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PREFACE

These three volumes contain all the papers which have been
accepted for presentation at the 1974 International Solvent
Extraction Conference in Lyon. In one respect, this publication
represents a slight departure from the 1971 Proceedings in that
all the papers have been preprinted in their final form before
the Conference. This action has been forced upon us by rising
costs and is a compromise between the need to supply Conference
deligates with reprints and yet provide a permanent record of the
Conference. A consequence of this decision is the absence of
recorded Discussions following the presentation of the various
papers., It is hoped however that this deficiency will be more

than offset by the reduced cost of these Proceedings.

The 1974 International Solvent Extraction Conference is the
triennial successor to Conferences held previously in the Hague,
Israel, Sweden, the U.K., Belgium and the U.S.A. It is by now an
internationally recognised forum for all those scientists,
engineers and technologists concerned with the many facets of
solvent extraction. In particular, the industrial applications
of extraction have always been well represented and the 1974
Conference is no exception in this respect. The present volumes
contain over 165 papers from workers in thirty countries and to
this extent this publication can be said to reflect current
interests in extraction technology. It is perhaps slightly dis-
appointing to note the small number of contributions relating
to droplet behaviour and mass transfer phenomena but, on the other
hand, this fact alone might serve to encourage a few more research
workers to devote some of their efforts to this important and

rewarding area of extraction science.

Once again, the Solvent Extraction Group of the Society of
Chemical Industry has been responsible for initiating I.S.E.C.7k4.
The Society has very generously sponsored the Conference in
Association wita the Societe de Chimie Industrielle, the Institution
of Chemical Engineers and the European Federation of Chemical
Engineering. We are particularly indebted to the U.K. and French
Working Groups for all the hard work that they have put into the
organisation of this event and to the Conference Committee for

their advice and guidance as arrangements proceeded. A new

departure has been the appointment of a number of international



Corresponding Committee Members. This has enabled the Committee

to sound a wide range of opinions quickly as the need arose.

It will be apvoreciated that an enormous amount of work
has been involved in the refereeing and processing of tne authors'
papers and in this connection thanks are due to the various
Session Chairmen and Secretaries for their unfailing help and
enthusiasm. Thanks are also due to our French colleagues for
arranging the industrial visits and the Ladies Programme.
Finally our thanks are due to Dr. D.H. Sharp and Miss Jane Bovier
of the Society of Chemical Industry for their continued support

during the organisation of the Conference.

J.D. Thornton,

Chairman, Conference Committee,

The University of Newcastle
upon Tyne,

A. Naylor,

Secretary, Conference Committee,

British Nuclear Fuels Ltd.

Cumbria.
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EDITORIAL NOTE

The papers published in these proceedings have been printed
by photoreducing the authors typescript and then reproducing by
off-set lithography. The resulting publication is therefore
not as elegant as one that would be printed in the normal manner.
However, this method of production is far less costly, and the
conference committee were insistent that the cost of I.S.E.C.74
should be reduced to a minimum so that a larger number of younger
scientists and engineers would be able to attend. The editorial
committee is of the opinion that an economic publication has been

produced which they hope will be satisfactory to all participants.,

The onerous work of organising refereeing the papers sub-
mitted was done by the session secretaries. In addition they
arranged the papers in preparation for publication, and this made
the work of the editorial committee much less difficult. We
therefore express our gratitude to all the secretaries for the
excellent work they have done in getting the papers ready for
publication. Also we are most indebted to Mrs. M. Evans for
retyping many of the papers which were not in a form suitable for
printing and also to Mr. D. Austin of the University of Aston

for reproducing many of the diagrams.

G.V. Jeffreys
Editor in Chief

The University of Aston in Birmingham
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Paper 37

The Statistical Theory of Substituted Ammonium Salt

Solutions in Non-polar Solvents

by P.A.Zagorets, A.V.Ochkin

McMillan -~ Mayer statistical theory of solutions has
been applied for describing extraction systems with substi-
tuted ammonium salts. The second virial coefficient has been
computed by using of the potential of central point dipole
inside hard sphere. Other potentials are also discussed.
Dipole moments of some substituted ammonium salts have been
measured. Effective diameters of ammonium salt molecules have
been calculated from concentration dependence of activity

coefficients and dielectric constant of solution.

D.I.Mendeleev Institute of Chemical Technology,
Moscow, USSR.



The characteristic feature of amine extraction systems is
nonideality of organic phase. Large dipole moments of alkylam-
monium salts and low dielectric constant of diluents used in
extraction result in the fact that solute-solute interaction
greatly exceeds solute-solvent or solvent-solvent interaction.
As a result the strong association and the hydration of amine
salts is observed. There are several approaches for describing
such svstems. We think one of the most progressive to be the
application of McMillan-Majer statistical theory1 . After usa'7

this theory was used by Levys.

Mciiillan-Mayer Statistical Theory of Solutions.

Accoriing to McMillan-iiayer statistical theory the thermo-
dynamic functions of solutions can be expressed in power series
of component concentrations. Thus the following cquations have
been derived for vapour pressure over solution P and solvent

activity & @

PP, RT[ 5o R0 Fr )8 (48 13 »
bnoc=Enp AaﬁvB (—Q‘) ﬂC"‘ (2)

where\P andd‘are a concentration and an activity coefficient
of solventjy=0y/f0; at infinite dilution o=p and 11, a0=x -0ty
cs 18 a concentration of component § in solution;Bm is
irreducible integral characterizing interaction of ¥ solvent
molecUles and R solute molecules in infinitely dilute solu-
tion. Calculation of'E&ncan be made by means of equations like
those used in the theory of imperfect gases. For example, for

the same molecules 1 and 2

B,= 2103.[[3XP( u,/xT)-1]dq,, (3)



where u, is average force potentialj q’u is the generalizided
co-ordinate characterizing the relative position of molecules
1 and 2;N,/103is normed multiplier allowing to use molar concent-
rations in the equations (1) and (2); N, is Avogadro's number.
To apply the equations (1) and (2) for describing extrac-
tion systems it is reasonable to transform them as shown ear-
liers.
1) Let's introduce mole fraction X, activity 4, and mole
activity coefficient [=aQ,/x of solvent. As xfﬁ%@and

a,= -2~ then

- _ .A.q. y fl’.
o f=Cn(p-Fe)-tap- 45,08, (49" Mc; )
2) Applying (1) for constant P, Ae’/x is expanded in series
in CS
AKX - ng N
¥ §q"+n§zz’" I.s]c-" {3
where ‘Ln is easily calculated by gubstituting (5) in (I) and

by equalizing sums of terms with the same powers of Cg to ze-

rc. For example

L,=B,-B 1+ B2 and  L,,=8 “*ZBM'B“,“BW (6

1 o
3) As -%“:ﬁ-x‘-gn =p- ‘J& then we find from (5)
n
P+§CS=%+,§2L" Hcg® (7)

and expressing y from (2)
- ta 2o’ -n n

.P"';Cs‘.p°exp[-4d,§,vam(a‘ )DC”’]+n§3Lngcss e

4) Substitution (&) in (4) and expansion of €n (})+§:Cs)
in Taylor's series lead for two-component system to

- 2 3
tnf,= A,c*+Ayc " (9

where ’qzzﬁ;(Boa-BtfBzo))‘”3=ﬁ;(aos'5u+8{630) etc. (10)

Q



Thus the evaluation of thermodynamic functions comes to

the calculations of irreducible integrals.
Calculation of Irreducible Integrals.

It has been shown? that the irreducible integrals Baoand
BJ‘ can be expressed by means of partial molar volumes of sol-
veni \L‘and solute %zand isothermal compressibility of solvent
B
B,,= #(RTB-V,) and B, =RTB-2V,*Vo, (1)

Pable 1 gives Bzoand B“ for solutions of some salts in ben-
zene, the data being taken from literature. As values ‘f%J%
(Table 7) are usually much more than 50 it is evident that Bao
and B“can be ignored in (10) i.e.

fo ﬂz = Boz (12)

The eguation (I2) shows the interaction between two amine
salt molecules in solution to exceed greatly the interaction
of a salt molecule with a solvent molecule or the interaction
between two solvent molecules.

Calculation of E%zis rather complicated and greatly depends
on the form of the chosen average force potential qu. As the
first approximation it is possible to use interaction energy of
two point dipolesﬂ placed in center of hard spheres of diame-

ter 6 @

u,=+00 at r<¢e
)
u,;-#(zcosa‘ cos6 -sinB,sin€,cosp)  at rye (13)
where r 1is the distance between dipoles) 91 and 63 are the angles
between the direction of dipoles and their connecting line, 4

is the angle of their relative rotation, & 1is the dielectric

constant of solvent. It is clear that this potential rather



roughly reflects true picture of interaction in solution.
Nevertheless at present the choice of potential according

to (13) is fully justified because of following reasons:

1) As mentioned above ( Boz»Bzo or Bu ) the
interaction between amine salt molecules is much stronger
than that of solvent molecules. Therefore the solvent can be
treated as continuum of dielectric constant &, .

2) Lack of necessary data does not allow to take into
account true geometrical form and charge distribution in
salt molecules.

3) Complication of intermolecular potential results in
some mathematical difficulties which are often impossible to
overcome.,

To calculate B we substitute (13) in (3), expand the ex-

ponent in serles and make integration.

Boa = 4103ffjf[¢xP‘ ulz/KT) -1]rédrsing de.smO:/@dp-

;’,3’353[-1 5 pox "] ()

2 /
M n'
s x_é KTe /ﬁn (7] nﬂ;'(‘m:'l [1 2 2" il ”(Zn‘i)(ln‘b) 31
Table 1.,
Values BZOand B“ Tfor some solutions in benzene.
! ' Vo ! RTA IV ! 1 8
Salt !t°C 11 /;ole ! 1/mole ! 17:nole ! 1/mole! l/'t‘n‘ole
(C4Hg) JNCNS 20  0.31I93 0.0023° 0.089 - 0.043 0.I36
26 0, 3124 0.089 - 0,043 0,136
30 0.3129% 0.090 - 0,044 0,137
(Crolips)giBras  0,65¢ 0.089 - 0.042  0.47
(CI21{25)3NHNQ25 0.65 0.089 - €,043 0,47
8 Reterence 9. b Reference IO. ¢ Reference 11,



Table 2
24
Values O_‘?gz .10

0.0 0.I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

9.
I10.

0.04526 0.05I00 0.05755 0.06503 0.07358 0.08337 0.09459 0.I0747 0.I12227 0.13931
0.I5894 0.18582 0.20773 0.23796 0.27295 0.3I348 0.36048 0.4I503 0.4784I 0.55209
0.63784 0.73772 0.854I3 0,98992 TI.I4844 1I1.33362 I1.55009 1.8033 2.0997 2.4469
2.8538  3.3309 3.8907 4.5480 5.3200 6.2274 < 7.2943  8.5494 10.0268 II.7664
13.8I59 16.23I4 19.0798 22.440 26.405 31.086 36.6I5 43.I48 50.869 59.999
70.798




By means of computer we calculated ﬁg till n = 30 and
By /3> for x = 5.0 + I10.0 through 0.I (Table 2).

It is evident from table 2 that 5°lﬁ63 is monotonous
increasing function of X. Therefore the association of amine
salts is to increase with growth of dipole moment, with dimi-
nishing of dielectric constant, temperature and amine radical
length. These regularities are in good conformity with data on
association of amine salts.

Dipole Moments of Amine Salts.

The valuesju and & are necessary for E%a calculation.
The former may be measured tentatively from independent data
thie latter being "effective" values and can't be determined
from experiment, Due to this it is reasonable to determine 4
on activity coefficient values of solvent and to compare them
with other molecular parameters, for example, with anion ra-
dii.

Dipole moments of compounds in solutions are usually de-
termined by Debay's method. In one of the modificationes of

this method.12

, the dielectric constant of solution ¢ is dealt
with as a linear function of solute gravimetric concentration

W i

£= &, + &x'w (15)
The concentration range W (where equation (15) is correct)
is rather small due to a very strong association of amine salts
in non-polar solvents. Dependence € on W was curvilinear in
most researches where dipole moments of ammonium salts were
measured. Application of curvilinear areas is found to result

in lower values of parameter «’ and dipole moment M. To avoid



this difficulty we used concentrations which are IO times less
those usually applied. Thus for tertiary amine salts w= 0,00008
+0.0006 and for quaternary ammonium salts w=0.0000140.0002.
For sake of comparison let's point out that in recent WOI‘k11
the minimum concentration of amine salts W was about 0.00I, In
mentioned &bove concentration range the equation (15) was ap-
plied for tertiary amine salts whereas the dependence &€ on W
was curvilinear for quaternary ammonium salts and approxima-
ted as

E= E + o'W + «"w? (16)

The results of measurements are given in Tables 3 and 4.

Table 3

Dipole moments of some tertury amine salts in benzene13.
Salt 0 ’ M Mm D
C
t b D reported
(CyHlg) NHCT 25 35,52  8.53 g%ﬁ
(Cghiyg) HC 2%  26.59  8.50
(CHg) (CgHrp)oNHCI 25 R5.59 8.27
C
(0121125) N HCI 25 13.88 8.47 7.6
(C GHI3)3NHBr 25 26.16 9.19
(CI2H25)3N HBr 25 I4.86 9.1I
- 40 13.67 9.09
(C12H25)3N HN03 25 15.80 9.24
(¢
(012H25)3N H2504 25 4,206 4,92 6.4
(CyoHos) gN HCID, 25 20.84 10.95 10.1°
8 Reference I4. b Reference IS5 (solvent is toluene)

% Reference 11.

10



Table 4

Dipole moments of guaternary ammonium salts
in benzene7.

Salt 1% o’ o163 M
D
CeHor) N CI 25 37.06  I07.1 10.7
(Cefir)g 40 3754 84.7 1.2
(Celips) 4N J 25 43,88 210.5 3.9
40 44.26  153,2 14.6
Cgilpn(CylgyaNT 25 43.0  2I5 13.0
(CgHiy) 4 N 25 36.5 150 4.1
40 35.2  II4 14.4
Cy(CgHyp) g NI 25 15.35  20.7 8.11
(CH3) 5(Cgliynp) o NI 40 13.6 22.5 7.0
(Celrr) ;NNOg 25 31.86  9I.I 12.5
40 35.31 97.9 I3.6
CgHy (CgHpn) oNBF 25 25.9 64 10.7

Figures listed in Table 3 show that dipole moments of ter-
tiary amine salts practically do not depend on radical length.
Only introduction of methyl radicals diminishes dipole moment
on ~ 0,3 D. As the dependence £ on W for quaternary ammonium
salts was not linear in the involved concentration range the
values M in Table 4 appear to be lowered. Neverthless the sharp
lowering of dipole moment when methyl radical is introduced can
be considered to be certain.
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Calculation of Effective Diameters of Salt
Molecules on Activity Coefficient Data

Values .Poﬂz""'Boz and also values d were calculated
on experimental data of solvent activity coefficients. The re-—

sults are summerized in Table 5,

Table 5.

Effective diameters of some alkylammonium salts

(Bog)
Salt Conditions Ref. P"&l P I |

(CgHr) gN HBr Cgg-78.6%C 4 45,3 9.1 4.9I
~"- ccr,-75.3% 4 135 9.1 4.7
(CgHyn) gNHCI - 2 83.7 8.5 4.61
(CgHiyn) N HCIO, -"- 2 287  II.O 5.34
Ctt (Celtr7) aict - 4 I22 8.3 4.47
(012}125)3“}{8" =" 4 116 9.I 4.79
(Cglp3) 4NT -r- 2 140 I4.3 6.I7
-0 CeHg-78.6°C 4 620 143 6.25
(#-CcHip)NCNS  Cglig-5.5°C 16,17 3434  I5.4 6.75

Values 8 given in Table 5 have a reasonable order and, in
particular, they are larger than the diameters of salt anions.
They also increase with increase of anion radius and at less

degree with the growth of radical length.

Calculation of Effective Diameters of Salt Molecules

on dielectric Data.

12



One of the main reasons of nonlinear dependence of die-
lectric constant of amine salt solutions on their concentration
is the solute associaticn. The values &”in (16) which are mea-
sures of deviation from linearity can be used to calculated
effective diameters of salt molecules.

The orientational polarization P2 of solute in dilute

solutions can be expressed as

- u? N, = 17)
B = LA (4 B o+, 7
where Bé is the second virial coefficient of dielectric po-
larization which can be deduced from following equationIaz
B, =L feosy exp (-u, /mT)d (18)
' 103v cosy exp /K @,2

where y 1s the angle between directions of two dipoles. Using
(13), expanding the exponent in series and making integration
we find
4 ‘l”No 26‘1
= 1
B,= 3707 30r S Z f’n i

(n 30
where x_zo—fg;,ﬁ,, Cz-[:(g - T (Rn+3)F

Computed values Bz/djfor X = 5.0 + I0.0 through O,I are
presented in Table 6. Values B' may be also calculated from

19 ‘

experimental data according to next equation

_M,/_3 VM, L g X Ve _ Paeléod) (vo*af)(zo—t)
—‘—§{a§25*'g‘ér“‘*’ 42 3M, ‘} (20)

where M2 and P2E are correspondingly mol. wt. and electronic po-
larization of solute, Vo is the specific volume of solvent, a’
is a coefficient in equation V =V§-PXQM o Comparison of values
Bé calculated on equation (20) with tabulated data in Table 6
allows to determine G .« The results are given in Table 7. and

have reasonable value. As might be expected they increase with

growth of amine radical length and anion radius. At the same time

13
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Table 6

B
Values - 2 10724
ol 3
= 0.0 0,I 0.2 043 0.4 0.5 0.6 0.7 0.8 0.9
= E Nl
o 0.036946 0.042846 0.049709 0.0576°28 0.,067003 0,077846 0.,090488 0,I05236 0,I2245 0,.I4256
6. 0.I6605 0,I935I 0.22563 0,26323 0.30724 0,35880 0.4I923 0,49009 0.57322 0,67078
7. 0,78534 0.9I99I 1.07806 1.26401I 1.4827 I1.7401 2.043I 2.3999 2.8203 3,3I58
8. 3.9000 4,5890 5.4021 6.3618 7.494% 8.8335 10,4151 12,2846 14,495 17,109
9. 20.203 23.864 28.198 33.331 39.41I2 46,617 55,157 65,283 74,291 91,537




Table 7.

Effective diameters of salt molecules on dielectric

data
Salt tOC MD -B'2 1/mole O A
(CgHyp) MNCI 25 i R e 5.38
40 o 876 5.34
(CgHr3)4NI 25 14.3 2640 6.34
40 14.3 1940 6.3
Cafign(CgHGIN 25 13.1 2440 5.98
(Cgliy) 4N % 143 270 6.34
40 14.3 2220 6.29
25

8,11 735 4,36
(CHg) 5(CgHy7) oV 40 7.0 716 3.87
CgHn(Cgliyn) NI 2 107 1350 5.25
(Cgliyp) 4NNO3 25 181 1730 6.03
40 3.1 1700 5,95
9.23 5.44

(C1olos) gVHBr 40 9.1

one can observe the continual decrease & with temperature in-
crease which might be caused by
1) errors in values dﬁand/u due to curvilinearity of de-
pendence & on W 3§

2) in.accuracy of Involved average force potential (13).

15



Conclusion

The statistical theory of solutions considered above
describes rather well qualitative regularities which are ob-
served in alkylammonium salt solutions in solvents with low
dielectric constant. To reach better agreement the theory with
experiment it is necessary to consider other forms of average
force potential instead of (13). It should be noted that the
potential (13) can't be used for describing amine salt hydra-
tion because it predicts wrongly growth of hydration with in-
crease of salt dipole moment. Now we carry out research to
describe hydration phenomenon with use of patterns in which
amine salt molecule is treated as a pair of spherical ions.
Main problem in using more complicated potentials than (13)
is a difficulty to make integration. Application of more po-

werful computers is lekely to let overcome this problem.

16
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MECHANISM OF CLUSTER COMPOUNDS
EXTRACTION

A.I. Gorbanev, V.P. Sergeev, B.E. Dzevitskii, V.B. Margulis

Baikov Institute of thallurgﬁ of the Academy of Sciences
of the USSR, Moscow,

ABSTRACT

A systematic study has been carried out on the extrac-
tion of platinum metals in the presence of tin dichloride
from aqueous solutions of hydrochloric acid with tributyl
phosphate and a number of oxygen-containing solvents be-
longing to basic classes of organic compounds. The forma-
tion of clusters via platinum metal-to-tin bonding amd the
transfer of these to an organic phase in the form of cluster
anions ion-paired to oxonium cations is the basis of the
process, as established by the concemtration dependence
measurements and spectral (optic and Mossbauer) evidence.
The above scheme is adequate for all the platinum metals
in general. The character of intermetallic bonds in the

clusters is discussed.
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INTRODUCTION

Ivanov (1) was the first to report the formation of co-
loured complexes of platinum with tin dichloride. Simce then
this phenomenon has been used as a sensitive test reaction
@, 3.

later, the reaction was extended to other platinum me-
tals and the ability of coloured species to transfer to orga-
nic phase was demonstrated (4). The extraction mechanism and
structures of the compounds formed represented an interesting
problem. Isolation and analysis of the solid-phase platinum
complexes along with data on their structures were first re-
ported in the communication (5).

In the present work this investigation is extended to
other platinum metals. To this effect a thorough study of the
concentration dependences was carried out and spectroscopic
properties of complexes both in solid phase and in solution
were determined, which enabled us to identify species present
in the extracts and provided a key to the extraction meche-

nism.

EXPERIMENTAL

Materials. The concentration of the initial hydrochloric
acid of "Pure" grade was 10.5M as measured alkalimetrically,

It was brought to an adequate dilution by an estimated
volume of distilled water.

A purity grade "Analytically Pure" Sn012°2H.20 was used,
weighted amounts of it being dissolved in hydrochloric acid

to obtain solutions of required concentration.
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Por the most part preparation of platinum metal-contain-
ing solutions followed the procedures recommended in (6). Ope-
rating solutions of Pt(IV), PA4(II), Rh(III) and Ir(IV) were
those of H2Pt016, P4cCl,, RhCl3, and (I‘II~I4)2I::'(.716 in hydrochlo~
ric acid.

To obtain Os-containing solution, osmic acid (5.66 g
osmium content) was refluxed with 20% HCl and a few ml of
ethanol until the solution changed in colour from light-
yellow to deep brown and then to reddish-yellow. On cooling
the liquid evaporated to a syrup-like consistence, large crys-
tals of H2(05016) wore separated. The bulk of the product was
dissolved in water to give 200 ml of stoeck solution. In case
of Ru a portion of the metal was added to the KOH/K?NO3 (8:2)
saturated solution., The mixture was water-bathheated in a
Wurtz flask while passing chlorine through it to generate
Rw, . This was distilled into concentrated HCl yielding a
reddish-brown solution of Ru(OH)ClB. The latter was treated
with an excess of ethanol and boiled until the conversion to
a red sodution of aquorutheniun trichloride Ru(H20)013 wes
achieved. The solution was gently evaporated adding ethanol
upon darkening. 1 ml of Os or Ru stock solutions were diluted
with HC1l to obtain operating solutions which were mixed with
that of Sncl2 for extraction experiments, the concentration
of platinum metal being of the order of 10 M g/ml.

Purity grade "Pure" organic solvents were used. No speci-
al purification was carried out excepting that ethers were
shaken with Sn(:l2 to remove peroxides. Extractants employed

21



Table 1

Operating Concentrations of Platinum Metals and Detectable
Concentrations of Cluster Compounds

Metal 'T Concentration fDetec table concent-

i (mg/ml) jration (_ug/ml)
! . el

Pt 0.311 O.4

Pa 0.202 -

Rh 0.211 0.1

Ir 0.148 0.5

Os 0.283 0.5

Ru 0.078 0.02

were tributyl phosphate (b.p. 289°c), primary hexanol (b.p.
153.5°C), dibutyl ether (b.p. 142°C), isobutyl acetate
(beps 115 - 118°C), methyl hexyl ketome (b.p. 172.9%C).

Experiment was carried out under static conditions. Par-
tition column technique was also used in case partition coef-
ficient didn't exceed 10. Fluoroplastic-4 was employed as an
organic phase carrier.

A centrifugal separation of phases was needed since stab-
le emulsions were readily formed.

Analytical determination of platinum metals was carried
out spectrophotometrically with the help of the C@-8 model
spectrometer and the ®3KH-57 model photocolorimeter equip-
ped with quartz cells, using the intrinsic coloration of the
tin dichloride complexes. Special experiments showed the
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identity of the absorption spectra of the compounds in organic
and aqueous phases and the dependence of optical demsity

on the acidity and concentration for which the correction

was made. Standard solutions for the calibration were prepar-
ed in 3M HGl. Optical density followed the Beer's law over
the range 0.020 to 0.520. Measurements were limited to metal-
sensitive band maxima (Table 2),

Optical absorption spectra were recorded with the SF-8
model spectrophotometer using 1 cm path length quartz cells
in the spectral region from 280 to 800 nm.

Wssbauer |178n spectra of the solid-phase complexes and
of their frozen solutions (extracts) were measured with a va-
riable-speed common type spectrometer equipped with a multi-
channel analyser AH -256, 198n source of 10M curie acti-
vity and absorber of 10-15 mg/cm2 specific thickness with re-
spect to matural tin. Spectra were recorded at the liquid ni-
trogen temperature. SnO‘2 and / -Sn were used as referernce
samples. Channel loading wes in the range of 100 to 500
thousand pulses.

Solid-phase complexes were isolated as tetramethyl-
ammonium salt precipitates (5, 7).

Analytical procedures followed technique described in
(8). Platinum metal content was calculated by difference me-
thod, control tests being carried out by colorimetric measu-

rements.

23



RESULTS

Bxtraction, Preliminary tests indicated that the con-
version of platinum metals to a transferable (cluster) form
demanded an excess of tin dichloride, hydrochloric acid me-
dium, and boiling. Otherwise, the complexing is slow. At
10031 Sn/platinum metal ratio by weight all the metals were
converted after five minutes of boiling. Cooled solutions
were used for the extraction experiments. Partition coeffici-

ent (%) was calculated using the equations

Kp = Qinitial = Qaq)/ Qaq x Vaq/ Vorganic

where Qi itig1 ? Qaq are the quantities of the solute in ini-
tial aqueous phase and in raffinate respectivelyj

V, s V

aq are the phase volumes.

organic

In Fig.1, partition coefficients for Ru and Os clusters
are plotted against comcentration of HCl. The other platinum
metals display similar dependences. In case of tributyl phos-
phate, all the clusters were extracted with Kp exceeding 200,
beginning with the HCl comcentration of 0O.5M.

The analysis of possible errors allows the conclusion
that the overall accuracy of partition coefficient determina-
tions wes estimated to be I50% for K2 1, 8% for K, = 1040,
and ¥20% for %'s exceeding 100.

Optical absorption spectra were composed of two broad
high-intensity bands. The first,very strong ooe, has the ab-
sorption maximum at the short wave-length boundary (280-300 nm)
in all the spectra investigated. The second band is characte-

ristic of every individual given platinum metal except P4,
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Fig. 1, Partition coefficient K vs acidity of solution
for Os and Ru: a - methyl-heptyl ketone; d -~ he-
xyl alcoholy ¢ - dibutyl ether.
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and is assossiated with the inherent colour of the cluster,
Values of absorption maxima wave-lengths and molar extinct-
ion for this band are presented in Table 2,

Yrovided that the experimental procedure described wes
strictly followed, reproducible and time-stable results were
obtained. As mentioned above, the absorption spectra of solu-
tions, extracts, and solid-phase samples were identical,

M5 ssbauer 1"9%n spectra were essentially the same for
isolated complexes and extracts within the measurement error.
A well-shaped not broadened doublet line was observed in all
the patterns, Values of chemical shifts and splittings are
summarised in Table 3 along with platinum metal initial va-
lences and platinum metal to tin molar ratios used for iso-
lation of clusters.

Table 2

Absorption Spectra of Platinum Metal-to-Tin Clusters

Metal ;1 max® 2O ; eo(x’lo“')
Ru 443 1.10
Rh 475 0.38
P4 330 0.30
Os 383 0.25
Ir 359 1.30
Pt 403 0.78
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Table 3

Mossbauer Parameters of the Extractable Flatinum Metal
Clusters with Sncl2

Metal §M=Sn ;man:.ioiY State ? gggﬁ:aiuh : g'puigt s,
| s | Loga, 0 f mveeo
! 1 L y mm/sec |
Pt (IV) 1¢2 cryst. -0.40 2.08
Pt(TI) 132 cryst. -0.39 2.08
Pt (IV) 115 cryst. -0.49 2.06
Pt (1I) 1:5 cryst. ~0. 44 2.16
Pt (IV) 1310 cryst. =0.44 2.00
Pt(1I) 1310 cryst. =0.44 2.08
Pt (IV) 145 solution -0.38 2.07
Pt (1II) 135 solution =0.41 2.12
Pt (IV) 1310 solution -0.38 2.07
Pt (II) 1:10 solution -0.52 2.05
Ru(I1I) 1:5 cryst. -0.05 1.73
Ru(III) 1:5 solution -0.16 1.70
P4 (II) 1:10 cryst. -0.60 2.20
P4 (II) 1:10 solution -0, 58 2.21
Ph(III) 1210 cryst. =0.31 2.00
Ph(III) 1:10 solution -0.26 1.98
Ir(IV) 1:10 cryst. 0.53 2.13
Ir(IV) 1:10 solution -0.44 2.23
0s(IV) 1310 cryste. -0.15 1,72
Os(1IV) 1310 solution -0.25 1.83

[ ccay),x] [snc1,) cryst. #1.41 1.08

27




Data refer to solid-state complexes and their solutions
in hexanol, as is indicated. Platinum metal to tin ratios
correspond to different cluster compositions resulting from
substitution of halogen anion for SnCl3 in the inner sphere
of the metal. Lxperimental values are believed to be correct
to ¥0.05 mm/sec and 0.1 mm/sec for shifts and splittings res-

pectively.

DISCUSSION

Our results indicate that the formation of cluster com-
plexes and the transfer of their soluble forms to an organic
phase is the basis of the mechanism of platinum metals
extraction from a hydrochloric acid medium in the presence
of the dichloride. To validate this view it was essential (i)
to identify the extractable compounds and (ii) to demonstrate
that the transfereble species represented clusters, i.e.
complexes with metal-to-metal bonding. Spectral studies pro-
vided sufficient information to clarify the second point
and what is more to get insight into the nature of this pecu-

liar type of bonding. Then, it was mecessary to explain the
observed concentration dependences.

First of all, the extractibility of platinum metals in
itself is closely associated with their interaction with tin
dichloride. The reaction may proceed in different ways depend-
ing on the conditions. Using platinum as an example, it has
been shown (5) that the composition of the reaction product,
.i.e. the extent of substitution of ligand for complex anions,
varies with Pt:Sn ratio. This was illustrated by isolation
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of [(CH3)4N] [Pt(Snc13)5] and [(033)41!]2 [Pt012(8n013)2J. The
same is true for other platinum metals. This work deals with
complexes of the highest extent of substitution. Provided a
large excess of tin is used, these are readily obtained, pla-
tinum metal being reduced to the lowest valence state, ami

the products exhibit reproducible and time-stable spectral
and extraction characteristics. Only fully substituted comple-
xes are extracted well. Mostly, the saturation was accomplish-—
ed at the formation of mixed ligand complexes by substitution
of usually 2 or 4 chlorines for SnCl'3' in the inner sphere,
the fully substituted platinum compound being the only excep-
tion. All of the species represented complex anions. The same
anions occurred in extracts, as was evidenced by composition
determinations, extraction behaviour studies, and by the fact
that extracts gave spectra identical to those of solid-phase
compounds. This view is supported by a well-known tendency of
tributyl phosphate and oxygen-containing extractants to ex-
tract complex acids in the form of ion-pairs with onium cat-
ions (9). Next evidence comes from a typical form of I&, vs
acidity dependence displayed by Os and Ru (Fig. 1).

Now, it bas to be demonstrated that the complex anions
in question are clusters in fact, that is, involve a direct
metal-to-metal bomting (platinum metal-to-tin in our case).
This follows from spectroscopic evidence. According to argu-
ments in (5), platinum metal is in the lowest oxidation state
and tin is formally bivalent. As a rule, the latter is chara-
cterized by a positive chemical shift with respect to ol -Sn,
whereas the investigated clusters exhibit negative shifts
both in solid phase and in solution (Table 3).
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On the other hand, the observed shifts cannot be assigned
to the presence of Sn(1V) simce it gives shifts in the range
of -1,2 to -2 with respect too(,-sn- Also, electron balance
considerations rule out this possibility. Thus, we are driven
to the conclusion that we deal with an unusual coordination
state of Sn(11). It is more correct to treat its electronic
state as an intermediate one between electronic states of Sn(11)
and Sn(1V). Simce bonding through halogen bridges is inconsistent
with Sn(11) stereochemistry (10) and camnot account for the
observed shifts and splittings, the only altermative is to
assume a direct platinum metal-to-Sn(11) (in Snc13 - anion)
coordination bonding. X-ray structural amalysis of the platinum
cluster compound confirms this conclusion (11). The cluster
model accounts for changes in s-electron density on tin due to
s-electron participation in é-bonding as well as for increase
in splitting originating from metal-to-tin donmation. It sug-
gests an electron tranafer from d-orbital of platinum metal to
oqz‘level of Snc13 s this being essentially Sn P2 and PS' orbitals
and some depopulation of Sn PE orbital since P, electrons
contribution to & -bonding. These two effects are responsible
for all the spectral phenomena associated with coordination
bonding of Snc13 with platinum metals (for details see ref. 5).

In addition, it should be emphasized that the dative
d -Jf*ﬁonding also provides an explamation for the character
of optic spectra. Actually, according to the above considera-
tion, Snc13 represents a ligand of high spectrochemical
activity for it acts as a weak < _gonor and strong & -accep-
tor. Lack of data on cluster structures makes it impossible
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to determine Snc13 position in spectrochemical series. The
assumption of square-plamar configuration of Pt and Pd com-
plexes, which is very likely, results in SnC‘13 field strength
close to that of strong /L —acceptors (CN , CO, 82032'). Thus,
the bond character considerations suppose the assignement

of sensitive to metal bands in spectra of clusters to d—d
ligand field and P;—>d ligand-to-metal charge transfer tran-
sitions. These transitions are nearly equal in energy, as
suggested by the analysis of Sn(}'l3 electronic structure,
though the ligand-to-metal transitions contributes predominant-
ly into the band intensities. The short-wave-length maxima
originate from intraligand transitions and therefore are
observed in free of platimum metal solutions of SnC1, in HC1,
The overall consistemcy of spectroscopic and chemical charac-
teristics of clusters favours the suggested extraction mecha-
nism.

To return to the concentration dependences of the ex-
traction, the following scheme is supposed to explain the
observed relationships according to the law of mass acting:
Smc1, + HCM = HSnG14

< ol
MeC‘In + kSnCLB:___’ "°C1n-k(sn013)k + kC1
RR'0 + H'e= RR'0H*

-4

RR'OHY + M1, (800Ly), & (RR’OHO)C MC1,, (8001 3)y
[KAJaq «— [mjaol.

The data presented in Fig. 1 may be utilized to calcu~
late the equillibrium constants of oxonium salt formation

and the corresponding partition coefficients for different

solvents.
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There are several possible ways of explaining the ano-
malous extraction behaviour of oxygen-containing reagents
in comparison to that of simple complex acids, e.g. HPeC1,,
(9). Purther investigation is needed to choose between them,
S8olvent effect on ion pair stability, differemces in proton
affinity, and to a lesser degree competition of HC1 may be

of primery importame.

CONCLUSIONS

The existence of general mechanism of extraction of
platimm metals was demonstreted. It is based on the for-
mation of cluster compounds with metal-to-metal bonding
which are transferred to the organic phase. The mechanism
is observed in the extraction process in the presence of
8nC1,. It's existence was supported by the overall spec-
troscopic and chemical evidence. M5ssbauer spectral data
were utilized to form an opinion on the coordimation bond
nature in the clusters. The bond is a covalent one with a
considerable JC —character due to a dative electron trans-

»*
fer from d-orbital of platinum metal to ligand JC 1evel.
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On the extraction of halide complexes of metals from

the point of view of co-ordination chemistry

B.Ya.Spivakov, C.M.Petrukhin,and Yu. A.Zolotov
Vernadsky Institute of Geochemistry and Analytical

Chemistry, U.S.S.R.Academy of Sciences, Moscow

It is neccessary to know the composition of the
compounds extracted for solving different problems
of solvent extraction including quantitative des-
cription of extraction equilibria., The examination
of physical=-chemical properties of halide complex-
es of metals and the extractants enablesus to es-
timate in many cases the composition of the compo-
unds extracted from halide solutions depending on

the nature of the metal, halide and extractant.

The estimation of the type of the compound being extract-
ed (extraction mechanism) and its exact composition is one of
most important problems of the solvent extraction chemistry.

The selection of an extractant and conditions for the extrac-
tion depends on the type of the extracted compounds,the know-
ledge of their composition is necessary for quantitative descrip-
tion of the extraction equilibria.

Very many data on the extraction of halide complexes of
metals including data on the composition of the compounds ex-
tracted have been published., Correlations between certain proper-
ties of halo complexes of metals-stability, charge and hydrati-
on, size and others with their extraction behaviour have been
discussed1-4. In this work an attempt has been made to find

regularities which can explain why this very extractable com-

35



pound is formed, to estimate critically experimental data on
the composition of the complexes being extracted and to pre-
dict the extraction mechanism for unstudied systems. Modern
co-ordination chemistry seems to enable us (i) to determine

a type of the compound extracted from some properties of the
metal, halide and extractant and (ii) to estimate the most
probable composition of the extracted compound by the co-ordi-
nation number (CN) of the metal.

Halogeno complexes of metals are extracted via three
mechanisms: as co-ordinatively unsolvated neutral compounds
MeX (X~ is the halide ion), co-ordinatively solvated compounds
MeXmSp (S is the extractant molecule) ,and complex anions which
form part of the composition of ion associates. Any extractable
compound, independent of its composition, must have two neces-
sary properties: weak interaction with components of the
aqueous phase and sufficient stability. The compound must be co-
ordinatively saturated with regard to present in the system
ligands, including water and halide ions. A co-ordinatively
saturated extractable compound corresponds to a molecule
whose electronic configuration is a system with filled atomic
orbitals of the metal valence-shell and binding molecular
orbitals and with a rather high energy of vacant orbitalss.

To estimate the extraction mechanism it is convenient
to proceed from some properties of neutral halides which
have been studied in detail, Co-ordinatively saturated com-
pounds can be extracted into "inert" solvents as co-ordinati-
vely unsolvated complexes. Co-ordinatively unsaturated metal
halides, having energeticaly available vacant orbitals, can,

on the contrary, interact with ligands-donors L (L is the
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halide ion, water or extractant molecule), and can be extract-
ed as anions of ion associates KatnMexg:n or co-ordinatively

solvated molecules MeXmS . The nature of the compound being

extracted depends on thePrelative affinity of MeXm to extrac-
tant molecules S and halide ions X~ and on extraction condi-
tions.

Thus the estimation of the possibility of forming MeXmLt
from MXn and L can be reduced to the estimation of the accept-
or ability of MeXm and electronodonor one of L. That is why the
theoretical consideration of the electronic structure of MeXm
and L and estimation of their donor-acceptor properties seem
to be a natural way for solving the problem. However, modern
calculation methods of the quantum chemistry do not make it
possible to estimate the vacant orbital energy of the molecules
by their atomic properties and ionization potentials can at
best serve as a characteristic of the electronodonor ability
of the ligand for a certain class of the ligandss. This makes
to use more qualitative approaches of the co-ordination che-
mistry and data on physicochemical properties of Mexm molecules.

Data on the electronic structure and characteristics,
that point to a weak acceptor ability of the metal halides,
permit to select molecules which can be extracted into "inert"
organic solvents. For instance, it follows from the electro-
nic structure of GeX, (X=C1, Br, I) that these molecules can
be acceptors only on FLantibonding MO or vacant 44 AO of
germanium, Therefore, GeX4 molecules (except GaF4) are weak
agcceptors. Generally, only metal halides with filled 4 or-

bitals are acceptors solely to np and nd AO and § MO,

ant
That is why metal halides with a weak acceptor ability can

be found only among halides of metals with filled d orbitals.
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Compounds of the class being considered form molecular
crystals with discrete molecules, For example, AsX3(X=Cl, Br,I)
are monomer molecules in both gas and solid phase. A weak inter-
molecular interaction is reflected in low melting points of
such metal halides, for instance, in those of germanium, arsenic,
antimonys.

Such a consideration enables to point out those few metal
halides which can be extracted as ursolvated neutral molecules.
These are halides of Hs(II), Ge, Sn(IV), As, Sb(III) and, probab-
ly, of some other metals,

Depending on the conditions, co-ordinatively unsaturated

metal halides can form corresponding solvates

MeX, + pS = MeX;S, (1

or complex anions
= Ne

MeX + nk~ = MeX ' (2)
the extraction of which by a neutral extractant is described by
the equationX)

+ n- _ + n-
nE” + g5 + Mexm+n - [H Sq]n [Mexm+n] (3)

The distribution coefficients of the ion associate as a complex

acid or a solvate are expressed by the equations

-1 T +n Q
5 =_E§x¥_;“‘+> (X~ B (s) )

B O o
-1
po—tixly CF EF (%)

8 m+n
S gy T
0
where the round brackets denote thermodynsmic activittes,_ﬂi and
x)'El!].xe extraction of metal complexes by amines amnd other cati-
onic extractants can be described as a process of forming the

ionic associate from a co-ordinatively umnsaturated neutral me-
tal halide and an amine halide,
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x& the overall stability constants of the halide complexes and

their activity coefficients in the aqueous phase, k8

8
byl and Kex

the extraction constants for the associate and the solvate, and
X; and Xs denote their activity coefficients in the organic
phase. The probability of the extraction via the first or the

second mechanism is determined by the ratio

a
% = E%‘—-—xl (EFYR(x™)P(s) P - (6)
s Kex fa
A contribution of the ratio of the activity coefficients
for the extracted forms in the organic phase can be essential
if polymerization or dissociation of the forms occurs or in
the case of a large difference in the energy of their interac-
tion with the diluent?.
To examine the effect of other factors, we assume that
X;A£=1 and that the solvate numbers for both mechanisme are
about the same and express Kex through the stability constants

and partition constants. Then

D PP
e il e(EHA I - (7)
Dy Py B

Where Pa and Ps are the partition constants of the complex acid
and the solvate,ﬁa and Ps are the equilibrium constants for
reactions (2) and (1), k is the constant for the formation of

the cationic part of the associate. The value of Da depends
strongly on the anion charge. The Pa/Ps value shifts the equi-
librium to the solvate mechanism if the metal extracted forms

a double charged or a multicharged anion. The dilution of the
extractant with a non-polar diluent can lead to a similar shift.
The values of Da and Ds can be comparable in the case of a single
charged anfon, and the ratio of‘pa(ps can play the decisive role

for the extraction via the first or the second mechanism. This
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very ratio conditions the order of the Da/Ds value in most
cases because the values of'Pa and‘ps, unlike all other para-
meters in equations (6) and (7), can change very much with the
change in the nature of the metal, halide ion and extractant.
The divison of metal ions into classes A and 5o and the

principle of hard and soft acids and bases (PHSAB)”"2

can be
used to estimate the interaction of MeXm with X~ and S.According
to PHSAB, metal ions, their complexes as well as ligands can be
devided into hard (class A), soft (class B) and bordorline. Hard
acids interact preferably with hard bases, soft acids with soft
bases. Neutral metal halides are Lewis acids. Those formed by
hard and soft ions can be respectively considered as hard and
soft13 although the change of the hardness (softness) of MeXm
with changing the nature of X should be taken into account. The
decrease of the electronegativity of the halide ion from fluoride
to iodide results in the decrease of the hardness of MeXm due to
the decrease of the effective charge of the central atom in the
order Merm> MeClm> MeBrm> MeIm in spite of the occurence of the
metal-ligand =-back donation for metals with filled (n-1)d-AO,
The estimation of the relative affinity of the neutral metal
halide to corresponding halide ions and to extractant molecules
can be carried out by means of a series in which halide ligands
and extractant donor atoms follows the order of decreasing their
hardness (increasing softness) 12 F>0>N>Br>I>8, The series,
in spite of its conventional character, proved to be useful for
estimating the extraction mechanism., The authors of work14

estimate the affinity of hard metal halides to X~ by the

nucleophility parameter of the latter.



The hardness and softness of the extractant is first of
all conditioned by the donor atom nature. Hence, oxygen-bearing
extractants are most hard and sulphur-bearing ones are most
soft. Any characteristic, somehow connected with the electronic
density of the donor orbital of the extractant, can be used as
a measure of its hardness within one class of the extractants.
The donor-acceptor ability of the extractant with a given donor
atom is conditioned by its structure and the nature of the
substituents.

The possibility of the formation and stability of complexes
with a mixed co-ordination sphere, that is the interaction
between the extractant and a neutral metal halide, is condition-
ed by the mutual effect of X and S. The mutual effect of the
ligands is considerably connected with the change of the charge
of the complex central atom. That's why the affinity to hard
bases, for example to oxygen-bearing extractant for which the
electrostatic interaction is essential, must increase in the
order: MeIm, MeBr,, MeClm. The decrease of the covalency of the
Me-X bond in this series can lead to strengthening the bond
of the metal halide with a soft extractant as well if the con-
tribution of the metal-extractant Y(-back donation is small15.

The considered regularities combined with data on the
structure and some properties of halo complexes allows to
explain the experimental results known and to predict the
extraction mechanism.

As has been shown, the relative affinity of the neutral
metal halide to corresponding halide ions and extractant molecul-
es, that is the value of Pa[ﬁs, can be estimated by means of the
above mentioned qualitative series for the complex stability.

It follows from the series that fluoride ions are more hard
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ligands than oxygen-bearing extractants (ﬁaéﬁs). That's why
class A ions are extracted from fluoride solutions, apparently,
only as ion associatesx). Thus, tributyl phosphate (TBP) extracts
tantalum as HTaF6 already at the ratio of Ta:F=1:6. Class A metal
ions with the electronic shell of inert gases-scandium, rare
earths, zirconium and hafnium - are extracted via the solvate
mechanism from solutions of any halide ion concentration because
less hard chloride and bromide ions are weak competitors in
comparison, for instance, with TBP for such metals {Pa<\ps).

The covalent interaction with ligands becomes essential for
borderline and hard ions of the transition metals and metals with
filled 4 orbitals (Co(II), Ni, Cu(II), Fe(III), Zn, Ca, In). In
this case chloride and bromide ions are more preferable ligands
than more hard oxygen-bearing extractants (Fs>lps)' Not a single
metal of this group, probably, is extracted with TBP as a solvate
from halide solutions with concentration of more than 3-4 M, that
is if X~ concentration is comparable with extractant concentra-
tion or higher. Less effective oxygen-~bearing extractants, such
as ethers or some esters, extract all these elements as acido
complexes over the whole range of HC1l or HBr concentration.

Sulphur-bearing extractants badly extract borderline metal
ions (and certainly hard ones) from chloride, bromide and iodide
solutions as solvates because sufficiently hard ligands are opti-t
mal for such elements as Co, Ni or Cu(II). As can be seen from
the ligand hardness series, chloride and bromide ions are more
preferable than very soft sulphur from this point of view
(Pa>ﬁs) .

X petraction 16

Extraction data are givem from ~.
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During the extraction of class B ions by oxygen-bearing
extractants the solvates, if any, are formed only at very low
X~ concentration as the inequality of ﬁazips is valid for chlo-
ride, bromide and surely iodide systems. In the case of soft
ions the effective positive charge of the metal decreases as a
result of the formation of the neutral metal halide from the ion
that confirms the validity of the ratio. Thus Ag(I), Hg(II),
Au(III) are extracted as solvates with TBP only at low con-
centration of chloride, bromide or iodide ions while for Au(III)
such a mechanism has not been observed even in the case of tri-
octylphosphine oxide. The inequality .Pa‘kps is valid for class
B ions and sulphur-bearing extractants as, according to the
series given above, sulphur is the optimal ligand for soft
ions and their neutral halides. In the case of such systems the
solvate mechanism is also predominant because sulphur atoms
of practically used extractants is protonated weakly, that is
the value of k in equation (7) is small. That is why Ag(I), Hg(IIl
PA(II) and other such elements are extracted with alkyl sulphides
and their analogs as solvated neutral halides.

A relatively high affinity to proton is a specific pecu-
liarity of most wide-spread extractants containing trivalant
nitrogen. A high value of k in equation (7), conditioned by
this, results in Da>-Ds, that is most elements are extracted
from HX solutions as ion associates (steric hindrances can
also prevent from the formation of the solvates). The solvate
mechanism is possible only for elements with a high affinity
to nitrogen, for example for the platinum metals during their
extraction by primary amines from HC1 solutions17.

Thus the approach suggested enables to estimate the type

of the compound being extracted (extraction mechanism) by certain
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metal, halide ion and extractant properties and extraction
conditions. The estimation of the exaet composition of the
neutral solvate (solvate number) or the anionic part of the
ion associate should be the next step. This problem can be
solved by estimating CN of the metal in the compound being
extracted using literature data on the composition of its com-
plexes. For this purpose it is necessary to analyze data of
physical and chemical methods on the structure of corresponding
halide complexes in each particular case. We may consider here
only few examples.

A lot of papers have been devoted to the study of the
extraction mechanism of scandium with TBP. It has been sugges-
ted in early works that scandium is extracted as a complex

acid HBScCIG-BTBP or HScCl, 2TBP. More detailed studies have

4
shown that a solvate of ScCl3(TBP)p is extracted where p=3,2

or even 1. As has been shown above, the solvate mechanism is
much more probable for such an element as scandium., It is known
that ScCl3 has vacant (n-1)d AO and, hence, should be a compara-
tively strong acceptor. In fact solid ScClB is a coordination
crystal (m.p.is 960°C) with CN of six for scandium. That's

why a solvate of 80013 *3TBP is the most probable compound

being extracted. The suggestion on the formation of the mono-
solvate seems to be groundless.

One more example. It is known that palladium is extracted
with soft extractants from halide solutions via the solvate
mechanism, Most chemists have come to the conclusion that
compounds of dez-zs(x=01, Br, I) are extracted. However, the
authors of one work have experimentally shown that the mono-
gsolvate de2-S is extracted. Meanwhile, plane square complexes

are typical for palladium (II) as well as for other metals with
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structure. Such a structure is observed in all palladium
compounds. The main fragment of the structure of PdCl2 is the
plane square co-ordination. Complexes with dialkylsulphides and
phosphines are also plane and square. That's why we can think

that the authors, who observed the extraction of the monosolvate
(if their experiments were correct) dealt most probably with
dimer molecules of the extracted compound with two bridge chlorine
atoms,

The authors, dealt with the determination of the composition
of cobalt (II) halo complexes being extracted with oxygen-
bearing extractants, faced some difficulties. The information
on the mechanism of the extraction of cobalt(II) from chloride
golutions is contradictory. According to some works, only
CoClzz passes to the organic phase from HC1l, LiCl, CaCl2 solu-
tions as well as merely from 00012 gsolutions., Some other
authors have come to the conclusion that TBP and ketones

extract CoCl,<pTBP, Li(CoClB)'pTBP and Li2(00014)'pTBP. The

K18

2
authors of wor

believe that a complex of 00012 *3TBP is
extracted at HC1l concentration of less than 5 M and that of
HCoCl3-3TBP at higher concentration. The analysis of data on
the structure of solid complexes (C0X2, where X=Cl, Br, I,
forms octahedral structures, complexes of CoX2'2S do molecular
tetrahedral and polymer octahedral structures) enables us

to think that solvates of CoCl3+25 or CoCl,+45 can be extracted
from solutions with low Cl~ concentration (the formation of the
disolvate seems to be more probable).As has been shown above,
H2CoCI4 must be the main extractable form in the extraction
from solutions with high HC1l concentration. The extraction of
H00013 is also possible from solutions with moderate Cl~

concentration but only if the fourth co-ordination
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position of cobalt is occupied by an extractant molecule becau-
se Co(II) does not form complexes with CN=3, If co-ordinatively
solvated anions are not formed under extraction conditions,

one can believe that the composition of HCoCl3 is not valid.

A mixture of a cationic extractant and a neutrgl one
can be used for effective extraction of metals forming co-
ordinatively unsaturated anionic halo complexes under extrac-
tion conditions. Trivalent transplutonium elements (TPE) from
anions such as(MeCIZ or MeClg') in extraction systems with amines.
CN of the metal in these complexes does not correspond to
the potential co-ordination of the TPE ions which have a
number of encrgetically available vacant orbitals. The co-
ordination sphere of such hard ions is added with water molecul-
es (hard ligands) that prevents from the extraction of the com-
plexes. That's why a suggestion has been expressed and experimen-
tally confirmed that a mixture of tri-n-octylamine with TBP
extracts americium (III) from LiCl solutions much better than
alone extractants. The solvation of anionic chloro complexes
of Am(III) with TBP molecules leads to an increase in their
extraction with amines19.

For the last example of using PHSAB and data on CN of ions
for the explanation of the extraction behaviour of halo complex-
€8s, it is well known that indium is extracted with oxygen-bear-
ing extractants and amines from chloride solutions much worse
than gallium and indium (III). At the same time all three
elements are extracted into the organic phase as MeClZ complexes
whose stability follows the order: Ga SIn<T1l., Such "anomalous"
behaviour of indium becomes clear if we compare the change of
CN and the ion softness from Ga to T1(III). Gallium is most hard

of three ions but the complex GaClZ is not hydrated in the
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inner sphere as the small size of the metal ion prevents

from the formation of a complex with CN>4, The size of In
and T1(III) enables them to add two water moleculesto a MeClZ
anion (CN=6) but indium is a rather hard ion and it retains

them firmly while a soft thallium ion in TlCl4 is whether not

hydrated or forms a very weak bond with water molecules.
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Extraction of Monobasic Acids by .amines

Miroslav Mrnka, Jana Satrovd, Véra Jedindkové and Jiti feleda
Prague Institute of Chemical Technology, Department of Nuclear

Fuel Technology and Radioclhiemistry, Czechoslovakia

From the results obtained by the chemic:l analysis of the
organic phase as well as by cryoskopic and viskosimetric measure-
ments and from infra-red spectra the authors conclude that ami-
ne salts of strong mineral acids are forming six-membered rings
in the organfc phise. At a high water activity in the system the-
se rings consist of the ions RBNH+ 3 X and of water molecules.
With decreasing woter activity in the system a dehydration sets
in and the rings of the h;drated salts are transformed into ejual-
ly six-membered rings of the trimeric anhydrous salts. A similar

formation of cyclic structures seems to be responsible also for

the excess acid extraction.

The mcchanism of the extraction of acids by amines is not
yet fully elucidated, in spite of the numerous investigations
done in this field. From this point of view, the following three
guestions are essential:

1/ the association of the salt in the org.nic phase
2/ the co-extraction of water
3/ the extraction of the excess acid

So far there does not exist any uniform opinion on the part

played by water in the extraction process, where contradictory

results hwve been published, neither there are any exactly for-
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mulated conclusions on the structure of the extracted species
in the organic phase,

The aggregation of the amine salts has actually been stated
nearly in all cases of the extraction of mineral acids by amines.
From the published experimental dsata it may be inferred as a ge-
neral rule that the association is enhanced by the same factors
as those which influence the polarity of amine salts: by the stre-
nght of the acid and by the basicity of the amine. Markovits and
Kertes /1/ find the following order of the dimerization constants
of amine salts:

HCl<HN03< HBr< HClO4< HHSO4
which is nearly exactly the order in which the pol«rity of the
salt is increasing. The majority of experimental results show that
aggregation comes to stop at the stage of low oligomers, with asso-
ciation degrees within the range of 2 - 4. This fact has been estu-

blished for salts of secondary and tertiary amines.

The extraction of the excess acid hss also been observed with
all mineral acids. according to Keder and Wilson /2/ the tendency
to bind additional amounts of the acid decreases in the following
order:

HNO,> HC1 > HHSO

3 4 4
which is the order of increasing strength of the acid.

> HBr >HJ >HC10

This direct dependence of the excess &cid extraction on the affi-
nity of the anion of the salt for the proton indicates that the
molecules of the acid extructed in excess are bonded to the salt
of the amine by hydrogen bonding of their proton to the anion

of the salt. Conforminy;ly to these conclusions on the mechanism
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of the excess acid extraction the formation of the complex anion

HXE is assumed, in the case of monovasic acids.

If this conclusion is right, than we might expect that the
perturbation of the N-g* bond in the hydrogen-bonded cations
should decrease on excess acid extrsction as result of this for-
mation of the more basic simple anion X~ into the weakly basic
complex anion. This has been confirred by Keder ‘s and Wilson’s

messurements of the infra-red spectra /Z/.

For the co-extraction of water there are so far no complete
data about the way in which the water molecules ure incorporated
into the structure of the salt of the amine. It may, however, be
assumed that the water molecules are hydrogen-bonded by oue of
their OH's to the anion of the salt since it cannot be bonded to
the cation of the amine where no free electron psir is available.
As evidence for the formation of the OH-X bond may serve the
fact that the affinity for water increases with the proton-accep-
ting tendency of the anion, i.e. with the basicity, as well as
with the tendency of the amine salt to bind molecules of alco-
hols ROH, where the formation of the hydrogen bond O-H...X has
been established from shifts of the stretching frequencies of
the O-H bond. In the case of the excess acid extraction of some
acids an increase of the co-extraction of water has been obser=-
ved. This indicates that the first additional amonts of the acid
pass into the organic phase as the hydruted ion pair H30+—X_.

So far it is not known, which is the relation between the way of
bindingz of these pairs and the binding of the anhydrous HX mole-

cules. The authors only agree in the statement that no simple
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relation between the water content and the content of the excess
acid in the organic phase can ve found. Neither it is possible to
say that there exists a stoichiometric displacement of water by
the excess acid, nor to interpret the observed fact in terms of a
stoichiometric hydration of this acid. Sometimes there exists a
certain parallelity between these two processes, in other cases,
however, there appear diasmetral differences, supporting the view
that the addition of water and the excess acid extraction are two

independent reactions.

We have found by comparutory cryoscopic measurements that the
polymerization degree of the amine salt in the orgunic phsse de-
pends on the water activity in the system and that it is in connec-
tion with the co-extraction of water /directly determined by the
anuslysis of the content in the orgiznic phase/. When hydrochloric
acid is extracted from diluted acueous solutions, where the acti-
vity of water in the system is high, water is being co-extracted
by trioctylamine in an eguimol:r ratio, i.e. 1 HZO molecule to each
molecule of the amine sslt formed in the orgunic phase, and the po-
lymerization degree of the salt is equal to 2 in this case. Contra-
ry to this, there is no extraction of water from concentrated acid
solutions /as far as we do not re.ch the region of the excess acid
extraction/, and the polymerization degree of the amine suslt tends
towards 3 in this case. In the transition region between these two
extrems the polymerization degree changes with the water content
in the organic phase in such a way as if there existed a mixture of
an anhydrous trimer of the amine salt with a dimerized hydrated

salt containi 1 H,O molecule for each R NH+ -X~ ion pair.
55 < 49 3
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If each cation RBNH+ and each anion X  as well as each water
molecule is taken as one link in the polymer chain /which is pos-
sible to do here regarding the fact that the hydrogen bonds O-H
.+..X and N-H...X behave as rigid connections we obtain the number
of members in the polymer molecule of the amine salts equal to 6
in all cases, no matter what is its hydration degree. This high
stability of the six-membered chains has lead us to the conclu-

sion that the chains undergo cyclization to six-membered rings.

Respecting the fact that the aminium cation does not dispose
any free electron pair to act as an acceptor of the hydrogen bond,
it is possible to involve this cation into structural considera-
tions only as a donor of hydrogen bonds. Anions of strong acids
are as a rule weaker acceptors of hydrogen bonds than the relati-
vely strongly basic water moleculesj on the other hand, they dis-
pose of a stronger electrostatic field than the electro-neutral
water molecules whose electrostatic action is limited to the short-
range dipole field. From this we have inferred that the amine ca-
tions in the hydrated salts will preferently form hydrogen bonds
with the water molecules, whereas the anions in the polymer chain
they will be held by bonds of prevailing electrostatic character
/"ionic-bonds"/. In this way we have come to assume the following

structure of the dihydrate amine salt:
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where the ionic bonds are represented by dotted connection lines

while the dative electron shifts in the hydrogen bonds are marked
by arrows. In the case of the anhydrous salt the formation of six-
membered rings is possible only through association of thfee mole-

cules of the salt:

3
\x‘_ - ijfl/

When the concentration of the acid is lowered /i.e. with increasing
activity of water the anhydrous trimer rings are converted into di-

metric hydrated rings.

A point of favour of these structures are also the infra-red
spectra. To the non-disturbed N-H+ bond in the amonium cation
should correspond, according to published data, the stretching fre-
quency /N—H+/ in the vicinity of 3 200 em~Y. The perturbation of
the bond will shift this band to lower freguencies. In the case of
the extraction of perchloric acid the perturbation is rather weak
due to the very low basicity of the anion ClO; 3 the region of
stretching frequencies is shifted here only to 3 000 - 3 100 cm-l,
where can still be distinguished the peak of symmetrical and asy-—
metrical vibrations. In the case of HCl the shift is larger both
peaks are strongly broadened and melt together to a broad band
with absorption muximum at 2 400 cm-l, corresponding to the stret-

ching mode of the N-H bond in the amonium cation strongly pertur-

bed by hydrogen-bonding. The protons of the absorption maxima of
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the NH band in other salts of TOA in the organic phase are given

for comparison:

HC10, 3 050 cm™t DCl0, 2 280 cm™t
HNO 2 650 " DO, 2110 "
HJ 2 600 " 201 2 090 "
HBr 2 500 "

HC1 2 400 "

HF 2 250 "

Nitric acid assumes here an anomal position among other mineral
acids. In spite of being a relatively wezk acid, its NH stretching
frequency comes near to that of stronger hydroiodic acid. The ob-

served shifts are in agreement with the values found by meny authors.

The big shifts of the band found for trioctylamine chloride
indicates a perturbation of the N—H+ bonds by their participation
in strong hydrogen bonds between the N-H+ cations and their neigh-
bours in the cyclic chain. In the case of the dimeric hydrates the-
se neighbours are the ions X~ and the HZO molecules. Since the ani-
ons X can be bond to the N—H+ cations as well by electrostatic
forces as by hydrogen bonds whereas to water molecules they can
practically be bonded only by hydrogen bonds, it may be assumed as
already mentioned before - that the only proton available in the
alkylaminium cation RBNH+ will be turned towards the H20 link in
the hydrated ring and form a hydrogen bond with this molecule, whe-
reas to the anion X~ the RBNH+ cation will be held mainly by elec-

trostatic forces. The water molecules are then going to close the

ring by forming a hydrogen bond between one of their two O-H bonds



and another anion X , as shown in the formula. The second O-H
bond remains free, since the NH+ group does not dispose of free
electron pairs by which it could bind additional protons and act
towards the OH group, as an acceptor of the hydrogen bond. By such
formation of hydrogen bonds between the links H20 and X~ it may

be then easily explained why the hydrogen bond ' - OH2 varies

in strength in different salts of the same amine. The stronger ba-
se is the anion X, the stronger it will perturb the O-H bond in
water. It will polarize by attracting the proton more to its own
side, which results in larger electron density on the oxygen atom
and, consequently, a stronger perturbing action of the last on the

amine proton in the NH - OH2 hydrogen bond.

Infra-red spectra of trioctylamine chloride have fully con-
firmed these conclusions. They show a sharp peak of the free OH

bonds on 3 650 em™L

an intensive broad absorption band of the hy-
drogen-bonded OH groups with maximum on 3 400 cm_l. With other
salts this splitting is somewhat different. In the case of trioc-
tylamine perchlorate this band is considerably narrowed and its
shift is smaller, proportionzlly to the narrowing of the band and
to the decrease of its own shift. This shows that the action of
the anions in hydrated amine salt is transfered by inductomeric
effects along the whole chain as well to the HQO links as to the
RBNH+ cations. This is well consistent with the cyclic structure,
with hydrogen bonds /connecting all the participating components/.
These conclusions have been tested on synthetically prepared ami-

ne salts.
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Cryoscopic measurements have clearly shown that anhydrous
amine salts, independently of the acid applaied, are polymerized
to the mean association degree h = 3. Adding water to the anhydrous
solution leads to the transformation into hydrated dimers. This
was best seen with TOA chloride in benzene solutions where it was
possible to prepare a hydrate in the ratio TOA:HCl:H20 = 1:1:1
and where the mean polymerization degree fell gradually on addi-
tions of water from the value 3, corresponding to the anhydrous
salt to the value 2, attained at the hydration ratio 1:l1l. With ot-
her TOA salts it was not possible to prepare the solutions of a
stoichiometric monohydrate of the salt in benzene. However in the-
se cases too the decrease of the association degree from the va-
lue n = 3 for an anhydrous salt was proportional to the water con-
centration in the orgunic phase and correspondent to the amount of

dimeric monohydrate calculated from the amount of water added.

The extraction of excess amounts of the acid is paralleled by
increase of the water concentrution in the organic phase even in
cases, where there was already a dehydration of dimeric hydrate
beginning, before the excess acid extraction has set in. This shows
that the excess amounts of the acid are transfered into the orga-
nic phase in the form of a monohydrate, i.e. H30+X- ion pairs. The
mean association degree of the amine salt is simultaneously incre-
asing, as may be seen from the decrease of the freezing point de-
pression as well as from further increase of the viscosity of the

organic phwse. Hence it mygy be assumed that the excess acid is for-

ming ion-pair bridges linking the cycles mutually into larger units.
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As to the way in which the H30+X- bridges are incorporated between
the two adjecent rings, it is possible to start with the assumption
that the cationic pole of the ion pair is hydrogen-bonded to the
anionic member in the ring transforming it into a voluminous comples
anion with a lowered electron density, thus weakening its hydrogen
bond with the NH' cation. Therefore, the perturbation of the Na*
bonds should be weakened and their band originally shifted towards
low freguencies, should be return near the v<lue corresponding to
the non-perturbed bond. In the spectrum there snhould furthermore
appear a new band in the region of low frequencies belonging to the
hydrogen-bonded H30+ cations. Both these effects were actuslly found
in the i.r. spectra. This shows that the excess acid extraction
actually starts in such way bonding of H30+X_ ion pairs to the X~
members of a hydrated ring, excess acid side chains are formed to
the anionic poles of which a second ring is then associuted by mesns
of its free OH groups. In this wsy the side chains, in their turn,
are closed to a ring and get stabilized. Such bonding of a hydrated
ring to another hydrated ring mw.y give rise to a condensed tricyclic
molecule containing 4 RBNH+ cations and 2 eXcess acid unites. The
mutual association of the anhydrous ring alone, however, should not
be possible, due to the disappearence of the HZO members being essen-
tial for this mechanism. This would mean that the association of
cycles in the course of excess acid extraction should proceed only
to such extent, insofar the decrease in the water activity in the
system has not reached the degree at which an extensive transforma-
tion of the hydrated dimeric cycles into anhydrous trimers set in.
The extraction of further amounts of excess acid should then proceed

in an anhydrous form and without mutual association of rings. This

58



is fully consistent with the cryoscopic data, which show an in-
crease of the association degree of the amine salt in presence of
hydrated excess acid in the organic phase towards 4 and subsequent
decrease to 3, when the water content in the orgsnic phase is de-
creasing towards cﬁ20 = 0 on further increase of the concentration
of the acid in the\aqueous phase. Hence we have inferred that the
H30+X7 side chains, having lost the opportunity to bond with their
anionic poles to the H20 links in a second hydrated ring, are being
transformed by further uptake of anhydrous HCl molecules into lon-
ger acid side chains which get cyclized on the same trimer ring.
Owing to the considerable stability of the cundensed structures it
may be assumed that the water remzining in the organic phase at tho-
se high concentrations will be preferentially concentrated into

the remaining tricyclic molecules. Anhydrous HX molecules will be
preferentially incorporated into the acid side chains. Water is go-
ing to be bond there only to the extent necessary for the cycliza-
tion of these side chains into stable side rings by forming ionic
bonds between the anionic end of the chains and the RBNH+ cations
in the trimeric cycles. The results of chemical analysis and cry-
oscopy have confirmed this pattern. Furthermore, if these conclu-
sions are right, then the entrance of the anhydrous molecules into
the cycles should be detectable in the infra-red spectra by a new
absorption band. From the existence of the equilibrium which in the

systems with comparable water and HX concentrations
+
E20 + HX:=H30 + X

is considerably shifted towards the centre, it may be concluded thut
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the strength of the HX bond is comparable with that of the O-H

bond in the H30+ ion so that the band of hydrogen-bonded HX mole-
cules might be expected in the vicinity of the band of hydrogen-
bonded H30+ ions. Since the O-H and NH band are widely perturbed

by the bands of C-H bonds we heve employed deuteration for checking
these conclusions. In this way it is actually possible to detect

in the i.r.spectra in the region of highest acid concentrations as

a shoulder on the very broad hydroxonium ion band. That it is really
the band of anhydrous HX molecules becomes obvious from the fact
that the total absorption intensity in the long wave region is con-
tinually increasing with increacing excess acid extraction, although
the concentration of hydroxonium ions begins already to drop at the.
se high acidities due to the strong dehydration of the organic pha-
se. In deuterated systems the bands of all these types of hydrogen
bonds are quite distinct. This formation of side cycles bonded to
the anions of the ac¢id results in a decrease in the electron den-
s8ity at these anions similarly as the substitution of this anions

by anions of a stronger acid. In this way also the anomalous posi-
tion of the NH bands observed in the case of the extraction of the
nitric acid may be easily explained. This acid is being extracted
already from low concentrations in high over-stoichiometrical pro-
portion as anhydrous molecules, and the cryoscopic polymerizution

degree of the amine salt is 3 in wide TOA:HNO, range. This shows

3

that the anhydrous molecules HNO, form side cycles on the anions

3
NOS simultaneously with the formation of the amine salt, so that the
anions in the rings are not NO}, but big complex anions /NOB/NHOB/D/-

of lowered basicity.
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Conclusions

It was found from chemical analyses of the organic phase and
from cryoscopic and viscosimetric data as well as from infra-red
spectra that hydrochloric, hydrobromic, hydroiodic, nitric and
perchloric acids are extracted by benzene solutions of TOA in the
form of six-membered rings of the amine salt consisting of the
ions RBNH+’ X~ and of the water molecules partly associated by hy-
drogen bonds and partly bounded by forces of prevailing electrosta-
tic character. To the anions in these cyclic chains the "over-stoi-
chiometric"” amounts of the acid are bonded. At higher activities of
water they are transfered into the organic phase as H3O+-x‘ pairs.
As long as there are hydrated cjcles of the amine salt present in
the organic phase, able to bind by their free OH groups the anionic

- -
ends of these H30 -X pairs the rings are associated by the H30+-X
side chains of excess acid to give tricyclic condensed molecules

and the polymerization degree of the salt is increasing. When at

high acid concentration in the aqueous phase the hydrated cycles

have been converted into anhydrous trimeric rings, the acid side
chains cyclize under intake of anhydrous HX molecules to side rings
by bonding their free anionic end to the same trimere ring without
increasing the polymerization degree of the trimeric anhydrous salt.
This double mechanism of excess acid extraction, in which the propor-
tion of both alternative reactions varies in dependence on the acti-
vity of water in the system, on the acido-basic characteristics of
both the amine and the acid as well as on the diluent used, may ac-

count for the contradictory results reported in the literature.
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THE INTERMOLECULAR HYDROGEN BOND AND DONOR-ACCEPTOR
PROPERTIES OF THE PHOSPHOROUS - AND NITROGEN -
CONTAINING EXTRACTION AGENTS

B.N. Laskorin, V.V. Yakshin, B.N. Sharapov

At the present time it should be commonly accepted that
the- donor~acceptor mechanism of the interaction is general
for both interactidn in a pair of complexing agent - ligand and
for an intermolecular hydrogen bond (IHB) formation. Thus an
approach based on the extraction properties of compounds inter-
preted in terms of IHB thermodynamic parameters is quite

promising.

The equilibrium constants, free energies, enthalpies and
entropies of IHB's were determined for 40 neutral organophos-
phorous compounds of the type XBPO (where X=R, RO, NRZ' NHR)
with phenol and water using the method of IR spectroscopy. The
values were computed that describe quantitatively an electron-
donor activity of the molecules and satisfactorily correlate
with their extraction properties. The proposed principle could

be easily extended to polydentate extraction agents.

The way of isolating compounds by means of extraction has
found a wide application in the various fields of science and
technology. Extraction permits study of the states of elements
and compounds in the aqueoue solutions at macro and micro concentr-
ation levels. It also gives an opportunity for designing automat-
ic plants for processing irradiated fuel with a minimum number
of staff which is of great importance for theoretical and applied
radiochemiatry(1).

Besides its traditional application in hydrometalurgy
extraction plays a leading role in good and drug production.

The extraction spectrophotometric method opens new possibilities
for analytical chemistry. At the present time extraction processes
are used in protecting the biosphere and their role will increase

in the future.
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The extraction type of processes are not properly understood
in the complex and multiateral living activities of man,
animals and plants studied by biochemistry although the final

success in this field is hardly reestimated.

Thus it is necessarily to make steps towards developing the
theory of choosing the extraction agents and quantitatively
describing the principal reactions accompanying an extraction,
in particular the donar-acceptor complexing agent - ligand
interaction. The quantum-chemical calculations of the complexes
could give the most complete information. However, nowadays
there are rather few sufficiently reliable results (ab initio
calculations and computations within the Hattwee-Fock-=Roothaan
approximation(a)) for deriving a reasonable theory. Most of
the work carried out using the zero-differential overlap and its

(3)

different modifications afforded quite contrary results o

In our opinion a perspective explanation and foreasting of
the specifies of extraction interactions is afforded by the study
of energetic parameters of the hydrogen bond formation (H-bonds)
between an acid standard and some bases which may serve as
extraction agents. Actually the first papers have been published
a quarter of a century ago which propose and prove a donor-
acceptor model of the hydrogen bond(4). Most parts of the theory
have been studied in detail and modified and now the model itself

(5)

is approved by a majority of the specialities . A great number
of experiments were conducted that enable from thermodynamical
studies deduction of a relation between the molecular electronic

structure and the macroproperties of the compounds available,

The present authors used phenol and water as standard acids
(electron acceptors) because of the following reasons: Reactions
with phenol have been studied in sufficient detail. Thus one
may compare the electron donor properties of the phosphorous-
and nitrogen-containing extraction agents to those of a large
number of compounds that belong to different classes. The energy
of hydration of the extraction agents is interesting in itself

6,7),

and water could also be used as a standard acid(



The thermodynamic measurements were performed by means of
the infrared spectroscopic method. The dilute solutions of
acceptor (A) - electron donor (D) in carbon tetrachloride were
investigated. According to our data and those already reported(s)
phenol in CC14 solution is by more than 99.9% momomeric (at
Cy = 3- 5 x 1073 mole/1). The Cp concentration of the extracting
agents wgs such that provide the ratio CD/CA = 0,5-0.15. 1In
the study of the interaction between the neutral organophosphorous
compounds (NOPC) and water the binary solutions HZO - NOPC
(CD/CA = 1 = 3) were prepared and then diluted ten-fold with
CC14.

f the IR spectra were obtained

In the region of 4000-2000 cm~
on the double - beam IKC-14 spectrophotometer with an LiF prism.
Frequency calibration was performed using the chloroform and poly-

styrene spectra.

The IR spectra of the system phenol - NOPC-CC14 showed a
narrow band ~’}r = 3611 cm-1 assigned to the OH stretch in phenol
and a broad band corresponding to'q'as of OH stretching mode
of phenol associated through an intermolecular hydrogen bond with
the phosphoryl oxygen of the doner. The last band has several
satekkites in the low-frequency part; but their number is indep-
endent of the donor type and intensities increase with increasing
AV: \)'f - . _. Similar behaviour of “*__ has been cited
(9-12) ang explzined by its Fermi resonance.asThis is quite in
agreement with the theoretical strt(x:t}:l;re of the band *;s in

hydrogen bond complexes predicted on the basis of simple
models of H - complexes using published results (14). Spectros-
copic titration has demonstrated that under such conditions phenol
reacts with X3P=0 (2=R, RO, NR,, NHR) in CC1, to give an 1:1

complex.

(17,18)

Badger and Bauer were the first who tried to obtain
the thermodynamic characteristics of H-bond formation from spectral

parameters.
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They have observed a linear dependence between enthalpy A H and
frequency difference L\" for absorption of the free and associated
groups. Now a large number of dependences of the type H= aAY-.-
+ b with different a and b are known which describe a limited

set of donors interacting with an acceptor. Drago et al(19)

have observed a linear correlation between the shift and enthalpy
for one base and different acceptors. Iogansen(zo) has doubted
the validity of a linear dependence of A H with A\rfor the AH
region investigated (0-11 kcal/mole) and assumed a quadratic
relationship between & H andA‘rwith an observed deviation from

linearity at & H & -3kcal/mole.

We suggest that the literature data available allow us to
ascertain that for AH ) -4 kcal/mole the enthalpy versus
frequency shift is linear. Using published ratios (21-24) we
estimated the enthalpy of H-bond formation between phenol and
phosphorous - and nitrogen-containing extraction agents as a

mean of four values. The equilibrium constants were computed
25=27

(25)

equations proposed was replaced by a more accurate analytical

by theee methods The graphical solution of the system of

one. The free energy and entrpy were found from therelations

(Ac®) (As°):

AG® = RT 1n X (1)

as’x? =Ax® - Ac® (2)

where R is the universal gas constant,

and T = 298° K

The hydration enthalpies of extraction agents were computed

(28)

using known equations derived on the basis of theoretical

(29) (30,31)

formalism and computation of vibration spectra of

water in solutions,

Table 1 shows the spectral and thermodynamic parameters of
complex formation between the neutral organophosphorous extrac-

tion agents and phenol and water.
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Statistical analysis of the experimehtal data was performed by
the method(sz)

values in Table 1 are measured at an accuracy of 20%.

for avoiding rough measurement errors. The

TABLE 1

The spectral and thermodynamic characteristics of complex
formation between the neutral organophosphorous extraction

agents and phenol and water in CC14

No. Electron Electron acceptor
donor phenol water
o 0 o o
AV sk K -AG"-45° Ep AV -AWg -k,
1 (CHB))BPO 307 5.7 120 2.8 9.7 1.08 224 4,0 3.8

2 (caso)zp(o)cﬂ3 334 6.1 203 3.1 10.1 1.15 236 4.0 4.0
3 (CHBO)P(O)(CHB)ZQOO 7.0 295 3.4 12.1 1.32 278 4.8 4.6
4 (CHB)SPO kso 7.6 687 3.9 12.4 1.43 298 5.1 5.0
5 (CHBO)ZP(O)N

(CH3)2 361 6.5 196 3.1 11.4 1.23 239 4.2 4.3

6 c%oﬂo%
(N(CH )2)2 k16 7.2 524 3.7 11.7 1.36 255 4.5 4.8
L)
74 (N(CH3)2)3P0 462 7.8 736 3.9 13.1 1.47 332 5.8 5.2
8 (CH3)2P(O)-
N(CH3)2 b2 7,5 332 3,4 13,8 1.42 283 5.0 5.0
9 CHBP(O)-
(N(CH3)2)2 460 7.7 653 3.8 13.1 1.45 273 4.8 5.1
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10 CH P(C) CH
11 = 1H( Cﬁ
(C,Hy)=P0O
11 479’3

12 (C4H9)2P(O)C4H9

13 (C,Hg0P(0)-
(c

14 (0489)5PO

15 (C4HAO)2P(O)-

(C4P9)2

16 C,HyO0P(C)-
[N(C )2]2
(C, B )éEPO

18 \c ho) P(0)N~-

O)N(C

S~
C4H90

),B(C)-

21 (o Hy
HHC4 9
P(o)(-

“LC H )2

n
n

23. (HIC 4..9) PO

<4 C4h9

(LnC4.

CP(G)-~

9)2

25 (C,Hg0) P(0)-

i .-04119

4Hg)2

379
320

383

451
496

368

6.7 458 3

6.0 150

6.7 261

7.6 316

8.2 664.

6.5 253

427 7.3 326
468 8.0 1104

454 T.7 561 3.7 13.7 1.45 303 5.1

443

377

513

5C4
541

496

3.3

3.4
%8

3.3

4.1

10.4

0 10.1

11.4

14.1
14.8

10.7

13.1
13.1

1.26
1413

1.25

1.43

1.23

1.38
1.51

7.5 533 2.7 12.8 1.42

7-1

8.4

8.3
8.8

8.2

6.1

68

262 7.3 12.8 1.34

735 3.9 14.8 1.56

871 4.0 14.8 1.55
1104 4.4 15.8 1.66 344 5.8 5.8

241 4.2 4.4
211 3.8 4.0

257 4.3 4.4

282 4.9 5.0
.06 5.3 5.4

251 4.2 4.3

273 4.6 4.8
283% 5.1 5.3

5.7

281 4.8 5.0

265 4.5 4.7

5413 5.3 5.5

319 5.4 5.5

828 4.0 14.1 1.53 313 5.3 5.4

310 2.4 9.1 1.15 233 7.9 4.0



26 (C4H90)2P(O)NH2 335 6.1 266 3.3 9.4 1.15 269 4.3 4.0
27 (c4ngo)§(o)—
NEC,Hg 344 6.2 305 3.4 9.4 1.17 242 4.0 4.1

28 (C4H90%P(O)HHCBH7

Wl
G
-

6.5 443 3.6 9.7 1.23 239 4.1 4.3
29 (C,4Hg0)P(0)=

30 (C6H110)2P(C) =

I{HC4H9 361 6.5 338 3.4 1C.4 1.23 254 55 4.3
31 (CgHy70),P(C)=-

KHC4H9 361 6.5 263 %3 1C.7 1.23 254 4.3 4.3

32 (c4§90)29(c)uﬁc439 3C7 5.7 3C5 3.4 7.7 1.08 248 4.1 3.8
33 (C4H90)2P(C)HH-

C,Hq-t 292 5.6 355 3.5 7.0 1.06 246 4.1 3.7
34 (C4H90)2P(C) -
KHCGH, ,-cis 318 5.9 443 3.6 7.7 1.11 249 4.1 3.9
35 (h-c4590)zp(c)-
FHC,Hy 322 5.9 482 3.6 7.7 1.11 245 4.1 3.9
36 Ec)gp(o)mﬁc4H9 401 7.0 118 2.8 4.2 1.32 265 4.5 4.6
H(C4H9~ I)2 350 6.3 285 3.3 10.1 1.19 246 4,0 4.2

Wl
(0}

(C4Hg) (0)N(Cyligh)322 5.9 466 3.6 7.7 1.11 235 3.9 3.9
39 (C,EqC),P(0)H~

(06311—0)2 3312 661 290 3.2 90T 1.5 253 443 45¢
4,8 (i-c4ngo)3po 329 6.1 165 3.C 10.4 1.15 223 %.8 4.
) " c%§5
otes to table 1, EG - C,HgCL ~ CH,O0
1

Units: o) - cn”y aH® end 4G° keal/mole, 58° ewu. , K - 1/mole

Jeasured at 25°C.
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The reaction of NOPC with water and phenol has the same

(19) that the strengths

nature. Thus it is naturally to expect
of the H-bonds produced would vary linearly, Actually, such a
linear dependence is observed

2.0 H -2.3 (r=0.92) (3)

Hohenol = H,0

Thus it is quite obvious that one may introduce the para
meter specifying the electron donor ability of the given
compound in all donor-acceptor interactions. Iogansen has
shown(33) that the enthalpy of an H-bdnd is almost proportional
to the product

Hij = H11PiEj
where H11 is the proportionality coefficient equal to the enthalpy

of a standard complex with an H-bond,

p; - the factor of the i-th acid,
4t

Ej - the factur of the j-th base.

Phenol and diethyl ether were used as the standard reacting
pair for which PizEj=1 and H11 = =5.3 kca%é;gle. The values of
Ej unluckily called the basicity factors were computed for
NOPC (Table 2). Using Ej's, the hydration enthalpies of NOPC
were found which agree well witn the experimental data (table 1).
Acceptor properties of water could be estimated from equation (4)
and E.:

P = 0.66.
HZO

Of practical interest is a comparison of Ej's with extraction
characteristics. Table 2 lists the logarithms of some known
extraction constants of nitric acid(34-37), HT1C13.ZS(38) and
(29)

uranium from nitric acid solutions and the sum of charges
on the nitrogen, phosphorous and oxygen atoms given in the

literature



TABLE 2

Factors Ej' extraction characteristics and atomic
charges sums at N, O, P in some phosphorous - and nitrogen-

gontaining extraction agents.

Extracti t E. 1 1 LogkK
xtraction agen 3 OSKHNOB OgK'HT1C13 og Uo+25°}1
i=N,0,P

(°4H9°)3P° 1.13 =1.06 1.18 2.2 14695
(04590)2P(°)°4ﬁg 1.26  =0.86 2.24 3.3 1.766
c4ﬁ9op(o)(c21{9)2 1.43  -0.35 3,34 6.0 1.862
(°4H9)3PO 1.55 =0.10 3.97 8.3 2.00
04H90

P(O)N(C q} 1.34 1.899
G +Ye
479
(CuHé»zP(O)N(CQH9)2 1.23 1.818
chﬁgop(o)(N(04H9)2)21.38 1.916
(N(04H9)2)3P0 1.51 =0.32 2.000
04H9P(0)(N(CAH9)2)2 1.42 2.000
(cung)zp(o)n(cuag)2 1.45 1.997
(Nuchﬂg)3 PO 1,66 0.08

cuﬂgop(o)(m{cuug)2 1.53 =0.56

(04H9O)2P(O)NH04H 1.15 =0.11

9
04H90P(O)(NHCAH9)2 14495 1064

(041{9)2P(0)NHC,+H9 1.56 0.03

Unfortunately only a rather limited amount of extraction

data are known for the most investigated NOPC. Thus table 2
gives a comparison of accuracy of the correlating equations

for a series of phosphate-phosphonate-phosginate-phosphineoxide
compounds to tnat of the same equations used for all compounds

in table 2 (the dependence log K (Ej) is presented most

HNO3
completely.
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The correlation coefficient is taken as a measure of accuracy.

Thus for the first four extraction agents
log K}{NOB = 203 Ej_3.7 (X‘ = 0-94) (5)

Extending equation (5) to all compounds in table 2 we have

the best correlation coefficient r = 0,98. Analogously

log KHT1C13.ZS= 6.9 Ej-6'5 (r=0.999) (6)
log KUOZ+ = 15,2 Ej-15.4 (r=0.990) (7)
Sa; = o.SEj + 0.85 (r=0.92) (8)
The value of the isoequilibrium temperature (42) is an

important factor in the extraction technique. In a majority
of cases the equilibrium constant K is used as the parameter
specifying the stability of complexes. But if temperature T
of the equilibrium constant measurement is close to an iso-
equilibrium one then one can not make a conclusion that the
energies of molecular bonds in the complexes discussed are
close or that such complexes have similar stabilities(L*}).
Moreover the family of curvesAGi(T) =AH,-T4&S; (i-1.2

ess N, n is the number of investigated compounds) invert at
the point T = F. Thus the order of relative reactivity of
the compounds at T)P is opposite to that observed at the

experimental temperature T ¢ p o

In our case for the first twenty compounds of table 1

the equation of compensational effect has the form

§ac =0.23 8§41 +0.32 (r = 0.91) 9)
where S is the Lefler operator. Thus the equilibrium tenpera-
ture is ’ = 441°K (168°C). (Measurements were performed at

T = 298°),
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We note that the presence of a compensative effect should
be checked for each reaction series otherwise erroneous
conclusions could be drawn. Thus Lopes and Thompson(u#) have
obtained the tnermodynamic characteristics of the H-bond between
phenol, tert-butanol, 2.6-ditert-butylphenol and cyanides.

These values have been compared with published data (27,45) on
complex formation between thiocyanic acid and alcohols and
ethers, ketones, amides, nitriles. The authors have assumed the
presence of a compensative effect with F = 5#00 valid in the
region of =AH = 1 - 9 kcal/mole. However, from the more
detailed analysis of the results(u“) an isoentropic reaction
series is observed instead of a symbathic change of 4 H and 48S.

(hh) have adopted an isoentropic charac-

The authors themselves
ter for interaction of phenol with nitriles. In the case of
complex formation of tert-butanol with nitriles Lopes and Thompson
described it by the function A s(A H) f const, while our computa-
tion using their data gave AS® = const = -6.6 e.u. with a mean
square deviation of 4 =+_0.8 (slammer than in (443 (Ef=:1.1 e.u. )
One can not interpret unequivecally the thermodynamic character-
istics of reaction between 2.6-ditert.butylphenol with nitriles
because of the close values and the use of only two reacting

pairs.

Assuming that the presented results may serve not only
for predicting an extraction ability of compounds we support
Palm(46) in a possibility of changing many of our concepts on
reaction mechanism, the effect of structure and solvent on
chemical reactions and other processes. And we have to pay more
attention (than we do now) to the effect of specific solvation
add particularly hydrogen bonds. For example the H-bond formation
may be discussed as a standard reaction series for determining
the numerical values of substituent constants. Such considera-

(46)

tions have been advanced
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Starting from the principle of additivity of properties
we computed the values conventionally called donor coefficients
(e) (table 3).

TABLE

The donor coefficients of different functional groups.

No. Group e No. group e

1 CH,0 0.35 12 NHC, B -n 0.57
2 BCyHg0 0434 13 NHC,,Hyg -n 0.53
3 n-Cg 3130 0,33 14 C,Hg0-is0 0.38
4 n-CgH,,0 0.33 15 CgH,,0-sec 0.27
5 CH3 0.48 16 0439°H(°235)°H2° 0.38
6 n-C,Hy 0.52 17 N(04H9iso)2 0.51
7 N(CHy), 0.49 18 N(C,Hg-sec), 0.43
8 N(C#H9-n)2 0.49 19 N(CgH, -cyclo)  0.47
9 NH, 0.47 20 NHC, Hg-sec 0.40
10 NHCH, 0.49 21 NHC,Ho-tert 0.38
11 NHCBHV-n 0.55 22 NHC6H11-cyclo 0.43

The donor coefficientsintroduced allow computation of the
extraction constants from equations (5-7) for NOPC which were
not included in table 1 if the molecules of such compounds

contain the groups shown in table 3.
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In the same manner e's could be obtained for other classes
of compounds.

Then
Log K = AZe + b (10)

where K is the extraction constant
ze is the sum of the donor coefficients of functional
groups in the molecule.
A and B numerical parameters.
Equation (10) is valid when the extraction and its modelling
by means of the thermodynamics of H-bond are performed in the

same solvent or in those having similar donor-acceptor proterties.
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ABSTRACT

The effects of changes in the operating organic/aqueous ratio
under both organic and aqueous continuous mixer conditions were
studied at laboratory scale. The significant influence of

the operating organic/aqueous ratio on such parameters as
specific flow/dispersion ed depth relationships, mass

transfer efficiency and entrainment values is illustrated and
possible mechanisms proposed.

Davy Powergas Limited
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STOCKTON-ON-TEES
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INTRODUCTION

Entrainment,both of the aqueous phase in the organic phase and

of the organic phase in the aqueous phase,has been an area of
major concern in metallurgical solvent extraction technologye.
Attempts have been made to contain the problem by such techniques
as flotation, first practised on a commercial scale by Ranchers
Exploration at their Bluebird Mine operation in Miami (1),
centrifugation or by coalescence devices, as practised by Anglo
American at their Western Reefs plant where coke beds are used
after the settlers to coalesce out the entrained organic solution.
Such systems do not deal with the cause of the problem, which
originates in the contacting/settling equipment and is a function
of the design of that equipment and of its operation.

Features of the Davy Powergas Limited design of mixer settler
have been developed to minimise secondary haze. One such
feature, which has been described previously (2), is an
introductory baffle. This device is included to obtain
beneficial effects on entrainment values and settling rates by
introducing thc dispersion into the correct portion of the
dispersion bed in the settlers.

However, a major factor influencing separation rate and entrainment
values is the phase ratio in the mixer and this effect is the
subject of this paper.

In metallurgical solvent extraction systems, there is usually a
metal value concentration effect between the feed and strip aqueous
streams. Therefore the overall phase ratios in these two

sections of the plant will be different. It rarely occurs that
the operating overall phase ratio is the optimum phase ratio, as
will be discussed below, and in these systems, individual stage
recycle is practised in one section or the other to achieve an
optimum, The choice of this optimum can be of major importance

in determining capital and operating costs of the plant.

Treybal (3) and Davies and Jeffreys (4) have suggested a packing
ratio in water-kerosene systems in which the proportion of each
phase present in the dispersion is a function of the phase
continuity imposed. The systems described are ones in which
mass transfer is of small consequence.

During experiments carried out by Davy Powergas Limited using

a laboratory scale mixer discharging into a rectangular settler,
it was observed that the organic/aqueous ratio in the mixer had
a dramatic influence on the organic and aqueous entrainment
values in the settler discharge streams and also on the
dispersion bed depth.
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Quantitative experiments were therelore conducted to establish
the magnitude of the cffect of the organic/aqueous ratio in

the mixer upon extraction efficiency, dispersion bed depth
and entrainment values.
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EXPERIMENTAL WORK

Two series of laboratory based experiments were carried out;

one to examine the effect of organic/aqueous ratio on the
operation of a single mixer-settler and the other to investigate
the effects occurring in a multistage, linked solvent extraction
circuit comprising three extraction and three strip stages.

The single and multistage experiments were carried out using
Perspex mixer-settlers having mixer boxes of dimensions 10 cm x
10 cm x 10 cm and settler dimensions 8 cm wide, 20 cm deep and
12.5 cm long. Fig 1.

The pump-mix impeller used in the experiments was of a double
shrouded, backward swept vane type incorporating additional

shear blades on the external surfaces of the upper and lower
shrouds. Throughout the experiments the impeller was operated
at a tip speed of 2.6l M/sec. In all cases the impeller
was situated at the vertical mid-point of the mixing box on top
of the integral draught tube in such a way that internal
recirculation of the dispersion in the mixer box was ata minimum.

The dispersion discharging from the mixer box flowed into its
integral settler down an inlet baffle, capable of vertical
adjustment. The baffle was positioned so that the inlet flow
entered the dispersion bed on the dispersion side of the
coalescing interface. The settler was fitted with an adjustable
aqueous weir and this controlled the position of the dispersion
in the settler.

At the_&otgl flow rate used in the single stage experiments,
3 x 107° m”/hr, the available Eettler area gave a specific

flow of approximately 2.3 /M” hr. To increase this specific
flow to a more realistic value for the LIX/copper system used in
the investigation, a dam baffle was fitted which effectively
reduced the area of the settler available for settling. Thus
the extraction experiments were carried out with a specific flow

of 3.5 M?/M¢ hr and the strip experiments with a specific flow of
3.1 M3/M2 hr.

The multistage experiments were carried out with a variety of
specific flows covering the range 1.15 to 3.5 M?/M° hr. This
range was achieved by variation of both the total inlet flow to
the mixer and the available settler area.
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As a result of decreasing the settler length, a 'dead' volume
existed between the dam baffle and organic weir box. To eliminate
errors in the entrainment measurement due to settling-out in

this area, permanently situated organic and aqueous glass sample
tubes, fitted with Teflon/glass valves, were placed immediately
downstream of the dam baffle in their respective phases.

The variation in the operating organic/aqueous ratio in the
single stage extraction experiments, i.e. the ratio of the total
flow of organic and aqueous solution entering the mixer, was
achieved by keeping the overall organic/aqueous ratio constant,
i.e. the ratio of the organic and aqueous flow entering the mixer
but excluding any recycle flow, and varying the flow of recycled
aqueous or organic phase. The total flow and therefore the
mixer retention time were also constant. For the extraction
experiments, the overall organic/aqueous ratio was 1.0 and the
mixer retention time two minutes. The comparable figures for
the strip experiments were an overall organic/aqueous ratio of
3.0 and a mixer retention time of three minutes.

In the multistage experiments, the overall organic/aqueous ratio

in the extraction section was 11.25 and that in the strip section
3.0. Recycle of aqueous phase, when used, was sufficient to
decrease the operating organic/aqueous ratio to unity in both
cases. Unlike the single stage experiments, which were carried
out under constant mixer retention time conditions, the mixer
retention times in the multistage experiments were varied over

the range 2 - 6 minutes for both the extraction and strip sections.

In those experiments requiring recycle of aqueous phase, the

aqueous effluent from the settler passed to a glass vessel of
approximately 1 litre capacity, which was equipped with two outlets.
One of these was connected to the recycle pump, while the other

was connected either to a polypropylene aspirator used as a spent
solution storage tank or to the relevant mixer-settler. The

phase not recycled passed directly to a polypropylene aspirator

or to the relevant mixer-settler.

The aqueous solution used in the single stage extraction
experiments contained approximately 0.10 gpl cu?t and
approximately 3.50 gpl (free) H S0, and simulated a typical
raffinate extraction stage. The multistage experiments were
carried out with an aqueous feed containing 45 gpl cu?t and

0.5 gpl free 1,S0,. The aqueous feed solution used in both the
single and multistage strip experiments simulated a typical
solvent extraction/electrowinning spent electrolyte concentration
and contained 25 gpl cu?t and 150 gpl free H,80,.

0.7 M3 batches of solution were prepared in town's water using
commercial grade copper sulphate and sulphuric acid. The
raffinate and advance electrolyte solution from each experiment
were discarded.
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The organic solution used in the single stage experiments

was 18 vol % LIX 64N* in Napoleum 470%**, After use in each
extraction experiment, the loaded organic solution was contacted
with sulphuric acid and washed with water. Before storage

and use, the stripped organic solution was passed through a
glass-wool packed coalescer to remove entrained water and then
analysed for copper. The partially loaded organic phase used

as feed in the strip experiments and containing 0.6 gpl Cu +, was
reused by reloading to the required copper level with ammoniacal
copper sulphate solution and washing out the entrained aqueous phase
and contained ammonia with water. Additional coalescence
treatment was then applied before analysis and reuse as described
for the extraction experiments. The organic phase used in the
multistage experiments was a 40 volume % solution of LIX 73%* in
Napoleum 470%%,

In all the experiments the organic and aqueous feed and recycle
flows were controlled by Watson Marlow peristaltic pumps in
conjunction with calibrated flow meters. The pumps were
operated in a manner which avoided pulsinge.

Each single stage experiment was of 2 hours duration whilst the
multistage mixer-settler circuit operated for continuous periods
of up to 50 hours. During the test period which was 1 hour for
the single stage experiments and 4 hours for the multistage
system, the solution flow rates, dispersion bed depths, clear
organic and aqueous depths, and the head developed by the impeller
were measured at 15 minute intervals.

Samples of aqueous raffinate were taken at 15 minute intervals
and samples of organic extract at 30 minute intervals. Their
copper contents were determined by the analytical procedures
described belows.

At the completion of each of the single stage and multistage
experiments, the determination of the equilibrium solution
copper concentrations was carried out as follows. Samples of
aqueous and organic phase from each of the settlers were taken
in the same ratio as that used in the experiment, (operating
organic/aqueous ratio) and equilibriated for a minimum of 30
minutes at the experimental temperature. The solutions were
then separated and analysed.

* Registered Trade Mark of General Mills Incorporated
**  Registered Trade Mark of Kerr McGee Corporation
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Analysis ol both phases tor copper values of less than 1 gpl
werce carried out by atomic absorption spectrophotometry, care
being taken to eliminate entrainment of one phase in the other.
The free sulphuric acid concentrations of the solutions and the
copper concentration of those solutions containing greater than
1 gpl were determined volumetrically.

Samples for organic and aqueous entrainment were taken at 30
minute intervals. The determinations of aqueous entrainment
were carried out by means of a centrifuge using calibrated tubes.
The determination of organic entrainment was carried out by
infra-red spectrophotometry.



DEFINITIONS

1. a OVERALL ORGANIC/AQUEOUS RATIO
The overall organic/aqueous ratio is given by

organic feed flow (ml/min)
aqueous feed flow (ml/min)

where the feed flows do not include any recycle flow
b OPERATING ORGANIC/AQUEOUS RATIO
The operating organic/aqueous ratio is given by

total flow of organic to mixer (ml/min)
total flow of aqueous to mixer (ml/min)

where the total flows include any recycle.
2. PERCENTAGE EXTRACTION

The perccntage extraction was calculated using the following

formula:
o : Ep
% Extraction = C -C x 100
Fagq R
C
Faq
where CFaq = copper concentration of the aqueous feed
Cip = copper concentration of the aqueous raffinate

3. EXTRACTION STAGE EFFICIENCY (% Approach to Equilibrium)

The stage efficiency was calculated using the following

formula:
Stage effici = ¢ cEP x 100
age efficiency = Cp. R
C % Ep
Faq CR
* Ep . . 1

where CR = copper concentration in equilibrated

raffinate

4,  PERCENTAGE STRIP/STRIP STAGE EFFICIENCY (% Approach to
Equilibrium

Analogous to that described above for extraction but

using experimental and equilibrium organic phase copper
concentrationse.
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RESULTS

The results of the experimental work are given in Tables 1, 2
and 3 and have been presented in Graphs 1 to 1O.

TABLE 1

Single Stage Extraction Section

Aqueous Feed 3 100 ppm Cu2+, 3.5 gpl HZSOA
Organic Feed : 18 vol % LIX 64N* in

Napoleum &470%*%
Impeller 1 Double shrouded, sweptback

vaned, externally spoilered
Impeller tip speed : 2.61 M/s
Specific Settler Flow H 3ls15 M3/M2 hr
Overall O/A Ratio : l tol
Mixer Retention Time H 2 minutes
Total Solution Flow : 0.03 N?/hr
Overall Operating Mixer Stage Dispers;g: Aqueous  Organic

0/A c/a Continuity Efficiency bed depth Entrain- Entrain-

Ratio Ratio % cm ment ppm ment ppm
0.99:1 0.99:1 Organic 92.5 13.0 600 14
0.98:1 0.98:1 Aqueous 83.9 l.4 450 38
L0141 1.98:1 Organic 91.8 11.0 4000 13
) F(0) E31 1.97:1 Aqueous 90.9 1.8 225 30
1.02:1 3.02:1 Organic 93.6 6.4 7500 12
1.02:1 3.00:1 Aqueous 93,6 Lo/ 7500 315,
1.01:1 3.90:1 Organic 91.3 1.5 15000 13
0,99:1 1:2.01 Organic 95.8 13.3 10 8
0.98:1 1:2.03 Aqueous 87.2 0.8 2100 425
1.00:1 1:3.00 Organic 96.7 8.1 10 20
1.00:1 1:2,98 Aqueous 84,6 0.4 1350 525
0.99:1 1:4.01 Organic 95.7 5.9 40 25
0.99:1 1:3.99 Aqueous 84.6 0.2 2200 470

*%*%* The values quoted refer to the primary dispersion and not to
the diffuse secondary dispersion that formed at high operating
organic/aqueous ratios.
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TABLE 2

SINGLE STAGE STRIPPING SECTION

Spent Electrolyte

Organic Feed

Impeller

Impeller tip speed
Specific Settler flow
Overall O/A Ratio

Mixer Retention Time

25 gpl Cu2+, 150 gpl free stOA

18 vol % LIX 64N* in Napoleum 470**
containing 0.6 gpl Cu

Double shrouded, swept back vaned,
externally spoilered

2.61 M/scc.
3.1 M7/M° hr
8 ito 1

3 minutes

3
Total Solution Flow 0.02 ¥~ /hr
*kk

Overall Operating Percentage Stage Dispersion Aqueous Organic
0/A 0/A Strip Efficiency bed depth Entrain- Entrain-
ratio Ratio % cms ment ppm ment ppm
3.00 3.00 56.6 86.3 1.7 4200 41
3.00 1.99 61.5 981..5 3.4 3750 30
3.05 1.50 64.7 95.7 4.6 1400 45
3.10 1.32 65.1 98.4 4ol 900 30
2.91 0.98 65.6 98.6 Sler2 50 23
3.08 0.51 63.2 99.2 6.2 50 58
2.69 0.34 63.4 99.7 5.8 20 S5

**% The values quoted refer to the 'primary' dispersion and not to
the diffuse secondary dispersion that formed at high operating

organic/aqueous ratios.
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TABLE 3

MULTISTAGE CIRCULIT RESULTS

Aqueous Feed H 45 gpl Cu2+, 0.5 gpl free H2804
Organic Phase H 40 volume 7% LIX 73% in Napoleum 470%*
Spent Electrolyte ! 25 gpl Cu2+, 150 gpl free H2804

No of Extraction Stages: Three

No of Strip Stages g Three

Overall O/A Ratio -
Extraction s 11.25 to 1
Overall O/A Ratio =
Strip 2 3.00 to 1

Temperature : 25%

Effect of Recycle on % stage efficiency

Mixer retention Average Extraction Single Average Strip Single

time - min Stage % Efficiency Stage % Efficiency
Recycle No recycle Recycle No recycle

2 89.9 75.1 95.2 86.1

3 98.7 80.4 95.9 96.3

4 98.0 85.2 91.6 93.8

5 97.1 86.0 94.4 95.8

Effect of recycle on entrainment

Extraction Section Strip Section
Organic Aqueous Organic Aqueous
Entrainment Entrainment Entrainment Entrainment
ppm ppm ppm ppm
Recycle 62 190 63 260
No recycle 11 > 5000 15 > 5000
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DISCUSSION
DISPERSION BED DEPTH

The results from the experiments show the marked dependence of
dispersion bed depth on phase ratio (Graphs 1 - 4). The results
were in agreement with earlier observations and a possible
explanation is as follows.

For the systems under study, there exists a 'preferred' organic/
aqueous ratio in the dispersion bed, i.e. a 'preferred' packing

ratio. From the results obtained in earlier qualitative experiments,
this 'preferred' organic/aqueous ratio appeared to be 1:2 as

evidenced by the constancy of the distribution of the dispersion

bed around the settled interface and its independence of the
operating organic/aqueous ratio of the mixer settler. A

'preferred' organic/aqueous ratio of 1:2 under organic continuous
operation for the water/kerosene system can be inferred from

evidence in the literature (3) (4).

As a result of this 'preferred' packing ratio, at high operating
organic/aqueous ratios under organic continuous conditions there
is an excess of organic over that required in the dispersion bed,
the volume of dispersed aqueous phase being low. This excess
organic phase therefore rapidly disengages from the dispersion on
leaving the mixer and there results a large, upward flow of organic
at the settler inlet. This large flow carries with it a
considerable proportion of the very small dispersed aqueous
droplets which are produced in the mixer. These droplets remain
suspended in the organic phase as a result of the natural organic
drainage from the dispersion bed, forming diffuse 'secondary'
dispersion bands and giving rise to the high aqueous entraimnments
recorded.

As the total solution flow was kept constant throughout the
single stage experiments, there was only a small volume of
dispersed aqueous phase present when using a high operating
organic/aqueous ratio. At the 'preferred' packing ratio of

1:2, this small volume of dispersed aqueous phase would be
associated with half its volume of organic phase and the resulting
volume of dispersion would be only a small proportion of the
total mixed flow entering the settler. Assuming that the
coalescence rate was substantially the same in all cases, and
remembering that the total flow and settler area were constant
throughout the single stage experiments, operation at a high
organic/aqueous ratio would result in the small dispersion bed
depth recorded. Therefore decreasing the operating organic/
aqueous ratio has two major effects. Reducing the amount of
excess organic over that required in the dispersion to form the
'preferred' ratio results in a reduction in the flow of organic
out of the dispersion at the settler inlet, thus decreasing

the 'carry out! of dispersed aqueous droplets and reducing the
depth of the diffuse 'secondary' dispersion bed. Simultaneously
the increase in the volume of dispersed aqueous phase plus its
associated organic phase results in an increase in the dispersion
bed depth.
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The above trends continue with a rapidly decreasing diffuse
'sccondary' dispersion bed depth and a rapidly increasing 'primary’
bed depth until the operating organic/aqueous ratio approximates

to the 'preferred' packing organic/aqueous ratio, i.e. 1:2 under
organic continuous conditionse

On further decreasing the operating organic/aqueous ratio there
is insufficient organic phase to form the 'preferred' packing
ratio, since the amount of dispersed aqueous phase has increased
and that of the continuous organic phase has decreased. This
reduced amount of continuous organic phase must, of necessity,
envelope an increased volume of dispersed aqueous phase assuming
a constant particle size distribution withthe result that the
average interdrop distance decreases. As the rate of
coalescence is strongly influenced by the time taken for the
interdrop distance to decrease to a given value, the rate of
coalescence increases as a result of the decreasing operating
organic/aqueous ratio, so decreasing the dispersion bed depth.

Thus the effect of the operating organic/aqueous ratio on
dispersion bed depth is to give a curve of the type shown in
Graphs 1 and 2, with a maximum at the 'preferred' packing
organic/aqueous ratio.

The sharpness of the peak in the curve will depend upon the
dispersion bed depth/specific settler flow relationship. Thus
if a small change in specific flow results in a large change
in dispersion bed depth, then the peak will be sharpe.
Alternatively if the specific flow is such that a large change
results in only a small change in dispersion bed depth then
the peak will be broad and flat. The latter appears to be
the case for the curve obtained during the single stage
extraction experiments under aqueous continuous conditions,
shown in Graph 1. The specific flow of 3.5 M3/M2 hr used
throughout the experiments is very conservative for aqueous
continuous operation and a peaked curve is not obtained.

For the above proposition to be correct, the aqueous continuous
dispersion bed/operating phase ratio curve should show a peak

at an operating organic/aqueous ratio of approximately 2:1. The
existing curve does show a tendency to peak at this value but
this could only be confirmed by another series of experiments

at a higher specific settler flow.
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Although the multi-stage experiments were not carried out in the
same manner as were the single stage experiments, the results
clearly illustrate the dispersion bed/phase ratio relationship.
Thus a study of Graphs 3 and 4 shows that, under comparable
conditions of specific flow, both extraction and strip stages
have larger dispersion bed depths when operating with recycle
than when operating without.

One consequence of the above concerns changing the continuity

of an industrial scale plant by drastically altering the
operating organic/aqueous ratio. Thus, if a mixer operating with
aqueous continuity inverts to organic continuity when running at
an operating organic/aqueous ratio of 1:1 and the organic/aqueous
ratio is then changed to less than 1:1 to re-establish aqueous
continuity without decreasing the total flow, the operating
organic/aqueous ratio will pass through the maximum in the
dispersion bed depth curve. If the dispersion bed depth/specific
flow is already in the critical region, flooding of the settler
may occur both on decreasing the organic/aqueous ratio to invert
the continuity and again when reverting to the original value.

In case where the dispersion bed depth/specific flow relationship
is very critical even small changes in the operating organic/
aqueous ratio may be sufficient to cause flooding of the settler
at constant total flow,
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ORGANIC ENTRAINMENT IN THE AQUEOUS PHASE

Under organic continuous mixer conditions, the values of
organic entrainment in the aqueous phase appear to be
virtually independent of the operating organic/aqueous

ratio as illustrated in Graphs 5 and 7. There is, however,
an indication from Graph 5 that the organic entrainment
increases as the operating organic/aqueous ratio decreases
from 1:1 to l:4.

It is believed that under organic continuous mixer conditions
the presence of organic entrainment in the aqueous phase is
primarily a function of the ccalescence mechanism and general
settler operation rather than mixer operation. It has been
experimentally confirmed that coalescence in the settler gives
rise to entrainment of the continuous phase in the bulk disperse
phase Ly several mechanisms. (5). Thus, providing that the
coalescence rate and the nature of the dispersion remain the
same, the organic entrainment values should be constant at
constant mixing conditions. This is indicated by the independence
of the organic entrainment values with respect to operating
organic/aqueous ratios over the range 4:1 to l:2. At
organic/aqueous ratios below 1:2, the nature of the dispersion
changes as the organic film surrounding each aqueous particle
decreases in thickness, thus increasing the coalescence rate.
This increased rate of coalescence could increase the degree

of organic entrainment in the aqueous phase as a result of the
increased violence of the coalescence mechanisms.

The values of organic entrainment under organic continuous
conditions for the multi-stage experiments, listed in Table 3,
indicate that the effect of recycle has a deleterious effect
upon the values obtained. Typical figures were 62 ppm in

the raffinate with recycle, 11 ppm without, and 63 ppm in the
advance electrolyte with recycle and 15 ppm without. No
satisfactory explanation for these results can be forwarded at
this time.

The relationship between organic entrainment and operating
organic/aqueous ratio under aqueous continuous mixer conditions
is completely different from that under organic continuous
conditions as shown in Graph 5. This is because, in this case,
the organic entrainment primarily originates in the mixer box.
The shape of the observed curve can be explained as follows,
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At the lowest organic/aqueous ratio studied, there is an excess

of aqueous over that required to form the 'preferred' organic/
aqueous ratio of 2:1 in the dispersion bed. This 'excess'
aqueous phase therefore 'flashes-off' on leaving the mixer and,

on entering the settler, immediately joins the bulk continuous
phase, carrying with it many of the smaller dispersed organic
droplets. As the operating organic/aqueous ratio increases, the
volume of 'excess' aqueous phase decreases and the reduced flow of
this phase through the dispersion bed results in a reduction in
the amount of entrained organic droplets.

This sequence continues with increasing organic/aqueous ratio
until the organic/aqueous ratio equals the 'preferred' ratio

of 2:1 in the dispersion bed. At this point there is no 'excess'
aqueous phase present and the only flow of aqueous phase out of the
dispersion bed is that draining from the result of coalescence.

At operating organic/aqueous ratios greater than the 'preferred'
ratio, it could be deduced that there will be little change in the
amount of organic entrainment, if it is assumed that the
entrainment is a function of the amount of aqueous phase passing
from the bed. Illowever, due to the fact that stable operation with
organic/aqueous ratio in excess of 3:1 was not possible under
aqueous continuous conditions, insufficient results are available
to enable this proposition to be confirmed.

AQUEOUS ENTRAINMENT IN THE ORGANIC PHASE

The values of aqueous entrainment under organic continuous mixer
conditions for the single and multi-stage laboratory circuits show
the opposite trends to those described for organic entrainment
under aqueous continuous operation in the preceding section.

The shape of the curves obtained in these cases and shown in
Graphs 6 and 7 can be explained by an analogous mechanism to that
proposed in the proceding section.

No such clear analogy is evident for the results obtained under
aqueous continuous mixer conditions as illustrated in Graph 6

or the single stage laboratory study. The mechanism previously
proposed would predict a low and constant entrainment in the
operating organic/aqueous range 2:1 to l:4 with perhaps a slight
increase on increasing the operating organic/aqueous ratio above
2:1. However, the results show an extremely high entraimnment
value at an operating ratio of 3:1 and an increasing value on
decreasing the operating O/A from 2:1 to 1l:4,

96



Additional factors present in this system which could be
affecting the results obtained were the relative instability
of the system at high organic/aqueous ratios and the shallow
dispersion bed depths which were invariably obtained. Thus
the former could have an effect on the results at the organic/
aqueous ratio of 3:1 as a result of the tendency of the
dispersion to revert to organic continuity while the shallow
dispersion beds could be sufficiently disturbed by the
increasing flow of 'excess!' aqueous phase at the low organic/
aqueous ratios to give the results noted. These possibilities
were not investigated further.

EXTRACTION EFFICIENCY

For any mixer-settler system it can be shown that at constant
mixer retention time, recycle of any phase will increase the
efficiency of the stage above that obtained without recycle.
Thus the curve of efficiency against recvcle rate should show
a minimum under conditions of no recycle.

The curves in Graph 8 indicate that the improvement in
e(ficiency with recycle is most marked when recycle results

in an increase in the proportion of dispersed phase present in
the mixer. Thus, under organic continuous mixer conditions,
there is an increase in efficiency on decreasing the organic/
aqueous ratio from 1l:1 to l:4. Under aqueous continuous
mixer conditions, the largest increase in efficiency is shown
when the proportion of organic dispersed is increased by
increasing the operating organic/aqueous ratio from 1l:1 to 3:l.

The very small increase in efficiency when the increased

recycle rate results in a decrease in the proportion of
dispersed phase present in the mixer is contrary to expectations
and can only be explained by proposing an additional mechanisme.

The efficiency of a mixer system is a function of many variables
amongst which are particle size distribution, mixing pattern,
power input, residence time distribution and temperature. The
degree of coalescence/redispersion taking place affects the
particle size distribution and is known to have a large effect
on the mass transfer efficiency of a system (6).

For a constant total flow of solution into the mixer, recycling
the continuous phase will reduce the proportion of dispersed
phase present. This reduction will decrease the chance of
interdroplet collision and thus decrease the coalescence/
redispersion rate. A fall in mass transfer and extraction
efficiency will therefore result.
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On recycling the phase which is dispersed the frequency of
interdrop collision will increase and the extraction efficiency
therefore increases. Thus it can be proposed that there are
two major mechanisms affecting the efficiency of any mixer-
settler system. Recycle, which increases the efficiency
independently of which phase is recycled and the amount of
coalescence/redispersion occurring, which can either decrease
or increase depending upon the phase recycled and the operating
continuity. For organic continuous mixer conditions, recycling
the organic phase dilutes the dispersion, decreasing the amount
of coalescence/redispersion and mass transfer and thus opposing
the expected increase in mass transfer due to recycle.
Alternatively recycling the aqueous phase concentrates the
dispersion, increasing the amount of coalescence/redispersion
and mass transfer in support of the expected increase due to
recycle.

Under organic continuous mixer conditions, therefore, the
resulting curve should show a rapid increase in efficiency on
decreasing the operating organic/aqueous ratio from 1l:1 to l: 4,
and a change in efficiency on increasing the operating organic/
aqueous ratio from l:1 to 4:1 which is a balance between the
opposing effects detailed above. The experimental results
suggest that for the system under study, the two effects are equal
in magnitude, as the efficiency varies very little with change in
operating organic/aqueous ratio over the range l:1 to 4:l. The
curve obtained under aqueous continuous operation can be
explained in an analogous manner.

The percentage strip and efficiency results obtained from

the single stage strip experiments, and illustrated in

Graph 9, are in agreement with the mechanism proposed above.
Thus, the strip experiments were carried out with aqueous
recycle only, so that under the conditions of organic continuity
employed, an increase in percentage strip and efficiency would
be expected. Unlike those from extraction, the experimental
curves obtained under stripping conditions do not show a minimum
and this is due to the fact that organic recycle was not employed
to increase the operating organic/aqueous ratio above the 3:1
overall organic/aqueous ratio used as the standard condition.

The efficiency results from the laboratory scale multi-stage
circuit also confirm the effect of recycle as illustrated in
Graph 10. Thus, over the whole range of mixer retention
times studied, operation of the extraction section under
conditions of recycle to an operating organic/aqueous ratio
of 1l:1 gave single stage efficiencies averaging approximately
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12% more than the efficiencies oibtained without recycle under
comparable mixer retention times at an operating organic/
aqueous ratio of 11.25:1. The distinction between efficiencies
obtained under recycle and non-~recycle conditions in the strip
section was not so clearly defined due to the smaller amount of
recycle employed and the more rapid mass transfer rate of the
strip system compared to that in extraction. However at the
lowest mixer retention time used, the difference is still
significant.

CONCLUSIONS

The effect of changes in the operating organic/aquecus ratio
on the performance of mixer-settler systems at laboratory scale
have been shown to be very markede At commercial plant scale,
disregard of the effect of this parameter could lead to serious
operational problems and the operating organic/aqueous ratio

is thus to be considered as a major design parameter.
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ASPECTS OF COPPER EXTRACTION IN MIXER-SETTLERS
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Abstract

Techniques are described for investigating the performance of
continuous flow mixer-settlers using batch data on mass transfer kinetics
and on phase separation after mixing of aqueous and solvent phases in a tank.
Illustrations of the techniques proposed are drawn from the field of solvent
extraction of copper from sulphuric acid solutions using various commercial
extractants and diluents on a non-comparative basis.

A statistically designed set of experiments can be used to develop an
empirical equation to predict the degree of copper extraction in a batch
stirred tank test as a function of stirring speed, stirring time and phase
ratio. From this data the stage efficiency in a flow system may be estimated.
Measurements of sedimentation and coalescence rates can also be obtained from
batch tests to aid settler design and to understand the relationship between

mixer and settler operating conditions.
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Introduction
The design of mixer-settlers has been improved gradually in recent years

in response to applications of solvent extraction in metals recoveryl and
phosphoric acid production2 for example. Now that very large scale mixer-
settlers are being built for copper recovery it is apparent that the design
of both mixer and settler must be critically examined to minimize overall
costs, and particularly the cost of the initial solvent inventory, since the
extractants for copper are relatively expensive.

This paper describes experimental techniques based on batch tests for
exploring the behaviour of both mixer and settler using two commercial copper
extractants, to obtain equipment design data with a minimum of experimental
work. It must be strongly emphasized that each combination of extractant and
diluent is appropriate for a particular type of leach solution and operating
temperature, and comparison cannot be made fairly on the basis of the work
reported here. The paper aims to illustrate general principles using exmmples

of copper extraction under a variety of conditions.

Operating Variables
For the mixer the operating variables considered are the impeller speed,

stirring time, volume fraction of the phase dispersed, and the type of
dispersion (organic continuous or agueous continuous phase). The key para-
meter is the average drop size. The drop size distribution is also important
but this is also dependent on impeller design which was not varied.

The rate of separation of the dispersion in a settler is expected to
depend primarily on the drop sizes in the dispersion leaving the mixsr, the
volume fraction of the dispersed phase in the feed dispersion and the nature
of the dispersion (organic or aqueous phase dispersed). If mass transfer in
the mixer is incomplete, continuing mass transfer in the settler will.also

affect the separation rate by enhancing or inhibiting droplet coalescenceB.
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Physical Properties

The droplet size developed in the mixer and the drop coalescence rates
depend partly on phase densities, viscosities and interfacial tension. The
latter two were measured using the capillary tube method and a Du Noily ring
tensiometer respectively. The values are given in Tables 1 and 2 for the
materials used.

The diluents and the General Mills reagents were used in the condition
received but the Ashland Chemicals Kelex 100 was first dissolved with the
modifier in the diluent, then was loaded with copper and stripped with

sulphuric acid before use.

Mass Transfer Rate Experiments

A plexiglass rectangular mixing vessel was constructed to the measurements
already used in a mixer-settler for continuous flow studies. The vessel was
7.6 cm square and 12.0 cm deep with a liquid level of 6.2 cm (350 ml). A
three-bladed marine impeller, 5 cm in diameter, 450 blade angle, with upthrust
was positioned centrally and 3.0 cm above the base. A simulated draught tube
25 cm high and 1.6 cm outside diameter was glued to the base in the centre.
Tests comprised adding a measured volume of an aqueous phase to the tank,
switching on the stirrer motor, previously set to the required speed, and
adding a known volume of organic phase quickly. After stirring for a measured
time the stirrer was switched off and the phases were allowed to disengage.
When a relatively clear interface was observed the time elapsed after mixing
was noted and samples of both phases were removed, filtered and analysed for
copper and pH. The time taken (after ceasing to stir) for discontinuities in
the drop layer at the interface to appear was identified as the primary break
time. The work was carried out at an ambient temperature of 20%:

To characterize the performance of a solution of 20% Kelex 100 plus 10%
isodecanol in Solvesso 150 diluent with particular synthetic aqueous acid

copper sulphate solutions a set of 140 tests were carried out for a range of
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aqueous/organic (A/0) volume ratios, stirring speed and stirring time. The pH
of each aqueous feed was 1.0 but the copper content was adjusted assuming that
the maximum loading of the organic phase, about 11.6 g Cu/l, could ideally be
achieved with sufficient contact time. This would be the basis for deciding
flow ratios in a flow system; in practical cases, however, a recycle of one
phase may be used to ensure that a particular phase is the continuous phase,
or to obtain a flow ratio through the mixer near unity to maximise interfacial
area for mass transfer. The laboratory batch tests are necessarily limited in
application and oan only serve to guide selection of operating conditions.
This limitation justifies the sampling of phases after phase disengagsment
(during which period some further mass transfer occurs) since sampling
immediately after mixing is difficult and rapid phase separation is required
using sophisticated equipment. Knowledge of the extent of mass transfer
achieved in mixing and settling stages combined is required in practice but
analysis in terms of mass transfer coefficients is obscured if there is sub-
stantial mass transfer in the settling period compared to the mixing period.

The results obtained are given in Table 3. For the first 70 tests the
aqueous phase was continuous and in the next 70 tests the organic phase was
continuous (indicated by the direction of drop sedimentation).

The data were analysed statistically to indicate the importance of the
variables on the degree of extraction achieved, defined as the fractional
amount of copper removed from the aqueous feed into the organic phase.
Variations in kinetics and equilibrium loading of the organic phase affect
the degree of extraction. The equations developed are empirical; various power
series in each variable with interactions between variables were examined.
Early assessment, coupled with graphical relationships, gave rise to more
complex logarithmic terms. Standard deviations of less than 5% on the

predicted parameter were sought with high degree of correlation.
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The equations developed for the 140 tests were:

For the aqueous phase continuous,

Ogg = =25.8 - 3.63 logiyr + 9420 log;, (6 + 20)

+ 6.09 loglo (N - 165) (i),
For the organic phase continuous,

C = =7.11 + 2.94 1oglor + 3.36 1°g10 (e + 20)

s
+ 3.83 loglo (N - 165) (2)

The values of CsG predicted may be used in the equations shown
below to calculate the degree of copper extraction from a given

aqueous feed and the degree of approach to equilibrium.

The extensive data for extraction with Kelex 100 could be analysed further
in terms of a mass transfer coefficient. It may be shownl‘ that the

approach to equilibrium in a stirred tank test as described above is given by

mvé::’*“
Kav(l + —2)o
E=Cso-cso=cao-cao=l_e -s Va (3
b~C _-¢C C -E€ *» v
se so ao ae 8

where the overall mass transfer rate coefficient based on the solvent phase,

for example only ,is defined by
_ H
v dGsO/dG = Ksa.V(Cs - ng) (4
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and cse and C;‘ are related, in the case of a straight equilibrium line of

slope m, by
'
bl | T ®)
C_ -C v
se s0 a

where the equilibrium line is

"« .
C, = mC, )
In some cases slight variation in the slope, m, is compensated by variations
in the mass transfer coefficient, Ks’ and the specific interfacial area, a,

and for a given phase ratio we may use
~
E, ¥ 1-exp [-ko] @)

to evaluate a rate coefficient, k, which is approximately constant. By
analysing a multi-stage flow system it may also be shown4 that the Murphree

stage efficiency may be written

B, = E/ [1 + (1 - Eg)uP, ] (8)

ms _8
Fa

where B, = ke/(1 + ko) 9)
and where k is the same as in the batch test for the conditions used and 6 is
now the contact time in the mixer. The number of real stages required in a
flow system may now be estimated using a McCabe-Thiele diagram.

Typical plots of the batch rate data are given in Figure 1 and the
derived rate coefficients are shown in Figure 2 as a function of stirring

speed. Although the coefficients are only approximate the strong effect of
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stirring speed is noticeable. The data show little effect of the aqueous/
organic solvent volume phase ratio, but dispersion of the solvent gives poorer
kinetics than dispersion of the aqueous phase. This suggests that the mass
transfer rate is diffusion controlled not chemically controlled. Some values
of Ef are given in Table 4.

The effort required to determine the map of degree of copper extraction
for the ranges of variables considered is substantial and a statistically
designed set of 18 tests was proposed to reduce the cost of such exercises.
These tests were carried out for an aqueous continuous phase condition and the
results are given in Table 5.

The regression analysis gives the following equations. For the degree of

extraction, defined by

B = (cao - Cao)/cao (10)

the equation is

B = -236.0 - 2.8 log) & + 83.2 log, (e + 20)

(11)
+ 49.3 log, (N - 165)
For the pH of the aqueous product,
pr = L1lo344 + 0.669 loglor - 0.232 log, (@ + 20)
- 0.212 log (N - 165) (13
and for the primary break time
T = -35.38 - 32.6 log, 4T + 248 log,y (8 + 20)
+ 11.5 log), (N - 165) (13
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The predicted responses are shown in Table 5. For the degree of
extraction the standard deviation is + 3,0% and the coefficient of multiple
determination is 0.986; for the final pH, the standard deviation is + 0.046
and the coefficient is 0.844; for the primary break time the figures are
* 5.0 sec and 0.864.

A similar set of 18 tests was carried out using a 20% by volume solution
of LIX6/N in Escaid 100 diluent. The aqueous copper feed solution pH was 1.9
and the copper content was varied assuming that a solvent loading of about
3.7 g Cu/l could ideally be reached. The Kelex and LIX64N extractants are not
being compared here because of the different nature of the aqueous feeds. The
experimental data are given in Table 6 and equations similar to (11),(12) and
(13) have been developed. (Appendix)

The degree of extraction, f, may be related to the batch efficiency, Eb’

by

ﬁCao/(cao - Cae) = Eb (14)
The equilibrium relationship between Ca and Cs is required to establish

Cae for given conditions. The Murphree stage efficiency may then be calculated
for those conditions and applied to a McCabe~Thiele construction to determine

how many real stages are required in a flow system.

Discussion of Mixing Tests

Extensive test work can be avoided by using a limited set of
statistically designed experiments to determine the effect on kinetics of mass
transfer of major operating variables. The data obtained can be used to
estimate Murphree stage efficiencies in flow systems. Optimum operating
conditions may be established for consequent trials using laboratory-scale

continuous flow mixer-settlers.
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The low significance of the phase ratio in determining the degree of
extraction is principally due to favourable equilibrium for extraction (a
high value of m) as can be seen from equation (3).

The rate coefficient calculated from a batch test appears to decrease
as time progresses. This is in part due to equilibrium line curvature and
possibly due to reductions in the mass transfer coefficient, Ks’ as the
driving force decreases or as interdroplet coalescence rate decreases.

The use of an equation to represent the mixer behaviour is important
in optimizing a mixer-settler if the consequent behaviour of the settler can

also be mathematically modelled.

The phase separation process

Two aspects of the separation process require consideration, sedimen-
tation and interface coalescence. Droplets in a dispersion fed into a
settling vessel will move under the influence of buoyancy and gravitational
forces towards an interface where coalescence with the homophase will occur.
The continuous phase associated with the feed of dispersion must be released
at some stage in this sedimenting process. If the droplets assume a denser
packing arrangement during travel to the interface a counter-flow of dis-
placed continuous phase must arise, and when droplets coalesce with the
homophase the associated continuous phase, dependent on the packing of drops,
must be released to flow counter to droplets arriving at the interface. The
ratio of droplet flow and the net continuous phase flow must equal the
volume ratio in the feed dispersion.

The flow patterns in settlers are complex and may disturb the sedimen-
tation process in an adverse manner. Sedimentation under quiescent non-flow
conditions, as in a batch tank after stirring, may however represent ideal
conditions against which settler performance may be compared. The rates of

sedimentation and coalescence are important in the settler and both of
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these may be measured under non-flow conditions to give guidance in settler
design.

After mixing two phases in the mixer described above, under specified
conditions of phase ratio, stirring speed and time of stirring, the
stirrer motor is switched off. The dispersion now begins to disengage by
the two independent processes of drop sedimentation and droplet coalescence
with the interface. Photographs were taken of the two demarcation lines of
the sedimentation front and the coalescence front moving towards each other
at different rates. Photographs were taken every two seconds using an
automatic camera. The position of each front was measured as a function of
time from the photographs; typical results are given in Fig. 3. The slope
of the lines represents a velocity.

Existing theory of sedimentation of particles can be used to relate
the measured sedimentation velocity to average droplet size and fractional
volume hold-up of dispersed phase. The initial sedimentation velocity is
assumed to be taking place at a hold-up the same as that of the feed
dispersion. In a dense dispersion the droplets tend to move with the same
velocity as that of the average size of drop and if the average drop size
and the hold-up remain constant the sedimentation velocity remains constant.
If droplets coalesce with each other during sedimentation the sedimentation
velocity may increase; if droplets have to queue at the interface before
coalescence with the interface occurs a packed condition of drops may
develop and droplets may coalesce with each other. Under packed conditions
sedimentation theory does not apply but a counter-flow of continuous phase
still occurs.

Little is known about the coalescence process at the interface and a
means of measuring the rate with real systems is required. A velocity of
coalescence may be obtained from the batch tests but it must be recognised

that the rate is a function of the depth of dispersion above or below the
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interface; laboratory coalescence velocity data must therefore not be used
for calculating the throughput of a larger scale mixer-settler but can

give guidance on the depth of settler required.

Experimental Results

Tests were carried out using various extractants at different concen-
trations to demonstrate in principle the development of a settler design.
An aqueous feed of copper sulphate in sulphuric acid was used, of
5 kg Cu/m3 and 19% HZSOA' The high acidity allows no copper transfer. The
solvents comprised LIX64N, LIX70, LIX71 and LIX73 (General Mills Inc.) all
dissolved in the Exxon diluent Escaid 100.

Solvents and the aqueous feed were mixed together at various phase
ratios, stirring speeds of 800 and 1200 rpm and stirring times of 30, 60 and
120 seconds. Only the condition of having an organic continuous phase was
studied and the phase ratio was limited to values not far removed fram
unity. The initial sedimentation velocities were measured with an
uncertainty of about + 10% and an average coalescence velocity was measured

over the whole coalescence period, with an accuracy of about + 10% also.

Discussion of Results
(a) Stirring Time and Stirring Speed

Some influence of stirring time and speed on the drop size developed is
possible but the effects are not clear from the data on sedimentation
velocities in Tables 6 and 7.
(b) The effect of se ratio or dispersed phase hold-u

In the range of hold-up studied, from 0.41 to 0.50, the coalescence
rate is insensitive to hold-up in the feed dispersion (Fig. 4). This is
believed due to the denser packing achieved at the coalescence front which
is little dependent on initial hold-up.

The hold-up of dispersed phase has a marked effect on the sedimentation
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rate of the droplets, as shown by the experimental points on Figs. 5 and 6.
This aspect of the work is amenable to theoretical analysis based on sedi-
mentation theory.

A relative velocity or slip velocity, VSLIP’ may be defined for

two-phase counter-flow systems as

Vo = Vs/(l-h) +Us/h (15)

where Vs and Us are superficial velocities of the continuous and dispersed
phases respectively and h is the volume fraction hold-up of dispersed phase.
It has been found that the slip velocity can be experimentally determined as

a function of hold-up in the form’

\

_ -1
serp = Vp (1-0)° (16)

for monosize particles where VT is the terminal velocity of drops and the
exponent is a function of Reynolds number at the terminal velocity. By
applying the equation to each drop size for a given size distribution it is
possible to relate velocities, hold-up and average drop size for
non-coalescing systems6. Using this method for a batch sedimentation
process with the sedimentation front as a moving frame of reference we may

write

Vbs/(l -h) = Vg (7)

where Vbs is the measured velocity of the sedimentation front. For a given
drop size distribution and specified physical properties (density, viscosity,
interfacial tens%on) the average terminal velocity may be calculated from

existing correlations. For a given hold-up the sedimentation velocity may
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be predicted. Alternatively, if the sedimentation velocity is measured the
average drop size may be estimated. Earlier work7 has established that close
agreement on measured and calculated drop sizes can be achieved. For the
systems used in this work the computed relationship of drop size, sedimen-
tation velocity and hold-up is presented on Figs. 5, 6, 7 and 8. Very
little difference in calculated sedimentation velocities is apparent between
the systems used since the viscosities and densities are so similar, apart
from the Kelex system (Fig. 8) which is more viscous but has a higher load-
ing capacity.

It is seen from Figs. 5 and 7 that the measured sedimentation rates in
batch tests suggest that for 20% LIX64N stirred at 800 rpm for up to 120
seconds, drop sizes of about 0.06 cm to 0.085 cm exist immediately after
mixing; the possibility of some interdroplet coalescence immediately after
stirring cannot be ruled out and it is not knownhow closely these values
approximate the drop sizes during mixing. For the LIX70, 71 and 73 at 20%
concentration in Escaid 100 and the same stirring conditions an average
drop size of about 0+02 cm is achieved (Fig. 6). This would suggest that
interdroplet coalescence with LIX64N is more frequent than with LIX70, 71
or 73 under these highly acidic conditions since the densities and
viscosities are similar.

The effect of recycling continuous phase to lower the hold-up of
dispersed phase will enhance settler throughout markedly if sedimentation

controls the separation rate.

(c) The effect of extractant concentration

The coalescence rates of LIX64N, 70, 71 and 73 are shown on Fig. 9 as
a function of extractant concentration at constant dispersed phase hold-up.
Knowledge of the densities, viscosities, interfacial tensions and drop

sizes is insufficient to explain the relationship of the measured velocities
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to each other. Other factors must affect the coalescence rate.

The sedimentation velocities are shown on Fig. 10. Whereas the
LIX70, 71 and 73 systems are little affected, the LIX64N shows remarkable
increase in sedimentation velocity as the extractant is diluted. The
average drop size is assumed to be increasing as dilution of LIX64N
proceeds whereas litéle change occurs in the other systems. This again
points to a rapid inter-droplet coalescence rate for LIX64N but not for
LIX70, 71 and 73.

The copper carrying capacity of the solvent decreases as the extract-
ant is diluted if the phase ratio is held constant. If the phase ratio is
changed as the extractant is diluted the copper carrying capacity can be
made approximately constant. For these circumstances (Fig. 11) the effects
described above still appear. As the extractant is diluted higher sedimen-
tation and coalescence rates are experienced. However, as the extractant
is diluted the size of the mixer must increase to cope with the higher flow
rate of solvent and the specific interfacial area in the mixer decreases.
The settler area is proportional to the aqueous flow rate divided by the
controlling velocity, (sedimentation velocity or coalescence velocity), if
the aqueous phase is dispersed. Significant reductions in settler area may
be achieved if sedimentation controls the separation rate, by operating

with dilute extractants.

(d) Primary break time
In every experiment a delay occurred before coalescence began; this

delay is the period of droplet packing and droplet growth by coalescence.
The coalescence with an interface then proceeds virtually at a constant
velocity until all drops have coalesced. The primary break time is usually
taken as the time required for clear patches to appear in the interface.

This is not a reliable measurement and has no fundamental meaning because
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generally it comprises the packing time and interface coalescence time, two
independent processes. However, as shown on Fig. 12, the primary break time,
calculated as the sum of the measured packing time and the time of
coalescence assuming a constant wvelocity until complete separation is
ideally achieved, is related to the coalescence wvelocity. It is this link
which allos systems to be compared on a basis of primary break timg but
measurement of the coalescence velocity is much to be preferred.

During the tests on mass transfer rates with Kelex and LIX64N primary
break times were estimated. The conclusions to be drawn are that the break
time is generally independent of stirrer speed but decreased as hold-up of
dispersed phase decreased for hold-up less than 0.33 and the organic phase
dispersed. As the stirring time increased the primary break time increased.

The data were correlated statistically.

Continuous Flow Systems
The slip wvelocity concept may be applied to sedimentation of the

dispersion entering a settler at a kaown hold-up of dispersed phase
(calculated from the phase ratio in the mixer). We may write

V/(Q-h)+U/h = V, /(1 =-h) (eRS)
together with the condition imposed by the flow ratio that

vV/u, = (1-h)h (19)
assuming that U 5 refers to the dispersed phase. Therefore

Vo= V2 (=0)
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and U, = V, h/2(1 - h) (21)
These values of Vs and Us in a flow system can be plotted on Figs. 4,
5 and 6 using the batch sedimentation data. The value of Vs represents the
maximum possible continuous phase vertical superficial velocity in the
settler and U a represents the dispersed phase superficial coalescence
velocity required if the maxdmum allowable sedimentation velocity is to be
reached. The coalescence velocity is known to be a function of dispersion
band depth in a flow system so the band must be allowed to build up to a
level to satisfy the maximum throughput criterion. If this is not possible
without approaching flooding conditions lower throughputs must be accepted.
By comparing measured coalescence velocities in a small batch tank
with required velocities in a flow system an idea of the depth of dispersion

band required on a larger scale may be obtained.

Summary

Procedures for investigating mixer and settler performance using a
batch stirred tank have been described with the objective of reducing
experimental work to a minimum in the investigation of a new process for
which mixer-settlers are considered the appropriate apparatus to use on a
large scale.

Using examples of copper extraction, attention is drawn to a procedure
for using data on kinetics of mass transfer to estimate Murphree stage
efficiencies in continuous counter-current mixer-settlers so that the
number of real contacting stages can be calculated for a wide range of
operating conditions. Further work using a continuous mixer-settler system
may then be minimized and used mainly for determining solvent losses and
degradation for example.

A new procedure is proposed for estimating maxdmum throughput in a
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settler. The effects on the throughput of the principal variables of
stirring speed, contact time, dispersed phase hold-up and extractant con=-
centration are demonstrated for a particular system.

In general it is considered that batch tests in stirred tanks can
provide much of the data required to design a large scale mixer-settler.
The techniques described also provide a foundation for further work on the

optimization of a series of mixers and settlers.
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Nomenclature

Ca Copper concentration in aqueous phase , gm Cu/l

Gs Copper concentration in solvent phase , gm Cu/l

Eb Batch efficiency

Ef Flow system efficiency

EMS Murphree stage efficiency based on solvent phase

Fa Aqueous flow rate

Fs Solvent flow rate

h Dispersed phase volume fraction hold-up

Kaa Overall mass transfer coefficient times specific
interfacial area

k Rate coefficient

m Equilibrium line slope

n Exponent

N Stirrer speed, rpm

5 Volume phase ratio (aqueous/solvent)

Uc Superficial coalescence velocity, cn/'s

U, Superficial dispersed phase velocity, cm/s

v Total volume of phases in mixer

VsLp Slip velocity, cm/s

Vs Superficial continuous phase velocity, cm/s

vbs Superficial measured sedimentation velocity, cm/s

Vi Terminal velocity, cm/s

¥, Volume of aqueous phase in mixer

Ty Volume of solvent in mixer

] Degree of copper extraction

v Primary break time, s

wl Contact time in mixer, s
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Subscripts

o Initial value
o Value at time @
e Equilibrium value in batch test
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Appendix

Equations developed from a set of 18 tests on 20% LIX64N in Escaid 100 with
an aqueous continuous phase, feed pH 1.9.

The degree of extraction is given by

p = =108.06 - 16.2 log) &' + 29.0 log,,0
+ 43.7 logyy (N - 165)

The loading of the organic phase is

Cog = =3.98 - 0.522 log, &' + 1.06 log, 10
+ 1.60 log), (N - 165)

The final pH is

pH, = 2.094 + 0.652 log, X = 0.104 log,®

£
- 0.261 log), (N - 165)

The primary break time is

T = -13.92 - 79.3 log, T - 3.68 log,®

+40.5 log; oy (N - 165)
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TABLE 1
VISCOSITIES AND DENSITIES AT 20%

Density Viscosity
Solution g/ml ep
Acid Cuso: 1.127 1.462
Escaid 100 0.792 1.440
20% Kelex 100/10% Isodecanol/

Solvesso 150 0.941 4.10
10% LIX64N/Escaid 100 0.802 1.695
14% o 0.804 1.780
16% u 0.807 1.792
18% " 0.810 1.848
20% " 0.812 1.916
25% t 0.817 2.100
20% LIX65N L 0.808 2,055
10% LIX70 i 0.802 1.680
15% [ 0.809 1.903
20% L 0.816 2.087
25% i 0.821 2.247
10% LIX73 L 0.802 1.714
15% i 0.808 1.878
20% " 0.814 2,007
25% " 0.820 2,220

solvents in hydrogen form

*5 g Cw/1, 19% H,S0 "
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TABLE 2
INTERFACIAL TENSION AT 20°C

Phase 1 Phase 2 gz:zgicm ,dyne/cm
20 Y/o L6 T Acid/CuSOA’ 14.3
10 Y/o LIX64N Acid/Cuso, 15.5
n Air 26.8
20 Y/o LIX70 Aeid/Cus0, 147
10 Y/o LIX70 Ac1d/CusO, 15.6
n Air 26.7
Escaid 100 Air 27.0
Acid/Cus0 4 Air 46.8

=
5 g Cu/1l, 19% HZSOL

¥ Escaid 100 diluent
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TABLE 3

RESULTS OF MIXING AND SETTLING TESTS USING 20% KELEX 100 WITH AN AQUEQOUS

COPPER FEED AT PH 1.0

Stirring Stirring Organic g
T;:t Rﬁégo Speed Time Analysis thr;ction ngé:‘ )
? RPM secs G/L
Calculated Feed = 3.64 G/L
1 A 300 1¢ 0.65 4o b i
2 30 1.23 8.44 10
3 60 2.49 17.1 10
4 120 4.38 30.1 12
5 180 5.36 36.8 15
6 300 7.15 49.1 12
7 600 10.1 69.4 15
8 600 10 1.62 11.1 15
9 30 3647 23.8 20
10 60 5.12 85.2 22
11 120 8.0 549 28
12 180 9.33 64.1 33
13 300 10.72 73.6 34
14 600 11.69 80.3 37
15 900 10 2.45 16.8 22
16 30 5.21 35.8 22
17 60 7.81 53.6 24
18 120 10.23 70.2 34
19 180 11.19 76.8 35
20 300 11.8 81.0 £
2 600 11.84 8l.3 38
22 1200 10 2.78 19.1 18
23 30 5.18 35.6 23
24 60 7.84 53.8 30
25 120 9.91 68.0 35
26 180 10.92 75.0 38
27 300 11.64 79.9 40
28 600 12.01 82.5 43
29 1400 10 3.48 23.9 20
30 30 6.75 4.4 26
31 60 9.38 64.4 35
32 120 11.23 T £
33 180 11.89 8l.6 42
34 300 12.09 83.0 46
35 600 12.07 82.9 48
Calculated Feed = 4.92 G/L
36 3 300 10 .87 5.90 15
37 30 o7 11.5 20
38 60 3.27 22.2 23
39 120 5¢34 3642 30
40 180 7.1 48.1 35
AT 300 9.33 63.2 40
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Stirring Stirring Organic

Test A/0 T Extraction PBT(X)
Speed Time Analysis

No Ratio RPM s /L % secs
42 600 11.08 75.1 60
43 3 600 10 2.14 145

Lh 30 3.83 26.0

45 60 5.91 40,0

46 120 8.55 57.9

47 180 10.0 68.1

48 300 1l.1 757

49 600 11.57 78.4

50 900 10 2.16 14.6 15
51 30 472 32.0 18
52 60 6.92 469 2
53 120 9.73 65.9 30
52 180 10.75 72.8 33
55 300 11.29 76.5 3
56 600 11.41 T7.3 38
57 1200 10 2.88 19.5 16
58 30 6.31 42.8 2
59 60 8.62 5844 29
60 120 10.52 71 .3 33
61 180 11.26 76.3 36
62 300 11.41 77.3 38
63 600 11.87 80.4 39
64 1400 10 3.01 2064 26
65 30 6.29 L2.6 29
66 60 8.70 59.0 32
67 120 10.85 73.5 34
68 180 11.57 78.4 35
69 300 11.73 79.5 38
70 600 11.98 8l.2 38

Calculated Feed = 14.58 G/L

/A0 s 300 10 .27 15.6 180
72 30 4el3 2844 240
73 60 T.34 5064 275
74 120 9.72 66.8 306
75 180 9.97 68.5 278
764 300 10.98 75.4 220
76B 11.0 75.6 210
T7A 600 11.17 76.7 210
77B 11.2 76.9 205
78 600 10 8.12 55.8 358
79 30 10.16 69.8 360
80 60 10.35 sl 301
8l1A 120 11.11 76.3 240
81B 11.0 75.6 235
824 180 9.81 67.4 415
82B 11.2 76.9 200
83A 300 10.86 T4.6 380
83B 11.1 76.2 197
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Stirring

. Stirring Organic .
b Rﬁégo Speed Time Analysis  Extraction P ggé;r)
= RPM secs G/L
844 600 11.06 76.0 285
84B 1251 76.2 195
85 bl 900 10 2.04 14.0 32
86 30 10.2 70.1 420
87 60 10.52 72.3 405
88a 120 11.06 76.0 350
88B i3 76.2 150
89B 180 11.3 77.6 145
90 300 11.44 78.6 240
91 600 11.38 78.2 150
92 1200 10 9.3 63.9 211
93 30 10.1 6944 139
94 60 10.9 74.9 100
95 120 e | 7642 99
96 180 10.9 T4.9 95
9 300 10.9 749 94
98 600 11.1 76.2 90
99 1400 10 8.7 60.0 205
100 30 10.1 69.4 119
101 60 11.0 75.6 110
102 120 11.3 77.6 191
103 180 111 76.2 175
104 300 11.2 76.9 179
105 600 11.5 79.0 174
Calculated Feed = 29.5 G/L

106 5 300 10 1.78 11251 23
107 30 3.19 21.6 90
108 60 5.6 38.0 150
109 120 5.29 35.9

110 180 9.36 63.4 180
111 300 10.5 71?2

112 600 10.5 7152 135
113 600 10 4.0 27 191
114 30 9.22 62.5 235
115 60 10.1 68.5 210
116 120 10.5 A 145
117 180 10.8 73.2 133
118 300 10.6 71.9 128
119 600 10.6 71.9 120
120 900 10 74 50,2 174
121 30 9.9 67.1 181
122 60 10.4 70.5 145
123 120 10.7 72.5 104
124 180 10.7 72.5 95
125 300 10.9 73.9 110
126 600 11.2 75.9 90
127 1200 10 9.5 6ol 167
128 30 10.7 72.5 125
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Stirring Stirring Organic ¥
Test A/0 Speed Time Tnaipeis Extraction  PBT(7Y)

No Ratio RPM “— o/L % secs
129 60 11.1 562 105
130 120 11.5 78.0 98
131 5 1200 180 108
132 » 300 11.4 783 85
133 600 11.5 78.0 81
134 1400 10 9.72 65.9 168
135 30 10.4 70.5 105
136 60 10.7 72.5 72
137 120 10.5 71.2 70
138 180 10.8 732 80
139 300 10.9 73.9 60
140 600 i1 /0 74.6

t % Copper Extraction Computed From !'Best' Mean Calculated Feeds For Each

A/0 Ratio, And From Organic Analyses
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TABLE

VALUES OF E[.
Pha Stirring Stirring Speed
se
Di Time N, r.p.m.
ispersed 0, s
) 300 600 900 1200
30 0.13 0.22 0.28 0.32
Solvent 60 0.23 0.36 0.44 0.49
120 0.37 0.53 0.61 0.66
30 0.32 0.50 0.60 0.68
Aqueous 60 0.49 0.66 0.75 0.81
120 0.66 0.80 0.85 0.89
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TABLE 5

RESULTS OF MIXING AND SETTLING TESTS USING 20% KELEX-100 WITH AN AQUEOUS COPPER FEED AT PH 1.0

Test A/0 Retention  Impeller Copper Analyses-G/L % Extraction Final PH PBT (Secs)
No Ratio  ~im® e Caled
Secs RPM Feed Raff Org Feed Measd Pred Meas Pred Meas Pred
1 2 40 300 5.78  4.82 1.79 5.72 15.5 14.8 0.75 0.66 24 28.8
2 900 2.95 6.07 5.98 52.5 525 0.5 0.53 27 29.2
3 120 300 3.36 4.80 5.76 4145 4544 0.6 0.63 40 38.2
4 900 1.24 9.53 6.00 82.4 83.1 0.45 0.43 40 39.4
5) 4 40 300 2.89 2.45 1.70 2.88 14.7 14.8 0.8 0.87 18.4 19.6
6 900 1.46 5.82 2.92 5093 52.5 0.7 0.73 25 20.0
7 120 300 1.66 5.10 2.94 bhel 45.4 0.75 0.84 30 28.9
8 900 0.56  9.52 2.94 82.4 83.1 0.65 0.63 30 3062
9 3 80 600 3.95 1.80 6.71 4.04 56.6 5847 0.65 0465 28 27.9
10 1.74  6.80 4.00 574 5847 0.65 0.65 28 27.9
11 175  6.96 4.07 58.7 58.7 0.65 0.65 28 27.9
12 1.62  7.03 3.96 59.3 58.7 0.6 0.65 28 27.9
183 1.5 7.67 2.90 7.53 7.92 65.4 58.7 0.4 0.44 43 39.9
14 4e5 2,50 1.03 7.21 2.63 64.1 58.7 0.85 0.75 23 26.1
15 3 30 3.95 2.72  3.71 3.96 31.3 3443 0.75 0.69 23 20.4
16 130 1.20 8.58 4.06 T2.4 73.7 0.6 0.61 30 32.6
7 80 200 3.40 1.06 3.75 8.94 7.16 0.9 0.83 5
18 10000 1.04 8.88 4.00 T4.9 73.6 0.6 0.60 28 28.4

The % Extractions Are Calculated From The Measured Organic/Mean Feed Analysis and Predicted by the
Best-Fitting Mathematical Model.
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TABLE 6
RESULTS OF MIXING AND SETTLING TESTS USING 20% LIX64N IN ESCAID 100

Test A/0 Retention Impeller - Copper Analyses - g/L Measured 1 Final Primary Break

No Ratio Time,Secs Speed,RPM Feed Raff. Org. Calcd.Feed Extraction® PH Time, Secs
1 2 90 300 1.810 0.950 1.56 1.730 47.5 1.55 38

2 il o 900 L 0,402 2.48 1.642 77.9 1.34 70

3 it 210 300 L 0.899 1.62 1.709 5062 1.49 29

4 » v 900 i 0.302 2.63 1.617 83.4 1.34 61

) 4 90 300 0.916 0.677 0.85 0.890 2567 1.76 15

6 L " 900 " 0,201 2.46 0.816 7842 1.51 59

a v 210 300 e 0.488 1.50 0.863 VYA 1.67 23

8 H W 300 I 0.158 2.72 0.838 82.5 1.48 39

9 3 150 600 1,230  0.347 2.39 1.144 71.6 1.51 Ll
10 u ] . " 0.331 2.41 1.134 73.2 1.45 49
13 0 W o L 0.336 241 1.139 T2.4 1.52 49
12 0 L N " 0.328 244 1.141 73.2 1.47 49
13 1.5 " L 2,390 0.529 2.48 2,182 77.8 1.25 90
14 4e5 L " 0.788 0.238 2.30 0.749 69.6 1.61 35
15 3 60 " 1.230 0.605 1.71 1.175 50.4 1.52 43
16 o 240 L L 0.258 2.51 1.095 78.8 1.48 55
17 U 150 200 i 1.000 0.60 1.204 17.8 1.76 3
18 U 0 1G00 " 0.201 2.66 1.088 83.8 1.42 46

“Aqueous feed pH = 1.9
*Based on aqueous concentrations



TABLE

EFFECT OF STIRRING SPEED ON SEDIMENTATION 20 “/o LIX64N

Stirring Time, @ Vg, cny/s
g aé 800 RPM 1200 RPM
0.50 30 0.48 0.30
n 60 0.44 0.35
n 120 0.52 0.37
0.47 30 0.35 0445
U 60 0.52 0643
b 120 - 0.46
TABLE 8
EFFECT OF STIRRING SPEED ON CQALESCENCE 20 “/o LIX64N
Stirring Time, © Uy» cny/'s
o ESE 800 RPM 1200 RPM
0.50 30 0.070 0,064
n 60 0.078 0.073
" 120 0.084 0.077
0.47 30 0.066 0.077
L] 60 0.064 0.076
" 120 - 0.089
0.44 30 0.110 -
60 0.093 -
120 0.081 0.078
0,41 30 0.076 =
" 60 0.093 0.058
n 120 0.089 0.060
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THE DEVELOPMENT OF EFFICIENT INDUSTRIAL MIXER-SETTLERS

J. Mizrahi, E. Barnea and D. Meyer
IMI Institute for Research and Development

POB 313, Haifa, I s rael

Abstract

The considerations affecting the ohoice of mixer-settlers of the
hydraulically-independent type, for the industrial implementation of large-
scale solvent extraction processes are reviewed from the process, design,

operation and economic points of view.

The design requirements for industrial pump-mixers are listed and
the various approaches analysed; an industrially proven pump-mixer model
having separate mixing and pumping elements on the same shaft and a new

turbine-pump mixer are schematically described.

Settler design problems, as well as the different routes to higher
separation efficiency, are reviewed on the basis of a fundamental model of
the separation mechanism. The practical advanteges of the improved settlers

for industrial operation are outlined.

Paper presented to the International Solvent Extraction Conference 1974 (ISEC 74).
Lyon, September 1974.
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1.1

1.3

INTRODUCTIOR

Many types of liquid-liquid contacting equipment have been proposed
and used, including both differential and stagewise contactors of
various configuration. Each has a specific area of application, and has
characteristics peculiar to it 1’2’3. Of all these, the only type which
approaches the characteristics of a set of ideal contact stages is the
hydraulically-independent battery of mixer-settlers (Fig. 1). Its basic
design concept is umnidirectional flow, both from a mixer to its settler
and from adjacent settlers into a mixer. Backmixing is thus eliminated,
and each mixer-settler can, if properly designed, closely approach the

equilibrium attained in an ideal stage.

The hydraulic design of these countercurrent batteries requires
either a lifting device for the mixed phases from the mixers
(ﬁg.1-5)2’6’7 or external pumps on either one or both streams for
each stage (Fig.l-b, and 1—c). When the lifting device in Fig.l-a
and the mixing device are connected on the seme shaft or incorporated

in the same impeller, the mixer is classified as a pump-mix type.

This paper is concerned with the design of efficient, industrial
scale batteries of hydraulically-independent mixer-settlers of the
pump-mix type operating in countercurrent. The relatively recent
implementation of large scale solvent extraction processes in the
hydrometallurgical and heavy chemical industries has revealed the
need for a basic design philosophy for such equipment.

IMI has been active in this field as a result of the implementation

of its own solvent extraction processes in many plants in the last twelve

years, and the present concepts and lmow-how result from the intensive
efforts, contributions and industrial experience of many members of

IMI staff during this time.

When evaluating contacting equipment for the implementation of a
solvent extraction process, the following features weigh very heavily

in favour of mixer-settlers of the type described:
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a)

b)

Process reasons

the use of nearly ideal contact stages, both in pilot development
work and in the plant, allows process design on the basis of
pilot results with great confidence, without having to introduce
corrections for stage efficiency and back-mixing (which characte-

rise the equipment and not the process).

Extraction processes operating with very steep concentration
profiles are notoriously sensitive to back-mixing effects; in
many cases, a relatively mild back-mixing can almost nullify the
desired separation., This is particularly critical when sharp

separations are required.

Design reasons

Many processes are characterised by significant changes in the
physical properties of the phases (viscosity, specific gravity
etc.,) from one end of a battery to another, necessitating the
adaptation of the mixing and separation conditions to each stage

individually.

The phase ratio deriving from mass-balance considerations may be
unfavourable from the mixing-separation point of view, requiring
the internal recirculation of one phase within the stage to

reach an operable phase ratio.

A stage-wise configuration mekes it easier to introduce or with-
draw side streams in the middle of a battery, at the place most

convenient from the process point of view.

A stage-wise design conveniently allows for possible changes in
the flow-sheet configuration, by transferring stages from one

battery to another, or by adding stages as needed. This flexi-
bility is specially important for processes which might have to

operate with raw materials of varying grades.

In many cases, the corrosion-resistant materials of comstruction
impose practical limitations on the height or mechanical features
of the contacting equipment; mixer-settlers can generally be de-
signed within these limitations using conventional fabrication

methods.
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c)

d)

Por very large throughputs in a single line, the design and fabri-
cation problems for separate mixer-settlers are less complex than

for large diameter columns.

Mixer-settlers of the hydraulically-independent type can be practi-
cally tested in closed-cycle rigs with a full-scale prototype,
since the mixing, settling and hydraulic behaviour of each stage

is independent of the adjacent stages. All the stages can be
simulated in a single prototype unit by changing the fluid composi-

tions, thus avoiding scale-up hazards.

Operating Reasons

Mixer-settler batteries can be started up rapidly, by filling the
equipment in & cross—current fashion; the production of "off-spec”

material is minimized.

When the plant is stopped for any reason, the contents of each
stage remain at equilibrium and the battery profile is preserved;
operation can thus be resumed directly without the loss of time
and production necessary to reestablish steady-state. This is

especially important during plant start-up.

The possibility of opening the units without emptying makes routine

maintenance much easier.

Economic Considerations

The cowparative evaluation of all the above points may still leave
a reasonable choice between several types of equipment, (mixer-
settlers being one possible choice). In this case, an economic
evaluation will have to take investment and operating costs into
consideration, including such aspects as downtime, technical

obsolescence, etc.

PFrom the investment aspect, mixer-settlers may suffer from apparent
handicaps compared to other types of equipment: greater built area,
higher solvent inventory, many separate motors, etc. While some

of these handicaps are inherent in the nature of mixer-settlers,

many have been carried over from the inadequate design methods used
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2.1

in the past and from the rather weak theoretical background in this
field. Recent advances in the basic understanding of the operating
mechanism have resulted in improved design procedures and industrial
models; the weight of these handicaps has been considerably reduced
and the mixer-settlers have now become more competitive on the

investment level as well.

LIQUID-LIQUID MIXERS

General Considerations 95

The design of continuous liquid mixers has been strongly influenced
by the theories and practices previously developed for solid-liquid
mixers; many such models were used in solvent extraction work without
questioning whether their features were desirable for mass transfer
operations between two liquids, where the dispersed phase particles can
be sheared, broken into smaller droplets and then recoalesced. The
specific gravity difference is generally lower in the present case and
the requirement of homogeneity is not directly relevant. Thus, most
liquid-liquid mixing experiments were done with turbines of the “standard"

configuration or with marine propellers, in baffled cylindrical tanks.

It is now well established that the bulk mechanism of mass transfer
in liquid-liquid mixers involves two zones. In the immediate vicinity
of the impeller, drops are sheared into smaller droplets, passing through
film and filament stages. The best conditions for mass transfer occur
here, but the residence time of the droplets in this zone is very small
and equilibrium is not generally obtained in one pass. In the rest of
the vessel, mildly turbulent conditions obtain, in which further mess
transfer occurs at a lower rate; drop recoalescence also occurs to a
certain extent. The flowlines deriving from the vortex pattern and
determined by the mixer geometry recirculate part of the dispersion
through the shearing zone, so that each element of dispersed or continuous
phase has a statistical opportunity of passing through it one or more
times. The relative amount of mass transfer occurring in each zone depends
on the liquid system, both zones contributing to the final result; they
also affect the final drop size distribution according to a dymamic

equilibrium between the shearing and recoalescence mechanisms.
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2.2

The logical corollary of this mechanism concept is that improvement
of the mass transfer efficiency (rate per unit volume) must derive from
the enlargement of the relative space occupied by the shearing zone, as
well as inducing a large number of dispersion-recoalescence cycles for
each element of dispersed phase by controlled and forced circulation

between the two zones inside the mixer.

Requirements for an Industrial Pump-Mixer

It is useful to start this discussion by clearly defining the
practical requirements for continuous liquid-liquid pump-mixers incorpo-
rated in an industrial battery of countercurrent mixer-settler units,

in the light of many years of industrial development.

Mass Transfer Considerations: The exit composition of the two liquid

phases should be as near as possible to equilibrium, giving a stage

efficiency close to unity. This can be achieved by :
1., -~ High interfacial area and shear forces in the mixing zone.

2. - High recoalescence rate in the other parts of the mixer, and high
circulation rate through the mixing zone, allowing many dis-

persion-recoalescence cycles for each element of dispersed phase.

3. = A narrow residence time distribution of both phases, that is

minimum segregation and/or short-circuiting of the mixing zone.

Phase Separation Considerations: The outlet dispersion should be in the

form best suited for settler operation, that is:

4. = The outlet dispersion should have a quiet flow, a maximum average
drop size and a narrow drop size distribution, particularly
without a significant "tail" of the smallest droplets which are

detrimental to settler performance ( see below).

Operational Considerations

5. <= The pump-mixer should develop a differential hydraulic head,
between the level of the inlet of the heaviest phase to the
discharge level, sufficient for the operation of a counter-
current battery with "deep-layer" settlers ( that is 60 - 120 cm
head). Excess head can be used to advantage for passing the

dispersion through coalescence aids.
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6.

7.

8.

10.

11.

~ The pump-mixer should operate in a wide range of throughputs,
without requiring adjustment after a flow change and without

affecting the mixing action.

~ The mixer volume should be minimal in relation to the mass trans-
fer operations, thus requiring flow renewal through all parts
of the mixer ( no "dead-space") and efficient mass-transfer.
This requirement is important in high throughput equipment in
order to:

- have a lower solvent inventory, and to

= match the mixer and the settler heights without significant
denivellation between them; this would complicate the plant

construction and layout.

- The energy consumption should be minimized by preventing ineffi-

cient turbulence and obtaining a higher pumping efficiency.

~ Steady state operation should be reached with minimum response

time.

— The pump-mixer should be capable of stable operation with a wide
range of phase ratios without inversion of the dispersed phase,

to accommodate fluctuations in the phase ratio.

- The pump-mixer should be capable of handling incidental solids
(i.e. chips, aggregates from incrustations, etc. ) without

breakage or damage.

Design Considerations

12.

- The conceptual understanding of the pump-mix operation and the
factual information should allow safe design for various systems,
scaling-up and down and separate consideration of the mixing and
pumping action. This is specially important, since many ideas
can be proposed or tested on a small scale or with a single
system. The development work required to test and understand
a new model reasonably is very lengthy and expensive, but,
without this effort, it cannot be considered for industrial

application.
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2.3

13, - The possibility of building small models and large prototype
units on the basis of similarity principles; otherwise every

new application will involve an intuitive extrapolation.

14. =~ Pinally all these requirements should result in low-investment
equipment of simple design and construction, adapted to an

industrial environment and allowing unsophisticated maintenance.

It is apparent that there are inherent contradictions between these
requirements; in each practical case, the relative importance of each
consideration will be weighed in the light of the available data, to
reach a compromise bridging these contradictions. It follows, of
necessity, that no single model of pump-mixer can be universally re-
commendable. Different models may fit different cases best. It is only
important that the choice of the preferred model be based on a tho-
rough analysis of the case, taking into account the actual testing
of the mixing-settling behaviour of the liquid-liquid system under
consideration according to established procedures and all the accumu-

lated experience.

Design and Operation.of Pump-Mixer with Separate Mixing and Pumping
Elements on the Same Shaft.

While it is apparent that the easiest design and maximum mechanical
efficiency will be obtained with a mixing impeller and a vertical, low
pressure pump on separate vertical shafts, this solution was found too
complicated and expensive for plants involving a large number of rela-
tively small size mixer-settlers, and development efforts were concen-

trated in a design involving a common shaft 6’7’8.

This design (Pig. 2) was developed and prototyped in 1965. Since
then, hundreds of units have been operating satisfactorily in nine in-
dustrial plants producing phosphoric acid, potassium nitrate and uranium,
in a wide variety of liquid-liquid systems with through-puts of mixed
phases of 20 - 500 m3/hr. The mixing element (upthrust marine impeller)
is located in the lowest part of the baffled cylindrical tank and the

feed streams are introduced at that level by means of inlet baffles.
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The pumping elemen'l:8 consists of an axial flow impeller, housed in
a draft tube between two static sets of antiswirl guide vanes. The
draft tube is submerged in the dispersion, at some vertical distance
from the mixing impeller, and discharges the dispersion onto a horizon-
tal deck, from which it flows quietly, by gravity, to the settler in a
rectangular channel. This type of pump imparts minimum additional shear

to the dispersion.

The size of the mixing impeller and the rotational speed are the
result of compromises to satisfy both mixing and pumping requirements
as well as the requirement that the entire pump and agitator assembly be
capable of being withdrawn and replaced with minimum time loss, for ease
of maintenance. The synthesis of these requirements resulted in models
with a relatively small mixing zone, and a fairly large recoalescence
zone. This has proved to be satisfactory for many systems characterized
by a relatively rapid rate of mass transfer, and insensivity to emergy input,
with average residence times in the mixer of the order of 2 minutes. In
these conditions, a relatively wide range of fluctuations in throughputs
and phase ratios could be allowed, requiring, in certain cases, adjust-
ment of the rotating speed of the mixer. The main problem was the damage
to PVC-made pumps caused by incidental solids, principally during
running-in.

However, as the range of application has progressively widened, it
became apparent that this pump mixer model was not suitable for a number

of processes. These were mainly :

- Processes involving phase systems sensitive to enmergy input, in
which the mixing intensity should be rigorously controlled and
excessive shearing avoided, to prevent production of difficultly

separable emulsions .

- Processes where mass transfer is difficult, in which more intensive

"scrubbing" is needed to achieve practical results.

- Processes implemented on a very large scale, in which the mere size
of the mixers (based on 2 minutes residence time) would either
be an economic incentive for smaller equipment and smaller
solvent inventory or create design problems, as regards the

relative height of the mixers and the settlers .
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Por these cases, it seemed worthwhile to develop a new type of
liquid-liquid mixer to obtain the required results with an effective

residence time of 10 - 20 seconds.

Design and Operation of Pump-Mixers with a Single Impeller fulfilling

both Punctions.

It is well known that a rotating impeller can produce both shearing
forces (dispersing one liquid into another) and pressure differences.

In principle, this allows a wide range of design possibilities.

At one extreme of this range, one can consider an ordinary centri-
fugal pump sucking two liquid phases and discharging an emulsion; this
possibility (which is sometimes used) is characterised by a very short
residence time in severe shearing conditions in a once-through pattern
and is accompanied by an unnecessarily high discharge pressure. These
characteristics are generally not relevant to solvent extraction pro-
cesses and, to correct them in the desired direction, one should make
the pump "less efficient", by increasing the casing in relation to the
impeller size, decreasing the rotating spead and allowing intermal

recirculation.

At the other extreme of this range; one can use the well-known
suction effect at the centre of a rotating turbine, giving a negative
pressure difference sucking one or both of the inlet streams into the
mixing vessel. This is a useful design feature for pilot-size mixer-
settlers, where denivellations are small and rotating speeds can be high.
Upon scaling-up; the constraints deriving from the link between the
suction pressure difference, the rotating speed and the turbine diameter

become critical and present serious design and operating problems.

Between these two extremes, a number of attempts to accomodate
these constraints have been published for particular cases, using a
special internal pump-mix geometry. Pour of these are briefly reviewed;
in the first three,the mixing and the settling teke place in the same

vessel:

- Gordon and Zeigler's design9 (Pig.3-A) much resembles a

flotation machine, closely following the first extreme.
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- Mensing's design 10 (Pig.3-B) has an axial flow impeller in a
draft tube, with some possibility of recycle. The residence
time in the mixing zone is still low.

- Coplan; Davidson and Zebrosky 1 (Pig.3-C) used a low-head, high
capacity centrifugal impeller, confined between two horizontal
discs and connected to a rotating hollow dip leg. Recirculation
of dispersion to the impeller is possible through an annular

slit.

= The mixer model developed by the Power-Gas Co.12 (Pig.3-D) for
large scale copper extraction plants is a further development
in this direction. Both feeds are introduced in a static draft
tube below the impeller; the latter is a shrouded, low shear
impeller; circulation to the impeller is possible through an
adjustable slit between the draft-tube and the impeller. The
impeller may also have external blades. The dispersion is dis-

charged from a central hole in a horizontal upper baffle.

With all these considerations in mind;, IMI developed a new type of
turbine-pump-mix and tested it both on a small-scale model and on an
industrial scale prototype of 127 cm diameter, operating in the range
of 80 - 200 ml/hr at 80 - 120 RPM. This mixer 13 embodies the following
features (Pig.3) :

a) Mixing and pumping are both performed by a single turbine of
large diameter relative to the tank diameter (70 - 90%) rotating
at a relativay low RBM. The turbine is shrouded and includes
a large number of blades on one or both sides. Above and/or
below the turbine, there are two static recirculation chambers

of the same diameter as the turbine, separated by static discs.

b) The two inlet streams are fed from the adjacent settlers through
separate channels below the mixing vessel ( or through a false
bottom) to the centre of the turbine.

¢) A coaxial cylindrical baffle, closed from the bottom except for
the passage of the shaft;, limits the mixer volume and creates &

cylindrical annulus between this baffle and the mixer wall.
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)

e)

1)

The exit suspension is discharged upwards througk this annulus
and out through a tangential rectangular channel to the settler.
This annulus may be equipped with one or more helicoidal baffles
to enhance rotation of the exit stream (at the expense of excess
head, if available).The centrifugal action and flow pattern

in this annulus can be used to generate signifioant precoalescence.

The turbine action creates strong radial currents, centrifugally
between the blades towards the wall and then, after a reversal

of radial flow, centripetally below and above the turbine in

the recirculation chombers to close the loops, since the pumping
rate exceeds the net flow rate by at least an order of magnitude.
The centripetal flow is ensured by fitting the recirculation
chambers with curved vertical vanes, tangential to the rims of
the recirculation chambers.

This recirculation is essential for efficient mass transfer by
passing the dispersion many times through the shearing zone.

The forced vortex caused by reversed flow enhamces coalescence in
the internal recycled stream, thus equalising the concentration
in the dispersed phase and producing bigger drops to be sheared

again.

The centrifugal head evailable at the turbine discharge is partly
converted into gravitational head, pushing part of the dispersion
into the annular zone in an helicoidal path. The hydraulic head
between the fixed discharge channel at the top and the head of
the heaviest inlet phase was correlated with the net-throughput,
for parametric values of the RPM and intermal geometry. Changes
in head caused by throughput fluctuations are absorbed in the
level of the inlet channels leaving the mixer always full and
therefore not affecting the mixing action.

The mixer does not include vertical baffles hampering the cir-
cular action, since secondary turbulence more than that produced

by reversal of the radial flow is not required.
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Testing on the industrial prototype has fully established the

feasibility of this equipment. Flows of the order of 80-200 m3/hr were
handled, with a head in excess of 100 cm, at 80-120 RPM. The power
consumption is dependent to a great extent on the recirculation rate
allowed. The pumping head is relatively insensitive to throughput.
Mixing efficiency, flow pattern and liquid hold-up are all practically
independent of throughput and pumping head. It is specially important
to note that, since both feeds are fed directly to the high shear zone
and recirculation rates are high, stable operation is achieved with
dispersions containing up to 80% of dispersed phase. This allows the
choice of the type of dispersion which is more easily separated.
This type of pump-mix has been specified for a plant manufacturing a
food product, at present under construction;, and is being adapted to
two new large capacity plants. More details on its operation will be
published elsewhere.

3. _LIQUID-LIQUID SETTLERS

3.1 General considerations

The settlers represent the major part of the investment, of the
plant area and of the liquid inventory in a mixer-settler battery, yet
their function is only accessory to that of the mixer. All that is
required from a settler is the ability to separate a given throughput
of dispersion, having certain separation characteristics, in a parti-
cular set of process conditions, Since no phase separation can be
absolutely complete in industrial conditions, the separation requirement
wvill be expressed as a fixed maximum entrainment level allowable in
each discharged stream. Depending on the process, this level can be

between a few ppm up to one percent per volume.

The economic efficiency of the settler lies in obtaining these
results with the minimum erected equipment cost;, the most compact layout
and the smallest volume (minimising the solvent inventory cost). On the
other hand, since good phase separation results are critical for plant
operation and since settler behaviour is not generally umderstood or
predictable with changing conditions; generous overdesigning factors

are introduced es a rule. The economic velue of this overdesign becomes
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quite significant in larger plants and its reduction represents an
incentive for better and more efficient designs, based on fundamental

studies.

In the early development stages, designers' attention was apparently
mostly devoted to eliminating the detrimental effects of hydrodynamic
macro-currents near the inlet and outlet connections on the separation
efficiency, by empirical geometrical design. Inlet turbulence is damped
by some kind of diffuser (perforated or slotted partition) to reduce
and spread the horizontal velocity of the entering stream evenly.
Similarly, the overflow and underflow stream outlets are spread as
evenly as practically possible to reduce the horizontal velocity
components. The location of the feed inlet was found to have an optimum
level in certain cases. At the same time; a good design practice was
developed as regards those very important "details"™ of industrial
equipment, such as underflow level regulators, drains, seals, vents,
grounding cables, sight glasses and floating level indicators; inter-—
mediate layer nozzles, recycling lines, by-pass loops with or without
automatic non-return valves, air-tight sampling devices and sampling
taps, manholes, etc. All these have to be adapted for each case, taking
into account the convenience of plant operation and maintenance. The
final result is an efficient deep-layer settler of the simple gravita-—

tional type 6,7 .

Further improvements in settler efficiency involve one or more of

the following approaches:

-~ improving the separation characteristics of the dispersion
entering the settler by :

=~ changing the mechanical design of the mixer.

- introducing a "precoalescer" element between the mixer and the

settler,
- accelerating the separation rate of the dispersion by:

= adjusting the process conditions,; wherever possible
(temperature, pH, change of solvent/diluent, elimination of

harmful impurities from the solvent and aqueous phases.etc.).
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3.2

- adjusting the phase ratio and/or the type of dispersion, by
internsl recycle of one phase within each stage.

- adding coalescence aids within the dispersion band in the
settler, such as powders with suitable surface proper-

ties 28,29.

~ better functional use of the settler volume by means of

specially designed internal partitions (compact settler).

Each of these approaches has its range of usefulness and its
limitations. Before discussing this, it will be useful to review
briefly the present knowledge on the separation mechanism of a deep-

layer settler, resulting from recently published fundamental work 14—17.

Model of the separation mechanism in a deep-layer settler.

Yhen a liquid-liquid settler operates in steady state, a dispersion
band exists between the upper and lower layers of separated phases,

limited by the "active interface" (or "coalescence front" ) and the

"passive interface® (or "settling front"). In a "deep-layer"
industrial settler, the thickmess of the dispersion band ( AH ) is
substantially even, between 40 and 100 cm (not less than 15 cm) and
the ratio of settler length (or radius) to AH does not exceed 10 P.

In these conditions, a well-defined relationship (the settler charac-
teristic)exists between /A\H and the specific throughput of dispersion
separated in the settler (Q/A), including parametric values depending
on dispersion characteristics and operating conditions. For all
practical purposes, each unit of horizontal area of settler separates
an equal throughput of dispersion at a given /A\H. This has been

found to be reasonably accurate for well-designed settlers having

the above-mentioned limitations end represents a very useful scale-

up tool (®area principle") 1%-ai 5

In settlers operating with lower nominal specific throughputs
and with much thinner dispersion bands (both in the absolute sense
and relative to settler length) a wedge-shaped dispersion band is
obtained; this represents a limiting condition of the deep-

layer settler. These conditions have been studied extensively 22,23
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and are relevant mostly to pilot-installations; they are rarely purposely
included in large-scale industrial operations and will not be discussed

further in this paper.

A systematic investigation of the hold-up of the dispersed phase
within the dispersion band = showed that it consists of two main sub-

layers, defined as :

= the "dense layer"™ near the active interface, in which the hold-
up is much higher than in the feed and increases sharply

towards the active interface, where it reaches unity;

- the "even-concentration layer", where the hold-up level is
almost constant and slightly lower than in the feed; the
actual hold-up decreases moderately and roughly linearly
tovards the passive interface, where it drops more or less

sharply to zero.

The hold-up profiles for varying /\H were found to be very similar,
and could be reduced to a single function by dividing the vertical
height by AH. In all cases wvhen /\H exceeded 20 - 30 cm, the "dense
layer" occupied only 10 - 20% of the total volume of the dispersion band.

Investigations 18 on both eontinuous and batch separations
indicate that the instantaneous rate of coalescence on the active inter-
face is proportional to the overall effective weight of the dispersed
droplets in the dense layer, and that the thickness and hold-up
gradient of the dense layer is self-adjusting to allow the required
coalescence rate in each set of conditions (throughput, phase ratio,

temperature, etc.).

Determination of the flow patterns of both the dispersed and
continuous phases within the dispersion band resulted in the following

1
simplified picture P .

The entering dispersion flows as a bulk, in what is termed the
"chimney" current, to the level between the "dense" and the "even con-
centration" layers. From there, the continuous phase is drained more
or less evenly towards the passive interface. The majority of the

larger dispersed drops penetrate directly into the even concentration
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layer and pass rather rapidly through the active interface. The remain-
ing smaller drops are entrained towards the passive interface by the
continuous phases however after some time the entrained droplets were
found to reverse their vertical direction and to flow against the
draining continuous phase towards the dense layer, where they eventually
coalesce. This reversal can only be explained by increase of the drop
diameter of the drop due to drop-to-drop coalescence in the "“even-—
concentration" layer. Since the settler is operated in steady-state
conditions without entrainment and with a /A\H depending on the
throughput, it follows that the thiclkmess of the "even concentration"
layer is self-edjusting to provide the residence time and conditions
for the droplet growth up to the critical diameter, allowing the

reversal of vertical direction. -

The mathematical analysis of this method 16, based on the concept
of average size and average residence time, took into account two main

physical mechanisms:

= the hindered settling of drops in a concentrated liquid-liquid
dispersion which was analysed by the present authors L on the
basis of an extended definition for the modified drag coefficient
and particle Reynolds numbers. The universal correlation developed
allowed the calculation of the relative velocity of spherical
particles in a dense crowd, knowing the average particle diameter,
particle hold-up and physical properties of both phases. For liquid
particles, an empirical coefficient has to be included for the

surface effects of adsorbed impurities ("retardation" of internal

circulation).

= The rate of drop-to-drop coalescence, which must take into account
end accommodate two mechanisms ("collision" and "bouncing"), including
empirical coefficients in their expression.

Semi—quantitative mathematical expressions were developed for

these aspects, from which the previously established empirical

17,18,19,20,26

expression , of the settler characteristic:

A\H proportional to (g/a) (1)

was reconstituted. It waa deduced that y should be constant, minimum
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3.3.

and equal to 2.5 wvhen the settling conditions are in the creeping flow
region and the droplet grovth rate is entirely controlled by the collision

17,18-20,27 . Values

rate. These conditions are by no means exceptional
of y apparently lower than 2.5 have been obtained from points in the
very low A\H range, with higher empirical values being obtained for
other conditions. In these cases, theoretical arguments indicate that
there may be a more or less significant increase in y, as A\H increases,
indicating that the settler "characteristics" (that is the plot of AH
versus (Q/A) on logarithmic coordinates), would be an upvards concave
curve., The degree of curvature depends on the balances of the various
mechanisms prevailing for each case. In many systems, for a given range
of AH, the characteristics may be approximated by a straight line

for all practical purposes. There is however an inherent danger in
straight-line extrapolation from experimental data obtained in the

lower A\H range to high /A\H values; this could yield very sizable

errors.

Effect of mixer operation on settler characteristics

The above investigations indicated that the main factor affecting
AH (that is, mostly the thickness of the "even—concentration" layer)
is the fraction of smaller size droplets of the dispersed phase in the
settler feed. This size distribution results from a dynamic equilibrium
between opposing mechanisms determined by mixer action. Even when the
mixing regime is kept unchanged, increasing throughput results in a
smaller residence time in the mixer, with smaller energy input per
unit volume of suspension. This is a fundamental aspect of mixer-settler
design.

The accumulated empirical experience shows that, in general, liquid
systems can be classified as "sensitive" or "insensitive", according to
the dependence of the dispersion separation rate on the amount of mixing
energy input, i.e. mixing intensity and/or residence time in the mixing
zone, With "sensitive" systems, phase separation rates decrease systema-
tically as the mixing parameters i.e. residence or mixing time, impeller
diameter or rotational speed, turbulence-inducing baffles, etc. are

increased. However, even with "sensitive" systems, the separation rate
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decreases towards an esymptotic value, and a range of variables can be
attained in which further increase in mixing intensity does not measurably
affect the separation rate. In the rigorous sense, all systems are
"sensitive", but the practical difference between "sensitive" and
"insensitive® systems is that for the latter, this asymptotic value is
reached with a mild mixing intensity. Thus, for "insensitive" systems, the
separation rate, either batch or continuous, does not change significantly
with increasing mixing intensity in the "normal" range of operations

(say, mixing time of 10 - 200 seconds and agitation intensity between
that required to produce an apparently homogeneous dispersion to 2-3

times this minimum value.

Fortunately, many of the systems encountered (in IMI practice)
wvere relatively "insensitive™. This can be explained as follows:
the final drop size is the result of the dynamic equilibrium between
droplet break-up and coalescence, both mechanisms being simultaneously
affected by increasing mixing intensity, in such a way that the final drop
size distribution at the mixer exit is only moderately affected. On the
other hand, equations which have been developed B for the rate of drop-
to—-drop coalescence in the “even concentration layer" show that the

effect of average drop diameter in the feed tends to become negligible

in many cases.

Experimentation, testing, design and operation of mixer-settlers
with systems which are practically "insensitive"™ to energy input are very
much simplified, since the mixing and settling operations can be con-
ducted separately, within reasonable limits, without interactions
between them. The different values of /\H obtained in a given mixer-
settler for different (Q/A) are all obtained with dispersions having

essentially the same separation behaviour.

On the other hand, similar operations with "sensitive" systems are
most complicated and delicate, since exact scale-up, or even duplication
of mixing regimes, is doubtful. "Sensitive" systems also tend to be
unstable, i.e. their properties drift with time. Systems incorporating
kerosene in the solvent are generally quite "sensitiw"12.

These systems will always require flexible designs, to be "tuned" at the
prototype scale, and very thoughtful operating procedures,to avoid un-

necessary turbulence.
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Precoalescing elements between the mixer and the settlers

The use of the packed beds, fibrous mats and porous media for
enhancing coalescence is well known in practice, mainly for dilute
dispersions of very small droplets 30. The mechanism of operation of
such coalescers has been related to the extended packing surface
preferentially wetted by a film of dispersed phase end to the tortuous
flow channels causing the impact of the droplets on this film which,
after growing in thickness, is drained from the packing in the form of
larger drops. Apart from the surface characteristics of the packings,
other factors are relevant, such as bed thickness, superficial velocity,

pressure drop, phase ratio and physical properties of the phases.

Despite this knowledge, coalescers were rarely incorporated in
mixer-gsettlers batteries of the hydraulically-independent type umtil

recently, mainly for the following reasons:

= Very little information existed on their contribution to the
mechanism of partial precoalescence of concentrated dispersions
(of the order of 30 - 70% dispersed phase by volume).

= the obvious limitation on the superficial velocity of the dispersion,
requiring a large cross-section area and complicated physical

arrangements.

- the possible plugging of the elements with solid particles (always
present to some extent in any industrial plant), in particular in

view of the filtering effect of these porous elements.

= the very limited extra hydraulic head which can be designed into pump-
mixer batteries, and be available to compensate the necessary pressure

drop between the mixer and the settler.

- the very high price required for sophisticated elements of the types
used for mist separation made the saving in settler area an uncertain

economic proposition.

These are inherent problems for any type of precoalescer; the pre-
coalescer required should give significant partial precoalescence with

superficial velocities of the order of 50 - 100 ma/hr.mz, with pressure
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drops of the order of a few cm of liquid. Such elements should have
rather large openings, limited thickness and small specific area, and
should be of simple and cheap construction. The dispersion residence

time in it will be a few seconds.

Extensive experimentation has been carried out at IMI in recent
years on the improvement caused by a rather thin layer of standard
packing material (Raschig rings etc.) on settler capacity. Increasing
superficial velocity through the element decreased the improvement
factor, up to a certain limiting velocity. Results showed that there is
an optimum bed thickness, above which presumably the redispersion
process becomes predominant at relatively high velocities. There is
also a systematic effect of the particle size. It is however most
interesting to note that, in our experience, the surface properties
of the packing material had very little effect, and packings similar
in all respects, made from hydrophilic or hydrophobic materials
or mixture of both kinds, had practically the same effect.

The improvement must be attributed to the drop~to—drop coalescence
caused by the rapid end frequent changes in the velocity magnitude and
direction inside the concentrated dispersion as it passes through the
packing. In one particular system, intensively tested, improvements
in the range of 30 - 100% in nominal settler capacity were recorded,
at superficial velocities of 40 - 80 m3/hr m2 and pressure drops of
1-2 cm. This type of packing is relatively cheap and easy to instal
inside the settler and can hardly be plugged by fine solids.

Effect of process conditions

Increase in the operating temperature always results in increasing
settler capacity. The reasons for this effect have been extensively
a.nalysed17 and its practical implication is that the process should be
designed to operate at a higher temperature, whenever this is compatible
with other considerations. As a rough rule of thumb, settler capacity
can be doubled when operated at 40°C instead of 20°C. Obviously, there
is a limit where other problems (solvent stability, vapour pressure

etc.) would nullify the value of the increase in capacity.

Other relevant process conditions may be the acidity or electrolyte
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level at various stages, the choice of the extending solvent, the
presence of various impurities in “commercial-grade®™ components of the

solvent system, the presence of solid or colloid precipitates,etc.

This emphasises the need for preliminary mixing-settling tests at
early stages of process development, according to established procedures,
to avoid spending time and effort on unsuitable choices of solvents and

conditions.

Effect of phase ratio and dispersion type

Por each pair of liquid phases at equilibrium, there is a particular
dispersion type and phase ratio which gives the highest settler capacity,
calculated on the basis of throughput of either phase. This has been
extensively discussed 17. There is a practical possibility of adapting
the phase ratio (and indirectly affecting the type of stable dispersion
at this ratio) by internal recycle between the settler and the mixer
of each stage, in order to reach the optimm settler capacity. In the
nev turbine-puup-mix discussed above, either type of dispersion can be
maintained with almost any phase ratio, up to 80% of dispersed phase.
This effect is however difficult to predict exactly at this stage and

must be established experimentally for each practical case.

Effect of solid particles of suitable surface properties in the separa-

tion mechanism in the dispersion band.

28,29

As discussed in previous publications , this effect can result
in very significant improvements in specific cases: however, purposely
added powders are not used in industrial settlers to our knowledge, since
the deriving operational complications do not seem to make it of

practical value.

Coumpact settler

The principle of the compact settler resides in a better utilisation
of the settler volume, deriving from the fact that the volumetric
separation capacity of thicker dispersion bands is lower than that of
thinner bands, the incremental contribution of increasing thiclmess

to the separation capacity being even less. The settler is divided into
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40 - 50 superimposed thin settlers of 2 - 3 cm thickness each, separated
by thin rigid partitions slightly inclined in a direction perpendicular to
the axis of the flow of the dispersion, with common "manifold" space for
the introduction of the feed dispersion and withdrawal of the two
separated phases. The flow lines of the feed dispersion are essentially
horizontal and parallel to the plates, while the separated liquid is

drained in a vertical direction by the plate inclination. The design
of this patented settler i has been described in a previous publica-
tion * , and the explanation of its mechanism can be based on the
above mentioned theoretical model in view of the decrease in the
vertical draining velocity of the continuous phase. It is now in opera-
tion in three plants, and two other plants are at the design and con~
struction stage. The improvement in settler capacity, m the basis of
surface area, is of 3 - 8-fold and it is important to note that this
effect is independent of that obtained by other methods. Thus, if the
capacity of a simple gravitational settler in a particular set of
conditions is C m3/m2hr, and a capacity increase of 1,5 may be obtained
by the described precoalescer, the capacity of a compact settler could
be 4 C, and the capacity of a compact settler with precoalescer would
be 1.5 x 4 x C =6 C. This additivity is a most powerful design

tool 33.

Another important point is the fact that, with the increase of
the separation capacity per unit area, the vertical and redial velo-
cities of the separated phases become quite significant, in particu-
lar near the overflow weir and underflow outlet, These local velo-
cities may disturb the flow patterns inside the dispersion band and
cause its "swelling". To remedy this, special precautions must be taken
to spread the vertical streams across the horizontal area, by means
of perforated plates, extended overflows, etc. as described in

Reference 32,

The methods of improving settler efficiency can be divided in

3 groups:

a) those affecting the size distribution of the feed dispersion

(mixer geometry, precoalescers)
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b) those affecting the separation rate inside the settler: (compact
settler, non-gravitational fields of forces, "active™ solid powders,
etc.),

c) those affecting both mixing and coalescence at the same time
(temperature, phase ratio, process conditions, physical properties,
etc.).

BEvidently, methods from group (c) are most effective; methods from
groups (a) and (b) can generally be combined with additive results;
combinations of methods within group (a) or (b) cannot be expected to
be much more effective than each method separately.

4. FINAL EEMARKS

The paper lists the fundamental considerations in the choice,
development, design and operation of industrial mixer-settlers.
As in all other fields of industrial innovation, these considerations
are complex and require fundamental lkmow-how end practical expertise to
make a reasonably well-based decision.

It seems that this field has now reached the stage of maturity,
both in the scientific approach and in the industrial practice. It is
only to be hoped that the industries concerned recognise and take

advantage of these achievements.
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Nomenclature

A:  horizontal area of the settler.

Q: volumetric throughput of dispersion.
A\ H: thickness of the dispersion band.
y: exponent defined by Equation 1.
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THE KEMIRA MIXER-SETTLER EXTRACTOR

T.K.Mattila
Kemira Oy, Oulu Research Laboratory
Oulu, Finland

Kemira Oy has developed a new mixer-settler extractor,
which is an improvement of the normal pump-mix mixer-
settler extractor. It has the following principal
features:

- the heavy phase only is pumped into the bottom of the
mixing space whilst the lightweight phase is allowed
to flow freely from the settling space to the top of
the mixing space without any pumping,

- a larger than normal auxiliary space has been connect-
ed between the mixing space and the settling space to
act as an effective stopping/starting system.

The Kemira extractor has many advantages compared with
known conventional mixer-settler extractors. It is
trouble-free in operation; the possibilities of phase
inversion are slight, moreover it is easy to start.

The stopping/starting system guarantees the formation
of the right dispersion when starting the mixer-settler,
and to a large extent shortens the starting and break-
down periods.
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1. Introduction

The latest and most effective mixer-settler extractors
are designed according to the following principles:

- ensure that the maximum degree of mass transfer takes
place without creating so fine a dispersion that the
two phases settle only with difficulty;

- the phases can be transferred from stage to stage
without any external pumping;

- the controlled recycle of the phases within a stage
is possible.

In most cases this is achieved by bringing both phases
together as soon as possible after phase separation,
which means that the phases contact with each other be-
fore reaching the mixing space. For example in the nor-
mal pump-mix apparatus, the phases are brought into con-
tact whilst in the pipe and then pumped together into
the mixing space, where the phases are dispersed and then
the dispersed liquids are lifted through the top of the
mixing space into the settling space. Such flow arran-
gements may often be very unstable in operation.

A situation may arise, where one phase is pumped by the
pump-mix device for a longer time than the other phase.
This may lead to great hold-up variations in the mixing
space, which in turn may produce phase inversion. Phase
inversion invariably leads to decreased mass transfer
efficiency, and most often decreases phase separation.
Furthermore, the normal pump-mix construction generally
tends to produce plenty of organic micro-drops, which
settle very slowly.

In designing the mixer-settler extractor, the flexible
and rapid stopping and restarting of the apparatus is
often forgotten. In conventional mixer-settler extrac-
tors when pumping and mixing is interrupted for some
reason, the heavy and lightweight phases separate in
the mixing space. If mixing is now continued in this
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situation, the previously mentioned phase inversion may
be formed immediately after restarting the system.

In order to be certain of the formation of the right
dispersion in restarting the system, the following
time consuming operation must be carried out:

- stop the feeding of the intended drop phase (phase 1),

- let the other phase (phase 2) flow through the appa-
ratus so long as all the mixing spaces have been
filled by it, i.e. the continuous phase,

- restart the feeding of the phase (phase 1), i.e.
the drop phase.

In the Kemira mixer-settler extractor we have made
improvements on the previously mentioned pump-mix
apparatus, which have eliminated those disadvantages
characteristic of normal pump-~-mix apparatus. This
report describes an auxiliary device included in the
Kemira extractor, namely the so-called stopping/
starting system which reduces the lengthy stopping

and restarting operation, and guarantees the formation
of the right dispersion when restarting the extractor.

2. Description of the apparatus and its operation

The principle drawing of the Kemira extractor is shown
in figure 1. The drawing represents a part of the
countercurrent multistage extraction apparatus provid-
ed with Kemira mixer-settler units. Extraction stages
have been marked by numbers n-1, n, and n+1. Every
stage has a mixing space M, a settling space S, and

an auxiliary space A. The lower part of the settling
space S has been connected to the auxiliary space A
through an overflow pipe 10, which in turn has been
fitted into the auxiliary space A, and which can be
regulated in the vertical direction to control the in-
terface level in the settling space. The lower part
of the auxiliary space A has been connected to the
lower part of the mixing space M by the connection pipe
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Mixing space M contains a vertical shaft rotated by mo-
tor Mo. At the end of the shaft there is a heavy phase
pump turbine 2, and at its centre point there is a mixing
impeller 1.

The heavy phase flows by pipe from stage to stage first-
ly by overflowing from the bottom of the settling space
into the auxiliary space and then by flowing from the
auxiliary space into the bottom of the mixing space due
to the pumping effect of turbine 2. The liquid surface
level of the heavy phase in the auxiliary space is kept
low, the volume and position of the auxiliary space being
such that it can receive all the heavy phase which has
settled in the mixing space.

The lightweight phase flows countercurrently along the
overflow pipe 4 from the top of the settling space S

to the top of the mixing space M. The mixing impeller

1 disperses the phases entering the mixing space, holds
them there for some time and then moves them into the
settling space through the head pressure pipe 7, and
the dispersion pipe 3. Both phases may be recirculated
within a stage through pipes 8 and 9. The lightweight
phase flows through pipe 9 as an overflow, because the
liquid surface level in the settling space is higher than
the liquid surface level in the mixing space, due to the
difference between phase densities, and to head pressure
in pipe 7 caused by the rotation of mixing impeller 1.
The heavy phase flows through pipe 8 due to the pumping
effect created by pump turbine 2.

The whole mixer-settler apparatus has been stepped slight-
ly stage by stage in the direction of the lightweight
phase flow.

3. Operation of the stopping/starting system

Pigure 2 shows the schematic drawing of the stopping/
starting system. The function has been described in a
series of drawings. The normal stopping/starting action
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in the Kemira extractor has been taken as our example.
This stopping/starting system is suitable only for those
operations in which the heavy phase is the drop phase;
this kind of operation being the most common in the field
of inorganic extractions. The function of the stopping/
starting system can be divided into five different stages:

1. Operation

2. Stopping

3. Phase separation
4. TLevelling

5. Starting

These stages have been described in this order in figure
2.

Operation

This is a normal operation stage. The head of the pump
turbine has been regulated so that the auxiliary space is
practically empty of the heavy phase.

Stopping

Mixing is stopped in this stage and the valve in the
connection pipe which is between the auxiliary space and
the mixing space is shut to prevent dispersed liquids
flowing into the auxiliary space. The liquid surface
level in the auxiliary space stays the same as during
normal operation.

Phase separation

In the mixing space dispersed liquids are separated.

Levelling

The valve in the connection pipe is opened after phase
separation and the heavy phase separated in the mixing
space is allowed to flow entirely into the auxiliary
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space. The lightweight phase flowing from the settling
space replaces the heavy phase in the mixing space enti-
rely.

The exit end of the dispersion pipe in the settling
space is located within the lightweight phase above the
interface.

Starting

Only after mixing has begun is the valve in the connection
pipe opened slowly in order that the heavy phase can flow
into the mixing space now full with the lightweight phase.
Right dispersion is now guaranteed. The normal operation
is soon achieved.

4. Hydraulics of the apparatus

The hydraulic conditions under which the Kemira extractor
is operated are presented in the following text. Fig. 3
shows necessary height differences and pressure drops

and gives their symbols for the following hydraulic cal-
culations.

The following hydraulic egquations are valid provided that:
- the heavy phase is the drop phase,
- phase interface in the settling space is below the
exit end of the dispersion pipe,
- phase densities are almost constant from stage to
stage.

4.1 The stepping of the stages

Minimum stepping:

8hypyy = AP/Pg = oh, 1)
(hz'Ahz)ng + APy = 4P, + hop1g (2)
shypy = 8py/p1g + 8Pp/eyg = hpy(1=pp/py) - apg/eye  (3)
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where
Py = P, ¥ * pH(1-§L) (4)

and ¢&; 1is the lightweight phase hold-up in the mixing
space and APy is the pressure built up in the head press-
ure pipe caused by the rotation of the mixing impeller.
py and py are the lightweight and heavy phase densities
and g is the acceleration of gravity.

Equation (3) shows that stepping is necessary (Ah1min:>0),
if pressure drops Apy and Ap, are high compared with the

other terms in the equation, namely apparatus height (h2),
phase density difference (pL/pM), and head pressure (ApH).

Because of the use of head pressure ApH there is less
need for stage stepping, moreover it permits the use of
relatively low apparatus.

However, stage stepping in the Kemira extractor mainly
guarantees high flow capacity.

4.2 Pumping of the heavy phase

When this type of apparatus is used without the stopping/
starting system it may be proven that heavy phase pumping
is not always necessary:

hiprg = op5 + (hs-hg)ope (5)
hypyg + 8P4 = hopys (6)
8hs = h, - (8hy-gh,) = hy - hy (7)
shy = hy(1=py/py) - Bs(1=pr/ey) + ohy

- thy - (8p3 + 8p4) /pyE (8)

According to the equation (8) pumping is necessary (Ah3
> 0) when for example pressure drops 4p and AP, in the
pipes are high, and stepping of the stages is marked.

On the other hand less pumping is needed when there is an
increase in head pressure (Ah2 is increasing).
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The heavy phase surface level in the auxiliary space has
to be at the same level as the bottom of the mixing space
when using the stopping/starting system, and at the same
time the volume of the auxiliary space has to be adequate
enough to receive all the heavy phase from the mixing
space. Therefore, the minimum pumping head is:

homin = (Bgpy€ + 804) /oy & (9)
where Pw is the density of water.

The maximum pumping head is determined by the fact that
the liquid surface level of the heavy phase in the con-
nection pipe is not allowed to fall beneath the lowest
point in the pipe. Otherwise unstable pumping occurs
resulting from an intake of air.

hpmax = (h4ng + heppg + AP4) /pwg (10)

4.3 The function of the head pressure pipe

The end of the head pressure pipe is located so near the
mixing impeller that the mixing impeller rotation pro-
duces head pressure. Head pressure is dependent on many
variables.

Fig. 4 illustrates how the head/flow curves vary as the
rotation speed of the mixing impeller is changed, and
fig. 5 illustrates how these curves vary as the distance
between the head pressure pipe and the mixing impeller
is changed. The head/flow curves in these figures have
been measured in an apparatus where the mixing space has
been standard configuration stirred tank type, and where
the mixing impeller has been the normal 6-bladed, disk-
type flat blade turbine. It can be seen clearly from
these figures how head pressure increases much more
when increasing the mixing impeller rotation speed than
decreasing the distance between the head pressure pipe
and the impeller.

176



It has been observed also that the angle of the head
pressure pipe end, and the head pressure pipe diameter/
impeller blade height-ratio have optimum values, which
give the maximum head pressure.

4.4 Pump turbine

The shape of the pump turbine has to be such that its head/
flow characteristic curves are stable. The head should
increase as little as possible when the heavy phase flow
rate changes from its nominal operating rate to the zero
flow rate. PFurthermore, the pump turbine is not allowed

to reduce any possible organic drops in the heavy phase
into micro-drops which settle only with difficulty.

Stability in this respect means that the head/flow curves
do not have any maximum point, but the head decreases
gradually or is almost constant; if not possible varia-
tions in the heavy phase flow rate might lead to unstable
pumping.

The four-blade turbine shown in figure 6 is known to be
one of the best. PFigure 6 shows the typical head/flow
characteristic curves for this kind of turbine, which
were measured in a normal mixer-settler unit, where the
volume of the mixing space was 80 litres. Thus, referring
to the figure 6, the heavy phase pumping is stable provid-
ed that the increase in the pumping head during possible
flow interruptions (from the normal operation point O

to zero point 0') is less than the height (h6) of the
connection pipe 5 (see fig. 1 and 3).

Furthermore, it has been observed that the distance from
the pump turbine to the bottom of the mixing space has
great influence on the pumping head. The head increases
as the distance decreases, and this influence may be used
to regulate the pumping head if the rotation speed of the
pump turbine has been fixed already.
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5. Mass transfer efficiency of the Kemira extractor

Mass transfer efficiencies were measured in apparatus
of three different sizes: 1in the bench-scale apparatus,
where the volume of the mixing space was one litre, in
the pilot-plant apparatus with a mixing space volume of
35 litres, and in the final scale prototype unit with a
mixing space volume of 1.75 m3. The overall efficiency
of a stage (mixing space + settling space) was measured
with real liquids as percentage approach to equilibrium.

The pilot scale measurements for stage efficiencies were
carried out in connection with the piloting of a process
where a liquid-liquid extraction method was developed

for making nitrophosphate fertilizers.1 In this pro-
cess phosphoric acid and nitric acid are extracted by
tertial amyl alcohol from a nitric acid solution of
phosphate rock, while calcium and other impurities remain
in the water phase. The transfer of phosphoric acid to
amyl alcohol is rapid and the state of equilibrium is
achieved within one minute. The approximate retention
times in the mixing spaces of this pilot plant were about
one minute, and the mixing power was about 1 kW/mB.

Under these circumstances stage efficiencies of nearly
100 % were obtained.

The measurements of stage efficiencies in the mixer-
settler prototype were carried out with real liquids

as used in pilot plant experiments. The retention time
and the mixing power in the prototype mixer were the same
as in the pilot scale. Both phases were recirculating.
The heavy phase flowed back from the settling space
through the auxiliary space into the mixing space and

the lightweight phase flowed from the settling space
through a fairly big reservoir vessel into the mixing
space.

Stage efficiency was measured by feeding phosphoric acid
into the auxiliary space for about 5 minutes after the
equilibrium state was achieved, and by taking samples

at intervals of one minute from the phases leaving the
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dispersion pipe. These phase samples were divided into
two parts, and the concentration of phosphoric acid was
measured before and after they were equilibrated. At the
same time the concentration of the organic phase flowing
into the auxiliary space was measured. The results of

a mass transfer measurement are shown in figure 7.

Mass transfer efficiency is about 90 %.

6. Applications

The Kemira mixer-settler extractor has been developed
mainly in connection with the development of an extrac-
tion process for manufacturing nitrophosphate fertili-
zers.1 It has been used and tested in piloting this
process for several years. A full scale prototype unit
(one extraction stage), has been built to obtain reliab-
le data for scale-up and design. The Kemira extractor
has proved to be very flexible and safe in operation in
this rather difficult process, in which flow rates vary
considerably from stage to stage.

The Kemira extractor is used mainly for inorganic ex-

tractions where it is particularly flexible especially
when there are great variations in the flow rate from

stage to stage.

The Kemira extractor has been used successfully in many
metal extractions in production- and bench-scale. More
specifically it has been used for many years in the pro-
cess for separating rare earths from a phosphate rock
by means of liquid-liquid extraction.

7. Conclusions

The Kemira extractor has been designed with the greatest
possible flexibility and operational safety in mind.
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It has those normal advantages, typical of all conven-
tional mixer-settler extractors, furthermore it has the
following advantages:

- The probability of phase inversion during the operation
has been minimized by changing the basic flow arrange-
ments as in normal pump-mix mixer-settlers, by separat-
ing the lightweight phase flow from the heavy phase
flow at the point where they are flowing into the
mixing space.

- The safe and rapid restarting is guaranteed even after
possible troubles because of the simple stopping/
starting principle, which produces the right dispersion.
The time to achieve the normal operation after restart-
ing is approximately one third of the time required in
an extractor without stopping/starting system. Much
valuable production time is saved when using our
stopping/starting system.
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List of used symbols

g = acceleration of gravity, m/s2
hi(i = 2,7) = heights (see fig. 3), m
hp = pumping head, m H20

height differences (see fig. 3), m

Ahi(i - 1'3)

Api(i = 1,4) = pressure drops in pipes (see fig. 3),
N/m2

APy = pressure caused by the mixing impeller
rotation into the head pressure pipe, N/m2

Py = heavy phase density, kg/m3

oL = lightweight phase density, kg/m’

Py = water density, kg/m3

Pu = dispersion mean density in the mixing
space, equation (4), kg/m3

$q = lightweight phase hold-up in the mixing

space
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DYNAMIC BEHAVIOUR OF MIXER-SETTLERS
IV. The Cadman - Hsu model
Gharib S. Aly
Department of Chemical Engineering, University of Lund, Box 740,
S-220 07 Lund, Sweden.
Synopsis

A straightforward solution for the Cadman-Hsu model, allowing simulation

of the dynamic behaviour of multi-stage mixer-settler extractors, is
presented. The applicability of this solution was tested on copper extraction
in a four-stage unit. Comparison of this model with a simpler one shows that
chemical systems with fast kinetics can be described almost as well using

the simple model.
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1. INTRODUCTION

The present series of investigations on the dynamic behaviour of mixer-
settlers is concerned with a theoretical and experimental examination of

how well various simple mathematical models describe the dynamic behaviour
of extractors of this type. A simpler model would have strong practical
advantages. For many present extraction systems, it is necessary to restrict
the complexity of the mathematical model describing the process, especially
when the computer memory available is Timited. Moreover many extraction
processes in practice often contain loading, scrubbing and stripping sections
which may further complicate computer simulation. If the solvents used in
such processes are valuableor expensive, as in metal extractions, other unit
operations such as distillation and evaporation will also be involved. A
research team in the Department of Chemical Engineering at the University

of Lund is engaged in developing generalised computer programs for the
simulation of steady state and dynamic characteristics of some unit opera-
tions. The main overall goal of this project, of which the present investi-
gation is a part, is to link together these computational programmes in
order to simulate complete chemical processes.

Two different mathematical models describing the dynamic behaviour of mixer-
settlers were presented earlier.!®? These 4-input, 2-output linearised
models have been thoroughly tested by two identification methods. In part

II of this series! the experimental data used represented the response to
different input signals with the inlet aqueous phase solute concentration

as control variable. The identification was made on both the organic and

the aqueous phase solute concentrations leaving the first stage of a 4-stage
mixer-settler unit. In part II1I1?, the aqueous and organic phase flow rates
were used as control variables while the response consisted of the outlet
concentrations from the fourth stage. These two investigations showed good
agreement between the theoretical and experimental responses, provided that
the linearity assumption is not violated. It was concluded that these
linearised simple models are adeguate for simulating the dynamics of mixer-
settler units when the chemical system in question possesses fast kinetics.
The simplicity of these models is largely due to the fact that every mixer-
settler stage is treated as a black-box with inlet and outlet streams.
However, someof the assumptions were not sufficiently realistic to be easily
accepted in practice.
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Cadman and Hsu have recently presented a substantial theoretical dynamic
study using a mathematical model based on more solid assumptions, which

was separated into two parts, one describing the mixer, and the other
describing the settler. This work was a thorough examination of the dynamics
and control of multi-stage mixer-settler extractors using non-linear dynamic
models based on instantaneous overall and component mass balances and on
generalised liquid-1iquid equilibrium relationships. The model was linearised
and on solution using the Laplace transformation technique, yielded the
frequency tranfer functions of the multi-stage system. A two-stage mixer-
settler unit with a hypothetical ternary extraction system was examined
numerically. The method of solution was chosen with the primary objective

of quantifying the steps of theoretical feedforward and feedback control
design. Consequently the numerical solution in the frequency domain is

too complex for complete analysis. It was the purpose of the present work

to find an easier and more straightforward solution and to code this in a
FORTRAN IV computing program simulating the dynamic behaviour of multi-
stage mixer-settler systems. The program obtained has been used to compare
theoretical results from the Cadman-Hsu model with the experimental
responses of a four-stage mixer-settler unit. The experimental dynamic
behaviour studies were made on the extraction of copper using Alamine 336°
and LIX 64N®,
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2. Mathematical Models

Models for both variable and congtant liquid levels in the mixer and settler
were described by Cadman and Hsu. However only the constant level models
were investigated in the present study. These models are based on the
following assumptions:

(i)  perfect mixing

(ii) 100% stage efficiency — any degree of approach to equilibrium in the
system can be applied using pseudo-equilibrium diagrams, but 100% stage
efficiency is assumed for simplicity

(iii) negligible density variation with composition.

1
These assumptions imply that most of the assumptions specified in Part II
are relaxed, so that:

i

)  the Tiquids can be partially miscible
ii

the equilibrium relationship is not necessarily linear

(

(i1)

(iii) the flow rates change with time
(iv)

iv) the hold-up volumes in the settler part can vary with stage number.

2.1 Mixer

Overall and component mass balances for the mixer shown in Figure 1 give the
following equations

Fe(K) = Ly(K-1) + V(K1) 1)

H (K). (dZA, (K)/dt)
Hy(K)- (428, (K)/dt)

XAL(K=1).Lo (K1) + YAL(K#1).V (K1) = ZAL(K).F(K)  (2)

LK) (3)

XBy (K-1).Ly (K=1) + YB, (K+1).V, (K+1) - ZBy(K).F

2.2 Settler

3
Two different cases were investigated for the settler
(a) constant overall hold-up volume and constant internal hold-up volumes
(b) constant overall hold-up volume and non-constant internal hold-up vols.

Only case (a) will be considered here. Case (b) is however also included in
6

the computer program developed. Overall and component mass balances for the

settler shown in Figure 2 yield the following equations
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Fe(K) = Ve(K) + Ly(K) (4)

ZA(K).Fy(K) = YZAL(K).V,(K) + XZAL(K).Ly(K) (5)
2B, (K).Fy (K) = YZB,(K).V,(K) + XZBy(K).Ly(K) (6)
HV(K). (dYA, (K)/dt) = [YZA(K) - YAL(K)] .V, (K) (7)
HV(K). (dYB, (K)/dt) = [YZBt(K) - ¥B (K)] .V, (K) (8)
HL(K) . (dXA, (K)/dt) = [XZAL(K) - XA (K)] .L{(K) (9)
HL(K). (dXB,(K)/dt) = [XZB,(K) - XB,(K)] .L,(K) (10)

2.3 Equilibrium relationships

Let us consider a ternary extraction system in which the feed solution
consists of (A+B) where A is the solute. Component C is the extractant, i.e.
the extract will contain only (A+C) if the liquids are immiscible and (A+C+B)
if these are partially miscible.

The equilibrium relationships were considergd for simplicity as second-order
polynomial functions in the original models, but, as mentioned above, these
can take any form. These are

YC,(K) = by + by.VAL(K) + by YAZ(K) (11)
XBy(K) = cq + cp.XAL(K) + Cg.XAZ(K) (12)
YAL(K) = 2y + 2, XA (K) + ag.XAZ(K) (13)

In a triangular diagram, the first two equations represent the solubility
curves while the third equation represents the tie-line relationship using
equilibrium concentrations for the solute A. Thus if XA(K) is known, the
remaining concentrations can be obtained directly.
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3. Model Solution

Neglecting the mass balances for component C, there are 13 equations for
every mixer-settler stage. Consequently, 13 unknowns can be evaluated by this
model., These are:

L , XA, XB
V , YA, VYB
F ,ZA, ZB

YZA, YZB, XZA, XZB

The non-linear model can thus be solved exactly but it is better liTegrised
around some steady state operating conditions. It was shown earlier * that
linearised models are adequate for simulation of the dynamics of such
extractors.

3.1 Matrix notation

For convenience in presentation a matrix notation is used and the linearised
time-invariant system is presented by a modified state model S(A,B,C,D)
defined by the equations

dx/dt = A.X + B.U

XVL = C.X + D.U

where
X = the state vector containing 6.n concentrations
U = the input vector containing 6 control variables
A = the dynamic matrix (6.n x 6.n)
B = the input matrix (6.n x 6)

XVL= a state vector containing 2.n flow rates
C=a2.nx 6.nmatrix

D=az2.nx6 mtrix

n = number of mixer-settler stages

3.2 Linearised model

If the above 13 equations are linearised taking into consideration only the
first derivatives in the Taylor series expansion , then the following
equations can be obtained:
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F(K) = L(K-1) + V(K1) (14)

Ho(K) . (dZA(K)/dt) = XA(K-1).T(K=1) + YA(K+1).V(K+1) +
[XA(K-1) - ZR(K)] .L(K-1) + [VA(K+1) = ZR(K)] .V(K+1)

+

ZA(K).F(K) (15)

H_(K).(dZB(K)/dt)

b XB(K-1).T(K-1) + YB(K+1).V(K+1) +

+ [XB(K-1) - ZB(K)| .L(K-1) + [VB(K+1) - ZB(K)] .V(K+1)

- IB(K).F(K) (16)
F(K) = V(K) + L(K) (17)
ZA(K).F(K) + F(K).ZA(K) = a(K) + y(K) (18)
ZB(K).F(K) + F(K).ZB(K) = B(K) + &(K) (19)
HV(K). (dYA(K)/dt) = a(K) - YA(K).V(K) - V(K).YA(K) (20)
HV(K).(dYB(K)/dt) = B(K) - YB(K).V(K) - V(K).YB(K) (21)
HL(K). (dXA(K)/dt) = y(K) - XA(K).T(K) - L(K).XA(K) (22)
HL(K). (dXB(K)/dt) = &(K) - XB(K).T(K) - L(K).XB(K) (23)
YC(K) = DB(K).YA(K) (28)
XB(K) = DC(K).XA(K) (25)
YA(K) = DA(K).XA(K) (26)

where

a(K) = YZA(K).V(K) + V(K).YZA(K) , v(K) = XZA(K).T(K) + L(K).XZR(K)
B(K) = YZB(K).V(K) + V(K).VZB(K) , &(K) = XZB(K).L(K) + L(K).XZB(K)

DB(K)= b, + 2b;.VA(K)
DC(K)= ¢, + 2c4.%A(K)
DA(K)= a, + 2a5.%A(K)
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In the above equations, the superscript ~ indicates the steady state value of
the variable. Variables without superscript ~ refer to deviations from steady
state conditions, i.e.

L(K) = Ly(K) - T(K)

where T(K) is the steady state value of the aqueous phase flow rate from
stage number K.

3.3 Solution of linearised model for one stage

The solution procedure presented by Cadman and Hsu was chosen’ so that after
Laplace transformation of the linearised equations it allowed the derivation
of overall transfer functions for a mixer, a settler, for one stage, for two
stages, and finally for any number of stages." Because of the complexity of
the model, the overall transfer functions were obtained by numerical
calculations in the frequency domain. It should however be mentioned here
that thirty six such functions are required to completely specify a two-stage
mixer-settler system.

In the present work, the number of state variables is reduced from 13 to 6
in order to simplify the model, especially for systems with more than two
stages. The variables which will be eliminated are the concentrations

XZA, XZB, YZA and YZB and the flow rates L, V and F.

The elimination procedure is given in Appendix 1 and the final result can be
written for stage number K shown in Figure 3 in the form (see section 3.1):

dX(K)/dt = A(K).X(K) + B(K).U(K) (27)
XVL(K) = C(K).X(K) + D(K).U(K) (28)
where
x 0 0 0 0 O
0 x 00 0O
A(K)= Xx x x 0 0 O . B(K)=
X % 0 % 0 0
Xops 00 % 0
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ck)= [x * xi0 0 d] ) D(K)=[x 00 Ex 0 o]
[x x x}0 0 0 x 00 | X 0 0
[za(K)] L(K-1)
ZB(K) XA(K-1)

x(ky= |¥AK) ' u(Kk)= [XB(K-1) ) XVL(K)={V(Kﬂ
XB(K) V(K+1) L(K)
YA(K) YA(K+1)
YB(K) [YB(K+1),

where

0 represents zero elements
X represents non-zero elements

3.4 Solution of the linearised model for two stages

For the second stage, stage number (K+1), of the extraction system shown in
Figure 4, equations (27) and (28) are written as

dX(K+1)/dt

A(K#T) . X(K+T1) + B(K+1).U(K+1) (29)

XVL(K+1) = C(K+1).X(K+1) + D(K+1).U(K+1) (30)

where the input vector U(K+l) contains the following elements

L

XA(

XB(

UK D)= [ s
(
(

YA
YB
L
In order to link together the two stages, the intermediate flow rates

L(K) and V(K+1) must be eliminated since the input vector contains only 6
elements representing the inlet streams to the system, i.e. L(K) and V(K+2).
The detailed derivation of this elimination is reported in the literature,’
and will not be repeated here. The elements of the system matrices are
however given in Appendix 2. The resulting system can be written as:

K
K
K
K
K+
K

+

2)
+2)
2)
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dX/dt = A.X + B.U

XVL = C.X + D.U

where

—
=
~

o | o
|
= S W
X % X X X X | % x x X x x
x 3 % x x x | xxx xx x

(6nx6n)

(6nx6n)

(32)

X(K+1)

(6nx1)

(6nx6)

(6nx6)

(33)

L(K-1)
XA(K-1)
XB(K-1)

V(K+2)

(K+2)

|

YA(K+2)

YB

(6x1)

(2nx6n)
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X X V(K)

D =|X0 X0 . XVL = V(kfr'fg (34)
X :x L(K+1)
(2nx6) (2nx1)

where

0 represents zero elements
X represents non-zero elements

The elements of the above matrices are given in Appendix 2 for a two-stage
unit.

3.5 Solution of the linearised model for multi-stage systems

As in the above equations, the system matrices can be systematically expanded
for any number of stages. Multi-stage systems are illustrated by the presenta-
tion below for a four-stage system showing matrices A' and B' only. The
elements of these matrices are given in Appendix 2.

- — = —
A(K) 0 0 0 X 0
~
z 2
02 10  A(K+1) 0o |= 0 0 0
=1 3
At b A i} s B'= | P
| (.\’-4 | 3 |
0 0 [Z|0 ! A(k+2) 0 |= 0 ' 0
3.-. | 3N '
. ; - .
‘ ——
D ?
0 0 10 || 0 A(Ke3) 0 <
3—0 b—'N
L | | L. ¢ =
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4, Results

Two numerical examples illustrating the application and applicability of the
model and the simplicity of the solution are presented below.

4.1 Numerical example No.]1

The model was tested on a two-stage mixer-settler unit with the ternary
system® ethylene glycol — n-amyl alcohol — water. In this system, ethylene
glycol is the solute, A, and water is the solvent, C. This means that the
1ight phase was chosen as the raffinate and the heavy phase as the extract.
Equilibrium data for this system is available in the literature,® and was
used to determine the polynomial coefficients of the equations (11), (12) and
(13). Diagramatically, this system is presented here in the form of a
triangular diagram (Figure 5) and an equilibrium curve (Figure 6).

The steady state values of the intermediate and outlet streams can be
iteratively calculated if the inlet streams to the system are fixed. This
calculation is done by using the steady state material balances, both
stagewise and overall.

The selected input variables (streams L(1) and V(4)), output variables
(streams L(3) and V(2)) as well as the calculated steady state values are
summarized in Figure 7.

Two input signals in the form of small variations around the steady state
operating conditions of the process were used to test the dynamic behaviour
of the system. The responses to the first input signal, a step change in
XA(1), are plotted in Figure 8. The system responses to the second input
signal, a step change in YA(4), are shown in Figure 9.

As can be seen from these two figures, the "hypothetical" experiment was
chosen to last for 60 minutes. A comparison of the solution method presented
by Cadman and Hsu? and that adopted in the present work is shown in Figures
10 and 11. Since only the early response period was given by Cadman and Hsu
Figures 10 and 11 show the first minutes of the experiment for both cases.
It should be pointed out that the difference between the two methods, although
very small, is probably due to the accuracy with which the responses were
read. Points on the Cadman and Hsu curves were obtained from photographic
enlargements and fed to the computer system. This redetermination of points
from the published curves involves some sources of uncertainty which will
decrease accuracy.
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4,2 Numerical example No.2

Copper extraction by Alamine 336 in a four-stage mixer-settler unit® is used
in this example to test the reliability of the model. This experiment, which
consists of two input signals in the form of instantaneous step changes in
both the inlet aqueous phase flow rate (-10%) and the inlet organic phase
flow rate (+10%), has been reported earlier? and is not repeated here. The
model outputs, model errors, input signals and experimental outputs are
shown in Figure 12. A comparison between the results obtained from this
complicated model and those obtained from the simpler model?, is shown in
Figure 13. This shows the close resemblance between the two models. This
resemblence is not surprising because in the Cadman-Hsu model discussed here
(where the hold-ups of both light and heavy phases are constant) the dynamic
effect of the feed stream, F, from the mixer is not amplified in the settler,
since

Vi= v , L' =L (35)
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5. Conclusions

From the simulation results presented above, especially in Figure 13, it can
be seen that the complicated Cadman-Hsu model has shown similar static and
dynamic characteristics to one of the simple models presented in Part III of
this series?. Thus it can be concluded that both models give similar results
for chemical systems with fast kinetics.

Part V in this series® will include an analysis of the model for copper
extraction with LIX 64N,

202



Acknowledgements

The author is greatly indebted to Professor A.Jernqvist, Head of the Chemical
Engineering Department at the University of Lund, for his encouraging support
and invaluable help during the course of this work. I would also like to
express my sincere gratitude to Mr A.Axelsson for his fruitful cooperation,
during the work on his M.Sc. in the Department, as well as the computational
work involved in this study. The financial support of this project by the
Swedish Board for Technical Development is gratefully acknowledged.

~203



References

1. Aty,G.; Wittenmark,B. J.appl.Chem.Biotechnol. 1972,22, 1165.

2. Mly,G.; Ottertun,H. J.appl.Chem.Biotechnol.1973,23, 643.

3. Cadman,T.W; Hsu,C.K. Trans.Instn Chem. Engrs 1970,1@, T209.

4, Hsu,C.K. Trans. Instn Chem. Engrs 1971,:12, 251.

5. Aly,G.; Jerngvist,A.; Reinhardt,H.; Ottertun,H. Chemy Ind. 1971, 1046.

6. Aly,G. To be published.

7. Axelsson,A. M.Sc. Thesis, Department of Chemical Engineering, University
of Lund. Simulation of Dynamics in a Mixer-Settler Unit (In Swedish),1973.

8. Jaswon,M.A.; Smith,W. Proc.R.Soc., 1954,225, A226.

204



AEQendix 1
Elimination of the congentrations XZA, XZB, YZA and YZB

These concentrations are eliminated by substituting expressions obtained
for a(K), B(K), y(K) and &(K) from equations (20), (21), (22) and (23)
respectively in equations (18) and (19). These will then take the following
form, the index K being dropped for simplicity:

ZA.F + F.ZK = [HV.(dYA/dt) + YA.V + V.YK] + [HL.(dXA/dt) + XA.T + L.%A] (36)
Z8.F + F.ZB = [HV.(dYB/dt) + YB.V + V.VB] + [HL.(dXB/dt) + XB.L + L.XB] (37)

It follows from equations (25) and (26) that

XB = DC.XA thus dXB/dt

DC. (dXA/dt) (38)

YA = DA.XA thus dYA/dt = DA.(dXA/dt) (39)
From equation (11) it can be easily seen that

YB

DD. XA thus dYB/dt = DD.(dXA/dt) (40)

where
DD = - (1 + DB).DA

Substituting equation (17) together with the above relationships in equations

(36) and (37) one can get

(HV.DA + HL)(dXA/dt) + (DA.V + T).XA + (VK - XK).V + (XK - ZR).F - ZA.F =0
(41)

(HV.DD + HL.DC)(dXA/dt) + (DD.V + T.DC).XA + (VB - ¥B).V +

+ (XB - ZB).F - XB.F = 0 (42)

Using equations (41) and (42) we may extract dXA/dt and V as linear functions
of the four variables XA, ZA, ZB and F. Thus

dXA/dt

R(1).ZA + R(2).2ZB + R(3).XA + R(4).F (43)
v

Q(1).ZA + Q(2).ZB + Q(3).XA + Q(5).F (44)
Equation (17) can be used once again to yield

L=-0Q().ZA - Q(2).ZB - Q(3).XA + Q(4).F (45)
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(1) = - [8 - XB]).F/K3
(2) = [YA - XA].F/K3
R(3) = - 1/K2
(4)

R(4) = [(VK - XK)(ZB - XB) - (VB - XB)(ZK - YK)]/K3

Q(1) = (HV.DD + HL.DC).F/K3

Q(2) = - (HV.DA + HL).F/K3

Q(3) = [(DD.V + DC.T)(HV.DA + HL) - (DA.V + T)(HV.DD + HL.DC)].K3
Q(4) = [(VA - ZA)(HV.DD + HL.DC) - (YB - ZB)(HV.DA + HL)]/K3

Q(5) = - (YA - ZK)(HV.DD + HL.DC) - (¥B - TB)(HV.DA + HL) /K3

Kt = (VK- ¥K)(00.V + 0C.T) - (VB - XB)(DA.V + )

K2 = K3/K

kK3 = (YK - XA)(HV.DD + HL.DC) - (VB - XB)(HV.DA + HL)

It should be observed that Q(4) + Q(5) = 1 for every stage in the mixer-
settler unit.

The system has been reduced from 13 to 6 equations, by eliminating L, V, F,
XZA, XZB, YZA and YZB. This enable us to obtain the final form of

the system matrices by replacing the variable F in equation (43) using
equation (14) and then substituting in equations (38), (39) and (40) to
obtain expressions for (dXB/dt), (dYA/dt) and (dYB/dt) respectively.
Expressions for the remaining concentrations (dZA/dt) and (dZB/dt) are
obtained from equations (15) and (16). The index K can now be retained

and the system is written in the following way:

dZA(K)/dt = M(K).ZA(K) + MA(K,1).L(K-1) + MA(K,2).XA(K-1) +

+ MA(K,4).V(K+1) + MA(K,5).YA(K+1) (46)
dZB(K)/dt = M(K).ZB(K) + MB(K,1).L(K-1) + MB(K,3).XB(K-1) +

+ MB(K,4).V(K+1) + M(K,6).YB(K+1) (47)
dXA(K)/dt = R(K,1).ZA(K) + R(K,2).ZB(K) + R(K,3).XA(K) +

+ R(K,8). [L(K-1) + V(K+1)] (48)
dXB(K)/dt = DC(K).R(K,1).ZA(K) + DC(K).R(K,2).ZB(K) +

+ R(K,3).XB(K) + DC(K).R(K,4).[L(K-1) + V(K+1)] (49)
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dYA(K)/dt = DA(K).R(K,1).ZA(K) + DA(K).R(K,2
R(K,3).YA(K) + DA(K).R(K

dYB(K)/dt = DD(K).R(

where
M(K)
MA(K,1)
MA(K,2)
MA(K,3)
MA(K,4)
MA(K,5)
MA(K,6)

The system matrices

A(K)

4). [L(k-1)

- F(K)/H(K)
(XR(K-1) - H(K))/Hm(K) MB(K,1)
(T(K-1)/H, (K) MB(K,2)
0 MB(K,3)
(YA(K+1) - ZA(K))/H (K) MB(K,4)
(V(k+1))/H_(K) MB(K,5)
0 MB(K,6)
G 0 0
0 M(K) 0
R(K,1) R(K,2) R(K,3)
DC(K).R(K,1) DC(K).R(K,2) 0
DA(K).R(K,1) DA(K).R(K,2) 0
DD(K).R(K,1) DD(K).R(K,2) 0
[ MA(K,T) MA(K,2) 0
MB(K,1) 0 MB(K,3)
R(K,4) 0 0
DC(K).R(K,4) 0 0
DA(K).R(K,4) 0 0
DD(K).R(K,4) 0 0

207

+

"

).ZB(K) +
4). [L(K-T) + V(k+1)]

K,1).ZA(K) + DD(K).R(K,2).ZB(K) +
+R(K,3).YB(K) + DD(K).R(K

(50)
V(K+1)] (51)
(XB(K-1) - ZB(K))/H_(K)
0
(T(K-1))/H,(K)
(VB(K+1) - ZB(K))/H (K)
0
(V(k+1))/H (K)
0 0 0|
0 0 0
0 0 0
R(K,3) 0 0
0 R(K,3) 0
0 0 R(K,3)
MA(K,4)  MA(K,5) 0 |
MB(K,4) 0 MB(K,6)
R(K,4) 0 0
DC(K).R(K,4) 0 0
DA(K),R(K,4) 0 0
DD(K).R(K,4) O 0




C(K)

[Ca(k,1)
(K, 1)

[ a(x,5)

| Q(K.4)

Q(K,2)
-Q(k,2)

Q(K,3)
-Q(Kl3)
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Appendix 2

It is to be noticed that unmentioned matrix elements throughout this Appendix
are zero elements.

Elements of matrix A'
A'(K+2,k+2) = -F(I1)/H (1)
- (VB(I) - XB(1)). F(I1)/K3(1)
DC(I). A'(K+3,K+1)
(
(

'(K+1,K+1) =
'(K+3,K+1)

"(K+5,K+1) = DA(I). A'(K+3,K+1)

A (
At (
A'(K+4,K+1)
A'(
A (

' (K+6,K+1)

DD(I). A'(K+3,K+1)

A'(K+3,k+2) = (YA(I) - ¥A(I)). F(I)/K3(I)
A'(K+4,K+2) = DC(I). A'(K+3,K+2)
A'(K+5,K+2) = DA(I). A'(K+3,K+2)
A'(K+6,K+2) = DD(I). A'(K+3,K+2)

A'(K+3,K+3) = A" (K+4,K+4)

A'(K+5,Kk+5) = A'(K+6,K+6) = - 1/K2(1)

A'(J-5,045) = A'(3-4,0+6) = V(I)/H (I-1)
A'(9+1,9-3) = A'(J+2,9-2) = [(I-2)/H (1-1)
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The valugs of the indices K, I and J are tabualated below.

No of stages J K

1

2

o
rPoOYO oo o

and so on

HwnN

O wN

Elements of matrix B'

B'(1,1) = (mﬂ- ZR(2))/M

w
—

B'(K+1,4) = (VA(I+1) -

—

B'(K+2,4) =

B' (k+3,4) = [(VA(I) - WA(

(YB(1) - XB(
I

—

B'(K+4,4) = DC B'(K+3

).
B'(K+5,4) = DA(I). B'(K+3,
).

B'(K+6,4) = DD(I
B'(K+1,5) = B’

(
(
( B' (K+3
(K

K+2,6) =

n(2)

ZE(Z))/H (2)

Table 1. Values of indices

in matrix A'.

). (TB(2) - ¥B(2))-

. (ZR(2) -

TR(1)H, (1)

TB(1+1) - ZB(1))/H,(1)

¥A(2))]/K3(2)

1)). (Z8(1) - XB(1)) -

). (ZA(1)

»4)
4)
»4)

V(I+1)/Hp(I)
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The values of the indices K and I are tabulated below.

No of stages 1 2 3 4 - - - _

I 2 3 4 B5a=---

K 0 6 N2 18 »=- -

Table 2. Values of indices in matrix B'

Elements of matrix C

C(1,I) = Q(1,I). Q(2,4)
¢(2,I) = - q(1,I)

C(3,I) = - Q(1,I). Q(2,5)
c(4,1) = - Q(1,1). Q(2,4)
C(1,J) = Q(2,1). Q(1,5)
C(2,d) = Q(2,1). Q(1,4)
C(3,d) = Q(2,1)

C(4,J) = - Q(2,I). Q(1,5)

Values of I are 1,2 and 3 while those of J are (I+6)

Elements of matrix D

D(1,1) = Q(1,5)
(2,1) =Q(1,4)

D(3,1) = Q(1,4). Q(2,5)
D(4,1) = Q(1,4). Q(2,4)

D

D(1,4) = Q(1,5). Q(2,5)
D(2,4) = Q(1,4). Q(2,5)
D(3,4) = Q(2,5)

D(4,4) = Q(2,4)
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Elements of matrices C and D will be divided throughout by the factor

(1-

Q(1,4). Q(2,5)):

Elements of matrices AL and BL

AL(T,1) = C(3,1). BM(1,2)
AL(2,1) = C(3,1). BM(2,2)
AL(3,1) = C(3,1). BM(3,2)
AL(4,1) = C(3,1). BM(4,2)
AL(5,1) = C(3,1). BM(5,2)
AL(6,1) = C(3,1). BM(6,2)
AL(7,1) = C(2,1). AM(1,2)
AL(8,1) = C(2,1). AM(2,2)
AL(9,1) = C(2,1). AM(3,2)
ALM,T) = C(2,1). AM(4,2)
ALQT,I) = C(2,1). AM(5,2)
AL(121) = C(2,1). AM(6,2)

where the index I takes the values 1,2,...12. The elements of matrix BL

are obtained from those of AL by replacing AL and C by BL and D respectively
while the index I in this case will take the values 1,2,...6. In these ele-
ments, the values of matrices BM and AM are as follows.

BM(1

BM(3,

BM(4
BM(5

BM(6,

1)
BM(2,

(YA(1+1) = ZA(1))/H, (1)

(YB(I1+1) - ZB(1))/H,(1)

((VA(1) - ¥A(1)). (ZB(1) - ¥B(1)) -
(VB(1) - XB(I)). (ZA(1) - XA(I))]/K3(I)

I)
I)

,I) = DC(I). BM(3,I)
,I)

DA(I). BM(3,I)
DD(I). BM(3,I)

I)
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AM(1,1) = (XA(I-1) - ﬂ(I))/Hm(I)
(XB(I-1) - 7§(I))/Hm(1)

AM(L,1) = BM(L,I) for L = 3,4,5 and 6

AM(2,1)

In these elements, which originate from the B' matrix, the index I = 2
for 2 stages.
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Appendix 3
List of symbols

A, B, C Components in ternary liquid system; ethylene glycol,
n-amyl alcohol, and water respectively in numerical
example No. 1

A, B, C, D System matrices defined in equations (27) and (28)

A', B' Matrices defined in equations (31) and (32) respectively

a1» 3y, 35 Polynomial coefficients, equation (13)

b], b2’ b3 Polynomial coefficients, equation (11)

Cy» Cpy Cg Polynomial coefficients, equation (12)

AL, BL Matrices defined in equations (31) and (32) respectively

AM, BM Matrix elements defined in Appendix 2

DA, DB, DC, DD Constants defined in equations (24), (25), (26) and (40)
respectively

Hm Mixer hold-up

K Stage number

K1, K2, K3 Constants defined in Appendix 1

MA, MB Matrix elements defined after equation (51)

n Number of stages

Q, R Matrix elements defined after equation (45)

t Time

u Input vector, defined in equation (27) and (28)

X, XVL State vectors defined in equations (27) and (28)
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Time varying quantities (subscript t)

F Exit stream from mixer

HL Hold-up of heavy phase in settler

HV Hold-up of light phase in settler

h] liquid height in heavy phase of settler

hv liquid height in 1ight phase of settler

L Exit heavy phase stream from settler

g Portion of exit stream from mixer entering heavy phase
of settler

v Exit 1ight phase stream from settler

V! Portion of exit stream from mixer entering light phase
of settler

XA

XB Heavy phase concentrations from settler

XC

XZA

XZB Concentrations of stream L'

XZC

YA

YB Light phase concentrations from settler

YC

YZA

YZB Concentrations of stream V'

YzC

ZA

/B Concentrations of exit stream from mixer

2C

Superscripts

- Steady state value
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Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

The mixer in stage number K

The settler in stage number K

Mixer-settler stage number K

Schematic diagram of a two-stage mixer-settler unit

Triangular diagram for the system ethylene glycol — n-amyl
alcohol — water®

Equilibrium curve for the system ethylene glycol — n-amyl alcohol
- water®

Steady state values in numerical example No.1

Concentrations in weight fraction, flow rates in kg/min and
hold-ups in kg

Results of numerical example No.]l

(a) input step signal in XA(1)

(b) model outputs, extract phase concentrations
(c) model outputs, raffinate phase concentrations
(d) model outputs, flow rates

Results of numerical example No.l

(a) input step signal in YA(4)

(b) model outputs, extract phase concentrations
(c) model outputs, raffinate phase concentrations
(d) model outputs, flow rates

Comparison between Cadman-Hsu and present work
Input: step signal in XA(1)

Comparison between Cadman-Hsy and present work

Input: step signal in YA(4)
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Figure 12 :

Figure 13 :

Results of numerical example No.2:

a) input step signals

b) experimental and theoretical outputs

(a)

(b)

(c) model error (organic phase)

(d) model error (aqueous phase)

Comparison between Cadman-Hsu and the simple model?
a) input step signals
b) theoretical outputs

(a)
(b)
(c) difference between the two models (organic phase)
(d)

d) difference between the two models (aqueous phase)
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Development and Experience of Industrial
Operation and Optimisation of Pulsed
Mixer -~ Settler Extractor

S.M. Karpacheva, L.S. Raginsky,
V.M. Muratov, V.D. Ivanov, M.V. Sheloumov

ABSTRACT

The paper analysis operating experiences with mixer
settler extractors. It has been shown that the dimensions
may be substantially reduced by optimization of mixing

and settling processes.

The optimized '""Honeycomb'" design has been suggested
which has a cocurrent mixing chamber and a settling chamber

arranged arbitrarilly with respect to the former.

The results of hydraulic and engineering tests on the
bench optimized extractor and the 16 m3/hr pilot plant
model, based on these data, are presented. The extractor

has demonstrated high efficiency at the least entrainment.
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INTRODUCTION

Column and mixer-settler type extractors have found the
widest use in industry,.

The main advantage of mixer-settlers is a definite
number of stages having relatively high efficiency (70-90%)
and small height (1-2m). On the other hand, mixer-settlers
take more space and volume than columns. At the same time,
for most commercial columns HETS is vague and cannot be
determined from laboratory data because the scaling up
factor does not yield to calculation (except for the pulse
KRIMZ-packed column described elsewhere1). This uncertainty
presents difficulties when designing extraction equipment
and is responsible for the preference often given to less
effective mixer-settlers. The larger volume of a mixer-
gettler is dictated, firstly, by the availability of settling
zones for each stage compared to only two in a column with
many stages and, secondly, by finer dispersion of drops in
the transfer zone, requiring larger area for phase separation
in each settling zone, Moreover, the flow pattern in a
mixer-settler requires positioning settling zones in line with
mixing ones, which further increases the floor area.

A decrease in the mixing intensit’ enables the settling
chamber size to be reduced but in these cases the transfer
volume may increase due to a decrease in the mass transfer
surface, However, the mixing conditions fitting the optimal
total volume of settling and mixing caambers are likely to be

found as in the objective of the work,

In a mixer-sectler, to obtain high efficiency the whole
volume of the transfer zone should be mixed. This is adcompli=-
shed by a stirrer inducing circulatory flows wherein dispersion
occurs. Transporting and mixing are usually handled by the
same unit, so the capacity depends on the stirrer intensity.

In this case even the minimum energy used to obtain uniform
mixing throughout the volume and to transport the emulsion
over the section causes the dispersed phase to break up to

small droplets O.1mm &nd less.
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Until recently, the problem of pessibility and necessity
of a decrease in the mixing intensity received no attention
a8 high efficiency was believed to be obtained only with

fine drops.

Meanwhile, such a fine dispersion is unnecessary for high
efficiency. When studying pulse columnsa. the optimal

drop size was found to be equal to 0.8=1.0mm,

Further dispersion results in a mutual screening of the
drop surfaces, i.e. they are partially out of reach of the
second phase. An emulsion containing such drops is laminated

3=5 times as fast as that with O.1mm drops.

EXPERIMENTAL

The foregoing shows that the optimization of contacting
and separating processes in a mixer-settler requires first
of all a different power supply, so as to control the
dispersion intensity within the desired limits, provided the
uniform drop distribution is retained and the emulsion is

transported.

In pulse columns operating in a piston-lixce mode, mixing
should cover the cross-section area rather than the whole
volume. This enables the power consumption to be reduced.
Moreover, the power is supplied not locally as in a mechanical
mixer but over the cross-sections, this allowing for the
intensity to be further reduced and controlled so as to produce
the optimal drop size and (with KRIMZ-packing) the uniform

drop siza.

Therefore, it is quite tempting to use a cocurrent pulse
column of small height as a mixing zone. Apart from a less
power consumption for dispersion, this would allow some

latitude in arrenging settling zones and the whole assembly.
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Settlers could be positioned over, under or next to mixing
chambers and the whole assembly could be one-row or multi=-

serial (fig. 1a,b).

The design is dependent on the way of transporting the
liquid phases from one section to another without affecting
the optimal mixing conditions in the transfer zone. Pulse
control in several columns (mixing chambers) by a single

pulsator is also of practical importance.

The design of a mixer-settler with optimized dispersion
has been possible by uBing separate centrifugal pumps for
each phases. Work has been done on the pulse control in the
pumps by a common pulsator. Fig.1 shows the diagram of the

optimized mixer-settler "Honeycomb',

In such a design, the drop size is readily controlled
and kept as a rule the same as in columns at 0.8-1.2mm.
The appropriate pulsation intensity is maintained by the
pumps or a pulsator if the pump-generated pulsation is

inadequate,

Transportation of each phase singly prevents the of
formation of secondary dispersions often which are formed by
sitrrers and pumps when passing two immisable liquids through
them. The phase separation velocity is several times higher

than that in a conventional mixer-settler.

Hydrodynamic and engineering characteristics of the
simulated extractor (900mm high, the transfer zone is 176 x
176mm2) have been studied without and with mass transfer.
For hydrodynamic tests a mutually saturated system of O.4-ON

nitric acid and 100% TBP or 25% TBP in kerosene was used.
Mass transfer was studied when extracting uranyl nitrate

from solutions with its low or high content by 25% TBP in

Kerosene.
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Table 1

Hydraulic_Test Data for the Simulated Extractor at n=1.

Specific Flow Rate, mB/hahr

Pulsation
Intensity
1,mm/min 10 15 20 25 30 35
700 i 0,01 0,02 0,02 0,02 0,02 0,03
J 0,01 0.01 0,01 0.01 0.02 0,02
850 i 0,01 0,02 0,02 0,03 0.05
3 0,01 0,01 0,01 0.02 0,02
1100 i 0.02 0.03 0,03
J 0,02 0,02 0,02

i - the aqueous phase entrainment by the organic phase, %

j = the organic phase entrainment by the aqueous phase, %

Table 2

Test Data for the Extractar Using Low Uranyl-nitrate

Solution at n=1

Pulsation Specific Flow Rate, m3/m2hr
Intensity,
1,mm/min 10 20 25 30 35 ko 50
300 11 75 79
i 0.01 0.03
3 0,02 0.03
700 M 100 95 95 95 9%
4 0.01 0.02 0,02 0,02 0.02
i 0.01 0.02 0,02 0,02 0.03
500 " 86 86 86
i 0,01 0,02 0,02
j 100 100 0,02 0.03 0,03
850 ™ 100 100 100
i 0.01 0.02 0,02
3 0.01 0.02 0,02

- eofficiency, %

i -
J -

the aqueous phase entrainment by the organic phase, %
the organic phase entrainment by the aqueous phase, %
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Table 3

Test Data for the Extractor Using High Uranyl-nitrate

Solutions at n=k4

Pulsation Specific Flow Rate, ms/hzhr
Intensity,
1,0m/min 10 15 20 25 30
" 96
300 i 0.07=0,10
3 0,02
- 88.5 87 95
500 i 0,02 0,02 0,10
J 0,01 0,02 0,02
o 94 92.5 9%
700 i 0,05 0,08 0.12
J 0,01 0,02 0,02
R 97.5 98 96.5
850 - 0.02 0.055 0.13
3] 0,02 0,02 0,03
Ay 95
1000 i 0,07
J 0.03

efficiency, %

i - the aqueous phase entrainment by the organic phase, %

<
'

the organic phase entrainment by the aqueous phase, %

The flow,ratio; n, was equal to 1 in the former case and
to 4 in the latter one.

To assess the ectractability the mutual entrainment was

determined assuming the entrainment of no more than 0.1% to

be tolerable.

stage efficiency by a graphical method.
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Results and Discussion

The data obtained are given in tables 1,2,3. It follows
that with a limited entrainment of 0.1% the flow rate can be
as high as 25n3/h2hr. at n=4 and more than 50n3/h2hr. at n=1,.
These flow rates exceed those in conventional mixer-settlers
by an order or magnitude and those in countercurrent pulse
columns using the same systems. If the aqueous phase
entrainment of more than 0,1% is allowable the extractor
capacity further increases. In all cases the organic phase
entrainment did not exceed 0.03%.

As it is seen from table 2, with the flow ratio of 1 the
entrainment, being no more than 0,02%, is actually unaffected
by the pulsation intensity up to 850mm/min and the flow rates
up to 50m3/h2hr. indicating the margingof capacity.

The extraction at n=4 (table 3) indicates the effect of
the pulsation intensity and flow rate on the aqueous phase
entrainment. This fact may be attributed, firsily, to the
higher organic phase flow rate in the latter case at the same
total capacity and, secondly, to the higher viscosity and
surface tension of a concentrated uranyl-nitrate solution,

The data presented show the proposed extractor is a new
type of a mixer-settler which together with its main advantage,
a definite number of stages, offers high efficiency and
capacity, i.e. the space occupied and the extractant feed are

small,),

Mixing and separation data obtained from the simulated
extractor with a total capacity of 1m3/hr. formed the basis
of the 16m3/hr. pilot plant extractor.
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The phases were transported by pulse centrifugal pumps
driven by a pulsator, and mixed by another pulse system with

anotizer pulsatore.

The three-section pilot plant test data (table 5)
substantiated the results from the simulated extractor tests,
The low uranyl-nitrate solution at the phase ratio, n=1,

was used for these tests,

Table 5
Pilot - plant Test Data
Conditions Hydraulic Tests Engineering Tests
at capacity of16m31§r

Variables 16m3/hr 20m3/hr Extraction Stripping
Aqueous phase entrain-
ment, % (pulse intensity 0,02 0,04 0,025-0,03 0,02-0,03
= 540mm/min)
Organic phase entrain=
ment, % (pulse intensity 0.02 0,04 0.02 0.03-0,04
= 540mm/min)

0
» % (1=400§3/min) (1=1000mm/min )

Dispersed phase
hold-up, , % 19=21 15-23

The volume of settling zones and hence, the solvent amount

in them is 4-5 times lower than in ordinary mixer-settlers.

Moreover, the new extractor "Honeycomb" is capable of
bringing into contact solutions witn like specific weights,
which presents probf@m for most other extractors except for

centrifugal ones.
As specific weights become similar from stage to stage

during extraction in columns, this would lead to an unsteady

operation of the transfer zone and its flooding.
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In cocurrent mixer-settlers the converging of specific
weights may be responsible for little or even absence of

lamination of an emulsion containing very fine drops.

With the cocurrent flows in a mixer of the new extractor
the mixing process is unaffected by decreasing in the
difference in specific weight,é{? , the phase separation,
though less effective with decreasingAJ9, takes place due to
relatively large drops.

The tests showed the total specific flow rate per a
settling zone under optimal operating conditions was equal to
1.0—1.5m3/m2hr in a mixer-settler, 10m3/m2hr in a counter=
current extraction column and up to 30m3/m2hr in the extractor

("Honeycomb") with optimized mixing and settling.

The comparative tests were performed using the 1.5N nitric
acid - 100% TBP system with some amount of nitrates. The
difference in specific weights between aqueous and organic

phases was equal to 0.03,
Conclusions

On the basis of the research into column and mixec-settler
type extractors the "Honeycomb" unit was optimized mixing and
settling has been developed. It offers high performance with

a lower settling volume and lower solvent inventry.

Various models, from small to industrial scale (16m3/hr),

have been tested.

Reliability and efficiency of the »nroposed design have

been substantiated.
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List of Figures

Fig.1., Basic diagram of the pulse extractor "Honeycomb",.
a) design with a top-mounted settler
b) design with a bottome-mounted settler

1. Transfer chamber;

2. Settling chamber;

3. Transporting units for light and heavy phases;

4, Pulse chamber;

5. Packing KRIMZ;

6. Channel for emulsion;

7. Channel for light phase;

8. Channel for heavy phase;

9. Pulse mainj

10, Baffle.

Note: Nos. 1-10 above should be listed as captions for Fig.1.
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Scale-up of air pulsed mixer-settlers for the reprocessing
of nuclear fuels

W. Johannisbauer and G. Kaiser

Kernforschungsanlage J{ilich GmbH,
Institut fiUr chemische Technologie, 517 Jiulich, F. R. Germany

A bench scale air pulsed mixer-settler was developed
from a small scale stirred model. Experiments with
it demonstrated that it could in principle be used
in the JUPITER pilot plant, which is to be built for
the reprocessing of thorium containing nuclear fuels.
For a more exact determination of the dimensions
necessary for the JUPITER model, a study was made of
the mass transfer in the mixing chamber, the phase
separation characteristics in the settling chamber
and the transport of fluids through a mixer-settler
stage using two additional mixer-settlers of increa-
sing size. The data obtained were used to establish
general criteria for still larger scale-ups.

Introduction

In the Federal Republic of Germany, the Institute for Chemical
Technology of the Nuclear Research Centre Jilich, in coopera-
tion with several industrial firms, has developed a method for
the reprocessing of fuel elements containing thorium after
several years' research [1]. This process consists of a
combustion and dissolution step and a solvent extraction
process, the THOREX or INTERIM process. With the construction
of the pilot plant JUPITER the process is to be tested on a
semi-technical scale under conditions approximating as closely
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as possible to the practice [2].

Starting from data gained during the development of the
extraction processes [3], a suitable extraction apparatus was
to be selected for JUPITER and its dimensions determined for a
five-fold throughput of 2 kg heavy metals per day.

The extraction apparatus selected was then to be studied to
find a method of expanding it for the capacity of a prototype
and an industrial reprocessing plant.

Selection of an extraction apparatus

The choice of an extraction apparatus for JUPITER was deter-
mined on the one hand by the requirements arising from the
processing of radioactive material and fissionable substances.
On the other hand, the experimental programme and the size of
the hot cells restricted the choice.

In the reprocessing of nuclear fuels three types of extraction
apparatus are mainly used:

mixer-settlers
pulsed columns
centrifugal extractors.

Mixer-settlers are particularly suitable for pilot plants, in
which the process conditions frequently change and operation
and shut-down phases alternate in short intervals. Each stage
of a mixer-settler battery remains in extraction equilibrium,
independent of the others, even if the plant is temporarily
shut down. Due to their small height, mixer-settler batteries
can be arranged in stages one above the other, so that the
liquids can flow by gravity from one stage to the next.

Air pulsed mixer-settlers which have the basic advantage that
they require no moving parts within the shielded area are used
in various versions for nuclear applications. The UKAEA in
Great Britain has patented such an apparatus [4]. At EUROCHEMIC
in Mol, Belgium, an air pulsed mini-mixer-settler was also
developed. The apparatus consists of a row of mixing chambers



with a row of settling chambers, inclined at MSO, in front.
Each mixing chamber is connected through openings with three
settling chambers. To mix the two phases the liquid is
alternately sucked into two pulse tubes, which dip into the
mixing chamber, and released. The pulse tubes end in a jet
near the phase boundary. Therefore both the heavy and light
phases are sucked into the tube and the former is broken up
into droplets. The falling liquid column strikes the phase
boundary and disperses the aqueous phase further.

Encouraged by the good experience in the Institute for Chemical
Technology in laboratory and hot cell experiments with the air
pulsed mixer-settler, this type was therefore chosen for use

in JUPITER.

Preliminary tests

In order to obtain quick information on whether the air pulsed
mixer-settler, previously known only as laboratory apparatus,
could be expanded for the required capacity, and to arrive at
approximate dimension values for the plant planning, a few
preliminary tests were carried out.

The laboratory and hot cell experiments for the development of
the extraction processes were performed in 16-stage, stirred
mixer-settlers. The flowrates were chosen so that the product
quality satisfied the requirements with regard to fission
product decontamination and heavy metal losses. The heavy metal
throughput was about 0.4 kg per day for all tests. The mixer-
settler to be developed was to have five times this throughput,
i.e. 2 kg heavy metal per day, with the same product quality.

Since the product quality of an extraction process under given
operating conditions depends only upon the number of stages and
the stage efficiency, the stage efficiency of the stirred
mixer-settler was compared with that of an enlarged air pulsed
mixer-settler. As a test system uranyl nitrate / nitric acid
and 30 % TBP / Dodecane was used.

The results of a test series with a stirred and a pulsed mixer-
settler are shown in fig. 1. Both apparatus show the same stage
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efficiency at the given mixing intensities, if the residence
times in the mixing chambers are constant.

Thus it has been shown that the air pulsed mixer-settler can
be enlarged in such a way that the same efficiency as in the
stirred mixer-settlers is attained. A 16-stage mixer-settler
can therefore process the required throughput at the specified
product quality.

Two test runs in a 16-stage air pulsed mixer-settler battery
with the THOREX process and a throughput of 2 kg thorium in 24
hours confirmed this opinion [5].
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Scale-up criteria for air pulsed mixer-settlers

In order to determine the exact dimensions of the JUPITER
extraction batteries and, in addition, the size of mixer-
settlers for a prototype or industrial reprocessing plant,
further experiments were necessary. In the end they were to
lead to criteria which enable the individual elements of an
air pulsed mixer-settler to be enlarged from model scale to

full scale. These elements are:
mixing chamber with pulse tubes
settling chamber
ports.

The experiments were carried out in two acryl glass mixer-
settlers of different size, a 3-stage mini-mixer-settler and a
3-stage midi-mixer-settler with the following dimensions

(in cm):

mixing chamber mini midi settling chamber mini midi
width 3.2 8 2.6 4.2
depth 3e2 1165 2.6 8.2
height 10 8.5 11 9.5
inclination 45° 35°
pulse tubes mini midi openings mini midi
diameter 0.8 3.0 1.0 2.5
length 30 25 263 1.5
nozzle diameter 0.5 0.5

nozzle number il A

The pulsation was produced by air jets, whose driving air was
controlled by a magnetic valve and a pulse timer. In the midi-
mixer-settler compressed air was blown into the pulse tubes out
of phase with vacuum, which accelerated the dropping of the
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liquid column (fig. 2). The extraction tests were again made
with the system uranyl nitrate / nitric acid and 30 % TBP /
Dodecane,

off gas

r—owjet

timer

—{}

i

|__——pulsing tube
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mixing
chamber settiing
chamber
' —
sl ’l
o i N
T 1 contxessed
oqueous OfgaNIC  OQUeOcUS Organic ar

Fig. 2 Experimental set-up of the air pulsed midi-mixer-
settler

The stage efficiency was determined as a function of the

residence time, suction height, pulse frequency and nozzle and
tube diameter.

The theory of mass transfer between two phases in an ideal
mixing vessel and the definition of the stage efficiency 1lead
to the equation [6]:

Evgr

—— = k, *a T
1 - EMR R R

With the aid of the similarity theory two dimensionless para-

meters were formed, which describe the mass transfer in the

248



mixing chamber with sufficient accuracy.

a
kg a a° P/V a° p
= K _—FS-L
- (g d)" "0 Ap
The specific power is:
- 2 5d &5
P/V Pc dRH f / Vv

For pulse tubes with several nozzles an equivalent nozzle dia-
meter is calculated from the equation

i=g
m .2 _ 2 m
T %e = Zdiﬂ
i=0

The experimental results may be described by a potential func-
tion with K = 3 - 10“ and a = 0.58 (fig. 3). The scatter of the
experimental points about this function must be compensated by
a subsequent optimisation in operation. For this purpose the
pulse frequency and the suction height should be variable by

32D

The scale-up criteria for the mixing chambers and the pulse
tubes of a mixer-settler are therefore

tR = constant
0,58
££i¥lii—- = constant
PETES)

if the same extraction process takes place in both the model
and full-scale versions.

The investigation on the performance of the settling chamber
was confined to the mini-mixer-settler. Nitric acid and 30 %
TBP / Dodecane were used as test system. In the experiments the
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thickness of the dispersion layer in the settling chamber was
determined as a function of the throughput, chamber depth,
phase ratio, suction height and pulse frequency.

With the aid of the model of the coalescence of a dispersion
modified for the vertical settling chamber [7] a calculation
equation for the thickness of the dispersion layer was
developed.

Starting from the drop and volume balance in the dispersion
layer

and at the phase boundary, and from empirical equations [8] for
the life expectancy of the individual drops, one obtains the
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equation

With the aid of the potential equation

a P/V a° P
— = X e
d 3 Yed o ap

the drop diameter on entering the settling chamber can be
expressed as a function of the mixing intensity.

The experimental results (figs. 4 and 5) confirm the theore-
tical equation and the model concepts on which it is based.
Further, with the aid of this equation the scale-up criteria
for the settling chambers of an air pulsed mixer-settler can
be derived.

When mixer-settlers are used for the reprocessing of nuclear
fuels, the height of the apparatus must not exceed a certain
limit, in order to avoid a critical configuration when
processing fissionable material. This requirement of geometri-
cally safe mixer-settlers means that the dispersion thickness
in the settling chamber of the full-scale version must remain

constant when the equipment is enlarged.

The thickness of the dispersion layer is certainly not greater
than that of the model version if

P/V a° p,
-——— = constant
Vgd o Ap
and
vd = constant
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The form and size of the ports between the mixing and settling
chambers influence the transport of both phases through a
mixer-settler battery. If the pressure drop for a particular
throughput is too high, the phase boundary or the liquid level
in the settling chamber may rise to such an extent that a
transport is impossible or the battery overflows.

Since the air pulsed mixer-settler cannot suck in both phases
like the impeller in stirred mixer-settlers, the factors
influencing the transport of the two liquids were investigated.

For this purpose, the level of the phase boundary in the middle
settling chamber was measured during the extraction tests with
both air pulsed mixer-settlers as a function of the phase
ratio, the throughput and the mixing intensity.

On the basis of the theory of hydrodynamic equilibrium [9, 10],
equations were developed which describe the level of the phase
boundary as a function of the geometrical dimensions of the
mixer-settler (fig. 6) and the operating conditions.

Ap  +Ap
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Fig. 6 Schematic diagram of the liquid transport
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The comparison of theory and experimental results in fig. 7
shows that the pressure drop in the equipment used was
negligibly small.

The mixing proportion, i.e. the ratio of the actual dispersed
volume to the maximum possible dispersed volume of the mixing
chamber, is given approximately by the power number (fig. 8).

The level of the light phase may rise from stage to stage in a
multistage extraction battery if the pressure drop in the
middle opening is greater than

h =hy ~B) (p,=P) o g

The difference in level of two neighbouring stages is then

Ap Ap
B m . = o , m

2 Py 8 O(p, - py) * Py

p
1
= (b= By - by [1 o (pg - Pp) * Py

The scale-up of mixer-settlers with regard to the transport

of the two phases through the apparatus must be carried out in
such a way that the phase boundary remains below the middle
opening and the level of the light phase does not rise so far
that the battery overflows.

From the above equations for the height of the phase boundary
and the level of the light phase the only new condition for
scale-up is

Ap << h = constant

The remaining criteria have already been set up for the
enlargement of the mixing or settling chambers.

From the dependence of the pressure drop on the flow velocity
and the geometry of the ports one obtains the enlargement
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condition for the ports:

]2
Op  ~ %va = [X} = constant

Design of an air pulsed mixer-settler for a prototype plant

After the operation of the JUPITER plant with a heavy metal
throughput of 2 kg/day the individual components of a
reprocessing plant for fuel elements containing thorium will
very probably have to be tested on a larger scale. A through-
put of approximately 150 kg/day, representing an enlargement
by a factor 75, is being considered.

On the basis of the above scale-up criteria, the extraction
apparatus must have approximately the following dimensions and
operating data:

mixing chamber settling chamber ports

width 25 cm 25 cm 16 cm

depth 20 cm 30 cm 0.6 cm

height i cm 7 cm 1.2 cm

stages 16 16

pulse tubes operating data

No. per chamber 4 pulse frequency 25 min-1 3 10
diameter 3 cm suction height 30 cm

length 30 cm

nozzle diameter 0.3 cm

nozzles p. head il

The higher mixing energy was attained by doubling the number
of pulse tubes and reducing the nozzle diameter. The dimen-
sions of the mixing and settling chamber were adjusted to one
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another in such a way that a "compact box" arrangement is
possible.

Summary

An air pulsed mixer-settler for nuclear application is pre-
sented, which works without moving parts behind shielding.
Comparative tests with a stirred mixer-settler and this
apparatus show that it is suitable for the JUPITER pilot plant.
Further, theoretical equations for the mass transfer in the
mixing chamber, the coalescence in the settling chamber and
the hydrodynamic behaviour of the mixer-settler are developed
and confirmed by experiments with the test system uranyl
nitrate / nitric acid - 30 % TBP / Dodecane. On the basis of
the equations scale-up criteria for the individual elements
of an air pulsed mixer-settler are derived and used for the
calculation of an extraction apparatus for a prototype re-
processing plant.
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Nomenclature

A area

a specific area

C concentrations

D diffusion coefficient

d diameter

E efficiency

F function

£ frequency

g acceleration due to gravity
H height of suction

h height

K overall mass transfer coefficient, constant
k mass transfer coefficient

il length

P power

p pressure

v volume

G throughput

p density

(o4 interfacial tension

T mean residence time

] volume fraction of the aqueous liquid

packing efficiency

uniformity of dispersion
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Subscripts

a aqueous phase

ae aequivalent

c continuous phase
d dispersed phase
i interface

1 light

M Murphree

m middle, mixing

o top

P port

R raffinat, tube

s heavy

t dipping (see figure 6)
u bottom

a, B exponent

A difference

259



Acknowledgments

The authors gratefully acknowledge the encouragement of
Prof. E. Merz and the work of Dr. B. G. Brodda of the Chemical

Analysis Section for the chemical analysis.

260



References

(1] Schifer, L., Wojtech, B., Kaiser, G., Merz, E.,
& Sckuhr, P.,
Proc. 4th int. Conf. peaceful Uses atom. Energy,
Geneva, 1971, 8, pp. 349

(2] Kaiser, G., Merz, E., & Sckuhr, P.,
ANS Transactions, Vol. 14, No. 1, June 1971, p. 79

(3] Schifer, L., Wojtech, B., Brodda, B.G., Kirchner, H.,
& Riedel, H.J.,
Tagungsbericht Reaktortagung, Bonn, 1971, p. 710

(4] Tanner, M.C., & Lowes, L.,
Brit. Patent No. 831 383 (1960)

(5] Johannisbauer, W.,
to be published in Report JuUl (1974)

(6] Treybal, R.E.,
"Liquid-Liquid Extraction", 1963, Vol. II
(New York: McGraw-Hill)

(71 Jeffreys, G.V., Davies, G.A., & Pitt, K.,
A.I.Ch.E. Jour. 16 (1970), p. 823

(8] Davies, G.A., Jeffreys, G.V., & Smith, D.V.,
Proc. Int. Conf. Solvent Extraction, The Hague, 1971,
Vol. I, p. 385

(9] Williams, J.A., Lowes, L., & Tanner, M.C.,
Trans. Instn. Chem. Engrs. 36 (1958), p. 464

[10] Lowes, L., & Larkin, M.J.,
Instn. Chem. Engrs., London, Symposium Series No. 26
(1967), p. 111

261






SESSION 3

Monday 9th September: 9,00 hrs

DROPLET PHENOMENA

Chairman:

Professor S. Hartland

Secretaries:

Dr. M.P. Wilson

‘Mr. M. Perrut

263






PHASE SEPARATION IN THICK DISPERSION BANDS

A M A Allak & G V Jeffreys

Chemical Engineering Dept
University of Asta
Birmingham

265






SWMMARY

A refractive index matching technique has been dewveloped to study
the behaviour and coalescence of drops in dispersion bands. The frequency
of interdrup coalescence has been estimated and correlated, and a model,
based on film rupture thickness, has been solved by camputer to predict
dispersion band thiclmess as a function of inlet drop size, flow rate
and the physical properties of the system.
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INTRODUCTION

In previous studies of the behaviour of droplets in dispersion bands
the characteristics of the beds have been established from observations
made on the drops residing at the wall and at the coalescing
interface. Drop behaviour inside the dispersion has been assumed to be
indentical with that seen at the periphery because the opacity of the
dispersion prevented observation of droplets inside. Therefore in this
study in order to investigate coalescence behaviour inside dispersion
bands systems have been chosen in which the refractive index of the
dispersed and continuous phases are the same, then one or more coloured
drops have been introduced into the transparent dispersion and their
behaviour followed. The coloured drops must have identical properties with
all the other drops in the dispersion band. Consequently 'Red 0il O',
which Kintner(u)
discrete coloured drops, and these were studied as they passed through

reported to be non surface active, was used to produce

the bed. A second method used in this investigation was to generate

the colour in the drops, in situ, at particular positions in the bed.

This was done by dissolving a small quantity of a phototropic dye in

ane, or other, of the phases, and irradiating the particular section of the
dispersion band to generate colour. Claude and Rumpf(z) reported that
most spirans are very sensitive phototropic dyes and 1.3.3 trimethyl-
indolino-6' nitrobenzopyrylspiran was selected for this work because
preliminary experiments revealed that a 1.0% solution of this compound

was sufficient to produce a quite intense colour change when irradiated
with ultra violet light. In addition the colour was sustained for only
about 10 minutes after exposure to the U.V. light. After this period it
rapidly— reve.r'ted to its colourless form but could be irradiated repeatedly,
so that the solutions containing the dye could be recirculated through the
apparatus continuously. Furthermore neither form of the spiran was surface
active, and at the concentrations employed, had no affect on the physical
properties of the system. This spiran was also insoluble in water; hence
by making one of the phases aqueous mass transfer losses and effects were
eliminated.

(3 was also used to identify drops

Finally the Christiansen Effect
in the dispersion band. This consisted of matching the refractive index

of each phase against the sodium D line to obtain a transparent dispersicn,

269



and then passing beams of red light, produced by a gas laser, through

the bed. Since the phases will not be matched for all wave lengths,

the drops within the beam became cpaque and are easily seen so that their
behaviour is readily followed.

The object of the present investigation is to apply the techniques
described above to cbserve the phase separation occurring in thicdk
dispersion bands of the kind encountered in liquid extraction and effluent
treatment processes. Framn the mechanisms revealed, to develop a model
to predict the dispersion band thickness as a function of flow rate,
inlet drop size and the physical properties of the system.
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EXPERIMENTAL

The systems chosen for study were solutions of glycerine in water
for the aqueous phase, with refractive indices in the range 1.333 to
1.47, and either iso octane, n-hexane, amyl acetate or ethylacetate,
whichever had the same refractive index as that of the aqueous phase.
Details of the systems studied are given in Table 1.

The apparatus employed for this study is illustrated schematically in
Figure 1. It consisted of a glass colum (1) 5.0 cm in diameter, 60.0
an long to which was attached a 5.0 am - 7.5 am reducer to accommodate
the dispersed phase distributor. The column was cannected to the dispersed
phase reservoir (2) via a pump (3), a sintered glass filter (4), constant
head tank (5) and the rotameters (6) as shown. The pump was an all glass
centrifugal pump possessing P.T.F.E. seals and the sintered glass filter
was inserted to trap any scum and solids. The dispersed phase reservoir
was constructed from a glass pipe section 22.5 om in diameter, 22.5 an
long with stainless steel flanges attached to each end. The constant
head tank was similarly constructed from a glass pipe section 15.0 om in
diameter, 15.0 om long, and the interconnecting pipework was entirely of
glass of naminal bore 1.5 cm. The distributor was constructed from
stainless steel and details are presented in Figure 2. That is, the
apparatus was constructed fram glass, stainless steel and P.T.F.E. in order
to reduce the possibility of contamination to a minimum.

A typical experiment was carried out by thoroughly cleaning the
apparatus, by first flushing with tap water, soaking in a concentrated
solution of Decan for 24 hours, draining, and flushing again with distilled
water. Following this the colunn was filled with the cantinuous phase to
a predetermined height and the reservoirs were filled with the dispersed
phase. The pump was started so that the dispersed phase formed a dispersion
band, and after coalescence, filled the remainder of the colum. The
coalesced dispersed phase was circulated continuously through the
apparatus and its flow rate was adjusted to produce a dispersion band of
suitable thickness. The thickness of the band was determined by injecting
a coloured drop from the special nozzle in the distributor, or, when ane
of the phases contained the phototropic dye, by exposing the bed to U.V.
light fram a mercury arc lamp so that the bed became blue in colour. After
a number of experiments had been conducted, the locatiaon of the band and
its thickness could be estimated from the dispersed phase flow rate, although
because of the 'matched' refractive index of the phases, the bed could not
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be seen in the colum,

When steady state had been attained one or more coloured drops were
injected into the bed and their behaviour photographed as they passed
through the dispersion, using a high speed camera. Altermatively the
spiran was dissolved in the organic liquid which could be either the
dispersed or continuous phase. The dispersed phase was again circulated
until steady state conditions had been attained, then the band, or parts
of it, were exposed to U.V. light for a few seconds. This produced a
layer, or cluster, of blue drops and their progress through the bed was
similarly photographed.

From these experimen®s the mean drop residence time and the frequency
of coalescence between a drop and the wall, a pair of drops and the drop
and the interface was obtained, and these have been reported in detail as
a function of band thickness by Allak (1).

RESULTS

Experiments were carried out with a number of distributors having
nozzles of uniform size in the range 1.0 mm to 4.0 mm, and the dispersed
phase flow rate was controlled to produce uniform sized drops. The drop
size was estimated from photographs of the coloured drops entering the
dispersion band &nd these were compared with the d.ros: size predicted from
the procedures recamended by Meister and Scheele. "In all cases the
agreement between the estimated and predicted value was very good.

Observation of the bed when steady state had been attained revealed
that there were three zones as shown in Figure 3.

(i) A flocculating zone, at the droplet entrance: Thus, when the drops
enter the bed they are jostled about with the result that, although they
remain spherical, they arrange themselves in the most compact way and trap
the continuous phase in the interstices. This is the flocculating zone and
the dispersed hold-up is probably close to 0.74, i.e. the so-called
'Oswaldt's ratio.'

(ii) A packing zone: As the drops pass into the band they are squeezed
together extruding the continuous phase. Figure 4 shows a coloured drop
inside the band. There it will be seen that the drop is deformed into the
shape of a pentaganal dodecahedra. The faces are pentaganal and reasanably

flat, and the continuous phase is squeezed into plateau borders which form
a drainage network throughout this zone. Considerable interdrop coalescence
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occurs in this zane.

(iii) Interface coalescing zone ocne or two drops thick,in which the drops
are still dodecahedra in shape but tend to coalesce with the interface,
more than with each other.

The thickness of the dispersion band depended on the inlet drop size
and dispersed phase flow rate, and typical plots showing the relationship
between these variables are presented in Figure 5 for the system iso-octane-
aqueous glycerine. These are similar in shape to results reported by other
workers, and confirm that the bed height increases as the inlet drop size
decreases, and the dispersed phase flow rate increases. All the results
have been correlated by dimensional analysis as shown in figure 6. There
it can be seen that 85% of the results are within + 5.0% of the correlation
curve and 97.5% are within 10%. In this correlation the predominant
group is the Capillary Number suggesting that drainage of the comtinuous
phase controls the bed height. This is further discussed below.

The packing zone extends over most of the dispersion band, and in this
zone drop coalescence occurs with the walls of the vessel in addition to
coalescence with each other. The frequency of drop-wall coalescence was
found to be remarkably canstant throughout the band, but varied with the
system. The frequency of interdrop coalescence varied with bed height
and frequencies obtained for the above system is presented in Figure 7.
These frequencies are the mean values of 75 repeated observations of
interdrop coalescence at each plane in the bed. They are typical of all
the experimental results obtained and give an insight into the coalescence
processes. Thus it will be seen that the frequency of interdrop
coalescence is periodic and increases as the drops pass through the bed.
That is, at a particular plane in the band the drainage of the continuous
phase will proceed to such an extent that the film between the drops
rupture and interdrop coalescence ensues. There will be slight differences
in the film thidmess in between different drops in a layer so that
coalescence occurs only between the drops separated by the thinnest film.
This interdrop coalescence disturbs the drops around the coalescing pair,
with the result that the film surrounding the neighbouring drops is partly
regenerated by flow from above and tension in the film from the lower
layers. Consequently the film between the drops is renewed and stabilised
temporarily, and must drain again to a critical thickness before further
coalescence can occur. During this period this layer continues to pass
through the bed, and is a region in which the frequency of interdrop
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coalescence is low. When the film has again drained to a critical
thickness further drop-drop coalescences occur, and these processes

are repeated until all of the continuous phase trapped at the entrance
of the bed has drained. At this point interdrup coalescence is camplete
and an interface is formed. This plane is the drop-interface coalescence
zone.

The frequency of interdrop coalescence in the packing zone was
correlated against the Capillary Number since this is an index of the
rate of drainage of the continuous phase in the films and through the
plateau borders; the drop size, and the band thickness. The result
correlation was:-

0.054 0.19

A=1=0,55( d 1
qu H

where A represents the frequency, or probability, of coalescence expressed
as a fraction of the total number of drops residing at a plane in the bed.

A camparison of the experimental and predicted probability of coalescence

is shown in Figure 8 for all the systems studied. There it will be seen that
that there is some scatter between the predicted and experimental results,
and as'smoothing'is necessary in developing the correlation, the agreement

is considered to be quite good and is satisfactory for the analysis of the
phase separation process.

It has been postulated above that interdrup coalescence occurs in the
packing zone of the dispersion band when the continuous phase film, in
between the pentagonal faces adjacent drops, drains to a critical
thickness. This was substantiated by examination of high speed cine films
of the dispersion band that contained the phototropic dye in the continuous
phase, and which had been irradiated with U.V. light. It was noticed that
as the film thinned, the intensity of the blue colour decreased
proportiocnately and disappeared immediately before coalescence. This
suggests that when the film just cannot sustain the blue colour it has been
reduced to its critical thickness and rupture takes place.

It is not possible to measure the film thickness in the dispersion
band but the thickness of the film that is just unable to sustain the blue
colour of the phototropic dye was estimated as follows.
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Three cells of thickness 50.0; 25.0 and 7.0 microns were used to
measure the absorption of light by the caontinuous phase in the excited and
unexcited state in a U.V. absorptiometer, and the absorption was plotted
versus cell thickness for the system isobutyl acetate-aqueous glycerine.
Extrapolation of the two curves resulted in their intersectian at 2.0
microns, suggesting that this is the critical film thidmess. This
thickness was confirmed by placing the caontinuous phase with the phototropic
dye in between two optical flats; irradiating with U.V. light in the
absorptiameter and then reducing the thidmess until the colour just
disappeared. Then measuring the thickness between the optical flats by
counting the interference fringes. The film thickness was confirmed
to be 2 microns for the system and this was cancluded to be a reasanable
estimate of the critical film thickness. This, together with the abowe
correlation of probability or frequency of interdrop coalescence form the
basis for a model to predict the thickness of dispersion bands.

PREDICTION OF DISPERSION BAND THICKNESS

The drops in a dispersiaon band are distorted to the shape of dodecahedra
with flat pentaganal faces, and the cantinuous phase film drains radially
between the adjacent faces of a pair of drops since, even for very thick

films, the ratio of the surface forces to gravity forces always exceeds 50:1.
Therefore the rate of drainage of the continuous phase film from in between
adjacent drops into the plateau borders can be expressed by the equatian

dn _ 0.21F n°
uRq

irrespective of the inclination of the pair of faces. The rate of drainage

through the plateau borders can be predicted fram the equation of Lenard

& Lemlick
q = 0.0005 r_ 4 8P 2

and therefore the total rate of drainage of the cantinuous phase film per
unit area at any plane in the dispersion band is, by equations 1 & 2

= 0.00u1r_*oge

-ndl
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This flow rate must equal the flow rate of the continuous phase film
carried upwards with the drops in the dispersion band moving towards the
coalescing interface., This flow rate of the continuous phase per unit cross
sectional area is (7).

p T FE
where the filmjthickness h is

h=o.3(1—:1)d 5

Also the radius of the plateau border has been shown to be related to the
characteristics of the system by the equation (7)
3 Vhud

-7

B, © 2.44x10
pge

and from this the force causing drainage has been evaluated from Laplace's
equation to be 1

“
F = 0.042 <pg¢2_(£> .
Vhu

Substituting equations 2 to 7 into equation 1 and integrating between the
limits that

when t = 0: h = h
and
when t = t3 h = hc (Rupture thidkness)
gives
1
t = o.oss("Ls{%‘izv->E 8
PgY ¢ h

Equations 2 to 8 have been formulated into a computer program to perform the
iterative calculations and the computer flow chart is presented in figure 9,
The calculation procedure was started by assuming that the dispersed phase
flow rate in the flocculating zone was 0.74 i.e. Ostwaldt's ratio for face
centred cubic packing. This is considered to be realistic from observations
of the zone, that the drops were very near spherical, and had formed a stable
configuration. Thereafter the drops were simply squeezed together forming

a dodecahedra canfirming that twelve drops surrounded each drop. Initially
the critical film thickness was set at 2.0y and the program processed. Then

the value of the critical film thickness was adjusted by 0.5y increments
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until the predicted band thickness matched the experimental thickness.
This film thickness was then used to predict the band thickness at other
flow rates for each system. The comparison between the experimental and
predicted results are presented in Figure 10 for the system quoted above.
There it will be seen that the agreement between the experimental band
thickness and the predicted thickness is very good for each flow rate.
Furthermore the critical film thickness computed for each system agreed to
within 0.5u of that estimated by light transmission in the Absorptiometer.
Finally in order to confirm the validity of the derivation of the model
Christiansen's effect was used to photograph the plateau borders, and to
measure the radius of the arc making up the walls of the plateau border.
The measured radius was then compared with the predicted value obtained by
solution of equatian 11. The plateau borders were photographed with a
cine camera because the drops in the bed were in motion so that it was not
possible to be absolutely certain that the plateau border being photographed
and the camera film were absolutely parallel. The slightest deviation
would greatly distort the photographed plateau border radius. A photograph
of the plateau border is shown in figure 11. This is an enlargement of a
2.0 mn square field corresponding to the diameter of the collinated laser
beam. The mean value of the radius ros measured from 24 consecutive
frames of the movie film, and taken at a plane 4 an from the band entrance
B and the total bed
thickness was 12.0 am, was 3.1 mm. The value predicted from equation 11

when the dispersed phase flow rate was 0.67 cm s

was 3.9 mn and this is considered to be excepticnally good considering the
difficulties in making the measurements. Similar quality agreement was
obtained from the other estimations. Therefore this is considered to
further confirm the soundness of the model and together with Figures 10
and 11 confirm the reliability of the procedure of basing the prediction
of the thidmess of deep dispersion bands on a critical film thickness
and a frequency of coalescence curve. This is considered to be more
reliable than attempting to analyse bed thickness from a drop-drop
coalescence time for the bed as a whole, and for each system to be
considered.

In concluding the discussion of the results presented here it should
be mentioned that no secondary drops of the dispersed phase were seen at
any times although these have been observed by other workers in bands and
by ourselves in single layers of drops. However with the experiments in
which the phototropic dye was in the continuous phase it was noticed that
very small blue satellite drops appeared above the interface in the
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coalesced dispersed phase. An allowance was made for this loss in the
computer program. Nevertheless it is a finding not previously confirmed
and should be considered in the design of phase separating vessels.

CONCLUSIONS

New techniques have been developed for examining the phase separation
processes inside thick dispersion bands, based on matching the refractive
indices of the phases and then discriminating the drops to be studied
using phototropic dyes, lasers and the Christiansen effect.

A model describing the coalescence processes occurring in thick
dispersion bands has been developed, based an the thickness of the
continuous phase film at rupture and the shape of drops packed in the bed.
The film thickness has been verified using a light absorption technique, and
a camputer program was written to predict band thicdmess as a functian of
drop size, flow rate and the physical properties of the system. Agreement
between predicted and experimental results are very good.
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TABLE 1

SYSTEM  DISPERSED CONTINUOUS REFRACTIVE VISCOSITY cp DENSITY gn/c:m:<l INTERFACIAL TENSION
PHASE PHASE INDEX DISP. My CONT. Vo DISP'pd CON'I'.cd y dynes/am

I *AMYLACETATE 52% Wt.G 1.460 1.350 8.00 0.870 1.140 14.2
II *ETHYLACETATE  37% Wt.G 1.372 0.u455 3.60 0.900 1.090 7.0
III *ISO OCTANE u8% Wt.G 1.395 0.433 5.u5 0.692 1.122 35.6
IV *HEXANE 37% Wt.G 1.372 0. 326 3.60 0.660 1.090 34.5
v *17% Wt.G DIETHYLETHER 1.355 1.60 0.233 1.0u2 0.713 10.0
Vi *46% Wt.G. ISOBUTYLACETATE 1.392 5.25 0.732 1.118 0.870 12.5
Vi ISOPROPYLETHER 27% G 1.367 0.470 2.15 0.730 1.065 15.0

*Systems that have been investigated.

SYSTEMS STUDIED



NOTATION

Area of plateau border

Drop diameter

Hydraulic mean diameter

Force causing drainage

Acceleration

Film thidmess

Total band thickness

Canstant in Lenard-Lemlick Equation
Length of side of face of dodecahedra
Number of drops

Pressure in film

Incremental flow rate

Cantinuous phase flow rate

Radius of plateau border

Radius

Time

Drainage velocity

Superficial velocity

Coordinate perpendicular to film
Interfacial ®ension

Angle of inclination of plateau border
Frequency, or probability of coalescence
Hold=up

®* > ® *x N < C i W OLD "W Z e X T M@ W U A >

Subscripts
c Continuous phase

d Dispersed phase
Downward flow
Plateau border
Upward flow
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The motion of liguid droplets in settling and coalescence

E. Rushton & G.A. Davies
Department of Chemical Engineering,
University of Manchester

Institute of Science and Technology,
Manchester, 1. England.

Abstract

The relative motion of pairs of droplets along their line of centres
is considered and solutions presented for settling and approach prior to
coalescence. The influence of fluid viscosities, drop size, separation
and approach velocity on flow in both the continuous phase fluid between
the droplets and circulation within the droplets are investigated. It
is shown that simple analyses presented in most 'film drainage' models
are not correct. Internal circulation within droplets set up as a
consequence of interfacial shear forces significantly influence the flow
field particularly in the continuous phase fluid in the region separating
the drops. Results are presented for settling representing the three
limiting conditions; constant interdroplet separation, droplet separation

and coalescence.
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1.Introduction
The settling of droplets through an immiscible liquid phase is

important in liquid extraction and particularly so in phase separation
and coalescence. Settling is usually affected by the presence of rigid
walls, free surfaces and adjacent droplets and thus, although prevailing
conditions can be interpreted by the theory of low Reynolds number
hydrodynamics, the simple Stokes law is not applicable. To formulate a
description for a dispersion of droplets one must proceed beyond the case
of a single droplet. This brings with it many complications. However,
some assessment of interaction effects can be acquired by considering the
case of doublets. This is amenable to analysis and the case of motion of
two drops along the line of centres through each drop is the subject of
the present paper. Apart from interpretation of settling phenomena the
case considered is of some interest to droplet coalescence. If one considers
coalescence between two droplets or a drop at an interface four stages can
be distinguished viz. the approach of the droplets, drainage of the film
of continuous phase trapped between the droplets, rupture of this film and
finally transferance of content of one drop into the other or, in the case
of interface coalescence, into the bulk phase. Of these four sequences
film drainage is the rate limiting step and thus any factors which irnfluence
film drainage will have immediate bearing on coalescence. In this context
the approach of droplets is important particularly the flow conditions
inside the droplets. If one considers a single drop settling through a
second liquid then it is well known that a secondary flow is established
inside the droplet which not only modifies the drag forces on the droplet
and the droplet terminal velocity but also modifies the surface velocity
around the droplet(1‘2). In analysing the conditions of film drainage
between a single droplet and an interface the internal circulation incide
the droplet must be accounted for, unless it is immediately damped out
on arrival at the interface (which is not possible), since it will modify

the boundary conditions at the various fluid interfaces. In all modcls proposed
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for film drainage this is not considered, indeed most workers have
used boundary conditions requiring that the radial component of the surface
velocity at both fluid=fluid interfaces is zero. Not only does this
ignore the possibility of internal circulation but also requires that the
fluid interfaces can sustain a finite shear stress, a condition applicable
to fluid-solid interfaces and notto clean fluid-fluid interfaces.

The solutions of Hadamard and Rybczynski cannot be used directly
to determine the internal circulation conditions in a droplet for the
case of either approach towards a flat interface or towards a second droplet.
This can only be obtained by allowing for the presence of a second droplet
or interface. Thus the motion of two droplets has to be considered and
this is the topic of the present paper. A short resumé of work relevant
to this will first be presented.

The problem of the motion of two spherical particles along their
line of centres was first considered by Stimson and Jeffrey (8). They
analysed the case of motion of two unequal solid spheres moving in the
same direction with equal parallel particle velocities along their line
of centres through a viscous fluid and obtained expressions for the drag
force opposing the motion of each particle. This method of solution was

(9)

extended by Pshenay-Severin to consider the case of unequal particle

velocities and the corresponding drag forces associated with each particle

determined.

The problem of the approach of a particle towards a flat interface,
which is in fact a limiting case of the doublet problem obtained by letting

the radius of curvature of one of the droplets approach infinity, has also

(10 (19)

and Maude both analysed the provlem of a

solid particle approaching a solid plane and free surface whilst Bart(12)

been considered. Brenner

has extended tids to a s0lid and fluid sphere approaching a solid and fluid

interface.
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In all cases cited the authors have computed drag forces acting on
the particles and the modifications required to use a simple Stokes law.
The extension to compute(from the stream functions obtained from the
solution of the flow equations)local velocities and velocity profiles
in the various fluid regions has not been reported. These velocities
are particularly important in settling and coalescence processes. The
problems considered in the present paper will be analysed to provide
information on velocity profiles in the various fluid regions =~ continuous
and dispersed phases.

Formulation of the problem

The problem considered, motion of two spherical droplets through an
immiscible liquid phase’is represented on figure 1. For incompressible
Newtonian fluids fluid motion is described by the Navier Stokes equations
and in this system three separate regions can be considered in which these
equations must be satisfied viz, droplet phases 1 and 2 and the continuous
phase fluid 3. In extraction and coalescence phases 1 and 2 may be identical
thus only two separate phases exist. In developing the analysis however,
the system will be kept general and three regions defined.

Under flocculation and gravity settling conditions the Navier Stokes
equations can be linearised since the quadratic inertia terms 3.7?1 are
v (13)

small compared with the viscous term Thus the equations

describing fluid motion and the continuity equation are:-

*
g—:+%Vp=uv2\? (1
V.@=0 (2)

where 3 is the local fluid velocity and p the pressure. The problem considered
here of approach of two droplets is inherently unsteady but the time
dependent terms,oayot. can be neglected if the dimensionless group

10)
incorporating the droplet translational Reynolds number (Ua/y) (%/h)<< 1( p
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In this group U is a characteristic velocity - approach velocity of

the droplets, a (=2r) is a characteristic diameter and h a characteristic
distance in the direction parallel to the flow - distance between the
centre of the droplets. Thus when this condition and the condition

of creeping flow is satisfied equations (1) reduce to the quasi-steady

creeping flow equations,

|

§Vp=\av23 (3)
For axisymmetric motion the velocity components in cylindrical co~

ordinates (R, Z, §) may be expressed in terms of the Stokes stream

function, §. Thus

¢ gu_ -0 (%)

% 0= dR B

02 z

ol
ol

and the quasi. steady creeping flow equations become

2 2
2 [T R e I =
> *R S b OR) $=0 (5)
02

Due to the geometry of the fluid boundaries it is more convenient
to express the fluid motion in a bi-polar co-ordinate system (&, T, £)

related to the cylindrical co-ordinates, (R, 2, §) by

c sin 7 c sinh § _
R = Cosh €~cos N ' Z = Cosh E=-cos 1" g=p (e

Two settling drops, figure 1, external to each other and travelling in
the negative Z direction correspond to the values § = o (3 0) and € =8
(< 0) where ooy B and c (which is also greater than zero) are defined by

the relations:-

a = cosh ~" (h/r,) (61)
B = cosh™) (hz/rz) (6i1)
¢ =r, sinhg = -r, sinh B (6iii)
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The solution, ’i’ of equation (5) where the subscript corresponds to

the flow region 1,2 or 3 (figure 1), is @)

=}
§, = (cosh € - 32 £ U (92 (x (2)

n=o

where x = cos T,

U ;(8) = a ;cosh (n-1/2) € + b, sinh (n-1/2)§ + ¢ ,cosh (n+3/2)g

ni i

+d ,sinh (n+3/2) €

8

and C;%; (x) is a Gegenbauer polynomial of order (n+1) and degree - 3.
The constants a4 bni’ Cny and dni are to be determined from the boundary
conditions.

For fluid interfaces (in the absence of surface active agents) the
boundary conditions must allow for the continuity of velocity and shear
stress at each fluid interface. It is assumed that the discontinuity in
the normal stresses is balanced by the interfacial tension forces. In
addition to these requirements the velocity components must remain finite
at the centres of the droplets. These conditions have been considered in
a previous paper in which the drag forces opposing the motion of two

(104)'

arbitrary fluid spheres were evaluated By applying the boundary
conditions,a system of linear algebraic equations for the constants
Ly bni' Cny and dni can be generated. By solving these equations ,
values for the stream function over a range of values of § and 17 can be
generated. In the present paper we are interested in computing velocity

profiles in the various fluid regions. These can be obtained from the

stream functions 'i since,

__ (cosh € = )2 %
u§i = - ca Bx (81)
(cosh £ = x)2 %%
e, %i_L — (811)
T ¢ sin T ¢
ug = o} (8141)
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In interpreting the results, and to compare them with previously published
data, it is convenient to also compute velocity components in cylindrical
co-ordinates Upss Upss “ﬂi' These are related to the corresponding

bi-polar components by:-

1

URi = T Tcosh € - x)

[ugi sin T sinh € + Uy (1-x cosh g)] (9i)

4
uZi - ot =) { Ugy (1 - X cosh €) - Ung sin T sinh € [9ii)
U =

o [0}

Thus from equation 7 the stream function 'i can be evaluated for
appropriate values of € and 7| in each of the three fluid regions. By
substitution into equations 8 or 9 the local fluid velocities can be
computed and velocity profiles constructed. At this stage no limitationms,
apart from the droplets remaining spherical, have been imposed and by
selecting values of droplet velocities U1 and U2 the conditions for
settling of the droplets by reason of resulting buoyancy forces, for
which case U1 and U2 will have the same sign, or coalescence when
U1 and U2 will generally have opposite signs can be considered.

Furthermore no restrictions have been placed on the radii of the
‘droplets. By allowing the radius of one of the droplets to approach
infinity the conditions for a droplet approaching a flat fluid interface
prior to coalescence can be investigated. Some inter-relation of the
parameters U and r however exist and for example in the case of settling
of droplets of one liquid through a second liquid the settling velocities
are functions of the droplet radii and cannot be selected arbitrarily.

To allow for this, recourse must be made to the drag forces acting on
each droplet(14). Settling of a pair of liquid droplets is considered,

in this paper the drag forces for the conditions examined were first

computed and the appropriate ratio U_'/U2 arising from this used in com-
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puting the velocity profiles (see ref. 14 equation 51).
3. Results and Discussion

Numerical evaluation of equations 8 has been obtained for conditions
of settling of drops and coalescence. These are presented for a range
of conditions to show the effect of droplet diameter, droplet relative
velocities, interdroplet separations and most important the viscosities
of the fluid phases on the velocities in the continuous phase fluid,separa-
ting the droplets,and inside the drops. Before presenting the results it
is perhaps instructive to discuss the relationship between bipolar and
cylindrical co-ordinatess §i (i =1, 2 and §1 = o, §2 = B), equation
6i and 6ii, represents a dimensionless geometric separation. The single
or combined effect of either increasing the droplet radius, Ty OF reducing
the geometric separation of the drop from the plane 2 = 0 (§ = 0), h.,
decreases the corresponding value of §i (see equations 6i and 6ii). Hence
solutions for different values of ;i may be compared to assess either the
relative geometric separations or the drop radii on the velocities in
each phase.

The solutions presented are displayed in reduced dimensionless
cylindrical ¢o-ordinates (R* = R/c, 2* = 3/c) and are functions
of the dimensionless separations ¢ and B and the viscosity ratio p* defined
as M3/h1- The limiting case of u* = o corresponds to the motion of solid
particles and satisfies the boundary conditions of zero radial velocity
at the particle surfaces. Results will be presented first for settling
of droplets through an immiscible liquid phase due to the action of buoyancy
forces and then for approach of droplets travelling towards each other with
arbitrary velocities prior to coalescence.
a) Settling

In examining settling of two droplets in an immiscible fluid phase
three cases can be considered. Denoting the upper droplet by subscript 1
and the lower by subscript 2 these are:- case 1)“1 = qz. i.e the relative

velocity between the droplets is zero thus the interdroplet distance will
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remain constant; case 2)“1 b} Ua, here the interdroplet distance will
decrease leading to droplet coalescente, and finally case 3) when QZ )U1,
the separation between the droplets will increase with time. All cases
can be investigated by inserting appropriate values of physical properties,
radii and particle terminal velocities into the equations in Section 2.
For the two fluid prohlems considered here i.e. phase 1 = phase 2
it is important to realise that the settling velocities and radii of the
droplets are inter-related and cannot be selected arbitrarily. Results
for each of the three cases described are presented to show the influence
of the viscosities of the fluid phases. The velocities of the droplets
were first computed from expressions for the drag forces(1k) and then
substituted into equations 8 to obtain velocities in the continuous phase
fluid separating the droplets, UR3 = f (Z) and inside the drops,
Uz1'Uzz= f (R)s To generalise,velocities relative to an approach velocity
U are presented. To simplify,the presentation the radial velocity profile
is presented at a constant radial position R* = 0.5 and the velocities
inside droplets are computed across a diameter perpendicular to the
direction of settling.
Case 1 U1 = 02 =0

For this case with vy = v,

effect of the viscosity ratio, p*s on both velocities UR and Uz is shown

the radii of the droplets are equal. The

in figure 2. For the case of solid particles, p* = o, the radial velocity
component UR is zero at the surfaces of the spheres and as we proceed in the
positive Z direction from the surface of the second particle the velocity
becomes negative denoting flow of continuous phase fluid into the region
between the particles. UR continues to decrease to minimum then increases
to be zero at the origin, z/c = 0, which is midway between the particles.

It then continues to increase to a maximum velocity before finally
decreasing to zero at the surface of the upper sphere. The profile is

made up of two parabolas about the midpoint of separation of the particles

1297



the one being a reflection of the other such that the net flow of phase
3 into this region is zero. This satisfies the physical conditions.

As the viscosity ratio increases the parabolic shape flattens and the
surface velocities on each sphere become non zero, a consequence of
intermal motion in the drop phases. On the surface of the lower droplet
the surface velocity is in the direction of reduced R* ginece the internal
circulation is towards the near stagnation point at R* = 0, § = B =-1.0.
At the near stagnation point the surface velocity must of course become
zero thus UR E=B==1.0 must decrease as one proceeds around the sphere
towards R* = O, In all cases the radial velocity profile is similar
about the axis R®* = O thus satisfying the physical condition of constant
droplet separation and thus zero net flow of continuous phase in this
region. The development of internal motion in the droplet with increasing
u* is seen from figures 2b and 2c. The absolute velocity (that is as
seen by an observer at a fixed position),Uz,is symmetric about the axis
R* = O, The maximum velocity increases with p*, at p* = 10 the maximum
velocity is 35% greater than the settling velocity U. Again to satisfy

2 2
the physical conditions I+r Uz dR = Urfor all cases.
0

Case 2 01 = U)Ua

In settling this will result in interdroplet coalescence and is a
condition often observed in a flocculating dispersion. If the fluid phases
1 and 2 are identical then solution of the equation relating the velocity
ratios for U1 = UZ) O must result in r1> rpe To illustrate the variation

of the velocities U,  and Uz1 with 4* calculations have been carried out

R
for € = = 0.5 and §3= B = =1.0. The situation is shown in figure 3.
Consider first the radial velocity in phase 3. If 01) U2 then a net
flow of continuous phase fluid from the region between the particles must
take place,and as seen in all cases for p*=0 to u!s10,ﬁR/U is always

positive. In the case of u* = O, representing settling of two solid spheres,
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10
the surface velocity as in case 1 above is zero. Again as p* increases

so the effect of surface velocity becomes more pronounced and the velocity
profile flattens. The effect of internal circulation on the radial velocity
profile is perhaps seen most clearly at the surface of the upper droplet.
The surface velocity is in the positive direction and increases as p*
increases. On the lower droplet however the surface velocity is in the
negative direction towards the near stagnation point,this effect becomes
pronounced as u* increases. In figure 3d a flow reversal is evident in the
region next to the surface of the lower droplet. This is similar to case 1
and is due to internal circulation in the droplets,the development of which
can be assessed from the profiles of Uz in figure 3. It is worth noting
the point made earlier that U1, Ua, r, and r, are not independent in settling.
As p* increases from O to 10 for constant drop radii the ratio of the settling
velocities U1/U2 decreases from 1/0.71 to 1/0.82.
Case 3 U1 = II<U2
This case will result in increasing particle separation with time and
again is a situation observed in flocculation,particularly in spray columns
when interdroplet coalescence has taken place. As is evident from case 2
above if phases 1 and 2 are identical and U1 - U_<O0 then r

2 2
velocity profiles for p* 0, 0.1, 1.0 and 10 are shown in figure 4. The

p) Ty The

trends discussed above for the surface velocities, radial velocity profiles
and axial velocity profiles in the droplet are again observed. In this
case to satisfy the physical condition of net flow of continuous phase into
the region separating the droplets. UR is negative. For the solid/solid
case the profile at any instant of time is symmetric about the midpoint of
separation of the particles and is approximately parabolic.Ads p* increases
the profile flattens. A similar condition to that in case 2 is observed
as p* increases, a flow reversal can take place brought about solely by

the action of internal droplet circulation. This may be seen in figure

4d (compare 3d), in this case the reversal takes place near the surface of
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the upper droplet.

The analysis of the settling of two droplets shows clearly that the
fluidity of the droplets must be taken into account. Velocities in both
phases are influenced by the relative viscosities. It is not satisfactory
to use results for solid spheres to interpret droplet behaviour. In these
results spherical droplets only are considered,the position will be
further accentuated if distortion takes place.

b) Coalescence

The approach of droplets prior to the film drainage period can be
investigated. Zquations 8 can be evaluated for a range of conditions to
investigate the effects of droplet approach velocities, droplet diameters
and separation and the viscosity of the phases. Arbitrary values of
approach velocities will be chosen but if coalescence takes place by
gravity settling alone then, as in the prefious section, the droplet
approach velocities are not independent and must be calculated. In the
cases considered the velocities in both dispersed and continuous phase
fluids will be calculated relative to an approach velocity U (U = U1).

The influence of the fluidity of the droplet will first be considered
for the special case of approach of equal sized drops. This was first

discussed by McAvoy and Kintner(s)

in an attempt to analyse conditions
prior to interdroplet coalescence. The flow of continuous phase fluid

in the region separating the drops was considered. McAvoy and Kintner,
following an earlier treatment of Charles and Hason(u) for the analogous
drop-interface problem, postulated a parabolic velocity profile in this
region of the continuous phase fluid. This, as stated in the introduction,
implies that the radial component of velocity is zero at the interface of
drops. In the present work this has been re-examined and solutions of
equations 8 obtained over a range of fluid viscosities.from p®* = O

(the solid sphere-fluid problem) to u* = 10. The results are shown in

figure 5. In this figure the radial velocity profile in the continuous
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phase fluid is shown computed at R/¢ = 0.5. In addition the absolute
velocity inside the upper droplet is shown computed across the diameter
perpendicular to the line of motion of the drop. For the case considered
where each droplet is allowed to approach at the same velocity U the
velocity profile inside the lower droplet is merely a mirror image of
that shown for the upper drop. It should be emphasised that any values

for U1 and U, can be chosen,it is not necessary that U1 = U_. Considering

2 2

the velocity in the contimuous phase fluid first the conditions for p*=0
result in a parabolic velocity profile in accord with the analysis of
McAvoy and Kintner. This is only correct for solid spheres and for this
case the velocity jin the sphere, UZ' is constant and equal to the approach
velocity U. This is shown in figure Sa. As p* increases two things are
apparent. First that the radial velocity profile in the continuous phase
fluid flattens and at p* = 1.0 this is approaching plug flow, At p* = 10
this velocity profile becomes concave. This change is brought about by
the increasing fluidity of the drop, as up* increases so the internal
circulation inside the drop increases. The absolute motion inside the
drops in the direction Z are shown in figure S{a)-(d), As the viscosity

of the dispersed phase is reduced the centre line velocity at R/c = O
increases until at p* = 10 this is 70% greater than the approach velocity
U. The relative velocity inside the droplets (that is as seen by an
observer moving with the droplet) is shown in figure 6. This is again
computed across the diameter at 2/c = 1.313..4s p* increases from zero

the relative velocity itself develops and the velocity in a central zone
about R/c = O increases in the direction of motion of the droplet. As a
consequence of the shear forces acting at the interface of the drop at the
periphery the flow is in the negative direction. As would be expected this
increases with increasing p*. Thus the results show that the radial

velocity profile in the continuous phase fluid is influenced by the
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fluidity of the drop and parabolic profiles are only correct for solid
spheres approaching. The influence of internal droplet circulation must
be considered.

The effect of approach velocity and drop size has been considered
and results for approach of particles radii r1and té at velocities
U and U/2 and U and O are shown in figures 7 and 8.

Only two cases p* = O and u* = 10 are shown but results follow a
similar trend as for equal sized drops. Again the parabolic velocity
profile for the cases p* = O are modified as p* increases. The surface
velocity in each drop is determined by the approach velocity and as this
is reduced the radial velocity profile in the continuous phase fluid is
modified. This can be seen from figures 5d, 7b and 8b i.e. as U2 decreases
from U to O. Also clearly as the relative approach velocity between the
drops decreases so the displacement flow of continuous phase decreases and
thus the curvature of the profile changes, compare 7a and 8a. The
conditions inside the drops show the same trend as for equal sized drops.
It is interesting to note that again as the relative approach velocity
decreases so the relative velocity inside the drops 4g modified and as
seen from figures 7d and 8d the maximum velocity (at R/c = 0) is reduced.
This is a direct consequence of a reduction in the surface velocities
of the drops.

From the present analysis the surface velocity “ﬂ can be calculated.
Results for approach of different sized particles are shown in figure 9.
In 9a the relative surface velocity uT{U on the smaller particle is shown.
The difference in conditions between a solid particle and fluid drop is
well demonstrated. For the solid sphere the surface velocity uq is
determined only by the component of the approach velocity U and is always
positive. For liquid droplets this can be quite different, “T{U is again
zero at T = 7 but then becomes negative (as a result of internal circulation)

increases to take on a maximum value before decreasing to zero again at
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the near stagnation point 7 = O. As u* increases this trend becomes

more pronounced., A limiting case of this above work, to consider a
spherical drop approaching a flat fluid interface (the extension of the
simple Charles and Mason model), has already been considered(15). In this
paper radial velocity profiles and surface velocities were computed and
show exactly the same trend. One extension to this is to compute equation
8 for conditions inside the droplet. These are shown in figure 10.

A similar trend is observed and by comparing figures 5 and 8 with this the

effect of the radius of curvature of the lower interface in increasing

from T, tose can be observed.
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Conclusions

A solution to the creeping flow equations is presented for the
motion of droplets along their line of centres and results for typical
cases in free settling and conditions of droplet approach prior to
coaleseence presented. For limiting cases such as approach of solid
spheres the solutions agree with previously publighed data. It is shown
that effect of internal circulation on the liquid velocities at the
interfaces is important in modifying the velocity profile in the continuous
phase fluid between the drops. This effect increases as the ratio of
the viscosity of the continuous phase liquid to dispersed phase liquid
increases and becomes very significant when this ratio is of the order 10.
As this ratio increases internal circulation can cause flow reversal in the
continuous phase fluid separating the drops.

Finally the results show the limitations of simplified models presented
to represent film drainage prior to coalescence in which a parabolic velocity

profile is postulated.
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NOMENCLATURE

aj s by, d constants of integration (equation (7) )
c constant (equation (6) )
C;%1 (s) Gegenbauer polynomial of order (n+1) and

degree -} with argument p

h characteristic distance, distance of centre
of sphere £ = constant from § = O

i subscript denoting fluid regime, i (i =1,2,3)
(see figure 1)

n summation index (equation (7) )

P pressure

r characteristic radius, radius of sphere

g = constant

R,2,0 cylindrical co-ordinates
t time
U characteristic velocity, approach velocity of

sphere € = constant

ﬁ) vector fluid velocity

UR' Uz' Uﬂ velocity components in cylindrical
co-ordinates

ﬁR mean velocity in radial direction

u;. un.uﬁ velocity components in bipolar co-ordinates

Un(g) mathematical function (equation (7) )

Greek symbols

@ dimensionless distance (equation (5) )

dimensionless distance (equation (5) )

By fluid viscosity of region i
w* dimensionless viscosity group pj/u 1
E, D bipolar co-ordinates

v kinetic viscosity

(] stream function

X cos T}
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CAPTIONS
Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Geometric Configuration

Settling of Identical Drops U, = U2 = U, Effect Of Fluid
Viscosities on Velocity Profiies

Settling of Drops U, = U> UZ’ Effect of Fluid Viscosities
on Velécity Profileg

Settling of Drope U, = U<.UZ, Effect of Fluid Viscosities
on Velocity Profiled

Approach of Identical Drops Prior to Coalescence

U1 = -U2 = U, Effect of Fluid Viscosities on Velocity Profiles
Approach of Identical Drops Prior to Coalescence

U1 = -0_ = U, Effect of Fluid Viscosities on Relative
Velocitg, UZ/U, inside a drop.

Approach of Unequal Drope Prior to Coalescence. Effect of
Fluid Viscosities on Absotute and Relative Motion.

Approach of a Drop Towards a Stationary Drop, Effect of
Fluid Viscosities on Absolute and Relative Motion.

Variation of Surface Velocity on Drops, Effect of Fluid
Viscosities.

Approach of a Drop tbwards a Plane Interface, Effect of
Fluid Viscosities on Relative Velocity, UZ/U, inside drop.
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THE REMOVAL OF A DISPERSED LIQUID PHASE
BY FIBROUS BED COALESCENCE

BY

D. T. Wasan, J. I. Rosenfeld, and W. M. Langdon

ABSTRACT

Liquid-liquid dispersions are often formed in chemical engi-
neering operations as a result of solvent extraction. When the
drops of the dispersed liquid phase are sufficiently large, this
phase can be readily removed by settling. If, however, the dis-
persed phase consists of small drops under 10 u, other means must
be used. Among these is a fibrous bed coalescer, in which small
drops pass through and coalesce on fibers packed in a bed. The
large drops leaving the exiting surface can be readily settled.
The available models for describing the operation of a fibrous
bed, including our present model, are presented and analyzed. A
procedure is also presented which allows the optimum values to be
selected for the design of a fibrous bed coalescer. Among those
variables which are considered are the mat thickness, the fiber

diameter, the bed porosity, and the superficial velocity.

Illinois Institute of Technology
Department of Chemical Engineering
Chicago, Illinois 60616, U. S. A.
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INTRODUCTION

Liquid~-liquid dispersions are commonly encountered in chemi-
cal engineering as well as other operations. These dispersions
result from liquid-liquid extraction, direct contact heat trans-
fer, condensation of azeotropes, vacuum distillation using steam
jets, breathing of oil tanks, and caustic washing of light dis-
tillates. In many cases it is desired to remove the dispersed
liquid phase because of economics. However, when the continuous
liquid phase is water which is to be discharged into a stream or
lake, the dispersed phase must be removed to meet effluent stan-
dards. A similar situation occurs when water is used to ballast
the fuel tanks of ships. Before this oil-contaminated water can
be pumped out of the tanks for refuelling, it is necessary to re-
move the oil. Also, it is sometimes necessary to remove emulsi-
fied water in aviation fuel to prevent flame out from ice forma-
tion.

When the droplets of the dispersed phase are large (greater
than 10 u), and a significant density difference exists, the dis-
persion is called a primary emulsion, and the dispersed phase can
generally be removed by gravity alone. However, for the case of
a secondary emulsion, where the droplets are small, the time re-
quired to remove the dispersed phase droplets makes the gravity
settling system uneconomical. Various other methods must then be
used. Among these are: the use of alternating electrical fields,
centrifugation, the addition of chemical coagulants, and coales-
cence by flow through porous solids.

The last of these methods will be considered here. The
specific porous solids which will be discussed are fibers. 1In

this method, which has been described by Treybal (1) , the emul-
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sion flows through a bed which is packed with fibers. As the
emulsion flows through the fibrous bed, some of the droplets of
the dispersed phase are captured and held by the fibers. These
held drops or films are then struck by flowing drops, and coales-
cence occurs on the fluid collected on the fibers. The held
liquid grows to a size sufficient for drag forces to cause it to
flow through the bed. The liquid leaves the disengaging surface
as a large drop which can then be economically removed by grav-
ity. The bed does not act as a sieve on the small drops since
the pore size of the bed is much larger than the drop size. Thus
the bed is not a filter and is called a fibrous bed coalescer.

In order to assist in the design of fibrous bed coalescers,
a description of the models of fibrous bed coalescers will be
presented. Each of these will be analyzed so as to point out its
shortcomings. Then, as an example, the present model will be

used to design a fibrous bed coalescer for an actual system.

MODELS DESCRIBING THE OPERATION OF A FIBROUS BED COALESCER

Davies and Jeffreys Model

One of the first attempts to describe the operation of a

(2) in 1969.

fibrous bed coalescer was made by Davies and Jeffreys
They stated that drops above the sub-micron range coalesce on the
surface of the fibers to form a film onto which subsequent drops
coalesce. Film drainage occurs in the bed and drops leave the
bed at 'drip points'. For the case where the dispersed phase
does not wet the fibers, interdrop coalescence takes place in the
interstices of the packing. Direct interception is considered to
be the mechanism of approach. Surface roughness is important in

determining how long a drop will reside on a fiber. 1In this model

it is assumed that above a maximum velocity the drops will not
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adhere to the fiber surface long enough to allow for interdrop
coalescence. However, film studies at Illinois Institute of
Technology(3' & have shown that it is the size of the drop
which determines when it will detach from a fiber. Thus the
length of time a drop remains on a fiber is not the critical
point, since at the time the drop detaches it will have attained
a specified size. However, as Davies and Jeffreys mentioned, if

the velocity is too large the drop will be too small when it de-

taches.

Hazlett Model

Also in 1969, Hazlett(s) presented a model of a fibrous bed
coalescer. In his model there are three main steps. These are:
the approach of a droplet to a fiber or to a droplet attached to
a fiber; the attachment of the droplet to the fiber or to a drop-
let attached to the fiber; and the release of the enlarged drop-
let from the fiber. As in the previous model, direct intercep-
tion is assumed to be the principle mechanism of approach. An

(6)

equation developed by Langmuir is used to describe the

approach of the drops. This equation is:

Es = l/2(2-£nNRe) E(l + R)&n(1l + R)-(1 + R) + 1/(1 + éﬂ (1)

where Eg is the efficiency of collection by a single isolated
fiber from a fluid stream of a width equal to the diameter of the
fiber; NRe is the Reynolds number; and R is the ratio of the drop
diameter to the fiber diameter. Unfortunately, this equation
predicts that as the velocity increases, the efficiency in-
creases. This is the direct opposite of what has been experi-

(7, 8, 9, 10, 11, 12)

mentally observed . The extension of the

efficiency of one fiber to that of a fibrous bed can be made by
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considering the area coverage fraction. This is the total pro-
jected area of fibers in the bed.

After the drop approaches the fiber, attachment occurs when
the film is thinned to a certain minimum thickness so that rup-
ture can take place. Surfactants which lower the interfacial
tension may cause the drainage time to increase. Before the drop
is released, it is assumed that the droplet has become large
enough to bridge to a downstream fiber to which it attaches be-
fore being released from the first fiber. It is also assumed
that threads of the dispersed phase snake through the coalescer
rather than discrete drops. However, this notion probably arose
from viewing the back of the front support plate which was wetted
by the dispersed phase and assuming that this represented the
entire bed.

The drop size at the time of release depends upon the flow
velocity, the surfactant content and the fiber size. The hydro-
dynamic force is balanced against the adhesive force to determine
the size of the drop at detachment. Three possible mechanisms
for release are considered. Drop-volume rupture equates the drag
force with the restraining force of the interfacial tension.

This yields:
co, v2 ﬂ{dp2/4-a2]/2 = 2mac (2)

where C is the drag coefficient, Pe is the continuous phase den-
sity, v is the velocity through the bed, dp is the drop diameter,
a is the orifice radius, and o is the interfacial tension. Un-
fortunately this equation neglects the van der Waals force, and
limits the analysis to systems where the equilibrium contact
angle is 90°. Also in the analysis, an unrealistic drag coeffi-
cient is assumed. Thus the final equation for the drop size at
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the time of release is inapplicable.

Another release mechanism is the elongation affected by the
moving fluid surrounding a droplet. This leads to a rupture of
the threads which are formed. For the viscosity ratio which is
frequently encountered, the elongation at small distortions is

proportional to a dimensionless number F such that:

F = 2G Mo (dp/2)/o (3)

where G is the shear rate, and Mo is the continuous phase vis-
cosity.

The last mechanism is considered to be the most realistic.
This is ejection of the dispersed phase from the bed by jet
action. Small drops are formed due to Rayleigh instability.

As in the previous model, no overall equation is presented.
Thus Hazlett's model is of very limited use in designing a fi-

brous bed system.

Vinson and Churchill Model

In 1970, Vinson and Churchill(l3)

presented yet another

model. The model assumes that drops collide with fibers and have
a probability of being retained. They then move along the fiber
onto other fibers, and coalesce with other retained drops. This

(14)to be invalid. The

idea however has been found experimentally
model further assumes that the drops are captured by interception
and the thinning of the continuous phase film results from the
normal stresses due to the flow and the van der Waals attraction.
The drop-filament adhesion along with the wettability determines
whether a drop will remain on the fiber long enough to coalesce

with other drops. 1In the case of strong adhesion, cohesive fail-

ure may occur. In this case only a part of the drop disengages.
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This leads to a drop phase which will be attenuated to sheets or
threads downstream of the fibers by fluid forces. The size of
the drops at disengagement depends upon the thickness of the
sheets or threads.

Although an equation is presented to describe the perfor-
mance of the fibrous bed, it is not based on the model. It is
simply the best fit of the data which was taken for a system
where photo-etched screens where used to simulate a fibrous bed.
The equation is:

0.4

Fractional Removal= -0.089 + 0.128 (U df uc)- (4)

where U is the superficial velocity, and df is the fiber
diameter.

However, there is no basis whatsoever for using this equation to
design a fibrous bed.

Spielman and Goren Model

(L5, 16, L7) developed a

Also in 1970, Spielman and Goren
model. They attempted to use this model along with some experi-
mental data to arrive at a semi-theoretical design equation. The
model assumes that when a dispersion flows through a fibrous bed,
the suspended drops are transported to the fibers and entrapped
liquid interfaces where they are captured and coalesced into the
bulk of previously captured liquid. This coalesced liquid drains
through the bed and leaves the bed at the same rate as the rate
at which suspended drops are coalesced within the bed. Each im-
miscible fluid is considered to flow within a fixed channel, with
the nonwetting fluid flowing on the inside. The pressure differ-
ence across the interface is called the capillary pressure and
each channel is described by Darcy's law.

There appear to be several shortcomings in this model.

First the idea of a continuum of the dispersed phase seems
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unlikely since this phase is so dilute. Also, the concept of
channels in a bed with a porosity greater than 90 percent has
generally been rejected(la' 19l 20).

While there are several other shortcomings in the quali-
tative model, such as the arbitrary assumptions that two phase
capillary equilibrium determines the distribution of the flow-
ing fluids, the rate of capture of drops is directly propor-
tional to their number concentration, and all of the coalesced
dispersed phase exists as discrete spherical globules of a uni-

form radius which is related to the fiber radius, it is the final

design equation which is of interest. This equation is:

S ) 4,0.25
Mg /" = 0.29 (Adg/u, U A" (5)

where A is the filter coefficient, and A is Hamaker's constant.
This equation is completely independent of the model. It is
based purely on the capture of a drop by a fiber. However the
model states that drops are captured by coalesced drops. A modi-

(21) of the classical interception theory is used to ob-

fication
tain the correlating function in Equation (5). Then the constant
and exponent are chosen from the data. However, there is no
justification for the assumption that the modified interception
term can be used as the correlating function for the entire pro-
cess. Thus this is in fact essentially an empirical equation.
Since considerable data is needed to determine the exponent, this

equation is only of limited help in designing a fibrous bed.

Sherony and Kintner Model
(22)

Sherony and Kintner were the first authors to develop a
model of a fibrous bed and use this to arrive at a design equa~

tion. 1In their work, which appeared in 1971, the final equation
results directly from the model. The model assumes that there is
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a population of drops which adhere to the fibers, and the emul-
sion does not form a continuum. When a drop which is flowing in
the bed collides with a drop which is held by a fiber it is
assumed that coalescence will occur a certain percent of the
time. After coalescence, the enlarged drop is released and a new
drop equal in size to the original held drop is attached to the
fiber. The number of collisions between two drops is assumed to
be proportional to the number of each of the drops.

In order to develop an equation from this model, various
questionable assumptions had to be made. The shortcomings of
these are that: when a drop leaves the fiber it is unlikely that
an identical drop will immediately replace the original drop,
when two drops coalesce the drop may not detach from the fiber if
it has not reached a large enough size, and the probability of a
collision between two drops is probably not independent of the
drop size.

Using the method of moments described by Hulburt and Katz(23)
the number density of drops (the zeroth moment) is obtained.
However, in order to design a fibrous bed, it is necessary to
know the complete size distribution. Thus, insufficient informa-
tion is available.

The design equation which is derived from this model can be
written as: aL

Cole ) bt NPty B[00 0 E My |

dy(-$)

(6)

where € is the void fraction of the bed, S is the saturation,
dlo is the mean inlet particle size, N is the overall coalescence
efficiency which is a parameter which varies with velocity, and

L is the bed length.
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Present Model

This mode1(24)

which appeared in 1973 assumes the intercep-
tion mechanism, such that drops flow along the streamlines of the
fluid and if they come close enough to a held drop or fiber, they
will strike it. There is then a probability that this will lead
to coalescence. When the diameter of the held drop has grown by
coalescing to a size which is greater than that which can be held
by the fiber, it is released. Each drop size is considered in-
dependently and thus, knowing the inlet size distribution, the
outlet size distribution can be found. Hence, enough information
is given so that a fibrous bed can be designed. 1In order to
solve the equations which arise, it is necessary to only consider
drops which are smaller than the critical diameter. This is the

largest diameter which can be held by a fiber. The final theo-

retical equation is:
A= (Sa(l—e)dp/nzdfze(l-s))(dee+dp)/(dfe+dp) 7)

where B is a parameter which tells the percentage of collisions

which lead to coalescence and d is the effective fiber diameter

fe
which includes the influence of held drops. Comparison of this
equation with data shows that it is only valid at low velocities
where the turbulence in the bed is insignificant. At larger

velocities a purely empirical extension of Equation (7) is made

to fit the data. This leads to the equation:

5

A = (88(1-e)d/na 2e (1-8)) (U /v)°"° (2ag +a )/ (@ vd ) (8)

where U is the velocity at which the filter coefficient begins

to decrease. This is referred to as the critical velocity and is

an adjustable parameter. U is the actual superficial velocity.
Some typical values for the filter coefficient are shown in
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Figures 1 and 2. 1In these figures, the data of Spielman(ll)

are shown. In Figure 1, the effect of varying the drop diameter
is demonstrated. While in Figure 2, the variation with the fiber
diameter is shown. 1In each case a theoretical curve is also
indicated. Equation (7) is used in the lower velocity region,
and Equation (8) is used in the larger velocity region, where the
filter coefficient depends on the velocity. The values for the
parameters which were selected to fit the data are B = 0.24, and
the critical velocity equal to 0.15 cm/sec. As expected, the
filter coefficient increases as the drop size increases, and as
the fiber diameter decreases. Since the filter coefficient is
multiplied by the bed length to determine the coalescer perfor-
mance, it is obvious that smaller fibers and larger drops will
lead to a thinner bed. Although the curves for the filter co-
efficient in the two figures consist of two lines, it seems
reasonable to believe that in actuality the filter coefficient is
one continuous curve which only approaches these lines at the
velocity extremes.

In order to find the region of applicability of Equations
(7) and (8), an expression for the critical diameter dc is ob-

tained. This expression is:

a = a, {[A2/144 n2r % [3u_vK(1+2u_/3up) / (L+u/up) 9)

- 0(l+cos Be)]2] - }

where r, is the closest distance between the drop and the fiber,
Up is the viscosity of the dispersed phase, and Se is the equi-
librium contact angle for the three phase system. K is an ad-
justable parameter which accounts for the influence of the neigh-
boring fibers in the bed.

Equation (9) was found by considering the undeformed drop on
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a fiber, and including the effect of the drag force FD, the

van der Waals force FV’ and the adhesion force FA' The fact that
the undeformed drop could be considered was found by observing
the expressions for the various forces as a function of deforma-
tion. It was found that the critical condition occurs at zero

deformation. The expressions for the forces are:

Py = (3w ag v g (1+2uc/3uD)/2 (l+uc/uD)]' (10)
[5- 3n/a, - (1- h/ap)3]

Fy = A(Bap3- 12 apzh + 6 ah’- n’)/12 r02(2ap— h+r)? an

Fp =2 no(2ap— h)[ap(l + cos Be)-h]/(Zap + h) (12)

where ap is the radius of a deformed drop, and h is the trunca-
tion of the drop. Since the undeformed drop can be used, an im-
provement of the expression for the van der Waals force can be

made. This leads to the expression:

F, = [2Arp3/3(2rp + ro)z r°2] e /le, + 2y + ro)]l/z (13)

where rp is the radius of the drop, and re is the radius of the

fiber. This equation is valid if:

Fiber Half Length > 2 re (1 + rp/:cf)l/2 (14)

The equations which were developed from this model repre-
sent the best equations available for the design of a fibrous
bed. Only two parameters are needed and these can be found by
one experiment which measures the filter coefficient as a func-
tion of velocity. However, since an empirical expression is
needed for the large velocity it is apparent that further im-

provements can be made so that theoretical expressions are
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available for all velocitie..

DESIGN OF A FIBROUS BED SYSTEM

In order to show how the present model can be used to design
a fibrous bed system, an example will be presented.

Required Information

In order to design a system for the removal of a dispersed
liquid phase it is necessary to specify certain terms. In the
example which will be presented, it will be assumed that:

The size distribution of o0il in water is as specified in
Table 1 where it is arbitrarily assumed that the total concen-
tration is 100 ppm, and it is desired to remove 95% of the dis-
persed phase at a flow rate of 10 000 gpm.

The saturation in the bed, which is the volume of the dis-
persed phase which is held by the bed per volume of bed voids,

can be represented by:

0.2

S = 0.8 (1-e) U ""“/e (15)

where U is the superficial velocity in ft/min. This represents
a system of oil in water with an interfacial tension of 23.7 dynes/
cm, a dispersed phase density of 0.840 gm/cm3 and a dispersed
phase viscosity of 23.2 centipoise.
The pressure drop for single phase flow through the bed can

be expressed as:

AP, = 1125 UL o F(a)/df3/2 (16)

where APl is the pressure drop in psi, L is the bed length in
inches, o is the volume fraction of fibers, and df is the fiber
diameter in microns.

The coalescer is operating in the region where the filter

coefficient depends on the velocity. Thus, Equation (8) is
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applicable. Further, it will be assumed that:

Uy, = 0.295 ft/min (17)
and:

g = 0.01 (18)
The basis for these assumptions is described elsewhere(24).

Economic Considerations

The costs which enter into the design of the system are the
pumping cost, the cost of the fibers, and the cost for the filter
coalescer. Each of these can be considered separately and the
total cost can then be minimized to obtain the optimum design.

The pumping cost can be found from the pressure drop. The
pressure drop for heterogeneous flow through a bed is given(24)
as:

Ap, = a'F(a')APl/aF(a) (19)

where a' is the volume fraction of fibers plus the held drops
on the fibers. If Equation (19) is combined with Equation (16),

the result is:

AP, = 1125 o'F(a') UL/d.>/? (20)
Further, if a linear approximation is made then:

F(a) = 16.25 al*3 (21)
Also it is known that:

a' = o + €S (22)

If Equations (15), (20), (21), and (22) are combined, then:

AP, = 18 281.25 UL a2:3(1 + 0.80'0'2)2'3/df3/2 (23)
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If the cost of electricity is assumed to be $0.01/KWH, and

the overall efficiency is 75%, then:

Pumping Cost = 1.765 UL a2°3(1 + 0.8 y~0:2)2.3

/a?
$/103gal

The cost of the coalescing fibers can also be found. If it
is assumed that glass fibers are to be used, the costs are as
shown in Table 2. These are the costs of uncompressed fibers
with a volume fraction of 0.00365. 1In actual practice, the
fibers are compressed some 10-20 fold to increase the volume
fraction. If the costs are normalized on the basis of one-half

inch uncompressed thicknesses, and are represented by the term C,

then the cost of A ft2 of fibers with a thickness of L inches is:
Actual Cost of Fibers = $0.548 C a AL (25)

If the time between fiber replacement in hours is T, the

cost of the fibers for a flow rate of 10 000 gpm is:

4

Cost of Fine Fibers = 9.133 x 10~ C o AL/T (26)

For each coalescing layer which is used, coarse glass lead-
in and lead-off layers are required to act as filters for the ex-
cess 0il, to act as a diffuser to distribute the drops, and to
lead off the drops at the exit. This results in a cost of
$300/103 ftz. Treating the cost with straight line amortization

over 10 years with a 90 percent stream factor:

9

Cost of Coarse Fibers = 6.34 x 10™° A $/10° gal (27)

Finally the cost of the filter press itself can be found.

The cost of a completely automated filter press with an area of

26
2100 ft2 has been given as $50 000(25). Hooton and Thomas( )

have found that the cost of a filter press varies as the area
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raised to the 0.9 power. Also, Peters and Timmerhaus(27) list a
factor of 3.12 for the ratio of the capital investment to the
delivered equipment cost for solid-liquid processing. Using a
spare coalescer for continuous operation and straight line amor-

tization over 10 years with a 90 percent stream factor:
Cost of Filter Coalescer = 6.75 x 10-6 A0'9 $/103gal (28)

Optimum Design

The design which reduces the effluent concentration to less
than 5 ppm with the minimum cost is the optimum design. To find
the minimum cost, it is merely necessary to add the costs of the
various components. The total cost for the system is the sum of
Equations (24), (26), (27), and (28). If it is noted that for a

flow rate of 10 000 gpm:
A =1337/U (29)
then the total cost which must be minimized is:

Total Cost= [1.765 UL a2°3(1 + 0.80_0'2)2'3/df3/2 (30)
-6 -3,0.9
+ 1.22 CaL/TU + 8.48x10"8/u + 4.39x1073/u0-9]

$/103gal

The minimum cost is found from Equation (30) by varying the
independent variables and calculating the resulting cost. The
independent variables are the thickness, L, the fiber diameter,
df, and the volume fraction of fibers, a. The velocity, U, can
then be found by calculating the velocity needed to reduce the
outlet concentration to a value less than 5 ppm.

If this procedure is used, the optimum design is:

df =2.39 u (31a)
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a = 0.05 (31b)

t
]

0.511 inches (31c)

(=]
I

1.91 ft/min (314)

This is equivalent to 24 layers of one-quarter inch mats which
have been compressed by a factor of 13.7. The most economical
filter press which meets these conditions is a 36 in press with
44 plates, and an area of 701 £t2. The outlet oil concentration
is 4.94 ppm, and is distributed as shown in Table 3. For this
system, the pressure drop is 16.65 psi, the saturation is 0.037,
and the effective fiber diameter is 3.12 u. The costs of the

various components are:

Pumping Cost = 1.61 x 107> $/103gal (32a)
Fine Fibers = 1.81/T $/103gal (32b)
Coarse Fibers = 4.44 x 10~ $/103ga1 (32¢)
Filter Coalescer = 2.45 x 10~ 3 $/103ga1 (324)

The labor cost is due to the replacement of the fine fibers.
If it is assumed that it takes 1 min to change one plate, and if
the direct labor cost is 5.75 $/hxr with supervision 50 percent of

(25)

labor , then:

Cost for Labor = 0.0106/T $/103gal (33)

If Equations (32) and (33) are combined, the final result is:

3

Total Cost = (4.1 x 107 3+1.82/T) $/103gal (34)

In Table 4, the costs in dollars per thousand gallons are shown

for various fiber lifetimes.

DESIGN OF AN ALTERNATE SYSTEM

In order to determine the economic attractiveness of the
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fibrous bed system, it will be compared to an alternate method
for reducing a 100 ppm concentration to less than 5 ppm. In this
system(zs)chemical coagulants are added to assist in the removal
of the dispersed phase. A flow diagram of this process is shown
in Figure 3.

For a flow rate of 1500 gpm, the total fixed cost of the
system can be found(27). This cost is itemized in Table 5, and
is nearly $241 000. Using straight line amortization over 10
years and a 90 percent stream factor, the total fixed cost is
equivalent to 0.0339 $/103 gal. The costs of the additives are
listed in Table 6. When these costs are added to the equivalent
total fixed cost, the overall cost for the process is found to
be 0.165 $/103 gal. When this is compared to Equation (34), a
coalescer with a fiber lifetime greater than 11.3 hours is more
economical than the chemical coagulation system. Since it has
been found(zg, that typical lifetimes range between 14 and 305

hours, it can be concluded that the fibrous bed system is

generally the more economical.

CONCLUSIONS
A review of the models which are available to describe the
operation of a fibrous bed coalescer has been made. It has been
shown that only the equations derived from the present model can
be used to design an actual system. For the sake of example, an
actual fibrous bed system has been designed using this model.
The costs of this system have been compared with those of an
alternate system with the conclusion that the fibrous bed system

is generally more economical.
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NOMENCLATURE
orifice radius, used in Equation (2), cm
radius of a deformed drop, cm
Hamaker's constant, ergs
cross-sectional area of a fibrous bed, cm2
drag coefficient, used in Equation (2), dimensionless
the cost of 1 000 ft° of a one-half inch thick fibrous
mat, dollars
critical diameter, the largest drop which can remain
attached to a fiber, cm
fiber diameter, cm

effective fiber diameter, df[(l-€+€S)/(l-e)]1/2,

cm
drop diameter, cm

the mean inlet particle size, cm

efficiency of collection by a single isolated fiber
from a fluid stream of a width equal to the diameter
of the fiber, defined in Equation (1), dimensionless
a dimensionless number defined by Equation (3),
dimensionless

adhesion force, dynes

drag force, dynes

van der Waals force, dynes

dependence of a dimensionless pressure gradient on
the fraction of solids, dimensionless

shear rate, sec™!

truncation of a drop, cm

term which represents the effect of neighboring fibers in

337



a bed on the drag force, used in Equation (9),

dimensionless
L = length or thickness of a fibrous bed, cm
N = Reynolds number, dimensionless

AP = pressure drop for single phase flow through a fibrous

bed, g/cm2

AP2 = pressure drop for heterogeneous flow through a fibrous
bed, g/cm2

re = fiber radius, cm

ry = the closest distance between a drop and a fiber, cm

rp = drop radius, cm

R = the ratio of the drop diameter to the fiber diameter,
dimensionless

S = saturation, the volume of dispersed phase held by
the bed per volume of bed voids, dimensionless

T = time between fiber replacement, sec

U = superficial velocity, cm/sec

Ucr = critical velocity, the velocity at which the filter
coefficient begins to decrease, cm/sec

v = velocity through the bed, cm/sec

Greek Letters

a = volume fraction of fibers, dimensionless

a' = volume fraction of fibers plus the held drops on the
fibers, dimensionless

B = a parameter which tells the percentage of collisions

which lead to coalescence, dimensionless

€ = void fraction of the bed, dimensionless

Ne = the overall coalescence efficiency, dimensionless

ee = equilibrium contact angle for the three phase system,
dimensionless
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(1)

(2)
(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

= filter coefficient, the negative of the natural logarithm
of the ratio of the number of drops at the outlet to the
number at the inlet, divided by the length of the bed,
em~ L

= viscosity of the continuous phase, g/cm-sec

= viscosity of the dispersed phase, g/cm-sec

= density of the continuous phase, g/cm3

= interfacial tension between the continuous phase, and the
dispersed phase, dynes/cm
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TITLE OF TABLES

Table 1: 1Inlet size distribution

Table 2: Costs for various fiber mats (Jan. 1973)

Table 3: Outlet size distribution

Table 4: Total costs for various fiber lifetimes

Table 5: Total fixed cost for a chemical coagulation and
flotation system

Table 6: Costs of the additives for a chemical coagulation
system

TABLE 1

INLET SIZE DISTRIBUTION

Drop Dia.(u) 1 2 3 4 5 6 7 8 9 " 10
PPM 0.3 2.1 5.3 8.9 12.4 15.8 18.7 17.5 15.5 3.5

TABLE 2

COSTS FOR VARIOUS FIBER MATS (JAN. 1973)

Diameter (W) Thickness (in) Cost ($/103 ftz)
2.39 0.25 55.20
3.20 0.25 40.80
8.45 0.50 50.40
TABLE 3

OUTLET SIZE DISTRIBUTION

DropDia. () 1 2 3 4 5 6 7 8 9 10

PPM .15 .58 .88 .91 .79 .64 .49 .30 .17 .03
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TABLE 4

TOTAL COSTS FOR VARIOUS FIBER LIFETIMES

Time (Hr) i 2 5 10 100 1 000 10 000
Cost 3 1.824 0.914 0.368 0.186 0.022 0.006 0.004
($/107gal)

TABLE 5

TOTAL FIXED COST FOR A CHEMICAL COAGULATION AND FLOTATION SYSTEM

Components Cost
Rapid Mix Tanks $26 800
Flocculation Tanks 26 800
Flotation Tanks 19 600
Metering Pumps 1 265
Recycle Pumps 2 620
Total Purchased Cost $77 085
Capital Inv./Delivered Cost x3.12(27)
Total Fixed Cost $240 505

TABLE 6

COSTS OF THE ADDITIVES FOR A CHEMICAL COAGULATION SYSTEM

Additive Cost ($/1b) Amount (lb/gal) Cost($/103ga1)
Alum 0.077 1.46x1073 0.112
Clay 0.06 1.34x1074 0.008
Coagulant Aid 0.73 4.17x107° 0.003
Lime 0.0255 3.01x10" 4 0.008
Total Cost Orli3
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FIGURE CAPTIONS

Figure 1: Filter coefficient as a function of the superficial
velocity for various drop sizes.

Figure 2: Filter coefficient as a function of the superficial
velocity for various fiber sizes.

Figure 3: Flow diagram of a chemical coagulation system.

343



443

100 =TT 1 L L T

LR DATA OF SPIELMAN'Y

- RUNS 40,47,52 3
< SoF |
€ _
3 —
<
E df'3.66/q
w
O 1o .
o F 5 =
[Ty
e 634 ]
8 s .
@ B -0.24 ]
u - Uc-=0.15 cm/sec dy
|, e o 3.66 4 1260

o 6.34 SOLID LINES REPRESENT
012.60  THEORETICAL CURVES
I N S O | LiLiib L
10 o5 5
0.01 005 01 QO 1
FG2 SUPERFICIAL VELOCITY , U (cm/scc)

FILTER COEFFICIENT , Alem™)

T T T T TTTT 1 T I 1 1-LE- =R T
S0 & -1
B DATA OF SPIELMAN'!! g
RUN 47
2 . . 4
‘6' o
a
O- o
(2}
10}~ B
- dp -
= B~ 0.24 —2_ 7
- Ucr= 0.15 cm/sec 35u 7]
- ds - 6,34/4 27 .
51 20 ]
|- dp .
a 2.0/((
I o 247 SOLID LINES REPRESENT —
8 39 THEORETICAL CURVES
1 [ Y 1 Lo L1l I
002 005 o1 05 10
AG |

SUPERFICIAL ~ VELOCITY , U(cm/sec)



1943

COAGULANT
AiD

LIME CLAY

AL}UM
|
OIL IN WATER ‘
EMULSION
; l
r l
¥ ¢

|
&

FIRST STAGE
RAPID MIX TANK

FIG3

Ry

i
"

@o)

SECOND STAGE
RAPID MIX TANK

TN

WATER

AIR FLOTATION

TANK

FLOCCULATION
TANK
OlLY
SCUM
‘ 1
FLOCCULATION
TANK
OILY
SCuM

AIR FLOTATION
TANK

WATER







THE BREAKUP OF CHLOROBENZENE DROPS

FALLING FREELY THROUGH WATER

R.M. Edge and I.E. Kalafatoglu®

ABSTRACT

The breakup of drops of chlorobenzene falling freely through water is
described and discussed. Drops in the size range 0.896 cmgDg ) g 1.146 cm are
considered and it is shown that breakup occurs during the oscillation which
follows the first shedding of a class III attached wake. Secondary drops are
formed by a necking process from both rear and front formed columns and their
occurrence and size are related to the size and oscillations of the primary drop.
Theoretical predictions are made of the onset of necking and the rate of necking

using respectively surface free energy considerations and a momentum balance

on the liquid in the column.

Department of Chemical Engineering,
University of Strathclyde, Glasgow Gl 1X]J, Scotland.

347



INTRODUCTION

The mechanism of the break up of liquid drops has interested research
workers in several fields, including liquid-liquid extraction, atomisation and
meteorology. Both liquid-liquid and gas-liquid systems have been studied but
most of the work has been concentrated on two hydrodynamic systems, namely:
drops in a steady sheared motion (1-4) and drops in free fall in air (5‘9). Work
on the break up of liquid drops which-are falling freely through a liquid phase
has been of a fragmentary nature and consists mainly of observations made
during the study of other facets of drop hydrodynamics.

From the literature it appears that drops falling freely through a liquid
phase may break in several ways. Schroeder and Kintner (10 report that in
some systems nozzle induced oscillations are violent and cause the rupture.
However, they deduce that in other systems the rupture is not caused by drop
oscillations because at drop diameters just less than the critical for break up,
oscillations are not present and random wobbling occurs. Stuke @0 and
O 'Brien (12) have reported a break up mechanism which is similar to that
observed for liquid drops falling through air. Here a cavity is formed at the
rear of the drop and this penetrates the drop, causing it to shatter. The present
paper is concerned only with the breakup of drops which is caused by drop
oscillations.

The mechanism of the breakup caused by oscillations has been little

studied. Kintner 13

reported that for drops of chlorobenzene of diameter
0.985 cmrupture occurred 5 in.below the nozzle and that two types of breakup
occurred. In the one type of breakup a secondary droplet was formed at the

front of the drop and in the second the secondary droplet was formed at the

rear of the drop. The rear formed droplet was always larger than the front
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formed droplet. Occasionally they observed two successive droplets formed at
the rear of the drop and also the formation of both front and rear droplets from

the same drop.

(14) (19)

Elzinga and Banchero , following a suggestion by Gunn "
proposed that an oscillating drop breaks only when the frequency, with which
it sheds its wake, is equal to the natural frequency of oscillation of the drop.
They estimated the frequency of oscillation from Lamb's equation (16) for the
oscillation of a spherical inviscid drop at rest in an inviscid continuous phase.
As Edge and Grant (17) have shown that the frequency of oscillation of the drop
and the frequency of wake shedding are the same, this proposal means that the
drop breaks only when its frequency of oscillation is equal to that given by

(18)

Lamb's equation. Hu and Kintner used a different approach, which was

(5)

based on the theoretical work of Hinze and other workers (2) . These workers,
who had studied breakup of drops in gas-liquid systems and in simple shear
flow systems, proposed that the ratio of the stress on the surface of the drop
caused by the flow of the bulk fluid to the stress caused by the interfacial
tension was of great importance in determining whether a drop would break,

and Hinze has shown that for drops of liquid systems falling through air the
critical Weber number for breakup is approximately constant and equal to 10.

Hu and Kintner modified this equation to WeCp = constant and found that

when their experimental results were fitted into this equation they obtained

the relationship

ml-

(Ds 1)“# = 11452 xIOdA% (1)

However, Edge and Grant (19) have shown that both the frequency and amplitude

of oscillation are affected by the purity of the system. Therefore, when
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applying equation (1) it must be remembered that the systems used by Hu and
Kintner were not specially purified and that equation (1) will probably not apply

to purified systems.

EXPERIMENTAL

The apparatus, which is shown in Figure 1, and the experimental
techniques have been described in detail in previous papers (19,20), The drops
were formed in the continuous phase from stainless steel tips which had sharp
circular ends. A stainless steel rod was inserted down the inside of the larger
sizes of tip. The diameter of this rod was somewhat less than the inside
diameter of the tube and it stopped any tendency for the continuous phase to
enter the tip. The rate of formation was one drop every 10 seconds

The motion of the drops was recorded on cine film at a nominal
1000 frames/sec using a Fastax cine camera and a focussed shadow optical
system. The drops were visible in the optical systems for the first 12 cm of
fall.

Great care was taken to avoid adventitious contamination of the system.
The apparatus was cleaned with chromic acid using the procedure described in
the previous papers. The drop phase liquid was chlorobenzene which was of
analar quality and was fractionated before use in a 30 plate all glass Oldershaw
column. The continuous phase was double-distilled water The properties of
the system are given in Table 1. All experiments were carried out at 25°C +

0.1°C.

RESULTS
Measurements were made of Dy and Dy, the lengths of the major and

minor axes respectively (Figure 2), for class IV drops during the period between
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detachment from the forming tip'and breakup. Typical results are presented in
Figure 3 for three sizes of drop. Also included are values of E, the eccentricity,
which is defined as DH/Dy. During the period immediately before breakup,
measurements were made of the length and diameter of the column of fluid formed
behind each drop Figure 2) and typical results are presented in Figure 4 for

four sizes of drop. Four drops were analysed in detail for each of the ten sizes
of drops which were studied.

Initially, all drops fell from the tip in a vertical path. Tip induced
oscillations resulted from the deformation of the drop on the tip prior to
detachment. These oscillations decayed and in no case did they cause rupture.
At some distance below the tip there was a sudden increase in the amplitude of
the oscillations. This finding is in agreement with the results of Edge and
co-workers (21) for non-breaking drops. It was found that if a drop did not
break during this oscillation then it would not break subsequently during its
free fall, This oscillation will be called the critical oscillation, Secondary
drops were formed from both the front and the rear of the primary drops and
Table 2 gives details of the position of breakup.

A typical formation of a secondary drop from the rear of a primary drop
is illustrated in Figure S by tracings which were taken from a cine-film and
Figure 4c presents data for the shape of this drop during the critical
oscillation. At the start of the critical oscillation the horizontal extremes of
the drop move forward to produce a saucer-like shape with a rear cavity and a
forward protrusion. The edge of the saucer continues to move forward and the
front protrusion is drawn back into the drop so that the drop has cavities at
both its front and rear surfaces. The drop then begins to elongate rapidly, the

cavities disappear, and it forms itself into a shape resembling a cylinder with
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hemispheroidal ends. The cylinder necks at approximately midway along its
length but, after a short period, the rate of necking decreases and, with several
sizes of drop, becomes zero. The rear volume of the drop shrinks and, except
in the case of the two larger drops, it forms itself into a shape resembling a
cylinder with a hemispheroidal cap. After a short period this column necks
where it joins the main volume of the primary drop and a secondary drop is
formed. During this necking period the diameter D; remains approximately
constant which indicates that there is little drainage from the hemispheroidal
cap. The drop which had a diameter of 0.896 cm (Figure 4a), which is close to
the critical volume for breakup, showed a similar behaviour except that D¢
remained constant for only part of the necking period. After this there was a
race between necking and drainage and the resulting secondary drop was small
in volume. The diameter D¢ also decreased during the necking period of the
0.998 cm diameter drop (Figure 4b). The reason for this will be discussed later
in this paper. With the two larger sizes of drop, the dimensions of the drainage
columns and the sizes of the secondary drops were less reproducible. In these
cases the neck persisted throughout the period of drainage (Figure 4d) and only
one drop of each size produced a column which resembled a cylinder with a
hemispheroidal cap.

Shortly after the necking and draining process of the rear protrusion has
been completed, a combination of the oscillations of the drop and the forward
movement of the liquid near the minor axis of the drop cause a protrusion to form
on the forward surface of the drop. This forms itself into a column which both
shrinks and is withdrawn into the drop. During this process a secondary drop

may be formed by a necking process (Figure 5).
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DISCUSSION

The critical oscillation and the formation of secondary drops

It was shown previously that as a class IV drop falls freely from a tip
there is a transition of the wake through the various classes until the wake
class of the terminal region is established (21) . Whilst the drop has either a
class I or a class II wake the oscillations are of a damped type and it is not
until the class III wake is formed that oscillations, which are characteristic of
the terminal region, are initiated. The first of these oscillations is the critical
oscillation and this occurs immediately after the first shedding of a class III
attached wake. At the start of the critical oscillation the eccentricity of the
drop reaches its maximum value (Figure 3) and this accounts for the high
amplitude of the oscillation. Measurements made of non-breaking drops showed
that subsequent oscillations were of lower amplitude and this accounts for the
finding that no drops broke outwith the critical oscillation.

The critical oscillation did not occur at a fixed distance below the
forming tip, as reported by Schroeder and Kintner (10) for breaking drops of
chlorobenzene. It was found that, as the diameter of the primary drop was
increased, there was a decrease in the number of oscillations which occurred
before the critical oscillation (Figure 3, Table 2). With drops of chlorobenzene
no breakup occurred until the critical oscillation corresponded with the fourth
Dy peak. Both the 0.896 cm and 0.906 cm drops broke on the fourth peak and
Figure 6 shows the rapid rise of DE,Z which occurred as DE,l was increased
above the critical value. Also, although 0.906 is not greatly above the
critical diameter, this drop produced a rear formed column which broke in a
manner similar to that shown in Figures 5 and 4c. However, when the drop

diameter was increased to 0.932 cm, the rear formed column just failed to
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produce a secondary drop. This can be attributed to the transition of the
critical oscillation between the fourth and third peaks. In this transition region
neither the third nor the fourth Dy peaks were of sufficient amplitude to cause
breakup of the rear-formed column, However, secondary drops were formed in
this transition region by breakup from a front formed column which was produced
after the third Dy peak. This occurred when Dg 1 =0.969cm. When the size of
the primary drop was increased to 0.998 cm the rear column, which now occurred at
the third Dy oscillation, was again of sufficient size to produce a small rear-
formed secondary drop. Further increase in Dg,] produced a corresponding
increase in the amplitude of the third Dy peak which resulted in a large increase
in Dg,2. All drops which had diameters between 1.013 cm and 1.088 cm
produced rear formed drops by a process which was similar to that shown in
Figures 5 and 4c.

Figure 6 also shows a discontinuity in the relationship between D 3
and Dg,1 for front-formed secondary drops. When the fluid from the rear column
is drawn back into the drop after the third Dy peak, it jets along the vertical
axis of the drop. This partly explains the formation of the succeeding front
column. As the size of the primary drop is increased, the size of the rear
formed secondary drop increases and therefore the amount of this jetting liquid
is reduced. This could explain the discontinuity. However, it is thought that
this is only a part explanation because, if it was the sole cause of the
discontinuity, it would be expected that the discontinuity should occur closer
to the critical diameter for rear breakup on the third Dy peak than is shown in
Figure 6.

The results for the two larger sizes of drop showed an anomaly. The

largest drop produced a front formed secondary drop which had a diameter of
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approximately the expected size. However, when Dg,]1 = 1.124 no front formed
secondary drop was formed. The reason for this is not known, but it was
noticed that with these two sizes of drop the measurements of the drop and
column dimensions during the necking process were much less reproducible

than with the other drops studied.

Size of the rear-formed secondary drop

Figure 6 shows that there is no single relationship between DE,Z and
DE,I . However, for drops breaking on the third Dy peak, the following simple
empirical relationship was found to give a good correlation for rear formed

secondary drops:

N
V = 36(D_ - D,) @
E,1 E,1
where V is the volume of the secondary drop and ]3(3' 1. the critical diameter for

breakup on the third Dy peak, is 0.9978 cm. This correlation is shown in Fig.6.

The critical value of R~ for necking to occur

The authors know of no theoretical study of the breakup of a column of
liquid behind a falling drop during the critical oscillation. However, it was
observed that there are many similarities between the above breakup and the
formation of a secondary drop during the coalescence of a drop at a plane
liquid-liquid interface and this latter phenomenon has been studied
theoretically by Charles and Mason(zz) : They based their theory on existing
theories of the breakup of a cylindrical jet of fluid and it is useful to consider
these theories first.

The first theoretical study of the breakup of a cylindrical jet of fluid
appears to have been made by Plateau (23) and this theory was clarified and

n@,

extended by Rayleig These authors considered a long cylinder of fluid
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into which there was no net flow and they examined whether a disturbance on the
surface of the cylinder would grow. The criterion for growth which they used
was that if the disturbance results in a smaller surface area than that of the
cylinder, then the disturbance will grow. If it results in a larger surface area
then it will die out and the liquid will revert to the original cylindrical shape.

It was shown that only disturbances which are symmetrical about the axis of the
jet will grow. The shape of the disturbed surface can be represented by a

Fourier series.

b= r+3 x cos 2Mz/A,
and it was shown that only terms where A o >/ An,crit result in a disturbance
which will grow and that Xn,cm = 2Tl r'c where ¢ is the radius of the
undisturbed cylinder, From an energy balance it was also shown that for a

cylinder of a perfect fluid de p/dt, the rate of increase of the amplitude of

the wave represented by the nth term of the above series, is a maximum when
xn = >\n,opt =12 .8717"; and it was decuded that a long cylinder of fluid

will tend to divide itself into portions of fluid whose length is equal to 2.8717!’0.

(29) and Weber (26) considered a disturbance

In subsequent papers Rayleigh
on the surface of a cylinder of a viscous fluid and Tomotika 27) has examined
the effect of a surrounding viscous fluid. By solving the Navier-Stokes equations
and neglecting inertial terms these authors deduced equations which predict

n,opt for the various systems studied.

Charles and Mason, in their study of coalescence, suggested that a
secondary drop is formed during coalescence by the following process.
Immediately after the rupture of the continuous phase film, which separates the
drop from the plane interface, the drop deflates and forms itself into a column

(Figure 7). The radius of the column then decreases until the height becomes
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less than An,crlt (= 27 ¥_) and a Rayleigh disturbance can grow. From here on
there is a race between the drainage and the neckingdown process which
determines the size of the secondary drop. However, in order to estimate the
size of the secondary drop, they assumed that the height of the column of liquid
was equal to Dg,1. the equivalent spherical diameter of the drop before
coalescence, and that the column drained as a cylinder until ’\n,opt =DEg,1.
and not An,crit =Dg,1/ and that subsequently there was no drainage of fluid
from the column. Thus, using /\n,opt calculated from the theory of Rayleigh,
they estimated that the volume of the secondary drop would be equal to the
volume of a cylinder of diameter D, 1/1.435T and of length Dg. This gave a
value of 0.42 for the ratio DE,Z/DE,I where Dr 7 is the equivalent spherical
diameter of the secondary drop. This fell within the range 0.13 to 0. 54 found
experimentally. Charles and Mason also used values of A n,opt calculated
from Tomotika's theory in similar calculations and found that there was
reasonable agreement between theory and experiment when the viscosity ratio of
the dispersed to the continuous phase was greater than 1.

Although the above indirect evidence supports the use of Rayleigh's
theory of jet breakup in coalescence studies there are no published measurements
of the column height and diameter immediately before necking with which to
test its use directly. Examination of photographs published by Charles and
Mason indicate that,immediately prior to the onset of necking,the ratio of the
length of the column of liquid to diameter is much less than 1.4351[, the value
used by Charles and Mason in their theory. Also the length of the column
appears to be less than DE.

In the present work on the breakup of drops, measurements show that

immediately before necking the column length and circumference are in the ratio
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of approximately 0.4 (Table 3). This is not in agreement with the theory of
Charles and Mason which predicts that the column will not neck until %)Tr.
When assessing the value of the Charles and Mason model in the present work,
the original criterion used by Rayleigh. for stability must be kept in mind and it
should be noted that the change in surface area which occurs during necking is
not great. This means that unless the model describes accurately the surface
area of the system its use will not be valid. As an illustration of the invalidity
in the present work of the pictorial model used by Charles and Mason (Figure 8,
model A), the breakup of a drop with a diameter of 1.088 cm will be used.
Immediately prior to necking the column had the dimensions D,= 0.52 cm,
H=0.75cm. This gave a secondary drop which had a surface area of 0.93 cm?2.
The model gives an area before necking of 1.23 cm2 and a secondary drop with a
surface area of 1.42 cm2. Therefore the difference in surface area between the
experimental and predicted secondary drops is greater than the change in surface
area predicted by the model. The Charles and Mason model alsoneglects the
changes in area of the surfaces attached to the liquid column which result from
the necking process. This is illustrated in Figure 8. In the present work these
are of a similar magnitude to the changes which occur in the surface area of the
column. It is hoped to compare in a future paper the Charles and Mason theory
with results obtained for secondary drop formation during coalescence.

Visual observations of the shape of the column during necking suggested
that the surface is better represented by a section of the surface F= "o +¢{ cos
(2Wz/4h)of length h joined to a section of the surface I’ = Rc (Figure 8, model B).
It is interesting to note that if Rayleigh's resuit A n,crit = 217 Rc is used to
predict the onset of necking of the cylindrical column, where A n,crit = 4herit =

4(H - Rg)crit. then the predicted value of (H/Rc)crit is /2 - 1. This is in fair
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agreement with the experimental results which are given in Table 3. However,
a close examination of the mathematical implications of this procedure shows
that it is unjustified. The changes inairrface area which occur during necking
were investigated for model B with surface waves represented by either

2h
0¢Z<h and %—((1 (model By), and no drainage of the column during necking. Both
(o]

M = Re -«) +X cos Tz, 0<z¢ han &1 (model BY); or M =R - sin1;—}f

gave an increase in surface area during necking for all cases of practical interest
and therefore predict that the column will not neck. The case of a draining
column was then examined and it was noted that the surface of the primary drop,
to which the column is attached, is approximately spherical at the onset of
necking. The system was represented by models C1, C2 and C3 (Figure 9). For

a system of constant volume these models give respectively

Rc 2
Model C; with (=) &1
Ry

dA RZ  4mA.H
— = 2TTH + 21— - —= - 2TTR (3)
dRc ¥ R; Ri €

Model Cy with & /R, <€ 1 and (Rg/R})*&K 1

B _ (4-2T)(H-R)+ 2TIR + (47— §) (H=RIR< (4
dx R,

Model C3 with ©(/R.& 1 and (Ry/Ry)’<& 1

dA _ R H Rz
-EITK = -4H+(4+2“)Rc+8 R. -3 R, (5)

where Rj is the radius of the primary drop immediately before necking. Using
the previously discussed criterion for stability, for the drainage to occur by
. dA dA
column shrinkage _dR 2 0 and for drainage to occur by necking E;E'< 0. Asa
e
first approximation it was assumed thatR;= Rp,1. The values of R. given in
Table 3 were calculated using this assumption and measured values of H. They

show that drainage of the column can occur by either shrinking or necking and
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that drainage by shrinking can occur at higher values of R¢ than can drainage

by necking. This is in agreement with the experimental results. The theoretical
values of the critical R, for drainage by both shrinking or necking are low.
However, this was expected because of the difficulty of describing the surface

of a breaking drop. These difficulties were discussed earlier in this paper. Also,
it must be borne in mind that, because of the relatively high kinetic energy of the
fluid in both the column and the drop during the draining process, surface energy
considerations alone may not predict correctly the critical diameter for column

shrinkage or necking.

Estimation of da/dt at the onset of necking

An estimate of da/dt, the rate of necking, at the onset of necking was
obtained from a momentum balance. The column was approximated to a frustum
of a cone plus a non-draining hemispheroidal cap (Figure 10) and it was assumed
that the velocity profile across a z plane in the frustum was parabolic and given

by the expression:

2
rl
Uz = Uz (I —(_?s)) 2
I" IP:O
where Py = Rc- z/h(R - Q) amass balance gives:
c

2
-2z da 22
Uzl " WZh 4t (Rc- '——3|(RC—Q)) (6)

=0 2 2
The results presented in Figure 4c show that at the onset of necking d C\./d{"-"o

and therefore the momentum balance for the element dz, when a<¥ Rc,is given by

the expression

: £ '(—‘i‘-‘-)z= a 40.2* da) (R, - LZ—L‘%;_C\))
L (R RKR-e) @
arR,
- d/az(PTIRD) +TT ¢,g R
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Integrating between the limits z =0 and z =h gives AP¢, the change in

pressure between the ends of the frustum:

AP ="Jr (2 ) +0.9 ®
£ 6 R‘_ dt 4
Therefore, if the pressure drop due to the flow of fluid in the primary drop is

neglected, AP,,, the pressure drop in the continuous phase between the points A

and B, is given by the expression

f l

AP = 766;;12 (_) +ed3 Dy +26(_C—B- TR) ©
where Cp and Cg are the radii of curvature at points A and B respectively.
There are no published measurements for the pressure drop across a falling
droplet, but Jenson and co-workers (28) have published data for the pressure
distribution around a sphere immersed in a fluid which is flowing horizontally
and this data will be used to estimate APy,. Over a range of Reynolds numbers
similar to those used in the present work, the data for the pressure drop between
the forward and rear stagnation points of the sphere may be represented by the
equation AP = |12 (—é @w U:;)
Therefore pr = l'e ('L?. e., U:) + ew 9 Dv
and because Ila('lz‘e U:)‘-"—‘ 105 dyn/cm2, equation (9) becomes

2
ngRhi (d > (e @ )3:D -|05+26(—" —“)dan/cm(lo)
Values of da/dt were calculated from equation (10) using the experimental

values of H and R, at the onset of necking, and with h = H-R,. There was
difficulty in obtaining values for Cp and Cg. Measuwrements were made of Ca
but, because of the large scatter of the readings, a mean value of 0.85 cm was
used in the calculations for all sizes of drop. It was assumed that, as there

was no drainage from the hemispheroidal cap, CgZ&= 2R,. The calculated
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values of da/dt are compared with the experimental values in Table 4. No
results are presented for the 0.998 cm diameter drops because at no time did
they neck at a constant R;. Nor are results presented for the two larger sizes
of drop because they did not form a cylindrical column. Table 4 shows that the
calculated and experimental values of da/dt are in fair agreement, in spite of
the many simplifying assumptions which were made in the calculations.

Similar calculations were also made to determine dRs/dt for a column
which drained by shrinkage (Model C, with a hemispheroidal end). These gave
values of dRs/dt which were numerically much smaller than d&/dt and
therefore which predict that in the region where shrinking and necking are
possible, then necking will predominate. This prediction is supported by the

experimental results.

CONCLUSIONS

The following conclusions were made concerning the breakup of freely
falling drops of chlorobenzene in the size range 0.896 cm ‘ DE,l \( 1.146 cm.
1y The breakup occurs during the critical oscillation which follows the
first shedding of a class III attached wake. Drops which do not break up
during this oscillation will not break subsequently during their free fall.

2. Secondary drops are formed from both front and rear formed columns by
a necking process. The volume of the secondary drops, which are formed from
the rear column when the critical oscillation corresponds with the third Dy

peak after detachment, can be predicted by the equation
E
v = 3.(9 E:Dﬁ'l - :DE,J. ]

3. The rate of necking of the rear column at the onset of necking may be
predicted from a momentum balance on the fluid in the column.
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4, Theoretical considerations of the surface free energy of the drop,
da/dRc and da/de¢ , during secondary drop formation, predict that the rear

column will drain initially by shrinkage and finally by necking.

NOTATION

A total surface area of the drop and rear column, cm?2

a radius of the rear column at the point of necking, cm

c radius of curvature, cm

Dc maximum diameter of the rear column at any instant, cm
DE,l equivalent spherical diameter of the primary drop, cm
DE,Z equivalent spherical diameter of the secondary drop, cm

(DE,l)crit critical Dg ) for breakup (equation 1), cm

D;l critical DE,I for breakup on the third peak (equation 2), cm

Dy length of the major axis (Figure 2), cm

Dy length of the minoi axis (Figure 2), cm

E eccentricity (= Dy/Dy)

v volume of the secondary drop, cm3

H length of the column (Figure 2) em

h length of the column (Figures 8,9), cm

P pressure, dynes/cm2

AP, pressure drop in the continuous phase between points
A and B (Figure 10), dynes/cm?

AP change in pressure between the ends of the frustum
(Figure 10), dynes/cm2

R maximum radius of the rear column at any instant, cm

Ry radius (Figure 9), cm

RE,1 equivalent spherical radius of the primary drop, cm

r radius
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r a constant, cm

o
e radius of a cylindrical column of fluid prior to necking, cm
Gg radius of the column at z (Figure 10), cm

t time, sec

U, fluid velocity in the z direction, cm/sec

Voo terminal velocity of the sphere or drop, cm/sec

Z distance along the column (Figure 10), cm

Greek symbols

o amplitude of the disturbance, cm
A wavelength of the disturbance, cm
e density, gm/cm3

4 density difference between the phase, gm/cm3
¢ interfacial tension, dynes/cm
Subscripts

© column

w continuous aqueous phase

d dispersed phase

crit critical for necking

opt optimum for necking
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TABLE 1 Physical properties at 25°C of the liquids used

Liquid Density Viscosity Interfacial
tension
g/ml cP dyn/cm
Water 0.997 0.894 -
Chlorobenzene 1.099 0.756 36.5

TABLE 2 The Dy peaks at which the critical oscillation occurred and
the position at which the drop broke

Dg,1 Critical Oscillation Position of breakup
cm Dy peak after detachment
0.620 9 no breakup
0.674 7 no breakup
0.769 5 no breakup
0.896 4 rear breakup
0.906 4 rear breakup
0.932 4 no breakup
0.969 3-4 front breakup
0.998 3 rear and front breakup
1.013 3 rear and front breakup
1.056 3 rear and front breakup
1.088 3 rear and front breakup
1.124 3 rear breakup
1.146 3 rear and front breakup
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89¢

EXPERIMENTAL THEORETICAL
Value of R, for drainage to occur by:
Dgll H Re column shrinkage necking necking
Model C1 Model C2 Model C3
cm cm cm cm cm cm
0.896 0.37 0.5 .39 2.5 0.16 0.072 0.099
0.906 0.40 0.175 . 36 2..:8 0.165 0.077 0.103
0.998 0.35 0.165 .34 2:2I5 0:.17 0.072 0.097
1.:018 0.445 0.175 .405 2\. 55 0.185 0.085 0.115
1.056 0.665 0,235 .45 2.8 0.21 0.114 0.146
1.088 0l 75 0.26 .46 2.8 0.225 0.125 0.158
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TABLE 4 Experimental and theoretical values of da/dt, the rate of
necking, at the onset of necking

Dg,1 da/dt da/dt
experimental equation 10

cm cm/sec cm/sec
0.896 -5.8 -8
0.906 = 5.7 -8.7
151013 - 5.0 - 7.2
1.056 -6.05 - 5.5
1.088 -6.05 - 5.2
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Column Dimensions (cm.)
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EFFECT ON DIRECTION OF MaSS TRANSFER ON
BREAX-UP OF LIQUID JETS

by: I. Dzubur® and H. Sawistowski,
Department of Chemical ingineering and Chemical
Technology, ILnperial College of Science and
Technology, London SW?7

SYNOPSIS

Experiments were conducted on the effect of the presence
of a solute, propionic acid, on the break-up of liquid jets
in liquid-liquid systeus. The main parameters studied were
jet lenzth and the surface/volume ratio:of resulting droos.,
It was found that results obtained in the absence of mass
transfer and with solute in phase equilibrium are in good
agreement with theory. Contrary to expectations, however,
no significant effect could be detected of the action of
'thin-film' Marangoni phenomena on jet stability in the
presence of mass transfer., The results were best explained
in terus of difference in interfacial tension produced by
assuzning a specific distribution of resistances to mass transfer
between the phases. The significantly lower surface/volume
ratio for transfer out of the jet can also be explained in a

similar way.

* Present address: ENERGOINVEST - ITEN, Sarajevo,

Yugoslavia
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INTRODUCTION

The ppoblem of hydrodynamic instability, and hence of
the break-up of axisymmetric jets, has received a lot of
attention both theoretical and experimental. Its practical
significance rests on the fact that the size of drops formed
in the break-up of cylindrical jets is controlled by the
amplification of interfacial perturbations and related to the
magnitude of the dominant wave number. However, jet stability
affects not only drop size but also jet length. Both these
interrelated problems are of great importance in liquid=-liquid
extraction, particularly in spray columns, where dispersion

of one phase in another is achieved by ihjection through nozzles.

The stability theories and their semi-empirical simplifica-
tions refer generally to gas-liquid and immiscible liquid-
liquid systems in the absence of mass transfer. For such a
case eauations exist for the prediction of jet length and drop
sizes forued by the break-up of cylindrical jets. The compreh=-

(1,2)

ensive work of ifeister and Scheele seems to provide the

best correlations and also a good summary of previous work.

The occurrence of mass transfer intr.duces a twofold affect;
Firstly, the presence of solute lowers, in general, the inter-
facial tension. 8ince interfacial tension is a stabilizing
force in jet-break up, its decrease resulkts in smaller drops
and hence larger surface to volume ratios. On the otner hand
jet length is inversely proportional to the growth constant of
the disturbance which, in turn, is proportional to T
Consequently, a decrease in imaterfacial tension increases the
jet lensth. IHowever, tie problem is complicated by the distribu-
tion of resistances to mass transfer between the phases, which

governs the magnitude of the interfacial tension.

The second mass transfer effect is the aopearance of
Marangoni phenomena., As was discussed by Bainbridge and Sawiste-

(3)

owski with reference to distillation, the narrowinz of the

jet at the nodes leads to the anpearance of concentration
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gradients and thus interfacial tension gradients. The resulting
surface flow will, in the case of liquid-liquid extraction(u'S),
accelerate break-up for transfer into the jet (if d ¥ /dc < 0)
and decelerate it for transfer out of the jet., This will affect
the growth constant and hence, for a system of constant inter-
facial tension, mass transfer into the jet should decrease the
jet length and muss transfer out of the jet increase it,
provided d¥/dc{ O. Reverse effects are to be expected if

d K/dc‘> O. Drop sizes are, however, affected by the wave
length of the disturbances and assumed to be controlled by
symmetrical disturbances. As these arise before lMarangoni
effects can be effective, there should be no effect of the

latter on drop sizes.

There is very little information on the effect of mass
transfer on disintegration of liquid jets. Experimentally only
a short paragraph is devoted to it in the work of lMeister and
Scheele, whereas a theoretical treatment was outlined by Berg(e)
at a recent discussion meeting. There is a need, therefore,
for the presentation of more experimental data, which the present

work is intended to fulfil.

EXPrRIENTAL

Two systems were employed for the experimental investigation:
benzenewater and chlorobenzene/water with propionic acid as
solute., In each case the organic phase was dispersed. The
equilibrium relation and the variation of interfacial tension
with concentration for the system chlorobenzene/propionic acid/

water are shown in Figs. 1 and 2 respectively.

The experiments on benzene/water were preliminary in

(7)

nature’’and the set-up employed consisted of a nozzle, 1.6mm
inside diameter, located centrally in a glass tube, 45 mm in
diameter, with the tube surrounded by a parallel-sided channel
of water to facilitate photography. A systematic stud 8 was
conducted on tae system chlorobenzene/water. For this purnose
a nozzle, 2.0mn inside diameter was ewployed placed centrally
inside a rectangular column, 10 cm by 15 cm in cross-section

and 45 cm high, fitted with two parallel glass windows.
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In each set-up a millimetre scale was placed in the chamber,
parallel to the jet, to facilitate measurement of jet len;th
and drop size. The flow rate of the dispersed phase was controlled
by a needle valve and measured by a rotameter. Facilities also

existed for simultaneous flow of the continuous vhase.

The analysis of jet lengyth was conducted and checked by
means of photogranhy. For the benzene/water set-up a nolaroid
caclera was employed using volaroid fila of A3A 3000 and a shutter
speed of 1/500s. The back of the channel was painted blue and
illuminated from behind using a 500w lamn. dest results were
obtained witn averture f 5.6. In the chlorobenzene/water set=-up
a wiite, diffusely reflecting, surface was positioned behind
tae column and illuminated by two lizht sources placed in the
plane of the casera but at an angle of 60° to the camera-column
axis. An ordianary caizera was emvloyed with a sautter soeed of
1/500s and averture f 7.2 using a FP4 film. Drov sizes were
measured from photogranhs and only drops close to the jet were

emnloyed for analysis.
283JL 1S

The work was concentrated on investigzatiny (a) the variation
of jet length witi Reynolds number and direction of traasfer,
and (b) the variation of droo size with the same parameters.
The first variation is shown in Figs. 3 and 4 for benzene/water
and chlorobenzene/water resvectively. Jet lenzsth is expressed
in a dimensionless form asL/dN, where L is the jet length and
dN the nozzle diameter. The Reynolds number is also based on
conditions in the nozzle, i.e. Re = uN deoD. The second varia-
tion is represented in figs. 5 and 6 as a plot surface/volume
ratio, which is inversely provortional to the .iean dro»n diamaeter,
against Reynolds number with mass transfer and its direction as

paraueter,
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DISCUSSION AND COWNCLUSIONS

Jet Length

In all investigated cases the jet lengta passed through
a maximum with Zeynolds number. This is illustrated visually
in #¥ig.7, which also shows that turbulent jet break-u» occurs
at the expected Reynolds number of 2200, +ihe corresponding
Reynolds numbers for turbulent breai-up in the presence of
mass transfer were, however, much lower anu nearer to 1000
than 2000. This lowering of the critical value could not be
attributed to the effect of reduced interfacial tension as no
corresponding lowering was observed in the equilibrium runs.
It aust, therefore, be a feature of tie wn.ss transfer vrocess
itself, which may introduce random and asymietrical disturb-
ances throu_ i the action of llarangoni~induced interfacial
turbulence. The concentration levels were sufficiently high

for such phenomema to occur,

The couparison of results in tae absence of wass transfer,
t:iat is obtained in pure systems and under equilibrium conditions,
indicate that the presence of solute in phase equiliobriun
saifts the curve towards lower Xeynolds numbers and produces a
siiarper and higher peak (Fiz.6). This behaviour can be explained
ourely in terus of changes in interfacial tension. Thus, it

has been snown that tlie jetting velocity u that is nozzle

J’
velocity below which a jet will not foram, is ;iven by

uy = A (1 - dN/dP) 7(/p p 9y (1)
and hence is directly arowortinnal to interfacial tension.

(This is not auite correct since drop éiazeter, also denends

dP'
on s )% Consequently a decrease in'x will allow jets to form

at lower Re and shift the curve to tue left,
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It is generally assumed that when a disturbance on the
jet surface attains an amplitude equal to the jet radius a
drop is forwmed which is shed by the jet. However, drag
resistance to the wotion of such a drep is larger than to the
motion of the jet. The drop is thus unable to escape and
conditions exist for rapid lengtheninz of the jet. Jet dis-
ruption occurs then not as a result of symmetrical disturbances
but of sinuous waves which throw the dropns away from the path
of the jet. It is reasonable to suppose that the critical
velocity for jet disruption by sinuous waves will correspond
to the maximum in the variation of jet length wita jet velocity.
iaccording; to Rané1o jet "thrashing'" and for.watioan of non=-

uniform drops begins when

ug (pch/'Y) = 2.83 (2)
In the present case, for the system chlorobenzene/water
the interfacial tension is 0.0365 N/m for the pure system and
0,015 N/m for the equilibrium run. Thus, using eauation (2),
the critical Reynolds number for maximum jet length becomes
1050 and 680 for the two cases. This is in good agreement with

Fl[_’;n 4,

In the preliminary work a few runs were condpcted with the
addition of a s.uall amount of a surfactant, Teepol, to the
benzene for transfer out of the jet. This resulted in a
spectacular increase in jet len,;th, considerably beyond the
equiliorium run, but without a correspondiny shift in the jetting

velocity (Fizs. 3, S aad 9).

The mass transfer results are .lore difficult to internret
due to interactions of changes in interfacial tension and
Marangoni wheno.iena. the change in interfacial tension depends
on the distribution of resistances vetween tihe phases. Tiis
is snown in Table 1 for various assuuied values of ratios of

mass transfer coefficients for the systea chlorobenzene/water.
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The corresponding interfacial concentrations were obtained
from Fig.1, the interfacial tensions from Fig.2, and the critical
Reynolds numbers Re', calculated with the help of equation 2.

Table 1

Effect on distribution of resistances on interfacial tension

KC/KD © 4 1 0.25 0

Transfer out of jet

Ban (kmol/m>) 0 0.18  0.57 1.00 1.27
N x 102 (N/m) 36.5  28.0  20.0 16,4 14,5
Re' 1050 940 790 710 670

Transfer into jet

cCi (kmol/hB) 1.16 1.03 3.82 0.40 )
~ x 10° (N/m) 15.5  16.3 17.5 23.0 305
Re' 620 640 660 750 1050

The interpretation of results from Fige 4 with the helo
of values from Table 1 leads to a reasonable assumption of
approxiiately equal resistances in the two phuses. This locates
tne maximum in jet length at Reynolds number of 660 for transfer
into jet and at 790 for truansfer out of jet. It also predicts
a lower jetting velocity for transfer into the jet, All these
predictions are reasonably consistent witu results in Fig.k4.
The difficulty arises in relating the mass transfer curves to

those of no mass transfer.

The ilarangoni phenomenon can affect tiie process in two
distinctive ways. By affectins the 'strength' of the nodes it
stabilises the jet for mass traasfer out of it, but tne jet
is destabilized for tranfer into it. This however, is in dis-
agreement with results in Figg. 3 and 4 as well as with the

(
results of ileister and Scheelé1?
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Also, it is the transfer from water to calorobenzene which is
the unstable direction of transfer in terms of the Sternling-
Scriven criterion. Any presence of interfacial turbulence
should, therefore,be more pronounced in this direction of transfer
and lead to shorter jet lengths. Another possible Marangoni
effect must also be discounted: As a drop detaches from the
jet, a 'thin-film' type of ilarangoni effecg5)begins to act in

a different direction. A thin film exists momentarily between
the drop and the front of the jet. Mass transfer out of the
droo (jet) would facilitate coalescence and increase the
difficulty of the droo gettin; away from the jet. Ilass transfer
into the drop (jet) would, however, increase the resistance to
coalescence and eliminate any coalescence effects. But such
coalescence effects would a;ain produce lengtnening of the jet
for mass transfer out of it, which is not consistent with

experimental observation.

There is tius only one nossible way of ex»laining these
apparently anowalous results: The distribution of resistances
to mass transfer is different fro. that assumed, e.g. KC/KD = 3,
and the resultin, differences in interfacial tension have a
stronger effect on jet stavbility t.aa the Marangoni effect.
ilowever, more expcrimental wori is reouired for conclusive proof

of tihis vostulate.

Dron Size

(11)

The characteristic eocuation obtained by Tomotika for tne
case of equilibriws of a long cylindrical thread of a viscous
liguid surrounded by anotner viscous liquid incorworating the
effect of interfacial tension and of viscous forces was solved
for tne pure chlorobenzene/water systea usin: tae Iumperial
College CLC 6400 comnuter. This cave the di.aensionless wave

nunber of the dominant disturbance as

ka = 2wa/A = 0.57
By assuaing a = dN/Z and maixin, tle usual assuaption that drop
volume is ecual to the volume of o« liquid cylinder o:i radius

a and len;th )\
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dp = 2.02 dN = 4,04 mm
This prediction is compared with actual results in Fig.10.

The agreement is very good indeed.

For the presemce of solute the analysis of Figs. 5 and 6
shows that the surface/volume ratio is significantly smaller
for mass transfer out of the jet than into the jet (data on
pure systems were omitted for the sake of clarity). This can
also be noticed visually in Figs. 11 and 12. Further, there
is very little differeace between transfer into the jet and
the eocuilibrium run. #Figs. 13 and 14 also indicate that there
is, in addition, a significantly greater standard deviation
for transfer into the jet than for the other two cases,

between which there is again little difference.

At first it would anpear that the results could be exnlained
solely in termns of Marangoni effect and the thereby induced
resistance to droo formation. However, in view of the negligible
effect of Marangoni phenomena on jet length and the knowledge
that drop diameter decreases with decreasing interfacial tension

it was decided to examine the latter effect first.

It has already been established in discussion on jet length
that by assuming Kc/ﬁb = 3 there is little difference in inter=-
facial tension for transfer into the jet and the equilibrium run
but tanat the interfacial tension for trcnsfer out of the jet may
be si nificantly higher. Consequently, on consideration of
interfacial tension alone, it foliows that surface/volume ratios
(specific surface areas) should be similar for transfer into the
jet and under equilibrium conditions but lower for transfer out
of jet. TIhis agrees with exp.rimental ooservations. Again the
general validity of these findings reaquires turther investigations
as does the possibility that the results may have been affected

by coalescence vbetween drops already detached from the jet.
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§0iL.NCLATURE

A constant in equation 1

a jet radius

c molar concentration of solute

dN internal diameter of nozzle

dp drop diameter

K mass transfer coefficient

k wave number

L jet lengsth

Re Reynolds nuwmber

S surface/volume ratio(svecific surface area)

uJ jetting velocity

uy liguid velocity in nozzle

¥ interfacial tension

A doainant wave lengjth

v xinematic viscosity

4 density

e~ standard deviation

Subscrivots

Cc continuous ophase

D dismersed vhase

bl interfucial condition
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FIG. 5. VARIATION OF SUKFACE/VOLUME RATIO WITH REYNOLDS NUMBER

FOR TRANSFER OF PROPIONIC ACID IN THE SYSTEM BENZENE/WATER.

O SOLUTE IN PHASE EQUILIBRIUM, CD = 0.77, Cc =1.16;

@ TRANSFER OUT OF JET, C
N\ TRANSFER INTO J&T, Cp =050

D

C

= 0.77, C5 = 0;

= 1.16 KMOLAP®.

[ [ l
161 O o -
Z o
£ 00 A
y
@]
= 10— ]
*
)
5 | | ] |
O 500 1000 1500 2000 2500
Re

FIG. 6. VARIATION OF SURFACE/VOLUMs KRATIO WITH REYNOLDS
NUMBZR FOR TRANSFER OF PROPIONIC ACID IN TH3Z SYSTEM
CHLOROBENZENE/WATER. O SOLUTE IN PHAS= EQUILIBRIUM,

Cp = 0.715, Cy = 1.16; @ TRANSFER OUT OF J&T, Cp = 0.77,

Cg = 05 [\ TRANSFHR INTO J&T, C = O, Cg = 1.16 KoL/,

(]



At W

=
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FIG. 8. JET BREAK-UP FOR MASS TRANSFER OF PROP1ONIC ACID
OUT OF BENZENE JET (CD = 0.77 KMOL/M3, Cc = 0) IN THE PRESENCE

OF A SMALL QUANTITY OF TEEPOL ADDED TO THE BENZENE PHASE.
(Re = 530)

FIG. 9. JET BREAK-UP FOR MASS TRANSFER OF PROPIONIC ACID
OUT OF BENZENE JET (Cp = 0.77 KMOL/M’, C; = 0) IN THE PRESENCE
OF A SMALL QUANTITY OF TEEPOL ADDED TO THE BENZENE PHASE.

(Re = 650)
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FIG. 10. COMPARISON OF THEORETICALLY PREDICTED AND EXPERI-
MENTAL DROP DIAMETER FOR THE SOLUTE-FREE SYSTEM CHLOROBENZENE/
WATER.
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FIG. 11. JET BREAK-UP FOR MASS TRANSFER OF PROPIONIC ACID
OUT OF BENZENE JET (CD =0 T KMOL/M3) INTO SOLUTE-FREE
WATER AT Re = 830.

FIG. 12. JET BREAK-UP FOR MASS TRANSFER OF PROPIONIC ACID
OUT OF WATER (CC = 1.16 KMOL/M3) INTO SOLUTE-FREE JZT AT
Re = &30.
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Paper No. 121

Production of Liquid Drops by Discontinuous Injection

*Tzard, J. A., +Cavers, S. D., and +Forsyth, J. S.

Abstract

A technique for producing uniform-sized drops by dis-
continuous injection of organic liquids into water 1s ex-
amined. The effect of nozzle characteristics and velocity-
time profile of injection are investigated for benzene,
4-methyl-2-pentanone (MIBK) and l-butanol. The behaviour
1s described of a single nozzle, producing a sparse disper-
sion of drops, and of an assembly of six nozzles, producing
a dispersion of drops sufficlently copious for use in a
spray extraction column.

Experimentally determined conditions for the production
of uniform-sized drops by discontinuous injection are in

agreement with theoretical predictions based on continuous
injection.

*Royal Roads Military College, FMO Victoria, B. C., Canada

+Department of Chemical Englineering, The University of
British Columbia, Vancouver, B, C., Canada.
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Introduction

Research extending over many years has been carried out
on spray liculd-liquid extraction columns. In general, the
"spray" of dispersed nhase has been formed by passing that
phase into the continuous phase as a continuous stream
through one or more cylindrical nozzles, or through holes
in a plate. The jet of dismersed phase so formed continues
as an uninterrupted column for some distance and then breaks
up into drons.1

In spray-column research 1t 1s clearly of advantage to
have a dispersion in which every drop has the same volume.
Although much attention has been given to producing such a
uniform dispersion, success has been limited and uncertain
in 1liquid-1iquid systems.1’2’3’u'

An earlier paper by the present authors described a
nreliminary investigation of the successful production of a
uniform disnmersion by a nrocess of injecting the dispersed
phase into the contilnuous as recurrinpg discrete fixed volume
increments, each glving rise to only one drop.5 Magarvey
and Taylor6 used a somewhat similar method to form liquid
drops in a gas phase. Also for the liquid in gas case, Park

7 produced uniform drops by vibrating a liquid

and Crosby
jet by sonic means.

The first part of this present paper reports in a quan-
titative way results obtalned by discontinuous injection

through single sharp-edged nozzles with several mechanical

arrangements for three binary systems. The second part re-
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norts results obtained from disnmersing benzene into water
through an array of nozzles in order to obtain a suffi-
ciently copious supply of uniform sized drops for use in

an experimental spray-column.

Injection throupgh sing}e nozzles

Experimental

The essential elements of the apnaratus used are shown
schematically in Fipure 1. Column A held stagnant continu-
ous nhase within which drops were formed. .Vessel B, which
communicated with metering burette C, was used to store dis-
nersed phase. This passed through the positive displace-
ment pump D to a dispersion nozzle E. After passing through
the continuous nhase, dispersed phase coalesced near the
column top and returned to storage vessel B. The apparatus
did not lend itself to thermostatting other than by control
of room temperature. The results quoted for l-butanol, and
4-methyl-2-pentanone (MIBK) span a temperature range from
20°C to 24.5°C. 1In the case of benzene, a temperature range

from 20°C to 22°C was achieved.

Pump and Drive
In the early stages of the work concern about leaks and

contamination led to the use of sealed bellows pump D.

Cam H operated a cam follower J which in turn acted

401 .-



arainst a lever K. This lever was held by a spring L against
a fulcrum M and operated the push rod ¥. The location of

the fulcrum M could be varied, thereby making nossible a
range of numn strokes, and, therefore, delivered volumes,
while using the same cam. The time average volumetric rate
of pumping over a number of strokes was measured by reading
the rate of removal of liquid from burette C while valve G

was closed. The number of strokes was counted machanically.

Cams

Three different cams were used. Cam 1 gave uniform
acceleration of the cam follower from 0° to 30° of cam rota-
tion, and thereafter a uniform velocity up to 90° at which
noint the movement of the cam follower suddenly ceased.
Cam 2 gave uniform acceleration of the follower between 0
and 30°, uniform velocity from 30° to 90°, and uniform de-
celeration to rest from 90° to 120°. Cam 3 gave simnle
harmonic motion between 0° and 180°. The linkage mechan-
ism transmitted nroportional, but undistorted, cam move-
ment to the bellows. The form of the return stroke was of
no significance because this was the suction stroke of the
npumn and no delivery was belng made to the nozzle. Pro-
vision was made for driving the cams at various speeds so
that injJection strokes of various durations could be ob-

tained.
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Observation Column
The drons were formed in a square glass column (opti-
cally ground, 4.0 x 4.0 cm) to aid in photography used to

check for drop uniformity.

Nozzles

Brass nozzles with converging, with diverging, and with
cylindrical bores, and stalnless steel nozzles with cylin-
drical bores were tried. A stainless steel nozzle tipped
wlth Teflon also was used. Except where otherwise stated,
the results quoted here are for brass nozzles with cylin-

drical bores of 0.18, 0.28, 0.32, 0.41, 0.45 and 0.49 cm.

Materials

Experiments were made with each of reagent grade ben-
zene, technical grade MIBK, and technical grade l-butanol
as the dispersed phase. The continuous phase always was
distilled water. Both the continuous and the dilspersed
phases were mutually saturated. The three systems studied
are ones which have been used in liquid-liquid extraction

research. They vary considerably 1n interfaclal tension.

Results
The l-butanol and the MIBK systems were studied first.
As a result of improved equipment and techniques the data

for the benzene system, studied subsequently, are more
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reliable.

The Teflon-tinped nozzle nroved unsatisfactory because
of belng wet preferentially by the dispersed phase.5 of
the metal nozzles, those of brass and of cylindrical bore
were easlest to manufacture. These were chosen for the
bulk of the work for this reason, and because none of the
others gave more stable performance when dispersing the
organic phase. In order to nreserve desirable wetting
characteristics heat-treating of the nozzles was resorted
to from time to time.5

Results obtalned for the system benzene/water are shown
in Figures 2 and 3. The cholce of abscissa as "duration of
discharge stroke" rather than strokes/sec. 1s to permit
comparison of the results for the different cams used, each
of which required a different fraction of the cam revolu-
tion to complete the dellvery stroke. The ordinate 1s the
liquld volume delivered by each stroke of the pump.

For the conditions corresponding to any point within an
envelope such as a b ¢c d e in Figure 2, for the 0.45 cm
nozzle, every stroke of the pump produces one drop, and
successive drops are of the same volume (within about + 2%):
the interesting case.

Outside such an envelope a wide range of discharge

natterns occur. With small delivery volumes the quantity



of 1liquid provided by a single pump stroke may be insuffi-
clent to form even one dron which can separate itself from
the nozzle tin. After a number of pump strokes sufficlent
liocuid volume will have collected at the nozzle tip for
sevaration to occur. As thils takes place the liquid body
may rupture and two unecqually sized drops result. At lar-
ger delivery volumes, but, of course, outside a b c d e,
the discharge pattern for a given ordinate and abscissa
usually 1is reproducible from stroke to stroke. However,
more than one drop 1s produced, and these are of unequal
size. Ordinarily at least one of the drops formed is re-
latively small: a trailer.5

Envelopes analogous to a b ¢ d e of the 0.45-cm dia-
meter nozzle are shown in Figure 2 for benzene dispersed
into water through nozzles of diameters 0.32 and 0.18 cm
when supplied by a positive displacement pump driven by
cam 3. The required drop formation time (duration of the
pumn discharge stroke) 1s much the same for all nozzles,
but the volume of the drop varies markedly with nozzle dia-
meter. Envelopes for the 0.41-cm and the 0.28-cm diameter
nozzles have been left out for the sake of clarity but
occupy annropriate intermediate positions.

The form of the envelope produced by injecting benzene

into water was studied for a wide range of nozzles and all
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cams. ! The results for the 0.32-cm nozzle are shown in Fig-
ure 3. In thls, as 1n all other cases cam 3, the simple
harmonic motion cam, gave the largest envelone. For this
reason, and because of the simplicity of manufacture, all
subsequent work made use of SHM drive.

Also shown in Fipure 2 (and in Figure 4) are drop
volumes calculated by the method of Izard8 for nredicting
drop volumes 1n linquid-liquld systems when using continuous
injection of the dispersed phase. Thls method has been used

359,101,512 since 1t 1s less empirical

rather than others,
in nature. Thls method and the other correlations neglect
the existence of small traller drops as well as the varia-
tion in size of dromps produced by continuous injection.

The Izard8

method 1s based unon the calculation of a
shane for the forming dron. A pnressure balance across the
interface 1s used, and also a balance of the buoyancy,
Interfaclal tension, viscous drag, and momentum change
forces. Thils method was not develoned for injection 1n
discrete increments as emnloyed in the experiments des-
cribed 1n the present paper, but rather for steady flow.

In calculating the drop-volumes for Figures 2 and 4 by means
of thls method, the use of steady mass flow input naturally
was required. For the purposes of these figures, thls was

taken to be the average mass flow rate during the pump dis-

charge stroke.



Table 1 summarizes the results obtained using the three
systems, six cylindrical brass nozzles, and cams 2 and 3.
Figure 4 illustrates the effect of system for the specific

case of 0.45-cm nozzles and cam 3.

Table 1. Conditions for formation of uniform drops

Cylindrical sharp-edged brass nozzles with cams 2 and 3

Nozzle diameter, cm

System
0.18 0.28 0.32 0.41 0.45 0.49
Benzene-water Y#* Y Y Y ¥ N
MIBK-water NT NT Y oy Y N
l-butanol-water NT NT N Y Y N
Legend: Y Uniform drop region exists

N No uniform drop region exists
* Very narrow uniform drop region

NT Not tested

It will be noticed that the calculated lines in Figures
2 and 4 1ie mostly within the experimentally determined en-
velopes of uniform drops. However, for the l-butanol/water

system the method falled to calculate drop volumes for the
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0.45-cm and the 0.41-cm nozzles, although reference to Table
1 reveals that uniform drops can be produced with these
nozzles by discontinuous injection. The problem with
l1-butanol/water seemed to arise because of its low inter-
facial tension (about 2.4 dyne/cm). Indeed, with MIBK/
water (about 10 dyne/cm) the maximum nozzle size for which
drop volumes could be calculated by the method was 0.45 cm.

The benzene-water system presents no problem.

Injection through an array of nozzles

Experimental

In the work already described, only one nozzle and one
pump were in use at a time, and the resulting drop disper-
sion was sparse. In order to achieve the copious supply
of drops needed for spray-column extraction studies, two
modifications were made. The first was to increase the
number of nozzles 1n use, and the second to arrange that
each nozzle be fed by more than one pump.

The use of an array of nozzles, although clearly of
great help must be limited ultimately by considerations of
geometry, and probably more important, by the effect of
interactions between several drops in various stages of for-
mation., An array of six 0.32-cm I.D. nozzles equally spaced
on a circle of 2.4 cm diameter was fitted into a Teflon plug

which was 1installed at the bottom of the observation column
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described earlier. Discontinuous injection was retained,
but the arrangement used to feed the nozzles was modified to
make fuller use of each.

It seemed advisable to make use of commercially avail-
able pumps. Of those available, Series 2 DCL 0-0.5 om3 per
stroke micro metering pumps seemed most suitable. The move-
ment of the piston in these pumps 1s simple harmonic motion,
a pumping mode which 1is shown to be satisfactory in the
first part of the paper. Several pumps were used and all
were driven by the same Graham variable speed drive.

Preliminary work with these pumps indicated that a dis-
charge of 0.45 cm3 per stroke, equally provided to two 0.32
cm nozzles (that is 0.225 cm3 per nozzle) would give uni-
form drops. Equal sharing of the discharge between the two
nozzles was achleved by using flow restrictors, one for
each nozzle. These restrictors consisted of 2.5-cm lengths
of 1,00-mm I.D. micro tubing. Thus, for one pump supplying
one pair of nozzles, two drops are injected into the column
per delivery stroke.

A nozzle fed by only one pump 1s unemployed during the
suctlon stroke. By feeding a pair of nozzles from a mani-
fold supplied by three pumps, each 120° out of phase with
the others, and by eliminating a portion of the initial part
of the discharge stroke, it proved possible for each palr

of nozzles to inject six drops per pumping cycle. The
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palred nozzles were located diametrically opposite in the
circle.

Each of the other two palrs of nozzles was fed simi-
larly by an additional bank of three pumps. By mechanically
coupling the three banks 30° out of phase, it was possible
to produce 18 drops per pumping cycle, the drops breaking
away at equal time intervals from each pair of nozzles in

succession.

Results

Shown in Figure 5 are envelopes for which uniform-sized
drops are produced by multiple injection when benzene is
being dispersed into water through the six nozzles. Plotted
in this figure are both individual drop size and total volu-
metric flow for various rates of drop production. Observa-
tion revealed that drops were formed at each nozzle in
succession, and there was no apparent interference between
the drops at breakaway. Within the column a superficial dis-

2 or 0.38 cm3/sec cm?

persed-phase velocity of 45 fts/hr ft
was achleved. Larger pumps were not avallable. Therefore
larger nozzles were not tested. However, it 1s reasonable
to expect that considerably higher superficlal velocities

could have been achieved by using 0.41 and 0.45-cm nozzles.

Conclusions

Simple harmonic pump drive proved to be the most satis-
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factory. It provided the greatest volume range of uniform-
sized drops, and also was.the simplest to produce.

For systems of interfacial, tension greater than about
10 dynes/cm, the Izard method8 based upon continuous injec-
tion can be used to estimate nozzle diameters sultable for
producing uniform drops of a given slze by discontinuous
injection.

The use of multiple nozzles, combined with the elimina-
tion of dead time during the suction strokes of the dis-
placement pumps, makes 1t feaslble to produce a supply of
uniform-sized drops sufficiently copious for use in the

study of spray column operation.
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with captions

Schematic layout of the apparatus.

The effect of nozzle size when producing
6‘9.
uniform dropsAdispersing benzene into water

and using a SHM cam pump drive.

The effect of cam profile when producing
uniform drops by dispersing benzene into

water through a 0.32-cm nozzle.

The effect of system for production of uni-
form drops when dispersing the organic phase
through a 0.45-cm nozzle and using a SHM cam

pump drive,

The dispersion of benzene into water through

six 0.32-cm nozzles by multiple injection.
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A STMULATION STUDY OF WAKE BEHAVIOUR IN SPRAY COLUMNS

J.S. Forsyth; L.W. Fish; and S.D. Cavers

Department of Chemical Engineering, The University of British

Columbia, Vancouver 8, s.C.

concentration profiles of a solute in the continuous

and in the dispersed phase of a liquid-liquid extraction
spray column have been calculated using a simple simula-
tion technique. These profiles are compared with pro-
files determined experimentally. Good agreement can

be achieved. Although it is possible to determine by
the simulation the value of the height of the column
equivalent to a theoretical stage, it is not possible,
within the precision of the present experimental data,
to recognize a unique value of the ratio of wake volume
to_drop volume. .he experimental data available are
discussed with respect to their suitability for the

present purposes.
INTRODUCTION

The authors have been concerned for sometime with the
experimental measurement of backmixing in spray columns. They
have become impressed by the difficulty of making unambiguous
measurements and of making useful generalizations. They decided,
as an activity parallel to their experimental work, to investigate
tne usefulness of numerical simulation as a guide to the
possitle sensitivity of response of column behaviour to a set
of imposed operating parameters. The work now reported describes

a simple simulation and the results given oy it.
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The processof simulation was chosen as being easy to
construct by direct appeal to physical principles. Also it
seemed that simulation might require little a priori knowledge
of the mathematical formulation of the behaviour of the
parameters involved. The intention was to vary parameters
to find how sensitively the column behaviour depended on such
changes, rather than to obtain definitive values of the para=-
meters. By assessing such sensitivity, guidance applicable to
the design of further experimental work might become available.
Of course, any conclusions drawn are appropriate only to the

extent that the model is appropriate.

MODEL

2.1, The apparatus to be modelled is described elsewhere1’2'3
and, for reference, is shown in Figure 1a in simplified form.
Briefly, a solute is transferred from a downward-flowing
continuous phase to rising drops of dispersed phase. These
phases are introduced and removed at the extremitkes of
the apparatus. A tracer substance, soluble in the continuous
phase but insoluble in the dispersed phase, may be introduced
at some intermediate level of the column. All tracer must
leave in the outgoing continuous phase. The experimental
results with which the results of the simulation will be

compared also are described elsewhere4’5’6'7.

2.2. Mass Transfer features

The model used for the simulation is very simple. It is
assumed that the spray column can be represented by a
number of "contact stages" (shown as squat rectangles in
Figure 1b). Each contact atage accepts dispersed phase
from the stage below and continuous phase from that above,
and allows mass transfer of solute between phases. Such
transfer is limited to a fraction of that possible in an
equilibrium stage. The partly equilibrated phases are

passed on to the appropriate adjacent stages.
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This series of contact stages is terminated at the apper
end by a "coalescence stage" (shown as an elongated rectangle
in Figure 1b). In this stage, rising drops of dispersed phase
recombine to become a single streag ;nd then leave the apparatus.
]

The experimentally observed factz’ that mass transfer does
occur during coalescence is recognized in the model by represent-
ing the coalescence process by a contact stage with its own,

less than equilibrium, performance.

2.3. Wakes

In addition to the mass transfer of solute between phases,
which is the principal object of operating an extraction
column, there also occurs transport of portions of contin-
uous phase in the direction opposite to that of the main
flow of that phase. This transport is brought about by
the existence of wakes being trailed behind the rising
drops10. Each wake is visualized as contmnually picking
up and shedding liquid to the non-wake portion of the
continuous phase. This process results in wakes of constant
volume but of changing composition. The composition of
each wake must be that of the non-wake continuous phase
existing at a lower position in the column. Shedding of
part of the wake constitutes backmixing of continuous

phase from a lower to a higher position.

2.4. Main column wakes

The combined wakes at a given stage are shown as circles in
Figure 1b. By way of example, take from circle n-1, one
wake., It may be regarded as being associated with a drop
which is at stage n-1. This wake is considered to discard
a volume (vt) into the continuous phase flowing from stage
n to stage n=1., It then picks up an equal volume from the
continuous phase flowing from stage n-1 to n-2. The
combined wake (for all the drops passing through a stage)
is fully mixed. (Wakes at the top, and those at the bottom
of the column, are treated in special ways to be described

presently).
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Once all combined wakes have had their composition calculated
they are all moved up one station. That is, the combined wake
which has been numbered n-~1 is now numbered n, and so on. This
calculational procedure is the analogue of the physical upward
movement of wakes as their associated drops rise through the

continuous phase.

2.5. Terminal wakes

When the combined wake corresponding to the top stage (ns)
is moved upward all its volume is added to, and completely mixed

with, the incoming continuous phase.

A drop entering stage 1 at the bottom of the column is newly
created and has no wake. However, at stage 1 the drop is cons-
idered to collect a small wake (volume = vt), the composition
of which is Cc’1. None of this wake is cast off as the wake is
moved upwards. When associated with stage 2, it picks up a

second volume increment v this time of composition Cc o° This
,

t,
process of moving up, acquiring additional increments of volume
at each stage, but never shedding volume, continues for some

predetermined number of stages (ni). Thus

A somewhat similar mode of wake development is described by Leten
and Kehat1o. Once the predetermined number of initial stages
has been passed, the wake becomes a "mein column' wake, of

volume constant at v because accretion is exactly offset by

w!
shedding.,

2.6. Numerical procedures

'o obtain numerical results, the following procedure was
used. All compositions were initialized to reasonable values,
the superficial velocities were inserted, and calculation was
begun. For each stage material balances were solved with due
regard for the conservation of material, solute equilibrium
between phases, and the efficiency of the stage. The approp-
riate adjustment of wake concentration was made. The resulting
compositions were used by direct substitution in the next
iteration. No special procedures were used to accelerate con-

vergence. No simulation results have been used which have
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material balances poorer than 0,02%.

2.7. Selection of parameters

Consider Table 1. The parameters in the upper part of the
table are fixed for a given data set. However, the following
are available for manipulation:
n_y n., P, Es’ and Ea' These somehow must be chosen so that
the behaviour of the experimental column with respect to both
solute and tracer concentration is reflected faithfully in the
numerical solution. The selection of the five parameters is
done in three steps. The first consists simply of setting a
value of N, the number of contact stages; the second is to
select the parameters n; and P, which describe the wake associated

with one drop; the third is to choose ES and ) the stage

efficiencies.,

The first step, the selection of n_, is easy. In principle
any value of n, can be used to reproduce the experimentally-
observed rates of tracer decay. As will be seen later, when
Figures 2 and 3 are inspected, n_ = 22 and n_ = 45 give almost
identical results, although it might have been expected that
n_ = 45 would have reduced effects associated with the stagewise
renresentation of a differential process. From the point of view

of computer costs ng = 22 is desirable.

The rate of decay (D) on a distance basis can be related to
the rate of decay (Ds) on a stage basis by
D:]:»}—l-cl (2)

s n_

The second step, the specification of the wake parameters
to reproduce the observed rate of decay of tracer, is done by
determining, in effect, the size of the wake associated with each
drop (vw), and the volume from that wake (vt) which will be
case off, and replaced by other continuous phase, over a given
height of the column: for present purposes, the height of one

stage.
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In the actual simulation it is n, and P that are set,
That this is equit¥alent to specifying vw and v, can be seen by
considering Equation 1, and the equations listed below.
First, the ratio of v, to the volume of the drop (VD) is

defined to be P,

P= (3)

Vg =0q Py (%)

In the simulation, then, vw

and P. The values used must, of course, result in Ds given by

and v, are specified by setting ni
the simulation agreeing with the value from Equation 2.

Although VD appears in Equation 4, its absolute value is
of no importance in the simulation. To see this, let @ be the
number of drops passing through unit area of a horizontal cross
section, per unit time. Because

Qv = Iy 5)

and
Wy =1y (6)

where Lw is the superficial velocity of the flow of continuous

phase as wakes toward the top of the column, then, from Equation &4,
Ly = LaPny (7)

Note that Ld is available at a known experimental value (Table 1)
independent of whether or not the actual drop volume (vD) is
available. It was convenient, then, to work with the superficial
velocities Ld and Lw in the simulation instead of basing the

calculations directly on vD and vw. Similarly when multiplied
by Q, mquation 1 becomes
L
L, = W 3
t p— (8)
i
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where Lt' although a radial flow, is based on the cross section
of the column perpendicular to the axis. The combined wakes
of figure 1 are given correspondingly by va. Also, A for a
single drop becomes Lt for the combined wakes on the diagram.
(Nofice that L, (based on the rate of entry of the continuous
phase into the column) plus Lw Zives the superficial velocity
of descending continuous phase at any stage above ny (Ldes).).
Once Ds has been reproduced, n, and P have been determined
for the transport of tracer. However, the wakes carry all
components of the coniinuous phase. Therefore n, and P apply

also to the transport up the column of solute in wakes.

The third step in the selection of the parameters relates
to the transfer of solute between phases. In the simulation
this occurs continuously between the drop and the continuous
phase in contact with it because the phases are not in equilib-
rium. The present simple simulation does not address itself to
the niceties of the model of Letan and Kehat1o as to the part-
icular route by which the transferring solute goes between a
drop and the continuous phase. Instead, the simulation represents
the mass transfer process as taking place in stages of efficiency
Es‘ The third step consists of selecting the value of this
efficiency, and of the efficiency of the coalescence stage, and
adjusting these values, until acceptable agreement is obtained
between calculated and experimental solute concentration profiles.
Since all the parameters except these two efficiencies have been
fixed already, and since the efficiencies must lie between 0.0

and 1.0 only a fairly simple 2-dimensional search is required.

When tracer concentrations are obtained by sampling, the
result is a volumetric average concentration1, which is an
average of the wake and the non-wake (descending) continuous
phase concentrations, weighted according to the volume of each
present in a thin slice of column. The same weighting procedure
is used in the simulation program to provide avefage tracer
concentrations (Cc,av) for comparison with measured tracer decay

lines. In present notation,

1
Co v = (o=~ ) (G En, P+ Cy . (1 - E - Hn,P)) (9

423



Now, where&s tracer concentration in a wake arises only as a
result of transport of tracer from lower down the column (back
mixing), solute concentration in a wake results from a combina-
tion of backmixing and solute transfer between phases.
Nevertheless, in the simulation model, where solute transfer is
taken into account via Es' the solute concentration in wakes
still is considered to arise only from backmixing. It is assumed
that experimentally measured concentrations are volumetric
averages 1in this case also, and Equation 10 is used again. With
solute transfer from continuous to dispersed phase, and if

it is accepted for the purposes of argument that the mechanism

of Letan and Kehat ) does describe experiment, then the solute
concentration in wakes is higher in the simulation thanm it

would be in an experiment, but the solute concentration in the
non-wake continuous phase is lower. Thus the two effects tend

to offset one another. The results which follow seem to indicate
that Equation 10 is adequate for comparing simulated and measured

concentration profiles.

As a more detailed example of the procedures used in selecting
the parameters, consider Data Set 1 of Table 1 (ns = 22). Experi=-

3

mentation” shows that the concentration of tracer falls off
exponentially above the point of injection in conformity with
the diffusion model. In Data Set 1, D is -5.83; thus Ds is
-0.593. With o, set at 1 (Run 1), P had to be 0.309.

For the particulér values o, = 22, n, = 1, and P = 0,309
applied to Data Set 1, the choice of Es = 0,25 and Ea = 0.3 gives
good agreement between calculation and experiment, as will be
seen in Figure 2. Figure 2 was chosen from a number of graphs
produced during the search for suitable values of Es and Ea'

The choice was, as always, subjective. With o still at 22,
putting o, = 2 requires a new computation of P and a new search

for Es and Ea' (See Run 2).

If instead of n_ = 22 one selects a value of 45, corresponding
values of n,, P, Es and Ea can be determined. See Table 1, Runs
3, 4 and 5. (The existence of more than ome run which reproduces
the experimental results for a data set will be considered later).

Parameter values are showh in Table 1 for a second data

t also.
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RESULTS

3.1, Experimental data used for purposes of comparison

All the comparisons made in this work are between values
calculated from the model, and experimental results obtained by
4,5,6,7

Bavers and co-workers

All these results are for the system 4-methyl-2-pentanone
(MIBK/acetic acid/water. Because of the small concentrations of
solute involved, and because the continuous and dispersed phases
entered mutually saturated, it is assumed that no volume change
of either phase occurs in the apparatus. The required equil-

ibrium relationship was taken to be i

i& = 0.4487 + 0.1162 C, - 0.01861 ci + 0,001987 ci (10)
C
c

Sodium chloride was used as tracer in the experimental work,
but at concentrations such that the use of the above expression

(for salt-free solutions) was appropriate.

In attempting to compare calculated with experimental results
difficulties immediately arise. Although a considerable number
of solute and of tracer concentration profiles exist, these were
determined by different workers at different times, in apparatus
which was from time to time dismantled and reassembled in diff-
erent configurations (particulérly with respect to height and
locations of sample points). Few real replicates are aveilable,
and those which do exist show solute profiles differing by more
than do the best calculated profiles from the mean of the experim-
ental determinations. 1In the case of tracer decay profiles,
it was the slopes of the lines of 1nCtr versus h which ws of

33537, These slopes

principal interest to the workers involved
ggree only fairly well between replicates., However, the slopes

do form a consistent pattern when considered as a function of

Lc and L., a fact which enabled them to be used for the purpose
for which the experiments were done. Nevertheless, the individual
lines are found to be displaced up or down, a matter of little
moment to measuring axial mixing coefficients, but of importance

in the present work. This point will be discussed later.
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Finally, like all experimental runs, those used here for comparison
had errors in material balances, whereas the simulation is arranged
to provide almost perfect material balances. In short, it is
difficult to obtain experimentally and therefore to find in the
literature, trustworthy experimental data with which meaningful
comparisons can be madd of data computed from the model. Never-
theless, the results now reported do give very clear indications

as to what well-authenticated experimental data should be sought.

3.2, Validity of comparisons

To ass st comparison, all data presented graphically have
been normalized with respect to the concentration of solute in
the entering continuous phase (Cc,in for the appropriate data
set). Heights are normalized also, by dividing by ho’ Thus
the entering continuous phase is located on Figures 2, 3, 4,

5 and 6 at (1.0, 1.0) without further identification. The value
of cc,in (also cd,in) is assumed to be accurate. Errors in
experimental material balances thus must appear in the output

streams.

3.3. Data Set 1

Data Set 1 is the avemage of the experimental data of two
tests which agreed quite closely. Thus, at least with respect
to solute concentrations, the points used probably are fairly
reliable. However, the value of the tracer decay rate used was
determined in a quite separate experiment, and some mismatch
between solute profiles and tracer profile is possible. Simulation
runs 1 and 3, both using n, = 1, but having 22 and 45 stages
respectively, give excellent agreement between calculated and

experimentql results. (See Figures 2 and 3).

Consideration of Data Set 1 shows that vw/vD is very
sensitive to n. . For example, values vary by a factor of ten
between Run 3 and Run 5. (Run 5 is shown in Figure 4). Not=-
withstanding the factor of ten, Figures 3 and 4 are not very

different. It would appear that for the numbers of stages
used, the best runs are 1 and 3, although Run 4 is almost as

good as 3. Runs 2 and 5 are noticegqbly poorer.
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3,4, Data Set 2

Data Set 2 uses the experimental results from a single
test. In tnis case no determination of tracer decay was available
for the superficial velocities used in the experiments. The
required decay rate was determined by extrapolation and cross-
plotting. Figure S5 shows the results for Run 7. Agreement

between experimental and simulated results is good.

3.5, Other data sets

The results for two other sets of data are shown in Figures
6a and b. For one reason or another the experimental data used
were regarded as less trustworthy than those used for rigures
2 through S, and, accordingky, Figure 6 does not show much detail.
The agreement between simulated and experimental results,
although poorer thén for Data Sets 1 and 2 in one or more respects

is still fairly good.
DISCUSSION

Table 1 shows that several simulation runs, all reproducing
the tracer decay rate, and all giving reasonable agreement with
experimental solute concentration data, may show substantial
differences in the values of the parameters used. It might be
expected that Ea would be constant for any data set, although
between sets, and therefore referring to different phase flows,
it might change. This expectation broadly is fulfilled. Results
obtained during the search for best values showed that Ea does
not influence column performance strongly. It might be expected
also that, for any one data set, the values of ES would vary
in such a way that the height equivalent to one theoretical
stage would remain constant. Again broadly this is so. However,
when n, is changed, the height equivalent to a perfect stage
also changes somewhat. This may arise from representing a diff-

erential contacting operation by stages.
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Much greater variations oocur in the value of vw/vD.
Only one value of vw/vD can be correct for one data set; yet
values differing by an order of magnitude are reported.
Nevertheless, within each data set all give almost equally
good reproduction of experimental results. It is apparent
that some additional restraint applies that has not been
imposed in the simulation. Some indication as to the nature
of this restraint is revealed by consideration of the rate

of decay of concentration of tracer.

Figure 7 is a graph of the logarithm of tracer concentra-
tion versus height above the nozzle tips, as might be given
by a typical simulation. The graph has been orientated to
make "upwards" in the graph correspond to upwards in the column.
The line FEGB is drawn with ordinate equal to the height of the
plane of injection of tracer. The line BM is for concentration

in wakes (Cw). A tracer balance around the top of the column

gives
Daes | W
Cy _Ldes = L, + L, (11)

which is less than unity and is constant. Hence on Figure 7

the line EO, representing C , is parallel to BM. Substituting

des
Equations 7 and 11 into Equation 10 gives

Iy Iy

c
c,av 1
g ) B e OB -Egm 0 (2)

which also is constant and less than unity, so that line Gu
= is parallel to BM and EO. GN lies between
]

BM and EO. The line AB represents the constant tracer concentra-

representing Cc

tion in the continuous phase below the point of injection,
Notice that experimentally measured tracer concentrations should
exhibit a discontinuity at the plane of FEGB. In principle,
therefore, it should be possible to determine H#/Ld’ i.e. vw/vD,
by selecting, from a family of lines given by various values of
P, that line which most nearly coincides with one determined

experimentally,
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Unfortunately the real situation does not permit of such
action. The experimental determination of tracer decay was
made in order to evaluate axial mixing coefficientss, and only
the slope of the plot of 1n Ctr versus h was of importance at
that time. As has been said earlier, these slopes are fairly
consistent from run to run. If a figure like Figure 7 were
drawn using experimental tracer decay lines, it would be found
that these usually would intersect a line corresponding to FB
to the left of B, but on occasian the best fit to the points
would result in an intersection to the right (an impossible phy-
sical situation). Although scatter is considerable, the
concentration at G is on average close to that at B. Hence,
from Equation 12, the data would seem to favour the existence
of a larg vw/vD ratio. These arguments are complicated by the
uncertainty of the location of line FB. Although the height
at which tracer is ihjected is, of course, known, thetracer
may not instantaneously disperse uniformly across the column
in a radial direction. Thus doubt exists as to the proper
zero point from which tracer can be considered to decay

exponentially.

If further experimental work is undertaken in the hope of
evaluating vw/vD from tracer decay data, attention should be
given to at least two points. First, considerable replication
of experiments should be undertaken so that statistical analysis
can be applied to locate the concentration corresponding to
point G. Second, the possibility should be examinedof achieving

radially uniform tracer concentration over the plane of injection.
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Nomenclature

Appendix

3

concentration in continuous phase (normalized, or kgmole/m

concentration in dispersed phase (normalized, or kgmole/m3)

concentration of the non-wake (descending) continuous phase
(normalized, or kgmole/m3)

concentration of tracer (p.p.m., or kgmole/m3)
concentration in wakes (p.p.m., or kgmole/m3)
rate of decay of tracer per unit of height = d 1ln Cy./dh (1/m)

rate of decay of tracer per stage; see Equation 2

efficiency of the coalescence stage: concerned with agitation
of drops prior to coalescence into the interface at the top of
the column

efficiency of a contact stage within the column
vertical distance above nozzle tips (m)

total vertical height of column (nozzle tips to coalescence
interface) (m)

height of a contact stage (m)

holdup: volume fraction of column occupied by dispersed phase

continuous phase_superficial velocity based on the feed stream
to the column (m3/s m2)

dispersed phase superficial velocity (m3/s m2)

superficial velocity of non-wake (descending) continuous phase
(m3/s m°)

superficial velocity of transfer of wake material into or out
of the non-wake continuous phase, based on_the cross section
of the column perpendicular to the axis (m>/s m<)

superficial vslocity of transport of continuous phase in drop
wakes (m3/s m?)

the number of an individual contact stage
number of contact stages through which wake is forming

the number of the niphest stage, excluding the coalescence

stage. Therefore there are ng stages in the column proper.

volume of wake_transferred to or from wake per stage per unit
drop volume (m>)
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vy volume of a single drop (m3)

vy volume of wake per drop transferred per stage into or out of the
non-wake continuous phase (m>)
vy volume of wake associated with a single drop (m3)

Subscripts not included above

av volumetric average
in inlet of phase
1,2,etc. (from) stage 1,2,etc.
Superscript

* equilibrium value
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Table 1. Data sets used for comparison, and parameters from the simulation

model
Exp'tl
variables Data Set 1 Data Set 2
Lc 0.0015k4 0.00L6L
Ly 0.00617 0.00616
ho 2,24 21425
D -5.83 -16.7
E 0.07kT 0.0797
Bl i 0.808 0.807
Cq,in 0.1046 0.1081
Simulation
& derived
parameters
ng 22 Ls 22 Ls
ng 0.1017 0.0L97 0.1023 0.0500
. -0.593 -0.290 -1.72 -0.836
Run 1 2 3 4 5 6 VA
n; 1 2 1 2 3 1 1
P 0.308 0.01L8 0.746 0.123 0.0266 0.167 0.578
Es 0.25 0.30 0.10 0,13 0.15 0535 OLATS
Ea 0.3 0.4 0.h 0.4 0.4 Opd Ot
v/ vp 0.308 0.0296 0.7k46 0.246 0.0798  0.167 0.578
liotes:
Data Set 1. Solute concentrations are averages of those from Runs 67 and 68

of Reference L.
Tracer decay rate is from Run 57 of Reference 5.

Data Set 2. Solute concentrations are from Run 8 of Reference 6.
Tracer decay rate was obtained graphically from data of
Reference 5.

In all data sets column diameter = 38 mm, and drop size3 = 3.1 mm.
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Cantions for figures

A Sinulation Study of Wake Behaviour in Spray Columns

J.S. Forsyth; L.W. Fish; and S.D. Cavers

Figure 1. Schematics.

a. Experimental column.
b. Simulation model.

Figure 2. Comparison of solute concentration profiles for Run 1.
(Circles are experimental; lines are calculated. Ordinate of
horizontal arrow = calculated dispersed phase concentration
leaving column.)

Figure 3. Comparison of solute concentration profiles for Run 3.
(Circles are experimental; lines are calculated. Ordinate of
horizontal arrow = calculated dispersed phase concentration
leaving column.)

Figure L. Comparison of solute concentration profiles for Run 5.
(Circles are experimental; lines are calculated. Ordinate of
horizontal arrow = calculated dispersed phase concentration
leaving column.)

Figure 5. Comparison of solute concentration profiles for Run T.
(Circles are experimental; lines are calculated. Ordinate of
horizontal arrow = calculated dispersed phase concentration
leaving column.)

Figure 6. Comparison of solute concentration profiles for data sets other
than 1 and 2.

Figure T. Tracer decay lines for various streams.

434



*copaTWoYdg T 2andTd

3SVHd
‘dsia

nNs

ISVYHd ¥30vul
'dsia

gl ey

®
W
mmix_ Iu e /3.@;

435



9et

1 1 1
0 Er‘a/hc

Firurc 2. Comparison of solute concentration profiles for Run 1.
(Circles ure experinental; lines arc calculated. Ordinate of hor-
izcntal arrow = calculated dispersed nhasce concentration leaving
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Run 3

Figure 3. Comparison of solute concentration profiles for Run 3.

(Circles arc o perimental; lines are calculatcd. Ordinatc of “~--

izontal arrow = calculated dispersed phase concentration leuv
column.)
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Figure 4. Comparison of solute concentrution profiles for Run
(Circles are experimental; lines are calculated.
izontal arrow =.calculated dispersed phase concentration leaving
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Figure 5. Comparison of solute concentration profiles for Run 7.

(Circles arc experimental; lines are calculated. Ordinate of hor-

izontal arrow = calculated disperscd phase concentration leaving
column.)
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Figure 6. Comparison of solute concentration profiles for date sets other than 1 and 2.
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Figure T. Tracer decay lines for various streams.
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Pentavalent Neptunium Extraction by Chelate

Formation from Basic Media
R, Guillaumont, M. Genet and M. Galin

Laboratoire de Ra iochimie, I,P,N., Université de Paris XI,
B.P, o, 1, 91406 Orsay, France.

Abstract

The solvent extraction of Np(V) from NaOH solutions into tert-butyl acetate-
tert-butyl alcohol (S) organic phases by chelate formation with dibenzoylmethane
(HA) has been investigated. Variation of Dy, with pH and with the chelating
reagent or alcohol concentration indicates that the species extracted are
NpOoA.3HA and NpOzA.ZHA.S near pH 14, and NpOoA.nS (n = 0, 1,2 and 3) between pH 12
and 13,

Introduction

Symbols: C,_stoichiometric concentration; [X], concentration of species X,
A Ear (e.g. C) denotes the organic phase,

Solvent extraction of ions from basic aqueous solutions by chelate forma-
tion has not received much attention, This is partly due to complications such
as (i) an increasing concentration of the chelating reagent or chelates in the
aqueous phase with rising pH, (ii) coextraction of the alkali cation, and (iii)
hydrolysis of aqueous metallic ions resulting in formation of inextractable radio-
colloids and/or adsorption on surfaces at tracer concentrations, and in formation
of polymeric species at higher concentrations,

_1048 Np(V) is easily obtained in basic media and the solutions (10‘3 to
10" "M) are ite stable both towards ageing (because hydrolysis of Np02+ starts
at pH ~ 9-10 1) and NpO,OH is amphoteric) and towards redox processes, we have
investigated the partition of 10 10M 239Np(V) in the system: O-1M NaOH (aq)/
tert-butyl acetate, tert-butyl alcohol (sg, dibenzoylmethane (HA). Such a
system was selicSed on the basis of pr?VSOus studies by Zolotov et al., 2’3)
Novikov et al,{4) and Espinosa et al., 5) which show inter alia that halogen
derivatives of hydrocarbons fail to extract Np(V) by chelate formation from basic
solutions, The organic phase must contain both chelating and oxygen donor
reagents, such as alcohols, ketones, esters or ethers.

Experimental

A1l reagents were "Fluka" products. The alcohol content may be increased
up to 6-TM without significant change in the volumes of the aqueous and organic
phases.,

Alkaline 239Np(V) solutions were obtained by dilution of a drop of Np(V)
stock solution in 0,5M HC10, with 50 cm? of the appropriate NaOH solution con-
taining o?l% about 0,05M CO 2‘, which is too low to yield carbonato complexes
of Np(V). 5 The stock solution was prepared once a week by separating 0,5M
HC104 which was in co?t3ct with 500 mg cation resin (Dowex 50, 400 mesh) loaded
with 300 pg of 243m, (5 The oxidation state,of the neptunium in basic media
was checked by electrophoresis on glass paper;(5 no reduction occurred.

In all cases, partition equilibrium for Np(V) or Na at 25°C was reached
after one hour's shaking of 5 cm3 of each of the phases in a stoppered glass
tube. Dy was determined by y-radiometry using 2Na, No absorption on
glass was detected.
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The variation of Dy, with the alcohol content of the organic phase was _5
determined by a spectrophotometric method. Beer's law was checked up to 8,10 °M,
The enol form of HA shows a broad absorption at 350 nm with € decreasing slowly
from 26,000 to 22,000 1/mole.cm as Cg increases up to 6M (in CeHyp, €337 =
24,700 1/mole.cm). In the spectrum of the aqueous phase, two bands appear
around 245-250 (ketone) and 350 nm (enol). Dya values were calculated from the
(HAd values(cnimbined with a calculation of [HAJ at the observed pH, based on

5

Pk, = 9.3 Interpolated values from many determinations are given in table
1.
Table 1
Es 0.5 1.5 2.5 3 4 5 6
log DHA 4.4 4.5 4,6 4,65 4,85 562 5.8

Results and Discussion

Saponification, Tert-butyl acetate was selected as diluent because its
saponification is a relatively slow reaction. After one hour of equilibration
heterogeneous saponification causes the consumption of 15 to 30% of the initial
1, 0.1 or 0.01M hydroxide ion whatever the value of Cs. Equivalent quantities
of tert-butyl acetate ions appear in the aqueous phase, but are non-complexing,
and the content of tert-butyl alcohol slowly increases with time, Data without
any alcohol in the organic phase cannot be obtained at high pH. HA has no
influence on the saponification.

Sodium extraction, The sodium extraction results are given in Figs. 1 and
2. [(E&] was calculated from formula I in the appendix, which assumes that NaA
is the extracted chelate, and [S] was equated with Cgy which is valid for
sufficiently low sodium extraction, It will be seen that as much as 10% of
the sodium is sometimes extracted. The graphs on the left-hand side of Pig, 1
are all straight lines of slope unity, indicating that one HA molecule reacts
with each Nat ion during the extraction, as assumed in formula I. The graphs
to the right show 3 log Dy /3 1og [S] increasing from zero to 2, indicating the
attachment of O, 1 or 2 molecules of S to the chelate, The reaction involved
is thus

No© + HA + 1S = Nahns + B (n=0, 1 or 2) (1)
so that
Dya = (EAI(k, + K, (5] + Kzﬁjz)/[?] (2)

where K., K; and K, are the formation constants of NaA.nS forn = 0, 1 and 2
respectively. The best fit with the experimental data is obtained with

log K, = - 13.8, log Ky = - 13,3 and log K, = - 13.4. These results are con-
sistent with those. obtained by Igegly in the synergic extraction of alkali metal
ion by thenoyltrifluoroacetone,(7

Neptunium extraction, The neptunium extraction results are given in Figs.
3 and 4, L[OA] was again calculated from formula I in the appendix, while [S)
was obtained from formula II when ENa was high, At the two lower pH's,
? log DNg/b log (HAJ = 1 at sufficiently low (HAJ, while ?log D, p/h log [s]
increase$ from zero to 3, indicating formation of NpOA.nS (n = 8, 1, 2 or 3).
These should possibly be formulated [NpOZ(HZO) _nanA; the hydration would help
to explain why the chelates are not extracted when halogenated hydrocarbons are
used as diluents. At pH 13,90, 2 log DNP/B log [HA] = 3.5 at [S] = 0,15-0,3M,
suggesting a mixture of, say, NpOoA,2HA.S" and NpOzA.BHA; at [S] = M, the slope
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is smaller, probably because S replaces HA to give, say, NpOzA.HA.2S.

When [HA) < 0.001M, log Dyp/d pH = - 1 at pH 12-13.,  This indicates
NpOz(OH)E as the predominant neptunium species in the aqueous phase, reacting
according to

NpOz(OH)z +HE = 1Np0 A + OH + H,0
after which NpO,A.nS can be formed when alcohol is present. At higher [HA]
levels rather complicated relations are found, as Fig. 4 shows.

Of possible value in analysis is the strong extraction of neptunium (v)
from 1M NaOH (pH ~ 13.90) shown in Fig. 4. Ve hope to exp. o:'st this in studying
neptunium VI and VII, and preparing them on a tracer scale. >

In conclusion, we may comment that it seems useful to investigate solvent

extraction by chelate formation from basic media, in spite of the complications
which occur,

Appendix

Formula I

[C,, - Cg /(1 + /D )10 + (1 + 10_9'35/[H+])/DHA

[HAD -

Formula II

(5] = Ty - Oy [ARI(K, (512K [51°)/0u" 1]/ [1 + (KD (K +K, [§14k,(50°) /06" ]
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Distribution of the Daughter Species resulting from
Chelates by f -Decay in Two-Phase Systems

F. MacaSek, V. Mikulaj, R. Kopunec

Department of Nuclear Chemistry, Comenius University,
Bratislava, Czechoslovakia

Abstract

The ﬁr-decay of a radionuclide bound in a neutral chelate gives rise to a
molecular ion containing the daughter nuclide even in a non-polar organic phase.
The daughter species in the 9%M0-997c®, 144ce-144Pr and 234Th-234pam decays may
be unusual in respect to their coordination and oxidation states. Their
steady state distribution is of interest, generally differing from a conven-
tional extraction equilibrium of the daughter elements (Tc, Pr, Pa) in their
normal valency states in the same systems, and a model for this distribution is
proposed.

Introduction

A daughter nuclide formed by pure f -decay from a neutral molecule may, on
account of the small recoil energy and in the absence of multiple autoionization,
appear in a molecular ion, The primary molecular ion is isoelectronic with
the parent molecule and the original chemical bonds will be to a great extent
preserved if the ion is a stable form of the daughter element. When the recoil
energy and electron shake-off are not negligible, and especially when the f-decay
is accompanied by intermally converted y-transitions, the daughter atoms 3rise
in a chemical form which is quite different from the parent compound. =)

We have studied the distribution of daughter 234Pam §ollowing [-decay of
2340n in extraction systems with thenoyl r'fluoracetone(4 and 997¢® in systems
with several [99Mo] molybdenyl chelates.\® The behaviour of the daughter
species may be more compl%c3ted in these chelate systems than, for example, in
those with phthalocyanine\6/ owing to the possible variety of secondary re-
actions. A kinetic treatment of 144Pr behaviour during the P-decay processes
in 144¢ (§II)—aminopolycarboxylate cgmplexes has been given by Glentworth and
Wiseall?7 and Shiokawa and Omori.(8 In the present paper an attempt is made
to give a simple model describing the liquid-liquid distribution of the daughter
radionuclide, based upon results obtained with the radioactive chains mentioned
above,

The Model
The f~decay of a radionuclide M bound in a complex MAan, with anionic and
electroneutral ligands A~ and B respectively, must result initially in a mole=-

cular ion of the daughter nuclide N with additional positive charge localized
on the central atom N:

= (O]
wap £ [NAB]

Within a time shorter than 10-7 s, these primary molecular ions may be expected
to undergo charge-distribution and bond-rupture processes, e.g.
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E [va B 1 (a)
E [NA B_ ]+ + B (b)
® ( [NA B 1 . (c)
(va B ] [vis_ B 1 (a)
( n-1"m _
[NA B, ]l -e (e)
B 4B (£)
n m-1 r

(M B +4 (&)
which imply immediate collisional reactions of the ions. It is important
that in reactions (c)-(f) the oxidation state of the daughter element is the
same as that of the parent atom but after processes (a) and (b) it increases
and after fragmentation (g) it decreases by one unit.

Now let us consider what happens when a phase, say an aqueous phase, con-
taining a relatively long-lived parent M in radioactive equilibrium with its
daughter N is shaken with another, immiscible phase, say an organic phase.

We yill assume that M distributes rapidly between the two phases, the equili-

brium being characterised by = m'/m where m' is the number of M atoms in
the organic phase, and m is the total number of M atoms. Ry, m' and m are
substantially constant. We will also assume that atoms of the daughter N

undergo an immediate distribution when first produced, and then redistribute
on a longer timescale as the initial chemical forms revert to more normal
species. Of N atoms formed in the organic phase, let a fraction a remain
there (presumably those in neutral products, e.g. from reactions (e) (g)), and
let a fraction (1 - a) transfer to the aqueous phase immediately (presumably
those in ionic products, e.g. from reactions (a)-(a)). On the other hand we
suppose that all N atoms formed in the aqueous phase remain there initially.
We also assume that the later redistribution can be described by means of two
first-order rate constants, k (extraction) and k, (stripping).

The rate of change of n', the number of atoms of N in the organic phase,
is then given by

dn'/dt = a7\Mm' = 7\Nn' + k1(n—n') - ko'
() (B) (¢) (D)

(R's are decay constants, and n is the total number of N atoms) where the terms
on the right-hand side refer to the following:

(A) N atoms formed by decay of M in organic phase, and remaining there
initially.

(B) N atoms decaying in organic phase.

(c Subsequent mass transfer of N from aqueous to organic phase.,

(D) Subsequent mass transfer of N from organic to aqueous phase.,

Dividing through by n, which is constant, putting R = n'/n, and introducing
the relation Aym =An for radioactive equilibrium, we obtain

dr/dt = a)\NRM - 7\N_R + k1(1—R) - kR (1)
On integration this gives

R = (a%NR.M + k1)[1 - exp(=At)I/ N + Roexp(—7\t) (2)
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where N = Ay + k, + k and‘R:Roatt=o.

1 27
After a sufficiently long time (t — e ) eq. (2) reduces to
R = (aN R, + Xk )/A (3)

In the particular case when the secondary redistribution processes are fast in
comparison with the rate of decay of N (k1 and k, >> M)

R = k/(k + k), (4)

which is the value R, would assume if N were not part of a radioactive decay
chain, VWhen, on the other hand, the secondary redistribution processes are
relatively extremely slow (k1 and k2 << WN),

Re = aRy (5)
It may be noted that
= 1 1 = 1 '\ = 1 1
B/Ry (n'/m')(m/n) n'A /m AL A'/A
where the A''s are organic phase activities,

Experimental

All chemicals used were of analytical grade., 99Mo (~ 100 mCi/g M003),
and carrier-free 144ce and 143Pr were purchased from the Institute of Reséarch,
Production and Utili%aSion of Radioisotopes, Prague, and 24Th was prepared
from uranyl nitrate, 4 Both daughter and parent nuclide activities were
measTrsd with scintilation countess by the method of growth curve extrapola-
tionl4) or by channel counting, 5 The extractions were performed in hydro-
phobised glass test-tubes of the same size and liquid contents, which were
vigorously shaken in a vibrational shaker at the temperature 22 + 11961, The
other experimental prgcedyres employed were substantially the same as those
described previously.?4,5$

Results and Discussion

When the aquegs solutions of 1.7-3,3 x 107°M 991\.10(VI) in equilibrium
with the daughter Z7Te® (A = 0,115 h=1 = 1,93 x 10~3 min-1) were shaken
with 5,7-dichlor-8-hydroxyquinoline (HOx) solutions in chloroform, molybdenum
was extracted rather rapidly and an increasing extraction of technetium
followed (Fig. 2). Here we have the same pictuf% as was observed in extrac-
tions with a-bsnzoinoxime and 8=hydroxyquinoline ) and its other dihalogen
derivatives, (9 Tc(VII), which may formally be expected as the f-decay pro-
duct of Mo(VI), has been proved to be extracted with a negligible yield under
these conditions., Hence, the daughter technetium must be retained in the
organic phase in a lower oyxidation state, owing to a rapid process of type (g)
above, viz. MoVIO,0x, — é%OZOxz — TcO0,0x + Ox*.  The accumulation of 99pcm
in the organic phase corresponds to its growth from extracted parent 9M0,
indicating that kq and k, << )‘Tc so that a values (see Table 1) can be eval-
uated by means of eq. (57.

Table 1
Equilibrium ajueous phase a
0,1N NaCl, pH 7.2 1.04
0,1N NaCl, pH 2,0 0,87
0,1N HC1 0.95
0,2N HC1 0,88

1,0N HC1
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It can be seen that the a values are more or less independent of the aqueous
phase composition and, though the presence of oxygeh and a low HCl concentration
prevent Tc(V) from being extracted in conventional extraction systems because of
its oxidation, the pentavalent technetium chelate remains in the organic phase
once it is formed there. Thus, the S-decay of [99Mo] molybdenyl chelate is a
useful tool for identifying the inert complexes of Tc(V),

The behaviour of daughter 144Pr (?\Pr = 4,01 x 10-2 min—1) at the steady
state in 144Ce-8—hydroxyquinoline systems™ (Table 2) is somewhat less clear cut.
It is helpful to compare it with 14§Pr, which undergoes a simple isotopic
exchange when introduced into one of the phases in the same system in presence
of inactive praseodymium carrier. ror the exchange reaction we can apply the
McKay equation toc determine (k1 + k2):

n(1 - F) = =(k; + ky)t (1)

(P = degree of exchange), and we can then use eq. (4) to obtain the separate
values of k1 and kQ. The results are given in the left-hand part of Table 2.

Table 2
143Pr and 144Pr behaviour in the system:

Initial aqueous phase: 10_4M Ce(III), 10_7M Pr(III), acetate

buffer, NaClO4 to ionic strength 0.1M

Initial organic phase: O0,1M oxine in CHC1l

143 144
Pr undergoes isotopic exchange., Pr is formed by decay
of 144ce in Ce(IV) oxinate.
143Pr 144Pr
pH R kptk, Ik k, Ry, R_, k1+k2(+>\Pr) k, k,
Rate constants in m_'i.n-1
5.85 0,57 0.34 0,19 0,15 0,85 0,10 - - -
6.23 0,80 0,47 0,38 0,09 0,97 0.,22 2,0+ 0.2 0.44 1.6
6.95 0.94 0.56 0,53 0.03 0,99 0.73 - - -

In the case of the 144Ce-144Pr chain we can determine the steady-state dis-
tribution of both species (RCe and RN), but the steady state is reached so
rapidly that kinetic data are difficult to obtain, Nevertheless one result is
given in Table 2, The parameter measured is actually (k1 + k, + )P ), but this
does not differ significantly from (k1 + k2). Vle can again ogtain E1 and k2
with the aid of eq. (4).

The high values of Hc indicate that the cerium is extracted in the Setra-
valent state, since no trivalent lanthanide is so highly extracted,\'“~

Despite this high extraction of the cerium, however, more of the Pr goes into
the aqueous Ehase than in the case of purely chemical equilibrium, since is
lower for, 4

143 Pre This in turn is die to a much higher value of k6 for 144pr
than for Pr, whereas the k,-values are essentially the same. he probable
explanation is that some product, probablg charged, containing 144py ig ejected
from the organic phase, whereas in the 143pr case there is only the common
extractable neutral chelate PrOx3 to consider,
Charged products could be formed from the 144Ce chelate during deca% ?s a
result of internal conversion of y-rays or electron shake-off (about 30% 8 ), or
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by intramolecular reduction of Pr(V) as in reaction (d) given earlier,

Rapid reactions in the organic phase, however, may reasonably be taken to
explain our results for the distribution of 234pam in the system of carrier-
free parent 2340n-0.,01M thenoyltrifluoracetone in benzene-chloride (buffered at
pH 2), where R = Rpy, = 0.53 was found. Because kg + k, < O.OB)\Th in this
system, a should be close to unity, The daughter protactinium might be expected
to appear in the organic phase as a molecular ion PaTTAY. Unlike technetium,
there is no reason to expect reduction and the molecular ion should undergo
further neutralization reactions by collision with HTTA or H,0 molecules present
in benzene, before it is stripped into the aqueous phase. Ehe kinetic details
are difficylt to ascertain, owing to the short half-life of 234pgm (7\Pa =
0.593 min~'), It is interesting to remark that the daughter 9°Nb formed by
B~-decay of 5Zr extracted by HTTA in benzene was found,6 to transfer into the
agueous phase (1M HNO3) when the phases were contacted.(14

It is clear that the extensive simplification in our model of the behaviour
of the daughter species formed by F-decay in extraction systems should not
detract from an intelligent understanding of the overall picture, Its aim,
however, has been to explain the main features connected with specific phenomena
of molecular ion formation in the organic phase and to allow a classification of
such systems, The study of the distribution of the daughter species may be
useful, especially when combined with isotove exchange data, from the point of
obtaining new extractable compounds of daughter elements, and of the extraction
kinetics of short-lived isotopes and their behaviour in radionuclidic generators,
because a proportion of the daughter nuclide enters into chemical reactions in
an unusual form,
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Paper 57

Metal Retention by Hydroxamic Acids in Irradiated TBP Solutions.

T.V. Healy and A, Pilbeam
Atomic Energy Research Establishment, Harwell, vidcot, Berks., U.K.

This paper attempts to show the effects of hydroxamic acids on
metal retention by tributyl phosphate/kerosene in nuclear fuel reprocessing
under both simulated and actual conditions,

Introductiion

During the reprocessing of nuclear fuel by tributyl phosphate/
odourless kerosene (TBP/OK), solvent degradation, both radiolytic and
chemical, causes an increasing retention of fission products particularly
zirconium by the solvent, together with retention of plutonium. The
higher levels of radiation produced in the burn-up of fast reactor fuels
plus higher reprocessing temperatures should increase the degree of
undesirable metal retention by the degraded solvent. Because alkali
washing of recycled solvent only removes some Of the degradation products,
the activity level of the solvent builds up, contamination of the uranium
and plutonium products occurs and the reprocessing plant performance is
impaired by poor phase separation.

Among the main primary degradation products of the diluent -
organic nitrates, nitroparaffins, aldehydes, ketones and carbomylic acids -
only nitroparaffins have been considered as leading to metal retention by
the solvent. Blake et al.1 consider that nitroparaffin enol adducts or
salts cause metal retention in degraded solvents. StieglitzQ, using
hafnium tests, found no relation between the amount of hafnium complexed

3

in the solvent and the concentration of nitroparaffins. Lane” and Huggard

& considered that none of the primary products of solvent

and Warner
degradation are responsible for fission product retention, but suggested
that secondary products, hydroxamic acids, could be formed and, under
favourable conditions, could produce appreciable fission product retention,
in particular, zirconium retention. Stieglitz concluded from his work
that carbonyl containing compounds were mainly responsible for increased
hafnium retention by degraded solvent. The infra red absorption peak at
1660 cm-1, assigned by Stieglitz to the carbonyl group in ketones, could

equally well be ascribed to the carbonyl group in hydroxamic acidas.
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Hydroxamic acids are assumed to be formed from primary nitro-
paraffins by the Victor Meyer rearrangement or by cuwmulative formation
via the Nef reaction on altermate acid and alkali treatment3. There
has been no real identification of hydroxamic acids in recycled solvent,
but Hughes (quoted in reference 4) and OhwadaG, both using the rather
insensitive ferrioc chloride spot test believe therea may be evidence for
the presence of hydroxamic acids at ca. 10'5M. The amount of zirconium
retained in a typical solvent extraction plant is estimated to be about
IO-BM per pass, 80 the amount of ligand combined with the zirconium even
after 100 passes would only be about IO-GM, and hydroxamic acid at this
level would not be detected. To test whether hydroxamic acids are in
fact responsible for zirconium retention in Windscale recycled solvent,
we have synthesised a number of them and examined their behaviour in
HNOB/TBP/OK systems and, in particular, the effect on zirconium partition
of the C,, acid, laurchydroxamic acid (LHA).

Experimental

TBP, obtained from Albright and Wilson Ltd., London, was purified
by steam stripping in the presence of 0.1M NaOH, using a nitrogen bleed.
Equal volumes of TBP and O.1M NaOH were heated until half the aqueous
volume had distilled over. After two one-volume washes with 0.1M NaOH
and with water, the TBP was dried under vacuum and made up to 20% vol/vol
TBP/OK using Shell Mex kerosene. This diluent has a boiling range of
about 200 - 250°C, and consists mainly of paraffins (62%) and
naphthenes (36%), with about 2% of aromatics.

Degraded TBP/OK solutions were obtained either directly from
windscale recycled solvent from the BNFL plant or by irradiations (1)
in the Technological Irradiation Group fuel element pond at Harwell or
(2) from Cobalt-60 irradiations in the Harwell Gamma Irradiation Facility.
In all irradiations TBP/OK solutions were stirred continuously with an
aqueous nitric acid phhse, usually 3M. Dibutyl phosphoric acid (DBP)
was obtained from Albright and Wilson Ltd., London and purified according
to the method of Hardy and Scargill7. Where it was desirable to remove
DBP from TBP solutions, two equal volume washed with 0.1M Na2003 were
carried out at room temperatures, followed by a water wash, Nitrous acid
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was removed from TBP solutions by an equal volume wash with 0.05M
sulphamic acid, followed by a water wash., Nitrous acid was removed from
aqueous HNO3 solutions by addition of small amounts of sulphamic acid.

The acids laurohydroxamic (LHA), decanohydroxamic (CloHA), octanohydrox-
amic (CBHA) and caprohydroxamic (CGHA) were all synthesised from the
appropriate commercially available carboxylic acid esters plus hydroxyl-
amine hydrochloride, using slight modifications of the method for the
preparation of benzohydroxamic acide. The acids, all obtained in about
80% yield, were recrystallized two to three times from ethyl acetate as
lustrous white plates with m.p.'s eimilar to those in the literature .

The detection and estimation of hydroxamic acids by the ferric chloride
colorimetric spot test4 is somewhat insensitive, the detection 1limit being
abdut 2 x 10-4M LHA, and the determination is also strongly affected by
the presence of zirconiume A much more sensitive vanadium colorimetric
method has been developed by one of us9
hydroxamic acids 2'30, The detection limits of this method are of the

from a vanadium spot test for

order of 5 x 10_6M and the method is not affected byzthe presence of
zirconium or uranium. This method has been used throughout this work
for estimation of hydroxamic acids. A Unicam SP 500 UV Spectrophotometer
was used to measure the colour at 575 nm.

Chemicals used, such as ammonium vanadate, hydrochloric, nitric
#¢ia and sulphamic acids and sodium nitrite, were all of reagent grade.
Lauryl nitrate, 1-nitrododecane, methyl decyl ketone and caproic acid
were all obtained from BDH and used without further purificatiohs Stock
solutions of inactive zirconium in 3M HNO3 were prepared from BDH
"zirconium nitrate" by initially heating for deveral hours with
concentrated HNOS, then diluting the filtered solution to give a final
solution of 3M HNOs, after estimating the acid present using 0.1M NaOH.
After a few days standing the solution was centrifuged and the zirconium
estimated gravimetrically as pyrophosphate. Active 95Zr/95Nb tracer was
obtained from R.C.C. Amersham as the oxalate. Niobium was separated
using a solvent extraction method11 to give a stock solution of 95Zr at
about 10-9M in 8M HNO, for use as tracer. A number of Z tests were carried

3

out based on the standard Windscale 2 test4' but incorporating a refine-

ment12 whereby each cycle of a typical process for the multi-stage
extraction, including serubbing and back extraction of uranium, is carried
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out in the presence of zirconium. The test results are expressed as
Z numbers, that is, the number of moles of zirconium retained in 100 1
of degraded solvent.

Results and Discussion

Zirconium distribution data with hydroxamic acids

A study has been made of the effect of different concentrations
of LHA on the distribution of zirconium between 20% TBP/OK and nitric
acid. The results are given in Table 1, which also gives one result
for octanohydroxamic acid (CBHA) . The shorter carbon chain acid has
a smaller effect on zirconium distribution. Caprohydroxamic acid (CGHA)
was too water soluble to be used meaningfully in this table.

Synergistic effects were looked for with LHA in conjunction with primary
degradation products of the diluent and also with DBP., All the distrib-
ution coefficients (DZr) represent back extraction data for zirconium,
after an original forward extraction into an equal volume of 20% TBP/OK
plus additives. Except where otherwise stated, separated tracer 9SZr
only )10—9M), was used.

This table shows that concentrations of the order of lO-hto
10—3M IHA can and do lead to strong metal retention in TBP mixtures.
LHA has a much larger effect than DBP. There appears also to be no
appreciable synergic effect between LHA or DBP and any of the additives.
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Table 1

Effect on Zr Distribution of Added Hydroxamic Acid and
Primary Degradation Products in 20% TBP/OK.

LHA DBP Other Additives 3M HNO 0.5M HNO,
Molarity  Molarity (A1l 10"21:) b, . D,

- = 0.08 0.10
1070 = = 0.12 0.11
1074 - . 2.0 =
1072 = = 40 60
107 (CgHA) - = 4.8 5.2
1073 a Lauryl Nitrate(LN) 43 90
1072 = 1-ni trododecane (ND) 45 110
1070 = Methyl Decyl Ketone(MDK) 38 -
1072 - Caproic Acid (CA) 42 150
1072 = LN + N» 50 150
1070 - MDK + CA 50 150
1070 = LN + ND + MDK + CA 50 70
1072 1072 LN + ND + MDK + CA 15 30
= 1007 LN +ND+ MK + CA 0.9 1.6
= 10'3 = 0.9 1.7
- 1072 = 21 =
1673 - 10774 zr 5 -

Effect of nitrous acid on hydroxamipe acid behaviour

The large effect of hydroxamic acid on the retention of zirconium
by TBP/OK, as discussed in the previous paragraph, can be counteracted
by the addition of nitrite to the system. For example Table 1 shows
that D, ~for 20% TBP/OK/0.5M HNO
the organic phase 1073

3 is increased from 0.10 to 60 by making

3 . -2
molar in IHA. If this phase is also made 10 = molar

in nitrous acid, D, drops again to 0.15, indicating destruction of the

Zr
IHA. The reaction of hydroxamic acids with nitrous acid has been reported

13 as liberating nitrous oxide as in equation (1)

0+ 1,0 o s R ATTS e T i o5 S G

in the literature

RCONHOH + HNOe—) RCOOH + N2
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Schenckl3 reported that a little nitrogen is produced, possibly through
a diazotization stage. Work at Harwell, to be reported elsewherelh,
indicates that on contacting LHA in TBP/OK with nitrous acid in

0.5M HNO3, one mole of nitrous acid is required to destroy one mole of

LHA, as in equation (1). At high acidity, say 3¥ HNO_, four moles of

»
LHA are destroyed per mole of nitrous acid, the reactgon probably
following equation (2).

LRCONHOH + HNO, + HNOB——) LRCOOH + 2N,0 + N, + H,0 oToxe s iofe sTonsll127)
This destruction of hydroxamic acid by nitrous acid is illustrated below
(Table 2) in the 20% TBP/OK/3M HNO3

organic phase and sodium nitrite to the aqueous phase. The remarkable

system, where LHA is added to the

protection of LHA from nitrite attack by initial formation of the
zirconium saltlh is also illustrated in the table, but great excess of
nitrite destroys even this protection. In the experiments with zirconium
present, the nitrite was added to the mixture a half hour after the
addition of IHA and zirconium, the time of mixing being taken after the

nitrite addition.

Table 2
Destruction of LHA by Nitrite and its Protection by Zirconium
(Two phase system 20% TBP/OK/3M HNO3)
Y R & loh % LHA M HNO, x 10h M Z2r x th Mixing Time
At Start At End Destroyed 2 Bl
300 300 0.0 None None 10
300 19 93.7 100 "
90 L.5 95.0 100 o
33 1.95 94,1 100 "
38, 1.k0 95.7 100 & 3
33 1.05 96.8 100 e 10
1] 0.62 9k.b 33 " 3
11 5.8 LT.3 38 16 8
*g 4.5 50.0 33 16 3
8 0.1 98.5 1000 10 3

The asterisk refers to the use of 20% TBP/OK/3HNO3 which had been



previously irradiated in a cobalt source to 40 wh/l. After separation
this degraded solvent was alkali and water washed, prior to the addition
of LHA, zirconium in HNO3 and finally nitrite. In this experiment
with degraded solvent the LHA is protected by the zirconium to about the
same degree as when pure TBP/OX is used. Huggard and Wamer4 had
previously noted that the Z number of 20% TBP/OK, to which a

hydroxamic acid had been added, was much lower than that to which a
zirconium hydroxamate was added. This phenomenon can also be explained
as protection of the acid by zirconium from the nitrite concentration
normally encountered in these tests, namely 2 x 10-3M.

The effect of nitrite concentration on the zirconium distribution
coefficient using pure TBP/OK, Windscale recycled solvent, and
irradiated TBP/OK have also been compared, both in the presence and
absence of LHA and results are shown in Table 3.

Table 3

Effect of HNO2 and LHA on th for Treated TBP/OK

(Aqueous Phase is 3M HN03)

Solvent Treatment LHA ENO2 DZr
Pure 20% TBP None Added None Added 0.08
" " " 3 x 10-4M ) n 6.0
Windscale Recycled None detected w oo 6.4
Solvent
(20%6 TBP/OK)
" " " " " 3 x 10_4M 11.4
oo wo w100 x 10”4 16.6
Pure 30% TBP/OK None added None Added 0.2
"noomw 10724 Added " " 100
30% TBP/OK
Irrad(42 wh/1) None Detected J " 100
woom e 10721 Added mo 300

As shown above, Windscale recycled solvent contains no
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detectable hydroxamic acid (<5 x 10~ M) and yet has a D, value rather
similar to that of pure solvent with 3 x 10 4M LHA added. Also addition
of nitrite to the recycled solvent, which would be expected to destroy
LHA, actually increases DZ . Similarly, highly irradiated TBP/OK
contains no detectable hydroxamic acid but its Dz value is similar
to that for pure solvent with 10 3M LHA added.

Using the improved 2 teatlz, Z numbers have been obtained
for 20% TBP/OK to which LHA has been added, in the presence and absence
of nitrous acid. These results are shown in Table 4. The LHA

concentrations at the beginning and end of the Z test are also recorded.

Table 4
The Effect of Nitrite on LHA and 2 Number in 20% TBP/OK
LHA Molarity Nitrite Molarity Z Number
initial Final
None None 2 x 1072 40
107 (5 x 107 & 2 x 107 340
1074 0.9 x 1074 None 1280
107 (5 x 1075 2 x 107 400
107 1070 None 1500

The nitrite concentration (2 x 10-3M) is the level usually
reported for the Windscale aqueous nitric acid feed solution. This
table gives further evidence of the destruction of hydroxamic acids
if originally present in recycled solvent. Even when the LHA is
protected from nitrite attack during the Z test, by elimination of
nitrous acid, the Z numbers obtained, using 10~ and 1074 molar LHA,
are much lower than those obtained on test bed recycled solvent4 or
on highly irradiated solvent which contains no detectable hydroxamic

acid concentration.
Conclusions

Hydroxamic acids, if present in concentrations of the order of
10-3 to IO-AM, could have appreciable effects on metal retention dy
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solvents. At this level, they could be easily detected in recycled solvent
or in highly irradiated TBP/OK/aqueous HNO3 systems. The authors have been
unable to find any evidence for their presence although many samples of
both types of irradiated solvent have been examined. We have also found
no evidence for any synergic metal retention effects of these acids plus
primary solvent degradation products.

Hydtoxamic acids are very quickly destroyed by nitrous acid on
a basis of four moles per mole of nitrous acid and there is usually a
fairly high concentration ( 10-3M) of nitrous acid present during
solvent extraction of nuclear fuel. Although zirconium salt formation
does have a protective effect on hydroxamic acids, this occurs only
if nitrous acid is present at low concentrations. Nevertheless, if
hydroxamic acid were formed under process conditions, zirconium salt
formation should afford some measure of protection. The zirconium
distribution data presented in the paper also provide further evidence

4 that hydroxamic acids are not

for the statement of Huggard and Warner
the only strong complexing agents produced during solvent degradation
and that to obtain substantial yields of these acids requires extreme
conditions. Our work indicates that some other-species must be

largely responsible for metal retention in degraded TBP/OK solutions.
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IONIC SPECIES OF Pa(IV) IN AQUEOUS PERCHLORATE SOLUTIONS

R. LUNDQVIST

Department of Nuclear Chemistry, Chalmers University of
Technology, Fack, S-402 20 Goteborg 5, Sweden

letravalent protactinium in perchlorate solution was
studied by different extraction systems. The complexa-
tion with acetylacetone, sulphate, ethylenediaminetetraa-
cetic acid, perchlorate and tri-n-octylphosphine oxide
suggests that the dominant hydrolysed protactinium
species, in the pH range 0-3, is PaO2+ (or Pa(OH)§+).
Equilibrium and thermodynamic constants are given for

the extraction processes.

Information on Pa(IV) hydrolysis and complex formation
in solution is very limited although it is of interest for
comparison with other tetravalent ions.1 Most investigations
have been made in very acid media (e.g. 3 M HC1Ou2’3) where

1.4 The method chosen for

the hydrolysis is expected to be low
this study was the liquid-liquid distribution technique, because
it allows one to work with trace concentrations of protactinium,

thus avoiding polynuclear hydrolysis products.
EXPERIMENTAL

As a detailed description of the experimental techniques
employed in the solvent extraction investigations has been pres-

5'6|?

ented earlier only a summary is given here. The organic

and aqueous phases in the Pa(IV) extraction system were of equal
volume (15 ml) and consisted of a dilute solution of the extrac-
tion agent (acetlacetone or tri-n-octyl phosphine oxide) in
benzene and a dilute solution of the complexing agent (sodium
sulphate or EDTA) in aqueous perchlorate solution. The protactinium

(233Pa 234m

or Pa) was reduced to the tetravalent state either
electrolytically at a mercury cathode (pH27-8) or by 0.01 M Crz*

(pH 0-3).
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The system was equilibrated in an oxygen free atmosphere of

N2 or Ar and under controlled pH (= -log(H*)) and temperature.
The distribution of Pa(IV) was determined by measuring the
gamma activity of samples of each phase. All chemicals used

were of analysis quality.

Liquid-Liquid distribution investigations of Pa(IV)

1. Extraction with acetylacetone (HAA)

The distribution of Pa(IV) between dilute solutions of HAA
in benzene and 1 M (Na,H)C104 was investigated at different
concentrations of HAA and H' and at different temperatures.
all distribution data could be fitted to the function log D
= f(pAA), where D = (Pa)org/(Pa) and pAA = -log(AA~ ), see Fig.1.
From the limiting slope log D/ pAA = -2 at high pAA it was
concluded that the complexes formed were of the type gLn accord-
ing to the general theory for evaluating the composition of

=m
in a liquid-liquid distribution system. The species formed in

the composite metal complex M Ln(OH)p(HL)r(org)s(Hzo)t Yere

aqueous phase were M2+, MAA* and uncharged M(AA)a. the latter
being distributed between the organic and aqueous phases. MZ+
here denotes the Pa(IV) ion in the aqueous phase which must be
eitner PaO2+ or Pa(OH)§+. The stability constants for the Pa(IV)-
acetylacetone complexes were calculated as log 1= 6l

+
];og 5= 13.15-0.13 and log ((M(AA)%)org/ (M(aR),)) = 2.07
-0.10. Ltor the extraction reaction M + 2HAA(org) &*
M(aA), (org) + 2H*, the constants log Ky = -4,13%0.05, aH =
3022 kJ/mole and S = 2219 J/mole deg were calculated.

2. Extraction with acetylacetone in the presence of sulphate

The distribution of Pa(IV) between a dilute solution of HAA
in benzene and 1 M (Na,H)C10h was drastically changed in the
presence of sulphate, see Fig.1. A new extraction system M(AA)3
was progressively developed, at the expense of theM(AA)2 system,

with increasing sulphate concentration (at constant pH).
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It was concluded, from the sulphate dependence of the distrib-
ution of Pa(IV) ( log D/ 1log (SOA) -1), that there was

only one sulphate molecule per PatIV) complex.

The combined results frou the investigations of the influence
of the concentrations of acetylacetone, sulphate and hydrogen

ions led to the conclusion that the dominating reaction is

Pa(OH)SOZ + 3HAA(org) Pa(OH) (AA) 4 (org) + L3 G soi'

with the equilibrium constants log KD = -8.17 30.06, H =

1423 xJ/mole and s = 110311 j/mole,'deg. The stability const-
ants for formation of the Pa(IV) acetylacetone complexes from
the ra(IV) sulphate complex ; = (Pa(OH)(AA)n(B-n)+) (504- )/
(Pa(OH)SOZ)(AA_)n were calculated to be log ; = 12,3(20,1) and
log . = 18.34%0.,10. The distribution constant 5 = (Pa(0H)
(AA) ) g/ (Pa(OH)(AA) ) was found, as expected, to be greater
than the correspondlng > (log 3 = 2.5420,06 compared to log

> = 2. 07-0 10,

3, Extraction with tri-n-octylphosphine oxide (TOPQ)

The distribution of Pa(IV) between dilute solutions of
TOPO (0.0003-0.05 M) in benzene, and percilorate media of diff-
erent molarity (0.1-5.9), see Fig.2, shows that Pa(IV) is
extracted as an ion-pair solvated with two TOPO molecules
( log D/ 1log (TOPO) = 2) over the pH range O-3, This indicates
that the dominating ionic form of Pa(IV) in the aqueous phase
does not alter over this interval. The distribution of Pa(IV)
was constant for pH 1-3 but for pH 1 there was a sharp decrease
in the extraction of Pa(IV); this was a result of the extraction

of HC1OL+ at higher acidities than 0.1 M.

The very strong dependence on the extraction of the perch-
lorate concentration ( log D/ 1log (010#) = 2) suggests that
the extracted Pa(IV) aggregates contain two perchlorate anions,
which implies that Pa(IV) exists as a doubly charged cation
M2+, ie€e Pa(OH)§+ or Pa02+. The extraction constant and the
corresponding theramodynamic constants for the extraction regction
M°* + 2010, + 2T0PO(org) (* (10P0),) (G107, (org) at 25°C
(pH 1-3) were calculated to be KD = 4,41%10, H = -72%9 kJ/mole
and S = =157139 J/mole/deg.
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4, Extraction with acetylacetone in the presence of EDTA

The influence of the presence of EDTA (ethylenediaminetet-
raacetic acid, ‘10-5-‘10-3 M) on the distribution of Pa(IV) between
2.16 M acetylacetone in benzene and 1M (Na,H)C1O4 (pH 0-2, at

25°¢C) was investigated.

The following limiting dependences on the extraction, as
the complexation of Pa(IV) with EDTA increases, were found

(see Fig.3):

log D/ 1log (EDTA)tot = =1, logD/ 1log (HAA)org = 2 and
log D/ log (H') =2

A general extraction reaction is proposed based on the

dominating species in the two phases:

(a+b=4) + (2-b=c)-
MYH, e * + 2HAA(org) + cH M(aR),(org) + Hy ¥ c)-
b2 0

where HAY = EDTA and M2+ = Pa(OH);:+ or PaO2+

The main Pa(IV) - EDTA complexes may be derived from the
extraction reaction by considering that in the pH range 1.3-1.9,
c=2( logD/ log (H') = 2) and that the dominating EDTA

+

specie are H,Y and H_.Y ',
B 3 5

Consequently, MY2 and MYH are suggested to be the dominating
Pa(IV)-EDTA species.

The experiments are still in progress and more detailed

information will be published elsewhere.

Se Extraction with TOPO in presence of sulphate

The influence of sulphate on the TOPO extraction system (see
part 3) was investigated at 25°C in the pH range 0.,6-2.7. The
TOPO concentration was 0.0066 M and the aqueous phase consisted
of mixtures of 1 4 (Na,H,0.01 Cr)C1O4 and 1 M Na,SO,. The
ionic strength was somewhat increased (1.0 1.2) and the

perchlorate concentration decreased (1.0 (C10;) 0.9) by the
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addition of 1 M Na SOQ. The influence of these changes on
the distribution was, however, neglected as they have opposite

effectse.

A plot of the distribution (log D) against log (Na2504)
(Fig.4) shows a maximum slope, log D/ 1log (Nazsoq), of -1
which indicates that a 1:1 Pa(IV) sulphate complex is formed.

As the complexation between Pa(IV) and sulphate was decreased
at increased pH the ionic form of the sulphate molecule involved
in the reaction formmla must be HSOZ, as (HSOZ) is also dec-

reased at increased pH.

The complex formation can be expressed as

2+ - + 2+ - +
Pa(OH)2 + HSO, Pa(OH)so4 + H20 (or Pa0"" + HSO, Pa(OH)SO4)

The same reaction was found in the pH range O.4-1.1 at an ionic
strength of 0.50 and a temperature of 10°C, from a solvent
extraction investigation1o using HTTA (thenoyl trifluoroacetone)

as extracting agent.

The stability constant calculated from the present data
K = 1028407 _ 4 14 0.6-2.7, 25°C) is not very different
from that obtained in the HTTA investigation K = ‘102'50
( = 0.50, pH 0.50, 10°C). (The concentratlon of HSOQ was

calculated u51ng K(HSOu)/(H )(504 ) = ol OO, literature values

are K = 10 (ref. 11) and K = 107" 02 (ref. 12).

DISCUSSION

The present study of the aqueous chemistry of tetravalent
protactinium shows that Pa(IV) exists as a doubly-charged cation
Pa(OH)g+ or PaO2+ in the pH range from O up to at least 3.

This pH range was studied using both HAA (Fig.3 and 1) and TOPO
as extractingz agents (with HAA even higher pH was investigated
but no further hydrolysed species were observed for pH 6).
However, solvent extraction investigations using HTTA (Thenoyl
trifluoroacetone) indicate b that a progmssive hydrolyzation

of Pa(IV) occurs so that Pa(OH)Y (or PaO(OH)*) is developed
already at pH 1. Another study?o indicates, however, that
Pa(OH)g*(or Pa02+) is the dominating species in the pH range

O.b4=1.1.
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The oxygen (or the hydroxyl groups) on Pa(IV) must be firmly
attached because neither EDTA nor HAA was able to remove it
(or any of them), HTTA, howewer, seems to have enough complexing
power to achieve this and to form tetrakis complexes Pa(TTA)q.
Normally, only two HAA molecules can be bound to Pa(IV), but
a third HAA molecule was found to enter after protonization (or

dehydrolysation) of Pa(IV) with sulphate (forming Pa(OH)SOZ).
2+ 2+ -
The very broad pH range where Pa(OH)a, or Pa0~ ', diminates,
together with the very high stability of this ion towards EDTA

and HAA, makes the PaO2+ more probable than Pa(OH)g+.
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Figure 1.

Figure 2.

Figure 3. Distribution of

Figure 4.

Distribution of 233Pa(IV), at 2500, between dilute
solutions (0.1-2.5 M) of acetylacetone HAA in benzene
and 1 M (Na,H)c1ol+ (line 1) and 0.94 M (Na,H)moL+

+ 0.059 M Na,S0, (line 2) as a function of pAA (= =log
(AA7)). The solid lines are calculated from estimated
stability constants,

233Pa(IV) between dilute solutions

Distribution of
of tri-n-octyl-phosphine oxide (TOPO) in benzene

and perchlorate media at pH 1 and 25°C.

(€10,) =5.93H
(C10,) = 1.03 M
(C10,) = 0,13 M
233pat1v), at 25°C, between 2.16 M

acetylacetone in benzene and dilute solutions of EDTA

in 1M (Na,H)C10, as a function of pH (= -log(u*)).

(EDTA) = O M
(EDTA) = 10722
(EDTA) = 107>*%° M

Distribution of 233Pa(IV), at 25°C, between 0,0066

M tri-n-octyl-phosphine oxide (TOPO) in benzene and
mixtures of 1 M NaZSO“ and 1 M (Na,H)C10h at different
pH (= =log )]

pH 0.65
pH 1.99
pH 1.07
pH 0.65
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Figure 1. Distribution of 233pa(IV), at 25°C, between dilute solutions (0.1-
2.5 M) of acetylacetone HAA in benzene and | K (Na,H)C10, (Vine 1)
and 0.94 M (Navﬁ)(lok + 0.059 M NJZSDH (Vine 2) as a function of
pAA (= -1og[AA"]). The solid lines are calculated From estimated

stability constants.

Figure k. Distribution of 23%a(1v), at 25%C, between 0.0066 M tri-n-octyl-
phosphine oxlde (TOPO) in benzene and mixtures of 1 K NayS0, and
VM (Na,H)CIO, at different pn (= -log [H']).
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Figure 2. Distribution of 23%a(1V) between dilute solutions of tri-n-octyl-
phosphine oxide (TOPO) in benzene and perchlorate media at pH 1 and
25°%
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Figure 3. Distribution of 2'3pa(IV) , at 25%, between 2.16 M acetylacetone in
benzene and dilute solutions of EDTA in I M (Na,H)[th as a function

of pH (= ~log(H']).
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EXTRACTION OF ZIRCONIUM BY AMINES FROM SULP:ATE
MEDIA

Zdenek Malek, bDaria Schrotterova, Vera Jedinakova,
Miroslav Mrnka, Jiri Celeda,
Prague Institute of Chewnical recinology, Department of

wuclear Fuel Technology and ..adiochemistry, Czechlioslovaliia.

The mechanism of the extraction of zirconium from aqueous
sulphate solutions by tri-n-octylamine (TOA) dissolved in benzene
has been investigated using chemical and radiometric analysis
of the organic phase (with results evaluated by means of the
saturation metaod and logarithmical analysis of the extraction
curves), Infrared spectrometry and cryoscopic and viscometric
measurements have also been employed. Evidence has been obtained
for zircohium being extracted as a dimeric hydrated sulphato-
zirconate of TOA containing 8 RBNH+ cations and 8 HZO molecules
per 2 2r atoms. The ratio of the ligands 8042- and OH  (or

0°") has not been determined.
INTRODUCTIUN

The mechanism of the extraction of rare metal salts by
organic amines from sulphate media has not yet been successfully
elucidated. Moreover, there is not satisfactory knowledge of
the degree of formation of the various zirconium complexes
occurring in the aqueous phasey; nor on the nature of the extracted
species., Even information on the formula of the extracted complex
is incomplete and ambiguous, In determining the composition
of the extracted species, contradictory results are obtained

depending on the method used.

The first question which has to be decided in investigating
the amine extraction of sulpnate complexes of metals is the
structure and che.:iical composition of the sulphate of the amine

in the organic phase, this salt acting as the actual extractant.
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1)

We have investigated this problem in our laboratory , using

a number of methods, and have obtained the evidence that a low
H,50, 8,
prevailing species in the benzene phase is the monomeric
sulphate hydrate (RBNH)ZSO#'XHZO where z=4 to 6 (as found from

H 504 concentrations of the aqueous phase (c2

the Karl Fischer determination of the water content in the
organic phase). The free amine is present in anhydrous benzene
solutions as monomeric molecules. At higher H SOQ concentrations

Ceq °x SO A
of molecule of H 504 per 2molecules of the sulphate, and the

c,) there is an excess acid extraction in the proportion

cryoscopic degree of polymerization of amine in this salt is

equal to 4. These results indicate the formation of a mixed

normal and acid salt, the predominating species being (R3NH)2

SOQ.Z(RSNH)Hsou, which is hydrated by several H20 molecules,

A comparison with the amine salts of other acids shows that the

moiety resppnsible for this increased hydration is the doubly

charged anion 8042-. When the acidity of the aqueous phase

has exceeded the limits corresponding to 1 to 2 mol/dm-3 stoh,

the predominant species in the organic phase is the dimeric

monohydrate of the amine hydrosulphate (RjNHHSOQ'Hao)z’ which at

concentrations of the acid as high as 5 or 6 mol dm”~ y 1ee. in

the region where the water activity is lowered to some 50%,

traneforms into an anhydrous trimer of the amine hydrosulphate

(RBNHHSO#)B.
Of course, the regions of existence of these species overlap

and there are ranges where two or more individual species co-exist

in the organic phase. In principle, the exact propation in

which each of them is present may be determined from a detailed

investigation of all corresponding extraction equilibria in the

system H SOh HZO-TOA-benzene.

Sulphate solutions of zirconium have been tae subject of
investigation of a number of authors. Quite a number of salts
with various metal-anion ratios have been prepared. Studies of
infra-red spectra and other methods have shown that the Zr=0
bond, characteristic for the zirconyl cation, does not occur in
the sulphateocomplexes of zirconium (IV) in aqueous solutions.
* ¢° refers to an initial concentration in the aqueous phase.

A refers to the formed conc. of amine.
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Even at relatively low concentrations of sulphuric acid there
exist neutral or anionic complexes /Zr(SO#)x/a(x-Z)-. The
following equilibrium constants for complex formation have been

found:

by 2

zr't + HSO,W = er°42+ + H+ K. =4.6 x 10

1
eroqa+ + HSO, Zr(SOu)2+ H+ K,=53

2=

3 + H+ K,=1

zr(s0,), + HSO,~ = 2zr(s0,)
Hydrolysis of sulphate-complexes of zirconium was found
at concentrations of sulphuric acid lower than 0.5 mol dm-3.
The predominant form of zirconium (IV) in the concentration range

3

of sulphuric acid around 1 mol/dm ° is the Br(SOu)BZ_ complex.
The extradition of sulphato-complexes of zirconium has been
investigated by Yagodin, Chekmarev and Vladimirovaz), who
determined the amine-to-metal ratio in the organic phase saturated
with metal to be 4:1, The composition of the extracted species
was studied by the saturation method, as well as by the method
of the logarithmic dependence of the metal distribution ratio
on the concentration of the amine salt. The authors assume the
extraction of (RBI\lIi)[+Zr(SO‘+)‘+ species, however, without giving
any detailed data about the degree of polymerization in the
organic phase, nor about the co-extraction of water an attempt

to elucidate these details has been made in the present work.
EXPERIMENTAL

The dependence of zirconium (IV) extraction on the concentra-
tion of acid, sulphate ions, and amine was measured. By the
met:iod of saturating the organic phase with the metal, the amine
-to-metal ratio in the extracted compound was determined. The
zirconium concentrations in the organic and aqueous phases were

EXT

determined either radiometrically, employing , or by complexo=

metric titration (xylene orange as indicator).
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Cryoscopic and viscometric measurements were carried out by
standard metnods. The water in the organic phase was determined

by use of the Karl Fischer reagent.

Infra red spectra of the organic phases were recorded by
using a 325 Perkin-Elmer instrument with AgC1 cells in the range
oft 800-L+OOOcm-1 for the following conditions.

a) 0.2 mol dm-3 amine equilibrated with 1.5 mol clm-3 HZSOl+
as aqueous phase.
b) zirconium (IV) extracted at varying sulphuric acid concentra-

: o -3 -3 ¥ -3
tions (ch 9¢ dm “, cTOA 0.2 mol dm 7, c 0.3=3mol dm

o
HZSOI+ .
c) ditto with higher zirconium and amine concentration (cz

18¢g dm-s, 0.5mol dm-3 0.9-2.0mol dm-3 3

[e] -
o 3to2hgdm .

(o]
c y C
TOA H2804

RESULTS AND DISCUSSION

In Fig.1. is shown the dependence cof zirconium extraction
on the initial concentration of metal in the aqueous phase
(system of 0.25 mol dm-3 TOA benzene = 1 mol dm-‘3

The results correspond with those of Yagodin and co-workersz),

3

sulphuric acid).
i.e. at a sulphuric acid concentration of 1 mol dm~” the amine
is saturated at an amine-to-metal ratio of 4:1. Very different
results are obtained for zirconium extraction in the system TOA-
kerosene=1 mol dxzf'3 hZSO4 (where the amine-to-metal ratio in
the organic phase has been found to be 6:1)., Moreover, in
extraction by benzyloctylamine, a secondary amine, 1O.1mol dm-3
amine-kerosene-2mol dm-3 stou) the amine-to-metal ratio is
still higher. For further investigations we have chosen the
system with benzene as solvent, where it is possible to carry
out studies by infra-red spectroscopic as well as cryoscopic
methods.

From the dependence of the metal distribution ratio DZr on

the concentration of the extracting agent at very low metal

95

concentrations (radiouclide Zr) it was found that the slope of

the curve logD VSe logcA does not reach the expected value &4,

as would have fgrresponded to the results obtained by the
saturation method at macroscopic concentrations of zirconium,

but only the value 1. <trhe same result is referred to in papera).
The authors explain tais discordance by the non-ideality of the
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organic phase, i.e. by the aggregation of the amine salt. ‘They
assume tnat the amine salt present in the organic phase exists
as aggregates, consisting of m monomeric salt molecules; the
exponent in the devendence of DMe on cA would not be n (the
number of molecules of the extractant in the extracted complex
species) but n/m. Therefore, the observed slope 1 may be
explained on the basis that the four TOA molecules are not
combining with the zirconium ion separately as free particles,
but that they are bonded in a single aggregated particle. The
only form of the sulphates of TOA which suits this requirement
(from all those which have been detected in the organic phase,
is the species (RBNH)2504.2R3

molecules. From this it follows that the results of logarithmic

NHHSO4 hydrated by several water

analysis of distribution curves cannot be applied for the
determination of the formula of the extracted species, If we
consider (in agreement with the results hitherto obtained in
connection wit: sulphato-complexes of zirconium, only Zr-SOh
complexes and no extraction of mixed sulphato-oxo or sulphato-
hydroxo complexes, then the results obtained by the saturation
metnod, together with those obtained from slope analysis of the
extraction curves at trace concentrations of zirconium may be
interpreted in terms of the overall reaction scheme

/zr(soq)x/e(x'a)' +/\RguH) 50, 2(R;NEDHSO, /=

= /(RBNH)QZr(SOA)4/org+(3-x)H++(x-1)HSOh-

At higher HZSOQ concentrations where bisulphate is the
predominant species in both the organic and aqueous phase, the

extraction process may be described by the equation
/2Zr (50 )x/2(x-2)-+ 2/(R,NH.HSO,),/ __ =
4 3 4727 org

= /(RSNH)4Zr(s04)4/org + (4-x)H* + xHS0,”

witih the dimeric hydrated TOA bisulphate prevailing in the organic

vhase.
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According to these two equations, H* ions should have an
unfavourable effect on the extraction of zirconium in all cases
where the metal is present in the aqueous phase as sulphato-
complexes with x lower than 3 or 4., Increasing concentration
of sulphat has initially a positive influence, as long as there
are no sulphato-complexes in the solution (i.e. x=0), or, in
fthe case of the normal TOA sulphate co-existing with the bis-
ulphate, as long as the complexing of the metal has not exceeded
the value x=1 in the aqueous phase. Further increase of sulphate
above this limit has a negative effect on the extraction of
zirconium.

Ly

The H* ions compete with Zr for the ligand SOi_ in displacing

the metal ion from the complex:
/Zr(SOh)x/Z(x-a)-+ xHY = xHSO#- + Zr4+

This is a simple competition of two acidic ions (H+ and Zr4+)
for a common base (soi'). This fact becomes obvious from fig.2

as well as from the i.r. spectra.

In the infra-red spectra of the organic phase containing
extracted sulphuric acid the band corresponding to the stretching
vibration of bisulphate becomes visible at 850cm-1 which is in
good agreement with the values 844-877¢cu” | found for similar
systems by other authors. Furthermore, the entering of sulphate
into association with TOA resulted in the appearance of distinct
absorption bands at 1235,1156,1056cm-1 (published values 1232,

1156 and 1060cm™ ).

The absorption band of S-OH (850cm-1) characteristic of
extracted amine bisulphate gradually diminishes with extraction
of the metal, although it is particularly evident at the lower

concentrations of zirconium in the organic phase. At metal

concentrations co higher than 6g dhiw3 it is completely absent.

Zr
At constant initial concentrations of the metal the appearance

of the bisulphate band is shifted with higher concentrations of

sulphuric acid and its intensity increases with increasing acid

concentrations in the range of cH S0 between 1.45 and 3.0mol dm-B.
257,
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This may serve as evidence that there is no bisulphate present
in the organic phase at sulphuric acid concentrations lower

than 1.5mol dm™> and ¢, higher than 6g 9277,

Zr

The extraction of zirconium is connected with the appearance
of new absorption bands at 943 and 9980m-1, corresponding to
the Zr-0-S stretching vibration; these increase in intensity
simultaneously with the weakening of the HS0, band at 850cm™
as the metal comcentration is increased. At the same time
there is an increase of the intensity of the SOi- band at 1162cm-1
as well as of the other two sulphate stretching vibrations which
are shifted from 1158 and '].235cm-1 to 1150 and 1260cm-1. respec-
tively. When the concentration of sulphuric acid is increased
at constant metal concentration (e.g. cOZr=9g dm-3), the intensity
of the sulphatep-zirconate bands at 943 and 9980m-1 decrease,
the HSOA- band on 850cm-‘I avpears with growing intensity and the
bands at 1150 and 1260cm-‘I are shifted back again to their
original positions., This shows that the ions gt actually destroy
the sulphato-complexes of ar4+ in the organic phase by displacing
the ions ZrL"+ and converting the ligands 5042- into free bisulphate

ions.

The amount of water extracted into the organic phase is
proportional to the concentration of the amine and does not
depend on the metal concentration. When comparing the i.r.
spectra of the TOA—HZSOQ system with the spectra of the organic
phases containin;; zirconium, a slight shift becomes visible in
the OH band of water from some 3450 to 3495cm-1. which shows
that the hydrogen bond between water and the complex anion is
weaker than in the caseof the simple 5042_ anion. From the
determination of water in the organic phase by using the Karl
Fischer reagent, it was a@abserved that in the concentration range
of the acid and metal investigated in the present work, water is
always present and the constant amine-to-H20 ratio 1:1 remains
unchanged. Hence one may infer that the basic structure of
the amine salt remains unaffected by the metal extraction. The
metal complex seems only to associate with the salt, without

any substantial changes in its structure and degree of hydration.
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Cryoscopic measurements of the orggnic phase over a broad
concentration range of sulphuric acid and zirconium (IV)
have shown that the extracted metal complex is present as a
dimer at macroscopic concentrations of the metal; this is in
contrast to the 1:1 slope observed at micro-cohcentrations,
where the dimers must necessarily dissociate into monomeric

species.
COnCLUSIONS

1. It has been deduced from results obtained by the saturation
method, that the metal-to-amine ratio in the case of zircohium,
extracted by solutions of tri-n-octylamine in benzene from
aqueous solutions of sulphuric acid is equal to 1:4.

2. At H SOL+ concentrations in the aqueous phase lower than
1¢5mol dm 3 the protons in the TOA bisulphate present in the
organic phase are quantitatively displaced by Zr4+, and the

HSOA- ions are thus converted into deprotonated 5042- ligands

bound to zirconium,

3, At higher H soh concentraztons there is a competltlon
between the cations H and r for the ahions 804 , the result
of which is a decrease of the metal extraction due to the
sulphatozirconate of TOA in the organic phase being destroyed

and the ligands 5042- transformed back into TOA bisulphate,

4, Water is coextracted at higher H2304 concentrations, giving
a water~to-amine ratio of 1:1, independently of the amount of
zirconium extracted by the TOA sulphate. At very high H SOQ
concéntrations (above 6mol dm~ ) a dehydration of the organic

phase sets in.
5. From the results it is inferred that zirconium is extracted

at macroconcentrations of the metal in the form of the hydrated
dimeric TOA sulphatozirconate /(33“H)hzr<s°#)u'“nzo/2‘
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6. These conclusions cannot be generalized to apply to the

amine extraction of zirconium sulphates in diluents other than

benzene.,
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The Composition of the Organic Phase in the System

Tri-n-decylphosphine oxide(TDPO)—CsHG—Hcl—HZO

J. Sladkovska, V. Jedinakova, M. Mrnka

Prague Institute of Chemical Technology,
Dept of Nuclear Fuel Technology and Radiochemistry
Prague, Czechoslovakia

Abstract

From chemical analysis of the organic phase and from cryoscopic and visco-
sity measurements, as well as from the infra-red spectra of the organic phase
in the normal (H2O-HCI) and the deuterated (Dy0-DC1l) system, it is concluded
that as the HC1l concentration increases, HCl adducts of TDPO.H,0 are first
formed, and then anhydrous adducts of TDPO. The adducts are in some degree
polymerised,

Introduction

It has been shown(1) that among organic derivatives of orthophosphoric
acid the polarity of the PO group increases in the order phosphate € phosphonate
<€ phosphinate € phosphine oxide., On this account special attention has been
paid to the phosphine oxides, which for the majority of metals give the highest
values of the distribution ratio and in some cases high selectivity for parti-
cular metals,

The extraction of metals and acids is usually accompanied by the extraction
of water and water is indeed soluble in the phosphine oxide/diluent mixtures
themselves, where it bonds with the phosphine oxide molecules, h3 degree of
hydration of the phosphine oxide increases with its concentration 2) and depends
on the type of the diluent(3§ n% on the temperature.?"'s In € 0,1M TBPO or
TOPO the monohydrates TBPO.H 0?5 and TOPO.H20(5) predominate, At higher
concentrations of the extractant asgociates of the type mTXPO.nHZO X = alkyl)
have been found, where m,n Y 1,(4-6

I? experiments on m%neral acid extraction by phosphine oxides (HNO ,(7-10)
Hp80,,(7,11,12 HC1(8513)) it was found that associates between the phosphine
oxide and the acid may be anhydrous as well as hydrated: the degree of hydra-
tion depends on the concentrations of the acid and the extractant, an% gn the
diluent used, Thus in the extraction of HC1l by 1,25M TOPO in octane 8) the
species found in the organic phase were 2TOPO,2H,0,HCl at € 2M HC1 (aq), and
2T0P0.2H,0,2HC1 at 4M HC1l (aq). Similarly in tﬁe extraction of HC] by TBPO in
CCly at % 2.5M HC1 (aq) the prevailing species in the organic phase 13) are
TBPO,HC1,nHpO and 2TBPOHC1.nHyO (n = 1-3), the latter being formed by dipole-
dipole interaction between the former species and molecules of free TBPO,

In the present work the mechanism of the extraction of HCl by tri-n-decyl
phosphine oxide (TDPO) solutions in benzene has been investigated by determining
the co-extraction of water and the degree of association of the extractant in
the organic phase as measured cryoscopically. As an auxiliary guide in
evaluating the experimental results, the infra-red spectra of the organic
phases in the systems HC1l-H,0-TDPO-benzene and 2401~ Hy0-TDPO-benzene were
examined.

Materials and Methods

Hydrochloric acid was of A,R. grade. The deuterated acid was prepared
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from POClz by reaction with 2H20’ and the degree of deuteration was tested mass
spectromezrically.

The TDPO was of commercial purity and was used without further purification
and dissolved in A,R. benzene,

The freezing point of the organic phase was determined by a standard cryo-
scopic method and its viscosity was measured by means of an Ubbelohde viscometer
at 259C, Water was determined by the Karl Fischer method.

Infra-red spectra between 700-4000 cm_1 were recorded with a Perkin-Elmer
325 instrument.

The extraction experiments were carried out at 25 + 2°C. Equal volumes
of the aqueous and organic phases (20 ml of each in the case of HCl and 1 ml of
each in the case of °HC1l) were shaken for 10 mip, this time having been esta-
blished as sufficient for full equilibration, 1 Three TDPO concentrations
were used: 0,12M, 0.25M and 0.30M.

Results and Discussion

Fig, 1 shows that [HCljorg increases steadily with [HCl]a and that the
Cic1l q* DPQ), ., ratio reaches unity at 6-7M HC1 (aq). It o Shoi) T

the tﬁgQJor {or ore Tatio is approximately unity over the range 0-41 HC1 (aq),
and thereaf%er decregses. These results strongly suggest the formation of
monohydrates, viz. TDPO.H,0 in the absence of HCl, and of TDFPO.mHC1.H,0 as HCL
is added to the system up to 4M HC1 (aq). At higher HC1l concentrations,
anhydrous compounds must be formed.

The results in Fig., 2 indicate increasing polymerisation as the HCl con-
centration increases, although they are difficult to interpret quantitatively.
If in the range 0-4M HC1 (aq) the HC1l entering the organic phase adds on to
TDPO.H,0, as we have suggested, then the fall in &t as CHClJor increases,
implies that the TDPO.mHCl.H20 species must be more highly polymerised than
TDPO,.H,O0. The continuing fall in At at higher HC1l concentrations implies
a stili greater degree of polymerisation of the anhydrous TDPO,.mHC1l compounds.
How far TDPO.H,O itself is polymerised, if at all, cannot be stated, because
it is not kmown how well TDPO-water-benzene solutions obey Raoult's law,

The infra-red results support the conclusions so far reached. There is
a sharp peak at 3680 em~1 (oH stretch), indicating the presence of free OH 1
groups, not bonded for example to TDPO, and a broad band at 3360 or 3400 cm
due to hydrogen-bonded OH groups. The former is produced only by the species
TDPO.H,0, and diseppears as expected at @ 6M HCl (aq). The latter remains,
but shifts to the higher of the frequencies indicated, presumably because the
hydrogen bond is weaker in TDPO.mHC1l.H,0 than in TDPO.H50. At still higher
acidities, the broad band also tends to disappear, as anhydrous species are
formed,

A similar pattern is observed in deuterated systems, but at lower fre-
quencies, viz, 2700 cm~! (free OD) and about 2480 em™~! (bonded OD).

The PO stretch peak at 1168 cm-1 in the absence of HCl is gradually re-
placed by one at 995 em=! as HC1 is added. Such a large shift cannot be
ascribed merely to hydrogen bonding, and indicates protonation of the strongly
basic PO group by direct reaction with the extracted HC1. No sharp peak
corresponding to free PO-H* bonds could be detected either in the non-
deuterated or deuterated system, but instead there was a broad absorption con-
tinuum in the region 1000-2500 cm‘1. A very broad absorption below 2200 cm=1

was also observed at high acidities, when the anhydrous adducts are formed,
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Fig,1 The Extraction of HCl by TDPO in Benzene and the Co-

extraction of Water at the Extraction of HCIl
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Fig,2 The Dependence of the Freezing Point and Viscosity of
the Organic Phase on Starting Concentration of HCI in

the Aqeuos Phase
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THE KINETICS OF URANEUM, PLUTONIUM, RUTHENIUM AND
ZIRCONIUM EXTRACTION WITH TRIBUTYLPHOSPHATE

by - M.F. Pushlenkov, N.N. Shchepetilnikov, G.I. Kuznetsov,

F.D. Kasimov, A.L. Yasnovitskaya, G.N. Yakovlev

ABSTRACT

The kinetics of the centrifugal extraction of uranium,
plutonium, ruthenium, zirconium and nitric acid with tributyl-
phosphate have been investigated. An experimental technique
has been developed for making these measurements. It has been
established that the rate of uranium plutonium and nitric
acid extraction is diffusion contpolled. The period of mass
transfer (98-99% of the equilibrium state) varies from 0.6~
6 sec. The rate of ruthenium extraction is limited by slow
chemical reactions in the aqueous phase. It is shown that
the centrifugal extractor can be effectively used for uranium
and plutonium extraction. In some cases the distribution ratios
of the elements can be changed by taking into account the

differences in the rate of their extraction.

V.Ge. Khlopin Radimm Institute, Leningrad
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INTRODUCTION

Centrifugal extractors have been developed for radiochemical
production in the USSR, USA, France, FDR and in some other
countries. The high output of these extractors and their
comparatively small size, the possibility of using them for work
with viscoms solutions, the 30-50 fold reduction of phase
contact period as compared to gravitational extractors and the
corresponding lowering of extractants radiolysis all make the
centrifugal apparatus especially effective. Hence, they offer
the facility for processing highly radioactive solutions of
"hot'" fuel elements by extraction with short contact times.
Moreover, they may be particularly useful for processing fueld

elements from fast neutron reactors.

The duration of the phase contact time in the centrifugal
extractor is a few seconds. For example, in small centrifugal
extractors (SCE), the phase contact time is 3 sec/1/ and 1.8
sec/z/. Therefore, under these conditions, it is necessary to
know the period required for the essentially complete mass transfer
of the components concerned. It seems impossible to calculate
the period necessary for mass transfer in centrifugal extractors
from the results of several papers which have been published
on the kinetics of extraction of the actinides of uranium, for
example/s/s, as the experiments were carried out under conditions

that were quite different from the mixing conditions appertaining

to a centrifugal apparatus.

This work is dedicated to the investigation of the kinetics
of the extraction of uranium, plutonium, ruthenium and zirconium
with tributylphosphate in a diluent when the process is carried

out in the centrifugal extractor (SCE).
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EXPERIMENTAL

Methods_ - Methods based on a SCE were worked out and the install
ation was set up for the investigation of the extraction process
kinetics in the centrifugal apparatus with a phase contact time
from 0.6 to 18 sec. The working solutions were fed under

gravity from the thermostated pressure vessels into the centrifugal
extractor and were collected in the receiving vessels. The

feed stock was regulated by means of needle valves and the
volumes were measured using rotameters. The temperature control
at the inlet and outlet from the extractors was carried out by
means of thermometers. The extractor was driven by an electric
motor. The extractor rotation rate was regulated by a laboratory
autotransformer and was checked by means of a tacho-~generator

and a voltmeter. The principle of the extractor action has been
described in detail ref /1/, but the volume of the mixing chamber
in this work was decreased to 5.10-6153 « Experiments were
carried out at an extractor rotation rate of 22-67 rev/sec.

The temperature at which the experiments were carried out was

295 & 1SK, except in the case of the experiments on the teupera-
ture dependence of the extraction kinetics. The total rate of
flow of the aqueous and the organic solutions was varied between
37 x 10-6ﬁ3/sec and 1.1 x 10-4m3/sec, which corresponds to a
change in the phase contact time from 18 to 0.6 sec. In the
majority of the experiments the fraction of the aqueous phase

in the total stream of the working solutions (Y aq) was

0.6; for other cases the value of P aq is given where the
results of the experiments are shown. Calculation of the extrac-
tion process efficiency (E) and of the degree of reaction was

/7

made according to the methods described in reference

In order to mix the liquids in the gravitation at field,
the vessel used was in the form of a glass cylinder of diameter
0.018 m with a stirrer of diameter 0,010 m equipped with a
mercury shutter. .he worixing volume of the vessel was 10-5m3.

The rotation rate of the stirrer was 20 rev/sec.
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Analysis and ‘compounds = UJranium was analysed at concentra-

tions using the gravimetric method in the form of U30' At low
concentrations, uranium was determined colorimetrically. Nitric
acid in the presence of uranium was determined by the conducto=
metric titration with alkali. The plutonium concentration was
determined by o«‘ counting. Plutonium was separated from
uranium by means of plutonium co-precipitation with the double
sulphate of potassium and lanthanum in a reducing medium,

The ruthenium and zirconium content was separately calculated
by &l' counting. <the rutinenium concentration in the aqueous
feed solution was determined according to the methods described

/9.

in reference The samples of solutions for analysis were
taken under standardised operating conditions of the centrifugal
extractor worx which corresponded to tenfold exchange of

solutions in the apparatus.

Repeatedly recpyystallized uranyl nitrate was used in our
work. The 239Pu was in nitric acid solution. The plutonium
was stabilised in the tetra valent state by means of sodium
nitrate/B/. The ferrous sulphamate used for the experiments
on the reductive plutonium stripping was prepared by heating
sulphamic acid with metallic iron for 8 hours at a temperature

of 333 K.

The feed solution containing nitrosoruthenium nitrates
labelled with 106nu was prepared according to the methods des=-

/10/. This solution contained a mixture of

cribed in reference
rad.uactive and stable ruthenium isotepes and had a ruthenium
content of 3.4 x 10-3M and § -equivalent 2.5x10-3g-eq/1.

It was kept in 8M nitric acid for several days. The ruthenium
distribution ratio \DRu} was periodically determined during the
course of its extraction into 1.1 M tributylphosphate in carbon
tetrachloride for a phase contact time ( Yf) of 5 minutes in

glass vessels:

W res3 (days) @ 14
Dru 1 17,2 1,0 0,9 1,1 0,9 1,k 1,2

n
W
=
\n
o
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It is evident from the results shown that a two-day residence
time measured from the moment of finishing the synthesis, is
sufficient to obtain a feed solution in which all the forms of
ruthenium complexes being extracted are in equilibrium.

95

The zirconium nitrate feed solution, labelled with 2r,

was prepared in the following way. An oxalic solution acid f3

95 95

containing the Zr - N63) was evaporated down several times
with the concentrated nitric acid in order to destroy the oxalate-
ions, The nitric acid solution obtained was kept above processed
glass wool in order to separate the niobium(qq/ In order to mix
the isotopes a sample of zirconyl nitrate prepared and an aliquot
of radioactive zirconium solution prepared by the above method
were evaporated down together four times in 10M nitric acid.

a1l evaporations were carried out on a water bath. as a result
of this, the concentration of the feed solution was 10-3M
zirconium in 10M hitric acid. Before commencing the experiments
the solution was diluted to give the required nitric acid
concentration, and the period for which the solution had been
kept was checked upon. It was éstablished that the zirconium
distributioncoefficient in 2M nitric acid remained practically

instant over the two days beginningfram the moment of dilution.

tributylphosphate and carbon tetrachloride were purified

/12/

the mixture of aliphatic hydrocafbons AHC) with the specific

according to the methods for the dilution of the forumer.
gravity 0,72 g/cm3 (at 293K) and boiling point in the range
383-543K and the n-decane that were used as tributylphosphate
diluents were treated with concentrated sulphuric acid and
phosphorous anhydride,and then. washed with a 1M solution of
caustic soda and with distilled water until they gave a neutral
reaction. After the uranium has been stripped out, the organic
solution was washed with a 0.,5M sodium carbonate solution,
followed with 0.5M caustic soda and finally with distilled
water. It was subsequently acidified with nitric acid until

the equilibrium in the aqueous phase concentration was 2M with
respect to nitric acid. The nitric acid and all the reagents
were chemically pure. The solutions were prepared with distilled
water. The density of the solutions was measured using a hydro=-
meter. The viscosity of the solutions was determined with a

viscometer.
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All the results are the average of three parallel determina-
tions. The time required for the establishment of 98-99%
eguilibrium between the phases was defined as the period of

practically complete mass transfer.

Results

A typical series of curves showing the changes in uranium
extraction efficiency vs. phase contact time is given in Fig.1.
As is evident from Fig.1., the time required for practically
complete mass transfer (period of setting up the equilibrium
between phases) at centrifugal extractor rotation rates of
22, 30 and 67 rev/sec. is 6, 3.5 and 0.8 sec. respectively
for the system 0,011M uranyl nitrate - 2M nitric acid - 1.1M
TBP in AHC.

The time required to attain equilibrium between the phases
in the case of nitric acid which is necessary for the extraction
of uranium, plutonium and other elements, as well as for uranium

is shown in Fig.2 and 1).

When the uranium concentration in the aqueous feed solution
was increased up to O.43M, the time necessary to establish
equilibrium also increases as shown in Fig.3. Tje experimental
activation energy is about 6 Kcal/mole if the assumption is made

that the area of interfacial surface is independent of temperature.

When carbon tetrachloride is used as diluent (Fig.4), the
time required to establish equilibrium during the course of the
uranium extraction is 1.5 times snorter taan if the mixture of

aliphatic hydrocarbons (AHC) is used as the diluent.

The time required for the practically complete mass transfer
in the extraction and stripping of plutonium (IV) (Fig.5.).,
is almost the same as that for uranyl nitrate at a concentration

of 0.11M.
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Fig.6 shows the uranium and plutonium concentrations in
the organic phase during their co-extraction as a function of
the phase contact time. When the centrifugal extractor rotation
rate was 43 rev/sec, plutonium was more rapidly transferred
into the organic phase than uranium. rurther saturation of
the extractant with uranium resulted in a decrease in the
plutonium concentration in the organic phase. An extractant

saturation of 86% with respect to uranium was achieved.

The rate of plutonium stripping with divalent iron is less
than in the processes discussed above; it depends on the nitric
acid concentration and in the ferrous ion concentration (Fig.7).
The experimental activation energy in 2M nitric acid is 18 kcal/

mole for a reducting agent concentration of 0,05M.

Since it is known that the properties of nitrosonitrate
ruthenium complexes and their ratio depend on the methods used
for the preparation of the solutions and on the time for which
they have been allowed to stand, tae time required to establish
equilibrium between the ruthenium complexes in aqueous solution
(Fig.8) were determiped before any experiments were carried out
on the investigation of the ruthenium extraction kinetics. The
time required to establish equilibrium as the nitric acid concen=-
tration is changed from8, 6 and 4M to 2M (curves 1-3) is 2-=3
days, 6-7 hours and 2-3 hours respectively. The experimental
activation energy for ruthenium transition from the state present
in 2M nitric acid to the state present in 4M nitric acid is
21 kcal/mole,

The dependence of D on the phase contact time ( ) Ay

Ru
the extraction of nitrosoruthenium complexes from nitric acid
solutions with 1.1M tributylphosphate in CC14 using a centrifugal

extractor.
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Nitric acid concentration, M

'Z’ ySec
2 L 5.2
0.6 0,041 0.0105 00,0030
1.2 0,042 0,0104 0.0032
4,8 0.040 0.0106 0.,0028
9.0 0,043 0.,0103 0.0029
22 0.043 0.0109 0.0031

The dependence of the ruthenium distribution on the phase
contact time (1f) is shown in Table 1 and in rige9. Because of
the difficulties associated with these methods, experiments
were carried out in the centrifugal extractor for values of
’C = 0,6-24 sec, and for values of 7 24 sec, they were carried
out in a gravitational extractor.A change in the dependence of
D, on the rate of rotation of the stirrer (n) in the gravitaticnal
apparatus for an aqueous phase nitric acid concentration equal
to 4mM,

DRu n, rev/sec.
= 60 sec = 300 sec
0.0132 0.0167 20
0.0134 0.0187 30
0.0134 0.0182 38

Ruthenium distribution is only observed in the case when the
phase contact time is greater than 60 sec. The rate of ruthenium
extraction decreases as the acidity increases. (Fig.9). The
dependence of the rate of ruthenium on the intensity of phase
mixing is shown in Table 2. The experimental activation energy

with 2M nitric acid is 16 kcal/mole.
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The dependence of the efficiency of xirconium extraction
on the phase contract time is shown in Fig.10. The time required
to achieve the practically complete mass transfer of zirconium

is longer than 6 sec.

Discussion

In order to determine the optimum working conditions for
the extraction apparatus it is necessary to define thefactors
that affect the time of mass transfer, which, in turn, controls
the overall rate of the process., The limiting factors is
either the rate of diffusion of the compounds to the reaction
zone and the rate of diffusion of the products from the reaction
zone or it is the rate of the chemical reaction associated with
the extraction process. The main variables which provide informa=-
tion to which of these possibilities is the rate determining
step are the intensity of mixing and temperature. It is known
that it is characteristic of extraction processes in which the
rate determining step is the chemical interaction of the compounds
taking part in the reaction that the rate is strongly dependent
on the temperature and is almost independent of the intensity
of mixing /13, 14/. The rate of diffusion is strongly dependent
on the intensity of mixing and only slightly dependent on the

temperature.

The dependence of the uranium, plutonium and nitric acid
extraction rates on the intensity of mixing (Fig. 1-5), lead us
to conclude that the rate determining step is that involving
the diffusion of the reactants. The time required for the pract-
ically complete mass transfer of each of these compounds for
n = 42 rev/sec is almost the same and is about 2 sec., (Fig. 1,
2t 5 ) It is to be noted that tnis conclusion concernin; the
diffusion controlled kinetics of nitric acid extraction in a
centrifugal extractor (Fig.2) is in accordance with conclusions

/12/

determining step in the kinetics,of the nitric acid extraction;

which have been drawn in reference concerning the rate

the latter conclusion was drawn on the basis of data obtained

using different phase mixing conditions.
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The small value of the activation energy, which is bkcal/
mole, for the system 0,42M uranyl nitrate - 2M nitric acid -
1.1M tributylphosphate in AHC provides additional confirmation
that convective diffusion is the rate determining step in the
processes under investigation. The decrease in the rate at
which equilibrium is established duringthe course of uranium
extraction, as the concentration of the latter is increased,
(Fig.1, 3), can be explained by the increase in the viscosity

of the solutions.,.

The time required to establish equilibrium in the stripping
of plutonium is almost the same as it is in the extraction
process; in both cases, the process is diffusion controlled
(Fig.5), and the time required to establish equilibrium is

independent of the nitric acid concentration.

It follows from Fig.6 that the uranium and plutonium
distribution depends on the phase contact time, thus, when T
is changed from 18 to 1.5 sec distribution increases by a factor
of 3.5 This fact provides an example of how the partition
of elements whose distribution ratios are similar under equil-
ibrium conditions can be improved when the process is carried

out under non-equilibrium conditions.

vhe reductive stripping of plutonium can be represented in

the following manner:

I org =— aq laq
[P ] oo pu IV] .;’[pu 119

According to this formula the rate determining step for these
processes is controlled by the rate at which plutonium IV is
transferred from the organic into the aqueous phase and by the
rate at which plutonium IV is reduced by ferrous ions in the
aqueous phase. This latter process is a very slow one; it
depends on the nitric acid and reducing agent concentration
(Fig.7) and to a considerable extent, on the temperature.
Plutonium IV is rapidly transferred from the organic to the aqueous
phase (Fig.5). From a consideration of all the data obtained
we may conclude that, at high nitric acid concentrations, and
at low concentrations of the reducing agent, the rate determining
step in the reductive stripping of plutonium is the slow chemical
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reaction involving the reduction of plutonium in the aqueous

phase.

The kinetics of the reduction of plutonium IV by Fe(II)

is represented by the equation:

V=K (Fe(II)) (Pu(IV))
aq

"
where K ~ is the effective rate constant in
4M HNO,.
3

oince (Fe(II)) (Pu(IV))aq, it can be written:

Vo= K(Pu(IV))aq, where k = K'(Fe(II)). According to the data
in Fig.? (curve 1), the rate constant is 0.76 x 1077 mole/sec.
The equilibrium concentration of PulIV) in the aqueous phase in
the absence of the redusing agent was 1.9 x 10 M. Thus, in the
first aporoximation, k! = 40 rev/mole sec. tnence K = 4O(Fe(II))
rev/sec. When the nitric acid concentration in aqueous phase is
<. 1M the rate of plutonium reduction becomes comparable with
I;s rate of diffusion (Fig.7 and 5). When the nitric acid concen-
tration is decreased in the aqueous phase at rather higa concentra
tions of Fe(II), the process may take place under such conditions
that the rate determing step is either the rate of reduction of
the plutonium into the trivalent state or the rate of diffusion

of the tetravalent plutonium from tae organic to the aqueous phase.

The data of various authors concerning the time required to
establish equilibrium in ruthenium complexes is rather contradictory
/15/18/. It is known that a solution of ruthenium nitrosocumplexes
in nitric acid is a mixture of generically related complexes with
different extraction properties. whea the acidity of the solution
is changed, their ratio is ch.nged and a new equilibrium state is
achieved after tie elapse of some time. The slope of the curves
in Fig.8 is indicative of the reversible character of the process
being observed and, accordingly suggests that true equilibrium
is being attained. Equilibrium is established rather slowly and
the time required to establish the new equilibrium is proportional

to the magnetude of the change in the acid concentration.
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It is evident from the data given in Fig.9 tnat the values

for ruthenium distribution ratios obtained by extrapolation to

= 0 are not equal to zero. .his testifies to the rapid initial
stage of the process which is finished in less than 0.6 sec
\Table 1) according to the data obtained using the centrifugal
extractor. This is in agreement witn the data for the diffusion
of uranium and plutonium and nitric acid. Hence the conclusion
can be drawn that the first step in the extraction of ruthenium

is diffusion controlled.

As a result of the diffusion of highly extractable nitroso-
ruthenium complexes into the organic phase, tihe equilibrium in
the aqueous phase is upset. The second step in the process is
the chemical transformation of weakly extracted complexes into
readily extractable ones. The rate of this second step of the
process depends on the nitric acid concentration (Fig.9).
According to tne data presented in Fig.9, the process in the
second stage has a reaction order of 2.2. with respect to (HNO3)'
The rate constant for this process in 1M HNO3 is 0,0018 rev/min.
the large value for the experimental activation energy may be
taken as confirmation of the fact that the rate determining step
involves a chemical reaction. The fact that the ruthenium dist-
ributisén ratio is independent of the intensity of mixing (Table 2)
is one more piece of evidence in support of the chemical character

of the second step.

The time required for the practically complete mass transfer
of zirconium is more than the time required to establish equil-
ibriuam for the diffusion process, Fig.10 and 1-5. This is
probably due to the slow cheuiical transformation of non-extractaole

zieconium complexes into extractable ones, in case of ruthenium,

a time of two seconds is sufficient to extract uranium and
plutonium in the centrifugal extractor at a rotation rate of
42 rev/sec. It is evident taat, in this case, the distribution
ratios of uranium and plutonium can be relatively increased with

respect to those of ruthenium and zirconium.
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CONCLUSIUNS

Te That kinetics of the extraction of uranium, plutonium,
zirconium and nitric acid by tributylphosphate in a diluent

have been investigated using a centrifugal apparatus.

2. The rate of mass transfer of uranium plutonium, and
nitric acid under the conditions studied is determined by the

rapid convective diffusion step which is finished in 0.6 to 6 sec.

3 The rate of mass transfer of ruthenium as well as of plutonium
during reductive stripping is determined by the slow shemical

reactive steps.

4, The use of a centrifugal extractor allows one to carry out
the uranium and plutonium extraction process quite effectively

using a short phase contact time.

5 It is shown that, in some cases, the distributian ratios
of the elements can be increased if the process is operated under

non-equilibrium conditions.
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Fig.1. The dependence of the efficiency of uranyl nitrate

extraction on the phase contact time in a centrifugal
extractor., The system was as follows: 0,011M uranyl
nitrate in the feed stock agueous phase = 2M nitric
acid - 1.1M tributylphosphate in a mixture of aliphatic
hydrocarbons (AHC). Rotation rate, in rev/sec: 1) 22,
2) 30, 3) 42, 4) 50, 5) 59, 6) 67.
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Fig.2. The dependence of the effieiency of nitric acid extrac-
tion on the phase contact time in a centrifugal extractor.
The system was as follows: 2M nitric acid = 1.1M tributyl-
phosphate in AHC. Rotation rate, in rev/sec: 1) 22,
2) 30, 3) k2.
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Fig.3.
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The depcndence of the efficiency of uranyl nitrate
extraction on the vhase contact time in a centrifugsal
extractor. The systeam was as follows: 0.42i1 uranlyl-
nitrate - 2M nitric acid - 1.17M tributlyphosphate in
AHC. Rotation rate, in rev/sec: 1) 22, 2) 30, 3) h42.
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The dependence of the efficiency of uranyl nitrate extrac-
tion on the phase contact time in a centrifugal extractor.
The system is as follows: O.42i uranyl nitrate - 2M
nitric acid - 1.1M tributylphosvhate - carbon tetrachloride.
Rotation rate, in rev/sec: 1) 22, 2) 30, 3) 42.
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Fig.5. The dependence of the efficiency of plutonium extraction
and stripping on the phase contact time in a centrifugal
extractor., 1 to 3., Plutonium extraction. The system is
ai Pallanst bl % A0 5 plutonium (IV) nitrate - 2M
nitric acid - 1M tributylphosphate in AHC. Rotation rate
in rev/sec: 1) 22, 2) 30, 3) 42. 4 to 6. Plutonium
stripning: 4.2 x 10_5M plutonium (IV) nitrate in organic
feed solution (1.47M tributylphosphate in d-decane). The
rotation rate was 47 rev/sec. Nitric acid concentration
in the aqueous phase, in ¥ : 1, 1, 2) 2.5, 3) 4.
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Fig.6. Uranium VI and plutonium IV concentration in the organic

phase and its dependence on the phase contact time in a
centrifugal extractor. The system was as follows:

1M uranyl nitrate - 1.2 x 10-4M plutonium (IV) nitrate-2M
nitric acid 1.1M tributylphosphate in AHC,\(aq = 1.5

1) plutonium (IV), 2) uranium (VI). The rotation rate
was 42 rev/sec.
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Fig.7.
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The @ependence of the efficiency of the reductive stripp-
ing of plutonium on the phase contact time in a centrifugal

5M plutonium

extractor. 1 to 3 the system was: 4.2 x 1"
(IV) (in organic feed phase) - 1.47M tributylphosphate-n=-
decane~4M nitric acid Fe(II). #e(II) sulphamate concentra-
tion in aqueous feed solution, in M : 1) 0,001, 2) 0.05,
3) 0.02. 4 to 5.

The system was: 4.2 x 10~

M plutonium (IV) in organic
feed phase - 1.47M tributylphosphate-n-decane-nitric acid
~ 0.05M Fe(II). The nitric acid concentration in the
aqueous phase in M was: 4) 2.5, 5) 1. 1 to 6. The

rotation rate was 47 rev/sec.
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Fig.8. The dependence of the distribution ratio for Nitrosoruth-
eniup complexes on the time for which the aqueous
solution had been allowed to stand after preparation.
Nitric acid concentration after the preparation of the
solutions from (in M): a) 2, b) 4, ¢c) 5.2. Nitric aeid
concentration in feed solutions (in M): 1) 8, 2) b,

3) 4, &) 8, 5) 52, 6) 2, ?7) 11.6, 8) 4, ‘''he phase

contgct time was 5 min in the gravitational apparatus
(curves 1-6) and 1.4 sec in the centrifugal apparatus
(curves 7-8). The organic phase was 1:1M tributylphosphate

in carbon tetrachloride,
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Fig. 9. The dependence of the distribution ratio for the extrac-
tion of nitrosoruthenium complexes with tributylphosphate
in carbon tetrachloride. ‘'he rate of rotation of the
stirrer was 20 rev/sec.

E
7
%
100
X
50 1
x
L T T T T
1 2 3 4 5 é T, sec
Feg 70
Fig.10., The dependence of the efficiency of zirconium nitrate

extraction on the phase contact time. This system was
2 X 10-4M zirconium nitrate - 2M nitric acid - 1.1M
tributylphosphate - AHC, The rotation rate was 42

rev/sec.
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LISTS OF DESIGNATIONS

E - extraction process efficiency, the degree of transformation,
AHC - mixture of aliphatic hydrocarbons.
DRu - ruthenium distribution ratio that was obtained as t.ie

ratio of ruthenium analytical concentration in the aqueous
phase at a given phase contact time ('tf), generally,
it is a non-equilibrium distribution ratio.

n - rotation rate, rev/sec.

uranium concentration in the organic phase at a given

o<
[=
1

phase conctact time, .

qu - plutonium concentration in the organic phase at a given

phase contact time, .

Pu.IV), Pu(III) represent tetra - and trivalent plutonium,

respectively.

aqueous phase fraction in the combined stream of aqueous

f) aq

and organic phases.
YT - phase contact time, sec.

I:Nres - time for which the nitrosoruthenium nitrate solution was

left standing measured from the moment of its preparation.
R - constant rate of the process.

v - process rate,
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UL ODLIAALS HAZURS VF HYPLASINE SUL3IONS FOWJATION AT

Tuin LATRACDION

sel. Gorbanox, Be.lie Dzovitaky and VeBe ilargulis
stitute of iietollurgy of the Acadoay of 3cionces of the USSR,

ii03cow, UL3Re

“he problew of foraation and stavility of hyperfine
iliions during oxtrsotion is discussed in termn of thormo-
djna.ilecs of heterogencous gystoaa. Thormodynanical differeace

botwec.. aicroe.aulsiona and convaentionsl wacroemulsions is
doousiratede A hyperfine euulslon is a diaperse phagce

co. prising spherlical particles of surface layors of finite
tiiciiiess distriduted 4dn the bulk of @ liquid phesee Such
isvlated surface layor partiocles which can exliet ladependencly
aro stuole in any aulticosponent systems due to thermodynaanical
fustoou. Jhe sauno factors are responsible for aioroemulsions
Scin; onodicpersa.

Yor various cuaulsions differentisl equations of equilibrium
: Gerivod and #0440 of the corollarios are discunseds
crastlon of aicroedulsione 1s one of the causes of the extraoc=
teat losses and doteraines the exces: solubllity of dmamisciole
Ligui s ohtained by mechunicel diuperasivn, as oonpared %o tue
solu .211ity at ordinury phauve contact.
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BOTPURVIST (P9 (VR |

.8 18 well known, mutusl diapersion of liquid p?gpou is
~»

sroioted by lowering tie interphasoc surface tension 0)

/1/¢ his ie tie waln factor in eamulaion stabiliszoution ;i
¢ .ulsifierus Thoruwodynauice are not needed to study formation
ani stability of alorocuulaions and the proceases of phase
reversals 3ut the thermnodynamio approach is necessary to
anulige the roelative capillary activities of the oconponents in
aultico-iponcat syctoias onocountored in extraction phhnomenae
soreover, a thormodynaanlc approach should be uaed to understand
Q.y fine stable o.ulsions are formod in the absence of e:uul=-
sifierse. The modern thermodynaaics of esurface phenoiena treat
the aurface layers ot the interface as surface phases, that ie,
of infinlto tilciness /2/e This troatmasttinplies an universal
dispersion mnechaniam for surface layors leading to formation

of a raioroouulaion.

A3 the processes of enulsion foruation are of great import=
ancoe ir liquid oxtractors /3/ we enalized this problem in

thersodynasic terase

. DTORL

L theraodynsaical troeatmont of microemulsion should ta:e
into ezcount, besidos t.o finite thioiiness of the Youndary

loujers, curvature of the interfaoe.

At firat, consider tho numher of dagroes of froocdomne.

..ccording to the phase rule, for an ne=gomponent syntem ocongi.tln,
of two linquid phoses and thu equilibriua vapour (that ia, with

tireo vouadary phases) the numbor of degrees of froedom f ia

fahewle3¢+2un=h

for conatant p, T we have f = n = G,
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Thua,y t..o bulkesurface phase procossos with varlation of

an gurface extanaive paraeameter cen occur only in a multico:ponent
uystea (o G)e¢ 'hon the numbor of compononts is lesn thon 6
slene processes are iccesiarily nonequilibriuam oness for snall
nunbers of compenents, emulsification is rigourously restricted
wy tihe phase rule due to the puroly thermodynanic factorae

Jligse reatrictions aro not important in tho real oxtraction
sy te 's.  iusanov /2/ put forward a gonoralized phose rule with

urissice oxprossione accounting for surface phenomona and
cxtor.al coaditionss For a two-phage systen ho demonatrated a
po:iuility for thoe gurfuce layor to curve, its arca being constuont,
ond for tho aroa to change at a oxponoe of mans of tho bulk
»hoses, tle curvature beinyz constant. Thus, diapersion of phascen
with ¢ wlsgilicution doas not contradict the phace rule,

o sucilase luyer of finite thic<cnoss »ond its cncryy

This mcthod was su;geeted by Van der \eals and Konnataaa
/4%/s 1o offective thloiiness of the surface laycer is opecified
by ta. deviotion of the loocul propurties nesr the aurface ggom
thelr value in tac bullkk of the phases It is assumed that/the
voundaury of the surfuce layer the local and tho bulk proporties
are ldonticael so that thereo should be an asyaptotioc formula for
tuo tuic.:incas of tho layer. Using atatietical aetiiods /5/ the

airict cxpreaslon for layor taicxnoun in the caeme of Van der

!sale 1Interaction wes obtained:s

tpt_ 9(1_ 3 IIS
v, = Ew‘ﬂ)(o'B\PbﬁoJ’LL vf) 3

viere fD ! and J’o aro tie phosce densitiocs, B' and 8, aere the
constanta of dlopersion intoractidn, and x, is tho woaen isother:al
co.uprcaslivbility of the phasose
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Jor aystous with strong interaction no rigourous analyais

.3 o.en performed but, evidently, they have layers of greatecr
Shle Licne thaon in the above caces It amay Ve assumed that the
rowter datorunines the radiue uof dispersed particles in

loroe.aalcionsie

.¢ omecific enerpy of the eurface layer identical to tho
interface surlace tension is relaeted to the work of defor ution

.0 tue followdng expressnions

s
~ o -
Su --0, 8V 68A=-G OV + DA § (O B dd=
‘fﬂ
For & aowosoneous liquid phage we obtain

I",ui’:\‘.nP. 6-:03!\(1 SNO‘-PEVQ

For u twoephuse syntem we obtain
+
= R - P
-.(°
wow we ohall deteraine S W for the apherical layer batween
t.e Jisporsion phase (1) aend the diasperaion medium (2) 4n the
saki2 aajle W botween the concentrie boundariecs of tae surface

luyar o Paddd r, ond T, (x.'2 7 r, de Introducing new variable
r, we obtain (r2 > ro = r1)t

- “x, oA Y (p(ﬂ_ > VeZar)
6 - = [fq (P10 ) %ae er - e

Jae relationeaip betweean 6 . and r, is givon by the Koado

y-aativa f5/1

D6, L 26 | o™ _ o
}(X (‘
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Tais equation yilelds the mininum of for a given value
9 ¢ r, which we consider to be identical to T, in microeaulsioans
on the strenth of the above arjumente The proaence of the
sorfuse wenergy wlnlsuwa for a given curvature of tho uirfuce
1. of a goneral nature on tho Kondo equation follows fron the
Juadu .cntal 4ibba eoquatlona, This, too, shows that alcroe

¢ .aalsiong are nonodlzporsa.

Conlitiong of enullihrlwn_and atqbilitv for nmiaroo.iulsions

. poarticles of the conventional (uacro)eulsions conaiat
of a dJdiusnerse phage core, on enveloping asurface layer of finite
thiinctacas and an aibient disporsion mediua withhi @ bouading
o .rfece of negative curvaturees Actually, this ia a throo=

i8¢ sjute. wilh several interfaces of varying curvatures

Suci @, _re_atun oro difficult to consider thor.iodyna.icallye
vl tae o%.or hand, tholr forwuation and atebility are deter:iiined,
basleully, by non-tharmodynasaic factors so that thernodyna.ic
treal ont 15 neoeded only whon considering tae mabroproportioa

of a .ystea of asuch aj;regates.

“@ ssguae taat the partiocles of a hyperfine oc.iwulaion conaiast
only ol a surfoce layor ceperating two liquid phasese This
luyar 1a tae dlaperae phase while each of the liquid phasos aay

wct sa thio QLlaporoion acdiua,

Jor tho proceanes of extractant loss aqueous phace ia the

Jisperaion aediunm,.
“Athaout loss of senerality wo may assunme that particle
disaseter for hyperfline emulaionas is twice the radius of the

tenoion surfeces

d = Zron
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As rg is found from the process of virtual motion of the
intorface we take L to be equal to the thiokneass of the flat
nurfeou loyer at the interfsae of two liquid pheses whioh oen
be moasured experimentally,

Taua 4t follows that thore are two poaaible mechenisue
of formstion of hypoerfine (mioro)emulsions:

= .1gonenionl diaporsion of surface layers with high ourvaeture
radius, and
= nusleation of one liquid phase in the bulk of another one.

In the real extraotors the first meochaniem ie predominaat
a:s thcir opeoration involves intenasive turbulisation end dis=
porcion of twoephase ayatems /1/e

Lot us oonsider the oonditions of equilibriuan and atebility
for amicroenulsions assuaing thbt their partioles (diaperao
‘nioge) oonnist only of the surface layer materisle In fact, in
taic way we obtain & two-phsse systea with one spheriocal intor-
fucee. Index 1 denotoa the disperse phase and indox 2 denotes
tio dlsporsion gediumes Our two=phasse is, apperontly, thermo=
dy.saalcally metentable (that is, stable in reacpeot to the
infinitesiunal varietions of its stete).

ror vur gyustem the equilidrium oonditiona oen not be cxpressced
by nmure equality of teaperatures, preasures and ohe.ioal potentiala
ol tuv phaseo es the nystom is highly wemeahléerme Tho equil-
ibriwi conditions in terms of looasl variables are oxpressed by
tuc fullowing equaetionss
srad P = 0

i moohonioel equilibrium
gradg = 0

crod T a O thernmal equilibrium oondition (in the abaonce of
non=gtationary mess trenafer)

grad (f, = O (L = 1y2400) maco=trenafer equilibrium for
Ju individuel ocomponents
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Accordingly, the fundanuental thermnodynamic equatione
Lelow will Lo writton down uaing the loocal variables (depdnding

on X, ¥ aund ).

Jaturally, we shall taize into uccount the degrces of
freedo.: as wciated with the interface area aend curvature.

‘ho following i3 the fundasasental equation valld for cach
of tie phasen connaldered, for their parts and for the gyiten

u3 a winoles

G U 145 = av P [} + dA_, + A r dr
e e CovZr Loy 60 Gpoh o0 Tax

ko

v > fHday,
b

Mmis oquation ylelde the equilibriunm principlet

av), .
( ).;,I,Ar.r.mi .

sardividing tae systom into the identical microhouaogencous

norta ond iate;rating over their volume we obtain
g e D3 (1) »{2)
ERCRE SR AR S AR N VR N e
4

Ihia relation and the fundamental equation yield the
differentinl equation of oquilibriung

hd S = = 84T+ V1dP(a)¢ VzdP(E) ‘; m, g A 3@3&

‘ho probleas 1o to obtain from these equationas inforaation
on co.noaftion and other properties of the disperse phase which

we asuuie to ba identical to the eurfoce layere
Yreated foraully, the aicroomulaion may be conaidemwed to

be wonvdioporsce In physicel teras tils weans thut the curvatuare
of tic surface layer porticlen providea for the aminivwum of ener;ye

523



In this caso the treatment is siuplified es dr = O and the
tera depondent on can be dropped from the equation,

P
tiusy we obtain the Gibbna oquetions whereby a real twoephane
systen 1s repluced by oan ajregate of phases with a distinot
intorf.uce of gero thiciincass (the Gibbs tension surface).

‘iowaver, we shall taice into the ascount explicity the
curvature of the interface dropping the condition of pressure
eqaelity in tho phasens

o 4 . (1) (2)
(*) 2 ,d@, = = 5T + V dP + V4P EL md g4

In edntrest to the oquillibrium condition, the condition
of stubility ls cxpressed by the Lnequality U > 0, and
a8y, dU = 0, 1t i3 cvidont that dzug 0, or

[D(l‘. s 1Y o p(Z)é s R
oG, v T2) y

L B eee) .J\

(follows froua tie theory of quadratic forms)e

e aotation YDéx; ‘] is used to designate a determinant
D(y)

of derivatives ' D x .
97

Derlvation of c-uatlions of microeludasion equilibrinm

+ lot uc find the relationship between T, P“). P(a).

and tic mole froctionss Proceeding from the fundamental equation
(*) vio write/&gwn for thoe unit mass of the dioperse phaset

ad = =GdAT+V dp(1)+v dp(a) -% X, a Sy 1 where
1 2 1 1L
A Y Vs oy
A R wR a R L R T

“ia obtain for tae aamcroheterogeneous systea (equilibrium

or two(phnm(m vith(tlat(il;torgo): ) f( )
(1 1M o g BT, S 1) et e
(2) V(z)dp(a) - 5$2)4p(2) '?T-'\ mi(z)d J‘i’-’ phases
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The internal equilibrium of the surface 1uyort

(3) #4d = =3 (g) ar(é’ + v(d)ap" - :Q_'_ )df (&N
V

JECE I - T L - p(e)
(1, @ | 4 @)
b i i ¢

4Adding (1), (2) and (3) wo obtain the equilibrium equation

for tue whole uysteut

;dé--sd"‘ + Vdp, - ﬁ_u d,/us.

{22
‘o expreuxs the concontrations in mole fractions we introduce

(D s-_..) :

for convercation of equilibriuam when the ctate of the
systei. 15 vaorying we have the following equationst

CcorapMe ap @ ®) -ap

() ()
e I >2 d(.g.}_)

wacre ; i3 the Oibbs poteatial,

N dogreoo of f{recdoa ere represented by the following
independont variablesns

1, 26 , (n= 1%,

ine suporaocripts 1, 2 and deoignate varisusc funotionsl
rolaetionshipoe Thore are two indepondent equations for each
oi tho:l und two equotionn for the syotom as a whole (rospeotively,
there are composition variables for each ocane)s Let us derive
theae eoquationos For unit mass of tho surfaqe llyer

ad 6 « &' dwov‘G dp-ixa(. °f‘(
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wiere a, 59 V and X represont mca values es their local
values vary in difforont pointse Usinz tho aquation (*°) we

obtain two indencndent equationat

~(6) (G) L (5 1)
ad D = =3"2%T + v dp =X d
14 i

4 n
add> = -3(6 )dl‘ + V(g) ap -Z:,Xic;) dfia)

Lot us introduce the partisl derivativon with reapect

n-1
Lo wole fractlonas d = 3dT+VdPe X d(a-ﬂ—)m( 1]
4 < 1975 % Xy

d Ei = =947 + VAP = de(-g—‘J;:). 1 ® 1,2,000y N=1s

\Wiriting down these equationo for the phases 1 and 2
und substituting then into the equation for ( ) wa obtain

A1) (L (1)_ (&) n=1 . (1)_ (@)y.— 5:(1)
ad G = (5 -5 CJdT - e P ] ()(i Xy )d(gf) ]
0@ = (2. 667 ar - 2 - PN

51.uilar oquutions may be obtained for the paranaters of

the systea os a whole (without supersoripts)s

ne1
adfy= GO mar-v M avrare = $Vox, e (<251,
. . R T

ne1 (2)
ad(f = (5$2223)a1=(v3=V)ap + 12 (x}_a’ = xi)d(-arz—)

m, 974
whcronon—-—.S-‘-‘;—.V---g--.x‘-n—.n- oo
L a«1
Jsingtthe second oqustions (°*) and the total difference

triala for g/ Axi we obtain the relationahip between T,
P.(‘, and X for the ouulsiont

8 D) m = o a7 b—xv-dP +§:1_ g 4, o Sfema
o4y % 2% k=1 ik % DX
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(for the bulk phaces tho laest tera 1o absont)

n=1
ad@ = =iy AT # V, 4P+ 3T (x(” (5’ gi;:) d&i" o

(& "
n=1
: : (2)_ (6') (1), €1)
adB = (S, =5, ) dT=(V -V, )dP+ (x
6 12" 5@ 12"V1g E_.' 81y 4%
ne=1 2;
wore 5,5 0 3w sV x5 S
with tae slailer expresoions for S1C3' V12 and V1C7.

Jiiese valueo deternine the differeanttial (rolar volume and
entrony aoffects of the phese formation processes 1—>2, 1 —>(
iinilor oxpressions may be obtained for the procesnes 2 —> 1

and 2 =36

Lot us exclude froa the laat two equations firat dP and

tien 4drs
i n-1 v
d” = (s —5—) « 3,, )dT+ [(1(2) “)) ﬁg-
. 12745 16 i k-1 12
- <1>)] e Maxl®)
ne1 ]
. (2) (12 1
OuG m (V1 —5V12)dpo R (Xi --)(1 "?;f’
- (4\(6’) V) g0 axf)

‘“hono onuationg ;ive the dependence of the nurface energy
oa thu teipoerature, prossure end phasecoapoaition, not allowing
for tho intorface curvature, that is, for the flat interfaces.
In tho case of nicroeiulsion wo shall take into account the

curvaturo of thoe interface.

Sonsidoeration of tho interface curvature

s entioned above, to taca into account tne interface
cirvaLure we drop the condition of equality of the phaae pressures
tfor u system of liquld pheses these pressures ere osmotic in

naturo.
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i'rocaedin; froa the equation (*) for unit mass of the surface
layer and using the sane transformations as in the flat caae
wo obtain two indencndent equationss

n=1
_v<¢>,dp(1) ([’)“,(a) <

d = =5 dT+(v -
0d (5 = =5y, dT+(V, R
(x(1) é;)) (1) (;ﬁ i
& G’ (2) (1)
adbm (u12 -31(?)dT+(V1G, 127V5 Y ) ap +

5 ne1
: (vé(z)_‘,(a))dp(c) » 3 {2 {80 alv)
piies

viere V,fg) + Vég) = V(g )o

£

fheae equatlons [ive the relationashlp betwoen G; v Ty
p(1) ()
1]

be derived for phase 1, phase @ and for the coaposition of the

and conposition of phaoseses Similar equatinns nay
aurface layors

we may pass on to the other variables according to a
relation wirlch followa froa the Komdo equation:

d?(1) = d?(?') * +‘d - %' dar,

scarranging the superscripta 1, 2 and 8hd excluding some
0f tae lifferentiels wo may obtain all the thormodynanic
crantiona for the equilibriuam of a dicporse systea. One of
tiosc cquations contains oniy the sunersoripts 1 and 2, thuas,
dossrioing o uicroenuleion (thnt isy @ eysteam whore the surface
luyer in one of the two equilibrium phases)s

n=1
(vyy = v2Nap) o V(z)dP(Z)as,‘adT o > Bt
( ) 1.k.1
x gill d"k1
This is an analogue of the gensralised Van der Vaals
aquation,
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sionopcoified variablos are convenient to use (superscript
0) to derive the equations desoribin; the effest of the intere
fuce ourving in the phase fragmentation on the atate of the
Jiupereo phase and the dispersion wedium in our osse (when ovne

ol the phoses is the usurface layer)s

s1o

S, [g . ;.2_ (o) _ (Z)J 4T = V12[ v(o)_
v -

__o (25 dp(1) g_______ ar + 5 (xia’
12 i.k=1
-~ 2yl)) o2 ol . Xf”W(zﬂcﬂ’dx(;) .

. 2 [ 0) 340
©42 {" *r ["a *= Ve = 5'_'(v(2) - Vﬁ)-_‘ Vi &
v (2)
2 (ylo) _ a0 (2) ' (2) o 26(v<’avs5)
+ 3 (v V ) | apP = dr +

2
n=1
o5 e %3« R
1,'.;:1
(1) (2) (1) (1)
R Y -V, )% 4 9K a0
M2 ) _ 540, 0 0(2) . §Y) 4nl1) 2(y(0)
{4 {r o Vio = :1;- (v -v12)_‘ 4P = [- + x.(\Ir_,_
J n=1
s
ﬁ v auf2) |, a dr -% . [(xiz’-xi”)-?u-
1,:@1 12
92 d

r
- o) Lk ) dx}(;n] %

‘‘he .aain corollarieas

a) ‘o 1ay find tuoc teanerature depcndence of the aicroecauleion
nurticle size {f its composition and presasure over one of the

plwge . are iept constants

‘; E_ . _(vm 10 v(2) ,') :
12

~

r "12 yio)
e ,€2)  (2) La * "[. -V -

B 4 a’,__(F“’w"
- j (2)
“12 il ﬂ

ar, (1)
((‘—:r)P

D Iy

NN "l
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Those exprosanions aere aslaplified for the limiting cases
of saall and large radli of the disporse phasee At ocaall radii
tic lérivativos turn to zoro denonatrating tioe mutual

coaneuanation of the effeots of tomporature end coaposition,

At large rudlil tie slinoe of the derivatives are deter.iined
v the sin of exceas entrony 81? or by the si;n of the molar

“iuffercntial hcat of the phase tranaition H1 = T3

2 12°

we obtaln

)"V %o rorw Zo,
12

the effoct of toiporature on microemulsnion stability is
of tie opnusite character in two coecexisting masconhases. A
aiiilar treatient for a liquidevapour oysaten is jiven in /2/,
b) Ihe sliilar dorlvotives with respect to pressures (for
const.ant teiporature) dapend on the bulking effect V12 (for
Lesvie e

For @iall r the ain of the derivatives ia Joterained by
tho ratio bulwoen tue voluie of the disvporsion nediua and the

7ol 0 of tao whoiv aysteas

(—d'xi"';—) 7L°

L4 ;
d) T for v(o) 7(. V(Z)
dr >
( i ) Z. 0
dn T E
¢) u+ cauatlionn derived yleld, almo, the inequalltics deue

cirldbin; the relatlonahip betweun the cowpoaition end the size
ot ilecrocwulsion particles, The followin  r:le nay be
atatudt L& the 11 perve phase has & bigher coacentratlon of a
certnin counponent (relutive to the gross coaposition), increaning
coae -atratisn of this coaponent giveas rice to decrcasin: cise

U0 t.e dcroe wulsion particleg, the teaperatuse snd pressure
bodin,, con:tant,
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In othor words, inocreasing conceatration of this component
pronotos diapersion of the surface lsyers and fornatioa of
uwicroenulaions.

30 it 11ay be caid that this coamponeant plays the part of a
surfose=active substances Qualitatively, this follows from
Gibvs conception of adsorption.

GOAC: L3I0 i

Jho basic theriiodynanic equations wore uged to conaider
¢ ulcification at extraction. It ia shown thot the conception
of surface layera of finite thiciuness, accounting for thelr
curvature, peraits thermodynamie spproach to bo used to
analyso the fornation and stability of emulsions in multie-
co..poucnt cyntemns without rocourse to the concept of adsorption.
Jhe qualitative results obtained are equivalont to tho goncep-
tion of adsorption of the surface=-active comaponenta at the
interfaceg.

ihe differential equatlons obtained describe rigourously
¢ ul:ton 0quiilidvrin and conditions of emulsion stability, and
indic.ute the prosence of the universal mechanism of hyperfine
e-ulaion forsation in tho extraction systens.s In these oy:tens
t.ie eaoant of tho disperse phasa is directly proportionsl to
tiuo and intonaity of dinpersion. It ie ahown that the micro=
¢ wulsions are hlighly monodisperse and data are obtained on the
iafluence of various faotors cn the particle size.
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A QUEUE MODEL TO DESCRIBE SEPARATION OF LIQUID DISPERSIJNS
IN VERTICAL SETTLZRS

“M.S. Doulah, G.A. Davies

Department of Chemical Engineering, University of .ancnester
SUMiIARY

A statistical model is presented to describe the continuous
steady state separation of droplet dispersion oands formed in
vertical gravity settlers and in countercurrent extraction columns,
The model is based on queue theory and after review of the birth-
death equation describing the process, a numerical simulation
is described from which the depth of the droplet dispersion band
can be calculated. Results were computed for a range of disper-
sion flowrates for five liquid-liquid systems. Satisfactory
agreement with experimental.data was obtained and the results
compared favourably with those from deterministic models. The
need for more data on interdrop coalescence within a dispersion

is apparent from this work,
INTRODUCTION

In gravity settlers droplets flocculate to form a heterog-
eneous zone at the phase boundary between the two liquids. The
final separation of the phases is achieved by droplet coalescence
both within this zone and at the phase boundary. The depth of
this dispersion band increases with flowrate and also devends on

the size of droplets entering the settler1'2.

The capacity of
a unit is determined by the separation in the dispersion band,
if this is less than the incoming flow then the settler rapidly

floods.
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Similar conditions are experienced in all liquid extractors when
the dispcersion generated in the contact zoae has finally to be
scparated at tne phase boundary between the liquids. It is of
interest therefore to be able to predict the merformance of
settlers. Surprising little data are available for t.is. Design

metnods are based on a reguired residence in the settler. This

2 without clear definitions

nay vary from seconds up to 60 minutes
of how to calculate the aporopriate value in a particular system.
The residence time will determine the settler volume, the other
paraneter settler area is frequsntly computed from the specific
settling rate, ¢ , (the settling rate per unit area), Again this
may vary from less than 1 m3/m2 hr to 10 m3/m2 hr. § varies
with system ohysical properties and the drov size or interfacial
area per unit volume of tne dispersion. At the present tine
little data is available from whicih either & or the residence

time can be deterusiined without recourse to pilot scale experiments.,
In this paver tiac problem of coalescence and phase separation
in a dispersion band in a vertical settler is examined and a

statistical model proposed to simulate coalescence behaviour.

Descrintion of the Separation Process

Under steady state conditions droplets continually arrive
at the phase boundary and forwm a close packed array termed the
dispersion band, figure 1. In this band droplets coalesce together
and hence increase in diameter whilst at the phase boundary
droplets coalesce witn the bulk fluid to finally leave the disversion
zone. At steady conditions the rate at which material enters
the dismersion band must balance the volumetric coalescence rate
at the phase boundary. Within the dispersion band countercurrent
flow of the continuous phase liquid takes olace as this drains
back to the bulk continuous phase. In this paner we propose to

consider these conditions at steady state.
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The process of coalescence of drovs at an interface and
formation of disversion bands of droos in svray columns and
sravity settlers may be considered analogues to a queue operation.
Arriving units (in this case drovlets) accumulate to form a
gueue and are subsequently 'serviced' and leave the queue by
coalescence., In the case of dispersion bands tie hold time for
a certain droplet may be either the time between arrivin-y and
drop-dron coalescence or drov-interface coalescence at the phase
boundary. In the latter case this results in removal of dispersed
vhase from the band. Drop-drovn coalescence results in a net
reduction of the number of drons, for binary coalescence the
reduction is one drop, but the volume of dismersed phase in the
band remains unchanged. Whilst the coalescence time of a single
drovn depends on the system physical properties and size of drop
there is no one unique coalescence time but a distribution is

always observed.
Model

Wita this analogy with a queue operation the gravity sevara-
tion of a dispersion may be exnressed. Consider the close packed
dispersion band formed in a gravity settler mace up of a series
of drovlet queues. Several modes for distribution of droplets
enterins tue dismersion band into these queues can be postulated.
In this context let us consider that arrivin- droplets choose
between adjacent queues equally at random then the system can be
simplified into independent single channel systeins and if the
average drov arrival rate into the dispersion band is A (drops/

sec) tnen if there are m queues the arrival rate into eaca queue
or channel will be ;ﬁ};_ . (Other possibilities could be considered;
for example that dro%lets rearrange at the inlet to the bed to
settle and form the shortest queue and that rearrangement between
queues takes place. C(learly in practice the situation is complex).
Wita the simplifications suggested the process can be reduced to
that of examining the behaviour of a single queue with the view

to predicting the steady state queue length and therefore the

deptn of the disversion band.
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Let the probability of there being n droplets in the queue
at time t be Pn(t)' The change in P will be caused by new
arrivals, by coalescence into the bulk phase at the interface
and by interdropn coalescence in the dispersion. This change will
of course be equal to zero when steady operation is achieved.

A complication exists in representing interdrop coalescence.
Account must be made of whether a drop coalescence with an adjac-
ent drop in the gueue or whether coalescence taikes nlace between
droos in adjacent queues., It is not possible to consider the
latter case in formal analysis of the resulting birth-death
cquations to describe aqueue behaviour althougn the possibility
can be incoroorated in numerical simulation. In a gravity settler
the distribution of drovlets across the section of the vessel
ahead of the dispersion band will not usually be constant at a
particular instant. Furthermore altnoug: one can define an
average drov arrival,rate, A , the frecuency of droplets crossing
a given plane in the flooulating region will not be constant.
Thus the frequency of arrival into each channel will vary and
will be rewresented by a Poisson distribution such that the

vrobability density p(t) is

(1)

If the service time of coalescence time is represented by
an exponential distribution function such that the »robability
density tanat coalescence of a droplet at the interface is completed
in tine t, i.e. rate of coalescence, is

- 6t
ci(t) = Be (2)
where © is the mean coalescence time at the interface and by
analogy for interdroplet coalescence tane probability density,

cd(t), ils
cgt) = y e Y° (3)

then the birth-death eguation for the process relating the prob-
ability of finding n droplets in the queue, Pn’ may be simplified

to:=

536



d [Pn] - D Poq + [0 + Y] P,y -De @ +Y]Pn__| at (4)
with n 2 2

If the frobability Pn is \ndevendent of time leading to a

statistically steady state then
P, +[0+n]p, -2+ 8 +Y]R =0 (5)

The solution to tac simultaneous algebr ic equation contained in
(5) is then
= — . il =
Pn an ( 0 +Y ) Po (6)
n-2
where a_ = R (j+2)
n T J

j=-o

S B A
and Rn(n) = ( 6+_Y) (7)

vhere R is the loading factor

In the absence of interdrop coalescence eouation (&) gives

P = P (1 = B
(8)

R €1

The expected number of drops in the system at steady state, L,

is then
L= 5 £ 9)
=R nEEp 2
n="1
R <1

The ecuilibrium state srobabilities given in equations (§)
and (8) and the exvected queue length are valid only when the
system has been operating for an iafinite time. The problem for
finite time operation or for non-exponential probability density
functions is not ameable to for:al analytical solution of the
equations. IHowever an alternative procedure can be adopted using
a simulation wased on a ¥Fonte Carlo method. This is used in the
nresent paper and results of the simulation will be compared with

exverimental data obtained in a vertical settler.
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Consider a vertical section through the dispersion band
mazin: up a queue in which droplets enter singly one at a time.
If Vo is the volume flow @f dispersed per unit cross section
entering; the disnersion band then the averazse number of drovs

entering the csettler ver unit time, No’ is
I 2 1 3
Ny = Yy ( T 9 / o )/ [ (10)

4 : s ; .
where o 1s the surface packing efficiency of drops at the inlet

of mean diameter d_. 1
o3 =3
nidi
d, e e (k1)
n.
i o

The averaze time between enterin ; drops, T, is

(12)

Simulation of the process is based on this time T. At the
phase boundary assume that a drop then occupies an area of the

interface egual to the area of a circle having diameter d,, plus

H
a free area around the drop related to the area packing efficiency

at ‘this pointy 1. Thus the interface may be divided into equal

units. The asseibly of drops above each unit then cowmprises the
queue from which service takes place by coalescence. It is required
to calculate the number of drops coalescing and thus leaving the
queue by both droo-interface and drop-drop coalescence during

the time interval T. To do this information is required on
coalescence frequency. Considering the drop interface problem
representing service at the head of the queue recourse is made to
data reported on single drop coalescence. Many workers(h) have
presented data on this and equations of the form

2

)te (13)

N C
1n ( T ) = = ( oz
have been found to fit the data for coalescence time distributions
for a particular system. N is the number of drops in the popula-
tion with a megn coalescence time O and N is the number of drops

coalesced in time tc.
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rquation (13) is the probability density function of tne coales=
cence time tc' 1This was used in the simulation and t_ was cal-

(5).

culated by the rejection technique for sampling

It is necessary in computing data for different physical
systems to have some metnod of calculating ©. This has been
found to depend on the physical proverties of the system, notably

phase densities and viscosities and interfacial tension.

A
=
correlation for On proposed by Davies, Jeffreys and Smith(o) vas
used in the present work to calgulate ©, thus:=-
3 d uq d 8, 8 -1,k
6 = 6.20 x 10 = = (14)

Equation 14 was used to calculate Qm for a given system and this
value was then used in equation (13) to estimate the coalescence
frequency at the interface in the time interval T in the simula-

tion.

Interdrop coulescence must next be considered since drops
can leave the queue by this process. Furtnerimore interdrop
coalescence results in a progressive increase in droplet size
though the dispersion band which then affects coalescence and

service at the phase boundary.

Interdrop coalescence is more difficult to handle since very
little data is availeble either in the form of a probability
density function or mean coalescence times. To overcome this
deficiency the following procedure was adopted in the present work.
First only binary coalescence is accounted for. That is not to
say that simultaneous multiple drop coalescence does not take

place but nerely to nut a very low probability on such events,
Then the effect on interdrop coalescence on the mean drop size in
the gqueue and in particular on the mean drop at the phase boundary,
since this bas direct influence on ©, can be assessed. Thus the
mean drop size after M coalescence events, am can be related to

tne mean drop size of entering drops d0
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= 3 " 3
d = (M 4,7+ (n0 - 21) dg )

= (15)
Ho-M
o
Similarly after M + 1 coalescence events
& _ @ +(n -H- 2) Em3
n+1 - _m+ < (16)
n, - Ma-1

For binary coalescence of two equal cized drops

dm = am (2);.

Equation (16) represents s difference equation in d. Rearranging

it can be snown that (16) reduced to
- - % 1 3
dm+1 - dm = dm L( ' = HOT ) -1 (17)

Expanding the risht hand side and neglecting powers greater thnan

1 gives:-
4 B :
d =4 (18)
m m M
B T ="
=}
Defining w = i, and dw = A
n n
o o
- a—j
4 dm x m_w) AM (19)

where AM = 1

This difference egyuation may be reduced to a differential equation.
Thus Lim AM -® 0

4 4y - 9 (20)

dew 3 (1=w )

This may be integrated over the queue since Hm = do at W= o,

the inlet, and am = Eqathzq, the phase boundary. This gives
3 i
d, - do3
w= -5 (21)
H
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The extent of interdroplet coalescence, w, as stated effects
not only the droplet si:e but also the overall separation rate
of the dispersion since © =j’(hﬂ).

Thus at steady state

o Yy

v=v=5'f]1dH (22)
3 -

© can be calculated using equation (14) which gives for a particular

physical system:-

H 1 o (23)

This equation can be used for o»taining infor.ztion on the extent
of interdrop coslescence in a particular system from exverimental
data on steady state settling. Such data has been published by
Smith and Davies(S). Using this data for w can be generated.

It was found that values for w obtained could be represented by
Weibull distribution function thus

w=1-=exp ( = (Fa0)® /6) (24)

The simulation procedure used to model steady state settling

can now be described. The simulation time, T was set. At time
zero simulation was cormenced. After time T the probabilit: of
coalescence at the interface was determined by selecting tc

(by randoxn selection) and substitutinz into the probability density
function eouation (13). The simulation time was then advanced
by a further increment T during which time a drop arrives and

joins the queue. The queue len ;ta or dispersion band deptih is

then calculated the chanme in mean drop size at the interface taking
nlace as a result of interdrop coalescence during this time period.
This up dated value of EH is tnen used to calculate © and then

the probability of coalescence at the phase boundary as before,
This pnrocedure was repeated and the aueue allowved to develop.
The simulation was continued for 400 to 600 seconds real time by
which time a 'steady state' value for queue length had normally
been achieved. The value of the qucue length was recorded at

20 second intervals after tane start of the simulation.
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Results and Discussion

The awvparatus used and exvnerimental data has been published

7).

in an earlier paper In this, data for steady state operation
of a vertical settler is recorded and the variation of dispersion
band bed deptn with flowrate and inlet drop size is presented for
a range of liquid systems. In all cases as the dispersed phase
flowrate was increased or the inlet mean drop size do decreased
the depth of the dispersion band increased. It was further shown
that H varied exponentially with flowrate V (H=a er), a result
which has subsequently been confirmed by other workers (2,8).
Because of the variation of H with do it was convenient to
represent data by combining these to give a dimensionless group
(H/do). In comparingthe data from the present model with the

experimental results the steady state queue length computed (rep-

resenting H) was divided by dg.

The operating conditions analysed in the present work
covered a range of flowrates from 3.6 to 45 MS/MZHR, inlet mean
drop diameters over the range 2mm to 6.5mm for five liquid-
liquid systews. The discussion on the choice of systems may be

found in reference (7).

The results obtained are compared with experimental data
in fizure 2. The depth of the dispersion band predicted from the
model is plotted along the ordinate. Complete agreement between
experiment and theory would correspond to a line through the
origin with slope 1.0 i.e. y = xo« As is evident some scatter is
obtained. The line on the graph was obtained by a linear reg-
ression analysis on the data. The equation for regression of y,

tne values predicted from model, on x the experimental data is

¥y = 1.0442x + 0.31528 (25)
and the 95% confidence limits for the slope are 0.9756 and 1.1129.
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The scatter is seen to be random about the re.;ression

line for all the systems. The majority of data predicted from
this queue model is however consistently greater than the
experimental data. Possible reasons for this may include the
method employed to account for interdron coalescence, interactions
between adjucent droplets in the vicinity of a coalescence event
botih within the diswersions and in tiie phase boundary and the
simplified structure assumed for the arrangesent of drovlets
within the disnersion band. Considering these there is clearly
a need to nrovide more inforustion on interdron coalescence witain
a dissnersion., If data were available in the form of a probability
deusity function and mean coalescence times then this could

readily obe included in an analysis. Wit.iout such infor:asztion
both statistical and deterministic models which may be tormulated
for tnis »rocess will have to include some simplifyin; assumntions,
The difficulty lies in the measurement tecanioues. A non

disturbing tecnnique is reouired to obtain infor.ation within
the dispersion away from solid surfaces. This is necessary since
(9). Recently

a techninue using iso-optic systems has been developed(10) from

wall effects can comoletely obscure the measurements

wnich this data can be obtained and more work is vein: carried
out, Some workers have suggested that interdrovlet coalescence

20

is of minor significance in disnersion separation and tauat drop

(11,12)

interface coalescence is the controllings mecaanism Iore

recent exverimental worlk in laboratory and pilot plant equinment

R
has rcfuted this(?’”).

In the present model results were computed
for th. case when only drop-interface coalescence tool: place.
Results were obtained from the analytical solution, enuations 3
and Y and by nuwaerical simulation. In both cases the onredicted
results for all five liauid systeus considered were ruca greater

(factors of between 1.5 to 4 times) than the experimental values.

The ot..er nroblems mentioned may also be investigated by
using tae sase techniocues. In tne zodel nrecsented here it has
been assumed that the system can pve reduced to essentially indep-
endent vnarallel queues. Information gained in earlier work on
signal layers of drovs (i.e. H do) indivated that interaction
effects are evident(6). If these are significant within dispersion

bands then the overall effect would be to effectively reduce

the queue lenptn. Again furtiner work may elucidate this.
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Notwithstanding these points reasonable agreement between

experiment and the model was obtained. The experimental data for

bed devth H may vary by 10%. The predictions of this statistical

model are as good as those of deterministic :iodels published

) (1 . . - )
earlier 3) and whe~ more data is available further improveuments

may be possible.

CAPTION FOR FICURE

Fig.1. Diagram of disversion band in a continuous gravity settler

Fig.2. Comvarison ol simulated results from model with exneriment
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NOMZNCLATURE

C constant,cquation (13)

C constant, ecuation (23)

Cd(t) rate ot drop-drop coalescence

Ci(t) rate of drop interface coalescence

d droolet diaceter, sauter mean diawmeter

g sravitational constant

it dept. of dispe<rsion band

L expected number of drops in quecue

I number of interdromnlet coalescence events

n number of gueues or number of interdrop coulescence events
NO numnber of drops entering settler per unit time
N nwiber of drows coulesced in tine tC

Ns nuander of drovs in sample population

a number of droplets

P probability

p(t) probability density function

lo.ding factor, equation (7)

simulation time

coelescence time

voluaetric flow rate per unit aeross section area

experimental value, H/d0

siaulated value, H/d0

predicted value from regression analysis
drop arrival rate d
constant equation (24)

constant equation (24)

Amo,>"<)‘<><<nt+'—jm

mean drop-drop coalescence time

settling rate per unit area

7

drop arrival rate into queue
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mean drop-interface coalescence time

_jd)

surface packing efficiency
interfacial tension
density

viscosity

£ ¥ o o

extent or degreec of interdroo coalescence, equation (21)

Subscripts

o conditions at tne inlet of the disnersion bed
) conditions at the outlet of the dispersion bed
d dispersed paase
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COMPARATIVE STUDY OF INDUSTRIAL COALESCING
PACKINGS PERFORMANCES IN PETROLEUM INDUSTRY

JoP. EUZEN, J. RIPOCHE, N.J. GUTTIERREZ

ABBTRACT

The removal of free water from jet fuel and diesel fuel
0oil by coalescence has been studied both on laboratory scale
and in an on-line pilot plant. The most efficient packing

materials and optimal operating conditions have been selected.

During the laboratory work screening tests on various
materials have been operated. Thereafter, the best of them
have been used in a more systematic research on the influence

of bed thicikness and superficial velocity.

The most attractive materials have been tested on a pilot
plant in order to determine their endurance in industrial
environment. It has been found out that the most effective
systems were made up by thin fiber glasswool followed by a

pacxing of coarse polyester felt.

x : Institut Francais du Petrole - C.E.D.I. = B.P. n°3 =69390
VERNAISON

xx : Centre de Recherche Elf de Solaize - B.P. n° 22 - 69360
SAINT SYMPHORIEN D'OZON
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In petroleum refining, straight-run products such as
kerozene and diesel fuel o0il contain water in two fashions:
dissolved water and free water in very siuall (3 to 20 p)
droplets. The whole water content is about 1000 p.p.m.,
the dissolved water concentration being only of 100 to 200
PePelsy, according to tne temperature and the type of hydro-
carbons. In order to meet commercial specifications, the
refiners try to remove, first of all, the undissolved water.
The coalescence on fibre beds is known to be an interesting
way to separate the two components of a liquid=liquid
suspension, We therefore started a research program in order
to find cheap industrial materials which could be used in

this particular case.

The INSTITUT FRANCAIS DU PETROLE (I.F.P.) and E.R.A.P.

successfully cooperated during this study.

The mechanism of coalescence in fibrous materials is not
yet well established. However the paramaters most frequently
mentioned as important ones are :

- the nature and the size of the droplets of the dispersed
phase (3.7.8),

- the nature and the diameter of the fibers (1.2.3.5.6.8),

- the thickness of the packing (6.7),

- the superficial velocity of the liquid in the fiber bed
(2.4.5.8).

Although it has been recognized that this set of parameters
governs mainly the performance of a coalescer, a quantitative

prediction of their influence does not seem to be possible.

cXPERIMENTAL SECTION
LABORATORY : According to the conclusions of the literature

survey, we focused our studies to the influence of the following
parameters :

- the nature of the fiber

- the diameter of the fiber,

- the thickness of the packing bed,

the superficial velocity.
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During screening tests, we compared fibers of different
kind, keeping constant all the other parameters.
So we used the following fibers :
- fiber glass (woven or felt),
- poyesther (woven or felt),
- polypropylene (felt),
- chlorinated fiber (P.V.C. felt),
- steel (knitted),
- polytettrafluoroethylene (felt).

The exoerimental asvaratus (seefig.1) consisted esseutially
on an emulsion generator and of the test coalescer. The
enulsion "water in gasoil" was produced in a loop-line composed
by a centrifugal puump and a small tank. Drovlets of about
5p0f diameter, like ones in industrial gasoil, were obtained
with a good reproductibility. The undissolved water content
was about 1 000 p.p.m. The coalescer was a cylindrical
vessel wherein the coalescing material could be fixed and more
or less compacted. The coalesced water was collected in a
water accumulator sumpe. Input and outout water concentrations
were measured by the X{arl-Fisher method. for small coancentra-
tions, a capacitance hygrometer was used. The visual aspect
of the suspension was also evaluated by the experimenter.

The superficial velocity studied ranged from O to 1.75 cm/s.

In table 1, the performances of various packings are
shown, classifiedlin four sections, according to taneir visual
aspects. So coalescence can be Tatal (T), Good (G),

Partial (P), Bad (B).

In a second step, selected materials.were tested more
accurately for various thickness and superficial velocities,
For industrial puryoses, one has to consider two important
response variubles :

- the pressure drop in tne coalescer P,
- the relative residual free water content (R = 100 x residual

free water in output flow/initial free water in input flow).
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We tried therefore to compile correlations between this
two responses variables and the operational conditions of the

coalescer (thickness of the fiber bed and superficial velocity).

This attempt has been successful for several materials.

The result can be summarized as follows.

The pressure drop was accurately predicted by the formula:
P=kx (Lx v)°‘86.
where :
QP : pressure drop in packing (g/cmz),
L : thickness of the packed bed (cm),

V ; superficial velocity of the liquid (cm/s),

The values of k depend on the type of material. So we
found:
43 for chlorinated fiber,
66 for polyester felt,
430 for fiber glass.

Concerning the residual free water content, R, two quite
different behaviours could be observed, according to the
values of the superficial velocity:

- for sinall velocities (€0.2 cm/s), R is influenced only by
the thickness of the fiber bed (Fig.3). In the case of
chlorinated fibers for example, the results can be correlated
vy R = 30 . 90" O~03L,

- for higher velocities (above about 0.2 c¢n/s, R varies with
both thickness and velocity, according to the relation
R = 238 V/L (for chlorinated fibers).

Starting from the required values of the response variables,
- AP (obtained from ewonomical and mechanical considerations),
- R (given by commercial specification),
we can get the highest velocity acceptable for the AP value
and reliazing the necessary coalescence. The estimation of
the corresponding bed thickness is ouite straishtforward.

The procedure is shown in the nombgraph of fig.k.
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The fiber glass packing had been shown to give interesting
results duming the laboratory tests, but more complex beds
made by associ.ting more loose materials to the already studied
packings were much more efficient., This kind of association
has therefore been used during the endurance test in an

industrial environment,

INDUSTRIAL CONDITIONS

The experimental apparatus (fig. 5) consisted of a pump
to assure a steady flow, a rotometer, a filter (magnetic
+ 10 pcartridge) and a coalescer. The main part was a
commercial coalescer modifed to receive layers of coalescing
materials. Special perforated trays were used to prevent tie
layers from collapsing. Input and output lines were connected
to the same stream of gasoil. The superficial velocity

could be caosen between O and 2 cm/s.

Some preliminary runs were carried out in order to fix
the most convenient values for tae parameters. We decided to
perforia all the runs with the same velocity of 0.3 cm/s,

corresponding to a liquid flow of 0.5 m3/h.

The analysis of tne total water content in the input and
output flow gave the every day performances of the anparatus.
The run was continued until the output water concentration
showed a sharp increase (example of fig.6). From time to time,
we determined the actual efficiency i.e. the ratio of the
free water content in the output, on the free water in the

input.

Five runs have beeh performed until today and interesting
results have been observed. In a first sten, we tried beds
containing only one material; the association of materials
were tested later on. Results are summarized in table 2 and
fizure 5. The tests of endurance toox a lot of time, but their
results with beds of associated materials were very encouraging.
for instance, a paciting made of fibreglass followed by some
polester felt layers, gave perforamances equivalent to coalescing
cartridges designed for our unmodified coaumercial a)paratus,

but the home made packing was cheaper than cartridges.
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We can also note that a decrease of efficiency corresponds
to an increase of the pressure droo in the packing. The
warping of fibrous material is the main problem we shall try

to solve in the near future.

JONCLUSION

Our studies, carried out on laboratory scale and on a
refinery pilot plant, gave us a selection of cheap and
efficient materials for coalescing free water present in

straight-run gasoil,

The association o different materials proved to be
frequently the wmost attractive solution for this kind of
problems ; e.3. the couvling of a bed of thin fiber glass
witn some polyester felt layers was very efficient in our

particular case.

The laboratory studies allowed to define a design
procedure for an industrial coalescer equipped with fibrous

materials.
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TABLE 1

NUMBER THICK- EFFICIENCY FOR A VELOCITY OF

MATERIALS OF NESS Cem/g)
LAYERS (mm) 0..25 ©145' il 1515,
Polypropylene 10 1535 G B
(felt) 25 310 T L G G
Polyester
(Felt ne 1) 15 30 T G P B
(felt ne 2) 70 5 B
(woven) 05 G B B B
Chlorinated fibers 5 9 » B B B
10 14 G P B B
15 20 T T G B
a's, 35 B B B B
25 s, T B B B
Polytetrafluorethy-
lene (wool 50 u) 5 B B B
35 B
Steel (woven 5 ) @. 5 B
(knitted 250 w) 145 B B B
Fiber glass
(woven) 16 35 G
a7 35 i G B B
10 21 G G B B
16 @2 G G B
(roving) 5 5 B B B B
15 13 B B B
Fiber glass (felt)
(@ 3.5 u) 15 33 T T T T
(D 135 W) 5 85 3 G B B
(3 1.5 u) 10 20 T T G
(@ 1.5 u) 15 S T G
ASSOCIATION OF MATERIALS
Compound fiber glass 20 B B B B
+ metal (knitted)
Fiber glass (felt)
(3.5 w) 5 e G G
(1.5 u) 5
Fiber glass (3.5 u) 15 T G B
+ polyester
Fiber glass (3.5 u) 10 30 pi T G
+ polyester 2 10
+ métal (knitted) 15

Total (T), Good (G), Partial (P), Bad (B).
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