experiment was concluded. 
The Ni breakthrough curve rises 
rapidly to a value greater than the 

g. 

feed concentration indicating that 
1 0 1 00 1000 1 0000 

Cd displaces nickel from resin. If Fig.4. Adsorption isotherms for Ni and Cd Ceq (mgt!) 
the absorption process had been 
continued until the resin was nearly saturated with Cd practically no nickel would have remained on 
the resin. 

Cadmium was eluted with about 5 bed volumes of 2M H2S04 and 89.3% of yield of pure 
metal was obtained. A small amount of Ni was eluted at the beginning mainly due to the incomplete 
saturation of the resin by cadmium. Based on the elution assays, the resin loading was 42.2 mg!g for 
Cd. 
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Fig.5. Breaktrough and elution curves for Nickel and Cadmium 
BY 

CONCLUSIONS 

Hydrometallurgy is a well-established process for separation and recovery of metal ions and the 
process under development shows the possibility of treat spent Ni-Cd batteries. 

The new approach to minimise and reuse battery waste consists of an integrated process 
scheme to allow the treatment of dry batteries such as other products coming from different sources. 
The benefits are: complete recovery of metals at high purity; low energy requirement; minimisation of 
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wastewater; final waste of the process cannot be considered a hazardous waste so it could be reused as 
construction material or disposed in a common landfill to avoid air emissions. 

The process for Ni-Cd recovery is now undergoing experimentation on the bench scale. In this 
context particular attention will be devoted to the influence of competition by other metals in 
particular cobalt, considering that at pH=4 iron should be recovered by precipitation, as well as to the 
resin retention kinetics themselves. Considering that the chosen resin exhibits a good affinity for Cd 
ions, the next experiments will be done by using real solutions coming from electrode leaching. 
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ABSTRACT 

CATION SEPARATION IN SULPHATE MEDIUM USING 

SOLVENT EXTRACTION 
Aurora Maria Moreno Daudinot and Elizabeth Garcia Liranza 
Solvent Extraction Department, Research Center for Laterite 
Minerals. Moa, Cuba. 

Cobalt - nickel mixed sulphide is obtained as a product of a laterite acid leaching. Several acidic extractants were evaluated 
with the liquor obtained from sulphide leaching. The extractants PC 88A or DP 8R removed Zn, Mn and Ca from sulphate 
liquor in the first circuit, obtaining zinc sulphate as product and a cobalt and nickel raffmate. These elements are separated 
with Cyanex 272 in the second circuit using pH 6.0 and stripped by acid treatment, obtaining as product cobalt sulphate while 
nickel remains in the liquor. 

Keywords: cobalt-nickel mixed sulphide, nickel laterite, Cyanex 272, Cyanex 302, PC 88A, DP SR. 

INTRODUCTION 

Separation of nickel and cobalt is quite difficult because of the similarities of their physical 
and chemical properties. It iss more than 30 years since Ritcey and Ashbrook1 proved the technical 
feasibility of solvent extraction to separate cobalt and nickel and obtain acceptable products.2'

3 

There are several reagents that can extract cobalt without extracting nickel. First phosphoric 
acid (DEHPA, P204), then phosphonic acid (PC 88A, P507, Ionquest 801) and later phosphinic acid 
(Cyanex 272, Cyanex 301, Cyanex 302) derivatives have been used and the selectivity increases in the 
same order. These extractants work in a pH range of2.0 to 6.0.4 

Nickel and cobalt mixed sulphide is produced in the processing plants of nickeliferous laterites 
that use the CARON process. Nicaro and Punta Gorda in Cuba obtain this mixed sulphide and a Ni-Co 
mixed sulphide is also obtained through the laterite pressure acid leaching of the Moa Plant. Sumitomo 
Metal Mining Co., Ltd. and Nippon Mining Co., Ltd. carry out sulphide refming by solvent extraction. 
These sulphides come from plants that process laterites with ammonia carbonate. Both companies 
produce Ni and Co cathodes, the first one in chloride medium and the second one in sulphate 
medium.5

•
6
•
7
•
8 The Ni/Co ratio in sulphides obtained by ammonia carbonate leaching oflaterites range 

between 2.5:1 and 3:1. This differs from the mixed sulphide obtained in the process oflaterite pressure 
acid leaching that have a 10:1 Ni-Co ratio. They differ also in the content of elements present as 
impurities in both sulphides. 

This paper explains the evaluation of different acidic extractants at laboratory scale with a 
liquor obtained by dissolution of Ni and Co mixed sulphides. It has the aim of definign the pattern to 
follow to remove impurities and to separate cobalt from nickel in this liquor. 

EXPERIMENTAL 

Aqueous Phases. 

Experiments were made with liquor obtained by leaching in the sulphide autoclave. This 
sulphide is the product of the process of laterite pressure acid leaching. It was re-pulped at up to 80°C 
with mechanical and pneumatic agitation and feed to the autoclave where it was leached at 140°C and 
7 atrn oxygen pressure for 8 hours. This liquor was partially purified with coral to remove iron, 
aluminium, chromium and some copper impurities This liquor then had pH 4.5 and an average 
chemical composition in g/dm3 as follows: 

Ni 
96.43 

Co 
9.72 

Zn 
2.01 

Mn 
0.032 

The pH variation and solvent neutralization were made with 32% NaOH. 
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Sulphuric acid solutions were prepared with 96% commercial reagent and industrial water contained 
0.015 g/dm3 magnesium and 0.008 g/dm3 calcium. 

Organic Phases 

The extractants studied were DP 8R, PC 88A, Cyanex 272 and Cyanex 302. 
JET A-1 was the diluent used to prepare organic solvents with a density 0.791 g/cm3

. Solvents were 
scrubbed with 200 g/dm3 sulphuric acid over 30 minutes to use them for further studies. 

Analytical 

Chemical analyses were made by atomic adsorption and visible ultraviolet spectrophotometry. 

Experimental Procedure 

Studies were carried out in the conventional way according to the methodology used by 
Gordon Ritcey. The pre-neutralization of the organic solution was made with caustic soda. Later the 
mixing of aqueous and organic phases was carried out in beakers with mechanical agitation for the 
time set in the conditions for each experiment. Once this was completed, both phases were separated 
in separating funnels and the loaded organic phase was stripped twice with sulphuric acid. All 
solutions were filtered prior to their analysis . 

Then the extraction optimum pH of elements for each solvent, the number of extraction and 
stripping stages were determined. 

The objective of the work and its experimental results marked the route to follow, defining the 
specific conditions under which each experiment was to be carried out . 

Counter-current run tests at a laboratory scale were made with extractant PC 88A. This 
experiment consisted in simulating the continuous process with the number of stages determined by 
the McCabe-Thiele diagram. The number of starting cycles required to reach representative results 
depends on the number of stages in the process . This kind of experiment allows the confirmation that 
the number of stages theoretically determined is enough to reach the expected results. The counter
current extraction experiment of Zn, Mn and Ca were carried out using PC 88A in three stages. 

RESULTS AND DISCUSSION 

Zinc and manganese were extracted before cobalt by the extractants DP8R, PC88A, Cyanex 
272 and Cyanex 302, figures 1,2,6 and 9. 

DP 8R is a commercially used extractant. It is suitable to remove impurities because of their 
high extraction and the low coextraction of cobalt at a pH that requires a low consumption of alkali . 
This solvent extracts more than 95% zinc, 50% manganese, 67% calcium, 5% magnesium and only 
1.4% cobalt at pH 2.0 in only one contact stage, figure I . 

The commercially extractant PC 88A at pH 3.0 gives a low extraction of Ni and Co but 
extraction of zinc, manganese and calcium were higher. For extraction at a phase ratio of I : lin a single 
contact stage the results were as follows: 6% Co, 99% Zn, 60% Mn, 40% Ca. Theoretically from the 
McCabe-Thiele diagram only one extraction stage is required to extract 99% Zn, two stages for 
manganese and three for calcium . The extracted zinc can be stripped in two stages, figures 2,3,4 and 
5, and tables land 2. 

Cyanex 272, also a commercially used reagent, rejects calcium and nickel at pH 6.0 where the 
extraction of cobalt, zinc and manganese is higher. This extractant only required preliminary zinc and 
manganese separation from the Ni-Co sulphate liquor to obtain a cobalt product of high purity. Three 
stages are necessary for cobalt extraction with an organic/aqueous phase ratio of I in 180 seconds, 
figures 6,7 and 8. A cobalt sulphate product can be obtained by stripping the cobalt loaded solvent by 
an acid solution in two stages, in 300 seconds and at a phase ratio > 10. 

Cyanex 302 is not used commercially. It extracts 93% Zn at pH 2.0 with minimum extraction 
of the other elements . It has the inconvenience that manganese has to be removed before solvent 
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extraction. This reagent also extracts 99% Co at pH 6 with a phase ratio of 1, but at this pH zinc and 
manganese extraction is also higher. 

100 

80 

.-, t 60 

~ 40 

20 

2 4 6 7 
pH 

--Ni --co ----t.- Zn ---*-Mn --Mg --ca 

Figure 1. Effect of pH change on DP 8R extraction. O:A = I . Time: 5 min. 

7 
pH 

--Nl --Co ---6--Zn ---*-Mn --Mg --Ca 

Figure 2. Effect of pH change on PC 88A extraction. O:A = 1. Contact Time: 5 min. 
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Figure 3. Zinc Extraction Isotherm. PC 88A. pH: 3.0. Contact Time: 5 min. T=30°C. 

According to the results obtained in the experiments carried out at laboratory scale, the following 
scheme was chosen for the purification of the liquor and Co-Ni separation. Extraction of Zn (99%) 
and Mn (91%) with PC 88A at pH 3.0 from the liquor purified from iron, aluminium and chromium; 
scrubbing with zinc sulphate and acid stripping to give a zinc product. To the raffinate obtained from 
this circuit Co is extracted with Cyanex 272; the Co extract is scrubbed with Co sulphate and later Co 
is obtained in the sulphate form as product from stripping. Nickel remains in the raffinate. The results 
are summarised in tables I and 2. 
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Figure 4. Manganese Extraction Isotherm. PC 88A. pH: 3.0. Time: 5 min. T=30°C. 
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Figure 5. Zinc Stripping Isotherm.PC 88A. Time: 10 min. T=30°C. H2S04 150 g/dm3
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Figure 6. Effect of pH change on CNX 272 extraction. O:A = 1. Time: 5 min. 
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Figure 7. Cobalt Extraction Isotherm. CNX 272. pH: 6.0. Contact Time: 5 min. T=30°C 
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Figure 8. Cobalt Stripping Isotherm CNX 272. Time: 10 min. T=30°C. H2S04 150 g!dm3 
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Figure 9. Effect of pH change on CNX 302 extraction. O:A = 1. Time: 5 min. 

Parameters (gldm3
) Ni Co Zn Mn Co/Zn Ratio Co/Mn Ratio 

Feed Solution 97.52 10.14 2.03 0.036 5.0 281.7 
Raffinate 94.56 8.45 0.000 0.002 84500 3841 

Table 1 Principal Analytical Results ofPC 88A Counter- Currents Test 

Extraction Coefficient Se~aration Factor 
Stages Ni Co Zn Mn Zn!Co Mn/Co 
First 0.008 0.04 6733 1.64 158854 38.73 
Second 0.003 0.08 1.22 15 .05 
Third 0.003 0.08 1.09 14.14 

Table 2 General Results of PC 88A Counter -current tests 

CONCLUSIONS 

Manganese reaches its maximum extraction after zinc and before cobalt with all evaluated extractants. 
To obtain high pure cobalt it is necessary to include a solvent extraction circuit to remove zinc, 
manganese and calcium from sulphate liquors with the extractants PC 88A or DP 8R and another 
circuit to separate Co-Ni with Cyanex 272. Three products are obtained: zinc sulphate, cobalt sulphate 
and nickel sulphate. 
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ABSTRACT 

EXTRACTION OF COPPER CONTAINED IN 

AMMONIA SOLUTIONS FROM THE ELECTRONICS 

INDUSTRY WITH LIX84 
JM Chimenos, MA Fernandez, M Segarra, AI Fernandez, A 
Esparducer and F Espiell 
Department of Chemical Engineering and Metallurgy, University 
of Barcelona, Marti i Franques, 1, 08028- Barcelona, Spain. 

A batch process is .described for extracting copper from ammonia solutions, which are a by-product in the manufacture of 
integrated circuits, by the electronics industry. These solutions contain copper (150 gil), ammonia and ammonium chloride 
(150 gil NJ4+) as the main constituents. A commercial solvent is used for laboratory study of the influence of different 
parameters on the yield of extraction. Thus, with one extraction, 96% of the initial copper can be extracted by using 40% 
LIX" 84 in kerosene, with an organic/aqueous ratio of 6 and a temperature below 40°C for 30 minutes. 
The copper re-extraction from the organic phase was tested with hydrochloric and sulphuric acid. The results showed that re
extraction with HClled to a low copper concentration in the organic phase with no addition of foreign ions (as is the case of 
sulphate). 
A possible scheme for treating these ammonia solutions without by-products being generated is proposed (extraction -
washing - re-extraction - washing) with re-circulation and re-utilisation of washing waters, to obtain an ammonia solution 
with 1-2 ppm copper and a hydrochloric solution with 20gll copper. 

Keywords: copper, LIX 84, ammoniacal etching solution. 

INTRODUCTION 

One of the most widely used etchants for the recovery of copper in printed circuit board (PCB) 
manufacturing is the ammoniacal etchant.l When the copper concentration in the etchant reaches about 
140 g/1, the rate of etching decreases and a part of it has to be replaced. The replaced spent etchant is 
discharged as waste. To treat these spent ammoniacal solutions for regeneration and reuse, a number of 
methods have been proposed: electrolysis,2 ion exchange3 and solvent exchange methods.4-7 This last 
method is most commonly used. In most solvent extraction (SX) methods, copper is removed from the 
etchant by extracting it with an organic solvent which is then stripped with an aqueous acidic solution. 
The copper contained in these acidic solutions can be further recovered as copper salts. 

LJX® 84 (2-hydroxy-5-nonylacetophenone oxime, Henkel Corp.) is used as selective extractant 
of copper from ammoniacal solutions that also contains zinc. 8 Although !3-diketones have been used for 
the extraction of copper from ammoniacalliquors,9 this paper shows the possibilities of the recovery of 
copper from these solutions by this organic solvent dissolved in kerosene, followed by the stripping from 
the organic phase with an aqueous mineral acid solution. The application of SX circuits to copper 
extraction at an industrial scale has been discussed by other authors.7,10,11 This paper proposes a 
batch SX circuit for treating these copper alkaline etching solutions. 

EXPERIMENTAL PROCEDURE AND RESULTS 

LIX 84 is a solvent extraction reagent that forms insoluble complexes with various metallic 
cations in a manner similar to the copper as is described in the following equation: 

2RHorg + eu2+ aq <=> R2CUorg + 2H+ 

Batch equilibration experiments were carried out in separatory funnels at room temperature. The 
organic solvent was supplied by Henkel, the diluent used was commercial kerosene and the aqueous 
solutions were spent etchants supplied by a leading local PCB manufacturing company. The aqueous 
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solution and the organic solvent were shaken for different lengths of time and were allowed to settle 
before sampling for analysis. The concentration of copper in the aqueous phase was determined by 
Atomic Absorption Spectrophotometry (AAS) after proper dilution. For the organic phase, the copper 
was stripped with aqueous solutions of H2S04 and HCI. The copper content in these aqueous phase was 
determined by AAS. 

Determination of optimum parameters 

LlX 84 concentration in kerosene and org/aq phase ratio 

Optimal LIX 84 concentration in kerosene was determined by mixing a known volume of 
ammoniacal copper solution of 130g!l in copper with variable LIX 84 concentrations in kerosene for 24 
hours. Organic/aqueous phase ratio was studied following the same procedure: mixing the same volume 
of ammoniacal copper solution with different volumes of LIX 84 dissolved in a known volume of 
kerosene. As the LIX 84 concentration in kerosene increases and/or the phase ratio increases, the copper 
in the aqueous ammoniacal solution decreases. Both variables are co-operative, as is shown in Figure 1. 
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Figure 1. Copper content in the alkaline etching solution, after extraction with the organic solvent at 
different LIX 84 concentrations, vs. organic/aqueous phase ratio. 

Extraction time 

The variation of the final copper concentration in the aqueous ammoniacal etching solution with 
the mixing time was studied, for an organic/aqueous phase ratio of 6 and different LIX 84 
concentrations, (Figure 2). In the primary stages, copper concentration decreases with the increasing 
time, achieving a constant and minimum value for each organic phase composition. In all the cases 
studied, this minimum value was achieved after 30 minutes mixing time, and the phase separation was 
completed after 5 minutes. 

Temperature effect 

Table I compares the different copper concentrations in the ammoniacal solution and the 
amounts of copper extracted when the reaction was carried out at 25° and 40°C. At 40°C, the copper 
concentration in the ammoniacal solution was half of that obtained at 25°C. 
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Temperature COC) 

25 

40 

[Cu] in ammoniacal solution (ppm) Extracted Cu (%) 

6770 94.80 

3125 97.60 

Table I. Copper concentrations in the ammoniacal solution and amount of extracted copper achieved 
after 30 min extraction in org/aq ratio of 6 and 40%v/v of LIX 84 
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Figure 2. Copper content in the alkaline etching solution, after extraction with the organic solvent at 
different LIX 84 concentrations, vs. mixing time of extraction. 

Stripping with mineral acid: effect of the acid concentration. 

The effect on the copper stripping of the concentration of HCl and H2S04 in the stripping 
aqueous solution was studied. For an initial copper concentration of 19.37g/l, an organic/aqueous phase 
ratio of 1 and mixing time of 30 minutes, the results obtained for H2S04 are depicted in Table II, which 
also details the copper concentration in the aqueous acid solution after stripping. The amount of stripped 
copper increased with the concentration of both acids, achieving its maximum value for 6M H2S04 and 
for HCl between 4 and SM. It was observed that this reaction, for the maximum acid concentration 
studied, was exothermic enough to achieve the temperature of 40°C. Otherwise, at higher acid 
concentrations, the organic solvent degrades and the separation of the phases were more difficult. The 
summary of the optimized conditions at laboratory scale are detailed in Table III. 

H2S04 concentration (M) [Cu] in stripping solution (ppm) 

2 

4 

6 

13750 

15000 

19200 

Stripped Cu (%) 

70.99 

77.44 

99.12 

Table II. Copper concentration in stripping solution and amount of stripped copper for different 
H2S04 concentrations. 
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LIX 84 (%) in kerosene 
Org/aq ratio 
Time (min) 

Temperature (K) 
Aq/org ratio in stripping reaction 

[H2S04] in strip solution (M) 

40 
6 
30 
40 
1 
6 

Table III. Summary of the optimized parameters for the extraction and stripping. 

Batch Process Design 

On the basis of the above results, a batch process, consisting in two stages of extraction, was 
designed. The organic solvent was re-circulated from the second to the first extraction stage, which was 
followed by two stages of stripping with clean 6M H2S04. The regenerated organic solvent re-entered 
the circuit at the second extraction stage, but had high sulfate and ammonia concentrations. To solve this 
problem, a washing step was introduced after and before each stripping operation. Table IV shows the 
nomenclature of the SX circuit. 

LIX-84 
AES 
OS 
BW 
AW 
sw 

Product 

LIX 84 solved in kerosene at 40% 
Alkaline etching solution 

Organic solvent 
Alkaline washing waters 

Acid washing waters 
Organic solvent recirculated 

Recovered copper in aqueous solution 

Table IV. Nomenclature employed for the flows of the different batch processes employed. 

To minimize water consumption, the possibilities of re-circulation of the acid and alkaline 
cleaning waters were studied. The acid waters from the washing steps after stripping, were re-circulated 
to the entry of new acid. This circuit also introduced sulfates as impurities in the recovered ammoniacal 
aqueous solution. To eliminate them, 4-5M HCl aqueous solution, starting from commercial HCl (10-
11M), was used as stripping agent. 

The alkaline waters, from the cleaning of the organic solvent after extraction, are re-circulated to 
the fust extraction stage. The optimized batch process, with the intermediate washing operations, 
stripping with HCl and re-circulation of washing waters, is depicted in Figure 3. 

The effect of the number of cycles made by the organic solvent was determined by measuring 
the copper concentration of the different currents involved, after each cycle. Thus, after 6 cycles, copper 
concentration in the cleaned ammoniacal aqueous etching solution (AES2) was 1.4mg/l, while the 
copper content in the acid aqueous solution from the re-extraction was 18.lg/l. The amount of 
NH31NH4+ in the recovered ammoniacal aqueous solutions was also established. This was performed 
by addition of an excess of NaOH and then distillation. The distillate was then collected on standarized 
HCl aqueous solution. Thus, the measured loss of NH3fNH4+ was 36% v/v. These losses can be 
attributed to the use of an hydroxyoxime reagent that extracts ammonia,9 and/or the evaporation due to 
the increase of temperature at the stripping stage. 
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Figure 3. Batch process circuit with HCl 4-5M as stripping agent, which includes the recirculations of 
the washing waters. 

CONCLUSIONS 

Solvent extraction of copper from aqueous alkaline etching solutions from the printed circuit 
industry is feasible with LIX 84 dissolved in kerosene as extractant by a batch process. With prior 
optimization of the extraction-stripping parameters, 99.9% of the copper was recovered in one step. 

After three cycles, copper concentration in the ammoniacal copper solution fell from 130g/l to 
3 .99mg/l with H2S04 as stripping agent, under the optimized conditions and with recirculation of the 
acid washing waters. However, this stripping agent introduced sulfate ions into the organic solvent and 
the recovered ammoniacal alkaline solution. 

A batch process design, using HCl as stripping agent, which also introduced recirculation of the 
alkaline washing waters, achieved similar results to H2S04 but foreign ions did not enter the process, 
and a fmal concentration of copper in the ammoniacal alkaline aqueous solution of 2mg/l was obtained 
after two cycles. Recovered ammoniacal alkaline aqueous etching solution lost a 36% v/v NH31Nl4+·. 
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ABSTRACT 

RECOVERY PROCESS OF Ni Wim EHO FROM A 

WASTE ETCHING SOLUTION OF LEAD FRAME 
MATERIAL 
J Shibata, S Matsumoto, M Sano and S Nishimura 
Faculty of Engineering, Kansai University 
Suita, Osaka 564-8680, Japan 

Fe-Ni alloy, namely 42 alloy, has a wide use for lead frame of chip package in electronic industries. Usually acidic fer,ic 
chloride solutions are used as an etching solution. As dissolution of the material procedes, the etching efficiency deteriorates 
as Ni or Fe ions accumulate in the etching solution. To keep the etching efficiency at a certain level, a part of the waste 
solution is replaced with a fresh etching solution. It is known that EHO (2-ethylhexanal oxime) an extractant which can 
extract Ni prior to Fe. EHO can extract Ni(II) and Cu(II) from chloride ion concentration, 2-8 moVdm3

, while other metal 
ions except Fe(III) do not transfer sufficiently to the EHO organic phase. The Fe(II) is extracted with EHO in small amounts. 
The recovery of concentrated Ni from the waste etching solution with solvent extraction was examined to establish the new 
process to recycle the etching solution. 

Keywords: Fe-Ni alloy etch solution, Ni, 2-ethylhexanal oxime 

INTRODUCTION 

One of the traditional ways of using Fe-Ni alloy is for lead frame material in electronic 
industries. In the processessing of the lead frame, acidic concentrated ferric chloride solution is used 
as an etch solution. As the dissolution of lead frame material procedes, the etching efficiency 
decreases because Ni accumulates in the etching solution. Consequently, some amounts of the 
contaminated etching solution are replaced with the fresh solution to maintain the efficiency. The 
waste etching solution in this process contains highly concentrated Ni(II), Fe(II) and Fe(Ill). Table 1 
shows the typical composition of this waste etching solution. The Ni concentration in the waste 
solution is no less than 10-30g/dm3

• The current treatment process of the waste solution is based on 
precipitation or cementation methods.' There are some reports that the extractant, 2-ethylhexanal 
oxime (EHO) has a significant ability to extract Ni prior to Fe.14 Still now there is no extractant 
which can extract Ni selectively when Ni and Fe ions coexist in chloride solutions. Therefore, it can be 
a great development to apply EHO to this separation. It was the objective of this work to recover high 
purity Ni from the waste etching solution by solvent extraction and to establish a new process of 
recycling of the solution. 5 

EXPERIMENTAL 

As the organic phase, certain concentrations of EHO diluted in Solvesso 150 were prepared. 
The aqueous phases for Fe(III), Ni(II) and other metal ions were prepared by dissolving the 
corresponding metal chlorides in distilled water. Purified water was used as a stripping agent. 

The extraction experiments were carried out as follows; solutions of the same volume(l5cm3
) 

of the aqueous and organic phases were shaken in a 50cm3 centrifuge tube at 298K and 300spm. After 
shaking, the two phases were separated each other and then analyzed. The metal concentration in the 
aqueous phase was measured with an atomic absorption spectrophotometer, and the difference 
between the initial and equilibrium metal concentrations in the aqueous phase determined the metal 
concentration in the organic phase. The concentrations of acid and chloride ion were determined by 
titration with sodium hydroxide solution and silver nitrate solution, respectively. The Fe(II) 
concentration in the aqueous phase was obtained by oxidation-reduction titration with 0.01mol!dm3 of 
Ce(IV) standard solution. 
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FeCl3 214-230 g/dm3 Fe (III) 74-80 g/dm3 

FeCh 137 - 412 g/dm3 Fe(II) 60- 180 g/dm3 

NiCh 22-65 g/dm3 Ni (II) 10- 30 g/dm3 

HCl 65-73 g/dm3 HCl 1.8 - 2.0 mol/dm3 

Table 1 Composition of typical waste etching solutions 

RESULTS AND DISCUSSION 

Extraction characteristics of metal ions with EHO 

The extraction experiments of some metal ions with O.lmol/dm3 EHO from the aqueous 
solution containing various concentrations of HCI were carried out to clarify the extraction property of 
common metal ions with EHO. The selected metal ions were Ni(II), Cu(II), Fe(III), Co(II), Zn(II), 
Ca(Il), Mn(Il), Fe(II) and Na(I), and their concentrations were O.Olmol/dm3. Figure 1 shows the 
extraction of metal ions as a function of initial HCl concentration. In the HCI concentration range of 
l-9mol/dm3, Ni (II), Cu(II), Fe(III), Co(II) and Zn(II) are obviously extracted, though other metal 
ions do not have good extractability. Especially, both Ni(II) and Cu(II) are significantly extracted over 
a wide range of HCl concentration. When HCl concentration is nearly 5.0mol/dm3, the maximum 
extraction of Cu(II), about 90%, is obtained, while at HCl concentration more than 5.0mol/dm3

, the 
amount of extracted Cu(II) decreases significantly. 
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!() 

~ 
~ro 

c 
0 

"" u 
ro s 40 

20 

0 
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Figure 1 Extraction of various !Tletals with 8-iO 
from hydrochloric a::id solution 

The Ni(II) extraction behaviour is similar to that of Cu(II). There has already been reported 
that Cu(II) is extracted with EHO by the solvation reaction and the extracted species is considered to 
be CuCh·2EH0.1 The authors explain that the formation of CuCh- and CuCLt, which cannot be 
extracted, causes the decrease in Cu(II) extraction at high HCl concentration. The results of Cu(II) 
extraction with EHO obtained in this study supports the extraction mechanism which Inoue et a1. 1 

suggested. 
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Figure 2 shows Ni{II) extraction isotherm with 0.3, 0.5 and 0.7mol/dm3 EHO. The extraction 
isotherm ofNi{II) demonstrates that the maximum loadings ofNi(II) are 4.4, 7.4 and 10.4g/dm3 for the 
organic phase containing 0.3, 0.5 and 0.7mol/dm3 EHO, respectively. The ratio of the stoichiometric 
combination of EHO and Ni(ll) in the organic phase can be obtained from the maximum loading. 
When using 0.3, 0.5 and 0.7mol/dm3 EHO, the combination ratios of [EHO]orgi[Ni]org are 4.00, 3.97 
and 3 .95, respectively. It is clear that 4 molecules of EHO are required to extract 1 atom of Ni(II). 
Nickel(II) does not easily form chloro-complexes, but we can assume NiCh·4EHO as an extracted 
species ofNi{II). 
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Effect of ferrous and ferric chloride concentrations on Ni(ll) extraction 

In the practical etching process, the amounts and the ratios of dissolved Fe(II) and Fe(III) 
fluctuate according to the operation conditions, so the effect of Fe(II) and Fe(III) concentrations on 
Ni(II) extraction was investigated in this section. The extraction of Ni(II) was carried out in the 
presence of 70-100g/dm3 Fe(III), when the concentrations of Ni(II) and HCl were 10g/dm3 and 
1.5mol/dm3

, respectively. The effect of ferric chloride concentration on Ni(ll) extraction is shown in 
figure 3. The Ni{II) extraction increases from 63 .5% to 66.5% with increasing Fe(II) concentration, 
whereas the Fe(II) extraction increases by a small amount. As the result, the separation factor ofNi(II) 
over Fe{II) is reduced, but we can completely separate them because the separation factor is more than 
6500. The Ni(II) extraction was examined in order to clarify the effect of the ratio of dissolved Fe(II) 
and Fe(III) on the extraction ofNi(II), when the concentration of Fe, Ni(II) and HCl were 105gldm3

, 

10g/dm3 and 1.5mol/dm3
, respectively. The Ni(II) extraction increases from 63% to 67% with 

increasing the Fe(III) concentration, while the extracted Fe(III) is small amount. The separation factor 
decreases from 15000 to 7000, but it is sufficiently large to separate them completely. Ferrous ion is 
never extracted with EHO from the mixed solution at any ratio. It is considered that the increase in 
Ni(II) extraction is caused with the increase in the chloride ions in the ferric chloride solutions. 

Extraction and stripping isotherm of Ni(II) 

When the Ni(II) concentration in the wasted etching solution is 10g/dm3 and the stripping is 
perfectly carried out, we can make the operating lines in the extraction isotherm as shown in figure 2. 
The Ni{II) in the recovered or¥anic phase changes with EHO concentration: when EHO concentrations 
are 0.3, 0.5 and 0.7mol/dm , the Ni(II) in the recovered organic phase are 4, 7 and 10g/dm3

, 

respectively. The almost perfect recovery of Ni(II) from the waste etching solution can be 
accomplished with 2 stage counter-current extraction at any EHO concentration.6 

The stripping isotherm of Ni(II) with water was obtained at 298K for three EHO 
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concentrations. The stripping isotherm gave the capability of Ni(ll) concentration up to 20g/dm3 in 
the stripped aqueous solution, but so many stripping stages are required to reduce Ni(II) 
concentration in the outlet organic phase. As the recovery methods for Ni(II) from the stripped Ni(ID 
aqueous solution, electro-winning and crystallization are suggested. When electro-winning is applied 
to reduce Ni(II) to metal Ni, the appropriate Ni(II) concentration should be controlled in the stripping 
process. In one of the practical electro-winning processes for Ni(II) from chloride solutions, Ni(II) 
concentrations in the aqueous solution are up to 20-23g/dm3 7 

The effect of temperature on extraction and stripping of Ni(II) was examined. Extraction 
decreases when the temperature goes up, while the stripping is promoted with an increase in 
temperature. From the van't Hoff formula the heat of extraction is calculated to be 35 . lkJ/mol (MI=-
35 .lkJ/mol) and the heat of stripping as 23 . 7kJ/mol (MI=23 . 7kJ/mol) . Since stripping is endothermic, 
then stripping at high temperature was investigated as one of the improved stripping methods. Figure 4 
shows Ni(II) stripping isotherm from 0.5moUdm3 EHO at 298K and 333K. The stripping isotherm at 
333K is shifted considerably towards the left compared with that at 298K, which improves the 
stripping process. 
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FigJre 4 Effect of terlllE!f'cture on the stripping 
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12 

Figure 5 Effect of terrperature on the stripping 
isotherm of N(ll) from 0.7M 9-0 

When multistage counter-current stripping is applied, the coordinates (7.0, 20), which are the 
Ni(II) in the inlet organic phase and the Ni(II) in the outlet aqueous phase respectively, and the 
coordinates (2 .0, 0), which correspond to the Ni(ll) in the outlet organic phase and the Ni(II) in the 
initial strip solution are placed in figure 4. When applying McCabe-Thiele analysis with the operating 
line tied between the two coordinates, it becomes clear that the stripping operation at 298K could be 
the one with the phase ratio (A/0) = 4 and 6 stripping stages. If the stripping temperature is 333K and 
the operation conditions are the same as mentioned above, the theoretical stripping stages might be 2. 
When the phase ratio (A/0) = 2.8 and theoretical stripping stages of 4-5 are adopted at 333K, there 
might not be any Ni(II) in the outlet organic phase. 

The stripping isotherms of Ni(II) from 0.7moUdm3 EHO at 298K and 333K are shown in 
figure 5. As previously stated, the operating conditions of 0/A = 3.3 and 4 theoretical stripping 
stages at 298K and the condition of0/A=2 and 4 theoretical stripping stages at 333K are obtained from 
each isotherm. Still more, if the stripping is operated at 333K, a solution containing more than 
20g/dm3 Ni(II) can be recovered. With the results obtained in this study, the epoch making process is 
finally established as shown in figure 6. In the solvent extraction step, Ni(II) is separated from Fe 
contained in the waste etching solution. The Ni extracted with EHO is stripped with the spent 
electrolyte and then Ni(II) is electrically reduced toNi in the electro-winning step. Ferrous ion in the 
raffinate becomes Fe(III) in the chlorine oxidation step. 
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It is known that the decomposition of aldoxime like EHO into aldehyde and hydroxyl amine 
occurs by the contact with mineral acid shown in the following equation: 

Though the degradation of EHO has been investigated in detail in this study, the results are briefly 
introduced here. The degree of the degradation depends on the EHO concentration, mineral acid 
concentration, temperature and contact time, when the organic phase containing EHO and the aqueous 
phase containing mineral acid are mixed in the mixing chamber. For example, when the l.Omol/dm3 

EHO diluted in toluene and the aqueous solution of l.Omol/dm3 HCI are contacted at phase ratio 111 
for l 00 hours at 298K, about 8% of EHO would be decomposed. In the case of contact with 5mol/dm3 

HCI under the same conditions, the decomposition reaches to about 30%. The decomposition never 
takes place if there is the contact between EHO and water even for 100 hours at 333K. It was 
confirmed that regeneration can easily be accomplished by mixing partly degraded EHO in the organic 
phase with an aqueous solution containing hydroxyl amine and NaOH. These organic compounds 
were analyzed by the gas chromatograph with capillary columns (Shimadzu, GC-17 A). 
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ABSTRACT 

STRATEGIES FOR PLATINUM GROUP METAL 

{PGM) SEPARATION USING IMPREGNATED RESINS 
M Rovira, JL Cortina and AM Sastre 
Department of Chemical Engineering, ETSEIB, Universitat 
Politecnica de Catalunya, Diagonal 647, E-08028, Barcelona, 
Spain 

Platinum Group Metals (PGM) Separation from hydrochloric solutions by means of impregnated resins is reported in this 
work. Two different impregnated resins were prepared using a dry impregnation method and adsorbing the extractants di-(2-
ethylhexyl)-thiophosphoric acid (DEHTPA) and Alamine 336 onto macroporous polymeric supports (Amberlite XAD2). On 
the basis of the experimental results obtained, a flowsheet is proposed for the separation of Pd(IJ), Pt(IV) and Rh(III). 

Keywords: impregnated resins, di-(2-ethylhexyl)thiophosphoric acid, Alamine 336, XAD2, platinum group metals (PGM), 
Pd,Pt, Rh 

INTRODUCTION 

Catalytic converters, which allow the purification of automotive exhaust emissions, contain 
significant amounts of platinum group metals (PGM), specifically: palladium (Pd), platinum (Pt) and 
rhodium (Rh). This resource is particularly significant because the PGM concentrations in catalysts 
are, in general, higher than those of the richest ore bodies. Since a substantial share of the world 
demand for PGM is used for autocatalyst production, the quest for new processes focused on the 
recovery of these metals to be re-used in the production of new catalysts is required) ,2 When the 
PGM are recovered by means of hydrometallurgical schemes, the ceramic matrix containing the 
metals is leached in acidic media, and subsequently Pd, Pt and Rh would be separated using 
conventional techniques such as solvent extraction and ion-exchange. Although processes based on 
ion exchange and solvent extraction have been published or patented, the research for specific 
strategies for separation and recovery ofPGM based in these technologies is required.3 

In recent years, the development of impregnated resins considered, as a link between solvent 
extraction and ion exchange technologies has been an important field of development in separation 
science. These materials are prepared by immobilisation of selective metal reagents used in solvent 
extraction onto high surface polymeric macroporous supports.4 Our research group has been 
conducting intensive research dealing with PGM recovery and separation using impregnated resins. 5-
9 The main objective of the work presented in this article was try to devise and develop 
straightforward PGM separation patterns in acidic media using impregnated resins prepared by 
adsorption onto Amberlite XAD2 of two different organic extractants: Alamine 336 and di-(2-
ethylhexyl)thiophosphoric acid (DEHTPA). 

EXPERIMENTAL 

Reagents and Solutions. 

Alamine 336 was kindly supplied by Henkel and used as extractant without further 
purification. Its purity was found to be 92.2%.6 Alamine 336 is a mixture of saturated and straight 
chain trialkylamines with carbon chains C8 and CJO, with the carbon chain C8 predominating by 
about 2 to 1. Di-(2-ethylhexyl)thiophosphoric acid (DEHTPA or HL) was kindly supplied by Bayer 
and was purified obtaining a product with a purity of 96.15%.5 Stock metal solutions were prepared 
by dissolving an appropriate amount of PdCl2, PtCl4 or RhCl3.3H20 (Johnson Matthey) in 

© 2000 Society of Chemical Industry 771 



Proceedings ISEC'99 

hydrochloric acid medium, and were used to prepare the mixed-metal solutions employed in the 
extraction experiments. 

Arnberlite XAD2 (Rohm and Hass) with particle diameter between 0.3 and 0.9 mm, was used 
as a macroporous polymer adsorbent. Impregnated resins were prepared by using a dry impregnation 
method,4 mixing an appropriate amount of Alamine 336 or DEHTPA dissolved in ethanol or acetone 
respectively with dry XAD2, until total evaporation of the diluent was reached. 

Metal Extraction and Stripping. 

The metal extraction experiments were carried out in batch experiments at room temperature. 
Samples ofO.l g of impregnated resin, unless otherwise stated, were shaken vigorously with 20 ml of 
metal aqueous phase until equilibrium was achieved. Metal stripping tests were performed in batch 
experiments at room temperature and using single-metal solutions. After the metal extraction step, 10 
ml of stripping reagent were added to the loaded resin and were shaken vigorously for 24 hours. The 
metal concentrations after the extraction and stripping steps in the aqueous phases were determined 
by Inductively Coupled Plasma Atomic Emission Spectrophotometry ICP-AES (Spectroflame, 
Spectro Analytical Instruments). 

RESULTS AND DISCUSSIONS 

PGM extraction using XAD2/DEHTP A resins. 

The metal extraction percentages of the different metals were calculated as follows : 

E(%) == lOO[M]i -[M]. 
[M]i 

(1) 

where [M]i and [M]e are the initial and the equilibrium concentration of metal in the aqueous phase 
respectively. 

Figure 1 shows the percentage extraction of Pd(II), Pt(IV) and Rh(ITI) by XAD2/DEHTP A 
resins as a function of aqueous HCl concentration. 

100 

75 
E(%) 

50 

25 

•• 

0 2 

• • 

4 
[HCI](M) 

• 

6 8 

Figure 1. Pd(II), Pt(II), Rh(ITI) extraction from hydrochloric solutions. [PGM] 4.7 x I0-4 M 
Pd, Pt, Rh and phase ratio (V/m)=200. 

Pd(II) was completely extracted from the multi-metal solution, whereas Pt(IV) and Rh(ITI) in practice 
exhibited no sorption. Such a difference between Pd(II) and the other metals is mainly as a result of 
the soft Lewis acid character of Pd(II); studies have unambiguously established that extractants 
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containing sulphur as DEHTP A, soft Lewis bases, are highly effective and selective for soft Lewis 
acids.! 0,11 
From Pd(II) distribution data at different DEHTP A concentrations on the resin reported in a previous 
work 5 it was found that the extraction of Pd(II) from HCl solutions with XAD2/DEHTP A was 
described by the following reaction: 

PdC14-2aq + 4HL org <=> PdL2(HL)2 org + 4Cl-aq + 2H+ aq (2) 

The stripping of the Pd(II) sorbed on the resin was studied using thiourea (Tu) in 1M HCl 
media as eluant. Table 1 shows the effect of the aqueous concentration of Tu on the extent of Pd(II) 
stripping from the sorbent. In all the cases complete recovery of the metal was obtained. This can be 
justified as Tu, which is a soft ligand, can re-extract the Pd(II) from the resin phase as a water soluble 
complex. On the other hand when HCl was employed as stripping agent varying the acid 
concentration from 0.5 to 10.2 M, zero stripping was found in all cases. 

Tu(M) in 1M HCl 0.05 0.11 0.18 
S(%)-Pd 100.0 85.3 90.8 

Table I Stripping ofPd(II) loaded with XAD2/DEHTP A.Org. phase: 0.1 g of 0.35 mol Pd/kg 
impregnated resin. Aq. phase: 10 ml Tu in 1M HCI. Shaking time: 24 h 

PGM extraction using XAD2/ Alamine 336 resins 

The extraction percentages for Pd(II), Pt(II) and Rh(III) at different HCl concentrations using 
XAD2/Alamine 336 are illustrated in Figure 2. 
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Figure 2. Effect ofHCl concentration on metal percentage extraction ofPGM. 
Org. Phase ratio (V/m)=200; 0.94 mol/kg XAD2 resin and 4.7xlo-4 M Pd, Pt, Rh. 
Shaking time: 4 h 

Almost complete extraction of Pd(II) is attained in the HCl concentration range studied. 
Pt(IV) extraction is complete at 0.5 M HCl but decreases by increasing HCl concentration. In contrast 
to Pd(II) and Pt(IV) Rh(III) is not extracted independently of the acid concentration. 
The sorption of Pd(II) and Pt(IV) on the impregnated sorbent can be expressed according the 
following reaction6: 

2 R3NH+CI-org + MCln-2aq <=> (R3NH+)2MCln-2org + 2Cl-aq (3) 

with n=4 for Pd(II) and n=6 for Pt(IV). 
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HCl, HCl04 and Tu in HCl were tested for stripping of Pd(ll) and Pt(IV) and the results are 
summarised in Table 2. 

Tu(M) in 1M HCl 0.05M 0.1 M 0.21 M 
S(%)-Pd 100.0 93.0 85.3 
S(%)-Pt 92.8 90.5 89.6 

HCl04(M) 0.5M l.OM 3.0M 
S(%)-Pd 92.9 100.0 92.2 
S(%)-Pt 86.0 91.4 87.0 

HCl(M) l.OM 7.1 M 10.2M 
S(%)-Pd 1.8 59.3 95.8 
S(%)-Pt 0.8 12.5 43 .3 

Table 2 Stripping (S%) ofPd(ll) and Pt(IV) loaded with XAD2/Alamine 336. Org. phase: 0.1g-
0.18 mol metal/kg impregnated resin. Aq. phase: 10 ml - Tu in 1 M HCI. Shaking time: 24 h 

Either HCl04 or Tu are able to effectively re-extract Pd(II) and Pt(IV). HCl04 acts through 
an anion exchange mechanism, and Tu is effective since Pt(II) (Tu having previously reduced Pt(IV) 
to Pt(ll)) and Pd(ll) form very stable complexes with compounds containing sulphur as stated 
previously. Concerning HCl stripping ability, it was found that increasing HCl concentration, metal 
stripping increases and for instance concentrated HCl can strip quantitatively Pd(II), nevertheless 
only partial elution ofPt(IV) was found over all the HCl range investigated. 

I 
I XAD2/DEHTPA I 

*HC104 can also be used for Pt(IV) stripping instead ofTu in HCl 
**Pt(II) forms stable complexes with thiourea, 

which had previously reduced Pt(IV) to Pt(II) 

Figure 3. Pd(II)-Pt(IV)-Rh(III) separation from HCl media 

774 

Tu-HCI * 



H ydrometallurgy 

Pd(ll), Pt<IVl and Rh(lll) separation 

Following the results presented in this work, a flowsheet for the separation of Pd{ll), Pt(IV) 
as well as Rh{lll) from HCl solutions using impregnated resins is envisaged and presented in Figure 
3. 

A PGM solution containing Pd{ll), Pt(IV) and Rh(III) in 1 M HCl is brought in contact with 
XAD2/DEHTP A impregnated resins and selective Pd{ll) extraction takes place, thus the Pd(ll) in the 
organic resin may be stripped with Tu in HCl and therefore separated from the other metals. Recovery 
of Pt(IV) can be accomplished by contacting the aqueous solution obtained in the previous step; rich 
in Pt(IV) and Rh(III); with XAD2/ Alamine 336 resin, which will selectively extract Pt(IV) while 
Rh(III) will remain in the aqueous solution. Finally Pt stripping may be conducted with either Tu or 
HCl04. 

CONCLUSIONS 

This work has shown that an alternative process for selective extraction and separation of 
Pd(II), Pt(IV) and Rh(III) from HCl solutions on the basis of impregnated resins is feasible. 

Impregnated resins maintain the advantages of ion exchange technology over conventional 
processes, such as the use of simple equipment and easy phase separation, therefore it is easily 
anticipated that the development of improved extractants and resins may be readily adopted by the 
refineries. 
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ABSTRACT 

SOLVENT EXTRACTION OF GOLD FROM CHLORIDE 

COPPER ANODE SLIME LIQUORS 
K Soldenhoff and D Wilkins 
Australian Nuclear Science & Technology Organisation 
(ANSTO) New Illawara road, Lucas Heights, NSW, Australia 

A phosphine sulphide and two phosphine oxide type reagents were tested for the recovery of gold from liquors derived by the 
oxidative chloride leaching of copper anode slimes. The phosphine sulphide reagent Cyan ex 4 71 X was found to be very 
selective for gold with respect to impurities such as Se, Te, Bi, Pb and Cu. Using this reagent, an upgrading of Au 
concentration from 7% in the feed liquor to 99.9% in the loaded solvent was achieved. 

Keywords: gold, copper anode slimes, Cyanex 471X, Cyanex 923, Cyanex 925 

INTRODUCTION 

Anode slimes derived from the electrorefining of anode copper contain significant amounts of 
gold and silver. The processing of the slimes is complicated by the impurities present such as Te, Se, 
Pb, As and Bi.1

'
2 The flowsheets adopted in commercial operations depend largely on the individual 

feed compositions, but generally involve leaching to remove copper and tellurium. Roasting and/or 
smelting are commonly used to control lead and selenium. Silver is then recovered by electrolysis and 
gold is recovered last by electrorefming. 

Oxidative chlorination of decopperised anode slimes is an attractive processing alternative, in 
that it offers the opportunity of separating silver and gold early in the processing, leading to decreased 
Au lock-up time and potentially to a simpler totally hydrometallurgical flowsheet. The oxidative 
chloride leach rejects most of the silver to the residue and produces a solution from which Au can be 
recovered by solvent extraction. This approach has been used in both the Kermecott chloride process3 

and the Minataur™ process.4'
5 In the Kennecott process, chlorination is applied to the decopperised 

slimes, and gold is extracted from solution by dibutyl carbitol, a solvent which suffers from some 
serious drawbacks, one of which is its high solubility in the aqueous phase. The Minataur™ Process 
has been applied to the gold mud, but has not been tested in solutions with the higher levels of 
impurities generated by direct treatment of decopperised slimes. 

There is therefore some incentive to develop a solvent extraction process for the extraction of 
gold from chloride liquors derived from leaching of decopperised anode slimes. In this paper, we 
present results on the extraction of Au from such liquors, and compare the selectivity of some 
commercially available reagents with respect to major impurities present in the liquor. 

EXPERIMENTAL 

A chloride liquor was produced by leaching decopperised anode slimes with concentrated 
hydrochloric acid under reflux at 96°C, with addition of hydrogen peroxide as an oxidant. The 
leaching time was 4 hours and the slurry density 62%. 

For the solvent extraction tests, equal volumes of diluted leach liquor and organic phase were 
contacted in separating funnels, and mechanically agitated for 1 hour at room temperature. Except 
where otherwise stated, an extractant concentration of0.5 M was used, and this was at least in ten fold 
excess to the total aqueous metal concentration. After equilibration, the two phases were allowed to 
settle. The percentage extraction of Au, Ag, Cu, Pb, Bi, Se, Te and As was calculated by the 
difference in the initial and fmal aqueous concentrations as determined by either ICP-OES or ICP-MS. 
Dibutyl carbitol (DBC) and methyl iso-butyl ketone (MIBK) were AR grade reagents purchased from 
Merck. Cyanex 471X or tri-isobutylphosphine sulphide, Cyanex 923, a mixture of phosphine oxides 
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with n-octyl and n-hexyl groups and Cyanex 925, a mixture of phosphine oxides with n-octyl and 
2,4,4-trirnethylpentyl groups, were kindly supplied by Cytec, Canada. All reagents were used without 
further purification. The diluent used was Shellsol 2046, with the exception of tests with Cyanex 
471X, which was mixed with toluene. 

RESULTS AND DISCUSSION 

A solvent extraction process for gold recovery from anode slimes chloride leach liquors needs 
to be able to fulfill certain criteria. Primarily, gold has to be extracted selectively from fairly 
concentrated hydrochloric acid solutions. The major elements that are of concern are Se, Te, Bi and 
some base metals. Silver is effectively separated during the oxidative chloride leaching process3

•
6 

Selectivity of the solvent for Au with respect to Pd and Pt is also important but this issue is not 
addressed in the present paper, as these two elements were not present in the feed material used for 
these tests. 

Copper anode slimes feed liquor 

The first step in most processes for copper anode slime treatment is decopperising. This 
usually involves a sulphuric acid leach and the copper is returned to the process.7 We therefore used 
decopperised anode slime material to produce the liquors required for the solvent extraction testwork. 
The anode slimes, containing I. 7% Au, were leached in hydrochloric acid as described in the 
experimental section. Greater than 98% Au dissolution was achieved, with 99.9% of the Ag reporting 
to the leach residue. The solution produced contained 10 g L-1 Au. The main impurities present in the 
leach liquor were Se, Te, Bi, Cu and Pb. The gold constituted 7% by weight of the metals dissolved. 

Extraction of gold from hydrochloric acid solution with dibutyl carbitol and methyl iso-butyl 
ketone 

Gold recovery from chloride solutions by solvent extraction has been practiced commercially 
by platinum group metal refiners. Dibutyl carbitol (DBC), has been used at INCO 8 and is also the 
solvent of choice in the Kennecott process.3 As a basis for comparison with other reagents, we tested 
the extraction of Au and other impurities with DBC as a function of hydrochloric acid concentration. 
Results are shown in Figure 1. 
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Figure 1 Extraction with 50 vol.% (2M) dibutyl carbitol 
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Figure 2 Extraction with 40 vol.% (3 .2 M) MIBK 

The data indicate that above 3 M hydrochloric acid, the single-stage extraction of gold with 50 
vol.% DBC is greater than 80% and there is good rejection of all the impurities. In terms of its 
selectivity, DBC is an excellent reagent for gold extraction from decopperised anode slimes leach 
liquors. There are, however, serious process related disadvantages reported for the use of this 
reagent3

'
8 These include high aqueous solubility, a requirement for batch operation in scrub circuits 

due to slow phase separation, and the need for reductive stripping to elemental gold, with the product 
having to be separated from the stripped solvent by filtration. 

Another solvent that has been used for gold extraction on a commercial scale by Mattey 
Rustenburg Refiners,9 is methyl isobutyl ketone (MIBK). Our results, shown in Figure 2, for the 
extraction of various elements with 3.2 M MIBK, indicate that between 3-4 M HCl concentration, 
gold extraction can be fairly selective. We also tested the stripping of 3.2 M MIBK, loaded with 3 g 
L'1 gold, with water, 0.5 M HCl and 0.1 M oxalic acid. We found that precipitation occurred in all 
instances. Reductive stripping with oxalic acid was the most effective with 87% stripping achieved in 
a single stage contact. It would seem therefore, that back extraction of gold in a process using MIBK 
requires separation of precipitated Au from the solvent, which is a disadvantage from a practical 
processing point of view. 

Extraction of Au from hydrochloric acid solution with Cyanex 923, Cyanex 925 and Cyanex 
471X 

As part of the screening exercise for suitable extractants for gold, two phosphine oxide type 
reagents and a phosphine sulphide were tested. The reagents were Cyanex 923, Cyanex 925 and 
Cyanex 471X. The percent extractions of gold and other impurities are shown in Figures 3-5 . High 
extractions were registered for gold under all conditions. Cyanex 923 and 925 showed no selectivity 
for Au over Ag and Bi and limited selectivity over Te, Cu and Pb. These reagents are therefore 
considered to be unsuitable for the intended purpose. It is of interest to note however, that there is 
some improvement in the selectivity ofCyanex 925, relative to Cyanex 923 . This is manifested by a 
shift in the Te and Cu extraction curves to higher acidities, and a decrease in the extraction ofPb and 
As. We suggest that this effect is due to the increased branching in the alkyl groups of Cyanex 925, as 
opposed to Cyanex 923, which contains only straight carbon chains. 

Compared to the phosphine oxides, the gold selectivity of the phosphine sulphide reagent is 
much improved. Tellurium, Cu and Se only extract significantly at hydrochloric acid concentrations 
greater than 4 M. Lead, Bi and As are not well extracted. To test the loading capacity of this reagent, 
a 0.26 M Cyanex 471x solution of toluene was contacted at various phase ratios with leach liquor 
containing 10 g L'1 Au. The equilibrium acidity used was 4.4 M HCI. A maximum capacity of26.7 g 

719 



Proceedings ISEC'99 

L-1 Au was achieved which is close to a molar ratio of L:Au of 2:1 (L= Cyanex 471x), and would 
suggest the presence of an extracted complex with a stoichiometry of HAuC4L2 . Martinez et al. 10 also 
measured equilibrium loading isotherms of gold with Cyanex 47lx and reported L:Au ratios of 1.5. 
Their tests, however, were performed at much lower extractant and gold concentrations with a 
maximum gold loading of only 0.2 g L-1

• They defined the solvent species as a mixture of HAuC4L2 

and HAuCl,J.. 
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Figure 3 Extraction with 0.5 M Cyanex 923 
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Figure 4 Extraction with 0.5 M Cyanex 925 

The concentrations of the major impurities at maximum loading are shown in Table 1, 
together with the predicted levels in a resultant gold product. The results indicate that an upgrade 
from 7% Au in the feed solution to 99.9% in the loaded organic is feasible with the use of the Cyanex 
471X reagent. Improvements on this figure can be expected with counter-current operation and the 
introduction of a scrub circuit. Preliminary results on the back-extraction of Au, indicate that stripping 
of Au into an aqueous phase is easily achieved with sodium thiosulphate. In a single contact ofO.l M 
Na2S20 3 with 0.26 M Cyanex 471X loaded with 2.6 g L-1 Au, 96% stripping was achieved. From a 
processing point of view, this is an advantage compared to reductive stripping to elemental gold, since 
the back extraction and gold recovery step can be separated. It is therefore considered that Au 
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recovery from copper anode slime leach liquors with Cyanex 471X is possible and other aspects of 
processing are currently being investigated. 
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Figure 5 Extraction with 0.5 M Cyanex 471X 

Element Concentration in Solvent Calculated Au product purity 
(mgL-1) (ppm) 

Au 26690 99.9% 

Ag 0.55 20.6 

Cu 0.09 3.4 
Pb 0.03 1.1 

Bi 0.09 3.4 

Se 8.5 318 
Te 9.4 353 
As 0.02 0.8 

Table 1 Level of major impurities in Cyanex 471X loaded with Au 

CONCLUSION 

This work has demonstrated that solvent extraction of Au with Cyanex 471X can be applied to liquors 
derived by oxidative chloride leaching of copper anode slimes. This reagent has been shown to be 
selective over impurities such as Se, Te, Bi, Pb and Cu. Using a 0.26 M Cyanex 471X solution in 
toluene, Au was concentrated from 10 g L-1 in the feed liquor to 26 g L-1 in solvent with a 
corresponding increase in percent purity from 7% to 99.9% Au. Two other reagents, namely, Cyanex 
923 and Cyanex 925 were also tested but were found not to be sufficiently selective for Au. 

REFERENCES 

1 Morrison BH, Extraction Metallurgy '85, IMM Symposium, London, pp 249, (1985). 
2 Zarate G and Gonzalez F, in "Copper 87, Hydrometallurgy and E/ectrometallurgy of Copper", vol. 3, Ed. 

W.C. Cooper, G.E. Lagos and G. Ugarte, pp 499, (1987). 

781 



Proceedings ISEC'99 

3 Hoffmann JE, Sutliff KE, Wells BA and George BD in Proceedings of COPPER 95 International 
Conference, Ed. W.C. Cooper, J.E. Dutrizac, H. Hein, G. Ugarte, The Metallurgical Society of CIM, vol 
III, pp 42 (1995). 

4 Feather A, Sole KC and Bryson LJ, The Journal of the South African Institute of Mining and Metallurgy, 
July/August 1997, pp 169. 

5 Feather A, Sole KC and Bryson LJ, Randol Gold Forum '97, Monterey, California, USA, (1997). 
6 Bilodeau A, Harris GB, Hooper K, MacDonald CA and Stanley RW, in The E/ectrorefining and Winning of 

Copper, Ed. J.E. Hoffmann, R.G. Bautista, V.A. Ettel, V. Kudryk and R.J. Wesely, TMS 116th Annual 
Meeting, Denver, Colorado, pp 527 (1987). 

7 Segawa C and Kusakabe T, 1996 EPD Congress, Ed. G.W. Warren, The Minerals, Metals & Materials 
Society, pp 43 (1995). 

8 Thomas JA and Farias A, in Proceedings to The First International Symposium on Precious Metals 
Recovery, Nevada, USA, XXVIII, 112 (1984). 

9 Fuwa A, Metallurgical Review of MMIJ, 4(1), 98, (1987) 
10 Martinez S, Navarro P, Sastre A and Alguacil FJ, Hydrometallurgy, 43, (1996) 

782 



Hydrometallurgy 

ABSTRACT 

STUDY OF A MICROEMULSION SYSTEM FOR 

APPLICATION IN THE EXTRACTION OF GOLD 
Tereza Neuma de C Dantas, Afonso A Dantas Neto and 
WendeD F de La SaUes 
Universidade Federal do Rio Grande do Norte, UFRN/ PPGEQ
Campus Universitario, 59.072-970- Natal/RN, Brazil 

A microemulsion system has been studied for the extraction of gold from chloride media. The components of the system 
were: surfactant, saponified coconut oil; co-surfactant, n-butanol; kerosene, aqueous sodium chloride solution and either a 
standard aqueous solution of gold or a gold leachate. The effect of pH, salinity and concentration of active matter on the 
formation of the microemulsion have been studied. It was found that the best extraction was obtained with the gold leachate 
at a pH of I 0.5 which gave a percentage extraction of about 68%. The gold could be re-extracted by solutions of 
hydrochloric acid, the optimum concentration being 8 moVdm3 when 99% of gold was recovered. The extraction 
parameters could be satifactorily correlated using the Scheffe Net model due to the multilinear behavior that these parameters 
have shown within the studied domain. 

Keywords: microemulsion extraction, saponified coconut oil, gold, chloride, 

INTRODUCTION 

Gold is an exception in the economic crisis that the Brazilian's mineral and metallurgical 
industries are going through. Until some time ago, deposits that presented low gold concentrations 
were considered uneconomical for exploitation. Today, with the development and improvement of 
new hydrometallurgical extractive technologies special attention is being given to this particular area 
of study. In this work the main parameters that influence in the Winsor's phases were studied and 
the favorable conditions for the extraction of gold established starting from the aqueous solutions and 
leach, using microemulsions systems, already tested with success, for other metallic cations. 

EXPERIMENTAL METHODOLOGY 

The reagents used in the study were the following: n-butanol P.A.; Kerosene (Petrobnis); 
sodium chloride (NaCl) P.A.; sodium carbonate (Na2C03) P.A.; OCS (saponified coconut oil -
synthesized); standard solution of gold 1010 (g Aulcm3 in 5% of HCl- SIGMA), leach of gold (8.24 
ppm). 

The system used in this study was as follows: Surfactant: OCS; Co-surfactant: n-butanol; 
Kerosene; NaCl and the aqueous solution of gold. This choice was based on the proven efficiency of 
this system in the extraction of other metallic cations. 

Some parameters were studied that influence the microemulsion, such as: pH, salinity and 
CIT ratio. For the study of the pH aqueous solutions of gold were used with pH 0.31; 2; 4; 5; 7; 9; 10 
and 11, obtained by the addition of a solution ofNa2C03, 0.5moVdm3, to an aqueous solution of gold 
10.1 ppm (pH= 0.31). 

After the pH study, the next step was to choose the best salinity and concentration of active 
matter (CIT ratio) that favoured all the Winsor's phases. The study was accomplished with the 
salinity varying from 0 - 6% ofNaCl, for the ratios CIT= 1 and CIT= 2. 

The extraction was carried out using as an experimental methodology, the Scheffe net. Points, 
distributed in Winsor's II phase, were prepared which were analysed with the objective of evaluating 
the behaviour of some important parameters in the study of the extraction. 

The analysis of gold concentration in the aqueous phase was made by atomic absorption 
spectroscopy ( A.= 242.8 nm, slit width= 1.0 nm). 
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The study of the re-extraction was carried out at the point where the best extraction results were 
obtained . The following reagents were tested for the re-extraction of the gold: Na2C03 (3%); NaOH 
(6M), HCI (9 .5mol/drn3

) and concentrated HzS04. In all the cases a relative phase volume of 
rnicroemulsion and solution of re-extraction used was 1: 1. 

RESULTS AND DISCUSSIONS 

The results of the study of the pH, salinity and err ratio were appraised through the graphs 
presented in the figure 1: 

I 
1 
1 
~ 
0 

f 
! 1000 

12.00 

pH 
Solinily ('Yo ofNaCQ 

Figure 1 -Influence of the pH, err ratio and salinity on the Winsor's phases. 

In the study of the pH it was observed that starting from the pH = 2, very defined areas 
were obtained that practically did not vary until pH= 7, with the increase of the pH the reduction 
was observed in Winsor I area. For continuation of the work pH= 10 was adopted, because it is 
the pH at which the gold is leached and that will be used later for extraction. 

In the study of the salinity it was observed that for the ratio err= 1, only the Winsor II 
area was obtained for a very high salinity (above 5%). 

For the ratio err = 2, the Winsor II area was obtained without the need of adding NaCl, 
this is due to the fact of the presence of other salts in the aqueous solution. 

The best results were obtained to the ratio err= 2 and salinity above I% ofNaCI. 
With the objective of verifying in a quantitative way the influence of the salinity in the Winsor' s 
phases, diagrams of rnicroemulsions were constructed for the systems I and 2, varying the 
salinity ofNaCI percentage in aqueous solution, using the following compositions: 
System 1: Surfactant: OCS; Co-surfactant: n-butanol; Kerosene; err = 2 ratio; Aqueous 

solution of gold, pH 10; 1% ofNaCI. 
System 2: Surfactant: OCS; Co-surfactant: n-butanol; Kerosene; err = 2 ratio; Aqueous 

solution of gold, pH 10; 2% ofNaCI. 

The result of this study is presented in figure 2 in which can be observed all the Winsor 
systems, as well as an increase of the area ofWII when going from 1% for 2% NaCl. 
A diagram was also constructed using a gold leachate as the aqueous phase, System 3 described 
below and shown in figure 3. 

System 3: Surfactant: OCS; Co-surfactant: n-butanol; Kerosene; ratio err= 4; leachate of 
gold, pH 10.5; 2% ofNaCI. 
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Initially this diagram was constructed for a ratio err = 2, even so the area of Winsor II 
obtained was very small, so the diagram was repeated with the ratio err = 4 with the objective of 
providing a more appropriate area to the study of the extraction. 

In both studies (aqueous gold solution and leachate) it was observed that the area ofWII 
is favourable for the extraction system. 

C/T=2 CIT=2 

o ~ ~ n ~ o ~ ~ n ~ 
Aqueous solution Kerosene Aqueous solution Kerosene 

~- ~-

Extraction 

Figure 2 - Diagram of microemulsion for the aqueous solution of gold 

0 
Leach 

CIT=4 

~ 15 100 
Kerosene 

Figure 3 - Diagram of microemulsion for the leach of gold. 

The extraction was carried out on the three systems previously described, and figure 4 presents 
the points used for this study. 
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0 25 
Aqueous solution 

err 

50 100 
Kerosene 

Figure 4 - Points used for the study of the extraction (Scheffe net) 

Table I presents the results obtained in the analysis of the extraction, for the three systems 
studied . 

Table I Composition of the points, extraction percentage and relative volume of the aqueous 
phases and microemulsion phase for the studied systems 

The analysis of the results shows that the system 3 is the most favorable to the 
extraction of the gold by microemulsions, due to the fact that the extraction percentage extends 
up to 89.41%. Even so, the best extraction result occurred at the point "E" (system 3) where 
its composition is Xa = 0.5577; Xc/t = 0.346; Xo = 0.0963, for a relative volume of the 
aqueous phase and microemulsion phase approximately equal to 1. 93 : 1. 

In spite of the extraction percentage in the point "E" being only 68.62%, it is 
considered better than the points "C" and "H", due to its smaller value ofVr. 

Model of the extraction system: 

A model was made for the system which gave the best results for extraction (system 
3), including the domain that presents the best perspectives of results for the evaluated 
parameters. The system was solved by using Math Cad software. The equations obtained by 
solving these systems was evaluated using an error analysis calculated for each parameter. The 
equation is acceptable for representing the parameter if it is in the range of error limits . The 
equations for the percentage extraction (%E) and relative volume of the phases (Vr), and the 
correlation curves (figure 5) for the calculated data and the experimental data are the following: 

%E = -l.033007Xcrr - l.500587XA- 4.948747Xo + 0.08806XcrrX A 
+ 0.182054XcrrX0 + O.ll349.XAXo - 0.003005XcrrXAXo ( 1) 
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Vr = 0.355971Xcrr + 0.03888XA- 0.04144X0 - 0.006221XcrrXA + 
3.1709lxl04 XcrrX0 + 9.240073xl04 XAXo- 4.051934xl0"5 XcrrXAXo (2) 

Equations 1 and 2 show that both parameters, extraction percentage (%E) and relative volume 
of the phases (Vr), were best adjusted by a reduced cubic equation, for a validity limit within 
2% and 3.5%, respectively. 

Re-extraction 

In the re-extraction stage a new solution promotes the exchange of the gold in the 
complex, allowing the recovery of the metal in a new aqueous phase at a higher concentration. 
The results show that the solution of HCl is the best re-extraction agent. Because, H2S04 

reacted with the microemulsion (detected by the presence of a red coloration) harming the 
analysis of the results. 

With the aim of determining the concentration of HCl where the best percentage re
extraction of gold is obtained, reextraction was carried out with different concentration of HCl 
(4, 6, 8 and 9.5 molldm3

) . The best result was obtained for the concentration of 8 molldm3 

(1:1), where the percentage re-extraction was practically constant (around 99%). 

PERCENTAGE OF EXTRACnON RELATlVE VOLUME 
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Figure 5 - Correlation Curves for Experimental and Calculated Data 

Figure 6 presents the results obtained in the study of the best condition for re-extraction, 
including there-extraction agent and the concentration of the HCl solution. 
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Figure 6 - Study of Re-extraction 

CONCLUSIONS 

The system which gave the highest percentage of gold extraction was: Surfactant: OCS; 
Co-surfactant: n-butanol; Kerosene and gold leachate, 2% NaCl, Cff=4, pH=10.5. The best 
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result of the extraction was obtained in the point "E" (system 3) where the composition of this 
point is: XA = 0.5577; Xcrr= 0.346; Xo = 0.0963, for a phase relative volume (rnicroemulsion 
and aqueous phases) approximately I. 93: I . The extraction percentage in this point was 68.62%. 
The re-extraction process shows the best result using as stripping agent a solution of HCl (8 
mol/dm3

) and a relative phase volume of I: I which gave a percentage reextraction of 99%. 
The Scheffe Net model is a good tool for correlating parameters in extraction by microemulsions, 
due to the multilinear behavior that these parameters have shown within the studied domain. 

NOMENCLATURE 

ocs 
W I,W II,W III,W IV 
Xcrr 
XA 
Xo 
o/oE 
Vr 
(A.) 
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ABSTRACT 

PRODUCTION OF HIGH PURITY TANTALUM OXIDE 

BY SOL VENT EXTRACTION 
Angus Featherl, Paul Clark2 and Gert Boshoff3 
1 Mintek, Randburg, South Africa 
2 SCMB Asset Management, Johannesburg, South Africa 
3 Usutu Pulp, Mbabane, Kingdom of Swaziland 

A solvent-extraction process using a tertiary amine extractant to produce high-purity tantalum hydroxide powder has been 
evaluated on a pilot-plant scale. Tantalum, derived from the treatment of a Southern African-sourced tin slag, was selectively 
extracted from niobium and impurities in a fluoride medium. The tantalum hydroxide was calcined to produce tantalum oxide 
powder that exceeded 99.99% purity. Capital and operating cost estimates of the process are presented. 

Keywords: Alamine 336, Aliquat 336, niobium, tantalum, fluoride medium 

INTRODUCTION 

Tantalum is extensively used in the electronics industry for the dielectric oxide coatings on 
capacitors. Other uses include tantalum carbide working surfaces on cutting tools, corrosion-resistant 
applications, and as alloying additives to high-temperature superalloys. Tantalum and niobium 
(columbium) commonly occur together, and their similar chemistry makes their separation difficult. A 
few suppliers have firm control of the supply of high-purity tantalum oxide products and the details of 
the refining technologies to produce them are tightly held. 

The feed solution to the solvent-extraction (SX) process was derived from the leaching of an 
upgraded tantalum-containing tin slag. Tantalum was selectively extracted from niobium and other 
impurities using a tertiary amine extractant. The loaded organic phase was scrubbed to remove co
extracted impurities before tantalum was stripped from the organic phase and precipitated as the 
hydroxide in a single step using ammonium hydroxide. The tantalum hydroxide powder was filtered off, 
dried and then calcined to produce an oxide with a purity exceeding 99.99%. 

Although the recovery of niobium hydroxide is beyond the scope of this study, it was envisaged 
that it would be recovered in a second SX step. 

LABORATORYTESTWORK 

Feed solution preparation 

The feed solution to the SX circuit was prepared by leaching a tantalum-niobium intermediate 
concentrate in 25% (rnlm) hydrofluoric acid at ambient temperature. The leach liquor produced contained 
62 giL tantalum and 93 giL niobium. 

Solvent system selection 

Tantalum and niobium can be extracted from fluoride solutions using tri-n-butyl phosphate and 
methyl isobutyl ketone.l,2 Both of these systems extract tantalum and niobium together, with the 
separation being achieved by the selective stripping of niobium. The extraction of tantalum using tertiary 
amines has also been reported.3,4 In this study, the tertiary amine, Alamine 336 (trioctyl amine), and the 
quaternary amine, Aliquat 336 (tricaprylylmethyl ammonium hydroxide), were tested. 

Because the phase disengagement characteristics of the system were relatively poor, various phase 
modifiers were tested. Diluents with varying extents of aromaticity were tested for their effect on both 
loading capacity and phase-separation characteristics. The optimised organic-phase composition 
consisted of 16 vol.% Alamine 336 and 4 vol.% isodecanol in the aromatic diluent Shellsol AB. The 
extraction isotherms measured under these conditions are shown in Figure 1. 
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Figure l. Tantahun extraction isotherms. 

Although tantalum is preferentially extracted over niobium by the chosen solvent system, some 
niobium is co-extracted. Most of this co-extracted niobium can be squeezed off the loaded organic phase by 
carefully controlling the phase ratio in the extraction circuit. Any remaining niobium and other impurities that 
are less favourably extracted can be scrubbed off using 0.8 M nitric acid at an appropriate phase ratio. 

A variety of stripping agents failed to adequately strip tantalum into an aqueous phase from either 
extractant. For this reason, ammonium hydroxide was chosen, which stripped the tantalum from the scrubbed 
organic phase by deprotonation of the amine and precipitated it as the hydroxide. 

PILOT-PLANT TESTWORK 

The process was tested on a pilot scale to generate mass balance data for a full-scale design. In 
addition, practical aspects such as phase separation and filtration were tested. At the same time, sufficient 
quantities of high-purity tantalum oxide were produced to supply to end-users for market evaluation. 

Equipment 

Ten conventional box-type mixer settlers were used for the extraction and scrubbing sections. Each 
mixer settler had a mixer volume of 500 mL and a settling area of 256 cm2

. Peristaltic pumps with appropriate 
tubing were used to feed aqueous solutions into the plant. A centrifugal pump and steady-head tank system 
with a control valve was used to regulate the organic flowrate. Interstage solution transfer was effected using 
pumping impellers in the mixer-settler units. The scrubbed organic phase was stripped in a 5 L mechanically 
stirred tank on a batch basis. Tantalum hydroxide was filtered from the stripped organic by vacuum filtration. 
All equipment was constructed of polypropylene or Teflon® and the plant was placed under a fume extraction 
hood for adequate ventilation. The flowsheet of the pilot plant is shown in Figure 2. 

The plant was operated for two shifts per day (16 h) for twelve days. Each process stream was sampled 
at the end of each shift for analysis of major elements by inductively coupled plasma emission spectroscopy. 
The tantalum oxide powders were analysed by mass spectrometry. 
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During the pilot-plant campaign, batches ofleach liquor containing between 15 and 35 giL tantalum 
were processed. A typical leach liquor composition is shown in Table l. The tantalum and niobium 
concentrations were lower than those in the solution used for the laboratory work. 

Component Concentration (giL) Component Concentration (giL) 

Ta 18.1 Ca 0.2 
Nb 32.8 Mg 0.03 
Si 6.8 Sn 4.2 
Fe 1.03 Mn 0.07 
Ti 9.58 HF 50 

Table 1 Pilot-plant feed solution 

Operating the extraction section at a phase ratio (O:A) of 0.45, tantalum extraction efficiencies of 
96 to 97% were achieved. At the same time, approximately 16% of the niobium and 2% of the calcium were 
co-extracted into the organic phase. The concentrations of tantalum, niobium, and calcium in the extraction 
section are shown in Table 2. 

Element Feed solution (giL) Raffmate (giL) Extraction efficiency(%) 

Ta 18.1 0.63 96.5 
Nb 32.8 27.6 15.8 
Ca 0.200 0.195 2.5 

Table 2 Tantalum and niobium in the extraction section 
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During the pilot-plant campaign, formation of a third phase was noticed. This was eliminated by 
increasing the isodecanol concentration in the organic phase from 4 to 10 vol. %. No significant phase
separation problems were noted. The small scale of operation caused the specific power input into the mixers 
to be high. This increased the entrainment of organic in the aqueous phase and was largely responsible for the 
measured settling duty requirement of approximately 1 m3 /m%. The relatively poor phase separation of the 
system would not be a high economic burden due to the small size of a full-scale operation and the low cost 
of the organic reagents. 

Scrubbing 

The loaded organic phase was scrubbed with 0.8Mnitric acid at an O:A of5.9. Niobium and calcium 
organic-phase concentrations were monitored to control the efficiency of the scrubbing section. These were 
reduced to acceptable levels in four stages. All other co-extracted impurities, with the exception of a small 
amount of manganese, were removed to less than 0.002 giL in the scrubbing section. Table 3 shows the 
concentrations of tantalum and other impurities in the scrubbing section. 

Element Loaded organic (giL) Scrubbed organic (giL) Scrubbing efficiency(%) 

Ta 38.8 34.7 10.6 
Nb 11.5 < 0.002 > 99.9 
Ca 0.12 < 0.002 > 99.9 
Mn 0.009 0.002 77.8 

Table 3 Tantalum and impurities in the scrubbing section 

The spent scrub liquor was routed to the first extraction stage for the recovery of the tantalum scrubbed 
from the organic phase with the niobium. Approximately 10% of the tantalum on the loaded organic phase 
was recycled in this manner. The addition of a small amount of nitric acid to the extraction section did not 
adversely influence the process. 

Stripping and calcination 

Tantalum was stripped and precipitated from the scrubbed organic phase using ammonium hydroxide. 
Initially, this operation was carried out in a continuous mixer settler which had been designed to separate three 
phases. This proved impractical, and the stripping was subsequently carried out on a batch basis by mixing 
the scrubbed organic with a small volume of distilled water, and adding 8 M N~OH solution until an 
equilibrium pH of7.5 to 7.8 was reached. 

The tantalum hydroxide precipitate was filtered, washed with distilled water, and then washed with 
high-purity ethanol to remove traces of the organic phase. After drying, the precipitate was calcined at 950 
°C to produce tantalum oxide. Table 4 compares the analysis of the tantalum oxide product from the pilot
plant campaign with that of one of the commercially produced tantalum oxide products (Cabot Corporation). 
Both oxides were analysed for all impurities detected and then the purity was calculated by difference. 

CAPITAL AND OPERATING COST ESTIMATES 

The capital and operating costs of a plant to produce approximately 9000 kg per year of high-purity 
tantalum oxide are summarised in Table 5. The plant costing does not include any crushing, grinding or pre
concentration that may be required to upgrade the tantalum-containing feed material. The leaching of the 
concentrate in hydrofluoric acid has been included. 

The capital has been estimated by using the cost of the equipment from vendors. An installation factor 
was applied to the vendor cost of each item of equipment to arrive at an installed capital cost for the process. 
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Site preparation, engineering, and safety equipment costs were included in the estimate. 

This estimate assumes that an existing building with utilities, management, analytical and technical 
support is available. Amortisation of capital, purchase of the tantalum concentrate, plant maintenance and 
insurance have been excluded from the operating cost. Effluents are discharged at defmed battery limits and 
their disposal is not included in the operating cost estimate. 

Element (mglkg) Pilot-plant product Commercial product 

Ta20 s (%) > 99.995 > 99.993 
Nb <5 13 
Mn 9 6 
Sn <5 7 
w < 5 5 
Mg <3 3 
Si <3 10 
Fe <3 10 
Ca 5 3 
Ti <3 6 
Ag 3 3 
AI I < I 

Table 4 Analysis of high-purity tantalum oxide 

Cost item Cost* (US$) 

Installed capital 505 000 

Operating (per annum) 
Fixed 55 000 
Variable 155 000 

Cost (per kg Ta20 s) 23.33 
Cost (per lb Ta20s) 10.61 

. . * Costmg 1s based on South African conditions and currency, and converted to US$ . 
An exchange rate ofR 5.80 =US$ 1.00 was used. 

Table 5 Capital and annual operating cost estimate 

CONCLUSIONS 

A simple, relatively inexpensive solvent-extraction route for the production of tantalum oxide has been 
tested on a pilot-plant scale. Concentrates with a wide range of tantalum concentrations can be processed, 
although some of these concentrates may require pre-concentration or impurity removal. 

The purity of the tantalum oxide product from the process is comparable with that of other 
commercially available oxides. The product from the pilot-plant campaign consistently exceeded 99.99% 
purity. 

After removing tantalum from the raffmate, a similar circuit could be used to produce a niobium oxide 
powder. It is unlikely that the niobium would require the same degree of purification as the tantalum, as its 
main market use is as a steel additive. 
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ABSTRACT 

RECOVERY AND PURIFICATION OF CERIUM(IV) 

AND THORIUM(IV) FROM BASTNASITE ORE 
Jun Lu, Deqian Li, Jide Tang and Tingming Zheng 
Laboratory of Rare Earth Chemistry and Physics, Changchun 
Institute of Applied Chemistry, Chinese Academy of Sciences, 
Changchun, 130022, China 

A simple method has been developed for separating cerium and thorium from bastnasite ore in Sichuan province. The 
bastnasite was leached with H2S04 after being calcinated and the addition of boric acid. The effects of the amount of 
H2S04 on the cerium recovery were investigated. The leaching solution was then diluted with lmol/dm3 H2S04 and 
extracted by primary amine Nl923. The addition of boric acid does not affect the extraction ofCe(IV) by Nl923. Having 
been scrubbed with H2S04 the loading organic phase was stripped with a solution containing different mineral acids and 
H202. The dependence of Ce(IV) percentage stripping on the acidity of H2S04 and HN03 is investigated. The stripping of 
cerium from the loaded organic phase by H2S04 and H202 has a low efficiency but high recovery of cerium can be 
obtained by stripping with HN03 and H202. Cruds, emulsions and precipitates did not appear in the presence of addition of 
boric acid, which was the vital factor for extraction of cerium from bastnasite. 

Keywords: cerium( IV), thorium(IV), bastnasite ore, primary amine N 1923, boric acid 

INTRODUCTION 

The method of precipitating trivalent rare earths as double sulphate salts with sodium 
sulphate is usually employed to recover trivalent rare earths and cerium dioxide from bastnasite and 
monazite. However, the percentage recovery of trivalent rare earths and cerium dioxide is low, only 
60-70% rare earths and cerium dioxide being obtained in production and the highest purity of cerium 
dioxide obtained by this method is always 99% which cannot meet the trend in commercial usage of 
rare earths for 'high technology' applications. Furthermore this method yields some radioactive waste 
solids and waste water containing Th(IV). Thus the method of solvent extraction which could be used 
to recover Ce(IV) and Th(IV) from the bastnasite leaching solution becomes more attractive. I ,2 

The extraction of Ce(IV) and Th(IV) by Primary amine N1923 has been studied.3,4 This 
extractant has also been employed to extract Th(IV) from the sulphuric acid liquor ofbastnasite in the 
absence of fluoride ion. It is showed that N1923 can extract Th(IV) from trivalent rare earths 
selectively and effectively. It also demonstrated that fluoride ion which is one of the main elements in 
bastnasite would interfere in the extraction of Th(IV) by N1923. Furthermore, cruds, emulsions and 
precipitates may occur in the extraction of Ce(IV) from bastnasite by N1923 which could block the 
extraction. In this paper boric acid was added to prevent the appearance of precipitates and to 
investigate the possibility of recovery ofCe(IV) and Th (IV) from bastnasite. 

EXPERIMENTAL 

Reagent 

Primary amine N1923 (R1R2NH2) with a total number of carbon atoms of 19-23, was 
supplied by Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, and was diluted 
directly with kerosene without any purification. 

Leaching studies 

The bastnasite concentrate was calcined in air at about 500°C in a rotary kiln. A batch of the 
calcine was made into a sludge by adding boric acid and water and then the sludge was leached with 
concentrated sulphuric acid, preliminary tests showed that leaching by the method could produce the 
same recovery as leaching by diluted H2S04 and the leaching reaction is quick so that the cerium 
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recovery is independent on the leaching time over the range of 1 to 24 hours . The leaching tests were 
usually carried out with only occasional manual stirring. The sludge was filtered to obtain a leach liquor 
containing RE(III), Th(IV) and Ce(IV) and was washed with 0.5mol/dm3 H2S04 to recover the residual 
rare earths. 

Solvent extraction studies 

Both extraction and stripping experiments were carried out using the following procedure: 
certain volumes of organic and aqueous solutions were placed in separatory funnels and shaken for 30 
minutes at room temperature after which time the phases were separated by centrifugation. 

Analytical methods 

The concentrations of Th(IV) was determined spectrophotometrically by the Arsenazo III 
method after extraction by PMBP. The absorption ofTh(IV) was measured at 660nm. The concentration 
of Ce(IV) in aqueous phase was determined by titration with standard (Nl4)2Fe(S04h using o
phenanthroline as indicatorY The solution containing Ce(IV) and Ce(III) was oxidized by (NH4)S20 s
AgN03 solution, then the concentration ofCeu,tai was determined by the same procedure as for the Ce(IV) 
determination. The concentration of metal ions in the organic phase was determined by difference. The 
sulfuric acid concentrations of the aqueous and organic phases were obtained by titrating with standard 
NaOH solution, using phenolphthalein as an indicator. 

RESULTS AND DISCUSSION 

Selection of leaching acid medium 

The leaching of bastnasite with sulphuric acid was more effective than with nitric acid under 
comparable conditions . As shown in table 1 the cerium recovery increases with the increase in the ratio 
of acidity to bastnasite and the maximum recovery of cerium could be reached at the ratio of 0. 9: I for 

Sulphuric acid medium Nitric acid medium 
Ratio of acid H3B03 percentage of cerium Ratio of percentage of cerium 
to bastnasite /bastnasite Ce(IV) in total recovery acid to mine Ce(IV) in total recovery 

(gig) (g/g) cerium(%) (%) (g/g) cerium(%) (%) 
0.7:1 0 94.2 86.8 0.70:1 78.0 67.1 
0.9:1 0 93 .7 88.4 1.08:1 89.3 85.3 
1.1: I 0 93 .8 89.0 1.43:1 90.3 90.1 
1.3:1 0 93 .9 88.9 1.80:1 85.4 91.4 
1.4: I 0 93 .9 90.6 2.6: I 80.4 68 .0 
0.7:1 0.05 95 .1 89.3 3.8:1 83.3 89.1 
0.9:1 0.05 95 .0 89.5 5.0:1 84.2 92.4 
1.1 :1 0.05 94.8 89.7 6.2:1 84.3 89.0 
1.3: I 0.05 95.5 89.2 5.8: I 79.2 85 .5 
1.4: I 0.05 95.2 90.2 

Table 1 The effect of ratio of mineral acid to bastnasite on the leaching 

the leaching with sulphuric acid and at the ratio of l. 08: 1 for the leaching with nitric acid. The 
percentage of cerium(IV) in the total cerium in the nitric acid leaching solution is so low that the leach 
liquor cannot be used as the feed of extraction of Ce(IV) directly. So sulphuric acid was chosen as the 
leaching acid for further studies . It can also be seen in table 1 that nearly 10% of cerium was left in 
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residue which should be leached more than once to get a high recovery. The residue was leached again 
and a high recovery of98% was obtained. 

Effect of addition of boric acid on leaching process 

Fluoride exited in the leach liquor as a complex with cerium(IV). Preliminary tests showed that 
little fluoride was extracted by N1923 into the organic phase. After the extraction of Ce(IV), a large 
number of fluorides will be released and these fluorides could precipitate with trivalent rare earths. So it 
is necessary to add appropriate amounts of substances to the leach solution to diminish the free fluoride 
concentration by the formation of stable complexes (Al3

+, Fe3
+ etc.). In this paper boric acid was chosen 

as the additive and a higher efficiency of reduction of free fluorides can be achieved by adding boric 
acid before leaching than after leaching. The effect of the amount of boric acid added in the leach 
solution on the leach process is shown in tables 1 and 2 in terms of the percentage recovery of cerium 
into the leach liquor. It can be seen that addition of boric acid is almost without effect on the first 
leaching efficiency. 

ratio of boric acid to cenum percentage of Ce(IV} in cerium recovery, 
bastnasite (giL) total cerium, % % 

0 22.4 94.3 87.0 
0.01:1 22.7 94.2 88 .0 
0.03:1 22.7 94.4 87.9 
0.05:1 22.5 94.7 87.3 
0.1:1 22.3 94.3 86.4 

Table 2 The effect of the ratio of boric acid to bastnasite on the first leaching 

Studies on the Ce(IV) extraction by N1923 

It has been reported that Ce(IV) and Th(IV) can be extracted from sulphuric acid solution with 
high efficiency by the primary amine N 1923. Standard Ce(IV) can be separated from trivalent rare earth 
elements with a high separation factor. The extraction mechanism of Ce(IV) is shown:3 

at low aqueous acidity: 

Ce4
+ + 2SOl + 2(RNHJhS04 (RNH3)4Ce(S04)4 

and at high aqueous acidity: 

Th(IV) can be recovered efficiently by extraction with 1 %Nl923-1 %ROH-98% kerosene, washing with 
0.06-0.08 mol/dm3 HN03, stripped with 0.4-0.6mol/dm3 HN03. The percentage recovery of Th(IV) is 
above 99% with a high purity of 99%. Little literature reports the extraction of cerium by N 1923 in 
sulphuric acid solution containing fluoride, especially with the addition of boric acid. 

ratio of boric acid extraction percentage saturation capacity of 
to bastnasite ofCe(IV) N 1923(~dm3) 

0 94.6% 16.4 
0 .040 94.5% 16.3 
0 .050 94.4% 16.7 
0 .060 95 .1% 16.4 
0 .080 94.9% 16.8 

Organic phase :15% Nl923 - 6% ROH- 79% kerosene, 
Aqueous phase: Ce(IV) 23.4g/dm3

, H2S04 1.58 moUdm3
, 01 A: 2:1 

Table 3 The effect of addition of boric acid on the Ce(IV) extraction by N 1923 
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The boric acid had little effect on the extraction behavior of Ce(IV), as shown in table 3, The 
extraction percentage of Ce(IV) by the organic phase containing 15% N 1923 - 6% ROH- 79% kerosene 
and the capacity of this organic phase for Ce(IV) were independent on the addition of boric acid. 

The extraction of Ce(IV) by N1923 is very effective and almost 94% Ce(IV) can be extracted 
into organic phase by one stage and the capacity of this organic phase is 16.4 g/dm3

, no precipitation 
occurred during the extraction process. 

Studies on the stripping 

The stripping of Ce(IV) from the loading organic phase with sulphuric acid was determined by 
the formation of the loading organic phase. Figure 1 shows the stripping of loading Ce(IV) organic 
phase by the solution containing sulphuric acid and H20 2. When the loading organic phase was obtained 
from the extraction of standard cerium bisulfate solution, a high recovery of cerium by stripping with 
sulphuric acid and H20 2 can be obtained(+) . However when the loading organic phase was formed from 
the leach liquor, the recovery is poor, no more than 10% of cerium in the loading organic was stripped( 
e), just same as the result of washing with sulphuric acid( D). 

60 

50 • • 
~40 • • 
Cl 
.!: 30 • purified ce( I '0 a. 

·1-Qs:x~ .§- 20 • 01-Q~ -CJ) 10 
~ 0 0 0 ~ 

0 
0 1 2 3 4 

[ liSl], I1IDI I L 

Figure 1 Effect of sulphuric acid concentration on Ce(IV) stripping 
loaded organic phase obtained from purified Ce(S04)2 solution(+) : 

Ce(IV) 16.4 g/dm3
, 15% N1923-6% ROH-79% kerosene 

loaded organic phase obtained from leach solution(•, 0 ): 
Ce(lV) 16.4 g!dm3

, 15% N1923-6% ROH-79% kerosene 
aqueous phase : H2S04 + 3% H202(v/v)(+), H2S04 + 3% H202(v/v)(e), 

H2S04 (D) 

The effect of nitric acid concentration on the stripping was also investigated, a high recovery of 
cerium from the loading Ce(IV) phase was obtained by extraction of leach solution with N 1923 as 
shown in figure 2. The recovery of cerium increases with the increase in the acidity and the stripping 
efficiency reached a plateau in the region of 0.5 moUdm3 HN03. The addition of boric acid showed little 
effect on the stripping. 
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Figure. 2 Effect of nitric acid concentration on Ce(IV) stripping 
Organic phase: Ce(IV) 16.4 g/dm3

, 15% N1923-6% ROH-79% kerosene 
Aqueous Phase : HN03 + 3% H202(VN) 

A flowsheet for recovery Ce(IV) and Th(ly) 

Cerium can be recovered by stripping with nitric acid effectively, however as previously shown4 

Th(IV) was also completely stripped into aqueous phase. 

Bastnasite c ncentrate 

Boric acid Roasting in air about soooc 

Solution RE sulohates 
l Residue: gangue 

I Extraction (15%N1923-6%ROH, 5 stages). washing (0.5mol/dm3 H2S04, sl 

Organic ph~se(Ce4• ,Th4
•) 

Reduction 

Ce4
• Ce3

• 

l 

~ 0.5 mol/dm3 HN03, 

Raffinate:RE3
• 

Extraction (10% Cyanex 923, 5 stages)+-J--.iorganic phase :Th4
• 

l 
1Raffinate:Ce4

+ J 

Figure 3 Flowsheet for recovery of cerium and thorium from bastnasite 
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Another excellent extractant Cyanex 923 which can extract Th(IV) from trivalent rare earths 
with high efficienc/·8 could be used to recover Th(IV) from the stripped solution. Based on these 
thoughts a flowsheet to recover Ce(IV) and Th(IV) was proposed for further continuous tests . 
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ABSTRACT 

PRECIPITATION STRIPPING OF SAMARIUM 

HYDROXIDE FROM TRI-n-BUTYL PHOSPHATE 

WITH AQUEOUS NaOH SOLUTIONS 
K Koyama and M Tanaka 
Materials Processing Department, National Institute for 
Resources and Environment, MITI, 16-3 Onogawa, Tsukuba, 
lbaraki 305-8569, Japan 

In this study, a method of precipitation stripping from organic solution consisting of tri-n-butyl phosphate (TBP) loaded with 
samarium by reaction with aqueous NaOH solution at room temperature was investigated to increase the use of solvent 
extraction. The precipitation rate with NaOH solution is fast and precipitation of more than 99% is obtained within 60 
seconds. These precipitates were identified as Sm(OH)3 from X-ray diffraction analysis. When a more dilute NaOH solution 
is used, precipitates cannot be found though samarium is completely stripped. This result is attributed to the decrease of the 
OH- ions which react with nitric acid simultaneously extracted with samarium by TBP. An aqueous NaOH solution whose 
concentration is higher than that of nitric acid extracted by TBP in an extraction stage is found to be necessary for the 
precipitation stripping. 

Keywords: precipitation stripping, TBP, samarium, rare earth metals 

INTRODUCTION 

Solvent extraction is now widely used in the recovery of certain base metals and rare earth 
metals. A conventional solvent extraction circuit is associated with a step of electrowinning or 
precipitation using gas or precipitant. In order to develop a new recovery method of metals from 
aqueous solutions and enlarge the use of solvent extraction, a single-stage precipitation stripping 
method in which metal ions are stripped from an organic phase and simultaneously precipitated have 
been proposed.! ,2 

Some studies on the precipitation stripping methods using carboxylic acid as extractant have 
been reported.3,4 However, few studies on this method with other extractants, such as tri-n-butyl 
phosphate (TBP) or tri-octylamine (TOA), have been reported. 

Trivalent rare-earth metals are moderately well extracted by TBP. In this paper, precipitation 
stripping of samarium hydroxide from an organic solution containing TBP was examined. 

EXPERIMENTAL 

The extractant used was TBP, and it was diluted in kerosene without further purification. 
Concentrations of TBP used were 20-100 vol%. Aqueous solutions of samarium were prepared by 
dissolving pure samarium oxide in nitric acid. Samarium-loaded TBP solutions were prepared by 
solvent extraction from aqueous solutions into TBP-kerosene solution. Organic solutions containing 
samarium were used without being passed through a phase-separation paper in order to remove 
entrained water. The initial concentration of samarium in the organic phase was varied from 0.01-0.3 
kmol m-3. An aqueous sodium hydroxide solution was used as stripping agent. The aqueous solution 
was prepared with deionized water having a specific resistivity of 5x I o6 0 em. 

A 50 cm3 volume of samarium-loaded organic solution was shaken vigorously with an 
equal volume of stripping agent for 15 minutes. In order to study the stripping rate of samarium, 
organic solution was mixed with aqueous stripping solution using an impeller. The experimental 
temperature was 298K. 

Samarium concentration was measured by the titration with EDT A. The precipitates were 
characterized by X-ray diffraction analysis (XRD). 

© 2000 Society of Chemical Industry 801 



Proceedings ISEC'99 

RESULTS and DISCUSSION 

Stripping experiments were conducted using deionized water and aqueous solution of 1 kmol/m3 

NaOH as stripping agent. Figure 1 shows the time variation of the stripping percentages of samarium. 
In this experiment, samarium-loaded TBP solution and the aqueous solution were agitated at 3.3 s·' 
using an impeller. Stripping rate was fast and more than 99% was stripped within 60 seconds. In 
addition, the equilibrium value was obtained within 2 minutes under any condition. Initial strippng rate 
with 1 kmol/m3 NaOH solution was lower than that with deionized water, due to the difference in the 
dispersion of the organic solution. Precipitates were obtained using 1 kmol/m3 NaOH solution. An 
emulsion phase cannot be observed between the organic and aqueous phases after settling. Precipitates 
were easily settled at the bottom of an aqueous phase. 

The precipitates were filtered, washed with deionized water and acetone, and dried at room 
temperature. For comparison of precipitate characteristics, samarium hydroxide was prepared by the 
following procedure. Aqueous NaOH solution of 1 kmol/m3 was added to a nitric acid solution 
containing samarium of 0.001 kmol/m3

• XRD patterns were observed for the precipitates by the two 
different methods. It was found that these precipitates were samarium hydroxide, Sm(OH)J, and there 
was no difference in crystallinity between these samples. 

100 

(fl. 75 
....... 
D) 
1: 
Q. 50 
Q. 
'i: -en 25 

0 
0 30 

o 1 kmol m -3 NaOH 
.6. Water 

60 
Time/s 

90 

Figure 1 Time variation of percentage stripping. 

120 

(Initial soln. Sm3
+ 0.21 kmol/m3

, HN03 2.0 kmol/m3,0rg. soln 50 vol% TBP in kerosene) 

The concentrations of NaOH in the stripping solution were varied to examine the effect of 
NaOH concentration on the stripping precipitation. Figure 2 shows the percentages of samarium in 
aqueous stripping solution and pH values of the aqueous solution after stripping. When the NaOH 
concentration was less than 0.46 kmol/m3

, samarium in the organic solution was completely stripped 
into the aqueous solution but was not precipitated as samarium hydroxide. On the other hand, when the 
NaOH concentration was more than 0.46 kmol/m3

, the concentration of samarium in the aqueous 
solution was less than 0.0001 kmol/m3

• However, precipitates of samarium hydroxide were obtained. 
From an E-pH diagram/ samarium hydroxide is found to be formed at pH>7.2 in an aqueous solution 
containing samarium of0.01 kmol/m3

. In this experiment, the pH value of the aqueous solution after 
stripping gradually increased with NaOH concentration and greatly increased at NaOH concentration of 
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about 0.46 kmol/m3 TBP extracts nitric acid as well as samarium. Nitric acid concentration extracted 
into the organic solution was measured by stripping with deionized water. fu this extracting condition, a 
0.44 kmol/m3 nitric acid was extracted. This value corresponded with the NaOH concentration where 
stripping percentage of samarium changed greatly. When NaOH concentration was more than 0.46 
kmol/m3

, an amount of OR ions was larger than that oflr ions extracted into the organic solution. As 
a result the aqueous solution after stripping became alkaline, and samarium hydroxide was precipitated. 

Some experiments were conducted to examine the effect of the concentration of HN03 in the 
aqueous solution used for the preparation of samarium-loaded TBP solutions. The concentrations of 
HN03 considered were 0.8, 2.0 and 10.0 kmol/m3 Figure 3 depicts the relationship among the pH 
value of the aqueous solution after stripping, the concentration of NaOH in the stripping solution, and 
the concentration of HN03• NaOH concentration where the pH values changed greatly were 0.060, 
0.46 and 1.78 kmol/m3

, respectively. Each value corresponded with the concentration of If'" extracted 
into the organic solution. 

"' c 
0. 
.g. 
1ii 
~ ., 
= .. 
:r a. 

"' c: o.oe _g.-.. 

~ .2 
.=;; 
+ 0 
'"'e .. 
1/) 

15 

10 

5 

0 

100 

50 

0 
0 

-v---; ~ 
Initial aqueous soln. 

VI 5m3+ 0.21 kmol m·3 
HN~ 2.0 kmol m·3 

Or¥anlc soln. 
BP 50vol% 

Vln~./Vorg. IVotrlp . 
= 1/1/1 

0.2 0.4 0.6 0.8 1.0 

C (NaOH) I kmol m·3 

Figure 2 Effect ofNaOH concentration on 

stripping percentage of Sm3
+ and pH 

value after stripping. 

15 C (HN03) I kmol m·3 
0 0.8 
0 2.0 
6 10.0 

01 c 10 c. 
Q. 

~ ... 
! 
ca 
:X: 5 Q. 

0 '-----'---....... '----.L.......J 

0.01 0.1 1.0 10 

C (NaOH) I kmol m·3 

Figure 3 Effect ofHN03 concentration 

on the pH value after stripping. 

The purity of the precipitates from the stripping precipitation method was examined. Carbon 
concentrations are listed in Table l . Precipitates after washing with both deionized water and acetone 
contained 1.2 wt% carbon which was due to mechanical entrainment of the extractant and the organic 
solvent. However, the carbon concentration of precipitates after roasting at lOOOK became less than 
O.Olwt%. 

Washed with water and acetone 

Roasting at 1000 K 

Table 1 Carbon concentrations in precipitates 

803 

1.2 wt% 

<0.01 wt% 
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CONCLUSIONS 

A precipitation stripping method from an organic solution ofTBP loaded with samarium by the reaction 
with aqueous NaOH solution at room temperature was studied to develop a new recovery method for 
rare metals from aqueous solutions and enlarge the use of solvent extraction. 
The precipitation rate with NaOH solution was fast and more than 99% precipitation was obtained 
within 60 seconds. An aqueous NaOH solution whose concentration was higher than that of nitric acid 
extracted by TBP in an extraction stage was found to be necessary for the precipitation stripping. 
When the aqueous NaOH solution of 1.0 krnollm3 was used as stripping agent, precipitates were 
obtained and confirmed to be Sm(OH)3 from XRD analysis. Carbon concentration of these precipitates 
was 1.2% due to the contamination by the extractant and/or organic solvent and can be reduced to less 
than 0.01% by roasting at lOOOK. 
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ABSTRACT 

NEW EXTRACTION TECHNOLOGIES FOR THE 

TREATMENT OF RARE METAL RAW MATERIALS 

USING MECHANOCHEMICAL METHODS 
SV Chizhevskaya, AM Chekmarev, MV Povetkina, VL 
Shafrrov and M Cox1 

D. Mendeleev University of Chemical Technology of Russia, 
Moscow, Russia 
1University ofHertfordshire, Hatfield, UK 

Eudialyte is a complex raw material with high silicon content that is an important source of a number of rare metals. This 
mineral, which is easily decomposed using mineral acids, is used to discuss the application of new extraction technologies. 
These combine leaching and liquid-liquid extraction for the concentration and separation of zirconium and rare earths using 
TBP saturated with nitric acid, with mechanoactivation of the mineral to increase the overall efficiency of the process. Two 
alternative strategies are discussed, the first of which involves mechanoactivation in the presence of the organic leaching/ 
extraction reagent, and the second a pre-activation of the ore before contact with the organic phase. Results indicate that the 
second process gives excellent recovery of zirconium and yttrium following a brief period ofmechanoactivation. In all cases 
an easily filterable pulp was obtained with no problems resulting from the high silica content of the ore. 

Keywords: silicic acid, interfacial cruds, stable emulsions, mechanochemical assisted extraction, TBP. 

INTRODUCTION 

The commercial use of relatively low-grade sources of metals is becoming increasingly more 
important to meet the needs of industry for mineral raw materials, among which are the rare metals. 
This leads to a sharp rise in the cost of production and hence the price of the metals to the consumer. 
Such increases can be offset by solving the following problems: the use of complex ores and 
introduction of new technological tools and schemes in extractive metallurgy.1 

The main world industrial source of zirconium, one of the important rare metals used 
extensively not only in the nuclear industry but also in advanced ceramics, refractory materials, glazes, 
etc. is still zircon ZrSi04 (Zr02- 67%, Si02 -33%) which however is also one of the most resistant 
minerals to decomposition. Also the high silica content in the resulting feed solution posed a major 
problem for many plants using TBP solvent extraction for the extraction of zirconium and separation 
from hafnium?-6 Therefore many technological flowsheets for zircon processing are based on the 
removal of most of the silica before acid leaching. 

A potential industrial source of zirconium and rare earths is eudialyte, a complex 
zirconosilicate (Zr02 - 10-15%, Si02 ~50%). Examination of the crystal structure indicates that the 
mineral can be represented by the formula: Na12Ca~e3ZrJ[Si309h[Si9024{0H)Jh.7 Along with 
zirconium and rare earths, the mineral also contains niobium, tantalum, titanium and some other 
elements. Weak chemical bonds between separate fragments of the mineral allow easy decomposition 
by mineral acids. However, during leaching the large amount of silica in the concentrate leads to the 
formation of difficulty filterable pulps and a low concentration of the desired elements. Therefore 
most of known processes for the decomposition of eudialyte concentrates are based on the application 
of sulfuric acid with results in the formation of silica in easily filterable form. 

In practice it is impossible to decrease significantly the content of silica in concentrate before 
leaching. At best it is only possible to remove the silica from the admixture minerals contained within 
the composition of the concentrate.8 To obtain easily filterable pulps from the leaching of eudialyte 
concentrates by nitric or hydrochloric acids special techniques are necessary, which lead to 
prolongation of the process, increase of costs, etc. 

The problems ofhydrometallurgical processing of raw materials with high silica content result 
from the behaviour of the silica that dissolves during leaching with mineral acids. This soluble silica 
readily undergoes polymerization and condensation in solution forming polynuclear silicic acid 
species with various compositions and structures, finally resulting in stable gels. These polymeric 
species impede filtration, reduce the extraction of desired components and inhibit subsequent solvent 
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extraction by forming interfacial films, cruds, and stable emulsions2
-6, 

8'12 Various techniques have 
been used which largely overcome such difficulties, 10 particularly to carry out high removal of silica 
from the feed solution. 13 

In recent years mechanochemical methods have become one of the most effective advanced 
methods to be introduced for the treatment of raw materials. 14.16 Preliminary mechanical activation of 
raw materials allows significantly increased recovery of desired components, decrease in reagent 
consumption, and the number and duration of stages of treatment. 

In earlier publications17'18 it was shown that by using short-term mechanoactivation of 
eudialyte concentrate with the high energy devices described here it was possible to intensify the acid 
leaching of eudialyte concentrate to provide a high degree of dispersion and preservation of the 
general framework of the crystal structure. We have established that preliminary short-term (30 
seconds) mechanical treatment of eudialyte concentrate in the high energy activator Dl or in the 
planetary activator AG0-2 increased the recovery of the desired elements (zirconium, rare earths) in 
the subsequent acid decomposition, whereas the filtration rate of the pulp was not affected. Increasing 
the activation time to I minute decreased the recovery of desired components but accelerated the pulp 
separation (average particle size < 6 J.Lm). Eudialyte concentrate treated in the activator Dl for 5 
minutes transforms the mineral into an X-ray amorphous state resistant to acid leaching (average 
particle size < 5 J.Lm). 

Preliminary mechanical treatment of eudialyte concentrate in presence of small amounts of 
nitric acid decreases the consumption of the leaching agent more than two fold (from 800 to 350% of 
stoichiometric amount), also decreases the leaching time by more than three times (from 3 to 1 hour) 
and reduces the amount of solution retained by the silica cake significantly. 

The combination of mechanical activation, leaching and liquid extraction of desired 
components of eudialyte concentrate (zirconium, rare earths) by 100% TBP saturated with 
concentrated nitric acid in a specially designed extractor,8'19 seems to be very efficient. Under optimal 
conditions both zirconium and rare earths are almost completely extracted into the organic phase 
within 3 minutes and the phase separation time is less than 2 minutes . 

The aim of the present work is to study the influence of preliminary mechanical activation of 
eudialyte concentrate on subsequent extractive leaching of zirconium and rare earths. 

EXPERIMENTAL 

The feed material used in this study was 75% eudialyte flotation concentrate with an average 
particle size about IOOJ.Lm (90% <190J.LID). Main admixture minerals in the feed were aegirite, 
nepheline and feldspar. Percentage composition of concentrate: Zr02 8.3; Y203 0.36; Ce20 3 0.49; 
Nb20 5 0.57; Ta20 5 0.056; Fe20 3 4.4; Ab03 5.4; Ti02 0.78; Mn02 1.9; Na20 12; CaO 6.3; Si02 52%. 
The concentration of silica was determined by spectro-photometry and the other elements by atomic 
emission spectrometry. 

Mechanical activation was carried out using planetary ball-mills "Pulverizette-5", (FRITSCH 
GmBH). Particle size analysis was carried out using a Laser Particle Sizer "Analyzette-22" (FRISCH 
GmBH). X-ray powder diffraction analysis (XRD) was performed using DRON-3 diffractometer with 
Cu Ka radiation. 

The extraction of the desired components (Zr, rare earths) from preliminary mechanical 
activated eudialyte concentrate was carried out in an agitated thermostatically controlled cell (T= 20-
700C) using 100% TBP saturated with HN03 at a phase ratio liquid: solid from I 0: 1 - 20:1. 

RESULTS AND DISCUSSION 

Experiments on the optimization of the decomposition process using nitric acid (8 mol dm·3, 

L:S > 10: I) showed that it is only possible to attain a satisfactory rate of pulp filtration at a rather high 
acid consumption when using a regime of slow charging of the concentrate at 100°C. Nevertheless, 
even under such conditions, the maximum recovery of zirconium did not exceed 65-67% and 
considerable losses of the solution within the filter cake occurred. 
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One of the process modifications which significantly decreased the length of processing the 
eudialyte concentrate, reduced the retention of nitric acid in the silica filter cake, and solved the 
problem of stable emulsion or crud formation was the combination of mechanoactivation and 
extractive leaching in a device which simultaneously subjected the concentrate to effects arising from: 
acoustic, magnetostriction, magnetic and electrical processes. The presence of a large number of 
hydrodynamic vortices within the system causes the autogenous comminution of eudialyte 
concentrate. Such intensive mixing of the suspension increases mass transfer between the solid and 
liquid phases such that after 10 minutes of leaching by 100% TBP saturated with 3.5 mol dm-3 nitric 
acid, is possible to completely recover cerium and yttrium and 50% of zirconium is also leached 
(figure!). 
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Figure 1. Effect of nitric acid concentration in organic phase on the extent of extraction of desired 
components of eudialyte concentrate during extraction leaching with 100% TBP combined 
with mechanical treatment (L:S = 1:20, t = 10 min) . 

In the absence of a water phase the silica from the concentrate does not form silicic acid and 
so precipitates as a easily filterable residue. Separation of the leachate from the residue is practically 
instantaneous. Another advantage of this technique is that the retention of the organic phase by the 
solid phase is very low (1-2%) giving a higher recovery of the metal values. 
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Figure 2. Kinetics of extraction of zirconium and rare earths from untreated ( 1) and mechanically 
activated (2,3) eudialyte concentrate (L:S = 20:1; CorgHNm = 3.6 mol/dm3

) . Time of 
mechanical treatment, (2) 1 minute; (3) 3 minutes . 
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A modification of this process ofleaching eudialyte with nitric acid saturated TBP is based on 
the preliminary mechanical activation of the concentrate followed by extraction leaching in an agitated 
contactor. Results of the leaching of zirconium and rare earths from the untreated feed and 
mechanically activated concentrate are shown in figure 2. In this case the leaching of zirconium and 
rare earths both from the untreated eudialyte concentrate as well as a sample mechanically activated 
for 3 minutes was poor. However preliminary short-term mechanical treatment of concentrate for I 
minute in the planetary ball-mill "Pulverisette-5" significantly increases the extent of extraction of 
zirconium and yttrium from 2.4 to 35% and 6.7 to 48% respectively. 

It is worth mentioning that increasing the duration of mechanical treatment from I to 3 
minutes was accompanied by a decrease of extraction of both zirconium and yttrium although the 
particle size of concentrate, from particle size data, significantly decreases, i.e. the specific surface 
area increases (figure 3). XRD data indicates an increasing amount of amortization of eudialyte and 
admixture minerals with longer mechanical treatment times. Similar behavior has been observed by us 
earlier with another grinding device. 17 

Finally it was noted that an increase of the temperature of the process was accompanied by a 
decrease of extent of extraction of both zirconium and rare earths . 
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Figure. 3. Integral particle size distribution of untreated eudialyte concentrate (1) and samples 
mechanically activated in "Pulverizette-5" for 1 minute (2) and 3 minutes (3) . 

As has been demonstrated above, substitution of an aqueous acid solution by TBP saturated by 
nitric acid, allows a significant increase in the extent of extraction of rare metals from the mineral and 
also, as a result of the absence of hydration, prevents the dissolution of a large amount of silica. 
Currently traditional hydrometallurgical, and sometimes pyrometallurgical, processes are fairly often 
carried out using non-aqueous and aqueous - non-aqueous reagents. It is natural to suppose that 
following the creation of necessary theoretical principles and accumulation of the available 
experimental data it is possible to speak about the formation of a new branch of extractive metallurgy, 
which logically can be called solvometallurgy1 
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