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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.74.
The Society has very generously sponsored the Conference in
Association witi 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 appreciated that an enormous amount of work
has been involved in the refereeing and processing of the 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 Progra�ne.
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 editoxial
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
·rhe 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.

3

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-sol vent or sol vent-sol vent 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-Mayer statistical theory 1 • After us2-7
this theory was used by Levy8 •

McMillan-Mayer Statistical Theory of Solutions.
Accoriing to McMillan-Mayer statistical theory the thermo
dynamic functions of solutions can be expressed in power series
of component concentrations. Thus the following equations have
been derived for vapour pressure over solution
activity

P and solvent

0( :

( 1)
(2)

whereJl and( are a concentration and an activity coefficient
of solvent;cJ'=o/'.P; at infinite dilution
c8

�=_p and l: 1; AO(=(X-010

is a concentration of component S-

0

in solution; BM is

irreducible integral characterizing interaction of Y
molecUles and

;

solvent

n solute molecules in infinitely dilute solu

tion. Calculation of 8 ,, can be made by means of equations like
1
those used in the theory of imperfect gases. For example, for
the same molecules 1 and 2
(3)

4

where u

12

q,1.i

is average force potential;

is the generalizided

co-ordinate characterizing the relative position of molecules
1 and 2;N,1103 is normed multiplier allowing to use molar concent
rations in the equations (1) and (2); N0 is Avogadro's number.
To apply the equations (1) and (2) for describing extrac

tion systems it is reasonable to transfor·m them as shown ear
lier5 .
1) Let's introduce mole fraction .-x; , activity a
activi t;y coefficient
a� =

then

.Po

f1 = Q1 /�

J

ln f1 =ln{_p..-�cs)-l.n_po -/aH, 'i 8"" (i )"
ct

where

P, '11o/f

and mole

-=J;%c,. and

of solvent. As x1

2) Applying (1) for consta�t

1

r

r

c;

C4)

is expanded in series

E

(5)
,60( =-Ee +
L nc".r
1
.s' ;,'
nJt..?. h $ 'S
,, is easily calculated b;y substituting (5) in (I) and

l

b;y equalizing sums of terms with the same powers of Cs to ze

ro. For example

L� = 802. 61 + 8
20
- 1

3) As

�=

L11= Bou •2 �00-Btto -Bio1

and

then we find from (5)

O(rO(R .: f - �

n
J,c = �-+- E L f] e s
.P + s
S
1
n»i " S S

and expressing l from (2)

JJ�>-c
l" S =.P

O

t

6ci
exp[-LE,
401 '113 n ( )
-1,n

(6)

»

J

(?)

nc""]+E
L nc"s
r ,. n�2 tt s S

<a)

4) Substitution (8) in (4) and expansion of ln (_p+fc5 )

in Taylor's series lead for two-component system to

where

en {1 = Al, c 2 +Jl3 c 3 +...

Az. = Jio { 802 - B1,t 8l 0);.R3 =.ft; ( 503-81�+ �/ 830 )
5

<9)

etc. (10)

Thus the evaluation of thermodynamic functions comes to

the calculations of irreducible integrals.

Calculation of Irreducible Integrals.
It has been shown5 that the irreducible integrals 8 and
�0
can be expressed by means of partial molar volumes of sol-

B11
vent; V0J and solute
.ft :
B2. o =

"2. and isothermal compressibilit;y of solvent

(11)

f (RTft - V01)

'.fable 1 gives 8 and 8 for solutions of some salts in ben11
20
zene, the data being taken from literature. As values _p0 JI�
(Table '7) are usually much more than 50 it is evident that
820
and � can be ignored in (10) i.e •
1
c 12)
.Po A � 802
i

The equation (12) shows the interaction between two amine

salt molecules in solution to exceed grea'cl,y the interaction

of a salt molecule with a solvent molecule or the interaction
between two solvent molecules.

Calculation of 80 is rather complicated and greatly depends
.i
on the form of the chosen average force potential U1 . As the
.t
first approximation it is possible to use interaction energy of

two point dipolesp placed in center of hard spheres of diame
ter 6

u, 2 = +oo

a

at r�d

<-<1.i=-_e_;(zco.sB1 cos�-sin0,sin�COS!f)

tor

at

r�es

(13)

where r is the distance between dipoles, 61 and 0� are the angles
between the direction of dipoles and their connecting line,
is the angle of their

'P

relative rotation, t,0 is the dielectric

constant of solvent. It is clear that this
6

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 ( 80� >> 820

or

Bu

) the

interaction between amine salt molecules is much stronger
than that of solvent molecules. Therefore the solvent can be
treated as continuuin of dielectric constant /; 0

•

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.

Values
Salt

f\0and 8

11

:t°c

Vo2,
l /mole
a

(C4Hg) 4NCNS 20
25
30
(Cri125)3NHBr25
(Cri!25)3NHN425
a

Re1·erence

0.3II9 .,
0.3124
0.3I29 a

Table 1.
for some solutions in benzene.

RT,ft

1/mole

0.00236

c

81-1

1/mole

0.089 - 0.043
0.089 - 0.043
0.090 - 0.044
0.089 - 0.043
0.089 - 0.043

0.65
0.65 c

9.

Vo,

b Reference IO.

7

c

1/mole

0.136
O.I36
O.I37
0.47
0.47

Reference 11.

Table 2
Values
X:

L
£.><Td

3

o.o

0.04526
5.
6. 0.15894
7. 0.63784
8. 2.8538
9. 13.8159
IO. 70.798

0.1
0.05IOO
0.18582
0.73772
3.3309

0.2

0.05755
0.20773
0.85413
3.8907
16.2314 19.0798

0.3

B.0 -t
-

d3

0.4

•

10

-i?.'{

0.5

0.6

0.06503 0.07358 0.08337 0.09459
0.23796 0.27295 0.31348 0.36048
0.98992 I.14844 1.33362 1.55009
4.5480 5.3200 6.2274 7.2943
22.440 26.405 31.086 36.615

0.7

0.8

0.9

D.I0747 0.12227 0.13931
0.41503 0.47841 0.55209
1.8033 2.0997 2.4469
8.5494 I0.0268 II. 7664
43.148 50.869 59.999

By means of computer we calculated f3n till n = JO and

Bot/d 3 for x = 5.0--:- ro.o through a.I (Table 2).
It is evident from table 2 that B01. /d 3

is monotonous

increasing function of :L 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.

D ipole Moments of Amine Salts.
The values JU and CS are necessa� for 802. calculation.

The former may be measured tentatively from independent data
the latter

being "effective" values and can't be determined

from experiment, Due to this it is reasonable to determined
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 dis dealt
with as a linear function of solute gravimetric concentration
w
E.: C.o

+

(15)

ex 'w

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 l on 'w was curvilinear in
most researches where dipole moments of ammonium salts were
measured. Application of curvilinear areas is found to res�lt
in Jower values of parameter cx' and dipole moment ;u

9

. To avoid

this difficulty we used concentrations which are IO times less

those usually applied. Thus for tertiary amine salts w= o.00008

+0.0006 and for quaternary ammonium salts w=0.00001+0.0002.

For sake of comparison let's point out that in recent work11

the minimum concentration of amine salts w was about O.OOI. In

mentioned

above concentration range the equation (15) was ap

plied for tertiary amine salts whereas the dependence E.

on 'W

was curvilinear for quaternary ammonium salts and approxima

ted as

(16)

The results of measurements are given in Tables 3 and 4.
Table 3
Dipole moments of some tertury amine salts in benzene 1 3.
Salt

(Cilg):fHCI

l'

HCI
( C6HI3)
(CH3) (CaH17) 2 NHCI
(C1 iff25) N HCI
(C 6H13)3N HB.CH3(C#17)zN HBr
(C1�25)3N HBr

-"-

(C1�25)3N HH03
(C1�25)3N HzS04
(C1�2 5)3N HCI04
a Reference I4.
c
Reference 1 1 .

t0 c

(X

I

JU

25

35.52

25

25.59
8.50
25.59
8.27
13.88
8.47
26.16
9.19
25.30
8.85
14.86
9.II
9.09
13.67
15.80
9.24
4. 206 4.92
20.84 I0.95

25
25
25
25
25
40
25
25
25

8.53

fa ])

reported

7.�
8.I
7.6 °

6.4°
IO.I 0

b Reference I5 (.1olvent is toluene)

_10

Table 4
Dipole moments of quaternary ammonium salts
in benzene 7•

t OC

ex

(C5Hn)4N CI
(C6H13) 4N J

25
40
25

37.06
37.54
43,88

c�q17CC4lig)3N.7

25

43.0
36.5

Salt

(Cali17)4 NJ

CH3(Cali17)3 NJ
(CH3)2(Cali17)2N1
(Cali17) 4NN03
C3� (CaliI7) 3NB r

I

44.26

40

25
40
25
40
25

107.I
84.7
210.5
153,2

�
1)

I0.7
II.2
13.9
14.6

215

13.0

35.2
15.35

II4
20.7

14.4
8.II

I3.6

22.5
9I.I

31.86
35.31
25.9

40
25

o<�I63

150

97.9
64

14.I

7.0
12.5

I3.6
I0.7

Figures listed in Table 3 show that dipole moments ofter
tiary amine salts practically do not depend on radical length.
Only introduction of methyl radicals diminishes dipole moment
on

rv

O, 3 D. As the dependence S on w for quaternary ammonium

salts was not linear in the involved concentration range the
values JW i.n Table 4 appear to be lowered. Neverthless the sharp
lowering of dipole moment when methyl radical is introduced can
be considered to be certain.
11

Calculation of Effective Diameters of Sal�
Molecules on Activity Coefficient Data
Values

llz � 802 and also values d were calculated
on experimental data of solvent activity coefficients. The re
.Po

sults are summarized in Table 5.

Table

5.

Effective diameters of some allcylammonium salts
Salt

r
(Cs1f17)3N HB

-"-

(C8H17)3NHC1
(C8H17)3N HCI04
CH3(Cs1f17>2NHc1
(C1#25)tHBr
(CGH13)4NJ

_.,-

( i-C5Hn)4NCNS

B ol:! )
Conditions Ref. Po1(l/
mole
0
c6H6-78.6 C
CC14-75.30C

4
4
2
2

-"-"-

-"-"-"-

4
4
2

45.3
135
83.7
287
122
IIG
1410

0
629
c6H6-78.6 C 4
0
IG,17 3434
c6H6-5.5 C

fa
D

9.1
9.1
8.5

4.91
4.76
4.6I

8.3
9.I
I4.3

4.47

II.O

5.34

14.3
15.4

4.79
6.17
6.25
6.75

Values d 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 Eff6ctive 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 association. The values �nin (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
( 17)

where

B2 is the second virial coefficient of dielectric po
larization which can be deduced from following equationI8 :
where

5� =

;'c,3 \/Jeos 'I' exp (- u,2 /,<T)dq,11.

(18)

0

If is the angle between directions of two dipoles. Using

(13), expanding the exponent in series and making integration

we find

a'Z. :: 3,'irr1QNoJ

[

A' x 2tt •1
( 1 9)
r,:,t ,rn 2.l
l
.Jl,l
I
2. (n-3t)
where .r =t, ,<f�i J,11 = f U!(U .. 1
l) (U•l'P,...{2.n +J)-l
0
t.t>
Computed values 8;/d 3 for x = 5.0 + IO.O through O. I are
63

presented in Table 6. Values B;

may be also calculated from
19

experimental data according to next equation

where M2 and P2E are correspondingly mol. wt. and electronic po
larization of solute, V0 is the specific volume of solvent, � 1

is a coefficient in equation Y =Vo +"('w
B;

• Comparison of values

calculated on equat;ion (20) with tabulated data in Table 6

allows to determine cS

• The results are given in Table

7. and

have reasonable value. As might be expected they increase with

grovrth of amine radical length and anion radius. At the same time
13

Values

/W
o.o
:r-=�
EoX �
l.

'.;:;'.

o.r

0.2

0.3

5.

0,036946 0.042846 0.049709 0.057698

7.

0.78534

6.

8.

-

Table 6

I

B2

d3

0.4

24
• ro -

0,5

0.I935I

0.22563

0.26323

0.30724

0.35880

3,9000

4.5890

5.4021

6.3618

7.4949

8,8335

9. 20.203

23.864

I.07806

28.I98

I.2640I

33.331

0.7

0.8

0,9

0.067003 0.077846 0.090488 0.I05236 0.I2245 0.I4256

0.I6605

0.9I99I

0.6

I,4827

39.412

I.740I

46,617

0.4I923

2,043I

I0.4I5I
55.I57

0.49009

2.3999

I2.2846

65.283

0,57322 0,67078
2.8203

14.495
74.29I

3,3158

I7.I09

91.537

Table

7.

Effective diameters of salt molecules on dielectric
data
Salt

( c5HII) 4NCI
(C6Hr3)4NJ
C8H17(C4H9�NJ
(C3H17) 4A11
CH3(C#17) 3N.1

t

C

f'D

25

40

25
25

(CH3) 2CC8H17)2N.'.1
C3H7(CaH17)3NJ
(CaHr7)4"N03

40
25

0
(C1�25)�HCI 4
r
( c12n25) 3"�Iffi

25

14.3

1940
2440

6.3I

14.3
14.3

2780

6.34

7•. D

716
I350

3.87

8.II

I0.7
I3.I
I3.I
II.O

25
40

0

d JI
5.38
5.34

I3.I

40
25

1/mole

IIOO
876

II.O
II.O
I4.3

40
25

-B I
2

9.I

40

2640

2220
735

1730
1700
45.4
9.23

6.34
5.98

6.29
4.36
5.25
6.03

5.95
5.96
5.44

one can observe the continual decrease d with temperature in
crease which might be caused by
1) errors in values
pendence

& on

0(

11

and JU due to curvilinearity of de

W ;

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 allcylamrnonium salt solutions in solvent s 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 �hat the
potential (13) can't be used for describing amine salt hydra
tion because it predicts wrone;ly 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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ABSTRACT

A systematic study has been carried out on the extrac
tion of platinum netals 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 forna
tion of clusters via platinum metal-to-tin bonding am the
tr ansfer of t hese to an organic phase in the form of cluster
anions ion-paired to oxonium ca tions is the basis of the
process, as established by the con::entrati on dependen::e
measurements and spectral (optic and Mos sbauer) evidence.
The a bove scheme is ad equate for all the platinum netals
in general. The character of intermatallic bonds in the
clusters is discussed.
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IN.l'RODOOTION
Ivanov (1) 't\'El.s the first to report the formation of co
loured comple:x.es of platinum with tin dichloride. Sizx:e then
this phenomenon has been u sed as a sensitive test reaction
(2, 3).

le.tar, 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 118chanism 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 e:x:temed t o
other platinum metals. T o this effect a thorough study of the
cozx:entration dependezx:es

\'118.S

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 mecha
nism.
EXPERIMEN.rAL
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" SnC12•2�0 was used,
weighted amount s of it being dissolved in hydrochloric acid
to obtain solutions of required concentration.
20

For the mos t part preparation o f platinum. metal-contain
ing solutions followed the procedures recommended in (6). Ope
rating solutions of Pt(IV), Pd(II), Rh(III) and Ir(IV) were
those of �PtC16, PdC12, RhC1 , and (NH4)2Ir016 in hydrochlo
3
ric acid..
To obtai n Os-containing solution, osmic acid (5. 66 g
osmium content) was refluxed wi. th 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 liqu id evaporat ed to a syrup-like consistence, large crys
tals of � (OsC16) were separated. The bulk of the prodoot was

dissolved in water to give 200 ml of stook solution. In case
of Ru a portion of the metal was added to the KOH/Kro

(8:2)
3
saturated solution. The mixture was wate:t'-bathheated in a
WUrtz flask \lhile pass ing chlo rine through it to generate
Ru04• This was distilled into concentrated HCl yielding a
reddish-brown solution of Ru(OH)Cl 3 • The latter was treated
with an excess of ethanol and boiled until the conversion to
a red soiution of aquorutheniun trichloride Ru(�O)c1 3 we.s
achieved. The solution was gently evapor ated adding ethanol
upon darkening. 1 ml of Os or Ru stock solutions were dilut ed
with HCl to obta in operating solutions which were mixed with
that of Sncl2 for extraction e�eriments, the concentration
of platinum metal being of the order of 10
g/ml.
Purity grade

"Pure"

f

o rganic solvent8i v,ere used. No spec 1-

al purificati on was carried out excepting that ethers v,ere
shaken with sn012 to remove peroxides. E:xtractants employed

21

Table 1
Operating Concentrations of Platinum Metals and Detectable
Comentrations of Cluster Compounds

------------r------------,-------------------Metal

j Concentration
(mg/ml)
j

jDetectable concentiration (.;,<-g/ml)

----------------.!.-------------+------------------pt

0.311

Pd

0.202

Rh

0.211

0.1

Ir

0.148

0.5

Os

0.283

0.5

Ru

• 0.078

0.4

-----------------------------------------0.02

were tributyl phosphate (b.p. 289 ° c), primary hexanol (b.p.
153.5 °c), dibutyl ether (b.p. 142 °0), isobutyl acetate
(b.p. 115 - 118 °c), methyl he:icyl ketone (b.p. 172.9 °c).
Experiment was carried out under s tatic coDdi tions. Pa�
tition column technique

ll,EI.S

also used in case partition coef

ficient didn't exceed 10. Fluoroplastic-4

ll,EI.S

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
spectrometer and the

model

model photocolorimeter e quip-

�8KH-57

ped with quartz cells, using the intrinsic colore.tion of the
tin dichloride complexes. Special e:x;periments showed the

22

identity of the absorpti on spectra of the compounds in organic
and aqueous phases and the dependence of optical density
on the acidity and co:ooentration for �i ch the correction
we.s ue.de. Standar<l solutions for t he calibration were p,Npai-
ed in 314 Hal. Optical densi ty followed the Beer's law over
the range 0.02 0 to 0.52 0. leasurements were limited to metal-
sensitive band ue.xima (Table

2 ).

Opti cal absorption spectra were recorded with t he SF-8
model spectrophotometer using 1 cm path length quartz cells
in the spectral region from 2 80 to 800 nm.
119
sn spectra of the solid-phase complexes and
W>ssbauer
of their frozen soluti ons (extracts) were measured with a va
riable-speed common type spectrometer eq uipped with a multi
1
channel analyser A!.i -2 56, 1 9sn source of 10.alcurie acti
2

v ity and abso rber of 10-1 5 mg/cm

specific thickness with re

spect to natural tin. Spectra were .recorded at the liquid ni

j

-Sn were used as refere:ooe
trogen temperature. sn::>2 and
saq>les. Channel loading v.e.s in the range of 100 to 500
thousand pulses.
Solid-phase complexes were isolated as tetramethyl
ammonium salt precipitates (5, 7).
Analyti cal procedures followed technique described in
(8) • .Platinum metal content was calculated by difference me
thod, contro l tes ts being carried out by colorimetric measu
rements.
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RESUI.lrS
§xtraction,

Preliminary teats indicated that the con

version of platinum uetals to a transfera ble (cluster) form
demanded an e:xcess o:f tin dichloride, hydrochloric acid me
dium, and boiling. Otherwise, the complexing is slow. At
100s1 Sn/platinum metal ratio by ,,,eight all the metals were
converted after five minutes of boiling. Cooled solutions
were used for the extraction experiments. Part ition coefficient (�) we.a calculated usi ng the equations

where Qinitial , �q are the quantities of the solute in ini
tial aqueous phase and in ra:ffinate respectively,
Vaq , Vorganic are the phase voluma s.
In Fig.1, partition coefficients :for Ru and Os clusters
are plotted against c omentration o:f HCl. The other platinum
matals display similar dependences. In case of tributyl phos
phate, all the clusters v.ere extracted with K
beginning with the HCl comentration o:f o. 5M.

P

exceeding 200,

The analysis of possible errors allows the conclusion
that the overe.11 ac curacy of partition coefficient determina
tions was estimted to be :!:.50% for �� 1, !.a% for � = 10-40,

and ±20% for � 1 s e:xceeding 100.

Optical absorption spectra were composed of tw<> broad

high-intensity ban:ls. The first,very strong one, 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 e:xcept Pd,
24
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21)()
150

Os

R

a.

100
50
"1-J

10,L-=::t=��t=------l----+-,r-�--+---1

-�

�

s

�

� 15D

-�

� 100
�
l 50
��

Os
50

Ru..

Fig. 1. Partition coefficient XP va acidity of solution

for Os and Ru: a - methy-1-hept;yl katona; b - he
.xyl alcohol\ c - dil:>utyl etJic.
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and is assossiated with the iDherent colour of the cluster.

Values of absorption maxima v,e.ve-lengths and molar extinct
ion for this band are presented in Table 2 •
.li'rovided that the experinental procedure described v.es
strictly followed, reproducible and time-stable results were
obtained. As mentioned above, the absorption spectra of solu

tions, extracts, and solid-phase samples wer e identical.
Mossbauer 119sn 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 cheml..cal shifts and splittiI1gs are
summarised in Table 3 along with platinum mtal initial va
lences and platinum metal to tin molar ratios used for iso
lati on of clus ters.
Table 2

Absorption Spectra of Platinum Metal- to -Tin Clusters
---------------T-------- ---r--------------e0 (x104 )________
.Metal ___
_max'_ nm ____
---- -

j __

j J_

Ru

Rh
Pd

Os

Ir

Pt

-----------

443

1.10

330

0.30

475
383
359

403

26

0.,38
0.25

1.30
0.78

-------------

Table

3

Mossbauer Parameters of the Extractable Platinum �tal
Clusters with SnC12
-----r------T _______T ___________ T ________________

Meta l

I Chemical
; shifts with
; respect to
i v\'.'.,-Sn,
i mm/sec

; M•S
• n ra ti 0;i Sta te
;

i

i,

,

e
; Quadr
s,
; split�
t
i, mm/sec

.
---- · -------- I· --------------------L. --------L

Pt(IV)

1s2

cryst.

-0.40

Pt(II)

1s2

cryst.

-0.39

2.08

2.16

Pt(IV)
Pt (II)

1:5

1 :5

-0.49

2.06

cryst.

-0.44
-0.44

2.00

ccyst.

Pt(IV)

1,10

cryst.

Pt (II)

1:10

cryst.

Pt(IV)
Pt (II)

1,5
1 :5

-0.44

solution
solution

Pt(IV)

1,10

solution

Pt(II)

1:10

solution

Ru(III)
Ru(III)
Pd(II)

Pd(II)
Ph(III)

1:5
1 :5

1:10

1:10

1s10

2.08

ccyst.
solution
C

cyst.

solution
C

-0.38

2.07

-0.38

2.07

-0.41

2.12

-0.52

2.05

-0.16

1.70

-0.05

1.73

-0.60

2.20

-0.58

2 .21

-0.26

1.98

-0.44

2.23

-0.31

cyst.

Ph(III)

1:10

solution

Ir(IV)

1:10

C

Ir(IV)

1:10

solution

0.53

cyst.

2.08

-0.15

2.00

2.13

1.72

0s(IV)

1 ,10

cryst.

0s(IV)

1,10

solution

-0.25

1.83

cryst.

+1.41

1.08

[ (CH3)4Nj [sne13]
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Data refer to solid-state complexes and their solut ions

in he:xanol, as is iniicated. Platinum uetal to tin ratios

correspond to different cluster compositions resulting from

substitution of halogen anion for sne13 in the inner sphere
of the metal. E:xperi112ntal values are believed to be correct
to !o.05 mm/sec and '!:o.1 mm/sec for shifts and splittings res
pectively.
DISCUSSION
Our results indicate that the formation of cluster com
plexes and too transfer of their soluble forms to an organic
phase is the basis of the 112chanism of platinum 112tals
extraction from a hydrochloric acid uedium in the presence
of the dichloride. To validate this view it was essential (i)
to identify the extractable compounds an d (ii) to demonstrate
that the transferable species represented clusters, i.e.

complexes with metal-to-metal

bonding. Spectral studies pro

vided sufficient information to clarify the second point

and \\hat is more to get insight into the nature of this pecu
liar type of bonding. Then, it

'Ml.S

observed concentration dependences.

necessary to explain the

First of all, the extractibility of platinum metals in
itself is closely associated vtlth their interac tion with tin
die hloride. The reaction may proceed in different ways depend

ing on the conditions. Using platinum as an e:xaaple, 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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J.

of [(CH )4NJ [Ft(SD01 )5] and [(cH )4NJ2 [Ptcl2 (SIIC1 )2
3
3
3
3

The

same is true for other platinum metals. This work da.ls with
complexes of the highest extent of substitution. Provided a

lars-e excess of tin is used, these are readily obtained, pla
tinum metal being reduced to the lowest valence state, am

the products e::xhibi t reproducible am time-stable spectral

and extraction characteristics. Only fully substituted comple

xes are extracted well. M:>stly, the saturation was accomplish
ed at the formation of mixed ligand complexes by substit ution

of usually 2 or 4 chlorines for SDOlj

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

determillations, extraction behaviour studies, am by the fact

that extracts gave s pectra identical to those of solid-phase

conpound.s. This view is supported by a v.ell-known tendency of

tributyl phosphate and oxygen-containing extractants to ex

tract complex acids in the fo rm of ion-pairs with onium cat

ions (9). Next evidence comes from a typical form of � vs

acidity dependeooe 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 bon:ling (platinum metal-to-tin in our case).

This follo-ws from spectroscopic evidence. According to argu

ments in (5), platinum lll3tal 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 res pect to c(.-Sn,
whereas the investigated clusters exhibit negative shifts

both in solid phase azxl in solution (Table J).
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On the other band, the observed shifts cannot be assigned
to the presence of Sn(1V) sime it gives shifts in the range
of -1.2 to -2 with respect toDl-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). Sime bonding through halogen bridges is inconsistent
with Sn(11) stereoohsmistry (10) and cazmot account for the
observed shifts and splittings, the only alterI1S.tive is to
assume a direct platinum metal-to-Sn(11) (in sn01 - anion)
3
coordiI1S.tion bonding. X-ray structural allal.ysis of the platinum
cluster coq,ou.nd confirms this comlusion (11). The cluster
model accounts for changes in a-electron density on tin due to
a-electron participation in 6-bonding as 11811 as for imrease
in splitting origiIIB.ting from metal-to-tin dOIIB.tion. It sug
gests an electron transfer from d-orbital of platinum metal to
$, level of sne1

, this being ess entially Sn Porbitals
X and. P3
y
and some depopulation of Sn Pz orbital sime Pz electrons
contribution to 6-bonding. These two effects are responsible
for all the spectral phsnomeIIB. associated with coordination
bonding of sn01

3

with platinum metals (for details see ref. 5).

In addition, it should be eq,basized that the dative
d ��onding also provides an e:xplamtion for the character
of optic spectra. Actually, according to the above considera
represents a ligand of high spectroohemical
3
activity for it acts as a v.eak <:;;#-donor and strong cSt""-accep

tion, sna1

tor. Lack of data on cluster structures makes it iq,ossible
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position in spectrochemical series. The
3
assunption of square-plaDar config'lll'ation of Pt and Pd com
to determine SnC1

k
plexes, which is very li ely, results in

field stre ngth
2
close to that of strong <JC -acceptors (CN-, 00, s o -). Thus,
2 3
the bolld character considerations suppose the assignement

sne1 3

of sensitive to metal bands in spectra of clusters to d-<l

ligand field and PL--d ligand-to-metal charge transfer tran

sitions. These transitions are nearly equal in energy, as
suggested by the a:calysis of sne1

electronic structure,
3
though the ligalld-to-metal transitions contributes predomi:cant
ly into the band intensities. The shor t-we.ve-length maxima
origi:cate from intraligand transitions alld therefore are

observed in free of platimm metal solutions of SnC1

2

in HC1.

The overall consisten:y of spectroscopic alld chemical charac
teristics of clusters favours the suggested extraction mecha
nism.

To return to the con:entration depen&J.n:es of the ex

traction, the following scheme is supposed to explain the

observed relationships accor ding to the law of mass acting:

SIC12

MeC1:

+

HC1 � HSnC1

3

kSnCL � lleC1 n-k(SnC1 ):i(
3
J

+

+

kC1

RR'O + lr"p RR'Olr"
RR'Olr"

+ MC1

n-

k(SnCL )k � (RR'OHk MC1 k(SnC1 )k
nJ
J

[KAJaq � [KAJsol.

The data presented in Fig. 1 may be utilized to calcu

late the equillibrium constants of oxonium salt formation

alld the correspollding partition coefficients for different
solvents.
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There are several possible -ys of explaining the ano
malous extraction behaviol.n' of o:xyge�ontainiDg reagents
in comparison to that of simple coq>lex acids, e.g.

H!'ec14

(9). lP1n'ther investigation is .needed to choose between them.
Solvent effect on ion pair stability, differences in proton
affinity, alld to a lesser degree competition of Ha'! may be
of primary impartame.

CONCLUSIONS
The existence of general mechanism of extraction of
platiDUm metals v.as demonstreted. It is based on the for
mation of cluster compoUllds with metal-to-metal bonding
which are transferred to the organic phase. The mechanism
is observed in the extraction process in the presence of
sn012• It's existence v.e.s supported b y the overall spec
troscopic and chemical evidence. Mossbauer spectral data
v,ere utilized to for m an opinion on the coordination bolld
natl.n'e in the cluster s. The bolld is a covalent one with a
considerablek -character due to a dative electron trans-

r.:-•

fer fr om d-orbital of platinum metal to ligand :/l level.
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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
discussed 1 -4• In this work an attempt has been made to find
regularities which can explain why this very extractable com35

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
MeXm(x- is the halide ion), co-ordinatively solvated compounds
MeXm Sp (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 orbitals 5 •
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 uneolvated complexes. Co-ordinatively unsaturated metal

halides, having energeticaly available vacant orbitals, can,
on the contrary, interact with ligands-donors L(Lis the
36

halide ion, water or extractant molecule), and can be extract
ed as anions of ion associates KatnMeX��n or co-ordinatively
solvated molecules MeXmS• The nature of the compound being
p
extracted depends on the relative affinity of MeXm to extrac
tant molecules Sand halide ions
tions.

x-

and on extraction condi

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
beat serve as a characteristic of the electronodonor ability

of the ligand for a certain class of the ligands 6 • Thia makes
to use more qualitative approaches of the co-ordination che

mistry and data o� 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 4 (X=Cl, Br, I) that these molecules can

be acceptors only on

b-antibonding MO or vacant 4d AO of

germanium. Therefore, GeX4 molecules (except GaF4) are weak
8 cceptors. Generally, only metal halides with filled d or
bitals are acceptors solely to np and nd AO and
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 molecule$. 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,

antimony8 •

Such a consideration enables to point out those few metal

halides which can be extracted as unsolvated neutral molecules.

These are halides of Hg(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

MeXm + pS = MeXm Sp
( 1)
or complex anions
MeXm + nX- = Mexn
( 2)
m+n
the extraction of which by a neutral extractant is described by
the equationx)

nH+ + qS + MeX��n = [H+s 'l ] n [ MeX��n]

(3)

The distribution coefficients of the ion associate as a complex
acid or a solvate are expressed by the equations

X:;z;r! cir-
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(4)

(5)

m+n

0 ,J'

where the round brackets denote thermodynSJRic activities, ; and
1
%)
�e extraction of aetal complexes by amines and other cationic extractanta ca:o. be described as a process of foI'llixig the
ionic associate from a co-ordinatively unsaturated neutral me
tal halide and an amine halide.
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¥1 the overall stability constants of the halide complexes and

a and Ke
their activity coefficients in the aqueous phase, Kex
ex
the extraction constants for the associate and the solvate, and

Ys 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

- ( 6)

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 9 •

To examine the effect of other factors, we assume that

Ys/{=1 and that the solvate numbers for both mechanisme are

about the same and express Kex through the stability constants
and partition constants. Then
- (?)

Where Pa and P 8 are the partition constants of the complex acid
and the solvate, .f3a and 8 are the equilibrium constants for
reactions (2) and (1), k is the constant for the formation of

J3

the cationic part of the associate. The value of Da depends

strongly on the anion charge. The Pa/P 8 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 De can be comparable in the case of a single
charged anion, and the ratio of J3a/J3s 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 Ja and js, 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 B 10 and the
principle of hard and soft acids and bases (PHSAB)11 1 12.
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

soft 13 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 te,
the decrease of the effective charge of the central atom in the
order Me!'m > MeClm::,. MeBrm::,. Me Im in spite of the occurenc e 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) 1 2 1 F:::,.O>N>Br>I>S. The series,
in spite of its conventional character, proved to be useful for

estimating the extraction mechanism. The authors of work 14

estimate the affinity of hard metal halides to
nucleophility parameter of the latter.
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x-

by the

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 �tractant, 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 ands. 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' MeBrm , MeCl m. 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 9r-back donation is sma1115 •
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!ps, 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 (faa � J3s). That's why
class A ions are extracted from fluoride solutions, apparently,

only as ion associatesx) . Thus, tribu�yl phosphate (TBP) extracts

tantalum as H�aF6 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 (J3a '-} s ).
The covalent interaction with ligands becomes essential for

borderline and hard ions of the transition metals and metals with
filled d orbitals (Co(II), Ni, Cu(II) , Fe(III), Zn, Ca, In ) . In

this case chloride and bromide ions are more preferable ligands

J3

than more hard oxygen-bearing extractants (.J3 8 > 8 ). 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 HCl 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-E
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

x) Extraction data are given from 16 •
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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 Pa>Pe 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 Ja � } 8 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(II),

Pd(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>D8, 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 HCl solutions 17•

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 exact 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 papershavebeen devoted to the study of the

extraction mechanism of scandium with TBP. It has been sugges
ted in early works that scandi um is extracted

as a complex

acid H ScCl&•JTBP or HScc14•2TBP. More detailed studies have
3
shown that a solvate of Scc1 (TBP)p is extracted where p=J,2
3
or even 1. As has been shown above, the solvate mechanism is
much more probable for such an element as scandium. It is known
has vacant (n-1)d AO and, hence, should be a compara
3
tively strong acceptor. In fact solid Scc13 is a coordination

that Scc1

crystal (m.p.is 96o0c) with CN of six for scandium. That's

why a solvate of Scc1 •JTBP is the most probable compound
3
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 PdX2•2S(X=Cl, Br, I) are extracted. However, the
authors of one work have experimentally shown that the mono

solvate PdX2•s is extracted. Meanwhile, plane square complexes
are typical for palladium ( II) as well as for other metals with
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d B structure. Such a structure is observed in all palladium

compounds. The main fragment of the structure of PdC1 2 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

solutions is contradictory. According to some works, only

Coc1 2 4 passes to the organic phase from HCl, LiCl, CaC1 2 solu

tions as well as merely 1'rom Coc1 2 solutions. Some other

authors have come to the conclusion that TBP and ketones

extract CoC1 2 •pTBP, Li(CoClJ )•pTBP and Li2 (CoC14)•pTBP. The
authors of work 18 believe that a complex of CoC1 2 •JTBP is

extracted at HCl concentration of less than 5 Mand that of

-HCoc1 •JTBP at higher concentration. The analysis of data on
3
the structure of solid complexes (CoX 2 , where X=Cl, Br, I,

forms octahedral structures, complexes of CoX 2 · 2 S do molecular

tetrahedral and polymer octahedral structures) enables us

to think that solvates of CoC1 2 •2S or Coc12 .4s can be extracted
from solutions with low Cl- concentration (the formation of the
disolvate seems to be more probable).As has been shown above,

H 2CoC14 must be the main extractable form in the extraction

from solutions with high HCl concentration. The extraction of

HCoc1 is also possible from solutions with moderate Cl
3
concentration but only if thefourth 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=J. If co-ordinatively
solvated anions are not formed under extraction conditions,
one can believe that the

composition of HCoc13 is not valid.
A mixture of a cationic extractant and a neutrEµ 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(Mec14 or MeCl�-) in extraction systems with amines.
CN of the metal in these complexes does not correspond

the potential co-ordination

to

of the TPE ions which have a

number of energetically 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 amines 19 •

For the last example of using PHSAB and data on CN of ions

for the explanation of the extraction behaviour of halo complex
es, 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 Mec1

4

complexes

whose stability follows the order: Ga <-In<Tl. Such "anomalous"

behaviour of indium beco�es clear if we compare the change of

CN and the ion softness from Ga to Tl(III). Gallium is most hard

of three ions but the complex Gac1
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4 is not hydrated in the

inner sphere as the small size of the metal ion prevents

from the formation of a complex with CN � 4. The size of In
1

and Tl(III) enables them to add two water moleculesto a Mec1
anion (CN=6) but indium is a rather hard ion and it retains

them firmly while a soft thallium ion in T1Cl

4 is whether not

hydrated or forms a very weak bond with water molecules.
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Extraction of.' Monobasic l,cids b�, iunines
Mi roslav Mrnko, Jana �atrova, Vera Jedinakova and Jiri eeleda
Prague Institute of.' Chemj_cal Technology, Department of.' Nuclear
Fuel Technology and Radiochemistry, 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 inf.'ra-red spectra the authors conclude that ami
ne salts of.' strong mineral acids are ·f.'ormine six-membered rings
in the organic ph;:,se. At a hi,::;h water activity in the system the
+

se rings consist of.' the ions RJ�m: , X- and of.' water molecules.
With decreasing water activity in the system a dehydration sets
in and the rings of.' the h;:, drated salts are transformed into equal
ly six-membered rings of.' the trimeric anhydrous salts. A similar
f.'ormation of.' cyclic structures seems to be responsible also f.'or
the excess acid extraction.
The mechanism of.' the extraction of.' acids by amines is not
yet f.'ully elucidated, in spite of.' the numsrous investigations
done in this f.'ield. From this point of.' view, the f.'ollowing three
questions are essential:
1/ the association of.' 'the salt in the org�,nic phase
2/ the co-extraction of.' water
J/ the extraction of.' the excess acid
So f.'ar there does not exist any uniform opinion on the part
played by wAter in the extraction process, where contradictory
results hL,ve been publishad, neither there are any exactly for49

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 extrac tion of mineral acids by amines.
From the published experimental d�:ta it mc,y be inferred as a ge
neral rule thHt 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 constGnts
of' amine sa 1ts :
HCl < HNO J < HBr < HClO < HHSO
4
4
which is nearly exactly the order in which the poh.rity of' the
salt is increasing. The mnjority 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 esta

blished for salts of secondary and terti"ry amines,

The extraction of the excess acid has also been observed with
all mineral acids, According to Keder and Wilson /2/ the tendency
to bind ad�itional amounts of the acid decreases in the following
order:
HNO J > HCl > HHSO > HBr > HJ > HClO
4
4
which is the order of increasing strength of the acid.
This direct dependence of the excess acid extraction on the affi
nity of the anion of the salt for the proton indicates that the
molecules of the acid extracted in excess are bonded to the salt
of the amine by hydrogen bonding of their proton to the anion
of the sB.lt. Conformingly to these conclusions on the mechanism

50

of the excess acid extruction the formation of the complex anion

HX2 is assumed, in the case of monobasic acids.

If this conclusion is right, than we might expect that the

perturb:,1tion of the N-H

+

bond in the hydrogen-bonded cations

should decrease on excess acid extraction as result of this for
mation of the more basic simple anion X into the weakly basic

complex anion. This has been con:firr!:ed by Keder's and 'Hilson's
measurements of the infra-red spectra/:/.

For the co-extraction of water there are so far no complete

data about the way in which the water molecules .:;re incorporated

into the structure of the salt of the amine. It may, however, be
assumed that the water molecules are hydrogen-bonded by one 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 peir is available.
As evidence for the formation of the OH-X bond may serve the
fact that the a:ff'inity :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 0-H••• x- has
been established from shifts of the stretching fre4uencies of

the 0-H bond. In the case of the excess acid extraction of some

acids an increase of the co-extrc1ction of water has been obser

ved. This indiccites that the first additional amonts of the acid
+
pciss into the organic phase as the hydl'<Jted ion psir H o -X- •
3
So far it is not known, which is the relation between the way of
bindin.g of these pairs and the binding of the anhydrous HX mole

cules. The authors only agree in the statement that no simple

51

r elation between the water content and the content of the excess
acid in the organic phase can be found. Neither it is possible to
say that there exists a stoichiometric displacement of water by
the excess acid, nor to interpret the observed fGct 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 diametral differences, sup�ortin,J 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 sc:1lt in the orgunic phase de
pends on the water activity in the system ami th1;t it is in connec
tion with the co-extraction of water /directly determined by the
ancilysis of the content in the organic ph:rne/. When hydrochloric
Dcid is extracted from diluted ac,ueous solutions, where the acti
vity of water in the s;ystem is high, water is bej.I1£ co-extracted
by trioctylamine in an equimoL;r ratio, i.e. 1 H20 molecule to each
molecule of the aMine salt formed in the orgwnic 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 wciter from concentrated acid
solutions /as far as we do not rei..Ch the region of the excess acid
extraction/, and the pol,ymerizotion degree of the amine sl:llt tends
towards Jin 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 containing 1 H20 molecule for each R3NH
52

+

-x-

ion pair.

+

If each cation RJNH 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 0-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 molecules; 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:
H

+--+
RJNH,

-

'X

'

---
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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 three mole
cules of the salt:

I

I

I

x-

mm

+

J'

+

R NH
J
"\_ X-- -

''

x-

+

R HH /
J
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 stretchins fre
+
quency
/N-H / in the vicinity of J 200 cm-1• The perturbation of

the bond will shift this band to lower frequencies. In the case of
the extraction of perchloric a.cid the perturbation is rather weak

due to the very low basicity of the anion c10

4

the region of

stretching frequencies is shifted here only to J 000 - J 100 cm-1

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
-1

with absorption muximurn at 2 400 cm

, corresponding to the stret-

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

J 050 cm-1

HC104
HNOJ

2 650

It

HJ

2 600

HBr

2 500

It

HF

2 250

It

2 400

HCl

DC10
4
DNOJ
DCl

It

2 200 cm-1
2 110

2 090

It

It

"

Nitric acid assumes here an anomal position among other mineral
acids. In spite of being a relstively weak acid, its NH stretching

frequency comes near to that of stronger hy droiodic acid. The ob

served shifts are in agreement with the values found by many 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
ons

x-

x-

and the H20 molecules. Since the ani
can be bond to the N-H cations as well by electrostatic

se neighbours are the ions

+

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 RJNH 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 RJNH 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 0-H bonds
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and another anion

x-,

as shown in the formula. The second 0-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 hJdrogen bonds between the links H20 and x- it may
+
be then easily explained why the hydrogen bond NH - 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 0-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 J 660 cm-l an intensive broad absorption band of the hy
-1
drogen-bonded OH groups with m&ximum on J 400 cm • 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, proportionally to the ndrrowing 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 �O links as to the
+

R m-r cations. This is well consistent with the cyclic structure,
3
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

n=

J. 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:HC1:H2o = 1:1:1
and where the mean polymerization degree fell gradually on addi
tions of water from the value J, corresponding to the anhydrous

salt to the value 2, attained at the hydration ratio 1:1. 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=

J for an antzydrous salt was proportional to the water con

centration in the organic phase and correspondent to the amount of
dimeric monotzydrate calculated from the amount of water added.
The extraction of excess amounts of the acid is paralleled by
increase of the water concentration in the organic phase even in

cases, where there was already a detzydration of dimeric hydrate

beginning, before the excess acid extr1:1ction has eet 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 phase. Hence it mey be assum0d that the excess acid is for

mine ion-pair bridges linking the cycles mutually into larger units.
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+As to the way in which the HJO X bridges are incorporated between
the two adjacent 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 h;ydrogen
+

bond with the NH

cation. Therefore, the perturbation of the NH

+

bonds should be weakened and their band originally shifted towards
low frequencies, should be return near the vulue corresponding to
the non-perturbed bond. In the spectrum there should furthermore
appear a new band in the region of low frequencies belonging to the
+

hydrogen-bonded HJO cations. Both these effects were actually found
in the i.r. spectra. This shows that the excess acid extraction
+
actually starts in such way bonding of HJO X- ion pairs to the x
members of a h,ydrated·ring, excess acid side chains are formed to
the anionic poles of which a second ring is then associated by means
of its free OH groups. In this WF,y the side chains, in their turn,
are closed to a ring and get stabilized. Such bonding of a hydrated
ring to another hydrated ring m�y give rise to a condensed tricyclic
+

molecule containing 4 R NH cations and 2 excess acid unites. The
3
mutual association of the anhydrous ring alone, however, should not
be possible, due to the disappearence of the H2o 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
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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 J, when the water content in the organic phase is de

creasing towards c� 0 = 0 on further increase of the concentration
,2
of the acid in the aqueous phase. Hence we have inferred that the
+

H o x- side chains, having lost the opportunity to bond with their
J

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 condensed structures it

m ay be assumed that the water rem:;;ining in the organic phase at tho

se high concentrations will be preferentially concentrated into

the remklining tricycl'ic molecules. An.hydrous 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 R NH cations
3
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 molacules 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

is considerably shifted towards the centre, it may be concluded th�t
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the strength of the HX bond is comparable with that of the 0-H.
+

bond in the HJO ion so that the band of hydrogen-bonded HX mole

cules might be expected in the vicinity of the band of hydrogen
+

bonded Ho ions. Since the 0-H and NH band are widely perturbed
J
by the bands of C-H bonds we have 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 thep
se high acidities due to the strong dehydration of the organic pha
se. In deuterated systems the bands of all these types of �ydrogen
bonds are quite distinct. This formation of side cycles bonded to
the anions of the acid results in a decrease in the electron den

sity at these anions similarly as the substitution of this anions
by anions of a stronger acid. In this way al so the anomalous posi
tion of the NH bands observed in the case of the extraction of the
nitric acid m&y be easily explained. This acid is being extracted

already from low concentrations in high over-stoichiometrical pro
portion as anhydrous molecules, and the cryoscopic polymeriz&tion
degree of the amine salt is J in wide TOA:HNOJ range. This shows

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

NOj simultaneously with the form<>tion of the amine salt, so that the
anions in the rings are not NOj, but big complex anions /NO/NHO/n/
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 inf'ra-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 R)NE, X and of the water molecules partly associated by hydrogen 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 cycles of the amine salt present in
the organic phase, able to bind by their free OH groups the anionic
+

+

ends of these H 0 -x- pairs the rings are associated by the a.,o -x
3
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 eydrated 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 liter8ture.
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TRE 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 interactien in a pair of complexing agent - ligand and
for an intermolecular hydrogen bo�d ( mB) 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
ent�opies of IHB's were determined for 4o neutral organophos
phorous compounds of the type x Po (where X=R, RO,�· NHR)
3
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 permitsetudy 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
radiochemistry (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 fi eld 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 (2)) for deriving a reasonable theory. Most of
the work carried out using the zero-differential overlap and its
d-ifferent modifications afforded quite contrary results <3 ).
In our opinion a perspective explanation and foraasting 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 mod�l of the hydrogen bond ( 4 >. Moat parts of the theory
have been studied in detail and modified and now the model itself
is approved by a majority of the specialities <5
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 af the following reasons: Reactions
with phenol have been abudied in sufficient detail. Thus one

may compare the electron donor properties of the phosphorousand 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
and water could also be used as a standard acid (G,? ).
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The thermodynamic measurements were performed by means o.f

the infrared spectroscopic method. The dilute solutions of
acceptor (A) - electron donor ( D ) in carbon tetrachloride were

S

investigated. According to our data and those already reported ( )
phenol in cc 14 solution is by more than 99.9% monomeric (at
CA = 3- 5 x 1 0-3 mole/1 ) . The CD concentration of the extracting
agents w4s such that provide the ratio CD/C = 0.5-0.15. In
A
the study of the interaction between the neutral organophosphorous
compounds ( NOPC ) and water the binary solutions H 0 - NOPC
2
(C /C = 1 - 3) were prepared and then diluted ten-fold with
D

cc 14•

A

1
In the region of 4000-2000 cm- the IR spectra were obtained

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 "t" = 361 1 cm- 1 assigned to the OH stretch in phenol
fr
and a broad band corresponding to...,..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

satellites in the low-frequency part; but their number is indep
endent of the donor type and intensities increase with increasing
AV-= �
- �as • Similar behaviour of 'f"' as has been cited
(9_ 1 2) fr
and explained by its Fermi resonance. This is quite in
agreement with the theoretical structure of the bland "t"" in
hydrogen bond complexes predicted < 1 3 ) on the basis of =�mple
models of H - complexes using published results (14 ) . Spectros

copic titration has demonstrated that under such conditions phenol

reacts with
complex.

x3P=o

(Z=R, RO, NR , NHR) in cc1

2

4 to give an 1:1

18
Badger and Bauer < 1 71 ) 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 AH and

frequency difference�\)- for absorption of the free and associated
groups. Now a large number of dependences of the type
H = 0,4.Y+
+ b with different a and b are known which describe a limited
set of donors interacting with an acceptor. Drago et a1 <19)
have observed a linear correlation between the shift and enthalpy
for one base and different acceptors. Iogansen (20) has doubted

the validity of a linear dependence of AH withA°'tfor the AH
region investigated (0-11 kcal/mole) and assumed a quadratic
relationship between AH and A..,,..wi th an observed deviation from
linearity at A. H
3kcal/mole.

<

-

We suggest that the literature data available allow us to

ascertain that for AH� -4 kcal/mole the enthalpy versus
21- 2 4)
frequency· shi-ft is linear. Using published ratios <
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
by theee methods 25 -27• The graphical solution of the system of
equations proposed < 25) was replaced by a more accurate analytical
one. The free energy and entrlpy were found from therelations
A G0 ) (4s 0 ):
RT 1n K

(1 )

A s xT = AH - AG
where R is the universal gas constant,
0

0

and T

298

°

0

(2)

K

The hydration enthalpies of extraction agents were computed
using known equations <2B) derived on the basis of theoretiC3l
formalism (29) and computation <3 o, 31) 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 <32> for avoiding rough measurement errors. The
values in Table 1 are measured at an accuracy of 20%.
TABLE 1
The spectral and thermodynamic characteristics of complex
formation between the neutral organophosphorous extraction
agents and phenol and water in cc14
Electron acceptor
phenol

No. Electron
donor
1
2
3

4
5
6
7
8
9

AV° -��

0

I( -46' .,,s

0

E�

water

AV/ -A k°£! ·All•,,.1

(cH )) Po
307 5.7 120 2.8 9.7 1.08 224 4.o 3.8
3
3
(CH o)2P(0)CH 334 6.1 203 3 .1 10.1 1.15 236 4.o 4.o
3
3
(CH 0)P(0)(CH3 )2400 7.0 295 3.4 12.1 1.32 278 4.8 4.6
3

(C�) Po
3
(CH o)2P(0)N
3
(CH )2
3
C�0P(0)(N(CH )2)2
3
( N( CH )2 ) P0
3 3
(CH )2P(0)3
N(CH )2
3
CH P(0)3
(N(CH ) )
3 2 2

450 7.6 687

361 6.5

3,9

12.4 1.43 298 5, 1 5.0

196 3.1 11.4 1.23 239 4.2 4.3

416 7.2 524 3,7 11,7 1.36 255 4.5 4.8
462 7.8
442

736 3,9 13.1 1.47 332 5.8

5.2

7.5 332 3.4 13.8 1.42 283 5.0 5.0

460 7.7 653 3.8 13.1 1.45 273 4.8
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5.1

CI-It

1o CH3P( C).
. -nee 3 ) 2
11
(c4H9)3Po
11

379 6.7 458 3.6 10.4 1.26 241 4.2 ,,.4
320 6.0 150 3.0 1 o. 1 1.13 211 3.8 �-0

12 (c4n9)2P(O)C4H9 383 6.7 261 3.3 11.4 1.25
13 (C4H9�1P(O)(C4H9 ) 2
451 7.6 316 3.4 14.1 1.43
14 (c,1 E9)3Po
496 8.2 664.3.8 14.8 1-.55
15 (C4!:I9¢l) 2P(O)1
,r(c H )
368 6.5 253 3.3 10.7 1.23
• 4 9 2

257 4-3 4.4
282 4.9 5.0
3.06 5.3 5.4
251 4.2 4.3

16 c4H90P(G)[N(C H9) ]2
4 2

427 7.3

18 (C4H9 ) 2P(O)N(C4P.9 ) 2

454 7.7 561 3.7 13.7 1.45 303 5.1

n[i-JCc4H9)aj3Po

19 CH
4 9 P(O) �'1"(04n9)2]2

326 3.4 13.1 1.38 273 4.6 4.8

468 s.o 1104 4.1 13.1 1.51 283 5.1 5.3
5.1

443 7.5 533 3.7 12.8 1.42 281 4.8 5.0

20 c4H9P(O ) N(C4H )2
9
-... c4H9o 377 7.1 262 3.3 12.8 1.34 265 4.5 4.7
21 (C4H9)2P(O):N1-IC 4H9

513 8.4 735 3.9 14.8 1.56 3.13 5.3 5.5

I-:NC 4H9)2

5 C4 8 • 3 8·71 4 • 0 1 4 • 8 1.55 319 5 • 4 5 • 5

(lmc4H9)2

496 8.2 828 4.0 14.1 1.53 313 5.3 5.4

2 2 CiI P ( C ) ( 9

23· (lmc4H9 )3PO
24 c4H9CP(O)25 (c4rr ci P(O ) 9

541 8.8 1104 4.4 15.8 1.66 344 5.8 5.8

337 6.1 310 3.4 9.1 1.15 233 3.9 4.0
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26 (c 4H90)2P(0)·NH2
27 (c4n 9())�( 0)-

335 6 •. 1 266 3.3 9.4 1 • 15 269 4.3 4.o

28 (C 4H (!1)/( 0)NHC3H7
9

361 6.5 443 3.6 9-7 1.23 239 4.1 4.3

NEC4H9

344 6.2 305 3.4 9-4 1.17 242 4.0 4. 1

29 (C4 H9() )l( 0)HHC12H25

354 6.4 443 3.6 9.4 1.21 271 4.5 4.2

-

30 (C6H11o)2P(C)
mrn4H9

31 (C8H17 o) 2P(O)lIHC4H9

361 6.5 338 3.4 1 (.;.4 1.23 254 ��3 ,j..3
361 6.5 263 3.3 1C.7 1.23 254 4.3 ·1 • 3

32 (c 429o)2P(C)NHC4H9 3C7 5.7 305 3-4 7.7 1.C,8 2�-8 4. 1 3.8
33 (C4 F.9 0)2 F( C )rm292 5.6 355 3.5 7.0 1.06 246 4. 1 3-7
c4H9-t
34 (C 4I:9o) 2P(C)
irnc6H11-cis

-

35 (h-c4.n9o)2P(C)-•pc H
.i.', • 4 ·9

318 5-9 41,3 3.6 7-7 1 • 11

2/f 9

4.1 3-9

322 5-9 482 3.6 7-7 1. 11 245 4.1 3.9

36 (EG)�P(O)HHC4H9
401 7.0 118 2.8 4.2 1.32 265 4-5 4.6
37 (c4s9o)2 P(C)N(C H - 1)
350 6.3 285 3.3 1 o.1 1.19 246 4.0 4.2
�
4 9
38 (c H )2P(O)N(C Hgh)322 5.9 466 3.6 7.7 1 • 11 235 3.9 3.9
4
4 9
39 (C4E9c)2P(O)N(C6311-c)2
4.C (i-C4H9o)3PO

332 6.1 210 3.2 9.7 1.15 253 4.3 4.C·

329 6.1 165 3.C 1 o. 4 1.15 223 3.8 �-0

C2)15
,:.
Hotes to table 1, EG - c 4H9CII - CH20
Units: Li� - cm-; LiH 0 andAG0 kcal/raole.,ns 0 e.u. , K -1/mole
..:easare;d at 25° c.
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The reaction of NOPC with water and phenol has the same
nature,

1
Thus it is naturally to expect ( 9 ) that the strengths

of the H-bonds produced would vary linearly,

linear dependence is observed
H

phenol

2,0

H

HO
2

-2, 3

Actually, such a

(3)

(r=0,92)

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-bmnd is almost proportional

to the product

is the proportionality coefficient equal to the enthalpy
11
of a standard complex with an H-bond,

where H

p - the factor of the i-th acid,
i
E

j

- the factor of the j-th base.

Phenol and diethyl ether were used as the standard reacting

pair for which P =E =1 and H
= -5,3 kcal/mole, The values of
i j
11
E unluckily called the basicity factors (33 ) were computed for
j
N PC
NOPC (Table 2), Using E.'s, the hydration enthalpies of O

were found which agree well with the experimental data (table 1 ) ,
Acceptor properties of water could be estimated from equation (4)

and E.:
J
P
= 0.66.
HO
2

Of practical interest is a comparison of Ej's with extraction

characteristics.

Table 2 lists the logarithms of some known
B
4HT1c1 .2s (3 ) and
extraction constants of nitric acid (3 37
3
uranium from nitric acid solutions <39) and the sum of charges

>,

on the nitrogen, phosphorous and oxygen atoms given in the
literature

Factors E., extraction characteristics and atomic
J
charges sums at N, O, Pin some phosphorous -and nitrogen�ontainine extraction agents .

Extraction agent

E.
J

log¾No

3

(C H o) Po
-1.06
1.13
4 9 3
(c H o) P( 0)0 H
1.26 - o.86
4 9 2
4 9
c H 0P(O)(C H )
1.43 -0.35
4 9
2 9 2
(C H ) P o
1.55 -0.10
4 9 3
CH 0
4 9 P(O)N(C
1.34
4�8
C 4H
9
(c4Hg>)2P(O)N(C4H )2 1.23
9
c4H 0P(O)(N(c4 H )2)21.38
9
9
(N(c4H )2) PO
1.51 -0.32
3
9
c4H P(O)(N(C4H )2) 1.42
9
9
2
( c4H )2P( 0)N( c4H )2 1. 45
9
9
PO
1.66 0.08
(NHC4H \
9
c4H 0P(O)(NHC4H ) 2 1.53 -0. 56
9
9
P(O)NHC
H
o)
(C4
4H 9 1.15 -0.11
9 2
c4 H 0P(O)(NHC4H )2 1.55 0.11
9
9
(C4H ) P(O)NHC4H
1.56 0.03
9 2
9

log¾T1C1 LogKUO +2 I4·
. l.
3
i=N,O,P
1.18

2.2

1.695

2.24

3.3

1.766

3.34

6.o

1.862

3.97

8.3

2.00
1.899
1.818
1.916
2.000
2.000
1.997

Unfortunately onlya rather limited amount of extraction
data are known for the most investigated N OPC. Thus table 2
gives a comparison of accuracyof the correlating equations
for a series of phosphate-phosphonate-phosp!inate-phos phineoxide

compounds to tnat of the same equations used for all compounds
in table 2 (the dependence log K
(E.)is presented most
HNO
J
3
completely.
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The correlation coefficient is taken as a measure of accuracy.
Thus for the first four extraction agents
log ¾ o = 2.3 E.-3.7 (r = 0.94)
N
J
3

(5)

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

the best correlation coefficient r = 0,98.
log

=

6.9 Ej-6.5

¾T1c1 .2s
3
log K o +
= 15.2 Ej-15.4
u
2
I, qi = 0.8E + 0.85
j

Analogously

(r=0,999)

(6)

(r=0.990)

(7)

(r= O.92 )

(8)

4
The value of the isoequilibrium temperature ( 2) 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 measure:nent 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
43)

close or that such complexes have similar stabilities C

•

Moreover the family of curves A.Gi (T) = 6.Hi-T 4 Si (i-1.2
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)

f

is opposite to that observed at the

experimental temperature T (' � •

In our case for the first twenty compounds of table 1

the equation of compensational effect has the form

where

b

ture is , =
°

0.23 �AH + 0. 32

is the Lefler operator.

T = 298 ).

441

°

°

K (168 c ) .

(r = 0.91)

(9)

Thus the equilibrium ter.ipera

(Measurements were performed at
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We note that the presence of a compensative effect should

be checked for each reaction series otherwise erroneous

44

conclusions could be drawn. Thus Lopes and Thompson < > have
obtained the thermodynamic 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,= 54o 0 valid in the
region of -AH= 1 - 9 kcal/mole. However, from the more
44 )

detailed analysis of the results (

an isoentropic reaction
series is observed instead of a symbathic change of I. H and .4 S.
44
The authors themselves < ) have adopted an isoentropic charac

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::;(A H )
const, while our computa
tion using their data gave ,\l = const = -6.6 e.u. with a mean
44
square deviation of� =+_o.8 (slammer than in < > (6'=;t1.1 e.u.)
One can not interpret unequivecally the thermodynamic character
istics of reaction between 2.6-ditert.butylphenol with nitriles

1

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
46
Palm ( ) 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.
46
tions have been advanced ( >.
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Such considera

Starting from the principle of additivity of properties
we computed the values conventionally called donor coefficients
(e) (table !S).

TABLE

3

The donor coefficients of different functional groups.

No.

Group

1

CH o
3

e

0.35
0.34

12
13

0.33

14

0.33

15

o.48

16

0.52

17

o.49

18

o.49

19

o.47

20

10 NHC�

o.4 9

21

11 NHC �-n
3

0.55

22

2 h.c 4H o
9
3 n-c 6 H 13o
4 n-c 8 H17o
5 c�

6 n-C 4H
9
7 N(CH )2
3
8 N(C4"Hg-n)
9 N H2

2

group

No.

NHC4H -n
9
NHC12 H25 -n

c 4H 0-iso
9
c 8 H17o-sec

e

0.57
0.53
0.38
0.27

c4H C H (C2 H )cH 0
2
9
5
N(C H l.
.
4 9 S0 )2
N(C4H -sec)
2
9
N(c H -cyclo)
6 11
NHC4H -sec
9
NHC4H -tert
9
NHC6 H -cyclo
11

0.38
0.51
o.43
o.47
o.4o
0.38
o.43

The donor coefficientsintroduced allow computation of the
extraction constants from equations ( 5-7) for N0PC 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

(10)

where K is the extraction constant

�e 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.
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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 technology.
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 the 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 experlm.-nts were therelorc conduc:ted to establish
the magnitude or the effect 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 Lhe 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 corr.prising 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 upp·er and lower
shrouds.
Throughout the experiments the impeller was operated
In all cases the impeller
at a tip speed of 2.61 M/sec.
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 at a 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_�otjl flow rate used in the single stage experiments,
3 x 10
m /hr, the available 2ettler area gave a specific
flow of approximately 2.3 W/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 3 /M 2 hr and the strip experiments with a specific flow of
3.1 M 3 /M 2 hr.
The multistage experiments were carried out with a variety of
This
specific flows covering the range 1.15 to 3.5 M 3 /M 2 hr.
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. 2 5 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 2+ and
approximately 3.50 gpl (free) H so 4 and simulated a typical
2
raffinate extraction stage.
The multistage experiments were
carried out with an aqueous feed containing 45 gpl cu 2+ and
The aqueous feed solution used in both the
0.5 gpl free tt 2 so 4•
single and multistage strip experiments simulated a typical
solvent extraction/electrowinning spent electrolyte concentration
and contained 2 5 gpl cu 2+ and 150 gpl free tt 2 so 4•
3

0.7 M 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 2+, 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 pulsing.
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 l hour for
the single stage experiments and 4 hours for the multistage
system, the solution flow rates, dispersion bed depths, clear
organic ,rnd 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 below.
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 or boLh phases for copper values o[ less than l gpl
were carried out by atomic absorpLion 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
l 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.

D E FINITIONS
1.

a

OV E RALL ORGANIC/AQU E OUS 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.

PE RCENTAGE EXTRACTION
The percentage extraction was calculated using the following
formula:
%
where C

Faq

Ep

3.

CR

C

E xtraction

Fag
C

Ep

- C
Faq

R

X

100

copper concentration of the aqueous feed
copper concentration of the aqueous raffinate

EXTRACTION STAGE

E FFICIE NCY(%

Approach to Equilibriwn)

The stage efficiency was calculated using the following
formula:
Stage efficiency

where
4.

X

100

copper concentration in equilibrated
raffinate

PERCENTAGE STRIP/STRIP STACE
Equilibriwn

E FFICIE NCY(%

Approach to

Analogous to that described above for extraction but
using experimental and equilibriwn organic phase copper
concentrations.
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RESULTS
The results of the experimental work are given in Tables 1,
and 3 and have been presented in Graphs l to 10.

2

TABLE l
Single Stage Extraction Section

2+

, 3.5 gpl tt 2 so 4

Aqueous Feed

100 ppm Cu

Impeller

Double shrouded, sweptback
vaned, externally spoilered

18 vol% LIX 64N* in
Napoleum 470**

Organic Feed

Impeller tip speed

2.61 Mis
3

2

Specific Settler Flow

3.5 M !M

Mixer Retention Time

2 minutes

Overall 0/A Ratio

1 to 1

0.03 J/hr

Total Solution Flow
Overall
0/A

Ratio
0.99:1

Mixer
Operating
0/A
Continuity
Ratio
o.99:1

Organic

Stage
Efficiency
o/.

13.0

91.8

11.0

Aqueous

83.9

1.01:l

1.97;1

Aqueous

90.9

1.0 2:l

3.00:l

1.01:1

1.0 2 :1

1.01:l

1.98:1

3 .0 2 :1

Organic

3.90:l

Organic

l:2.03

Aqueous

0.99:l

1;2.01

1.00:l

1:3.00

0.98:1

1.00:1

1:2.98

0.99:1

1:3.99

0.99:1

***

Organic

1:4.01

***
Dispersion Aqueous
bed depth Entraincm
ment ppm

9 2 .5

o.98:1

o.98:1

hr

1.4
1.8
6.4

93.6

Aqueous

93.6

1.7

Organic

95.8

13.3

Organic

96.7

8.1

91.3

87. 2

600

Organic
Entrainment ppm
14

450

38

225

30

4000
7500

7500

13

12

35

1.5

15000

13

0.8

2100

425

10
10

8

20

Aqueous

84.6

0.4

1350

525

Aqueous

84.6

0.2

2 200

470

Organic

95.7

5.9

40

25

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

2+

Spent Electrolyte

, 150 gpl free H2SO 4
18 vol% LIX 64N* in Napoleum 470**
containing 0.6 gpl cu 2+

lmpeller

Double shrouded, swept back vaned,
externally spoilered

25 gp 1 Cu

Organic Feed

2.61 M/sec.

Impeller tip speed

Specific Settler flow

3

Mixer Retention Time

3

3

.00

3.00

1.99

3.05

1.50

3. 10

1.32

2.91

3.0 8
2.69

***

Percentage
Strip
56.6

minutes
3

Stage
Efficiency
%
86.3

61.5

93.5

65.1

98.4

64. 7

0.98

65.6

0.34

63.4

0.51

hr

0.02 � /hr

Total Solution Flow

3.00

L

3 to 1

Overall 0/A Ratio

Overall Operating
0/A
0/A
Ratio
ratio

j

.1 M /M

63.2

***
Dispersion
bed depth
ems
1.7

95.7

Organic
Entrainment ppm

4200

3750

30

4.4

900

30

50

58

98.6

5.2

99.7

5.8

6.2

1400
50
20

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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41

3.4

4.6

99.2

Aqueous
Entrainment ppm

45

23
55

TABLE 3
MULTISTAGE CIRCUIT RESULTS

2
45 gpl Cu + , 0.5 gpl free tt2so 4
40 volume% LIX 73* in Napoleum 470**
2
25 gpl Cu + , 150 gpl free tt2 so 4
Three

Aqueous Feed

Organic Phase

Spent Electrolyte

No of Extraction Stages:

Three

No o( Strip Stages

Overall 0/A Ratio Extraction

11.25 to l

Strip

3.00 to 1

Overall 0/A Ratio -

°

25 C

Temperature

Effect of Recycle on % stage efficiency
Mixer retention
time - min

Average Extraction Single
Efficiency
Stage%
Recycle

2

3

4

5

Average Strip Single
Efficiency
Stage%
Recycle

No recycle

No recycle

89.9

75.l

95.2

86.1

98.0

85.2

91.6

93.8

98. 7
97.l

80.4

95.9
94.4

86.0

96.3
9S.8

Effect of recycle on entrainment
Extraction Section
Organic
Entrainment
ppm
Recycle

No recycle

62

11

Strip Section

Organic
Aqueous
Aqueous
Entrainment Entrainment Entrainment
ppm
ppm
ppm
63

190

7S000

15

91

260

)' 5000

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
evjdenced by the constancy of the distribution of the dispersion
bed around the settled interface and its independence of the
A
operating organic/aqueous ratio of the mixer settler.
'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
These droplets remain
droplets which are produced in the mixer.
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 entrainments
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.

The above trends continue wilh a rapidly decreasing diffuse
•secondary' 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 conditions.
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 with the 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 di:spersion bed depth, then the peak will be sharp.
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 M 3 /M 2 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 ENTRAl NMENT IN Tl!E 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 1:4.
It is believed that under organic continuous mixer conditions
the presence of organic entrainment in the aqueous phase is
primarily a function of the coalescence 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
Thus, providing that the
phase by several mechanisms. (5).
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 1:2.
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
llowever, due to the fact that stable operation with
from the bed.
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 1:4 with perhaps a slight
increase on increasing the operating organic/aqueous ratio above
However, the results show an extremely high entrainment
2:1.
value at an operating ratio of 3:1 and an increasing value on
decreasing the operating 0/A from 2:1 to 1:4.
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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 fonner 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 recycle rate should show
a minimum under conditions of no recycle.
The curves in Graph 8 indicate that the improvement in
efficiency with recycle is most marked when recycle results
i.n an increase in the proportion of dispersed phase present in
ci,c mixer.
Thus, under organic continuous mixer conditions,
there is an increase in efficiency on decreasing the organic/
aqueous ratio from l:l to 1:4.
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 1:1 to 3:1.
The very small increase i.n efficiency when the increased
recye le 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 mechanism.
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 coll is ion 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 condit1ons, therefore, the
resulting curve should show a rapid increase in efficiency on
decreasing the operating organic/aqueous ratio from 1:1 to 1:4,
and a change in efficie.ncy on increasing the operating organic/
aqueous ratio from 1:1 to 4:1 which is a balance between the
The experimental results
opposing effects detailed above.
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 1:1 to 4:1.
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 thP. 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 1:1 gave single stage efficiencies averaging approximately
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12% more than the efficiencies obtained without recycle under
comparable mixer retention times at an operating organic/
The distinction between efficiencies
aqueous ratio of 11.25:1.
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/aque�us ratio
on the performance of mixer-settler systems at laboratory scale
have been shown to be very marked.
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 m MIXER-SETTLERS
M.J. Slater
G.M. Ritceyi!:
and
R.F. Pilgrimil'.
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 recovery1 and

phosphoric acid production2 for e::mmple.

Now that very large scale mixer

settlers are being built for copper recovery it is apparent that the design
of both mixer and settler 111USt be critically eJIBlllined to minimize overall
costs, and particularly the cost of the initial solvent inventory, since the
extractan1sfor 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 e:mmples

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 aqueous continuous phase ).
meter is the average drop size.

The key para

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 mi:xer, 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 coalescence3 •

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 Noiiy ring
tensiometer respectively.

The values are given in Tables l 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, 45 ° blade angle, with upthrust
was positioned centrally and J.O cm above the base. A simulated draught tube
2.5 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 know 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 200c.

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/1, 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 disengagement
(during which period some further mass transfer occurs) since sampling
ilmnediately 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 J.
aqueous phase was continuous and in the

For the first 70 tests 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,
csQ = -25,8 - 3,63 log 10r + 9,20 log10 (Q + 20)
+ 6,09 log
10 (N - 165)

(1)

For the organic phase continuous,
CsQ = -7,11 + 2,94 log10r + 3,36 log10 (Q + 20)
+ 3,83 log
10 (N - 165)

(2)

The values of CsQ 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 shown4 that the

approach to equilibrium in a stirred tank test as described above -�s given by
mv�
( ()
KsaV(l + �)Q . ., ,
C
C
C
C
Va ,t,,,, ]
ao
aQ _ l - e [E b _- CsQ - CSO _
( 3)
C
C
xp
v
s
se
so
ao
ae
where the overall mass transfer rate coefficient based on the solvent phase ,
for example only ,is defined by
( L.)
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and Cse and CsK are related, in the case of a straight equilibrium line of
slope m, by

(5)
where the equ�brium line is
(6)

In sane 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 l1JIJ3 use
Eb � 1 - exp [ -kQ]

(7)

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 l1JIJ3 be written

Ems = E/

[i +

(1 - Ef) s]
�
a

where

(8)

(9)

and where k is the same as in the batch test for the conditions used and Q is
now the contact time in the mixer. The number of real stages required in a
flow system l1JIJ3 now be estimated using a McCabe-Thiele diagram.
Typical plots of the batch rate data are given in Figure l 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 Er 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
(10)
the equation is
� = -236.0 - 2.84 log1cf + 83.2 log10 (Q
+ 49.3 log10 (N - 165)

+

20)

(11 )

For the pH of the aqueous product,
pHf = 1.344 + o.669 log10r - 0.232 log10 (Q + 20)
- 0.212 log10 (N - 165)
and for the primary break time
"C

= -35-38 - 32.6 log 1� + 24.8 log 10 (Q + 20)
+ ll.5 log10 (N - 165)
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(1 3)

The predicted responses are shown in Table 5.

For the degree of

extraction the standard deviation is! 3.c:ft 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 LIX64N 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/1 could ideally be reached.

The Kelex and LIX64N extractants are not
The

being compared here because of the different nature of the aqueous feeds.

experimental data are given in Table 6 and equations similar to (11), (12) and
(13) have been developed.
by

(Appendix)

The degree of extraction,�. may be related to the batch efficiency, Eb,

(14)
The equilibrium relationship between Ca and Cs is required to establish
Gae 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.
automatic camera.

Photographs were taken every two seconds using an
The position of each front was measured as a function of

time from the photographs; typical results are given in Fig. J.

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% H2so • The high acidity allows no copper transfer. The
4
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 ti.mes 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 from
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 Ti.me 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 phase ratio or dispersed phase hold-up
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 pecking 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
(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 detennined as
a function of hold-up in the form 5

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 systems 6 •

Using this method for a batch sedimentation

process with the sedimentation front as a moving frame of reference we may
write
(17)

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
For the

agreement on measured and calculated drop sizes can be achieved.

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% LIX6/4N stirred at 800 rpm for up to 120
seconds, drop sizes of about 0.o6 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 knowihow 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 LIX6/4N 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 LIX6/4N, 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 sediJllentation 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 little 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) Primarv break time
In every experiment a delay occurred before coalescence began; this
deley 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 show on Fig. 12, the primar1 break time,

calculated as the sum of the measured packing time and the time of
coalescence assuming a constant velocit1 until complete separation is
ideally achieved, is related to the coalescence velocit1.

It is this link

which allos systems to be compared on a basis of primary break t� 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 draw 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 velocity concept may be applied to sedimentation of the
dispersion entering a settler at a know hold-up of dispersed phase
(calculated from the phase ratio in the mixer), We may write
(l 8)

together with the condition imposed by the flow ratio that

(19)

V/Us = (1 - h)/h
assuming that Us refers to the dispersed phase. Therefore

(20)
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and

(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 V8 represents the
maximum possible continuous

phase

vertical superficial velocity in the

settler and Us represents the dispersed phase superficial coalescence
velocity required if the maximum 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.
Summarv
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 draw 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 maximum 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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E, 35,

Nomenclature
Copper concentration in aqueous phase , gm C'l1/'l
Copper concentration in solvent phase , gm C'l1/'l
Batch efficiency
Flow system efficiency
Murphree stage efficiency based on solvent phase
Aqueous flow rate
Solvent flow rate
Dispersed phase volume fraction hold-up
Overall mass transfer coefficient times specific
interfacial area
k

Rate coefficient

m

Equilibrium line slope

n

Exponent

N

stirrer speed, rpm

r

Volume phase ratio (aqueous/solvent)

uC

Superficial coalescence velocity, cm/s
Superficial dispersed phase velocity, cm/s
Total volume of phases in mixer
Slip velocity, cm/s
Superficial continuous phase velocity, cm/s
Superficial measured sedimentation velocity, cm/s
Terminal velocity, cm/s

V
a

Volume of aqueous phase in mixer
Volume of solvent in mixer
Degree of copper extraction
Primary break time, s
Contact time in mixer, s
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Subscr ipts
0

Initial value
Value at time

e

Q

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
/J = -108.06 - 16.2 log1cf + 29.0 log 10 o
+ 43.7 log10 (N - 165)
The loading of the organic phase is
c60 = -J.98 - 0.522 log1cf" + 1.06 log o
10
+ 1.60 log10 (N - 165)
The final pH ie
pHf = 2.094 + 0.652 log1cf - 0.104 log 10o
- 0.261 log10 (N - 165)
The primary break time is
't' = -13.92 - 79.3 log10r - J.68 log 10o
+40.5 log10 (N - 165)
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TABLE 1
VISCOSITIES AND DENSITIES AT 20%
Density
g/ml

Viscosity
cp

Acid CuS04K

1.127

1.462

Escaid 100

0.792

1.440

LIX 6,4N
20% Kelex 100/10% Isodecanol/
Solvesso 150
10% LIX6,4N/Escaid 100
II
14%
u
16%
II
18%
II
20%
II
25%

0.899
0.941

4.10

0.802
0.804
o.807
0.810
0.812
0.817

1.695
1.780
1.792
1.848
1.916
2.100

20% LIX65N

II

0.808

2.055

II

0.802
o.809
0.816
0.821

1.680
1.903
2.087
2.247

0.802
0.808
0.814
0.820

1.714
1.878
2.007
2.220

Solution

10% LIX70
15%
20%
25%
10% LIX73
15%
20%
25 %

II
II
II

II
II
II
II

solvents in hydrogen form
K5 g Cu/1, 19% H2so4
12&

TABLE 2

INTERFAQIAL TENSION AT 20 °Q
Phase 1

Interracial
' dyne/ cm
Tension

Phase 2

20 v/o LIX64N t

Acid/eusot

14.3

10 v/ o LIX64N

Acid/CuS0

15.5

4

26.8

Air

II

20 v/o LIX70

Acid/CuSo

4

14.7

10 v/o LIX70

Acid/CuS0
4

15.6

Air

26.7

Escaid 100

Air

z,.o

Acid/CuSo

Air

46.8

II

4

t Escaid 100 diluent
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TABLE ,2

RESULTS OF MIXING AND SETTLING TESTS USING 20! KELEX 100 WITH AN AQUEOUS
COPPER FEED AT �H 1.0
Test
No.

1
2

A/0
Ratio

4

Stirring
Speed
RPM

10

300

30

60
120
180
300
600
10

600

30

60
120
180

300

900

600
10

1200

600
10

30

60
120
180

300

21

22
23
24
25
26
27
28
29

30

60
120
180
300

1400

30

33

34
35

41

600
10
30

60
120
180

31
32

36
37
38
39
40

Organic
Analysis
G/L

TExtraction

PBT(""')
secs

0.65
1.23
2.49
4,38
5.36
7.15
10.1
1.62
3.47
5.12
8.0
9.33
10.72
11.69
2,45
5.21
7.81
10,23
11.19
11.8
11.84
2,78
5.18
7,84
9.91
10,92
11.64
12.01
3,48
6.75
9.38
11.23
11.89
12.09
12,<Ji'

4.46
8,44
17,1
30.1
36.8
49,1
69.4
11.1
23.8
85.2
54.9
64,1
73,6
80,3
16.8
35.8
53.6
70,2
76.8
81.0
81.3
19.1
35.6
53.8

7
10
10
12
15
12
15
15

.87
1.7
3,27
5.34
7.1
9.33

5.90
11.5
22,2
36.2
48,1
63,2

Calculated Feed = 3.64 G/L

3

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Stirring
Time
secs

300

600

Calculated Feed = 4.92 G/L
3

300

10

30

60
120
180

300
130

%

68.o

75.0
79.9
82.5
23.9
46.4
64,4
77.1
81.6
83.0
82.9

20

22

28

33

34
37
22

22
24
34
35
37
38
18
23

30

35
38
JI)

43
20
26
35
37
42
46
48
15
20

23
30

35
40

Test

No

42
J.J
44
45
46
47
AB
49
50
51
52
53
54
55
56
57
58
59

Ratio

A/0

Stirring
Speed

Stirring

3

600

600
10

900

120
180
300
6oo
10

RPM

30

6o

30

60
120
180

300

1200

6oo
10

30

60
120
180

6o

61
62
63
64
65
66
67
68
69
70

71
72
73
74
75
76A
76B
77A
77B
78
79
80
81A
818
82A
82B
83A
83B

Time
secs

300

1400

600
10

30

60
120
180

300

600

Organic

.lnalysis

t Extraction

PBT( -C:)
secs

U.08
2.14
3.83
5.91
8.55
10.0
u.1
u.57
2.16
4.72
6.92
9.73
10,75
u.29
u.41
2.88
6.31
8.62
10,52
u.26
u.41
ll.87
3.01
6.29
8.70
10.85
u.57
u.73
u.98

75.1
14.5
26 •. 0
40.0
57.9
68.1
75.7
78.4
14.6
32.0
46.9
65,9
12.8
76.5
77.3
19.5
42.8
58.4
71.3
76.3
77.3
80.4
20.4
42.6
59.0
73.5
78.4
79.5
81.2

6o

2,27
4.13
7.34
9.72
9.97
10.98
u.o
U.17
u.2
8.12
10.16
10.35
u.u
u.o
9.81
u.2
10.86
u.1

15.6
28.4
50.4
66.8
68.5
75.4
75.6
76.7
76.9
55.8
69.8
71.1
76.3
75.6
67.4
76,9
74.6
76.2

G/L

Calculated Feed = 14.58 G/L

1

300

10

30

60
120
180
300

6oo

600

10

30

60
120
180

300
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%

15
18
21

30
33

37
38
16
21

29

33

36
38
39
26
29
32
34
35
38
38

180
240
'Zl5
306
278
220
210
210
205
358
360
301
240
235
475
200
380
197

Time
No
84A
84B
85
86

A/0
Ratio

Stirring
Speed
RPM

Stirring
Time
secs

Organic
Analysis
G/L

600
1

900

11.06
11.1
2.04
10.2
10.52
11.06
11.1
11.3
11.44
11.38
9.3
10.1
10.9
11,1
10.9
10.9
11.1
8.7
10.1
11.0
11.J
11.1
11.2
11.5

10

30

60
120

er,

88A
88B
89B
90
91
92
93
94
95
96

1200

180
JOO
600
10

1400

60
120
180
JOO
600
10

97

98

99

100
101
102
103
104
105

30

30

60
120
180
JOO
600

-t Extraction
%

76.o
76.2
14.0
70.1
72.J
76.o
76.2
77.6
78.6
78.2
63.9
69.4
74.9
76.2
74.9
74.9
76.2
60.0
69.4
75.6
77.6
76.2
76.9
79.0

PBT( "r)

secs

285
195
32
420
405
350
150
145
240
150
211
139
100

99

95
94
90
205
119
110
191
175
179
174

Calculated Feed = 29.5 G/L
106
l(Jl
108
109
110
ill
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128

.5

JOO

10

1.78
3.19
5.6
5.29
9.36
10.5
10.5
4.0
9.22
10,1
10.5
10.8
10.6
10.6
7.4
9.9
10.4
10.7
10.7
10.9
11.2
9.5
10.7

30

600

60
120
180
JOO
600
10

900

60
120
180
JOO
600
10

1200

60
120
180
JOO
600
10

30

30

30

132

12.1
21.6
J8.0
35.9
63.4
71.2
71.2
27.1
62.5
68.5
71.2
73.2
71.9
71.9
50.2
67.1
70.5
72.5
72.5
73.9
75.9
64.4
72.5

23
90
150
180
135
191
235
210
145
133
128
120
174
181
145
104
95
110
90
167
125

Test
No
129
130
131
132
133
134
135
136
137
138
139

140

t

A/0
Ratio

.5

Stirring
Speed
RPM

Stirring
Time
secs

1200

60
120
180

1400

300

600
10

30

60
120
180

300

600

Organic
Analysis
G/L

t Extraction

%

11.1
11.5

75.2
78.0

11.4
11.5
9.72
10.4
10.7
10.5
10.8
10.9
11.0

77.3
78.0
65.9
70.5

n.5

71.2
73.2
73.9
74.6

PBT(�)

secs
105
98
108
85
81
168
105

n
70
80
60

% Copper Extraction Computed From 1 Best 1 Mean Calculated Feeds For Each
A/0 Ratio, And From Organic Analyses
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TABLE

4

VALUES OF Ef
Phase
Dispersed

Solvent

Aq-ueous

Stirring
Time
g, s

300

Stirring Speed
N, r.p.m.
900
600

30

0.13

0.22

0.28

0.32

60

0.23

0.36

0.44

0.49

120

0.37

0.53

0.61

o.66

30

0.32

0.50

0.60

o.68

60

0,49

o.66

0.75

0.81

120

o.66

0.80

0.85

0.89

134

1200

IA!l);J; 5

RESULTS OF MIXING AND SETTLING TESTS USING 20� KELEX-100 WITH AN A�UEOUS COPPER FEED AT PH 1.0
Test
No

A/0
Ratio

Retention
Time
Secs

Impeller
Speed
RPM

1
2

2

40

300

120

300

40

300

120

300

3

u,

4
5
6
7
8
9
10

4

3

80

900
900

900

900
600

Copper Analyses-G/L% Extraction
Calcd Measd Pred
Feed Raff Org
Feed
5.78

2,89

3.95

11

12
13
14
15
16
17
18

1.5
4.5
3

7.67
2.50
3.95

30

130
80

200
10000

4.82
2.95
3.36
1.24
2.45
1.46
1.66
0.56
1.80
1.74
1.75
1.62
2.90
1.03
2.72
1.20
3.40
1.04

1.79
6.07
4.80
9.53
1.70
5.82
5.10
9.52
6.71
6.80
6.96
7.03
7.53
7.21
3.71
8.58
1.06
8.88

5.72
5.98
5.76
6.00
2.88
2.92
2.94
2.94
4.04
4.00
4.07
3.96
7,92
2.63
3,96
4.o6
3.75
4.00

15.5
52.5
41.5
82.4
14.7
50.3
44.1
82.4
56.6
57.4
58.7
59.3
65.4
64.1
31.3
72.4
8,94
74.9

14.8
52.5
45.4
83.1
14.8
52.5
45.4
83.1
58.7
58.7
58.7
58.7
58.7
58,7
34.3
73.7
7.16
73.6

Final PH PBT (Secs)
Meas

Pred

Meas

Pred

0.75
0.5
o.6
0.45
o.8
0.7
0,75
0.65
0.65
0.65
0.65
o.6
0.4
0.85
0.75
0.6
0.9
o.6

o.66
0.53
0.63
0.43
0.87
0.73
0.84
0.63
0.65
0.65
0.65
0.65
0.44
0.75
0.69
0.61
0.83
0.60

24
27
40
40
18.4
25

28.8
29.2
38.2
39.4
19.6
20.0
28.9
30.2
27,9
27.9
27.9
27,9
39.9
26.l
20.4
32.6

30
30

28
28
28
28

43

23
23

30

5
28

The% Extractions Are Calculated From The Measured Organic/Mean Feed Analysis and Predicted by the
Best-Fitting Mathematical Model.

28.4

TABLE 6
RESULTS OF MIXING AND SETTLING TESTS USING 20 � LIX64N IN ESCAID 100
Test
No

A/0
Ratio

Retention
Time,Secs

Impeller
Speed,RPM

1
2

2

90

1.810

3

II

300

4
5
6
7
8
9
10

II

210

300
900

II

4

90

900

II

210

300
900
300
900

II

II

n

3
II

n
II

II

II

150
II

11

II

II

12

II

II

13
14
15
16
17
18

1.5
4.5

3
II
II
II

"

II

60

240
150
II

Feedi!
II
II

0.916
II

II
II

600

1.230

II

•

II

II

2.390
0.788
1.230

•

"

II
II

200
1000

*Aqueous feed pH = 1.9
TBased on aqueous concentrations

II

II

II
II

u

Copper Analyses - g/L
Raff.
Org. Calc'cl.Feed
0.950
0.402
o.899
0.302
o.677
0.201
0.488
0.158
0.347
0.331
0.336
0.328
0.529
0.238
0.605
0.258
1.000
0.201

1.56
2.48
1.62
2.63
0.85
2.46
1.50
2.72
2.39
2.41
2.41
2.44
2.48
2.30
1.71
2.51
0.60
2.66

1.730
1.642
1.709
1.617
0.890
0.816
o.863
0.838
1.144
1.134
1.139
1.141
2.182
0.749
1.175
1.095
1.204
1.088

Measured t
Extraction%
47.5
77.9
50.2
83.4
25.7
78.2
46.4
82.5
71.6
73.2
72.4
73.2
77.8
69.6
50.4
78.8
17.8
83.8

Final
PH
1.55
1.34
1.49
1.34
1.76
1.51
1.67
!.48
1.51
1.45
1.52
1.47
1.25
1.61
1.52
1.48
1.76
1.42

Primary Break
Time, Secs
38
70
29
61
15
59
23
39
44
49
49
49
90

35
43

55

3

46

TABLE

7

EFFECT OF STIRRING SPEED ON SEDIMENTATION 20 v/o LIX64N
h

A

Stirring Time, g
sec

800 RPM

vs cm/s
,

1200 RPM

30

0.48

0.30

II

60

0.44

0.35

II

120

0.37

30

0.5 2
0.35

0.4 5

II

60

0.52

0.43

II

120

0.50

0.47

o.l,,h

TABLE 8
EFFECT OF STIRRING SPEED ON COALESCENCE 20 v/o LIX6&f
hA

sec

Stirring Time,

Q

800 RPM

Uc' cm/s

1200 RPM

30

o.cno

II

60

0.(178

o.cn3

II

120

0.084

0.(177

0.50

0.47

o.o66

30

II

60

II

120

0.064

0.064

0.(177
0.(176
o.089

30

0.110

60

0.093

120

0.081

30

0.(]76

II

60

0.093

0.058

II

120

0.089

0.060

0.44

0.41
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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 punp-mixer model

haTing separate mixing and p1m1ping elements on the same shaft and a new
t..rbine-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 adTantagea of the imprOTed 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

INTRODUCTION
Many types of liquid-liquid contacting equipnent have been proposed

and 1111ed, including both differential and 11tagevise contactors of

vario1111 configuration. Bach has a specific area of application, and has
1 2 3
characteristics peculiar to it • • • Of all these, the only type which
approaches the characteristics of a set of ideal contact 11tage11 is the

�ulically-independent battery of mixer-settlers {Pig. 1). Its basic

design concept is unidirectional flow, both from a mixer to it11 settler

and from adjacent settlers into a mixer. Baclanixing 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

{Pig.l-a)2 , 6, 7 or external pumps on either one or both streams for

each stage {Pig.1-b, and 1-c). When the lifting device in Pig.l-

and the mixing device are connected on the same shaft or incorporated

in the same impeller, the mixer is classified as a pump-mix type.
1.2

This pe.per i11 concerned with the design of efficient, industrial

scale batteries of hydraulically-independent mixer-settlers of the
pump-mix type operating in co1D1tercurrent. The relatively recent

implementation of large scale solvent extraction processes in the

bydrometallurgical and heavy chemical industries has revealed the
need for a basic design philosophy for such equipnent.

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

of it11 own solvent extraction processes in many plants in the last twelve

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

IHI staff during this time.
1,3

When evaluating contacting equipnent 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}

Process reasons
the use of nearly ideal contact stages, both in pilot developnent

vork and in the plant, allows process design on the basis of

pilot results vith great confidence, vi thout having to introduce

corrections for stage efficiency and back-mixing (which characte

rise the equipnent and not the process).

Extraction processes operating vith very steep concentration

profiles are notoriously sensitive to back-ixing effects; in

many cases, a relatively mild back-mixing can almost nullify the

desired separation. This is particularly critical vhen sharp
separations are required.

b)

Design reasons
Many processes are characterised by significant changes in the

plzy'sical 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 viev, requiring
the internal recirculation of one phase within the stage to
reach an operable phase ratio.

A stage-wise configuration makes it easier to introduce or vith
drav side streams in the middle of a battery, at the place most
convenient from the process point of viev.

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 vith rav materials o·f varying grades.

In many cases, the corrosion-resistant materials of construction

impose practical limitations on the height or mechanical features

of the contacting equipnent; mixer-settlers can generally be de
signed within these limitations using conventional fabrication

methods.
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Por nry la.rge throughputs in a. single line, the design a.nd fa.bri
ca.tion problems for sepa.ra.te mixer-settlers a.re leas complex tha.n

for la.rge diameter colUDI18.
Mixer-settlers of the hydra.ulica.lly-independent type ca.n be pra.cti
oa.lly teated in closed-cycle rigs with a. full-sea.le prototype,

since the mixing , settling a.nd hydraulic beha.viour of each stage
is independent of the adjacent stages. All the stages can be

simula.ted in a. single prototype unit by cha.nging the fluid composi

tions, thus a.voiding scale-up ha.zards,
c)

Opera.ting Rea.sons
Mixer-settler ba.tteries can be started up rapidly, by filling the
equipnent in a cross-current fa.shion; the production of "off-spec"

material is minimized.

When the plant is stopped for any rea.son, the contents of ea.ch

ata.ge remain at equilibrium and the ba.ttery profile is presernd.;
operation ca.n thus be res\DDed directly without the loss of time

and production necessary to reestablish atea.dy-state. This is
especia.lly importa.nt during plant start-up.

The possibility of opening the units without emptying makes routine
ma.intena.DCe much ea.aier.
d)

Economic Conaiderations
The comparative evaluation of all the above points ma.y still leave
a reasonable choice between aenral types of equipnent, (mixer
settlers being one possible choice).

In this case, an economic

evaluation will ha.ve to take· investment and opera.ting costs into
consideration, including such aspects as downtime, technical

obsolescence, etc.

Prom the investment aspect, mixer-settlers may suffer from a.ppa.rent

handicaps compa.red to other types of equipnent: greater built a.rea,

higher solvent inventory, many sepa.ra.te motors, etc.

While some

of these handicaps a.re inherent in the nature of mixer-settlers,

many have been carried over from the ina.dequa.te design methods used
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in the past a.nd from the rather weak theoretical background in this
field.

Becent 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

a.nd the mixer-settlers have now become more competitive on the
investment level as well,

2.

LIQUID-LIQUID MIXERS

2,1 General Considerations

4

•

5

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 a.nd
the requirement of homogeneity is not directly relevant. Thus, most

liquid-liquid mixing experiments were done with turbines of the •sta.ndard"
configuration or with marine propellers, in baffled cylindrical tanks.
It is now well established that the bulk mechanism of maas transfer
in liquid-liquid mixers involves two zones. In the inmediate vicinity

of the impeller, drops are sheared into smaller droplets, paasing 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 mass

transfer occurs at a lower rate; drop recoalescence also occurs to a
certe.in extent, The flowlines deriving from the vortex pattern and
determined

by the mixer geometry recirculate part of the dispersipn

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 dynamic

equilibrilDD between the shearing and recoalescence mechanisms.
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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 a.a 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.

2,2 Requirements for an Industrial Pwnp-Mixer
It is useful to start this discussion by clearly defini ng 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 developnent,

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 arul 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,

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

7,

- 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 equipnent in
order to:

- have a lower solvent inventory, and to
match the mixer and the settler heights without significant

deniTellation between them; this would complicate the plant

construction and layout.
8,

- The energy consumption should be minimized by preventing ineffi

9,

- Steady state operation should be reached with minimum response

10,

cient turbulence and obtaining a higher pumping efficiency.
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.
11,

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

breakage or damage.
Design Consideration s

12. - The conceptual understanding of the pump-mix operation anll. 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 developnent 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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13.

The possibility of building small models and large prototype

units on the basis of similarity principles; otherwise every

nev 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 pUIDp-fflixer can be universally re
conmendable.

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 =der

consideration according to established procedures and all the accumu

lated experience.

2.3 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, lov
pressure pump on separate TI1rtical shafts, this solution vas found too

complicated and expensive for plants involving a large number of rela

tively small size mixer-settlers, and development efforts were concen
6 8
trated in a design involving a common shaft • 7 • •
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 m 3/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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8

The pumping element consists of an BJtial flow impeller, housed in

a dra.ft tube between two static sets of antisrirl guide vanes. The

draft tube is submerged in the dispersion, at some vertical distance

from the mixing impeller, IIJld 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

capa.ble of being Yi thdravn and replaced vi th 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 mlll'.lY systems characterized

by a relatively rapid rate of mass transfer, a.nd insensivity to energy 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 ra.tios could be allowed, requiring, in certain cases, adj118t-

ment of the rotating spee4 of the mixer. The main problem wa.s the dSJDage
to PVC-made pumps ca118ed by incidental solids, principally during

running-in.

However� as the range of application has progressively widened, it

became apparent that this pump mixer model wa.s not suitable for a number

of processes. These were mainly:

- Processes involving phase systems sensitive to energy input, in
which the mixing intensity should be rigorously controlled IIJld

excessive shearing avoided, to prevent production of difficultly

separa.ble 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 en economic incentive for smaller equipnent IIJld smaller

solvent inventory or create design problems, as regards the

relative height of the mixers and the settlers .
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For 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.

2.4 Design and Operation of Pump-Mixers with a Single Impeller fulfilling
both Functions.

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 punp 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 punp "less efficient", by increasing the casing in relation to the

impeller size, decreasing the rotating spead and allowing internal

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. Four of these are briefly reviewed;

in the first three,the mixing and the settling take place in the same

vessel:

- Gordon and Zeigler's design9 (Fig.J-A) much resembles a
flotation machine, closely following the first extreme.
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- Menaing's design

10

(Fig.3-B) ha.a an axial f'low impeller in a

draft tube, with some possibility of recycle. The residence

time in the mixing zone is still low.
- Coplan, Davidson and Zebrosky 11 (Fig.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.

12

- The mixer model developed by the Power-Gas Co.

(Fig.J..:n) for

large scale copper e.1ttraction plants is a further developnent

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.

Yith all these considerations in mind, IHI developed a new type of

turbine-pump-111ix and tested it both on a small-scale model and on an

industrial scale prototype of 127 cm diameter, operating in the range
13
embodies the following
of 80 - 200 m3/hr at 80 - 120 RIM. This mixer
features (Pig.3) 1

a) Mixing and pumping are both performed by a single turbine of

large diameter relative to the tank diameter (70 - �) rotating

at a relatiTilly low RIM. 'Die 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.

c) A coaxial cylindrical baffle, closed from the bottom except for

the passage of the shaft, limits the mixer volume and creates a.

cylindrical annulus between this baffle and the mixer wall.
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The exit auapension ia discharged upwards through this annulua

and out through a tangential rectangular channel to the settler.

Thia annulua may be equipped with one or more helicoidal baffles
to enhance rotation ot the exit stream (at the expense ot excell8
head, it available). The centrifugal action and tlov pattern

in this annulus can be used to generate aignitiout precoaleacence,

d) The turbine action creates strong radial currents, centrifugally
betveen the blades towards the vall and then, after a reversal

ot radial tlov, centripetally belov and aboTII the turbine in

the recirculation chtu11ber11 to close the loops, since the pumping

rate exceeds the net flov rate by at least an order ot �tude,
The centripetal flow is ensured by titting the recirculation

chambers with curTitd vertical vanes, tangential to the rims ot
the recirculation chambers.

This recirculation is essential tor efficient mass trll.DlJfer by
passing the dispersion IIIIUJiY times through the shearing zone.

The forced vortex ca.used by reversed flow enhancee coalescence in
the internal recycled stre11111, thus equalising the concentration

in the dispersed phaae and producing bigger drops to be sheared

again,
e) The

centrifugal head available at the turbine discharge is partly

converted into gravitational head, pushing part ot 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 Yith the net-throughput,
tor parametric values ot the RD! and internal geometry. Changes
in head caused by throughput fluctuations are absorbed in the

lenl ot the inlet channels leaving the mixer always full and

therefore not affecting the mixing action.

t) The mixer does not include vertical battles hlllllpering the cir

cular action, since secondary turbulence more than that produced
by reversal ot the radial flow is not required.
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Testing on the industrial prototype has fully established the

fea•ibility of this equipment. Plows of the order-of 80-200 m

/hr were

3

harul.led, 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 pattem 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 8°" 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 p at present under construction, and is being adapted to

two new large capacity plants. More details on its operation will be
published elsewhere.

J.

LIQUID-LIQUID SET1'LERS

3 .1

General considerations
The settlers represent the major part of the investment, of the

plant area and of the liquid im-entory 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

will be expressed as a fixed maximum entrainment level allowable in

each discharged stream. Depending on the process, this level can be
between a few ppn up to one percent per volume.

The economic efficiency of the settler lies in obtaining these

results with the minimum erected equipnent cost, the most compact layout

and the smallest vol\Be (minimiaing the solvent inventory cost). On the

other hand, aince good phase separation results are critical for plant

operation and since settler behaviour is not generally understood or

predictable with changing conditions, generous overdesigning factors

are introduced as a rule. The economic value 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 fUDdamental

studies.

In the early developnent 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
e.nd 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
6 7
"

tional type

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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adjusting the phaae ratio and/or the type of dispersion, by

internal recycle of one phase within each stage.

adding coalescence aids within the dispersion band in the

settler, such as powders with suitable sw:fe.ce proper
28, 29
ties
.
- better functional use of the settler volume by means of

speci&lly 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 fuDdamental work

14-17

3. 2 Model of the separation mechanism in a deep-la:yer settler.
When a liquid-liquid settler operates in steady state, a dispersion

band exists between the upper and lower layers of separated phases,
limited by the "a.ctive interface"

(or "coalescence front" ) and the

"JXl:!sive interface• (or "settling front"). In a "deep-layer"

industrial settler, the thickneas of the dispersion band ( .6H

) is

substantially even, between 40 and 100 cm (not leH than 15 cm) and

the ratio of settler length (or radius) to � H does not exceed 1 0 P.

In these conditions, a well�efined relationship (the settler charac

teristic) exists between .6H and the specific throughput of dispersion
separated in the settler (Q/A), including parametric values depending
on dispersion characteristics and opera.ting conditions, Por all

practical purposes, each unit of horizontal area of settler separates

an equal throughput of dispersion at a given .6H. This has been

found to be reasonably accurate for well�esigned settlers having

the aboTit-mentioned limitations and represents a very useful scale17-21•
up tool (•area principle")
In settlers opera.ting with lower nominal specific throughputs

and with much thinner dispersion bands (both in the absolute sense
and relatiTit 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
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2 2, 23

and are relevant mostly to pilot-installations; they are rarely purposely
included in large-scale industrial operations end will not be discussed
flll'ther in this paper •

.A systematic investigation of the hold-up of the dispersed phase
within the dispersion band 14 showed that it consists of tvo 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 lover than in the feed; the
actual hold-up decreases moderately and roughly linearly

ton.rd.a the passive interface, where it drops more or less
sharply to zero.

The hold-up profiles for varying 6H vere found to be very similar,

and could be reduced to a single f1D1ction by dividing the vertical

height by 6H.

In all cases when 6H exceeded 20 - 30 cm, the "dense

layer" occupied only 10 - 2°" of the total volume of the dispersion bend.
1
lnTestige.tions 4 on both continuous e.nd 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 allov the required

coalescence rate in each set of conditions (throughput, phase ratio,

temperatlll'8, etc.).

Determination of the flov patterns of both the dispersed and

continuous phases within the dispersion band resulted in the following
15
simplified picture
The entering dispersion flovs as a bulk, in what is termed the

"chimney" current, to the level betveen the "dense" and the "even con

centration" layers. Prom there, the continuo,us phase is drained more
or less evenly towards the passiTe interface. The majority of the

larger dispersed drops penetrate directly into the even concentration
156

layer and pass rather rapidly through the active interface. The remain
ing smaller drops are entrained towards the passive interface by the

continuous phase: however after some time the entrained droplets were

found to reverse their vertical direction and to flow against the

draining continuoUB phase towards the dense layer, where they eventua.lly
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 6H depending on the

throughput, it follows that the thickness of the "even concentration"

layer is self-adjusting to provide the residence time a.nd 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
24 ' 2 5
on the

dispersion which was analysed by the present authors

basis of an extended definition for the modified drag coefficient

and particle Reynolds numbers.

The tmiversal 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, Por 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

and accommodate two mechanisms ("collision" and "bouncing"), includi ng
empirical coefficients in their expression.

Semi-qua.ntitative mathematical expressions were developed for

these aspects, from which the previously established empirical
1
1 8• 1 9• 20• 26 ,
expression 7•
of the settler characteristic:
6H proportional to (Q/J..)Y

(1)

was reconstituted. It waa deduced that y should be constant, minimum
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and equal to 2.5 wen the settling conditions are in the creeping flov

region and the droplet growth rate is entirely controlled by the collision
27
17
rate. TheH conditions are by no means exceptional •·1 B-2o, • Values
of y apparently lower than 2.5 have been obtained from points in the

very lOY 6B range, with higher empirical values being obtained for

other conditions. In these cases, theoretical argmaents indicate that

there Jll8iY be a !llOre or less significant increase in y, as 6B increases,

indicating that the settler •characteristics" ( that is the plot of .D. B
versua (Q/A) on logarithmic coordinates), would be an upwards conoave
curve. The degree of curvature depends on the balances of the varioUB

mechanisms prevailing for each case. In � syste11181 for a given range
of 6B, 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 6B range to high 6B valuesJ this could yield very sizable

errors.

3.3. Effect of mixer operation on settler characteristics
The abOTe in:ftstigations indicated that the main factor affecting

6 B ( that is, mostly the thickne88 of the "even-concentration" le,,yer)

is the fraction of smaller size droplets of the dispersed phase in the

settler feed. This size distribution results from a dynamic equilibrim
between opposing mechanisms determined by mixer action. Bven when the

mixing regime is kept unchanged, increasing throughput results in a
smaller residence time in the mixer, vi� smaller energy input per

unit volume of suspension. This is a fUDdamental aspect of mixer-settler

design.

The accumulated empirical experience shovs 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 a.oo/or residence time in the mixing

zone. Vith "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. Bovever, even vith "sensitive" systems, the separation rate
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decreases tovards an asymptotic value, and a range of variables can be

attained in vhich further increase in mixing intensity does not measurably
affect the separatioh 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 vith. A mild mixing intensity. Thus, for "insensitive" systems, the

separation rate, either batch or continuous, does not change significantly

vith 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 minimun value.

Fortunately, me.ny of the systems encountered (in 00 practice)

vere relatively "insensitive•. This can be explained as folloY1:

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 vay that the final drop

size distribution at the mixer exit is only moderately affected. On the
other hand, equations which have been developed
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for the rate of drop-

to-drop coalescence in the •even concentration layer" shov that the

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

in me.ny cases.

Ex.perimentation, testing, design and operation of mixer-settlers

vith 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 6H obtained in a given mixer

settler for different (Q/A) are all obtained vith dispersions having
essentially the same separation behaviour.

On the other hand, similar operations vith "sensitive" systems are

most complicated and delicate, since exact scale-up, or even duplication
of mixing regimes, is doubtful. "Sensitive" system11 also tend to be

unstable, i.e. their properties drift with time. Systems incorporating
12

kerosene in the solvent are generally quite "sensitive"

•

These systems vill 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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3 .4

Precoalescing elements between the mixer and the settlers
The use of the packed beds, fibrous mats and poroW!I media for

enhancing coalescence is well known in practice, mainly for dilute
0
dispersions of very small droplets 3 • The mechanism of operation of
such coalescers has been related to the extended packing surface

preferentially wetted by a film of dispersed phase and to the tortuous

flow channels causing the impact of the droplets on this film which,

after growing in thiclmess, is drained from the packing in the form of

larger drops. Apart from the surface characteristics of the packings,

other factors are relevant, �uch as bed thickness, superficial nlocity,

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

Despite this knowledge p coalescers were rarely incorporated in

mixer-settlers batteries of the hydraulically-independent type until

recently, mainly for the following reasons:

- Very little information existed on their contribution to the

mechanism of � precoalescence of concentrated dispersions
(of the order of 30 - 7<:/1, 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 ,my indW!ltrial 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 b&tteries, and be available to compensate the necessary pressure

drop betweenb mixer and the settler.

- the very high price required for sophisticated elements of the types

Ul!led for mist separation made the saving in settler area an uncertain
economic proposition.

These are inherent problems for aey type of precoalescer; the pre

coalescer required should give significant partial precoalescence with

superficial velocities of the order of 50 - 100 m3/br.rr1-, 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, a.nd

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

packilJ8 material (Raschig rilJ8s etc.) on settlell capacity. IncreasilJ8

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 preslDDably 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 and frequent cha.nges 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,
3

2

at superficial velocities of 40 - 80 m /hr m 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 plugge.d by fine solids.
3,5 Effect of process conditions

Increase in the operatilJ8 temperature always results in increasing

settler capacity. The reasons for this effect ha.ve been extensively

analysed17 a.nd 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 thlDDb, 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
161

level at T&rioua stages, the choice of the extending solvent, the

presence of -n.rious impurities in •comnercial-grade" components of the
solvent system, the presence of solid or colloid precipit&tes,etc.

This emphasises the need for preliminary mixing-settling tests at

early stages of process developnent, according to established procedures,
to avoid spending time and effort on UDBuitable choices of solvents and

conditions.

3.6 Effect of pbaae 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 bas been
1
extensively discussed 7• 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 optimum settler capacity. In the

nev turbine-pump-mix discussed above, either type of dispersion can be

maintained with almost aey phase ratio, up to So.' of dispersed phase.

This effect is however difficult to predict exactly at this stage and
must be established experimentally for each practical case.

3.7 Effect of solid particles of suitable surface properties in the separa
tion mechanism in the dispersion band.

}i#, discuased in previous publications

28• 2 9

, this effect can result

in Titry significant improvements in specific cases1 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 T&lue.

3.8 Compa.ct 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 thiclmess 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 tvo

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
31
of this patented settler
has been described in a previous publica
32
, and the expla.na.tion of its mechanism can be based on the
tion
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, ai 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
3

conditions is C m /m�, and a capacity increase of1.5 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 radial 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.
3 .9

The methods of improving settler efficiency can be divided in
3

groups1

a) those affecting the size distribution of the feed dispersion
(mixer geometry, preooalescers)
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b) thoae affecting the aeparation rate inaide the settler: (compact

settler, n.on-eraTitational fields of forces, •actifl• solid povdera,
etc.).

c) those affecting both mixing and coalescence at the aame time

(temperature, phase ratio, process conditions, �ical properties,

etc.).

Bri.dantly, methods from group (c) are moat effectiTI1; methods from

groups (a) and (b) oan generally be combined with additiTII results;

combinations of methods within group (a) or (b) cannot be expected to
be much more effective than d&Ch method separately,

4.

PINAL mu.BIS
The paper li11t11 the fUDdamental conaiderationa in the choice,

denlopnent, daaign and operation of indu.strial mixer-settlers.

Al in all other fields of induatrial innovation, these conaiderationa

are complex and require fundamental know--lnr and practical expertise to

make a reasonably well-based decision.

It aeema that this field has now reached the stage of maturity,

both in the scientific approach and in the induatrial practice. It is

only to be hoped that the induatriea concerned recognise and take
adT&ntage of these achienmenta.

Aoknovledaement
Thia aunmarizing review is published by permi1111ion of the Managing

Director of IMI Inatitute for Research and Denlopnent and incorporates
contributiona made at varioua times during the pa.at decade by a large

number of 1118111bera of IMI staff. In particular, A. Baniel, R. Blumberg,

a. Blumenthal, M. Blroy and D. Gonen made leading contributions in the
earlier stages of this denlopaent program.

)Jomenclature
•a

horizontal area of the settler.

O:

TI>lU1118tric throughput of dispersion •

y:

exponent defined by Equation 1.

.6H: thickneH of the dispersion band.
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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 apparatus 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 5.
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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

Figure 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,
2.
3,
4,
5,

Operation
Stopping
Phase separation
Levelling
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
lTI.

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 equations 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

M inimum stepping:

6h1min = 6P1/p Lg - 6h
2
(h2-6h2)pW5 + 6PH = AP2 + h2pLg
Ah1min = 6P1/pLg + 6P2/pMg - h2(1-pL/pM) - ApH/pMg
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(1)
(2)

(3)

where
(4)

and iL is the lightweight phase hold-up in the mixing
space and APH is the pressure built up in the head press
ure pipe caused by the rotation of the mixing impeller.
pL and pH 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 Ap1 and Ap2 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:
h3pLg

AP3 + (h3-h5)pHg

(5)

h p� + AP
h7p Hg
4
4
Ah3 = h4 - (Ah1-Ah2) - h5 - h?
h (1-pM/pH) - h3(1-pL/pH) + Ah2
Ah 3
4
- Ah1 - (AP3 + AP4) /pHg

(6)
(7)
(8)

According to the equation (8) pumping is necessary (Ah3
> 0) when for example pressure drops Ap3 and AP in the
4
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:
hpmin =

(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.
( 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.
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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. Furthermore, 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. Figure 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 0
to zero point O') 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: in 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 m 3 • 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/m 3 •
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

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 fertilizers.
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.
8.
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List of used symbols
acceleration of gravity, m/s 2

g
hi(i

2,7)

hp
Ahi (i

heights (see fig. 3), m
pumping head, m H20

1,3)

height differences (iee fig. 3), m

Api(i = 1,4)

pressure drops in pipes (see fig. 3),
N/m 2

APH

pressure caused by the mixing impeller
rotation into the head pressure pipe, N/m 2

PH

heavy phase density, kg/m 3

PL

lightweight phase density, kg/m 3

Pw

water density, kg/m 3

PM

dispersion mean density in the mixing
space, equation (4), kg/m 3

iL

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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l. 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 limited. 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 valuable or 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. 1'2 These 4-input, 2-output linearised
models have been thoroughly tested by two identification methods. In part
II of this series 1 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 III 2 , 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 adeQuate 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, sorreof 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-liquid 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 multistage 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 5
and LIX 64N 6 •
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2. Mathematical Models
Models for both variable and constant 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.
These assumptions imply that most of the assumptions specified in Part II
are relaxed, so that:
(i)
(ii)
(iii)
(iv)

the
the
the
the

I

liquids can be partially miscible
equilibrium relationship is not necessarily linear
flow rates change with time
hold-up volumes in the settler part can vary with stage number.

2.l Mixer
Overall and component mass balances for the mixer shown in Figure l give the
following equations
Ft(K)

Hm(K).(dZAt(K)/dt)
Hm(K).(dZBt(K)/dt)

Lt(K-1) + Vt(K+l)

(1)

XAt(K-1).Lt(K-l) + YAt(K+l).Vt(K+l) - ZAt(K).Ft(K) (2)
XBt(K-1).Lt(K-l) + YBt(K+l).Vt(K+l) - ZBt(K).Ft(K) (3)

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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Ft(K) = Vt(K) + Lt(K}
ZAt(K).Ft(K) = YZAt(K).Vt(K) + XZAt(K).Lt(K)
ZBt(K).Ft(K} = YZBt(K).Vt(K) + XZBt(K).Lt(K}
HV(K).(dYAt(K}/dt}
HV(K).(dYBt(K)/dt}

[vzAt(K) - YAt(K}] .Vt(K)
[vzst(K} - YB. t(K}].Vt(K)

HL(K).(dXAt(K}/dt}

[xzAt(K) - XAt(K}] .Lt(K)
[xzst(K) - XBt(K}] .Lt(K}

HL(K).(dXBt(K)/dt}

2.3

(4)

(5)
(6)
(7)

(B)
(9)
(10)

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 considered for simplicity as second-order
3
polynomial functions in the original models, but, as mentioned above, these
can take any form. These are
(11)
(12)
(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 , YB
F , ZA , ZB
YZA, YZB, XZA, XZB
The non-linear model can thus be solved exactly but it is better linearised
I 2
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
U
A
B
XVL=
C =
D
n =

the state vector containing 6.n concentrations
the input vector containing 6 control variables
the dynamic matrix (6.n x 6.n)
the input matrix (6.n x 6)
a state vector containing 2.n flow rates
a 2,n x 6,n matrix
a 2.n x 6 matrix
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(K+l)

(14)

Hm(K).(dZA(K}/dt} = XA(K-1).[(K-l) + YA(K+l).V(K+l) +
+ LXA(K-1) -LA(K)] .L(K-1) + [Vli(K+l) -'Vi(K)] .V(K+l)
- ZA(K).r(K)

(15)

Hm(K).(dZB(K)/dt} = XB(K-1).[(K-l) + YB(K+l).V(K+l) +
+ [XB(K-1) - ZB(K}j .L(K-1) + LVB(K+l) - 7B(K}] .V(K+l)
- ZB(K).r(K)

(1 6 )

F(K) = V(K) + L(K)

(17)

ZA(K).F(K} + F(K).ZA(K) = a(K) + y(K)

(18)

ZB(K).r(K} + F(K).ZB(K} = S(K) + o(K)

(19)

HV(K}.(dYA(K)/dt) = a(K) - YA(K).V(K) - V(K).VA(K)

(20)

HV(K).(dYB(K}/dt) = S(K) - YB(K).ii(K) - V(K).YB(K)

(21)

HL(K).(dXA(K}/dt) = y(K) - XA(K).L(K) - L(K).XA(K}

(22)

HL(K).(dXB(K}/dt) = o(K) - XB(K).[(K) - L(K).YB°(K)

(23)

YC(K) = D B(K).YA(K)

(24)

XB(K) = DC(K).XA(K)

(25)

YA(K) = DA(K).XA(K)

(26)

where
a(K) = YZA(I().V(K) + V(K).ffl(K)

,

y(K) = XZA(K).[(K) + L(K) .XZA(K)

S(K) = YZB(K).V(K) + V(K).TI'li(K)

,

o(K) = XZB(K).L(K) + L(K).XZB(K)

DB(K)= b2 + 2b3.YA(K)
DC(K)= c2 + 2c3.XA(K)
DA(K)= a2 + 2a3.XA(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) = L t{K) - [(K)
where [(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
3

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
4
Because of the complexity of
stages, and finally for any number of stages.
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
XVL(K)

A(K).X(K) + B(K).U(K)

C(K).X(K) + D(K) .U(K)

where

A(K)=

(27)

T

(28)

I

{K)

T

(

K)

X

0

0

0

0

0

xxu'

X

X

0

X

0

0

0

0

X

0

X

X

0

X

0

0

X

0

0

X

0

0

X

0

0

0

0

X

0

0

X

X

X

0

0

0

X

X

0

X

0

0

X

X

0

0

X

0

B(K)=

X

w {K)
I

196

2

X

w (K)
2

C(K)=

[:

X
X

ZA(K)
ZB(K)
X(K)= XA(K)
XB(K)
YA(K)
YB(K)

where

0
X

xlo
I
xi 0

0
0

�]

O(K) =
L(K-1)
XA(K-1)
U(K)= XB(K-1)
V(K+l)
YA(K+l)
YB(K+l)

G

0

0

X

0

0

0

X

0

�]

XVL(K)=[V(K)]
L(K)

represents zero elements
represents non-zero elements

3.4 Solution of the linearised model for two stages

For the second stage, stage number (K+l), of the extraction system shown in
Figure 4, equations (27) and (28) are written as
dX(K+l)/dt
XVL(K+l)

=
=

A(K+l).X(K+l) + B(K+l).U(K+l)
C (K+l).X(K+l) + D(K+l).U(K+l)

where the input vector U(K+l) contains the following elements
L(K)
XA(K)
XB(K)
U(K+l)= V(K+2)
YA(K+2)
YB(K+2)

(29)
(30)

In order to link together the two stages, the intermediate flow rates
L(K) and V(K+l) 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:
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dX/dt

A.X + B.U

XVL

C.X + D.U

where

Eill
�NJ
I
I

A(K)

A

O

O

:

I

:I

�
�"'
3

+

A(K+l)

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

A'
(6nx6n)

�

Ix
X
X
,x
X 0 Ix
X
1X
X
1X
X
1X

0

I-'

B

I

-- - - t- - - -

X
X
X
X
X

"'

I-'

B'
(6nx6)

C

["

XXX
XXX
XXX

0

IX
I
I
IX

0

X
X
X
X

X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

?

0

X
X
X
X

X
X
X
X

0

0

X

(32)
X(K+l)

BL
(6nx6)
X
X
X
X

(31)

X(K)

IX
1x
/X 0
IX
IX
I

0

0

AL
(6nx6n)

+ ----,--X
IX

0

r·

1ixxx

{6nxl)

J

u

(2nx6n)

L(K-1)
XA{K-1)
XB{K-1)
V(K+2)
YA(K+2)
YB(K+2)
(6xl)
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{33)

[I

D

where

0]

IX

Ix

0 I
x

Ix
I

[V(K+l}
V(K�

L(K)

XVL

(34)

L(K+l)

(2nxl)

(2nx6)

represents zero elements
represents non-zero elements

0
X

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.

0

A(K)

0

A'

1� I

---

,
Q

A(K•l

O

1,,;L __ '_ -· -

I

.

0

0

-

0

0

0

�
.

:-,1:r,;,1,,
O

i

,

21
Q

Q
I �a

l
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--r --

B'

-

0
�.
1

A(K>J)

0

I

0

I
I

1

l- -- --

0

1

M

�

4. Results
Two numerical examples illustrating the application and applicability of the
model and the simplicity of the solution are presented below.
4. l Numerical example No. l
The model was tested on a two-stage mixer-settler unit with the ternary
system 3 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
light phase was chosen as the raffinate and the heavy phase as the extract.
Equilibrium data for this system is available in the literature, 8 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(l) 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(l), 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 3 and that adopted in the present work is shown in Figures
10 and ll. 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 5 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 2 and is not repeated here. Tee
model outputs, model errors, input signals and experim�ntal outputs are
shown in Figure 12. A comparison between the results obtained from this
complicated model and those obtained from the simpler model 2 , 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

V'

L'

V
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L

(35)

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 2 • Thus it can be concluded that both models give similar results
for chemical systems with fast kinetics.
Part Vin this series 6 will include an analysis of the model for copper
extraction with LIX 64N.
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Appendix l
Elimination of the concentrations XZA, XZB, YZA and YZB
These concentrations are eliminated by substituting expressions obtained
for a(K), S(K), y(K) and o(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.r

ZB.f

+
+

F.n = [HV.(dYA/dt)

F.ZB= [HV.(dYB/dt)

+
+

YA.V

YB.V

+

v.Y1r:J

+

+

V.YBJ

+

[HL.(dXA/dt)
[HL.(dXB/dt)

+
+

XA.r

xs.r

+
+

L.YJf.J (36)

L.XB] (37)

It follows from equations (25) and (26) that
XB= DC.XA

thus

dXB/dt= DC.(dXA/dt)

YA= DA.XA

thus

dYA/dt= DA.(dXA/dt)

YB= DD.XA

thus

dYB/dt= DD.(dXA/dt)

(38)
(39)

From equation (ll) it can be easily seen that
where

(40)

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)

(HV.DD

+

HL.DC)(dXA/dt)

+

(DA.V
+

+

L).XA

(DD.V

+

+ (� -

L.DC).XA

+

YJf.).V

+

(YJf. - n).F - ZA.r= 0
(41)

(YB - xri).V

+ (XB - LB).F - XB.F = o

+

(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(l).ZA

+

R(2).ZB

+

R(3).XA

+

R(4).F

(43)

V = Q(l).ZA

+

Q(2).ZB

+

Q(3).XA

+

Q(5),F

(44)

Equation (17) can be used once again to yield

L = - Q(l) ,ZA - Q(2).ZB - Q(3),XA + Q(4),F
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(45)

where
R(l)

= -

R(2)

=

R(3)

[VB - XB] .r/K3

lYA - XAJ .F/K3
l/K2

R(4)

[(YA - XA)(LB - XE} - (YB - XB)(n- - x7i}]/K3

Q(l)

(HV.DD + HL.DC),t/K3

Q(2)

{HV. DA + HL} ,F/K3

Q(3}

Q(4)
Q(5)

Kl

K2

K3

[(DD.V + DC.L)(HV.DA + HL) - (DA.V + L)(HV.DD + HL.DC)] .K3
[(YA - ZA)(HV.DD + HL.DC) - (YB - LB}(HV.DA + HL)]/K3
(J<A - n-)(HV.DD + HL.DC) - (XB - 'll3)(HV.DA + HL) /K3
(VA - x?i) (DD.V + DC.I) - (VB' - W)(DA.V + [)
K3/Kl

(� - x?i)(HV.OD + HL.DC) - (Vil' - W}{HV.DA + HL}

It should be observed that Q(4) + Q(5)
settler unit.

=

l for every stage in the mixer

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 Fin 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,l).L(K-1) + MA(K,2).XA(K-1) +
+ MA(K,4).V(K+l} + MA(K,5).YA(K+l)

dZB(K)/dt
dXA(K)/dt

=

M(K).ZB(K) + MB(K,l).L(K-1) + MB(K,3).XB(K-1) +

+ MB(K,4).V(K+l) + M(K,6).YB(K+l)
=

(46)

R(K,l).ZA(K) + R(K,2).ZB(K} + R(K,3}.XA(K) +

+ R(K,4).[L(K-1) + V(K+l)]

dXB(K)/dt = DC(K).R(K,l).ZA(K) + DC(K).R(K,2).ZB(K) +

+ R(l<,3).XB(K) + DC(K).R(K,4).[L(K-1) + V(K+l}]
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(47)

(48)
(49)

YA(K)/dt = DA(K).R(K,l).ZA(K) + DA{K).R(K,2).ZB{K) +

+ R(K,3).YA(K) + DA(K).R(K,4).[L{K-1) + V(K+l)]

{50)

dYB(K)/dt = DD(K).R(K,l).ZA(K) + DD(K).R(K,2).ZB(K) +
+R(K,3).YB(K) + DD(K).R(K,4). [L(K-1) + V(K+l)]

(51)

where

M(K)

= - r(K)/Hm(K)

MA(K,l) = (x1i(K-1) -

"Z'A'( K))/Hm(K)

MA(K,2) = (I(K-1)/Hm(K)
MA(K,3) =

0

MA(K,4) = (YA(K+l) - ZA(K))/Hm(K)
MA(K,5) = (V(K+l))/Hm(K)

MA(K,6) =

MB(K,l) =(1S°(K-l) - 7B'(K))/Hm(K)

MB(K,2) = 0

MB(K,3) = (I(K-1))/Hm(K)

MB(K,4) = ("i'li(K+l) - z'B'(K))/Hm(K)
MB(K,5) =

0

MB(K,6) = (V(K+l))/Hm(K)

0

The system matrices

M(K)
0

A(K)

R(K, l)

0

M(K)

DD(K).R(K,l) DD(K).R(K,2)
MB(K,l)

B(K)

R(K,4)

DC(K).R(K,4)

DA(K).K(K,4)
DD(K).R(K,4)

0

0

0

0

0

0

0

0

0

0

0

0

DA {K). R(K,l) DA(K).R(K,2)
MA(K,2)

0

R(K,3)

R(K,2)

DC(K).R(K,l) DC(K),R(K,2)

MA(K,l)

0

R(K,3)

0

0

0

0

0

0

R(K,3)

0

MA(K,4)

MA(K,5)

0

0

MB(K,3)

0

0

0

0

0

0

0

0
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R(K,3)

MB(K,4)
R(K,4)

DC(K).R(K,4)

DA(K),R(K,4)
DD(K).R(K,4)

0

MB(K,6)

0

0

0

0

0

0

0

0

C(K)

�

D(K)

[

Q(K, 1 I

Q(K,2)

Q(K,3}

0

0

Q(K, l)

-Q(K,2)

-Q(K,3}

0

0

Q(K, 5 )

0

0

Q(K,5}

0

Q(K,4)

0

0

Q(K,4)

0
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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

1

A'(K+l,K+l) = A'(K+2,K+2) = -t{I)/Hm(I)
A'(K+3,K+l) = - (-rn-(I) - i<l3(I)). t(I)/K3(I)
A'(K+4,K+l)

A'(K+S,K+l)
A'(K+6,K+l)

=
=

=

DC(I). A'(K+3,K+l)

DA(I). A'(K+3,K+l)

DD(I). A'(K+3,K+l)

A'(K+3,K+2) = ('i"A(I) - XA(I)). t(I)/K3(I)
A'(K+4,K+2)

A'(K+5,K+2)

A'(K+6,K+2)

=

=
=

DC(I). A'(K+3,K+2)

DA(I). A'(K+3,K+2)

DD(I). A'(K+3,K+2)

A'(K+3,K+3) = A {K+4,K+4) = A'(K+5,K+5) = A'(K+6,K+6) = - l/K2(I)
A'(J-5,J+S)

=

A'(J-4,J+6)

=

V(I)/Hm(I-1)

A'(J+l,J-3) = A'(J+2,J-2) = [(I-2)/Hm(I-l)
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The values of the indices K, I and J are tabualated below.
No of stages

J

K
0

2

2

6

0
6

2
3

3

6
12

0
6
12

2
3
4

4

6
12
18

0
6
12
18

2
3
4
5

Table 1. Val�es of indices
in matrix A'.

and so on
Elements of matrix 8'
8'(1,1) = (Xli(l) - "ZJl:(2))/Hm(2)
8'(2,1) = (XB(l) - 7B"(2))/Hm(2)
8'(3,1) = [(Y1i(2) - Xli:(2)). (78"(2) - X8(2))(YR(2) - 'XB"(2)). (711(2) - Xl\"(2))]/K3(2)
8'(4,1) = DC(2) • 8'(3,1)
8 '(5, 1) = DA(2). 8'(3,1)
8 ' ( 6 ,1) = DD(2) . 8'(3,1)
8'(1,2) = 8'(2,3) = [(1)/Hm(2)
8'(K+l,4) = (YJ!:(I+l) - "ZJl:(I))/Hm(I)
8'(K+2,4) = (V'B"(I+l) - 'Z'S"(I))/Hm(I)
8'(K+3,4) = [(YJ!:(I) - Xli(I)). ('Z'S"(!) - XB"(I)) (Ylr(I) - XB"(I)). (D."(I) - X1i(I))]/K3(I)
8'(K+4,4) = DC(I). 8'(K+3,4)
8'(K+5,4) = DA(!). 8'(K+3,4)
8'(K+6,4) = DD(I). 8'(K+3,4)
8'(K+l,5) = 8'(K+2,6) = V(I+l)/Hm(I)
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The values of the indices Kand I are tabulated below.
2

3

4 - -- - -

2

3

4

5- - - - -

O

6

12

18- - - - -

No of stages

K

Table 2. Values of indices in matrix B'
Elements of matrix C

C(l,I)

Q(l,I). Q(2,4)

=

C( 2,l)

= -

C(4,I)

= -

Q(l,I)

C(3,I) = - Q(l,I). Q(2,5)

Q(2,I). Q(l,5)

C(l,J)

Q(2,I). Q(l,4)

C(2,J)
C(3,J)

C(4,J)

Q(l,I). Q(2,4)

Q(2,I)

=
= -

Q(2,I). Q(l,5)

Values of I are 1,2 and 3 while those of J are (I+6)
Elements of matrix 0
0(1,1)

=

0(2,1)

=

0(3,1)

=

Q(l,5)

Q(l,4)

Q(l,4). Q(2,5)

0(4,1)

=

Q(l,4). Q(2,4)

0(1,4)

=

Q(l ,5). Q(2,5)

0(2,4)

0(3,4)

0(4,4)

=
=
=

Q(l,4). Q(2,5)

Q(2,5)
Q(2,4)
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Elements of matrices C and D will be divided throughout by the factor

(1 - Q(l,4). Q(2,5)):

Elements of matrices AL and BL

AL(l,I)

=

AL(3,I)

=

C(3,I). BM(l,2)

AL(2,I) = C(3,I). BM(2,2)
AL(4,I)
AL(5,I)

=
=

C(3,I). BM(3,2)

C(3,I). BM(4,2)
C(3,I). BM(5,2)

AL (6,I)

=

C(3,I). BM(6,2)

AL(7,I)

=

C(2,I). AM(l,2)

AL(8,I)

=

C(2,I). AM(2,2)

AL(9,l)

=

C(2,I). AM(3,2)

AL(IO,I)

=

C(2,I). AM(4,2)

AL01,I)

AL (12, I)

=

C(2,I). AM(5,2)

=

C(2,I). AM(6,2)

where the index I
are obtained from
while the index I
ments, the values
BM(l,I)

= (

BM(2,I)

=

YA(I+ 1 ) - ZA(I))/Hm(I)

(YB(I+l) - ZB(I))/�(I)

BM(3,I)

= [( YA (I)

BM(4,I)

=

BM(5,I)

=

BM ( 6,I)

takes the values 1,2,...12. The elements of matrix BL
those of AL by replacing AL and C by BL and D respectively
in this case will take the values l,2,...6. In these ele
of matrices BM and AM are as follows.

- XA(I)) . (ZB(I) - XB(I)) -

(YB(I) - XB(I)) . (ZA(I) - XA(I))]/K3(I)

=

DC(I). BM(3,I)

DA(I). BM(3,I)

DD (I). BM(3,I)
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AM(l,I)

=

AM(2,I)

=

AM(L,I)

(XA(I-1) - ZA(I))/H m(I)
(XB(I-1) - ZB(I))/Hm (I)

= BM(l,I) for L = 3,4,5 and 6

In these elements, which originate from the B' matrix, the index I
for 2 stag es.
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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. l

A, B, C, D

System matrices defined in equations (27) and (28)

A'• B'

al
'
bl
'
cl
'
AL,

a2,
b
2
'
c2
'
BL

Matrices defined in equations (31) and (32) respectively
a
b

3
3

C3

Polynomial coefficients, equation (13)
Polynomial coefficients, equation (11)
Polynomial coefficients, equation (12)
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

Kl•

Stage number
K2,

K3

Constants defined in Appendix l

MA, MB

Matrix elements defined after equation (51)

n

Number of stages

Q, R

Matrix elements defined after equation (45)

t

u
X, XVL

Time
Input vector, defined in equation (27) and (28)
State vectors defined in equations (27) and (28)
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Time

varying

quantities (subscript t)
Exit stream from mixer
Hold-up of heavy phase in settler
Hold-up of light phase in settler
liquid height in heavy phase of settler
liquid height in light phase of settler
Exit heavy phase stream from settler

L'

Portion of exit stream from mixer entering heavy phase
of settler

V

Exit light phase stream from settler

V'

Portion of exit stream from mixer entering light phase
of settler

�:}

Heavy phase concentrations from settler

XC

XZA
XZB }

xzc

YA
YB}
YC

1

YZA
YZB
YZC J
ZA
ZB}

zc

Concentrations of stream L'
Light phase concentrations from settler
Concentrations of stream V'
Concentrations of exit stream from mixer

Superscripts
Steady state value
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Figure

The mixer in stage number K

Figure 2

The settler in stage number K

Figure 3

Mixer-settler stage number K

Figure 4

Schematic diagram of a two-stage mixer-settler unit

Figure 5

Triangular diagram for the system ethylene glycol - n-amyl
alcohol - water 8

Figure 6

Equilibrium curve for the system ethylene glycol - n-amyl alcohol
- water 8

Figure 7

Steady state values in numerical example No.l
Concentrations in weight fraction, flow rates in kg/min and
hold-ups in kg

Figure 8

Results of numerical example No. 1
(a) input step signal in XA(l)
(b) model outputs, extract

phase concentrations

(c) model outputs, raffinate phase concentrations
(d) model outputs, flow rates
Figure 9

Results of numerical example No. 1
(a) input step signal in YA(4)
(b) model outputs, extract

phase concentrations

(c) model outputs, raffinate phase concentrations
(d) model outputs, flow rates
Figure 10

Comparison between Cadman-Hsu and present work
Input: step signal in XA(l)

Figure 11

Comparison between Cadman-Hsu and present work
Input: step signal in YA(4)
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Figure 12

Results of numerical example No.2:
(a) input step signals

(b ) experimental and theoretical outputs
(c ) model error ( organic phase)

Figure 13

( d) model error (aqueous phase)

Comparison between Cadman-Hsu and the simple model 2
(a) input step signals

(b) theoretical outputs
(c ) difference between the two models ( organic phase)

( d ) difference between the two models (aqueous phase)
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DeTelopment and Experience of Industrial
Operation and Optimisation of Pulsed
Mixer - Settler Extractor

s.M. Karpacheva, L.S. Raginsky,
V.M. Kuratov, V.D. Ivanov, K.V. Sheloumov
.A.BSTRJ.CT

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 m 3/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
1
KRil�:Z....packed column described elsewhere ). 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
settler is dictated, firstly, b� 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 intensity 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 chambers 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 0.1mm and less.
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Until recently, the problem of pessibility and necessity
of a decrease in the mixing intensity received no attention
as high efficiency was believed to be obtained only with

fine drops.

Meanwhile, such a fine dispersion is unnecessary for high
efficiency. When studying pulse columns2, 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 0.1mm 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-li�e mode, mixing
should cover the cross-section area rabher 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 KRD1Zr-packing) the uniform

drop siz•.

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 4ispersion, this would allow some
latitude in arranging 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 using separate centrifugal pumps for
each phase3 • 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 o.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
1?6mm2) have been studied without and with mass transfer.

For hydrodynamic tests a mutually saturated system of 0.4-0N

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 Teat Data for the Simulated Extractor at n=1.
Speci!ic Flow Rate, m3/m hr

Pulsation
Intensity

10

1,mm/min

700

i

850

i

1100

i

0.01
0.01
0.01
0.01
0.02
0.0 2

j
j
j

35

15

20

25

30

0.02

0.02
0.01

0.02
0.01

0.02
0.02

0.01
0.02
0.01
0.03
0.02

0.02
0.01
0.03
0.02

0.03
0.02

0.03
0.02

0.05
0.0 2

i - the aqueous phase entrainment by the organic phase, %
the organic phase entrainment by the aqueous phase, %
j
Table

2

Test Data for the Extractcir Usinfi Low Uran:yl-nitrate

Solution at n=1

2

Specific Flow Rate, m 3;m hr

Pulsation
Intensity,

10

1 1 :nm/min
300

20

25

'\

i

"

500

i
j

"'
j

850

i
j

i j

100

95
0.02

0.01
0.01

0.02

t)

i

35

40

100

100
0.01
0.01

100
100
0.02
0.02

0.02

95
0.02
0.02
86
0.01

0,,.02

100
0.0 2
0.0 2

93
0.02
0.02

50
79
0.03
0.03

75
0.01

j

700

30

86
0.02
0.03

94
0.02
0.03

86
0.0 2
0.0 3

efficiency, %
the aqueous phase entrainment by the organic phase, %
the organic phase entrainment by the aqueous phase, %
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Table�

Test Data for the Extractor Usin� Ri�h Uran;rl-nitrate
Solutions at n=4
Specific Flow Rate, m3/a2hr

Pulsation
Intensity,
1 1 111111/min

300

"'
"
1
j

?00

20

15

88.5

8?
0.02
0.02

0.02
0.01

94
0.05
0.01

�
i
j

850

98
0.055
0.02

97.5
0.02
0.02

�
1

"
j

1000

25

95
o.o?
0.03

i
j

30
96
0.01-0.10
0.02

1
j

500

10

92.5
0.08
0.02
96.5
0.13
0.03

95
0.10
0.02
94
0.12
0.02

- efficiency,%

1
the aqueous phase entrainment by the organic phase,%
j - 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 ectractibility the mutual entrainment was
determined assumin g the entrainment of no more than 0.1% to

be tolerable.

The total efficiency was estimated from the

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 25m3/m2iir. at n=4 and more than 50m3/m'1ir. at na1.
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 a,ueous phase
entrainment of more than 0,1% is allowable the extractor
capacity further increases. In all eases 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/m.in and the flow rates
2

up to 50m 3/m hr, indicating the margingot capacity.

The extraction at n=4 (table 3 ) indicates the effect of
the pulsation intensity and flow rate on the aqueous phase

entrainment. This tact may be attributed, firslly, 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 propo-d 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
of the 16m3/hr. pilot plant extractor.
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asis

The phases were transported by pulse centrifugal pumps
driven by a pulsator, and mixed by another pulse system with
anot;·,er pulsator.
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.

5

Table
Pilot - plant Test Data
Hydraulic Testa

Conditions
Variables

16m 3/hr

Aqueous phase entrain
ment,% (pulse intensity
- 54-0mm/min)

0.02

Organic phase entrain
ment,% (pulse intensity
- 54-0mm/min)

0.02

1

20m 3/hr

o.o4

%

Engineering Testa
at capacity of 16m 3Ar
Extraction Stripping

0.02

0.03-0.04

(1=40�/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 probfem 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,6J, the phase separation,
though less effective with decreasing.1f, 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
2
1.o-1.5m3;m 2hr in a mixer-settler, 10m3;m hr in a counter
2
3
current extraction column and up to 3om ;m hr 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 mixtir-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, fron small to industrial scale (16m3/hr),

have been tested.

Reliability and efficiency of the 9roposed design
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)

1.

2.

3.
4.
5.
6.
7.

8.

9.

10.

Note:

design with a bottom-mounted settler

Transfer chamber;

Settling chamber;

Transporting units for light and heavy phases;
Pulse chamber;

Packing KRIMZ;
Channel for emulsion;
Channel for light phase;

Channel for heavy phase;
Pulse main;
Baffle.

Nos. 1-10 above should be listed as captions for Fig.1.

241

...:

lilll:t242

-

Scale-up of air pulsed mixer-settlers for the reprocessing
of nuclear fuels
W. Johannisbauer and G. Kaiser
Kernforschungsanlage Jillich GmbH,
Institut filr chemische Technologie, 517 Jillich, 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 Jillich, 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
· 243

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 capac'i ty 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
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with a row of settling chambers, inclined at 45 ° , 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
245
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settler
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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 TH0REX 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

3.2

11.5

2.6

8.2

height

10

8.5

11

inclination

45

pulse tubes
diameter
length

mini

midi

0.8

3.0

30

25

nozzle diameter

0 .5

0 .5

nozzle number

1

7

The pulsation
controlled by
mixer-settler
of phase with

openings

°

9.5
35

°

mini

midi

1.0

2.5

2.3

1.5

was produced by air jets, whose driving air was
a magnetic valve and a pulse timer. In the midi
compressed air was blown into the pulse tubes out
vacuum, which accelerated the dropping of the
247

liquid column (fig. 2). The extraction tests were again made
with the system uranyl nitrate/ nitric acid and 30 % TBP /
Dodecane 1

off gos
air jet

pulsing tube

t t

compressed
air

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 lead
to the equation

[6]:

1 - EMR

=

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.
=
The specific power is:
P/V
For pulse tubes with several nozzles an equivalent nozzle dia
meter is calculated from the equation
i=z
"'
L,

i=0

d�
Tt
1 1j'

The experimental results may be described by a potential func
tion with K = 3 · 10 4 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
! 20 %.
The scale-up criteria for the mixing chambers and the pulse
tubes of a mixer-settler are therefore
=

constant

(P/V) 0 ,58 =
d1,13

constant

tR

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 I Dodecane were used as test system. In the experiments the
- 249

Fig. 3

Plot of the mass transfer results
mini-mixer-settler: o F(f),
F(H), • F(d), -t-F(dR)
midi-mixer-settler: 6 F(1), • F(H), v F(f)
1111

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
250

equation
=

K1

vd
1, 06 _ d 2, 64 ]
[K 2 v d
o
�

With the aid of the potential equation
d

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 set�ling 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
=

constant

=

constant

and
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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.

settling chamber
1

Fig. 6

mixing chamber
2

settling chamber
2

Schematic diagram of the liquid transport
253

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

The difference in level of two neighbouring stages is then
=

�p

__o_ +

P1 g

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
�P << 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
254
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Fig. 8

Mixing proportion as a function of the power number
mini-mixer-settler: • F(f), A F(H)
midi-mixer-settler: AF(f), .)._F(H), •F(tR)
255

condition for the ports:

6.p

=

1 v2
d

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
16

width

25

cm

25 cm

depth

20

cm

30 cm

0.6 cm

height

7

cm

7 cm

1.2 cm

stages

16

16
operating data

pulse tubes
No. per chamber

4

diameter

3

cm

30

cm

length

cm

nozzle diameter

0.3 cm

nozzles p. head

7

pulse frequency

25

min-1

suction height

30

cm

+

10

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

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

f

frequency

g

acceleration due to gravity

H

height of suction

h

height

K

overall mass transfer coefficient, constant

k

mass transfer coefficient

1

length

p

power

p

pressure

V

volume

V

throughput

p

density

Cf

interfacial tension

,:

mean residence time

<P

volume fraction of the aqueous liquid

IP

packing efficiency

<I>

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

0

top

p

port

R

raffinat, tube

s

heavy

t

dipping (see figure 6)

u

bottom

a ,p

exponent

!::,.

difference
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SUMMARY

A refractive index ma:tching technique has been developed to study
the behaviour and coalescence of drq,s in dispersicn bands, The frequency
of interdrop coalescence has been estimated and correlated, and a nodel,
based en film rupture thickness, has been solved by canputer to predict
dispersicn band thickness as a functicn of inlet drup siz.e, flow rate
and the physical pruperties of the system.

26T

INTROOO:::TION

In previous studies of the behaviour of droplets in dispersirn 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 dispersirn has been assumed to be
indentical with that seen at the periphery because the opacity of the
dispersioo prevented observation of droplets inside. Therefore in this
study in order to investigate coalescence behaviour inside dispersion
bands systerrs have been chosen in which the refractive index of the
dispersed and ccntinuous phases are the sane, then one or nore 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 Oil 0 1 ,
(4 )
which
Kintner
reported to be nan surface active,
was use d to pro duce
.
.
.
discrete coloured drops, and these were studied as they passed through
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
cne, or other, of the phases, and irradiating the particular section of the
dispersion band to generate colour. Claude and Rurrp/ 2) reported that
nost 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
W.35 sufficient to produce a quite intense colour change when irradiated
with ultra violet light. In addition the colour was sustained for only
l
about 1,.0 minutes after exposure to the U. V. light. After this period it
rapidly reverted to its colourless form but could be irradiated repeatedly,
so that the solutioos ccntaining the dye could be recirculated through the
apparatus continuously. Furthernore neither form of the spiran was surface
active, and at the concentrations employed, had no affect an the physical
properties of the system, This spiran was also insoluble in water; hence
by making one of the phases .:queous rrass transfer losses and effects were
eliminated.
Finally the Christiansen Effect (3) was also used to identify drops
in the dispersirn band. This consisted of matching the refractive index
of each phase against the sodium D line to obtain a transparent dispersirn ,
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and then passing beans 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 becare opaql.E and are easily seen so that their
behaviour is readily follcwed.
The object of the present investigaticn is to apply the techniql.Es
described above to observe the phase separaticn occurring in thick
dispersicn bands of the kind encountered in liquid extracticn and eff11.Ent
treatnent processes. Fron the nedlanism.s revealed, to develop a rrodel
to predict the dispersicn band thickness as a functicn of flew rate ,
inlet drop size and the physical properties of the system,

270

EXPERIMENTAL
The systems chooen for study were solutiais of glycerine in water
for the aqueous phase, with refractive indices in the range 1.333 to
1. 4 7, and either iso octane, n-hexane, amyl acetate or ethylacetate,
whichever had the sane :refractive index as that of the aqueous phase.
retails of the systems studied are given in Table 1.
The apparatus enployed for this study is illustrated schematically in
Figure 1. It consisted of a glass colunn (1) 5.0 CJ!1 in dianeter, 60,0
cm laig to which was attached a 5.0 cm - 7.5 cm reducer to acc011110date
the dispersed phase distributor. The colunn was cainected to the dispersed
phase reservoir (2) via a punp (3), a sintered glass filter (4), caistant
head tank (5) and the rotaneters (6) as shown. The punp was an all glass
centrifugal punp possessing P.T. F. E. seals and the sintered glass filter
was inserted to trap any scum and solids. The dispersed phase reservoir
was caistructed from a glass pipe sectiai 22.5 cm in dianeter, 2 2.5 cm
laig with stainless steel flanges attached to each end. The caistant
head tank was similarly caistructed fran a glass pipe sectioo 15.0 cm in
diameter, 15,0 cm loog, and the intercainecting pipework was entirely of
glass of ncminal bore 1. 5 cm. The distributor was coostructed fran
stainless steel and details are presented in Figure 2. That is, the
apparatus was coostructed fran glass, stainless steel and P.T.F.E. in order
to reduce the poosibility of contarninatioo to a minimum.
A typical experinent was carried out by thoroughly cleaning the
apparatus, by first flushing with tap water, soaking in a concentrated
solutiai of Iecoo for 24 hours, draining, and flushing again with distilled
water. Folloong this the column was filled with the continuous phase to
a predeternrined height and the reservoirs were filled with the dispersed
phase. The punp was started so that the dispersed phase forned a dispersion
band, and after coalescence, filled the remainder of the colunn. The
coalesced dispersed phase was circulated caitinuously through the
apparatus and its fla,, rate was adjusted to produce a dispersioo band of
suitable thickness. The thickness of the band was deternrined by injecting
a coloured drop from the special nozzle in the distributor, or, when aie
of the phases cootained the phototropic dye, by exposing the bed to U.V.
light fran a mercury arc lanp so that the bed becane blue in colour. After
a number of experiments had been conducted, the locatioo of the band and
its thickness could be estimated from the dispersed phase flew rate , although
because of the 'matched' refractive index of the phases, the bed could not
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be seen in the colUJm,
When steady state had been attained ooe or nore coloured drops were
injected into the bed and their behaviour photographed as they p assed
through the dispersioo, using a high speed carrera. Alternatively the
spiran was dissolved in the organic liquid which could be either the
dispersed or cootinuous phase. The dispersed phase was again circulated
until steady state cmditions had been attained, then the band, or parts
of it, were exposed to U. V. light for a few seccnds. This produred a
layer, or cluster, of bll.E drops and their progress through the bed was
similarly photographed.
Fran these experinEnts the nean drop resicenre tine and the freqt.ency
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 cetail as
a functicn of band thickness by Allak ( 1)
RESULTS
Experinents were carried out with a number of distributors having
nozzles of uniform size in the range 1.0 rran to 4.0 nm, and the dispersed
phase fla.J rate was cmtrolled to produce uniform sized drops. The drop
size was estimated fran photographs of the coloured drops entering the
dispersion band and these were compared with the drop size predicted fran
.
(5)
the proredures recannenced by Meister and Scheele. In all cases the
agreenent between the estimated and predicted value was very good.
0bservatim of the bed when steady state had been attained revealed
that there were three zcnes as sh= in Figure 3,
(i) A flocculating zooe, 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 thenselves in the nost compact way and trap
the cootinuous 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
1 0swaldt' s ratio. '
(ii) A packing zone: As the drops pass into the band they are squeezed
together extruding the cootinuous phase. Figure 4 shows a coloured drop
insice the band. There it will be seen that the drop is ceforned into the
shape of a pentagmal docecahedra. The faces are pentagmal and reasmably
flat, and the cmtinuous phase is squeezed into plateau bormrs which form
a drainage network throughout this zcne. Cmsicerable interdrop coalescence
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occurs in this zroe.
(iii) Interface coalescing zcne cne or two drops thicl<1 in which the drops
are still dodecahedra in shape but tend to coalesce with the interface,
rrore than with each other.
The thickness of the dispersion band depended m the inlet drop size
and dispersed phase fla. rate, and typical plots sha.ing 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
worl<ers, and confinn that the bed height increases as the inlet drop size
c.'ecreases, and the dispersed phase fla. rate increases. All the results
have been correlated by clinensimal analysis as shewn in figure 6, There
it can be seen that 85% of the results are within + 5.0% of the correlaticn
curve and 97.5% are within 10%. In this correlation the predominant
group is the Capillary Number suggesting that drainage of the cootinuous
phase controls the bed height. This is further discussed bela..
The packing zone extends over 1IOSt of the dispersim 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 cmstant 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 rrean values of 75 repeated observatims of
interdrop coalescence at each plane in the bed. They are typical of all
the experirrental 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 cmtinuous
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 thickness 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 aro\.lld the coalescing pair,
with the result that the film surrounding the neighbouring drops is partly
regenerated by fla. fran above and tensicn in the film from the la.er
layers. Ccrisequently 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 ccritinues to pass
through the bed, and is a regim in which the frequency of interdrop
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coalescence is lCM.

When the film has again drained to a critical

thickness further drop-drq> coalescences occur, and these processes
are repeated until all of the oontinuous phase trapped at the entrance
of the bed ha-, drained. At this point inten:lrop coalescence is cooplete
and an interface is forned. This plane is the drop-interface coalescence
zcne.
The frequency of inten:lrop coalescence in the packing zcne was
correlated against the Capillary Ntmi:ler since this is an index of the

rate of drainage of the ccntinuous phase in the fil.Jrs and through the
plateau boroers; the drop size, and the band thickness. The result
correlaticn was:1

where ). represents the frequency, or probability, of coalescence expressed
as a fracticn of the total number of drops residing at a plane in the bed.
A coopariscn of the experimental and predicted probability of coalescence
is sha-m 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' srroothing' is necessary in reveloping the correlaticn, the agreenent
is ccnsirered to be quite good and is satisfactory for the analysis of the
phase separation process.
It has been postulated above that inten:lrop coalescence occurs in the
packing zcne of the dispersicn band when the continuous phase film, in

between the pentagonal faces adjacent drops, drains to a critical
thickness. This was substantiated by examinaticn of high speed cine fil.Jrs

of the dispersion band that contained the phototropic dye in the ccntinuous
phase, and which had been irradiated with U.V. light. It was noticed that
a-, the film thinned, the intensity of the blue colour decreased
proporticnately and disappeared irnnediately 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 rreasure the film thickness in the dispersicn
band but the thickness of the film that is just mable to sustain the blue

colour of the phototropic

dye was esti.rrated as follc:Ms.
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Three cells of thickness 50.0; 2 5.0 and 7.0 micrcns were used to
neasure the absoryticn of light by the ccntinuous phase in the excited and
mexcited state in a U. V. absorptiorreter, and the absorpticn was plotted
versus cell thickness for the system isobutyl acetate-a:iueous glycerine.
Extrapolaticn of the two curves resulted in their intersecticn at 2.0
micrcns, suggesting that this is the critical film thickness. 'This
thickness was ccnfirmed by placing the ccntinuous phase with the phototropic
dye in between two qitical flats; irradiating with U.V. light in the
absorptiareter and then reducing the thickness mtil the colour just
disappeared. Then neasuring the thickness between the optical flats by
counting the interference fringes. The film thickness was ccnfirmed
to be 2 micrcns for the system and this was ccncluded to be a reascnable
estimate of the critical film thickness. This , together with the above
correlaticn of probabil ity or frequency of interd.rq, coalescence form the
basis for a m::>del to predict the thickness of dispersicn bands.

PREDICTION OF DISPERSION BAND THICKNESS

The drops in a dispersicn band are distorted to the shape of dodecaredra
with flat pentagcnal faces, and the ccntinuous phase film drains radially
between the adjacent faces of a pair of drops since, even for ver:y thick
fil.n5, the ratio of the surface forces to gravity forces always exceeds 50:l.
Therefore the rate of drainage of the ccntinuous phase film fran in between
adjacent drops into the plateau borders can be expressed by the equaticn
dh
d:t

l

irrespective of the inclination of the pair of faces. The rate of drainage
through the plateau borders can be predicted fran the equaticn of Lenard
& Lemlick (G)
6P
2
q = 0.0005 r 4.o tit
and therefore the total rate of drainage of the cmtinuous phase film per
unit area at any plane in the dispersim band is, by equaticns l & 2
Q

down

=

0.004lr04pg+

3

- µ d2
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This flew rate must equal the flew rate of the ccntinuous phase film
carried UIMards with the drops in the dispersicn band noving towards the
coalescing interface, This flew rate of the continuous phase per mit ClXSS
secticnal area is C 7).
Q

= 3. 32Vh
d
where the film jthickness h is
up

h = 0.3 <

1T->

d

5

Also the radius of the plateau bor<Er has been shown to be related to the
characteristics of the system by the equaticn (7)
3
r0 = 2.44x10 �
pg+

6

and from this the force causing drainage has been evaluated frcm Laplace's
equal:im to be
14
7

F = 0.042 (P :d )
�

7

Substituting equations 2 to 7 into equaticn 1 and integrating between the
limits that
when t O: h h
and
when t = t; h = he (Rupture thickness)
gi...es

=

=

5 9

d
)�
t -- 0.056 (V1J 4
27
g
p y • h

8

Equaticns 2 to 8 ha...e been formulated into a carq:>uter program to perform the
iterative calculaticns and the computer flew chart is presented in figure 9,
The calculaticn procedure was started by assuming that the dispersed phase
flew rate in the flocculating zone was 0, 74 i.e. Ostwaldt 1 s ratio for face
centred cubic packing, This is ccnsidered to be realistic from observaticns
of the zcne, that the drops were ...ery near spherical, and had formed a stable
configuration. Th=reafter the drops were s�ly squeezed together forming
a dodecahedra ccnfirming that twelve drops surrounded each drop. Initially
the critical film thickness was set at 2.0)J and the program processed, Then
the value of the critical film thickness was adjusted by 0,5\J increnents
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until the predicted band thickness matched the experinental thickness.

This film thickness was then used to predict the band thickness at other
fla., rates for each system. � comparisoo between the experiirental and
predicted results are presented in Figure 10 for the system qooted above.
�re it will be seen that the agreement between the experinental band
thickness and the predicted thickness is very good for each fla., rate.
Furthernore the critical film thickness co�uted for each system agreed to

within 0. 5µ of that estimated by light transmissioo in the Absorptiareter.
Finally in order to coofirm the validity of the derivatioo of the m:xlel
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.
� rreasured radius was then canpared with the predicted value obtained by
solutioo of equatim 11. The plateau borders were photographed with a
cine ca11era because the drops in the bed were in notioo so that it was not

possible to be absolutely certain that the plateau border being photographed
and the carrera film were absolutely pa rallel. The slightest deviatioo
would greatly distort the photographed plateau border radius, A photograph
of the plateau border is shc,;,m in figure 11. This is an enlargement of a
2. 0 mm square field correspooding to the diarreter of the collinated laser
beam. The rrean value of the radius r , rreasured fran 24 coosecutive
0
frarres of the novie film, and taken at a plane 4 an fran the band entrance
when the dispersed phase fla. rate was 0. 6 7 cm s-1 and the total bed

thickness was 12. 0 an, was 3, 1 nm. The valte predicted fran equatioo 11
was 3. 9 nm and this is coosidered to be exceptiooally good coosidering the
difficulties in making the rreasurements. Similar quality agreement was
obtained fran the other estimatioos. Therefore this is coosidered to
further coofirm the soundness of the m:xlel and together with Figures 10
and 11 coofirm the reliability of the procedure of basing the prediction
of the thickness of deep dispersioo band.5 oo a critical film thickness
and a frequency of coalescence curve. This is coosidered to be nore
reliable than atte�ting to analyse bed thickness from a drop-drop

coalescence time for the bed as a whole, and for each system to be
coosidered.
In coocluding the discussioo of the results presented here it should
be mentiooed that no secoodary drops of the dispersed phase were seen at

any time-; although these have been observed by other workers in band.5 and
by ourselves in single layers of drops. Havever with the experiments in

which the phototropic dye was .in the ccntinuous phase it was noticed that
very small blue satellite drops appeared above the interface in the
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coalesced dispersed phase, M alla.ance was made for this loss in the
cooq:,uter program. Nevertheless it is a finding not previously cai.fimed
and should be ccnsidered in the design of phase separating vessels,
CONCLUSIONS
New techniq�s have been developed for examining the phase separatiai.
processes inside thick dispersicn bands, based ai. mcttching the refractive

indices of the phases and then discriminating the drq>s to be studied
using phototropic dyes, lasers and the Christiansen effect.
A rrodel describing the ooalescence processes occurring in thick
dispersicn bands has been developed, based oo the thicl<ness of the
ccntinuous phase film at rupture and the shape of drops packed in the bed.
The film thicl<ness has been verified using a light absorpticn techniq�, and

a cooq:,uter program was written to predict band thickness as a fmcticn of
drop size, fla. rate and the physical properties of the system. Agreenent
between predicted and experimental results are very good.
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SYSTEM

I

II

III

IV

V
VI
VII

DISPERSED
PHASE

CONTINOOUS
PHASE

REFRACTIVE

*AMYLACETATE
*ETHYI.ACE'l'ATE
*ISO OCTANE
*HEXANE
*17% Wt.G
*46% Wt.G.
ISOPIDPYLETHER

52% Wt.G
37% Wt.G
48% Wt.G
37% Wt.G
DIE'Ilfil.ETHER
ISOBUI'YI.ACETATE
27% G

1.460
1.372
1.395
1.372
1.355
1.392
1.367

INDEX

TABLE 1

VISCOSI'lY cp
DISP.µd CONT.µc

1.350
0.455
0.433
0.326
1.60
5.25
0.470

*Systel!S that have been investigated.
SYSTEMS STUDIED

8.00
3.60
5.45
3.60
0.233
o. 732
2.15

DENSITY gJil/ cm3
CONT.pd
DISP.pd

o. 870

0.900
0.692
0.660
1.042
1.118

o.no

1.140
1.090
1.122
1.090
o. 713
0.870
1.065

INTERFACIAL TENSIOO
y dynes/crn

14.2
7.0
35.6
34.S
10.0
12.5
15.0

NOTATION
A
Area of plateau bortler
Drop dianeter
d
Hydraulic nean dianeter
D
F
Force causing drainage
Acceleratioo
g
h
Film thickness
Total band thickness
H
K
Coostant in Lenard-Lemlick Equatioo
1
Length of sire of face of dodecahedra
Nl.Dllber of drops
N
P
Pressure in film
Increnental flCM rate
q
Coot:i.nuous phase flCM rate
Q
r
Radius of plateau bortler
R
Radius
Tine
t
Drainage velocity
U
Superficial velocity
V
Z
Cooroi.nate perpendicular to film
Interfacial tensioo
y
8
Angle of inclinaticn of plateau bortler
>.
Frequancy, or probability of coalescence
Hold-up
+
Subscripts
C
Ccntinuous phase
d
Dispersed phase
Ilc:wlward flCM
0
Plateau bortler
u
�ard flCM
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The motion of liquid droplets in settling and coalescence
E. Rushton & G.A. Davies
Department of Che mical Engineering,
University ot 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 now 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 ri�id

walls, free surfaces and adjacent droplets and thus, although prevailine
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.

nowever,

some assessment of interaction effects can be acquired by considerinc 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 staces can
be distinsuished 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 influence
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 throuch 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 drninafe

between a single droplet and an interface the internal circulation in�ide
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.
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In all modclG proposed

for film drainage this is not considered, indeed most workers (3 7) 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 not to 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 nat interface or towards a second droplet.
This can only be obtained by allowing for the presence of a second droplet
or interface.

7hus the motion of two droplets has to be considered and

this is the topic of the present paper.

A short resume of work relevant

to this will first be presented.
The problem of the motion of two spherical particles along their

'8
line of centres was first considered by Stimson and Jeffrey · ) •

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.
extended by Pshenay-Severin

( 9)

This method of solution was

to consider the case of unequal particle

velocities and the corresponding drag forces associated with each particle
determined.
The proble� of the approach of a particle towards a flat interf�ce,
\·!hich is in fact a limiting case of the doublet problem obtained by let ting
the radius of curvature of one of the droplets approach infinity, has also
been considered.

Brenner (10) and Maude (11) both analysed the probleD of a

solid particle approaching a solid plane and free surface whilst Bart

(i2)

has extended t:uc to a Gelid 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.
2.Formulation of the problem
The problem considered, motion of two spherical droplets through an
iDDlliscible 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 ke:i;tgeneral and three regions defined.
Under flocculation and gravity settling conditions the Navier Stokes

equations can be linearised since the quadratic inertia terms �.V� are
2
small compared with the viscous term V it ( 1 }) • Thus the equations
describing fluid motion and the continuity equation are:-

+

l:)u + 1n p = vv2
l:)t
p V

it

(1)

V.ti=O

(2)

where� 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,

otlbt,

can be neglected if the dimensionless group

incorporating the droplet translational Reynolds number CUa/\1) (a/h)<'. ( 1 (
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10)
•

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 now - distance between the
centre of the droplets.

Thus when this condition and the condition

of creeping now is satisfied equations(1) reduce to the quasi-steady
creeping flow equations,

For axisymmetric motion the velocity components in cylindrical co
ordinates(R,

z,

function,

Thus

+•

¢) mtJJ be expressed in terms of the Stokes stream

-1�

� - R bZ

_1�

u:z

R bR

& u

¢

= o

(4)

and the quasi steady creeping now equations become

[�

bZ2

+RL
b R

c.lR

l2...)]2+=0
bR

(5)

Due to the geometry of the fluid boundaries it is more convenient

to express the fluid motion in a bi-polar co-ordinate system(�, 'I),¢)
related to the cylindrical co-ordinates, (R,
R

.,

c sin TI
cosh s - cos 'I)

sinh �
C
' Z - cosh

s

C

OS

z,
'I)

¢) by
t

¢ =¢

(6)

Two settling drops, figure 1, external to each other and travelling in
the negative Z direction correspond to the values � = o, ( > O) and � = 13
(< O) where o,, 13 and c (which is also greater than zero) are defined by
the relations:-1 (h/r )
Cl = cosh
1
13

cosh-1 (h/r2 )

C

r sinh o,
1

(6i)
(6ii)

(6iii)

-r sinh 13
2
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The solution, • , of equation (5) where the subscript corresponds to
1
(8)
the flow region 1, 2 or 3 (figure 1), is
CD
•i • Ccosh� - xJ312 I:
n=o
where x = cos 1},

and

c;J1

Cx) is a Gegenbauer polynomial of order (n+1) and degree - �-

The constants ani ' bni' cni 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 aust 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
. spheres were evaluated(11+) •
arbitrary fluid

By applying the boundary

conditions,a system of linear algebraic equations for the constants
ani' bni' cni and dni can be generated. By solving these equations>
values for the stream function over a range of values of� and 11 can be
generated.

In the present paper we are interested in computing velocity

profiles in the various nuid regions.

These can be obtained from the

stream functions , since,
1
Ccosh
g - x)2
u
=
�i
c2
u

Ccosh � - x)
C2 sin l}

l}i

2

•
� i

(811)

of"

(8111)

0
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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 uRi' uZi' u .
,eSi

bi-polar components by:-

URi
uZ
' i
u

,eSi

These are related to the correspond!Lng

1
g
g)]
(cosh g _ x) lugi sin 'Tl sinh + u 'lli (1-x cosh

(cosh g - x)

[ Uti ( 1 - X oooh () - UTJi sin n sinh (

(91)

})ti)

= o

Thus from equation 7 the stream function , can be evaluated for
1
appropriate values of g and 'Tl 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 limitations,

apart from the droplets remaining spherical, have been imposed ana by
selecting values of droplet velocities

and

u1

u2

the conditions for

settling of the droplets by reason of resulting buoyancy forces, for
which case

u1

and

u2

u1

and

u2

will have the same sign, or coalescence when

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 &Tld'lla:ti.on 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

a>,

= a, �2 =
equation
1
6i and 6ii, represents a dimensionless geometric separation, The single
cylindrical co-ordinates.

g1 (i = 1, 2 and �

or combined effect of either increasing the droplet radius, r , or reducing
i
the geometric separation of the drop from the plane Z = 0 (g = O), h ,
i
decreases the corresponding value of � (see equations 6i and 6ii). Hence
i
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 co-ordinates (R• = R/c,

z•

Z/c)

and

are functions

of the dimensionless separations a and a and the viscosity ratioµ• defined
The limiting case ofµ•
o corresponds to the motion of solid
µ/µ1,
particles and satisfies the �oundary conditions of zero radial velocity

as

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
arbit.ary 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)U1 = ij2, i.e the relative
velocity between the droplets is zero thus the interdroplet distance will
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remain constant; case 2)U1) U2, here the interdroplet distance will

decrease leading to droplet coalescence, and finally case 3)when U. >U ,
2 1
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 problems 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

( 14)

and then

substituted into equations 8 to obtain ve1ocities in the continuous phase
fluid separating the droplets, uR
= / (Z) and inside the drops,
3
Uz 1 ,uz2= f (R). 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
dir·ection of settling.
=U = U
2
For this case with v1 • v2 the radii of the droplets are equal. The
effect of the viscosity ratio,µ•, on both velocities UR and Uz is shown

Case 1

u

1

in figure 2.

For the case of solid particles,µ• = 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 = O, 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
· 297

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
interllal motion in the drop phases. On the surface of the lower droplet
the surface velocity is in the direction of reduced R* since the internal
circulation is towards the near stagnation point at R•,.

o,

(=fl =-1.0.

At the near stagnation point the surface velocity must of course become
zero thus URI i;"'l:l=must decrease as one proceeds around the sphere
1•0
towards R• • O. In all cases the radial velocity profile is similar
about the axis R'" = 0 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

ll• is seen from figures 2b and 2c. The absolute velocity (that is as
seen by an observer at a fixed position) 1 Uz,is symmetric about ,he axis
10 the maximum

R• = o. The maximum velocity increases with ll •, at ll •

velocity is 3556 greater than the settling velocity U. Again to satisfy
the physical conditions

r
0

r

2

2

UZ dR = Urfor all cases.

Case 2 U 1 = U > U
2
In settling this will result in interdroplet coalescence and is a
If the fluid phases

condition often observed in a flocculating dispersion.

1 and 2 are identical then solution of the equation relating the velocity

>

, r • To illustrate the variation
rati os f or U1 - U2 0 must result in r1,
2
of the velocities uR and Uz1 with ll• calculations have been carried out
3
for (=a 0.5 and I;= fl• -1.0. The situation is shown in figure 3•
first the radial velocity in phase 3. If U1) U2 then a net
flow of continuous phase fluid from the region between the particles must

Consider

JIU is always

take place, and as seen in all cases for ll -.o to ll •a10, ff
positive.

In the case of ll" a O, representing settling of two solid spheres,
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10
the surface velocity as in case 1 above ia zero. Again as "• 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 moat clearly at the surface of the upper droplet.
The surface velocity is in the positive direction and increases asµ•
increases. On the lower droplet however the surface velocity is in the
negative direction towards the near stagnation point,this effect becomes
pronounced asµ• increases.

In figure 3d a now 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
the point made earlier that u1, u2, r1 and r2 are not independent
Asµ• increases from O to 10 for constant drop radii the ratio of
velocities u1;u2 decreases from 1/0.71 to 1/0.82.
Case 3 U = U '- u
1
2
This case will result in increasing particle separation with

noting
in settling.
the settling

time and

again is a situation observed in nocculation,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 - u2< 0 then r2) r1• The
velocity profiles for µ•=o, 0.1, 1.0 and 10 are shown in figure 4. 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. ffR 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.leµ• increases
the profile flattens. A similar condition to that in case 2 is observed
asµ• increases, a now 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
299

the upper droplet.
The analysis of the settling of two droplets shows clearly that the
Velocities in both

fluidity of the droplets must be taken into account.
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.

Equations 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 previous 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 (5) 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 Mason (4) 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 nas been re-examined and solutions of

equations 8 obtained over a range of fluid viscosities.fromµ• = 0
( the

solid sphere-fluid problem) toµ• • 10.

figure 5.

The results are shown in

In this figure the radial velocity profile in the continuous
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phase fluid is shown computed at R/c • 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 u2 can be chosen,it is not necessary that u • u2• Considering
1
the velocity in the continuous phase fluid first the conditions forµ•..O
result in a parabolic velocity profile in accord with the analysis of
KcAvoy and Kintner. This is only correct for solid spheres and for this
case the velocity in the sphere, Uz, is constant and equal to the approach
velocity U. This is shown in figure 5a. Asµ• increases two things are

apparent. First that the radial velocity profile in the continuous phase
fluid flattens and atµ• � 1.0 this is approaching plug flow,
this velocity profile becomes concave.

At�· = 10

This change is brought about by

the increasing fluidity of the drop, asµ• increases so the internal
circulation inside the drop increases. The absolute motion inside the
drops in the direction Z are shown in figure 5 (a) - (d}. As the viscosity
of the dispersed phase is reduced the centre line velocity at R/c = 0
increases until atµ• = 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 Z/c = 1.313 •. !s p• increases from zero
the relative velocity itself develops and the velocity in a central zone
about R/c = 0 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 increasingµ•. Thus the results show that the radial
_velocity profile in the continuous phase fluid is influenced by the
301

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 r and r at velocities
1
2
U and U/2 and U and O are shown in figures 7 and 8.
Only two casesµ•= 0 andµ•= 10 are shown but results follow a
similar trend as for equal sized drops.

Again the parabolic velocity

profile for the casesµ•= 0 are modified asµ• 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 too.

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 Ba.

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 ia modified and as
seen from figures 7d and 8d the maximum velocity Cat R/c = O) is reduced.
This is a direct consequence of a reduction in the surface velocities
of the drops.
From the present analysis the surface velocity

-ii can

be calculated.

Results for approach of different sized particles are shown in figure 9.
In 9a the relative surface velocity u,(O oa 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 u� is

determined only by the component of the approach velocity U and is always
positive.

For liquid droplets this can be quite different, ui('J is again

zero at�= n 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�• O.
more pronounced.

Asµ• increases this trend becomes

A limiting case of this above work, to consider a

spherical drop approaching a nat nuid interface ( the extension of the
simple Charles and Mason model), has already been considered (ti). 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 r2 toao 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
coaleseenoe presented.

tor limiting cases such as approach of solid

spheres the solutions agree with previously published data.

It is shown

that effect of internal circulation on the liquid velocities a) 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.
A. this ratio increases internal circulation can cause now 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

constants of integration (equ ation (7) )
constant (equ ation (6) )

C

c-i
n+1

(s)

Gegenbau er polynomial of order (n+1) and
degree -i with argument I&
characteristic distance, distance of centre
of sphere { = constant from r; = 0

i

subscript denoting nuid regime, i (i = 1,2,3)
(see figure 1)

n

summation index (equ ation (7) )

p

pressure

r

characteristic radiu s, radius of sphere
r; = constant

R,Z,,0

cylindrical co-ordinates

t

time

u
-+
u
UR, Uz, U,0
ttR
u , u ,u
� ll il
Un (r;)

characteristic velocity, approach velocity of
sphere�= constant
vector fluid velocity
velocity components in cylindrical
co-ordinates
mean velocity in radial direction
velocity components in bipolar co-ordinates
mathematical function (equ ation (7) )

Greek symbols
dimensionless distance (equ ation (5) )

Of

dimensionless distance (equ ation (5) )

fluid viscosity of region i
diaansionless viscosity group 1&/µ
1

bipolar co-ordinates

kinetic viscosity

V

t

stream function

X

cos 'Tl
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CAPTIONS
Figure 1
Figure

2

Geometric Configuration
Settling of Identical Drops �j • u = u, Effect Of Fluid
Viscosities on Velocit7 Proflles 2

Figure 3

Settling of Drops U • U > u2, Effect of Fluid Viscosities
on Velocit7 Profile�

Figure 4

Settling of Drope U • U < u , Effect of Fluid Viscosities
2
on Velocity Profileg1

Figure 5

Approach of Identical Drops Prior to Coalescence
U • -u • U, Effect of nuid Viscosities on Velocit1 Profiles
2
1
Approach of Identical Drops Prior to Coalescence
U = -U = U, Effect of Fluid Viscosities on Relative
2 U /U, inside a drop.
1
Velocity,
z

Figure 6

Figure 7

Approach of Unequal Drope Prior to Coalescence. Effect of
Fluid Viscosities on Absolute and Relative Motion.

Figure 8

Approach of a Drop Towards a Stationary Drop, Effect of
Fluid Viscosities on Absolute and Relative Motion.

Figure 9

Variation of Surface Velocit7 on Drops, Effect of nuid
Viscosities.

Figure 10

Approach of a Drop tbwards a Plane Interface, Effect of
Fluid Viscosities on Relative Velocity, Uz/U, inside drop.
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FIGURE. I.

GEOMETRIC CONFIGURATION.
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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 µ, 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.

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 µ), 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.
used.

Various other methods must then be

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. In
l
this method, which has been described by Treybal ( ) , the emul320

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

fibrous bed coalescer was made by Davies and Jeffreys (2) in 1969.
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.
be the mechanism of approach.

Direct interception is considered to
Surface roughness is important in

determining how long a drop will reside on a fiber.

In 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.

Technology

(J ,

However, film studies at Illinois Institute of
4)
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.

equation developed by Langmuir
approach of the drops.
Es

1/2 ( 2-tnN )
Re

is used to describe the

(6)

An

This equation is:

E ( l + R)in ( l + R)-(1 + R) + 1/ (1 + R�

( 1)

where Es 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
(?, 8• 9, lO, ll, 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.
for release are considered.

Three possible mechanisms

Drop-volume rupture equates the drag

force with the restraining force of the interfacial tension.
This yields:
(2)
where C is the drag coefficient, pc is the continuous phase den
sity, v is the velocity through the bed, dp is the drop diameter,
a is the orifice radius, and a 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.
the threads which are formed.

This leads to a rupture of

For the viscosity ratio which is

frequently encountered, the elongation at smal l distortions is
proportional to a dimensionless number F such that:
(3)
where G is the shear rate, and µc 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 a�d Churchill Model

In 1970, Vinson and Churchill (

model.

l3)

presented yet another

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.
idea however has been found experimentally

{l4)

This

to be invalid.

The

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.
ure may occur.

In the case of strong adhesion, cohesive fail

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:

Fractional Removal= -0.089 + 0.128 (U d f µc)-o.4
(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
Also in 1970, Spielman and Goren
model.

(15 ' 16 ' 17)

developed a

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
.
(18 19 20)
generally been reJected
'
'
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:
(5)

where A is the filter coefficient, and A is Harnaker's constant.
This equation is completely independent of the model.
based purely on the capture of a drop by a fiber.

It is

However the

model states that drops are captured by coalesced drops.
fication

(2l)

A modi

of the classical interception theory is used to ob

tain the correlating function in Equation (5).
and exponent are chosen from the data.

Then the constant

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.

In 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

writ(�_) �

N'�·

E,�f �·t)•-(1+�"')1• 4��-s) J
(6)

where E is the void fraction of the bed, Sis the saturation,
d10 is the mean inlet particle size, nc is the overall coalescence
efficiency which is a parameter which varies with velocity, and
Lis the bed length.
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Present Model

This model (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.

In order to

solve the equations 1which arise, it is necessary to only consider
drops which are smaller than the critical diameter.
largest diameter which can be held by a fiber.

This is the

The final �heo

retical equation is:
(7)
where a is a parameter which tells the percentage of collisions
which lead to coalescence and d

fe is the effective fiber diameter
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:

where Ucr 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

l

and

In these figures, the data of Spielman (ll)

2.

In Figure

are shown.

is demonstrated.

the effect of varying the drop diameter

While in Figure

diameter is shown.
indicated.

l,

2,

the variation with the fiber

In each case a theoretical curve is also

Equation (7) is used in the lower velocity region,

and Equation

( 8)

is used in the

larger

velocity region, where the
The values for the

filter coefficient depends on the velocity.

parameters which were selected to fit the data are a= 0. 2 4, 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.
multiplied by the bed

l ength

Since the filter coefficient is

to determine the coalescer perfor

mance, it is obvious that smaller fibers and
l ead

to a thinner bed.

larger

drops will

Although the curves for the fi lter co

efficient in the two figures consist of two

lines,

it seems

reasonable to believe that in actua lity the filter coefficient is
one continuous curve which on l y 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 de is ob
tained.

This expression is:

[fA

4
2
2
df
/144 n r0 [3µcvK( l+ 2 µc/3µ0)/(l+µ c/µ0)
- o(l+cos ee)J 2 ] - �

(9)

where r0 is the c losest distance between the drop and the fiber,
µ0 is the viscosity of the dispersed phase, and ee is the equi
librium contact ang l e 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 F0, 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:

[ 3 rr ap
[5-

V

3 h/a

p

µc (1+ 2 µc/3µ0)/2 (ltµc/µo) J •

(10)

- (1- h/a )3 J
p

A(Sa 3- 1 2 a 2h + 6 a h2 - h 3 )/1 2 r 2(2a - h + r )2
0
p
p
p
o
p

(11)

2 rro( 2 ap- h) [a (1 + cos 6 e )-h]/( 2 a + h)
p
P

(1 2 )

where a

p 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:
(1 3 )

where r is the radius of the drop, and r is the radius of the
f
p
fiber. This equation is valid if:

(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 oil 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:
S = 0.8 (1-E) U-0.2/E

(15)

where U is the superficial velocity in ft/min.

This represents

a system of oil in water with an interfacial tension of 2 3 .7 dynes/
cm, a dispersed phase density of 0.840 gm/cm 3 and a dispersed

phase viscosity of 2 3 .2 centipoise.
The pressure drop for single phase flow through the bed can
be expressed as:
(16)

where �P1 is the pressure drop in psi, Lis the bed length in
inches, a 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.
Bl

Thus, Equation (8) is

Further, it will be assumed that:

applicable.

0. 295 ft/min

(1 7)

and:

a

0.01

(1 8)

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:
(19)
where a' is the volume fraction of fibers plus the held drops
on the fibers.

If Equation (19) is combined with Equation (1 6),

the result is:
6P 2 =

112 5

a'F ( a') UL/ df3/2

(20)

Further, if a linear approximation is made then:
F ( a)

16.25 a1•3

(21)

Also it is known that:
a'

(22)

a + ES

If Equations (1 5), (20), (21 ), and (22) are combined, then:
6P2 • 18 281. 25 UL a2•3c 1 + o.8u-0•2 > 2•3;df3/2
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(23)

If the cost of electricity is assumed to be $0,01/KWH, and
the overall efficiency is 75%, then:
Pumping Cost

( 2 4)

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.

In actual practice, the

fibers are compressed some 10- 2 0 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 ft 2 of fibers with a thickness of L inches is:
Actual Cost of Fibers = $0.548 C a AL

( 2 5)

If the time between fiber replacement in hours is T, the
cost of the fibers for a flow rate of 10 000 gpm is:
Cost of Fine Fibers • 9,133 x 10- 4 C a AL/T

( 2 6)

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 oil, to act as a diffuser to distribute the drops, and to
lead off the drops at the exit.
$300/10

3

2

ft •

This results in a cost of

Treating the cost with straight line amortization

over 10 years with a 90 percent stream factor:
Cost of Coarse Fibers = 6.34 x 10 -9 A $/103 gal

( 2 7)

Finally the cost of the filter press itself can be found.
The cost of a completely automated filter press with an area of
( 2 6)
.
(25)
2
2 100 ft
has been given as $50 000
• 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 A o .9 $/l03gal

(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.
Equations (2 4), (26),

The total cost for the system is the sum of
(27),

and

(28).

If it is noted that for a

flow rate of 10 000 gpm:
A =1337/U

(2 9)

then the total cost which must be minimized is:
Total Cost= [l.765 UL a2 • 3 c1 + 0.8u-0· 2)2 • 3;d f3 /2

(3 0)

+ 1.22 CaL/TU + 8.48xl0-6/U + 4.39xlo-3;u 0 ·91
$/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:
2.3 9

{ 3 1a)

µ
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a "' 0.05

(3 1b )

L

0.511 inches

( 31c)

u

1.91 ft/min

(3 1d)

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
2

44 plates, and an area of 701 ft •
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in press with

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 µ.

The costs of the

various components are:
Pumping Cost = 1.61 X 10-3 $/103gal

(32a)

Fine Fibers = 1.81/T $/10 gal
Coarse Fibers = 4.44 X 10-6 $/103gal

(32 b)
(32c)

Filter Coalescer = 2.45 X 10- 3 $/103gal

(32d)

3

The labor cost is due to the replacement of the fine fibers.
If it is assumed that it takes l min to change one plate, and if
the direct labor cost is 5.75 $/hr with supervision
labor <25) , then:

Cost for Labor • 0.0106/T $/103gal

50

percent of

(33)

If Equations (32) and (33) are combined, the final result is:
(34)

Total Cost

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
335

fibrous bed system, it will be compared to an alternate method
for reducing a 100 ppm concentration to less than 5 ppm.
system

(28)

chemical coagulants are added to assist in the removal

of the dispersed phase.
in Figure

In this

3.

A flow diagram of this process is shown

For a flow rate of 1500 gpm, the total fixed cost of the

system can be found ( i? ) .

is nearly $ 241 000.

This cost is itemized in Table 5, and

Using straight line amortization over 10

years and a 90 percent stream factor, the total fixed cost is

equivalent to 0.033 9 $/103 gal.
listed in Table 6.

The costs of the additives are

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.
been found

(l9)

Since it has

that typical lifetimes range between 14 and
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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
a

orifice radius, used in Equation ( 2 ), cm

ap

radius of a deformed drop, cm

A

cross-sectional area of a fibrous bed, cm 2

C

drag coefficient, used in Equation ( 2 ), dimensionless

A

C

Hamaker's constant, ergs

the cost of l 000 ft 2 of a one-half inch thick fibrous
mat, dollars

de
df

critical diameter, the largest drop which can remain
attached to a fiber, cm
fiber diameter, cm

dfe

effective fiber diameter, df[(l-E+ES)/(l-E)] 112 , cm
drop diameter, cm

d 10

the mean inlet particle size, cm

dp

Es

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

F

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

G

the fraction of solids, dimensionless
shear rate, sec-l

h

truncation of a drop, cm

K

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

NRe
6P

1

6P2

=

Re ynolds

number, dimensionless

pressure drop for single phase flow through a fibrous
bed, g/cm 2
pressure drop for heterogeneous flow through a fibrous
bed, g/cm

2

rf
r

the closest distance between a drop and a fiber, cm

r

drop radius, cm

R

the ratio of the drop diameter to the fiber diameter,

0

p

fiber radius, cm

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

v

velocity through the bed, cm/sec

coefficient begins to decrease, cm/sec

Greek Letters
o

volume fraction of fibers, dimensionless

o'

volume fraction of fibers plus the held drops on the
fibers, dimensionless

a

= a parameter which tells the percentage of collisions
which lead to coalescence, dimensionless

E

nc
ee

void fraction of the bed, dimensionless
the overall coalescence efficiency, dimensionless
equilibrium contact angle for the three phase system,
dimensionless
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20
A

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,
cm-1

µc
µ0
Pc
a

viscosity of the continuous phase, g/crn-sec
viscosity of the dispersed phase, g/crn-sec
density of the continuous phase, g/crn 3
interfacial tension between the continuous phase, and the
dispersed phase, dynes/crn
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TABLE 1
INLET SIZE DISTRIBUTION

Drop Dia. (1,1)
PPM

1

2

3

0.3

2.1

5.3

9

10

8.9 12.4 15.8 18.7 17.5 15.5

3.5

4

6

5

7

8

TABLE 2
COSTS FOR VARIOUS FIBER MATS (JAN. 1973)
Thickness (in)

Diameter (µ)
2.39

0.25

55.20

3.20

0.25

40.80

8.45

0.50

50.40

TABLE 3
OUTLET SIZE DISTRIBUTION
Drop Dia. (1,1) 1
PPM

2

3

4

5

6

7

8

9

10

.15 .58 .88 .91 .79 .64 .49 .30 .17 .03
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TABLE 4
TOTAL COSTS FOR VARIOUS FIBER LIFETIMES
Time (Hr)

2

l

Cost 3
1.824
($/l0 gal)

5

0.914 0. 368

10

100

l 000

10 000

0.186

0.022

0.006

0.004

TABLE 5
TOTAL FIXED COST FOR A CHEMICAL COAGULATION AND FLOTATION SYSTEM
Components

Cost
$26 800

Rapid Mix Tanks
Flocculation Tanks

26 800

Flotation Tanks

19 600

Metering Pumps

l 265

Recycle Pumps

2 620
$77 085

Total Purchased Cost

x 3.12

Capital Inv./Delivered Cost

(27)

$240 505

Total Fixed Cost
TABLE 6

COSTS OF THE ADDITIVES FOR A CHEMICAL COAGULATION SYSTEM
Additive

Cost ($/lb)

Alum

0.077

Clay

0.06

Coagulant Aid

0,73

Lime

0,0255

Amount (lb/gal)
l.46xl0- 3
l. 3 4xl0 -4

4,17xl0-6
-4
3 ,0lxl0

Cost ($/l0 3 gal)
0.112
0.008
0,00 3
0,008
0.1 31

Total Cost

342.

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.
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THE BREAKUP OF CHLO1{O!3ENZENE 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 dl.scussed. Drops in the size range 0.896c�,l� 1.146cm 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.

,i Department of Chemical Engineering,
University of Strathclyde, Glasgow Gl lXJ, Scotland.
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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 (l-4) and drops in free fall in air (s-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 (l O) 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 ( l l) and

O'Brien (lZ) 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, ca using it to shatter.

The present

paper is concerned only with the breakup of drops which is caused by drop
oscillations.
The mechanism of the break up caused by oscillations has been little
studied.

Kintner (l J) reported that for drops of chlorobenzene of diameter

0. 98 5 qn,rupture 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 a !ways larger than the fro,t
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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.
Elzinga and Banchero (l4), following a suggestion by Gunn (l5),
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 (l 6} for the
oscillation of a spherical inviscid drop at rest in an inviscid continuous phase.
As Edge and Grant (l 7) 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
Lamb's equation. Hu and Kintner (lB) used a different approach, which was
based on the theoretical work of Hinze (5) 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 i.hown 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 WeCn = constant and found that
when their experimental results were fitted into this equation they obtained
the relationship
(1)

However, Edge and Grant (l 9) 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 (l9, 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 forma tion was one drop every 1 0 seconds
The motion of the drops was recorded on cine film at a nominal
100 0 frames/sec using a Fastax cine camera and a focussed shadow optical
system. The drops were visible in the optical systems for the first 1 2 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 DH and

Dv,

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.
Figure 3 for three sizes of drop.
which is defined as DH/Dv.

Typical results are presented in

Also included are values of E, the eccentricity,

During the period immediately before breakup,

measurements were made of the length and diameter of the column of fluid formed
behind each drop $'igure 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 (2 l} 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 5 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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hemisph eroidal 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 De remains approximately
constant which indicates that there is little drainage from the hemispheroidal
cap. The drop which had a diameter of O. 896 cm (Figure 4a), which is close to
the critical volume for breakup, showed a similar behaviour except that De
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 De 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 itse.lf 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
2
class of the terminal region is established ( l) .

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 (l O) 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

Dv 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 , 2 which occurred as �, 1 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. 9 32 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 th.e 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 D£, 1 a 0.969 cm.

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 0£, l produced a corresponding
increase in the amplitude of the third Dv peak which resulted in a large increase
in D£, 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£, 2

and DE, 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 [)\/ 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
, 354 ,

approximately the expected size. However, when DE,l = 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 Dr;,2 and
DE, l · However, for drops breaking on the third Dv peak, the following simple
empirical relationship was found to give a good correlation for rear formed
secondary drops:

V

=

•

3·b ( 0E,1 - D1.,1 )

(2)

where V is the volume of the secondary drop and rfE , 1, the critical diameter for
breakup on the third Dv peak, is O.9978 cm. This correlation is shown in Fig. 6.
The critical value of Re 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(22).

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 (2 3) and this theory was clarified and
extended by Rayleigh (24). These authors considered a long cylinder of fluid
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into whic h there was no net flow and they examined w hether a disturbance on
surface of
was

th

e

th

e cylinder would grow. The criterion for growt h whic h they used

th

at if the disturbance results in a smaller surface area than that of th e

cylinder, then the disturbance will grow.
en it will die ou t and

th

It was sh own

th

jet will grow.

th

If it results in a larger surface area

e liquid will revert to the original cylindrical shape.

at only dis turbances which are symmetrical about th e axis of

th

e

The shape of the dist urbed surface can be represented by a

Fourier series.

t" - � +

L

o(n

and it was sh own that only terms where
which will grow and that

cos

>. n

2.Tfz/ A l\

} )\n,crit result in a disturbance

X n,crit = 21f l"'c where r'c is th e radius of the

undisturbed cylinder. From an energy balance it was also sh own th at for a
cylinder of a perfect fluid d 0( n/dt, the rate of increase of the amplitude of
the wave represented by the nth term of the above series, is a maximum when
)\n = �n,opt = 2.87-rf'r'c and it was decuded th at a long cylinder of fluid
will tend to divide itself into portions of fluid whose length is equal to 2.871f� c·
2
In subsequent papers Rayleig h ( S) and Weber (26) considered a disturbance
on

e surface of a cylinder of a viscous fluid and Tomotika (27 )

th

the effect of a surrounding viscous fluid.

By solving

th

h

as examined

e Navier-Stokes equations

and neglecting inertial terms these authors deduced equations whic h predict

A n , opt

for the various systems studied.

Charles and Mason, in their study of coalescence, suggested th at a
secondary drop is formed during coalescence by
Immediately after the rupture of

th

th

El following process.

e co ntinuous phase film, whic h separates the

drop from the plane interface, th e drop deflates and forms itself into a column
(Figure 7). Th e radius of the column then decreases until the heigh t becomes
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less than

A n,crit

{= 21T I" cl 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 DE, 1, the equivalent spherical diameter of the drop before
coalescence, and that the column drained as a cylinder until
and not

>. n,crit =

from the column.

>-n,opt = DE,l,

DE , 1, and that subsequently there was no drainage of fluid

Thus, using An,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/l.4351f and of length D£.

This gave a

value of O. 42 for the ratio DE ,z/DE , 1 where DE ,2 is the equivalent spherical
diameter of the secondary drop. This fell within the range O. 13 to O. 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. 4351T", 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 O. 4 (Table 3).

This is not in agreement with the theory of

Charles and Mason which predicts that the column will not neck until �

>1f.

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 D0 = 0. 52 cm,
H = 0. 7 5 cm.

This gave a secondary drop which had a surface area of O. 9 3 cm 2.

The model gives an area before necking of 1. 2 3 cm2 and a secondary drop with a
surface area of 1 . 42 cm 2.

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 also neglects 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 t' =
(21fz/4h)of length h joined to a section of the surface I"'=
It is interesting to note that if Rayleigh's result

An

I

Rc (Figure 8, model B).

crit = 211R0 is used to

predi ct the onset of necking of the cylindrical column, where

An

4(H - R c) crit, then the predicted value of (H/R clcrit is 11/2 - 1.
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rO +O(. cos

I

crit = 4hcrit =

This is in fair

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 in s.uface area which occur during necking

were investigated for model B with surface waves represented by either
t"

=

(Re -0() +0( cos �:, O< z< h and�<< 1 (model B1); QL I"'

O<Z<h and

1
f<<
C

= Re -

sin{:

(model Bz), and no drainage of the column during necking.

Both

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 C 1, Cz and C 3 (Figure 9). For

a system of constant volume these models give respectively
Model

c1

with (
dA

<<

Re 2
)
R1

1

ZTrH

=

d Re.

T

2.Tf

R:

R1

_

Model Cz with o</R c<< 1 and (Rc/R1)

dA

d�

Model C 3 with

dA
dO(.

=

4TT R,H

<< 1

R1

_

2TT I\

(3)
C.

2

(4-21T)(H-P.,)-+-ZTTR C. +C4TT-9) (H-l:UR, ( 4)
R.,

o</Rc(<

2

1 and (Rc/R 1 ) 4 1

= -4H+ (4+2TI)R, -+8

R�

H

r\1

2.

-8 �
Rs

( 5)

where R1 is the radius of the primary drop immediately before necking.

Usi ng

the previously discussed criterion for stability, for the drainage to occur by
column shrinkage

dA
dA
0 and for drainage to occur by necking
d Re;>do<.

first approximation it was assumed that R 1 = RE, l ·

<

0.

As a

The values of R e 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 Re than can drainage
by necking. This is in agreement with the experimental results. The theoretical
values of the critical Re for drainage by both shrinking or necking are low.
However, this was expected because of the difficulty of describing the surf ace
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 d"uring 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:

t)

Uz; :: U� ( I - ( ;s
I ,.
l�.o
where r :: 1\: - Z/h. ( f\ - a.) a mass balance gives:
$
_

(5)

2

Uz • -2z
r.2 h
l ,. .o .s

(6)

The results presented in Figure 4c show that at the onset of necking
and therefore the momentum balance for the element dz, when a� R c. 1 is given by
the expression
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Integrating between the limits z

=

0 and z

=

h gives LiPf, the change in

pressure between the ends of the frustum:
(8)
Therefore, if the pressure drop due to the flow of fluid in the primary drop is
neglected, LiPw, the pressure drop in the continuous phase between the points A
and B, is given by the expression

LlP.., -7e.. h (eta.)
- 1:, R� d.t

2
+ e
d.

'JDv +2cr(-'c� - _,cA )

(9)

where CA and CB 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 (ZS) have published data for the µ-essure
distribution around a sphere immersed in a fluid which is flowing horizontally
and this data will be used to estimate LiP w·

Over a range of Reynolds numbers

similar to those used in the present work, the data for the pfessure drop between
the forward and rear stagnation points of the sphere may be represented by the

�p,.,

equation
Therefore
and because

2

e..,

1-12 (i_
U�)
!),. = I . I 2 ( 1 E> U!) +
I ·I 2 (½ fw u;) :!}: 105 dyn/cm2,

t

w

ew �

Dv

equation (9) becomes

i

7
:•R� ( :: ) • ( E'.-E'�) :,Jl, -105 + 26( �.-

d.h+.:1101

Values of da/dt were calculated from equation (10) using the experimental
values of H and Re at the onset of necking, and with h = H-Rc. There was
difficulty in obtaining values for CA and CB.

Measurements were made of CA

but, because of the large scatter of the readings, a mean value of O. 8 5 cm was
used in the calculations for.all sizes of drop.

It was assumed that, as there

was no drainage from the hemispheroidal cap, CB:!!:: 2Rc·
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The calculated

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 Re.

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 dRc/dt for a column
which drained by shrinkage (Model C, with a hemispheroidal end). These gave
values of dR,::/dt which were numerically much smaller than dOC/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(. Dr:,1 '- 1.146 cm.
1.

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

V = 3·& [Dji,1 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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Theoretical considerations of the surface free energy of the drop,

4.

da/dRc and da/d�

, 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, cm2

a

radius of the rear column at the point of necking, cm

C

radius of curvature, cm
maximum diameter of the rear column at any instant, cm

�,l

equivalent spherical diameter of the primary drop, cm
equivalent spherical diameter of the secondary drop, cm

(DE,l>crtt

critical

DE, l for breakup

DE ,l

critical

Di:, 1 for breakup on the third peak

•

(equation 1), cm
(equation 2), cm

length of the major axis (Figure 2), cm
length of the mino,· axis (Figure 2), cm
E

eccentricity (= �/Dy)

V

volume of the secondary drop, cm 3

H

length of the column (Figure 2) cm

h

length of the column (Figures 8, 9), cm

p

pressure, dynes/cm2
pressure drop in the continuous phase between points
A and B (Figure 10), dynes/cm2
change in pressure between the ends of the frustum
(Figure 10), dynes/cm2
maximum radius of the rear column at any instant, cm
radius (Figure 9), cm
equivalent spherical radius of the primary drop, cm

r

radius
363

r

0

a constant, cm

re

radius of a cylindrical column of fluid prior to necking, cm

rs

,:-adius of the column at z (Figure 10), cm

t

time, sec

Uz

fluid velocity in the z direction, cm/sec

u_

terminal velocity of the sphere or drop, cm/sec

Z

distance along the column (Figure 10), cm

Greek symbols
amplitude of the disturbance, cm
wavelength of the disturbance, cm
density, gm/cm 3
density difference between the phase, gm/cm 3
interfacial tension, dynes/cm

Subscripts
c

column

w

continuous aqueous phase

d

dispersed phase

crit

critical for necking

opt

optimum for necking
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TABLE l

Physical properties at 2 5 ° C of the liquids used

Liquid

Density

Viscosity

g/ml

TABLE 2

cP

Water

0.997

0.894

Chlorobenzene

1.099

0. 756

Interfacial
tension
dyn/cm

36. 5

The Dy peaks at which the critical oscillation occurred and
the position at which the drop broke

DE,l

Critical Oscillation

cm

Dv peak after detachment

Position of breakup

0.620

9

no breakup

0.674

7

no breakup

0. 769

5

no breakup

0.896

4

rear break up

0.906

4

rear breakup

0. 932

4

no breakup

0.969

3-4

front break up

0.998

3

rear and front breakup

1. 013

3

rear and front break up

1. 056

3

rear and front breakup

1.088

3

rear and front breakup

1.124

3

rear break up

1.146

3

rear and front breakup
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t)

3
(1)

::s

CJ)

0
::s
CJ)

g,

....

THEORETICAL

EXPERIMENTAL

Value of Re for drainage to occur by:

....,
"'

00

Di:, 1

H

cm

cm

Re

column shrinkage
Mode-1 Cl

necking
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0.39

2.5
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2.3
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0.077
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0.998

0.35

0.165

0.34

2.25

0.17
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0.097

1.013

0.445

0.175

0.405
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0.085
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0.235
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0.114
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TABLE 4

Experimental and theoretical values of da/dt, the rate of
necking, at the onset of necking

DE,1

da/dt
experimental

da/dt
equation 10

cm

cm/sec

cm/sec

0.896

- 5.8

- 8

0.906

- 5.7

- 8. 7

1.013

- 5.0

- 7.2

1. 056

- 6 .05

- 5. 5

1.088

- 6.05

- 5.2
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DIAGRAMS

Figure 1

Column.

Figure 2

Drop dimensions.

Figure 3

The variation of Ott and Dv, the lengths of the major and
minor axes of the drop respectively and of E, the eccentricity
with time for chlorobenzene drops falling from rest.

Figure 4

The dimensions of the rear column during breakup.

Figure 5

The shape of a 1.056 cm diameter drop during the critical
oscillation.

Figure 6

The equivalent spherical diameter of the secondary drop.

Figure 7

The model used by Charles and Mason to examine secondary
drop formation during coalescence,

Figure 8

Models used to represent the necking of a non-draining
column behind a drop.

Figure 9

Models used to represent the necking of a draining column
behind a drop.

Figure 10

The drainage model which is used to give an estimate of da/dt.

370

Drop Forming Ti p
___Joined by
Q.V.F. Flanges

of Schlieren Beam

>
C

Q.V. F. Cross Piece

Joined by
Q.V.F. Flange s
Brick Pi llar
P.T.F.E. Tap
Fig.2.

Fig.1

Column.

D rop

di me nsion s

'
Dv
0·6
3
2

E

1

Dv
0-6

E

3
21 !r"'-----------------"'-=,,________,,a....____-1

1·6

_ 4-1·088

3
E

2
1

Fig. 3.

time

sec
_
0·8
04
-+-- DE, the equivalent sphev!cal diameter (cm)
The variation of D H and Dv, the lengths of the
m.:ijor and minor axes of the droR respecti",:cly (cmj
and cf E, the eccentricity with time for chlorobenzene
drops falling from rest.

0·2

372

a

0•4

b)

H

H

0·2

-

�
E
Cl)
C
0

0
0•8

Cl)
C
Cl>

E

C

0·6

C
E
:l

0•4

20

40

60

time (msec.)
c)

d)

H

_____

''

40

time (m sec.)

__ H

60

-'.""'.'

--------

De

0•2

20

0

,,,,,.

De
.......

2a, '

'

1•8

1·6
1·4
1·2

DH

-L--�
1-oL-..d:=::.:::::==r::::::=_J__t=:=�60
40
20
0
60
40
20
0
time(m sec.)

time(m sec.)

Fig.4.

The dimensions of the rear column
during breakup. (a)D E =0·896cm .(b)De=0·998 cm .
(c) DE=1·056 cm. (d) DE= 1•146 cm.
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The sh ape of a 1-056 cm.
diameter drop of
chlorobenzene during the critical oscillation.
numbers indicate time in m.se cs.
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Models used t o represent the necking of
a draining column behind a drop.
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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 systems.

The 111ain para,neters s·tudied were

jet len6th and the surface/volume ratio::of resultine; drops.
It was found that results obtained in t�e absence of mass
transfer and with solute in phase equilibrium are in good
agreeme,n.t 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 terms of difference in interfacial tension produced by
assu:ning a specific distribution of resistances to raass transfer

between the phases. The sie;nificantly lower surface/volume
ratio for transfer out of the jet can also be explained in a

similar way.
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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 ibjection 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 equations exist for the prediction of jet length and drop
sizes for:ued by the break-up of cylindrical jets. The comprehensive work of ;1eister and Scheele (1 ' 2) 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 resu:hts in smaller drops
and hence larger surface to volume ratios. On the other hand
jet length is inversely proportional to the growth constant of
the disturbance which, in turn, is proportional to 1½ •
Consequently, a decrease in iaterfacial tension increases the
jet length. However, the problem is complicated by the distribu
tion of resisaances to mass transfer between the phases, which
governs the magnitude of the interfacial tension.

The second mass transfer effect is the aupearance of
Marangoni phenomena. As was discussed by Bainbridge and Sawist
owski (3) with reference to distillation, the narrowinJ of the
jet at the nodes leads to the aupearance of concentration
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gradients and thus interfacial tension gradients. The resulting
4,
surface flow will, in the case of liquid-liquid extraction ( 5
accelerate break-up for transfer into the jet (if d � /de < O)
and decelerate it for transfer out of the jet. This will affect
the growth constant and hence, for a system of ounstant inter
facial tension, mass transfer into the jet should decrease the
jet length and mass transfer out of the jet increase it,

>,

provided d �/de< 0, Reverse effects are to be expected if
d 6 /de> O. Drop sizes are, however, affected by the wave
length of the (isturbances and assumed to be controlled by
symmetrical disturbances. As these arise before Marangoni
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 Heister and

Scheele, whereas a theoretical treatment was outlined by Berg (
at a recent discussion meeting. There is a need, therefore,

6)

for the presentation of more experimental data, which the present
work is intended to fulfil,
EXPl:::R n!ENTAL
Two systems were employed for the experimental investigation:

benzene 11 water 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 •ere preliminary in
natur�7)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 norallel-sided channel
8
of water to facilitate photography. A sy:tematic studt )was
conducted on the system chlorobenzene/water, For this purpose
a nozzle, 2,0m� inside diameter was employed �laced centrally
inside a rectangular column, 10 cm by 15 cm in cross-section
and 45 cm hich, 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 rase of the lispersed phase was controlled
by a needle valve and measured by a rotameter. Facilities also
existed for simultaneous flow of the continuous phase·.
The analysis of jet length was conducted and checked by

means of photography. For t�e benzene/water set-up a polaroid
cac1era was e::1ployed usin6 polaroid fil:,1 of ASA 3000 and a shutter
speed of 1/500s. The bac:� of the channel was painted blue and
illui:1inated fret:i behind using a 500w lamp. oest results \/ere
obtained with anerture f 5.6. In the chlorobenzene/water set-up
a w,,ite, diffusely reflecting, surface was positioned behind

the column and illuminated by two li�ht sources placed in the
°
plane of the ca,nera but at an anc;le of 60 to the ca1,1era-column
axis, An ordinary ca�era �as emuloyed with a shutter s9eed of
1/500s and aperture f 7,2 usin,:; a FP4 film, Drop sizes were
,neasured from photograTJhs and only drops close to the jet were
employed for analysis,

:ms ;;r. l'S
'rhe wor� was concentrated on investi0atine; (a) the variation
of jet lenGth wit:1 :{eynolds number and direction of trai1sfer,

and (b) the variation of drou size wit3 the same parameters.

'rhe first variation is shown in Fi[is, 3 and 4 for benzene/water
and chlorobenzene/water respectively. Jet length is expressed
in a dimensionless form asL/dN' where Lis the jet length and
dN the nozzle diameter. The Reynolds number is also based on
conditions in the nozzle, i.e. Re = UN di/-> • The second varia
D
tion is represented in F'igs. 5 and 6 as a plot surface/volume
ratio, which is inversely proportional to the ,,1ean dro}) diameter,
against Reynolds number with mass transfer and its direction as

parameter,
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DISCUSSION AND CONCLUSIONS
Jet Length
In all investigated cases the jet lengtn passed through
a maximum with Reynolds number. This is illustrated visc1ally
in Fig. 7, which also shows that turbulent jet brea,t-up occurs

at the expected Reynolds number of 2200. 'l'he corresponding
Reynolds numbers for turbulent brea:�-up in the presence of
mass transfer were, however, much lower an� 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 �ust, therefore, be a feature of tne m�ss transfer process
itself, which may introduce random and asymmetrical dL,turb
ances throu,_;11 the action of :-:aranc;oni-induced interfacial
turbulence. The concentrati,,n levels were sufficiently high
for such phenomena to occur.

1he co�parison or results in tie absence of mass transfer,

t�at is obtained in pure systems and under equilibrium condition�
indicate that the presence of solute in phase equilibrium

shifts the curve towards lower �,eynolds numbers and produces a
s,rnr:,ier anc hi5her peak (Fir:;.6). This bei1aviour can be ex;:,lained
purely in ter�s of chan5es in interfacial tension. Thus, it
has been shown that t'1e jettins velocity uJ' that is nozzle
velocity below which a jet will not form, is civen by
(1 )

and hence is directly proporti�nal to interfacial tension.
('.i'his is not auite correct since drop dia:�eter, d , also de;Je11ds
p
on
), Consequently a decrea�e in Twill allow jets to form

r

at lower Re and shift t:1e curve t.., the 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 "

drop is for,aed which is shed by the jet.

However, drag

resistance to the motion of such a drop is larger than to the
The drop is thus unable to escape and

motion of the jet.

conditions exist for rapid lengthenin� of the jet.

Jet dis

ruption occurs then not as a result of symmetrical distur�ances

but of sinuous waves which throw the dro"!)s away frora the path

of the jet.

It is reasonable to suppose tha� the critical

velocity for jet disruption by sinuous waves will correspond

to the maximum in tie variation of jet length witi j�t velocity.
1

i,ccordins to Ranz( c) jet "thrashing" and for."ation of non

uniform drops begins when

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 eouation (2),

the critical Reynolds number for maximum jet length becomes
1050 and 680 for the two cases.

Fir;. 4.

This is in good agreement with

In the preliminary work a few runs were cond�cted with the

addition of a s.Jall amount of a surfactant, '£eepol, to the

benzene for transfer out of the jet.

This resulted in a

spectacular increase in jet len�th, considerably beyond the

equilibrium run, but without a corresponding· shift in the jetting

velocity (Fi�s. 3, 3 and 9).

The mass transfer results are �ore difficult to inter9ret

due to interactions of chan�es in interfacial tension and
Marangoni �heno�ena.

1he chan;e in interfacial tension de?ends

on the distribution of resistances between the phases.
is shown in •rable

1

Tiis

for various assuu1ed values of ratios of

.11ass transfer coefficients for the sy.ste;;i chlorobenzene/water.
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The corresponding interfacial concentrations were obtained
1 the interfacial tensions from Fig.2, and the critical

from Fig.1

Reynolds numbers Re', calc.;lated with the help of equation 2.
Table 1
Effect on distribution of resistances on interfacial tension
KC/�

a:,

4-

1

0.25

0

Transfer out of jet
(kmol/m 3 )

CCi
-( X

Re'

10

3

(N/m)

0

0.18

0.57

1.00

1.27

36.5
1050

28.0

20.0

16. 4710

14-. 5
670

1.16

1.03

;.82

o.4-o

15.5

16. 3
64-o

17.5

23.0

94-0

790

Transfer into jet
3
)
CCi (kmol/m
3
-yx 10 (N/m)
Re'

620

660

750

0
36.5

1050

·rhe interpretation of results from Fig. 4- with the help

of values from Toole 1 leads to a reasonable assumption of
approxi�ately equal resistances in the two phbses. This locates

the maxia11.1J11 in jet len,;th at Reynolds number of 660 for transfer
into jet and at 790 for tr�nsfer out of jet. It also predicts
a lower jetting velocity for transfer into the jet, All these
predictions are reasonably consistent wita results in Fi5.4-.
The difficulty arises in relatin5 the mass transfer curves to
those of no mass transfer.
The Harangoni phenomenon can affect ti1e process in two
distinctive ways. By affectin[; the 'strength' of the nodes it
stabilises the jet for mass transfer out of it, but the jet
is destabilized for tranfer into it. This however, is in dis
agreement with results in Fies. 3 and 4- as well as with the
results of :-teister and Scheele(1 •)
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Also, it is the transfer from water to chlorobenzene 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 I thin-film' type of l-Iarangoni effec�5) 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
dro9 (jet) would facilitate coalescence and increase the
difficulty of the dro-o gettin::; away fro,a the jet. Hass transfer
into the drop (jet) would, however, increase the resistance to
coalescence and eliminate any coalescence effects. But such
coalescence effects would �;ain produce lengthening of the jet

for mass transfer out of it, which is not consistent with
experiraental observation.

·rhere is ti1us only one -:;iossible way of ex:,:,l sining- these

apparently anoraalous results: ·rne distribution of resistances
to mass transfer is different fro.:1 that assumed, e.g. K /� = 3,
C
and the resultin, differences in interfacial tension have a
stron�er effect on jet stability t�an the Maran6oni effect.

However, more exp'"rirnen tal wor.;: is required for conclusive proof
of this �ostulate.

Dron. Size
11

'fhe ch&racteristic eouation obtained by Tomoti�a( ) for the
case of equilibriu� of a lon3 cylindrical thread of a viscous
liquid surrounded by another viscous liquid incor�orating the
effect of interfacial tension and of viscous forces was solved
for the pure chlorobenzene/water syste,n usin,: the Iiaperial
College CDC 6400 co:n;iuter. This s;ave the di:aensionless wave
number of the dominant disturbance as

ka
2 "IT' a/7'
0.57
By a,3sumin;; a = d /2 and ,,1ai,in u t:1e usual a.3su��ption that drop
N
volu!J1e is ecp.1al to t,18 volu1,1e of '- liquid cylinder o:· radius
.!!. and len._;·th ).,
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4.04 mm
This prediction is compared with actual results in Fig.10.
The agreement is very good indeed.
For the presence 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 verJ little difference between transfer into the jet and

the equilibrium run. Figs. 13 and 14 also indicat0 that there
is, in addition, a significantly greater standard deviation
for transfer into the jet than for the other two cases,

betv;een which there is again little difference.

At first it would appear that the results could be explained
solely in ter:ns of Narangoni effect and the thereby induced
resistance to dro!) for1,iation. 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 bee� established in discussion on jet length
that by assuming Kc/Fii = 3 there is little difference in inter

facial tension for transfer into the jet and the equilibrium run
but that the interfacial tension for tr�nsfer out of the jet may
be si nificantly higher. Consequently, on consideration of
interfacial tension alone, it follows 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. rhis agrees with exp'-'rimental o·oservations. Again the
general validity of these findings requires further investi�ations
as does the possibility that the results may have been affected
by coalescence between drops already detached from the jet.
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NOHE,'iCLA'rURE
A

constant in equation 1

C

molar concentration of solute

dN
d
p
K

drop diameter

a

k

L

jet radius

internal diameter of nozzle

mass transfer coefficient
wave number
jet len;:;th

Re

Reynolds number

u

jetting velocity

S

u

J

N
�
i

v

p
c-.

surface/volume ratio(s9ecific surface area)

liquid velocity in nozzle

interfacial tension

dominant wave len�th
�inematic viscosity

density

standard deviation

Subscriuts

C

D
i

continuous phase

disDersed phase

interf�cial condition
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Production of Liquid Drops by Discontinuous Injection
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Abstract
A technique for producing uniform-sized drops by dis
continuous injection of organic liquids into water is ex
amined, The effect of nozzle characteristics and velocity
time profile of injection are investigated for benzene,
4-methyl-2-pentanone (MIBK) and 1-butanol. The behaviour
is described of a single nozzle, producing a sparse disper
sion of drops, and of an assembly of six nozzles, producing
a dispersion of drops sufficiently 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.
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Introduction

Research extending over many years has been carried out
on spra� liquid-liquid �xtraction columns.

In general, the

"spray" of disnersed nhase has been formed by passing that
phase into the continuous phase as a continuous stream
through one or more cylindrical nozzles, or throu�h holes
in a plate.

The Jet of dispersed phase so formed continues

as an uninterrupted column for some distance and then breaks
up into drons.1
In spray-column research it is clearly of advantage to
ha.ve 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 liquid-liquid systems.1,2 ,3, 4.
An earlier paper by the present authors described a
preliminary investigation of the successful production of a
uniform disnersion by a process of injecting the dispersed
phase into the continuous as recurring discrete fixed volume
increments, each givin� rise to only one drop.5 Magarvey
and Taylor 6 used a somewhat similar method to form liquid

drops in a gas phase.
and Crosby

7

Also for the liquid in gas case, Park
produced uniform drops by vibrating a liquid

jet by sonic means.
The first part of this present paper reports in a quan
titative way results obtained by dis.continuous injection
through single sharp-edged nozzles with several mechanical
arrangements for three binary systems.

400

The second part re-

norts �esults obtained from disnersing penzene into water
throuf'J} an array of nozzles in order to obtain a suffi.
ciently copious sunply of uniform sized drops for use in
an experimental spray-column.
In,1ection throur:h single nozzles
Experimental
The essential elements of the apparatus used are shown
schematically in Fif,ure 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
persed phase.

This passed through the positive displace

ment pump D to a dispersion nozzle E.

After passin� through

the continuous phase, 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 1-butanol, and

4-methyl-2-pentanone (MIBK) span a temperature range from
20 ° C to 24,5 ° C.

In 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
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againnt a lever K.

This lever was held by a sprint,: L agai,nst

a fulcrum Mand operated the push rod F.

The location of

the fulcrum M could be varied, thereby making possible a
ran�e 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
pump and no delivery was being made to the nozzle.

Pro

vision was made for driving the cams at various speeds so
that injection strokes of various durations could be ob
tained,
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Observation Column
The drops were formed in a square glass column (opti
cally ground, 4.0 x 4.0 cm) to a.id in photography used to
check for drop uniformity.
Nozzles
Brass nozzles with converging, with diverging, and with
cylindrical bores, and stainless steel nozzles with cylin
drical bores were tried.

A stainless steel nozzle tipped

with 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, o.45 and 0.49 cm.
Materials
Experiments were made with each of reagent grade ben
zene, technical grade MIBK, and technical grade 1-butanol
as the dispersed phase.
distilled water.

The continuous phase always was

Both the continuous and the dispersed

nhases were mutually saturated.

The three systems studied

are ones which have been used in liquid-liquid extraction
research.

They vary considerably in interracial tension.
Results

The 1-butanol and the MIBK systems were studied first.
As a result of improved equipment and techniques the data
for the benzene system_, studied subsequently,
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are more

reliabie.
The Teflon-tipped nozzle nroved unsatisfactory because
of being wet preferentially by the dispersed phase.5 Of
the metal nozzles, those of brass and of cylindrical bore
were easiest 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 preserve desirable wettinr:

characteristics heat-treating of the nozzles was resorted
to from time to time. 5
Results obtained for the system benzene/water are shown
in Figures 2 and 3,

The choice of abscissa as "duration of

discharge stroke" rather than strokes/sec. is 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 delivery stroke.

The ordinate is the

liquid 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� drop, and
successive dt'ops a re of the same volume (within about + 2%):
the interestin� case.
Outside such an envelope a wide ranf,e of discharge
patterns occur.

With small delivery volumes the quantity
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of li1uid provided by a single pump stroke may be insuffi
cient to form even one drop which can separate itself from
the nozzle tip.

After a number of pump strokes sufficient

li�uid volume will have collected at the nozzle tip
seoaration to occur.

for

As this takes place the liquid body

may rupture and two unequally sized drops result.

At lar

eer delivery volumes, but, of course, outside a b c d e,
the discharge pattern for a r,iven ordinate and abscissa
usually is reproducible from stroke to stroke.

However,

more than one drop is 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 c d e of the 0.45-cm dia
meter nozzle are shown in Figure 2 for benzene disper sed
into water through nozzles of diameters O. 32 and O. 18 cm
Nhen supplied by a positive displacement pump driven by
cam 3.

The required drop formation time (duration of the

pump discharge stroke) is 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 apnropriate 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 this, a.s in all other cases cam 3, the simple

harmonic motion cam, gave the largest envelope.

For this

reason, and because of the simplicity of manufacture. all
subsequent worlc made use of SHN drive.
Also shown in F'ip-ure 2 (and in Figure ·IJ) are drop

volumes calculated by the method of Izard 8 for predicting
drop volumes in li�uid-liquid systems when usin� continuous
injection of the dispersed phase. �his method has been used
rather than others,3•9• 1 0• 1 1• 12 since it is less empirical
in nature.

This method and the other correlations neglect

the existence of small trailer drops as well as the varia
tion in size of drops produced by continuous injection.
The Izard 8 method is based upon the calculation of a
shape for the forming dron.

A pressure balance across the

interface is used, and also a balance of the buoyancy,
interracial tension, viscous drag, and momentum chanv.e
forces.

This method was not develoned for injection in

discrete increments as emnloyed in the experiments des
cribed in the present paper, but rather for steady flow.
In calculating the drop-volumes for Figures 2 and 4 by means
of this method, the use of steady mass flow input naturally
was required.

For the purposes of these figures, this was

taken to be the average mass flow rate during the pump dis
charge stroke.
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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

o.41

0,45

o.49

Benzene-water

Y*

y

y

y

y

N

MIBK-water

NT

NT

y

y

y

N

1-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 lie mostly within the experimentally determined en
velopes of uniform drops.

However, for the 1-butanol/water

system the method failed to calculate drop volumes for the
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0,45-cm and the 0.41-cm nozzles, although reference to Table
l reveals that uniform drops can be produced with these
nozzles by discontinuous injection.

The problem with

1-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 in 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 installed 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 cm 3 per

stroke micro metering pumps seemed most suitable.

The move

ment of the piston in these pumps is simple harmonic motion,
a pumping mode which is 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 o.45 cm 3 per stroke, equally provided to two 0. 3 2
cm nozzles (that is 0.225 cm 3 per nozzle) would give uni
form drops.

Equal sharing of the discharge between the two

nozzles was achieved by using flow restrictors, one for
each nozzle.

These restrictors consisted of 2.5-cm lengths

of l.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 is unemployed during the
suction 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 pair
of nozzles to inject six drops per pumping cycle.
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The

paired nozzles were located diametrically opposite in the
circle.
Each of the other two pairs of nozzles was fed simi
larly by an additional bank of three pumps,
coupling the three banks

3

0°

By mechanically

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

persed-phase velocity of 45 ft 3/hr ft 2 or 0, 3 8 cm 3/sec cm 2

was achieved.

Larger pumps were not available.

larger nozzles were not tested.

Therefore

However, it is reasonable

to expect that considerably higher superficial velocities
could have been achieved by using o.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 suitable for
producing uniform drops of a given size 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 it feasible to produce a supply of
uniform-sized drops sufficiently copious for use in the
study of spray column operation.
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List of diagrams
with captions
Figure 1.

Schematic layout of the apparatus.

Figure 2.

The effect of nozzle size when producing
4
uniform dropsA dispersing benzene into water
and using a SHM cam pump drive.

Figure 3,

The effect of cam profile when producing
uniform drops by dispersing benzene into
water through a 0,32-cm nozzle.

Figure 4.

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.

Figure 5,

The dispersion of benzene into water through
six 0,32-cm nozzles by multiple injection.
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A S]}1.ULATION STUDY OF WA.I\.E 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, �.�.

l.:oncentration profiles of a solute in fhe 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.
be achieved.

Good agreement can

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 ��ue of the ratio of wake vollplle
t�;:Qp 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 worl{, to investigate

the usefulness of numerical simulation as a guide to the

possible sensitivity of response of column behaviour to a set

of imposed operating par·ameters. The work now reported describes
a simple simulation and the results given by 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.

2. 1 . The apparatus to be modelled is described elsewhere 1 • 2 •3
and, for reference, is shown in Figure 1 a 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 extremities 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
4
6
compared also are described elsewhere • 5• •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 stage 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 stream and then leave the apparatus.
The experimentally observed fact2 • 8 •9 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
drops1°. Each wake is visualized as continually 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
That is, the combined wake

they are all moved up one station.

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 (n )
s
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 = v ), the composition
t
None of this wake is cast off as the wake is
of which is c ,
c,
moved upwards. When associated with stage 2, it picks up a

This
second volume increment v ' this time of composition c
c,2•
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 Letan

and Kehat

1O

•

Once

the predetermined number of initial stages

has been passed, the wake becomes a

mein column" wake, of

11

volume constant at v ' because accretion is exactly offset by
shedding.

W

2.6. Numerical procedures
used.

·to obtain numerical results, the following procedure was

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.

riate adjustment of wake concentration was made.

The approp

The r.esulting

compositions were used by direct substitution in the next

iteration.
vergence.

No special procedures were used to accelerate con

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.

are available for manipulation:

However, the following

n ' n , P, E , and � • These somehow must be chosen so that
i
s
a
s
the behaviour of the experimental column with respect to both

solute and tracer concentration is reflected faithfully in the

numerical solution.

done in three steps.

The selection of the five parameters is
The first consists simply of setting a

value of n , the number of contact stages; the second is to
6
select the parameters ni and P, which describe the wake associated

with one drop; the third is to choose E

efficiencies.

s

and � ' the stage
a

The first step, the selection of ns, is easy. In principle
can be used to reproduce the experimentally
s
observed rates of tracer decay. As will be seen later, when

any value of n

3 are inspected, ns 22 and ns = 45 give almost
identical results, although it might have been expected that

Figures 2 and

n = 45 would have reduced effects associated with the stagewise
6
re,resentation of a differential process. From the point of view
of computer costs n s = 22 is desirable.

The rate of decay (D) on a distance basis can be related to

the rate of decay (D J on a stage basis by
s
D

s

D

ho
n

(2)

s

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 (v )' and the volume from that wake (vt) which will be
w
case off, and replaced by other continuous phase, over a given

height of the column: for present purposes, the height of ona
stage.
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In the actual simulation it is n. and P that are set.
That this is equiialent to specifying v and v can be seen by
t
W
considering Equation 1, and the equations listed below.
First, the ratio of vt to the volume of the drop (vD) is
defined to be P.
p=

Vt

(3)

VD
Substitution into Equation 1 gives
D
v = n.l.
w
p V

(4)

In the simulation, then, v and vt are specified by setting n.
W
D given by
and .P. The values used must, of course, result in
s
the simulation agreeing with the value from Equation 2.
Although v appears in Equation 4, its absolute value is
D
of no importance in the simulation. To see this, let Q be the
number of drops passing through unit area of a horizontal cross
section, per unit time. Because

and
(6)

where 14w is the superficial velocity of the flow of continuous
phase as wakes toward the top of the column, then, from Equation 4,
(7)

Note that L is available at a known experimental value (Table 1)
d
independent of whether or not the actual drop volume (vD) is
available. It was convenient, then, to work with the superficial
velocities L and 14w in the simulation instead of basing the
d
calculations directly on vD and v . Similarly when multiplied
W
by Q, hquation 1 becomes
Lt = L w
(8)
n.l.
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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 Qv • Also, vt for a
w
single drop becomes Lt for the combined wakes on the diagram.
(Notice that Lc (based on the rate of entry of the continuous
phase into the column) plus
gives the superficial velocity
of descending continuous phase at any stage above ni (Ldes ).).

1w

Once Ds has been reproduced, ni and P have been determined
for the transport of tracer, However, the wakes carry all
components of the continuous phase. Therefore ni 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 Kehat 10 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
E s • The third step consists of selecting the value of this
eff�ciency, 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 o.o
and

1 .0

only a fairly simple 2-dimensional search is required.

When tracer concentrations are obtained by sampling, the
1
result is a volumetric average concentration , 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 (C
) for comparison with measured tracer decay
c,av
lines. In present notation,
Cc,av

(9)
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Now, whereas 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 E , the solute concentration in wakes
8
still is considered to arise only from backmixing. It is assumed

that experimentally measured concentrations are volumetric
averages in 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 mecnanism
of Letan and Kehat 10 does describe experiment, then the solute
concentration in wakes is higher in the simulation than it

would be in an experiment, but the solute concentration in the
non-wake continuous phase is lower. Thus the two effects tend
to offs&t 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 proceduras used in selecting
22). Experi
the parameters, consider Data Set 1 of Table 1 (ns
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 n. set at 1 (Run 1), P had to be 0.309.
l.

For the particular values ns = 22, ni = 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 anci Ea
The choice was, as always, subjective. With ns still at 22,
putting ni = 2 requires a new computation of P and a new search
for Es and E a (See Run 2).

.

22 one selects a value of 45, corresponding
If instead of n
values of ni , P, Es and Ea can be determined. See Table 1, Runs
(The existence of more than oae run which reproduces
3 , 4 and 5.
the experimental results for a data set will be considered later).
Parameter values are showh in Table 1 for a second data
set 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
6avers and co-workers 4,5,6 ,7.
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
11
ibrium relationship was taken to be

c• = 0.4487 + 0.1162 C - 0.01861 C2 + 0.001987 C3
C
c
C

d
-cc

(10)

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 (particul�rly with respect to height and
locations of sample points).

Few real replicates are available,

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. In the case of tracer decay profiles,
it was the slopes of the lines of 1nC tr versus h which\es of
principal interest to the workers involved 3•5•7• These slopes

sgree only fairly well between replicates. However, the slopes
do form a consistent pattern when considered as a function of
Lc and Ld, 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 made 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 h • Thus
0
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,j.n (also C ,in
. ) is assumed to be accurate. Errors in
d
experimental material balances thus must appear in the output
streams.
3.3. Data Set 1
is the avel!Bge of the experimental data of two
Data Set
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 profi les and tracer profile is possible. Simulation
runs 1 and 3, both using ni = 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 v,/v is very
D
sensitive to ni. 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 noticeqbly poorer.
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3.4. Data Set 2
Data Set 2 uses the experimental results from a single

teat. 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 5 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 Figures
2 through 5, and, according�y, Figure 6 does not show much detail.
The agreement betw�en simulated and experimental results,
although poorer than 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 E would vary
s
in such a way that the height equivalent to one theoretical
stage would remain constant. Again broadly this is so. However,
when ni 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 v.,/vn•
Only one value of v /v can be correct for one data set; yet
w
D
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 11upwards11 in the graph correspond to upwards in the column.
The line FEGB 16 drawn with ordinate equal to the height of the
plane of injection of tracer. The line !t1 is for concentration
in wakes (C ). A tracer balance around the top of the column
W
gives

=r
des

(11 )

which is less than unity and is constant. Hence on Figure 7
the line EO, representing Cdes' is parallel to BM. Substituting
Equations 7 and 11 into Equation 10 gives
(12)

+ (

which also is constant and less than unity, so that line G!,
representing cc,av is parallel to BM and EO. GN lies between
BM and EO. The line AB represents the constant tracer concentra
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 1w/L , i.e. v/v n,
d
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 coefficients 3, 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 co�responding 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
coll!Centration 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 v /v ratio. These arguments are complicated by the
W D
uncertainty of the location of line FB. Althougg the height
at which tracer is injected is, of course, known, thetracer
may not instantaneously disperse uniformly across the column
in a �adial 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 v /v
w

D

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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Appendix
Nomenclature
concentration in continuous phase (normalized, or kgmole/m3)
concentration in dispersed phase (normalized, or kemole/m 3 )
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 ln Ctr/db (1/m)
rate of decay of tracer per stage; see Equation

2

efficiency of she 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
h

vertical distance above nozzle tips (m)
total vertical height of column (nozzle tips to coalescence
interface) (m)
height of a contact stage (m)

H

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 )
sunerficial velocity of non-wake (descending) continuous phase
(m3/s m2 l
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 (m3/s m2)
superficial v�locity of transport' of continuous phase in drop
wakes (m 3 /s m2)
n

the number of an individual contact stage
number of contact stages through which wake is forming
the number of the nir,hest stage, excludinr, the coalescence
stage. Therefore there are ns stages in the column proper.

p

volume of wake transferred to or from wake per star,e per unit
drop volume (m 3 )
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volume of a single drop (m3 )
volume of wake per drop transferred per ctage into or out of the
non-wake continuous phase (m 3 )
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 f.et 2

LC

0.00154

0.00464

ho

2.24

0.00616
2.25

0.00617

Ld

-16.7

-5.83
0.0747

D

H

0.0797

0.807

0.808

cc,in
cd,in

0.1081

0.1046

Simulation
e: derived
pare.;::eters
22

ns
hs

Run
ni
p

Es

Ea
v.ifvD

0.0497

-0.593

Ds

2

3

0,308

0.0148

0.746

0.3

o.4

0. 11

0.25

0.308

-1.72

-0.290

1

1

22
45
0.102 3 0.0500

45

0.1017

2

0.30

0.0296

4

1

2

0.123

5

1

0.167

o.4

0.1

0.10

0.13

0.15

0.7411

0.246

0.0798

o.4

6

3
0.0266

-0.836
7

1

0,578

0,35

0,175

0.167

0.578

0.1

:;otes:
Data Set 1.

Solute concentrations are averages of those from Runs 67 and 68
of Reference 4.
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 r..m, and drop size 3 = 3.4 mm.
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Cnntions for fi5ures
A Simulation Study of Hake Behaviour in Spray Columns
J.S. Forsyth; L.W. Fish; and S.D. Cavers
Figure 1.

Figure 2,

Schematics.
a.

Experimental column.

b.

Simulation model.

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 4.

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 7,
(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 7.

Tracer decay lines for various streams.
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Run 3
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0
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(Circle:; hre expcrincntnl; line::; nrc c:i.lculutcd. Or<linntc of �or1;·.c:-.tr,1 ,1rrow = calculntc<l tlispcr:;r:I! :1hn:a: conccntrntion lcnvine
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.

h/h 0
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(Circles arc cY.pcrincr.tal; line:; o.rc cnlculntctl. Ordinate of \.. --
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Run 5
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figure L. Comparison of solute conccmtrution profile:; for Run 5.
(Circles nre experiment.al; line:; :u-c calculated. Ordina�e of hor
i2.o:1.tal nrro'J =.co.lculnted <lisper:;ed phase conccntr:1tion lcavina
colu.rnn.)

1·0

7iaure 5.

Comparison of :;olutc cOncentration profil�s for Run 1-

(Circles a.re experimental; line� arc calculated.

Ordinate of hor

izontal a.rrov = calculated dispcrsci.l phase concentration lco.ving
colur.m.)

Figure 6.

Cor:ipnrison of solute concentration profiles for dnta sets other than l o.nd 2 .

. 438.

0

E

F

Figure 7.

G

B

Tracer decay lines for various streams.
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E X T R h C T I O N

Pentavalent Neptunium Extraction by Chelate
Formation from Basic Media

R. Guillaumont, M. Genet and M. Galin
Laboratoire de Ra i.ochimie1, I.P.N., Universite de Paris XI,
B.P. No. 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
"'('HAY has been investigated.
Variation of �p with pH and with the chelating
reagent or alcohol concentration indicates that the species extracted are
Np0�. 3HA and Np0�.2HA.S near pH 14, and NpO�.nS (n = O, 1, 2 and3) between pH 12
and 13.
Introduction
Symbols: c,_stoichiometric concentration;
A bar (e.g. C) denotes the organic phase.

[X], concentration of species X.

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.
_1cf':s Np(V) is easily obtained in basic media and the solutions (10 3 to
10 M) are gttj.te stable both towards ageing (because hydrolysis of Npo 2+ starts
at pH - 9-10\ 1J and Np020H is am�hoteric) and towards redox processes, we have
investigated the partition of 10 1� 239N�(v) in the system: 0-1M NaOH (aq)/
tert-butyl acetate, tert-butyl alcohol (SJ, dibenzoylmethane (HA). Su9h a
system was sel�cted on the basis of pr�vtous studies by Zolotov et al.,,2, 3 )
Novikov et al.\4) and Espinosa et al.,,5J which show inter alia that halogen
derivatives of hydrocarbons fail to extract Np(V) by chelate formation from basic
The organic phase must contain both chelating and oxygen donor
solutions.
reagents, such as alcohols, ketones, esters or ethers.

Experimental
The alcohol content may be increased
All reagents were 1'Fluka 11 products.
up to 6-7M without significant change in the volumes of the aqueous and organic
phases.
2
Alkaline 39Np(V) solutions were obtained by dilution of a drop of Np(V)
stock solution in 0.5M HC104 with 50 cm3 of the appropriate NaOH solution con
taining o!J].i about o.05M c�2-, which is too low to yield carbonate complexes
The stock sofution was prepared once a week by separating 0.5M
of Np ( V).l5J
HCl04 which was in co�t�t with 500 mg cation resin (Dowex 50, 400 mesh) loaded
with 300 µg of 243Am.\5J
The oxidation state of the neptunium in basic media
was checked by electrophoresis on glass paper; ( 5J 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. �a was detennined by y-radiometry
using 24Na. No absorption on
glass was detected.
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The variation of DiIA with the alcohol content of the organic phase was
-5
detennined 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 f decreasing slowly
from 26,000 to 22,000 1/mole.cm as Cs increases up to 6M (in c6H12, �337 =
In the spectrum of the aqueous phase, two bands appear
24,700 1/mole.cm).
around 245-250 (ketone) and 350 nm (enol).
Di-fA values were calculated from the
CHA] values cqmbined with a calculation of [HAT-at the observed pH, based on
(
6J
Interpolated values from many detenninations are given in table
p� = 9.35.
1•

Table 1
log DHA

0.5

1 .5

2.5

3

4

5

6

4.4

4.5

4.6

4.65

4.85

5.2

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_£f 15 to 30% of the initial
1, 0.1 or o.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.
podium extraction. The sodium extraction results are given in Figs. 1 and
[HA] was calculated from f_£rmula I in the appe�dix, which assumes that NaA
is the extracted chelate, and [s] was equated with Cs, 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 Fig.
are all straight lines of slope unity, indicating that one HA molecule reacts
with each Na+ ion during the extraction, as assumed in formula I. The graphs
to the right show � log � /o log [s] increasing from zero to 2, indicating the
attachment of o, 1 or 2 mofecules of S to the chelate.
The reaction involved
is thus
2.

+

Na

+ HA

+

+

nS .== NaA.nS + H

(n = o, 1 or

2)

(1 )

so that
2

DNa = oo](Ke + K1 LS ] + K2 LSJ )/Lit]
(2)
where �, K1 and K2 are the formation constants of NaA.nS for n = o, 1 and 2
respectively. The best fit with the experimental data is obtained with
These results are con
log K = - 13.B, log K1 = - 13.3 and log�= - 13.4.
sisteiit with those. obtained by ijerµy in the synergic extraction of alkali metal
ion by thenoyltrifluoroacetone.l7)
Neptunium extraction. The neptunium extraction results are given in Figs.
LID.] was again calculated from formula I in the appendix, while CsJ
3 and 4.
was obtained from formula II when CNa was high. At the two lower pH's,
'l> log � /o log LHA]= 1 at sufficiently low CHA], while o log Dr.r/<> log [SJ
increase� from zero to 3, indicating formation of Np0;t-.nS (n = �, 1, 2 or 3).
These should possibly be formulated lNp0 2 (H2 o)3_nSn]A; the hydration would help
to explain why the chelates are not extracted when halogenated �drocarbons are
used as diluents. At pH 13.90, o log
log CHA]= 3.5 at [SJ= 0.15-0.3M,
suggesting a mixture of, say, Np0 2A.2HA .S and Np0 A.3HA ; at [s] = 7M, the slope
2

�/a
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is smaller, probably because S replaces HA to give, say, Np0�.HA.2S.

Whe� LHA] � 0.001M, o log �p/o pH = - 1 at pH 12-13. This indicates
Np02(oH)2 as the predominant neptunium species in the aqueous phase, reacting
according to
Np0 (oH); +HA;;;==, Np0 A + OH-+ H 0
2
2
2
after which Np00.nS can be formed when alcohol is present. At higher CHA]
levels rather complicated relations are found, as Fig. 4 shows.
Of possible value in analysis is the strong extraction of neptunium (v)
from 1!1! NaOH (pH - 13.90) shown in Fig. 4. We hope to expl.oj,t this in studying
neptunium VI and VII, and preparing them on a tracer scaleJ5J
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
Formula II

References
1•

2.

3.
4.
5.
6.
7.

Moskin A.I., Radiokhimiya (1971) .ll, 700.
Zolotov Y.A. and Alimarin I.P., J. Inorg. Nucl. Chem. (1963) 25, 691.

Zolotov Y.A. and Alimarin I.P., Radiokhimiya (1962) ±, 272.
Novikov Y.P., l/ljasoedov B.F. and Ivanova S.A., Radiochem. Radioanal.
Letters (1972) 2., 85.
Espinosa E., Genet lll. and Guillaumont R. (submitted to Radiochimica Acta);
Espinosa E., thesis 3e cycle (1973), Paris VI University.
Stary J., The Solvent Extraction of Metal Chelates, Pergamon 1964, p.197.
Healy T.v., J. Inorg. Nucl. Chem. (1968) 30, 1025.

445

Curve

[sl
OM

2

1M

3

2M

o_,
0
O'

.2

-2

/

4M

5

-3

SM

/

7M

/

/

/

/

/
/

/

/

1

[SI
O•O 25 M

2

1 M

3

2M

4

4M

5

SM

6

7M

1.
2

[SI
OM
0-15-0-JM

3

3M

4

SM

•From Fig.2 by
ex I rapolal ion
as indicated

/

/

/

/

/

/

/

/

/

/

/

/

/

/

/
/

/

oo
/

•

/

/

/

_,

_,
-2

_,

-2

0

1og(SJ

l1ICHA=0-1M
12) I HAI = 0-1M

/

pH 12- 60

/

-I

.,

00

/•

§·

IC NaOH = 0-1MI

log[HAJ

_,

-2

0

-2

1og[sl

I

IHA]=0-01M
2

pH - 13-90
ICNaOH =1MI

/

-3

0- 01M)

/

-2

z

=

/

/

Cl

i

pH 11-85
ICNaoH

/
/2
/ /
/
/
/ /
/
/ /
I / /
/
/
-2
/ / //
/ /
/ / //
/ /
/
-3

-I

IHAI = 0,1M

/

log [HA]

Cl

�

6

/

/

-2

-3

Curve

/

/

/

/

-3

Curve

/

/
//
//

-1

log[HAJ

Fig. 1.

446

-1

o

log

[sl

C

-2

z

[HA]=0-01M

O'I
0

-3

-4
12

13

pH

Fig. 2.

447

14

z:

0

Curve

2

3
4

!SJ

�

0

.,,,,.-- 3

OM

1M
3M
7M

-1

/

/

/

/

/

.,,,

.,,,,--

2

pH 11-85

/

-2

-:4-�--_�3----2;----�_,�_�, ____.o____,

tog[Sl

1oq [HAJ

Curve

2
3

4

5
6
7

!SJ
0·025M
0.2M
1M
1-5 M
2M
SM
7M

n'
z:
0

pH 12-80

0

Curve

Curve

I SI
0-15-0·JM

2

7M

0·01 M

I

-3

a.

z:

-2

tog[HAJ

_,

-1

0

0

i
pH� 13-90

-3

-3

-2

log [HA]

-1

Fig. 3.

448

(HA]

0

3
1og[sl

O·OSM
0·1 M

Q.

---

z
0

-

O'I
0

4

........

rofHA =0-1M

0

£

--

-I

Ct.BOH

6·9 M

•

I

Ct. BOH: OM

-2

I

\

j
I

3
2

o/

-3

�

8

9

CHA:0·01M

10

I I

Fig. 4.

12

13

pH

14

Distribution of the Daughter Species resulting from
Chelates by fi--Decay in Two-Phase Systems
F. Macasek, V. Mikulaj, R. Kopunec
Department of Nuclear Chemistry, Comenius University,
Bratislava, Czechoslovakia
Abstract

The fi -decay of a radionuclide bound in a neutral chelate gives rise to a
ion containing the daughter nuclide even in a non-polar organic phase.
The daughter species in the 9 �lo-99Tcm, 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
nornial valency states in the same systems, and a model for this distribution is
proposed.

molecular

Introduction

A daughter nuclide formed by pure fi--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 fi-decay
is accompanied by internally converted y-transitions, the daughter at9ms �rise
in a chemical form which is quite different from the parent compound.\1-3J
2
m
We have studied the distribution of daughter 34Pa followi� fi-decay of
234Th in extraction systems with thenoyltrtfluoracetone(4J and 99Tcm in systems
The behaviour of the daughter
with several [ 9 %10] molybdenyl chelates.l5J
species may be more compl}c�ted 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 fi-decay processes
in 144ce (JII)-aminopolycarboxylate cqmplexes has been given by Glentworth and
Wiseal1(7) and Shiokawa and Omori.(81
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 fi-decay of a radionuclide M bound in a complex ��Bra, 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:
MA B

4

[WA B J
n m
n m
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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[NAnBm ]

+
+

[NAB ] +
n m- 1 +
[NA n-1 Bm] +
+
[N.AA 1 Bm ]
n[NA B ] - e
n m
+
NA Bm_1 + B
n
+
NAn_1 Bm + A

(±)

[NAnB]
m

(a)

(b)
(c)
(d)
(e)
(f)

B

A

(g)

which imply immediate collisional reactions of the ions.
It is important
that in reactions (c)-(f) the oxidation state of t�e 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 Min radioactive equilibrium with its
daughter N is shaken with another, immiscible phase, say an organic phase.
We will assume that Mdistributes rapidly between the two phases, the equili
brium being characterised by � = m' /m where m' is the number of 11 atoms in
the organic phase, and m is the total number of Matoms. �, 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 fonned 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 vhase immediately (presumably
those in ionic products, e.g. from reactions (aJ-(d)).
On the other hand we
suppose that all N atoms formed in the aqueous phase remain there initially.
We also assumethat the later redistribution can be described by means of two
first-order rate consta..�ts, k1 (extraction) and k (stripping).
2
1
The rate of change of n , the number of atoms of N in the organic phase,
is then given by
dn'/dt

a

A 1f '
(A)

A n'
N
(B)

+ k1 (n-n')
( C)

(D)

(A's are decay constants, and n is the total number of
on the right-hand side refer to the following:

N

atoms) where the terms

(A) N atoms formed by decay of Min organic phase, and remaining there

initially.
(B� N atoms decaying in organic phase.
Subsequent mass transfer of N from aqueous to organic phase.
(c
(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 �Mm = "Nn for radioactive equilibrium, we obtain
dR/dt

(1 )

On integration this gives
(2)

R
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where A = AN .+ k + k 2 , and R = R0 at t = o.
1

After a sufficiently long time t( -+ oo) eq.

(2) reduces to
(3)

In the particular case when the secondary redistribution processes are fast in
comparison with the rate of decay of N (k1 and k2 >> >-N)
(4)

which is the value R� would assume if N were not part of a radioactive decay
chain.
When, on the other hand, the secondary redistribution processes are
relatively extremely slow k( and k << )I N),
2
1

(5)

It may be noted that

(n' /m' ) (rn/n)

n'A /m'A
N

M

where the A''s are organic phase activities.
Experimental

All chemicals used were of analytical grade. 99Mo (- 100 mCi/g Moo3),
and carrier-free 144ce and 143pr were purchased from the Institute of Research,
Production and Utili�ation of Radioisotopes, Prague, and 234Th was prepared
from uranyl nitrate.\4)
Both daughter and parent nuclide activities were
meas�:n,d with scintilation counters by the method of growth curve extrapola
tion,4) 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 + 1 °c.
The
other experimental pr9ced�res employed were substantially the same as those
described previously., 4,5)

Results and Discussion

When the aque§�s solutions of 1.7-3.3 x 10-3M 99Mo(VI) in equilibrium
with the daughter Tcm (AT = 0.115 h-1 = 1. 93 x 10-3 min- 1) were shaken
with 5,7-dichlor-8-hydroxyqulnoline H( 0x) solutions in chloroform, molybdenum
was extracted rather rapidly and an increasing extraction of technetium
followed (Fig. 2).
Here we have the same pict� as was observed in extrac
tions with a-b�nzoinoxime and 8-hydroxyquinoline\�) and its other dihalogen
(
Tc(VII), which may formally be expected as the �-decay pro
derivatives. 9)
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 ot&,Ldation state, owing to a rapid process of type (g)
above, viz. MoVIo2ox2 -+ 1'"'co20x2 -+ Tc020x + 0x+.
The accumulation of 99Tcm
in the organic phase corresponds to its growth from extracted parent 9%10,
indicating that k1 and k << "Tc so that a values (see Table 1) can be eval
uated by means of eq. 5
( 2).
Equilibrium aqueous phase
0.1N NaCl, pH 7.2
o.1N NaCl, pH 2.0
0.1N HCl
0.2N HCl
1.0N HCl

Table 1
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�
1.04
0.87
0.95
0.88
0.92
Av= 0.93 .:!:_ 0.06

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 fo:rmed there.
Thus, the P-decay of [99rdo] molybdenyl chelate is a
useful tool for identifying the inert complexes of Tc(V).
-...
-2
-1
1
min ) at the steady
The behaviour of daughter 44Pr ("Pr= 4.01 x 10
1
44
ce-8-hydroxyquinoline Slstems (Table 2) is somewhat less clear cut.
state in
It is helpful to compare it with 1 43pr, which undergoes a simple isotopic
exchange when introduced into one of the phases in the same system in presence
of inactive praseodymium carrier.
For the exchange reaction we can apply the
McKay equation to determine (k1 + k2):
ln(1 - F)
(7)
(F = degree of exchange), and we can then use eq. (4) to obtain the separate
values of k1 and �The results are given in the left-hand part of Table 2.
Table 2
1
Pr and 44Pr behaviour in the system:
Initial aqueous phase: 10-4M Ce(III), 10-7M Pr(III), acetate
buffer, Nac104 to ionic strength 0,1M
Initial organic phase: 0,1M oxine in CHC1
144 3
143
Pr is fo:rmed by decay
Pr undergoes isotopic exchange,
1
44
ce in Ce(IV) oxinate.
of
143

144
Pr

14
3Pr
pH

Rex>

k,+k2

0,57 0,34
0,80 0,47
0,
6,93
94 0,56

5,85

6,23

) k
R ex, k +k (+
k2
k
1
1 2 ">,Pr
f\;e
2
. -1
Rate constants in nun
o. 19 0,15 0,85 o. 10
2,0 .:!:. 0,2
0,44 1 ,6
0,38 0,09 0,97 0,22
0,53 0,03 0,99 0,73
k1

1
In the case of the 144ce- 44Pr chain we can determine the steady-state dis
tribution of both species (Ree and R,,.), 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 + k2 + "Pr), but this
We can again obtain k1 and k2
does not differ significantly from (k1 + k2).
with the aid of eq, (4),

The high values of Ile indicate that the cerium is extracted i� the tetra
valent state, since no tn�alent lanthanide is so highly extracted,\10-12)
Despite this high extraction of the cerium, however, more of the 144pr goes into
the aqueous phase than in the case of purely chemical equilibrium, since� is
This in turn is due to a much higher value of k for 14 Pr
lower for 144pr,
than for 143pr, whereas the k1 -values are essentially the_same, 2The_pro�able
explanation is that some product, probably charged, containing 144pr 1s eJected
from the organic phase, whereas in the 143pr case there is only the common
extractable neutral chelate PrOx3 to consider,

1
Charged products could be fo:rmed from the 44ce chelate during deca� fs a
8
result of internal conversion of y-rays or electron shake-off (about 3afo ), or
454

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 234Th-0.01M thenoyltrifluoracetone in benzene-chloride (buffered at
Because k 1 + k < 0.03ATh in this
pH 2), where Roo = �h = 0.53 was found.
2
system,a should be close to unity.
The daughter protactinium might be expected
Unlike technetium,
to appear in the organic phase as a molecular ion PaTTA
there is no reason to expect reduction and the molecular ion should undergo
further neutrnlization reactions by collision with HTTA or H20 molecules present
in benzene, before it is stripped into the aqueous phase.
The kinetic details
are diffic�t to ascertain, owing to the short half-life of 234pam (?\Pa=
0.593 min- ).
It is interesting to remark that the daughter 95Nb formed by
�--decay of 95zr extracted by HTTA in benzene was found to transfer into the
aqueous phase (1M HN0 ) when the phases were contacted.(14)
3
It is clear that the extensive simplification in our model of the behaviour
of the daughter species fanned by �-decay in extraction systems should not
det:mct 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 isotope 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 fo=.

4.
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Metal Retention by Hydroxamic Acids in Irradiated TBP Solutione.

T.V. Healy and A. Pilbeam
Atomic Energy Research Establishment, Harwell, Vidcot, Berks., U.K.
Thie 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,
Introduciion
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 perfonnance ie
impaired by poor phase separation.
Among the main primary degradation products of the diluent -

organic nitrates, nitroparaffins, aldehydes, ketones and carboicylic 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. Stieglitz, using
hafnium tests, found no relation between the amount of hafnium complexed
in the solvent and the concentration of nitroparaffins. Lane 3 and Huggard
and Warner 4 considered that none of the primary products of solvent

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, zircon!um retention. Stieglitz concluded from his work
that carbonyl containing compounds were ma.inly responsible for increased
hafnium retention by degraded solvent. The infra red absorption peak at
1660 cm-1 , assigned by Stieglitzto the carbonyl group in ketonee, could
equally well be ascribed to the carbonyl gi-oup in hydroxamic acids 5 •
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Hydroxamic acids are assumed to be fonned from primary nitro

paraffins by the Victor Meyer rearrangement or by cumulative formation
via the Nef reaction on alternate
acid and alkali treatment 3 • There
has been no real identification of hydroxamic acids in recycled solvent,
6
but Hughes (quoted in reference 4) and Ohwada , both using the rather
insensitiv·e terrio chloride spot test believe there may be evidence for
the presence of hydroxamic acids at ca. l0-5M. The amount of zirconium
retained in a typical solvent extraction plant is estimated to be about
10-8M per pass, so the amount of ligand combined with the zirconium even
after 100 passes w6uld only be about 10-6u, and hydroxamic acid at this
level would not be detected. To test whether hydroxamio acids are in
fact responsible for zirconium retention in Windscale recycled solvent,

we have synthesised a number of them and examined their behaviour in
HNo /TBP/OX systems and, in particular, the effect on zirconium partition
3
of the c 2 acid, laurohydroxamic acid (LHA).
1
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 0.1M NaOH were heated until half the aqueous
volume had distilled over. After two one-volume washes with O.lM 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-6 0 irradiations in the Harwell Gamma Irradiation Facility.
In all irradiations TBP/OK solutions were stirred continuously with an
aqueous nitric acid phase, usually 3M. Dibutyl phosphoric acid (DBP)

waa 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 Na2co were
3
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 0.05 M
sulphamic acid, followed by a water wash. Nitrous acid was removed from

aqueous HN0 solutions by addition of small amounts of sulphamic acid.
3
The acids laurohydroxamic (LHA), decanohydroxamic (c HA), octanohydrox
10
amic (C8HA) and caprohydroxamic (c6HA) were all synthesised from the
appropriate commercially available carboxylic acid esters plus hydroxyl
amine
• hydrochloride, using slight modifications of the method for the
8

preparation of benzohydroxamic acid. 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 similar to those in the literature.
The detection and estimation of hydroxamic acids by the ferric chloride
colorimetric spat test4 is somewhat insensitive, the detection limit being
ab6ut 2 x 10-� LHA, and the determi�tion is also strongly affected by
the presence of zirconiWll. A much more sensitive vanadium colorimetric
method has been developed by one of us9 from a vanadium spat test for
hydroxamic acids 5 • 10 • The detection limits of this method are of the

-6

order of 5 x 10 Mand the method is not affected b��the 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 run.

Chemicals used, such as ammonium vanadate, hydrochloric, nitric

:.suit\. and sulphamic acids and sodium nitrite, were all of reagent grade.

Lauryl nitrate, 1-ni�rododecane, methyl decyl ketone and caproic acid
were all obtained from BDH and used without further purificatiohl. Stock
solutions of inactive zirconium in� HN0 were prepared from BDH
3
"zirconium nitrate" by initially heating for several hours with
concentrated HN0 , then diluting the filtered solution to give a final
3
solution of 3MHN0 , after estimating the acid present using 0.1M·NaOH.
3
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
1

using a solvent extraction method 1 to give a stock solution of 95zr at
about l0-9Min 8M HN0 for use as tracer. A number of Z tests were carried
3
out based on the standard Windscale Z test4, but incorporating a refine

mP.nt 12 whereby each cycle of a typical process for the multi-stage
extraction, including scrubbing and back extraction of uranium, is carried

461

out in the presence of zirconium.

The test results are expressed as

Z numbers• that is. the number of moles of zirconium retained in 109 l

of degraded solvent.

Results and Discussion
Zirconium distribution data with hydroxamic acids
A study has been made of the effect of different concentrations

of IBA 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 octanohydroxami c acid ( c8HA) • The shorter carbon chain acid has
a smaller effect on zirconium distribution. Caprohydroxamic acid (c6HA)
was too water soluble to be used meaningfully in this table.

Synergistic effects were looked for with IBA in conjunction with primary
degradation products of the diluent and also with DBP.

All the distrib

ution coefficients (Dz l represent back extraction data for zirconium.
r
after an original forward extraction into an equal volume of 20% TBP/OK
plus additives. Except where otherwise stated, separated tracer 95zr
only )l0-9M), was used.
4
This table shows that concentrations of the order of 10- to

10-3i,i LHA 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 Hidroxamic Acid and
Prima!:l: Ves:::adation Products in 2� TBPLOK.
LHA

DBP

Mola.rlty

Molarity

10-5
10-4

10-3

10-3(c8HA)
10-3
10-3
10-3
10-3

10-3
10-3
10-3
10-3

-

10-3

-

Other Additives
(All 10-2y)

-

MDK + CA
LN + ND + MDK + CA
LN +ND+ MDK + CA
LN + ND + l,IDK + CA

-

Dzr

60

5.2
90
110

42

150

50

150

4.a

45
38

50

150

50

79

15

30

hidroxamj,c

-

0.9

1.6

0.9

1.7

5

3

-

43

21

10-3u Zr

Effect of nitrous acid on

0.10
0.11

40

LN + NV

-

0.08

:.>.O

Lauryl Nitrate(LN)
1-nitrododecane(ND)
Methyl Decyl Ketone(MDK)
Caproic Acid (CA)

10-3
2
10-

0.5M HN0

0.12

-

2
1010-3

3M HN03
"zr

-

acid behaviour

The large effect of hydroxamic acid on the retention of zirconium
by TBP/0K, as discussed in the previous paragraph, can be counteracted
by the addition of nitrite to the system.

For example Table 1 shows

that D z for 20% TBP/0K/0.5M HN0 is increased from 0.10 to 60 by making
r
3
2
.
.
3
.
a 1 so mad e 10- mo 1 ar
phase is
.
the organic phase 1 o- molar in LH A • If this
drops again to 0.15, indicating destruction of the
r
The reaction of hydroxamic acids with nitrous acid has been reported

in nitrous acid, Dz
IBA.

in the literature

13

as liberating nitrous oxide as in equation (1)

RC0NH0H + HN0 � RC00H + N 0 + H 0 ••••••• , , • , ••• , •• ( 1)
2
2
2
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13

reported that a little nitrogen is produced, possibly through
14
a diazotization stage. Work at Harwell, to be reported elsewhere
,

Schenck

indicates that on contacting LHA in TBP/OK with nitrous acid in
0.5M HN0 , one mole of nitrous acid is required to destroy one mole of
3

LHA, as in equation ( 1).

At high acidity, say 3M HN0 , four moles of
3

LHA are destroyed per mole of nitrous acid, the reaction probably
following equation (2).
4RCONHOH + HN0 + HN0 � 4RCOOH + 211 0 + N + H 0 ••••••••• (2)
2
2
2
2
3
This destruction of hydroxamic acid by nitrous acid is illustrated below
(Table 2) in the 20% TEP/OK/3M HN0 system, where LHA is added to the
3
organic phase and sodium nitrite to the aqueous phase. The remarkable
protection of LHA from nitrite attack by initial formation of the
zirconium salt

14

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 af'ter the
addition of LIIA 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 HN03 )
4

M LHA x 10
At End
At Start

300

300

300

19

% LHA
Destroyed

M HN0 x
2

o.o

!lone

9 3. 7

1 00

10

4

M Zr x

None

4
10

Mixing Time

fl1 j I')
10

11

0.62

94.4

33

"
"
"
"
"
"

11

5,8

4 7, 3

33

16

*9

4.5

50. 0

33

16

3

8

0. 1

98,5

1000

10

3

90

4.5

95.0

100

33

1 .95

94. 1

100

33

1.40

95.7

100

33

1.05

96.8

100

The asterisk refers to the use of 20% TBP/OK/3HN0
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3

2
2
2
3
10

which had been

3
3

previously irradiated in a cobalt source to 40 wh/1. After separation
this degraded solvent was alkali and water washed, prior to the addition
of LHA, zirconium in HN0 and finally
nitrite. In this experiment
3
with degraded solvent 'the LHA is protected by the zirconium to about the
same degree as when pure TBP/OK is used. Huggard and Warner4 had
previously noted that the Z number of 2<:Jfo 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 lo-3M.
The effect of nitrite oonoentration on the zirconium distribution
coefficient using pure TBP/OK, Windscale recycled solvent, and
i=adiated 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 HN02 and LHA on ll
Zr for·Treated TBP/OK
(Aqueous Phase is 3M HN0 )
3
Solvent Treatment

LHA

Pure 2<:Jfo TBP

None Added
3 X 10-4u

"

"

II

Windscale Recycled
Solvent
(20% TBP/OK)
II
II

II

II

"

II

II

II

II

30% TBP/OK
Irrad( 42 wh/1)
It

"

"

II

II
II

Dzr

None Added
II
;,

"

None detected

It

Pure 30% TBP/OK

HN02

II

� X 10-4u
100 :,c 10-4u

None added
l0-3M Added
None Detected
l0-3M Added

None Added
II

II

II

II

II

II

o.oa
6.0

6.4
11.4
16.6
0.2
100
100
300

As shown above, Windscale recycled·solvent contains no
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detectable hydroxamic acid ( (:5 x

10-

6

1,1) and yet has a D value rather
Zr
similar to that of pure solvent with 3 x 10-'¾4 LHA add.ed. Also addition
of nitrite to the recycled solvent, which would be expected to destroy
LHA, actually increases Dzr· 8imilarly, highly irradiated TBP/0K
contains no detectable hydroxamic acid but its Dzr value is similar
to that for pure solvent with l0-3M LHA added.
Using the improved Z test12 , Z numbers have been obtained

for 20}G TBP/0K 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 Z Number in 20}G TBP/0K
LHA Molarity
initial
Final
None
4
1010-

4

10-3
10-3

None

Nitrite Molarity

6

(5 X 100.9 X 10-4
6
(5 X 103
10-

2

2

X
X

10-3
10-3

None

3

2 X 10-

None

Z Number

40

340
1280
400
1500

The nitrite concentration (2 x l0-3M) is the level usually
reported for the Windscalo aqueous nitrio acid feed solution. This

table giveslfurther 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 10-3 and 10-4 molar LHA,

are much lower than those obtained on test bed recycled solvent 4 or
on highly irradiated solvent which contains no detectable hydroxamic
acid concentration.
Conclusions
Hydroxamic acids, if present in concentrations of the order of
3
10� to 10-4M, could have appreciable effects on motal retention by
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solvents. At this level, they could be easily detected in recycled solvent
or in highly irradiated TBP/OK/aqueous HN0 3 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.
Hydroxamic 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
for the statement of Huggard and Warner4 that hydroxamic acids are not
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�epecies must be
largely responsible for metal retention in degraded TBP/OK solutions.
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IONIC SPECIES OF Pa(IV) IN AQUEOUS PERCHLORA'rE SOLUTIONS

R. LU!llDQVIST

Department of Nuclear Chemistry, Chaliirers University of

Technoloe;y, Fack, s- 402

20

Goteborg 5, Sweden

Tetravalent 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
.
2+
(or Pa( OH)2+) •
species, in the pH range 0-3, is PaO
2

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
1
Most investigations
comparison with other tetravalent ions.

have been made in very acid media (e.g.
1

the hydrolysis is expected to be low •

4

3

M HC10

2 3

4

• ) where

The method chosen for

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
6
ented earlier5 • •7 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 �DTA) in aqueous perchlorate solution. The protactinium
2
2 4m
c 33Pa or 3 Pa) was reduced to the tetravalent state either
2+
electrolytically at a mercury cathode (pH2_7-8) or by 0.01 M Cr
(pH 0-3).
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The system was equilibrated in an oxygen free atmosphere of

N

2

+

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.

were of analysis quality.

All chemicals used

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)c10

was investigated at different
4
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)

/(Pa) and pAA = -log(AA-), see Fig.1.
org'
From the limiting slope log D/ pAA = -2 at high pAA it was
concluded that the complexes formed were of the type �L accord
n
8
for evaluating the composi;ion of

ing to the general theory

the composite metal complex M L (OH) (HL) (org) (H 0) •••
=m n
p
r
s 2 t
in a liquid-liquid distribution system. The species formed in
2+
+
aqueous phase were M , MAA and uncharged M(AA) , the latter
2
.
.
.
.
2+
being distributed between the organic and aqueous phases. M

here denotes the Pa(IV) ion in the aqueous phase which must be
2+
.
2+
either PaO
or Pa(OH) • The stability constants for the Pa(IV)2
= 6.1,
acetylacetone complexes were calculated as log
1
log
= 13.15!0.13 and log
((M(AA) ) / (M(AA) )) = 2.07
2
2 0r
2
2
2+
!0.10. .!!'or the extraction reaction M
+ 2HAA(org) :
M(AA) (org)

+

30! 2

2H , the constants log K = -4.13!0.05 1 4H
D
kJ/mole and S = 22!9 J/mole deg were calculated.

2.

Extraction with acetylacetone in the presence of sulphate

2

+

The distribution of Pa(IV) between a dilute solution of HAA

in benzene and 1 M (Na,ti)C10 was drastically changed in the
4
presence of sulphate, see Fig.1. A new extraction system M(AA)3

was progressively developed, at the expense of theM(AA) system,
2
with increasing sulphate concentration (at constant pH).
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It was concluded, from the sulphate dependence of the distrib
-1), that there was
log (so4)
only one sulphate molecule per Pa,IV) complex.

ution of Pa(IV) (

log D/

The combined results fro� 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)so:

+

3HAA(org)

Pa(OH)(AA) (org)
3

+

3H

+

with the equilibrium constants log ¾= -8.17 !0.06,
14:!:3 kJ/mole and

S = 110!11 j/mole/deg.

+

sot

H

The stability const

ants for for�ation of the Pa(IV) acetylacetone complexes from
23-n) +
) (so
the �alIV) sulphate complex • = tPa(OH)(AA) <
)/
4
n
n.
+
_ n
+
12.3(-0.1) and
(Pa(OH)so )(AA ) were calculated to be log
2
4
• = 18.34-0.10.
+
log
The distribution constant
= (Pa(OH)
3
3
(AA) ) / (Pal0H)(AA) ) was found, as expected, to be greater
3
3 or
than the corresponding
(log
= 2.54!0.06 compared to log
3
2
+
= 2.07-0.10,.
2

3.

Extraction with tri-n-octylphosphine oxide (TOPO)
The distribution of Pa(IV) between dilute solutions of

TOPO (0.0003-0.05 M) in benzene, and perc�lorate media of diff
erent molarity l0.1-5.9), see Fig. 2, shows that Pa(IV) is
extracted as an ion-pair solvated with two TOPO molecules
log D/

log (TOPO) = 2) over the pH range 0-3.

This indicates

that the dominating ionic form of Pa(IV) in the aqueous phase
does not alter over this interval.

was constant for pH 1-3 but for pH

The distribution of Pa(IV)

1 there was a sharp decrease

in the extraction of Pa(IV); this was a result of the extraction

of H C10

4

at higher acidities than 0.1 M.

The very strong dependence on the extraction of the perch-

log (c104) = 2) suggests that
the extracted Pa(IV) aggregates contain two perchlorate anions,

lorate concentration

log D/

which implies that Pa(IV) exists as a doubly charged cation
2+
2+
2+
.
M , i.e. Pa( OH)
or PaO • The extraction constant and the
2

corresponding ther�odynamic constants for the extraction reqction
�

+

+ 2C10

4

and

2TOPO(org)

4)

+

°

(� (TOP0) )(C10
(org) at 25 C
2
2
+ kJ/mole
+
(pH 1-3) were calculated to be¾= 4 • 4 1-10, H = -72-9
+

S = -157!31 J/mole/deg .
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4.

Extraction with acetylacetone in the presence of EDTA

The influence of the presence of EDTA (ethylenediaminetet
3
raacetic acid, 10 5- 10- M) on the distribution of Pa(IV) between
2,16 M acetylacetone in benzene and 1M (Na.,H)C10 (pH 0-2, at
4
°
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/

log (EDTA\
ot

log D/

-1 ,

2 and

log (HAA)org

2

log D/

A general extraction reaction is proposed based on the

dominating species in the two phases:
MY¾

(a+b-4) +

+ 2HAA(org) + cH

y< 2-b-c)M(AA) (org) + Hb +c+2
'
2

+

b �

0

2+ = Pa(0H)2+ or Pao 2+
where H Y = EDTA an d �
4
2
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 (

log D/ log (H ) = 2) and that the dominating EDTA
9
+
are H Y and H Y .
species
3
5
Consequently, MY

Pa(IV)-EDTA species,

2

and l1YH are suggested to be the dominating

The experiments are still in progress and more detailed

information will be published elsewhere,
5,

Extraction with T0P0 in presence of sulphate
The influence of sulphate on the T0P0 extraction system (see
°

part 3) was investigated at 25 c in the pH range 0,6-2,7.

The

T0P0 concentration was 0,0066 M and the aqueous phase consisted

of mixtures of 1 ii (Na,H,0,01 Cr)c10 4 and 1 M Na so4• The
2
ionic strength was somewhat increased (1.0
1,2) and the

perchlorate concentration decreased (1,0
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(c10

4)

0,9) by the

addition of 1 M Na so • The influence of these changes on
2 4
the distribution was, however, neglected as they have opposite
effects.

A plot of the distribution (log D) against log (Na so )
2 4
(Fig.4) shows a maximum slope, log D/ log (Na so ), of -1
2 4
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 forJ11111la must be Hso
reased at increased pH.

4,

4)

as (Hso

is also dec

The complex formation can be expressed as

The same reaction was found in the pH range 0.4-1 .1 at an ionic
°

strength of 0,50 and a temperature of 10 c, from a solvent
10

extraction investigation

as extracting agent.

using HTTA (thenoyl trifluoroacetone)

The stability constant calculated from the present data
°
8
K = 1 02 • *0•1 (
1 , pH o.6-2.7, 25 c) is not very different
2 50
from that obtained in the HTTA investigation K
10 •
°

0.50, pH 0.50, 10 c). (The concentration of HS04- was
1.00
2
calculated using K(Hso- )I(H+)C so -) = 1 0
, literature values
4
4
0. 76
1.02
(ref. 11 ) and K = 10
(ref. 12).
are K = 10
DISCUSSION
The present study of the aqueous chemistry of tetravalent

protactinium shows that Pa(IV) exists as a doubly�charged cation
2+
2+
or PaO
in the pH range from O up to at least 3.

Pa(OH)

2

This pH range was studied using both HAA (Fig,3 and 1) and TOPO

as extractins 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
4
trifluoroacetone) indicate
that a progm;sive hydrolyzation
of Pa(IV) occurs so that Pa(OH)

�
O

+

(or PaO(OH) ) is developed

already at pH 1. Another study
indicates, however, that
.
Pa ( OH )2+( or PaO2+) is
the dominating species in the pH range
2
o.4-1 .1.
473

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, howeirer, seems to have enough complexing

power to achieve this and to form tetrakis complexes Pa( TTA) 4•
Normally, only two HAA molecules can be bound to Pa(IV), but

a third HAA molecule was found to enter after protonization (or

4).

dehydrolysation) of Pa(IV) with sulphate (forming Pa(OH)so
2+

2+

The very broad pH range where Pa(OH) , or PaO , diminates,
2
together wit:1 the very high stability of this ion towards EDTA
2+

and HAA, makes the Pao

+

more probable than Pa(OH)� .

ACKNOWLEDGEMENT
The author is indebted to .Professor J. Rydberg, Dr. J.O.

Liljenzin and civ.ing. S. Wingefors for valuable discussions and

suggestions and to ing.M.Ohlson for experimental help.

Th�·

EDTA part of this study was based on diploma work by civ.ing.

J-E.Anderson. Ph.D. C. Coombes revised the English of the man

uscript and Miss.C. Hard af Segerstad kindly made the typewriting.
REFERENCES

1.

2.
3.

4.

5.
6.

7.
8.

9.

10.
11.
12.

Noren, B. Acta Chem. Scand. 27 (1973) 1369

Guillaumont, R., Bouissieres, G. and Muxart, R. Actinides

Rev. 1 (1968) 135

Pal shin, E.S., Myasoedov, B.F. and Davydov, A.V. "Analiti

cheskaya khimiya protaktiniya", Analiticheskaya Khimiya

Elementov, Moscow, Izdatel stvo Nauka, 1968.

Guillaumont, R. Compt. Rend. Acad. Sci. Paris, 260(1965)1416
Lundqvist, R. "Aqueous Chemistry of Protactinium(IV). 1.

"Acta. Chem. Scand. A, 28 (1974), in press.

Lundqvist, R. and .,ydberg, J. "Aqueous Chemistry of

Protactini_um,IV). 11. 11 Acta Chem. Scand. A, in press.

Lundqvist, R. "Aqueous Chemistry of Protactinium(IV). 111. 11

Acta Chem. Scand. A, in press.
Rydberg, J. Rec. Trav. Chim.•

Z2. (1956) 737
2.£ (1967) 2333.

Anderegg, G. Helv. Chim. Acta.

Hitsuji, T. Bull. Chem. Soc. Japan 41 (1968) 115
Reynolds, w.L. and Fukushima, s. Inorg. Chem _g_ (1963) 176
Eichler, E. and Rabideau, �.v. Amer. Chem.Soc. 77 (1955)5501.

474

Figure 1.

°
2
Distribution of 33Pa(IV), at 25 c, between dilute
solutions (0.1-2.5 M) of acetylacetone HAA in benzene

and 1 M (Na,H)C10 (line 1) and 0.94 M (Na,H)C10
4
4
+ 0.059 M Na2so (line 2) as a function of pAA (= -log
4
(AA )). The solid lines are calculated from estimated
stability constants.
Figure 2.

Distribution of

233
Pa(IV) between dilute solutions

of tri-n-octyl-phosphine oxide (TOPO) :it) benzene
°
and p erchlorate media at pH 1 and 25 c,
(C104-)
(c10 )
4
(c10

4)

5,93 11
1,03 M
0,1 3 M

°
2
�igure 3, Distribution of 33PatIV), at 25 c, between 2.16 M
acetylacetone in benzene and dilute solutions of EDTA
+
in 1 11 (Na,H)c104 as a function of pH (= -loglH )),

(EDTA)
(ED.TA)
(EDTA)

M
M
M

Figure 4. Distribution of 233Pa(IV), at 25 c, between 0,0066
M tri-n-octyl-phosphine oxide (TOPO) in benzene and
mixtures of 1 H Na2so4 and 1 M (Na,H)C104 at different
+
pH (= -log lH ))
°

pH
pH
pH
pH

0.65
1,99
1,07
0.65
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Figure 2. Oistribution of

2
33P1(IV) between dilute solution• of tr:-n-oc:iyl•

phosphine o,doe (lOf'O)

25 c
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4
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EXTRACTIOr; OF ZIRCONIUM BY AMINES FROl1 SULPHATE
MEDIA

Zdenek Malek, Daria Schrotterova, Vera Jedinakova,
Miroslav Mrnka, Jiri Celeda,

Prague Institute of Che,,1ical Tec:mology, Department of

nuclear Fuel Technology and .-adiochemistry, CzechDoslovakia.

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 met�od and logarithmical analysis of the extraction
curves). Infrared spectrometry and cryoscopic and viscometric

measurements have also been employed.

Evidence has been obtained

for zirconium being extracted as a dimeric hydrated sulphato

zirconate of TOA containing 8 R NH+ cations and 8 H o molecules
2
3
2and OH (or
per 2 Zr atoms. The ratio of the ligands so
4
2o ) has not been determined.
IN'rRODUCTION
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 phase� nor on the nature of the extracted

species.

Even information on the formula of the extracted complex

is incomplete and amb�guous.

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 investi6ating
the amine extraction of sulp�ate complexes of metals is the
structure and che�ical 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
c )• the
H 2so4 concentrations of the aqueous phase (c� SO
2 3 theAmonomeric
prevailing species in the benzene phase is
sulphate hydrate (R NH) so4 .xH o where z=4 to 6 (as found from
2
2
3
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 so4 concentrations
2
(c� SO
c A ) there is an excess acid extrac�ion in the proportion
4
of� molecule
of H so 4 per 2molecules of the sulphate, and the
2
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 (R NH)2
3
so4.2(R NH)Hso4, which is hydrated by several H O molecules.
2
3
A comparison with the amine salts of other acids shows that the
moiety resppnsible for this increased hydration is the doubly
2-

charged anion so4 • When the acidity of the aqueous phase
has exceeded the limits corresponding to 1 to 2 mol/dm-3 H so ,
2 4
the predominant species in the organic phase is the dimeric
monohydrate of the amine hydrosulphate (R NHHso 4,H2o)2, which at
3
concentrations of the acid as high as 5 or 6 mol dm-3, i.e. in
the region where the water activity is lowered to some 50%,

transforms into an anhydrous trimer of the amine hydrosulphate
(R NHHSO4 ) •
3
3
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 H2so4-H2O-TOA-benzene •
•
Sulphate solutions of zirconium have been the 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=O
bond, characteristic for the zirconyl cation, does not occur in
the sulphateocomplexes of zirconium (IV) in aqueous solutions,
0

• c refers to an initial concentration in the aqueous phase,
� refers to the formed cone, of amine,
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Even at relatively low concentrations of sulphuric acid there
2)
exist neutral or anionic complexes /Zr(so 4)x�(x- -. The
following equilibrium constants for complex formation have been
found:

zr

ZrS0

4+
2+

Hso

Hso

+

4

+

Zr(so 4) 2

4

+

-

HS04

=

2+
Zrso4
+ H+
Zr(so4)2+ H+
2

Zr(so4) - + H+
3

2

K1=4.6 X 10
K 2=53
K =1
3

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 rangw
of sulphuric acid around 1 mol/dm-3 is the ir(s0 ) 2- complex.
4 3

The extradtton of sulphate-complexes of zirconium has been
investigated by Yagodin, Chekmarev and Vladimirova2), 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 tR NH )4Zr(so 4) species, however, without giving
4
3
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 tIV) extraction on the concentra
tion of acid, sulphate ions, and amine was measured. By the

met�od 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
determined either radiometrically, employing 95zr, or by complexo
metric titration (xylene orange aa indicator).
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Cryoscopic ·and viscometric measurements were carried out by

standard methods.

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 Agt;1 cells i.n the range
1
of 800-4000cm- for the following conditions.
a) 0.2 mol dm 3 amine equilibrated with 1.5 mol dm 3 H2so4
as aqueous phase.
b ) zirconium (IV) extracted at varying sulphuric acid concentra-

0.3-3mol dm -3
tions (cZ 9g dm-3, cTOA 0.2 mol dm -3 , c
H SO
r
2 4
ditto with higher zirconium and amine concentration (c;
0
-3 0 r
18g dm-3, c
0.5mol dm 3, c
0.
2.0mol dm
cZ 3to24gdm-3 •
9
H S0
TOA
r
2
4
0

c)

0

RESULTS AND DISCUSSION
In Fig.1. is shown the dependence of 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 sulphuric acid).
2

'i'he results correspond with those of Yagodin and c o-workers ) ,
i.e. at a sulphuric acid concentration of 1 mol dm 3 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 dm·-3 tt2so (where the amine-to-metal ratio in
4
the organic phase has been found to be 6:1).

Moreover, in

extraction by benzyloctylamine, a secondary amine, \0.1mol dm 3
amine-kerosene- 2mol dm-3 H so J the amine-to-metal ratio is
4
2
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 D z on
r
the concentration of the extracting agent at very low metal
5
concentrations (radiouclide 9 zr ) it was found that the slope of

the curve logDz vs. logc does not reach the expected value 4,
r
A
as would have corresponded to the results obtained by the
saturation method at macroscopic concentrations of zirconium,

2)
�he same result is referred to in paper •
The authors explain this discordance by the non-ideality of the
but only the value 1.
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organic phase, i.e. by the aggregation of the amine salt.

'They

assume that the amine salt present in t!1e organic phase exists

as aggregates, consisting of m monomeric salt molecules; the

on c would not be n (the
A
Me
number of molecules of the extractant in the extracted complex
exponent in the dependence of D

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 (R NH) so .2R NHHso hydrated by several water
4
2 4
3
3
molecules. From this it follows that the results of logarithmic
analysis of �istribution 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 wit1 sulphate-complexes of zirconiura1 only Zr-so4
complexes and no extraction of mixed sulphato-oxo or sulphato

hydroxo complexes, then the results obtained by the saturation

method, 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
(x 2)
/Zr(s0 )/ - - +!(H nH) so .2(R NH)HS0 /
4 0rg
4
2 4
3
3

At higher H so concentrations where bisulphate is the
2 4
predominant species in both the organic and aqueous phase, the

extraction process may be described by the equation

witi the dimeric hydrated TOA bisulphate prevailing in the organic

phase.
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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

Increasing concentration

complexes with x lower than 3 or 4.

of sulphat has initially a positive influence, as long as there
are no sulphato-complexes in the solution (i.e. x=O), or, in
jhe case of the normal TOA sulphate co-existing with the bis

ulphate, as long as the complexing of the metal has not exceeded

Further increase of sulphate

the value x=1 in the aqueous phase.

above this limit has a negative effect on the extraction of
zirconium.
The H

+

4+
ions compete with zr
for the ligand so!- in displacing

the metal ion from the complex:

/Zr(sO )/(x-2) - + xH + = xHso - + zr 4+
4
4

4+
This is a simple competition of two acidic ions (H+ and Zr )
2for a common base (so ). This fact becomes obvious from fig.2
4
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
1
vibration of bisulphate becomes visible at 850cm- which is in
1
good agreement with the values 844-877cm- found for similar
systems by other authors. Furthermore, the entering of sulphate
into association with TOA resulted in the appearance of distinct
1
absorption bands at 1235,1156,1056cm- (published values 1232,
1
1156 and 1060cm- ).
1
The absorption band of S- OH (850cm- ) 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
0
dm-3
concentrations c Z higher than 6g
it is completely absent.
r
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 c

H2so
4
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3
between 1.45 and 3.0mol dm- •

This may serve as evidence that there is no bisulphate present

in the organic phase at sulphuric acid concentrations lower
0
dm-3.
than 1.5mol dm-3 and c Zr higher than 6g

The extraction of zirconium is connected with the appearance
1
of new absorption bands at 943 and 998cm- , corresponding to
the Zr-0 S stretching vibration; these increase in intensity
simultaneously with the weakening of the HS04 band at 850cm-1
as the metal concentration is increased. At the same time
there is an increase of the intensity of the so2- band at 1162cm-1
4

as well as of the other two sulphate stretching vibrations which
1
-1
are shifted from 1158 and 1235cm- to 1150 and 1260cm , respec

tively.

When the concentration of sulphuric acid is increased
0
at constant metal concentration (e.g. c Zr =9g dm-3), the intensity
-1
of the sulphatep-zirconate bands at 943 and 998cm
decrease,
1
the Hso4 band on 850cm- aopears with growing intensity and the
1
bands at 1150 and 1260cm- are shifted back again to their
+
original positions. This shows that the ions H actually destroy
4+
the sulphato-complexes of �r
in the organic phase by displacing
.
4+
.
.
2into free bisulphate
the ions Zr
and convertin3 the ligands so 4
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-H so4 system with the spectra of the organic
2
phases containin,; zirconium, a slight shift becomes visible in
-1
band of water from some 3450 to 3495cm , which shows
the
OH
that the hydrogen bond between water and the complex anion is
weaker than in the caseof the simple so42- anion. From the
determination of water in the organic phase by using the Karl
Fischer reagent, it was mbserved that in the concentration range
of the acid and metal investigated in the present work� water is
always present and the constant amine-to- H 0 ratio 1:1 remains
2
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 org�nic 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-concentrations,

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.

At H so concentrations in the aqueous phase lower than
2
4
1.5mol dm-3 the protons in the TOA bisulphate present in the
2

.

4+

organic phase are quantitatively displaced by zr , and the
Hso4- ions are thus converted into deprotonated so42- ligands
bound to zirconium.
3. At higher H2 so4 concentrations there is a competition
4+
+
2
between the cations H and zr
for the ahions s04 -, 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 so 42 - transformed back into TOA bisulphate.

4. Water is coextracted at higher H so concentrations, giving
2
4
a water-to-amine ratio of 1 :1, independently of the amount . of
zirconium extracted by the TOA sulphate. At very high H so
2 4
concentrations (above 6mol dm-3) 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 /(R nH\Zr(so ) 4.4H o/ •
4
2
2
3
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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) -C H -HC1-H o
2
6 6
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 (H20-HC1) and the deuterated (D20-DC1) system, it is concluded
that as the HCl concentration increases, HCl adducts of TDPO.H2o are first
fo:aned 1 and then anhydrous adducts of TDPO.
The adducts are in some degree
polymerised.
Introduction
1

It has been shown ( ) 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. rh� degree of
hydration of the phosphine o�ide increases with its c9n�entration\2) and depends
In< O.lM TBPO or
on the type of the diluent (3) tµiQ. on the temperature.,4)
TOPO the monohydrates TBPO.H2o, 5J and TOPO.H2o(6) predominate. At higher
concentrations of the extractant as�ociates of the type mTJCPO.nH2o (X = alkyl)
have been found, where m,n ')> 1 .(4-6)
lIJ. experi�ents on �neral acid extraction by phosphine oxides (HNo ,(7 -1o)
3
H2so4,\7, 11 ,1 2J HC1(8,1 3J ) 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� qn the
diluent used. Thus in the extraction of HCl by 1.25M TOPO in octanet8J the
species found in the organic �hase were 2TOP0.2H 0.HC1 at< 2M HCl (aq) , and
2
2TOP0.2H 20.2HC1 at 4M HCl (aqJ. Similarly in the
extraction of Hci by TBPO in
cc14 at< 2.5M HCl (aq) the prevailing species in the organic phase\13) are
TBPO.HCl.nH20 and 2TBPO.HCl.nH20 (n = 1-3) , the latter being fo:aned 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 s�ectra of the organic
phases in the systems HC1-H20-TDPO-benzene and 2HC1- H20-TDPO-benzene were
examined,
Materials and Methods
Hydrochloric acid was of A,R. grade,
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The deuterated acid was prepared

from POCl3 by reaction with 2H2o, and the degree of deuteration was tested mass
spectrometrically.
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 25oC. Water was determined by the Karl Fischer method.
Infra-red spectra between 700-4000 cm
325 instrument.

-1

were recorded with a Perkin-Elmer
°

Equal volumes
The extraction experiments were carried out at 25 + 2 c.
of the aqueous and organic phases (20 ml of each in the-case of HCl and 1 ml of
each in the case of 2HC1) were shaken for 10 mi�, this time having been esta
Three TDPO concentrations
blished as sufficient for full equilibration.(1J
were used: o.12M, 0.25M and 0.30M.
Results and Discussion
Fig. 1 shows that [HC1] 0rg increases steadily with [Hc1la_ and that the
g
(IfcJJ q:U'DPol0 r ratio reaches unity at 6-7M HCl (aq).
It aiso
shows that
the �2olorg&DRr.J 0 rg ratio is approximately unity over the range 0-4M HCl (aq),
and thereafter decreases.
These results strongly suggest the formation of
monohydrates, viz. TDPO.H2o in the absence of HCl, and of TDPO.mHCl.H20 as HCl
is added to the system up to 4M HCl (aq). At higher HCl concentrations,
anhydrous compounds must be formed.
The results in Fig. 2 indicate increasing polymerisation as the HCl con
centration increases, altho�h they are difficult to interpret quantitatively.
If in the range 0-4M HCl (aq) the HCl entering the organic phase adds on to
TDPO.H2o, as we have suggested, then the fall in •t as [BcJ.J0rg increases,
implies that the TDPO.mHCl.H20 species must be more highly polymerised than
The continuing fall in At at higher HCl concentrations implies
TDPO.H2o.
a still greater degree of polymerisation of the anhydrous TDPO.mHCl compounds.
How far TDPO.H20 itself is polymerised, if at all, cannot be stated, because
it is not !mown 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 cm-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.H2o, and disappears 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.mHCl.H20 than in TDPO.H 20. 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-1 (free OD) and about 2480 cm-1 (bonded OD).
-1

The PO stretch peak at 1168 cm in the absence of HCl is gradually replaced by one at 995 cm-1 as HCl 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 HCl.
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 HCI by 'I'DPO in Benzene and the Co
extraction of Water at the Extraction of HCI
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Fig.2

The Dependence of the Freezing Point and Viscosity of
the Organic Phase on Starting Concentration of HCl in
the Aqeuos Phase
The TDPO Concentration : 01 25M
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THE KINETICS OF URA!fEffl, PLUTONIUM, RUTHENIUM AND
ZIRCONIUM EXTRACTION WITH TRIBUTYLPHOSPHATE

by -

11.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 contDolled.

The period of mass

transfer (98-99% of the equilibrium state) varies from O.66 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.G. Khlopin Radmmm 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 viscons 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
11hot 11

fuel elements by extraction with short contact times.

Moreover, they may be particularly useful for processing fuelu
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
/1/
extractors (SCE), the phase contact time is 3 sec
and 1.8
/2/. Therefore, under these conditions, it is necessary to
sec

know the period required for the e�sentially 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
/3 6
example 1 , as the experiments were carried out under conditions

that were quite different from the mixin5 conditions appertaining
to a centrifugal apparatus.

This work is dedicated to the investigation of the kinetics

ot 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 ba sed on a SCE were worked out and the install

ation wa s set up for the inves tigation of the extraction process

kinetic s in the centrifugal apparatus with a phase contact time
from o.6 to 18 sec.

The working

s olution s

were fed under

gravity from the thermostated pressure vessels into the centrifugal
extractor and were collected in the receiving vessel s.

The

feed stock was regulated by means of needle valve s and the
volumes were mea s ured using rotameter s .

The temperature control

at the inlet and outlet from the extractor s wa s carried out by

means of thermometers.

The extractor was driven by an electric

The extractor rotation rate was regulated by a laboratory

motor.

autotransformer and was checked by mean s of a tacho-generator
and a voltmeter.

The principle of the extractor action has been
/1/
, but the volume of the mixing chamber
6
in this work was decreas ed to 5.10- m 3 • Experiments were
described in detail ref

carried out at an extractor rotation rate of 22-67 rev/s ec.

The temperature at which the experiments were carried out was
s

295 :!: 1 K, except in the case of the experiments on the tempera

ture dependence of the extraction kinetics.

The total rate of

flow of the aqueous and the organic solutions was varied between
4
6
3.7 x 10- m 3/sec and 1.1 x 10- m 3/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

(

'f

aq) was

o.6; for other cases the value of Y, aq is given where the

re s ults of the experiments are shown.

Calculation of the extrac

tion process efficiency (E) and of the degree of reaction wa s
/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. ihe working volume of the vessel wa s 10-5m3 •
The rotation rate of the stirrer was 20 rev/sec.
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uranium was analysed at concentra

tions using the gravimetric method in the form of u o. At low
3
concentrations, uranium was determined colorimetrically. Nitric

acid in the presence of uranium was determined by the conducto
metric titration with alkali.

determined by

d)-

counting.

The plutonium concentration was

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

(-

counting.

�he rutnenium concentration in the aqueous

feed solution was determined according to the methods described
in reference /9,. The samples of solutions for analysis were

taken under standardised operating conditions of the centrifugal

extractor work which correpponded to tenfold exchange of
solutions in the apparatus.

Repeatedly rec1ystallized uranyl nitrate was used in our

was in nitric acid solution. 'l'he plutonium
The 239
Pu
was stabilised in the tetra valent state by means of sodium
8
nitrate/ /. The ferrous sulphamate used for the experiments
work.

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 106

was prepared according to the methods des
/1o/
�
�
cribed in referen
This solution contained a mixture of
rad.:.-.,active and stab-le ruthenium isotepes and had a ruthenium
content of 3.4 x 10 3M and O -equivalent 2.5x10 3g-eq/1.
It was kept in 8M nitric acid for several days.

The ruthenium

distribution ratio \D ' was periodically determined during the
Ru
course of its extraction into 1.1 M tributylphosphate in carbon

tetrachloride for a phase contact time ( 'c") of 5 minutes in
glass vessels:

"l:

J) Ru

res
.103

(days)

2
1 ,2

3

1,o

4

0,9
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5

1,1

6
0,9

7

1,4

11

1,2

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.

The zirconium nitrate feed solution, labelled with 95zr,

was prepared in the following way. An oxalic solution acid f
3
containing the 95zr - 95N6 ) was evaporated down several times
3
with the concentrated nitric acid in order to destroy the oxalate
The nitric acid solution obtained was kept above processed

ions.

glass wool in order to separate the niobiumt

/

11

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.

,.J.l evaporations were carried out on a water bath.

as a result

of this, the concentration of the feed solution was 1Q-3M
zirconium in 10M hitric acid.

I

Before commencing the experiments

the solution was iiluted to give the required nitric acid

concentration, and the period for which the solutio� had been

kept was checked upon.

It was established that the zirconium

distributioncoefficient in 2M nitric acid remained practically

instant over the two days beginningfram the moment of dilution.
iributylphosphate and carbon tetrachloride were purified
12
/ for the dilution of the former.

according to the methods/

ihe mixture of aliphatic hydrocafbons ,AHC) with the specific

gravity 0.72 g cm3 (at 293K) and boiling point in the range
/
38 3 -543K and the n-decane that were used as tributylphosphate
diluents were treated with concentrated sulphuric acid and
phosphorous anhydride,�nd 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.

were chemically pure.
water.

meter.

The nitric acid and all the reagents

The solutions were prepared with distilled

The density of the solutions was measured using a hydro
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%

equilibrium 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 o.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 0.43M, 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 shorter than 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 extraii:tor rotation

rate was 43 rev/sec, plutonium was more rapidly transferred
into the organic phase than uranium,
further 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,?),
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, the time required to establish
equilibrium between the ruthenium complexes in aqueous solution

(Fig.8) were determi�ed 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 a·nd 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.
) in
on the phase contact time (
The dependence of D
Ru
the extraction of nitrosoruthenium complexes from nitric acid
solutions with 1.1M tributylphosphate in cc14 using a centrifugal
extractor.
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'

,sec

-,,/

o.6

Nitric acid concentration,

0.041

0.042

0.0104

9.0

0.043

0.0103

0.0032

0.0106

o.o4o

22

0.0030

0.0105

1.2
4.8

5. 2

4

2

0.0028

0.0029
0.0031

0.0109

0.043

M

The dependence of the ruthenium distribution on the phase

contact time (1;") is shown in Table 1 and in rig.9. Because of
the difficulties associated with these methods, experiments

were carried out in the centrifugal extractor for values of

't' =

o.6-24 sec, and for values ofL724 sec, they were carried

out in a gravitational extractor.A change in the dependence of

on the rate of rotation of the stirrer (n) in the gravitational
Ru
apparatus for an aqueous phase nitric acid concentration equal

D

to 4M.

DRu

60 sec
0.0132

0.0167

0.0134

0.0182

0.0134

n, rev/sec.

= 300 sec

20

30

0.0187

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 experimentai 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 determininz 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 mess transfer of each of these compounds for

n = 42 rev/sec is almost the same and is about 2 sec., (Fig. 1,
2, 5).

It is to be noted that this conclusion concernin� the

diffusion controlled kinetics of nitric acid extraction in a

centrifugal extractor (Fig.2) is in accordance with conclusions
which have been drawn in reference /12/ concerning the rate

determining step in the kinetics,of the nitric acid extredtion;
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

6kcal/

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 during the 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

---C::

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

df elements whose distribution ratios are similar under equil

ibrium conditions can be improved when the process is carried
out under non-,equilibrium conditions',

·.i:he reductive stripping of plutonium can be represented in

the following manner:

"'
Iv] org ";;;;?�·
I:

Iv1
�Pu II:;:i
'..I aq<-< £:
-Jaq

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 whic� 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
where K

(Fe(II))

(Pu(IV))
aq

- is the effective rate constant in

uince lFe(II))

(Pu(IV))aq , it can be written:

K(Pu(IV)) , where K = K'(Fe(II)). According to the data
aq
7
in Fig.7 (curve 1), the rate constant is 0.76 x 10 - mole/sec.
V

=

The equilibrium concentration of Pu�IV) in the aqueous phase in
6
the absence of the reduaing agent was 1.9 x 10- M. Thus, in the
first approximation, K1 = 40 rev/mole sec.
rev/sec.

nence K = 40(Fe(II))

When the nitric acid concentration in aqueous phase is

L... 1M the rate of plutonium reduction becomes comparable with
its rate of diffusion (Fig.7 and 5).

When the nitric acid concen

tration is decreased in the aqueous phase at rather hig3 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 tne 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 nitrosoc0mplexes
in nitric acid is a mixture of generically related complexes with

different extraction properties.

nhen the acidity of the so�ution

is changed, their ratio is chwnged and a new equilibrium state is

achieved after the 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 that the values

for ruthenium distribution ratios obtained by extrapolation to
0 are not equal to zero.

Lhis testifies to the rapid initial

stage of the process which is finished in less than

o.6

sec

�Table 1) according to the data obtained using the centrifugal

extractor.

This is in agreement with 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, the equilibrium in
the aqueous phase is upset.

The second step in the process is

the chemical transformation of weakiy 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 the data presented in Fig.9, the process in the

second stage has a reaction order of 2.2. with respect to (HN0 ).
3
The rate constant for this process in 1M HN0 is 0.0018 rev/min.
3
ihe large value for the experimental activation energy may be
taken as confirr.1ation of the fact that the rate determining step

involves a cher.iical reaction.

The fact that the ruthenium dist

ribution 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 tt1e time required to establish equil
ibrium for the diffusion process, Fig.10 and 1-5,

This is

probably due to the slow che . .1ic al transformation of non-extractable
zirconium complexes into extractable ones, in case of ruthenium.
"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 tiat, in this case, the distribution

ratios of uranium and plutonium can be relatively increased with

respect to those of �uthenium and zirconium.
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CONCLUSIONS
1.

That kinetics of the extraction of uranium, plutonium,

�irconium 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 deter�ined by the

rapid convective diffusion step which is finished in o.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 ahemical

reactive steps.
4.

The use of a centrifugal extractor allows one to carry out

the uranium and pluton�um extraction process quite effectively

using a short phase contact time.
5.

It is shown that, in some cases, the distributi6n ratios

of the elements can be increased if the process is operated under
non-equilibrium conditions.
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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 aqueous 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) 58, 6) 67,

)(
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2
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X -
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Fig,2.
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15

The dependence of the effieiency of nitric acid extrac

tion on the phase contact time i� a centrifugal extractor,
·rhe system was as follows: 2M nitric acid - 1, 1M tributyl

phosphate in AHC,
2) 30, 3) 42.

Rotation rate, in rev/sec: 1) 22,
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Fig.3.

The dependence of the efficiency of uranyl nitrate

extraction on the phase contact tine in a centrifugal
extractor.

The syste,n was as follows: o.42i1 uranlyl

nitrate - 2M nitric acid - 1.1M tributlyphosphate in
AHC.

Rotation rate, in rev/sec: 1) 22, 2) 30, 3) 42.
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15

The dependence of the efficiency of uranyl nitrate extrac

tion on the phase contact tiMe in a centrifugal extractor.
The system is as follows: 0.42H uranyl nitrate - 2M

nitric acid - 1.1H tributylphosphate - carbon tetrachloride.
Rotation rate, in rev/sec: 1) 22, 2) 30, 3) 42.
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'Z", sec

The dependence of the efficiency of plutonium extraction

and stripping on the phase contact time in a centrifugal

extractor,

to 3,

as follows: 6. 8 x 10

Plutonium extrqction.

-4M

The system is

plutonium (IV) nitrate - 2M

nitric acid - 1,1M tributylphosphate in AHC.

Rotation rate

in rev/sec: 1) 22, 2) 30, 3) 42. 4 to 6. Plutonium
stripriing: 4.2 x 10-5M plutonium (IV) nitrate in organic

feed solution (1,47M tributylphosphate in d-decane). The
Nitric acid concentration

rotation rate was 47 rev/sec.

in the aqueous phase, in M : 1J 1, 2) 2,5, 3) 4.

0

Fig,6,

/0

IS

r; sec.

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
= 1,5
in AHC, IP
.
I aq
1) plutonium (IV), 2) uranium (VI), The rotation rate

was 42 rev/sec,
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to -r, sec

The �ependence of the efficiency of the reductive stripp

ing of plutonium on the phase contact time in a centrifugal
extractor. 1 to 3 the system was: 4.2 x 1-5M plutonium
( 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 10-5M plutonium (IV) in organic
feed phase - 1.47M tributylphosphate-n-decane-nitric acid

- 0.05M Fe(II). T-he nitric acid concentration in the
aqueous phase in M was: 4) 2.5 1 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
eni� 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): 1J 8, 2) b,
3) 4, 4) 8, 5) 52, 6) 2, 7) 11.6, 8) 4. 'l'h,e phase
cont�ct 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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The dependence of the distribution ratio for the extrac

tion of nitrosoruthenium complexes with tributylphosphate

in carbon tetrachloride.

stirrer was 20 rev/sec,

3

Fi4 to

Fig,10.

.IOIJ

The rate of rotation of the

5

",

6

The dependence of the efficiency of zirconium nitrate

extraction on the phase contact time, This system was
4
2 x 10- M zirconium nitrate - 2M nitric acid - 1,1M
tributylphosphate - AHC.

rev/sec,

The rotation rate was 42
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LISTS OF DESIG�ATIONS
E

- extraction process efficiency, the degree of transformation.

AHC

- mixture of aliphatic hydrocarbons.

DR
u

- ruthenium distribution ratio that was obtained as t.1e

ratio of ruthenium analytical concentration in the aqueous
phase at a given phase contact time ('°t'), generally,

it is a non-equilibrium distribution ratio.
- rotation rate, rev/sec.

n
�U

J Pu

- uranium concentration in the organic phase at a given
phase concvact time,

plutonium concentration in the orrranic phase at a given

phase contact time,

Pu,IV), Pu(III) represent tetra - and trivalent plutonium,
respectively.

'f

aq

'(::"

aqueous phase fraction in the combined stream of aqueous
and organic phases.

- phase contact time, sec,

- time for which the nitrosoruthenium nitrate solution was
'r'
L. res
left standing measured from the moment of its preparation,
R

- constant rate of the process.

V

- process rate.
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:.. I. Gorbonox, a.1�. Dzovit11ky and v.a. Hargulia
.t::..tuto oi iiotollurcr of tho Aoadomy or Scionoe11 ot the US.SR,
i·,03oow, u:;.;a.

..; .'.· ... .:: r
_:10 problou1 of for,.1ation Qnd atability of hyperfine
1l�ianY durln� oxtrsotion i� diocuGsod in tormn ot thormo

dJn;:i .: Lct1 oi hoteroe:;enoouo o.7nto,ae.

'.l'hor,nod;rna:nioal difference

bot... oc..: .:.icroi:uulalona ancl oonvontional :J1aoroom1loiono ia
do:,,vll,; Lrato<.I.

A hyporfine o:nulsion is a diaperae phaoe

co.�risin� spherical particles o! ourfooe layora or tinite
t:;ic::·1l'$S :Ji,; tribatcd in tho ::i-..11.k of a liquid phaaee

Suoh

i��lotl'd aurfaco layor portioles whioh can exist independently
0,·o ,_; t:i ilo in ua:, uiul tioo::iponen t e71Jterns duo to tllermodynamioal
r�:::to.·,:.

�·110 oa:10 factor11 are roaponaiblo tor mioroe;nulaiona

�cine :onodicperoo.
/or v:ir.i..our. 0:;iul3iono diff'erential equations ot equilibri•llll
tlarivod ond aoJo of tbo corollarios ore disouoeede

v.·.1:.t.i.,n of ,�icrocL1ul:ilono io ono of tho oauoes ot tl1e extrao
tv:i. !; lo:;:;oa �,ntl do ter.:iinoa t
. he axcei.·; oolubility ot imrDiaoible
l..i..q:t.i.. ::; o:,tainod tq rnoohunical dia;:,oroi1in, 110 oo�pared \o tae
r.olu ,.i..lltJ ot ordinary pbaue oontaot.
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r;; �: .. o.·.1uc ·�I·J:1
i.s io well known I mutual diaperoion or liquid ph_g;,•11 ie
� 0)
;'ro::otod by lowor1n0 the intorphaao ellrtooe tension
1
/1/ • �·,iia is tile ,naln !actor in e:.:iuloion ete!>1l1zut1on by

f1

c .ulslfioru.

Thor,nodyna::iioo ore not noedod to study roraliltion

,.m,i t1tn'oility of .:1ioroo,Julaione anu the prooeosea or phaao
rnvcrnol.

wt the thor,nodynos,io opproaoh is neoeeoary to

arwli:ae tho relative oni1illary aotivitios ot tho oo,:ipononta in
;nultico--iponcnt oynto,.10 onoountorod in extraction plllulolllono.
;.;oreovor, r.i thor:Jodyno::iio approach ellould be u11ed to understand
,: ,J r_;_ne otoble o,,,uloiono are iormod in tho abeenoe ot enul
.;ifioro.

Tho n1odern thormodyna,nice ot surface pheno1:iena treat

t:,.:i 1Jurraco lo:,ors ot the interface oo m1rface phoneo• that ie,
of inflnlto tilic:�neoo /2/. 'l'hia troatmaat\ir.lplios· an uniYeroal
dioporoion ;,.1ochnnitm1 tor surtaoe layore loading to tormation
or a ,3ioroo ;1ulsion.
,�:J t,10 procoocJos or emulaion formation are of great ir.lport
unco i:. liquid extractors /3/ we anali&ed this problem in
t;1er:aoc.iyno ·,io ter.:ia.

A ther,nodyna,,1icol,. trootinont ot ciicroe,nuleion ohould ta ;e
into a<::count, bo::ildos t.10 f'inito thio;;noos ot the Doundory
loyors, curvoturo of tne 1ntertaoe.
;,,; firot 1 oon�idor tho numhar

or

dogrooo o!' i'roodo:n.

;·.ccoruin,; to tho phoso rule• tor an n-oomponent synte111 oonai" tin�
of two liquid plwaea wld tlu, erpiilil>riu.1
'1 vapour ( that 111 1 with
throo :,ounuary pboses) the nu:nbor

t • n - 3•3 + 2 • n- 4
For oonotant p1 T we hovo

or

r •

degrees ot troedo11 t is

n • 6e
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Tluu,, t...o blUk•aurf'ao• phase proooosoa with Yariotion of
an aurtaoe axtonoiva para:neter ocan occur only in a multioo,�ponant
uyotc� ln

6).

�hon tho numbor or oompononta io lean thon G

,;:1cno prooon.r,oa oro 11000,nnrily nonoqu1llbr1Wll onea.

for o,,1all

nu,.1boro or co:11ponc;nto, &lllUloifioation 111 rieourously restricted
:,1 t:1c ;,hc.so rulo duo to the purely thormodyno,nio tootorn •
.''.,.:ioo roc1trictions oru not important in tho roal oxtraotion
,;;_.-,to:::;.

,iuoanov /2/ put f'orword a .r;;onoralizod pho110 rule with

v;;riu.,.;o. o:9rooai·)no accountin:; tor aurtooe pheno:11ona and
cxtor.1al condltiona.

?or a two-phooe sy�t•� ho <lemonatratod o

;,o :; .i.::.il.i.ty for tho ourfooo lo:,or to curve, its aruo beinli constant,
0

;mci for tho aroo to ci1unc;c., ot o ox;,onoe or moos ot tho buli,
?�DGoa, t�o curvature boinJ oonotant.

or

Thua, diAporsion

phaoco

withe .uloiflcation dooo not controdict the phooe rule.
,. c•.1::-C.:.-:c layc,r of fl�itc thic'<nooo ,rn,I ita cncr•·:Y
'.i::1 t:J cict'.1orl woa ou,:ceetod by Van dor \';aalo anrl Kohnoto..:i::i
/4/.

·.'hll offectlvo t:d.o:�ncso or tf10 surface layer ia o;-,ccifio<l

'oy t:ic. ,!cviotion of tl10 loool proportien near tlu1 aurfaco
their val,10 in \;·1c b.i.lk or the phaAao

bt'':Jt

It ie 011011rnod that/the

:,,rnndury of t!io ::iud'aco lo;ror the local ond tho bulk proportloo
ore idvnt.i.col no that tllero aho1.1ld bo an aay,;iptotio .t'orrlula for
ti,o t.1io.�noos of t:10 layer.

iJoin& stotietioal illet:1ods

/5/

the

oL,;ict c:qrtJn:;lon for lo:,or t.110·,moua in thtt oaae of Van Iler

•.: .. .:u.a intor;,..:tlon was obtoinoda

wi1.:irc p • o,id

.f O

oonut ... ,.to or dio�eroion intoraotUm, and x
co ..1pr00:iiblli ty or the phooos.
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0

.a•

ore the
0
111 tho 140an i11other: . 1al

oro t:10 phoso dena1tioa,

on<l ll

�\:,r o:,oto ·10 witll stron� interaction no rieour-ouo analyaie

.•. ,:i o.c•n pcrfor,�,ud !nit, OY1dently 1 they have loyero of �r•oter
';·,Le .• �::u t:,.-11 111 the abovo ooae.
�n u�ur r

It w1,ay bo asoumod that t·,e

dotor�lnoo tho ra<liuo �r dioporaod particlos in

0
·.:,;,,.,-;rv'-' .,u.lo..i..01a1 •

. :.o ,,')ccific oncri;y or tho aurioce lo:,or identical to tho

l.:itcrfcl.:u (;.i.1·.'.'uce tenoion io roloted to tho wor;, ot dofor ution
, ' � .. " f.illowin.; u:.cpr<loniona

6w ..

-�H

b".,

t>

bA • -�N

b'1 bA
4

/or ;;. ;,o.,,o;_;oncou;; llqul<l ;,haao w11 obtain

0 •

O and

� lf • - p

-'tJ"

(PN-P,)J -z.

- ro

'f) v.

?o.· .: two-;ihQSO ayc;te� wo obtain
�(

6 -

J

o ( \'� - C\)J·-Z.

-(0

.,ow ·.10 0 1 .all <lotor,aine

f:;

W for tho ophoriool layor botwoon

t:.,, .; .i. :;_)oraion pbaoe { 1) ond the dioporsion i:1cdium {2) in the

.nli·� on..;lc W botween the conoontrio boundorioo or tae <llH'face
1. :;er of rwlii r and r {r / r ). Introduoinc; new vo1•iable
1
1
2
2
rx wo ,)htoin {r � rx � r )a
1
2
(2)
"'\ l. '
r
2
(.1
(P
c.HI
)r
\
.,.
"'
r,.
"1
'X

b -

+

[J "'(f � r

-.,,;:, .r0lr,t.i.o,1e::.ip botwoQn

:,; :-Hit�vi"l /�/&

b

o.C' -+J:�

-r_,,

x and rx ie ci•on b7 the lCondo
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'i.':1b equation yieldo tho rninir1wn or

tor a �iven v�lue

wh..i.ch wo con!lider to be identicel to r in m1oroe,.iuV.1lona
0
,:
ur1: th,., :.;trcn;t'.1 ,)r the obovo ar.:;un,ont. The prooonoe or tho
•JL° r

:;.•.:r,I\>.: unori;;y inini1;u,.1 for o �iven curvature or tllo ,nrfuce
i·; of ;; co:1orol nature on tho Kondo equation tollowa fro; the
:unua .ci: tal ::ibbo 01uotiona.

'Ellis, too t ehowa thot ;;ilcro•

cJula..i.0no oro nonodiuporso.
C0:i,.1itlono of onuilibri•.1::1 an,1 o tobili t·, for 11ioroo.rnlnion:i
.·:1u portioioo of thu oonvontlonol (L1uoro )o .1uloiona con:ii,, t
or .a J..i.,;·)orao T'haue ooro, on cnvelopini:; ourfuco layer of finite
t:,;_c<:1,.;:;:. c;nJ an o :ll.lent diA,>oraion ciodiu,m with a bounuln5
c.. ri •. c.; of no;;ative curvature.

Actually, th.ls iE'l a throo•

;:;.,i;c :;.1.1tu., wi�il aovoral :l.nterfooea of vnryin6 curvature.

:.... ca o.Nro L atoo oro <liftioult tc> oonoitlor thor.Jodyna:,lc;.;11:,.
011 t:,o o';.,or hond, t:1oir for,Jation and ntability are doter:1inod,
:1:,:,ic1, lly, l:Jy non-thor.:iotlyna:nio i'uotors so thot tller:nod.:,na .,io
t:·o:i:. :ant io noodod only whon oonaidering tna !llaoropropertioo
of :i . ;yr, t<:.n .., r ouch a <';,.;rec:etes.

·.:o 1m.;a.Je t;,o t tho particles of a hy-pori'ine o,:1ulalon oonoint
only o: a aurfoce layor aopuratina two liquid pbaaoo.

Ibis

L,yur i.:i tll\.: cll:1;icrac ph.i110 while eaoh or the liquid phaooa :nay
:..ct Go '.;:,o 11.l.oµoroioa ::iodiu.:i.
/or t:,o prooeatJea or extrootant loss aqueous phaoe ie the
Jlup0roion �odia�.
·.:i t;1oa t lo:l" of s,onerali t.y wo .:iay aaourae that particle
�ib3Ctcr for hyperfine e�ulsions is twice the radius •t tbe
tonnion surfaces
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A• r0 i• tound trom �h• prooea• of Yirtual motion of the
intortaoe we ••k• r0 to be equal to tbe thiokneaa ot the tlat
nurtaoc, lo1er at the intertaoe of two liquid ph•a•• whioh oan
be raoaoured experimentally.
'l'"aua it tollowa that thore are two poaaible :neohaniou&o

of tormotion ot on,ortine (mioro)emulaiona1

- ..100;1anioal diapor•ion ot aurtaoe layers with high ourvuture
radius• wid
- nuoluation of one liquid phaae in the bulk ot another one.
In the real extraotora tho tirat meohanias ia predomi�ant
a:., tlloir oporation inYolvea intenoive turbl.ll.ieation and die
poroion or two•pbaae ayate111a /1/•
Lot ue oonoider the oonditions of oqu.ilibri11:11 and atabilit1
for ,:1icroe 1n11lsic,no aaaumins thllt their partioloa ldiaperao
·,,,1000) oon .. iot only ot tile surtaoe layer material. In tact, in
taio way wo obtain a two-phaoe ayate� with one apherioa� intor
f:,co. lndc,ic 1 denotoa the diaporae phaao and index 2 denotea
t:,o dio,,uraion aeilillllle wr two•phase 1s t epporont11, tbermo•
Jy.,a�icallJ �etaatable (that is t stable in reopeot to the
infinitaoiuol variations ot it• •tata).
i:'or uur oyato,n the equilibriu.11 oonditiona oan not be oxpreeoed
by �uro oq11aiity or t11111poratures• prea11ure11 ond olie,lioal pota11tiala
o.i.' tiw ,,hoi:1<10 ao tho n;rsto11 i• hi;;hl1 ••11•allll1u•1J1• Tho •1111il•
ioriw1 conditions in term• ot looel Yarieblaa are oxpresoed b7
tj� r�Llowinc oquotions1
:;rod P • 0
moobonioal e11uilibriW11
i:;rad6 • 0
therraal equilibriu111 oondition lin the ebaonoe ot
non•otationar1 mo•a transfer)
0
(i • 1,2 ••• ) maoo•tranoter equ1libr1Wll tor
•
i:;rad
ji
indiYidual oomponenta
crod T • o
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.\ccordin61Y, tho tunda•.1ental tller11odyna'llo e1uationo

u0low will l>o writton down uain1t tho looal •ariables (dependine;

on x, Y u11d z).

:1ut:1rally, wo ohall to::o into uocount tho de�roos ot

fr.:i<Jc!o. ·, si; ,oc latocl with tho intertaoa area and ourvatur1i.

�'ho tollowinc is tho runda aental equaitlon valid ror ooch

or t.10 ph-onoo oon1Jidorod, for their parta and for the o:7:1to:l
... :i ,. ,:i1olo,

d U = '�d5 -

s dV z.pke
V ko

+ -�

f'

1

w11

6

•ke

6

+

10

·i"ni3 Ol'\uation yielda the equilibriWil ;,rinoiple I

.:.:.u ,uiv.idin,: t;10 o;rotom into the iclont;ioul 1:iioroho:aoe;eneouo

,!>Ort3 rrnd in�o!;ratin5 ovor their volume we obtQin

u • T:. - P (1> v1 - ., <2> v2

+

b rAr

·�
,(.

f 1in1

J.'hio relation ond the fundar.iontat equation ,Yield the

·+

clitrorantinl equation or oquilibriunu

/,rdf:r • • :ld'l + V1 dP

(ll)

+ V2dp

<z)

m

1

,'h<> p1•ohlo.:1 iu to obtain from theee equationa intor.notion

on co.. r:,o:iitlon and ot!1cr propertieo ot tho •1aperae phase which

wo as,·,u 10 to bo idontical to thtt ourrooe l•1•r•

'i':o,o tod for:.1ully, the ::i1croomuluion -.ri.o.,Y bo oonoido•od to

be :�011udioporoo.

In phyoioo.l ter,-:1u t.110 UlOona tlH,t the ourv11t..iro

of tl1c i,urfoco loyer partioloo provideo for tho �,inilJIWII ot enerisJ•
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In thio ooao tbe treatment is ai,aplit'ied el!I dr • 0 and \he
can be dropped

tur� depondont on

tro,n

the equation.

·;i:un, .wo o�toin tho Gihbn oquotiono whereb7 a real two-phane
ny.:Jto:., io rcpluccd by on o;:;roi;ate or phaeoo with • d1at1nat

in tori' .. co ot zero thio:mooo ( tho Gibbs tonoion surface).

:,owovor, wo shall toke into tho aooount oxplioit7 the

curvaturo of th11 lnterfaoo droppini:; the coudition ot preeaure
u,,,1olity in tho ;,hoeeo.

In e:>ntrcmt t<1 the Of1Uilibriu,:i conditi-,n, the aondition

or ot;.,:illitJ lo uxprcnood by t!ut inequality
ao, dU ..
h

o,

D(T,-P

-.>C',

it io uvidont t!lot d U�

(1)

vCi>

_p
V

(2 )

(2)

6f
A

ci

( i'o 1.lo,m tro-:i t.-1e theory

or

... )7

'

1

or

� U

> o,

and

0

).

•••> �

ot

o,

quadratic ror11111 ).
lo uood to deoi�nate • determinant

,'!10 :1ototion

dorivatlvo�

°b

•

X

�7

pcrlvation or c·untlono or rnicroelul:,ion equilihrinrn
J..ot uo find tl1e rolotions!1ip bot,�eon T 1

+

(•) wo writo/n�11n for tho unit m11r.o

a •

;.

• -GdT+V dp <1
1

m'

::'..l t

V1 • m

>

V2

P

(2)

1

Proooedinr.; tro'll the fundamental equation

onu t:,o mole frootiono.
od

p < 1) 1

+v2 dp
v2

a-;-

(Z)

ot

-� Xi
mi

mt

t Xi •

the dioperae 1>haoe1

4 .J'--t l where

V 1 + y2 • V

',·io obtain tor t,1e ,aaorohetero�oneoue a7stem (equilibriU.111

o, two phoaoo with net inter�oe)1
1
(1) v <1> dp <1> • s (1) dT (1) +� m/
(2)

v < 2>11p

<2 >

• a <2> 11-r

<2>

+ �

'\

111

1

>dvµ. ! 1)

< 2>4 Jp>
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intornal equ
ilibriWII or
phaaea

(.})

µ..(1)

.,/1

µ(2)

·..11

•

j.J.

,/

:.ddini; (1) 1 (2) and

for t,,e whvle oy11te,u1

<6">

1

•

(J) wo obtain the eql.li.librium •'luotion

•'o "xpro:ia t:10 ooncontrationa in r.1ole fraotiona we introduce

For

converoation

or

equilibriulll when tho otate of the

o:,,ite,. 11i vor;yin.; 'WG have the following •'luationa I

<••) uy�1>
JC�)
w:1cre ;; 1:i the Oibba potential.
1-1 do51"ooa of i'roodo:u are repreaonhd b;y the following

1nde;,c�uont vuriable,u

�uo auporaoripts 1, 2 and

rol"tionnhipa.

doaignate Yarbuo funotional

'�horo are two indepoodent aquat1ono

tor

eaoh

of t:10:·1 und tw0 or1u0tionn for the 11;yato111 aa o wholo (raapootiYely,
thore W"e oor.ipo:Jition Yariablea tor eaoh oaoe).

Let ua derive

thone oquotiona. For unit �aaa of tho eurroq, la;yar
\.
((o ) I Jdb )
,rll
f.'U
ad b' • -s(G.) dT + y
) dP • 2- Xi
d/ 1
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w:11Jro a, :; , V ond X rcpreoont moa·, valueo •• their looal
volu�n vary in ditroront pointo.

obtain two independent equational
od (o.

-:, <G>dT +

od0·

-.'..

•

CG

v < C>

>dl' +

UsinJ tho oquation (••) we

dP

-�xIG>

v <b) dP

-?xi&' >

.ff
4/ f

i

>

Lot 110 introduce the partial dcrivntivon with roopoot

X d(*)+d(*1)1

to molo froctionaa d JA- • SdT+Vdl'- �
_ i

d �

1>

d

t•

i

X d(tt>, 1 • 1,2, ••• , n-1.

-sc1·.r + VdP -

j

\iritin,:; clown theoo equationo for the phaooa 1 and 2

... ncl ouhatitutinc tho:1 into tho equation for (
< 1 > - s < t�dl' • cv <1>-v < �) dP + �
od
)

G • (s

11d

c; •

cs

.-&-,

<2>

- �'�

>>

dl' -

cv2

-

) wo obtain

<xI >-xf<t!> )d(�) C 1 > ,
1

v <G> > <2 > .

".:l1

:,i,,.ilar oq11ot.l.ons ,,1ay be obtnined tor tl10 porornotera or

the Gy1;to-:1 oc; n �hole (without ouporaoripte)a

o d r' •
o IO
a

0

c} 1>-s)dT-(V(1)_V)dP+

<16. (3

whoro o

0

•

<2>

2
-n)dl'-Cv -v)dp +

7,

s • �

, V •

,f:�
i

cx<1)-x )d(�)<1 >
i
i
x
o i

f3 cxI
!,

2
> - x )dC �x/
1

mi
n
x1 • ;--, m •

£

,
(2)
)

m1•

i • 1
,Jsin.:;ttho oooond oq,a,tiona (••) and tho total ditterenoe

triolo for � e;/

d-- xi

we obtain the relaUonah1p betwHn T,

1 ,(., and X !or tho ouulaion I
>

,
d( �)
• •
G)'•1

"lo.1

o 1

dl' +

�
.JL.:f_dP
x
� i

ll•1
+ �
k -1
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(tor the blll.k phooeo tho last torm io oboont)

odr; •

-

.. ,

('.,

dT +

v1r;:

dP + �

c::;-.

< 1 > dx.<1 >
(x1< 1 >.x1< G> .,."'ilt
�

•

and V
•
\1.Hh t;io c;i.ailar expreooione tor s
, V
12
1G"
1G
:;w,io voluoo dotorl111ne tho different lal ,nolor volume and
ontro,,.Y offcoto of tho phase formation pro oe11oee 1--2, 1-=;;, (;,
,;L1ilor o,cproooiono may b e obtaine d tor the procea1Jeo 2 __,. 1
and 2

--as.

:..at uo oxoludo !ro·, the last two equations tirat dP and
f.;!1on d'i.'1
ad":' •

• (:<1
oJ

G•

(!i 12tL>
12
•

xf1>>]

cv,

cx <2>.x < 1�
1
1.
a 12

':'hono 01uotlono r;ive the depondonoe of tho nurfooe onorgy
o� t'.,u t�s}oroturo. proonuro and phooooo�poaition, not allowin"
for t:10 intor!oco cur'toture, t:111t is, for the flat 1ntertaoea.
I11 t,10 oaao or :·1icr·J·o··,uloion wo oh all t ake in to ao0011nt the
curvoturo or tho intorfnoe.
·;)nc;i,lorat Lon or th� interf'acc ourTaturo
;,u ,�,entioncJ alJovo, to ta;to into account t,1e interface
c·1rv.i,,•1ro wo drop tho condition of equalit1 of' the phaoe proa:J11roa
i-'or ,, oy.:,tom of' liquid phaee• theoe preeaurea are oa1110\io in
n.1turo.
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i'roco11din: tro,n the oquotion (•) tor unit r.iaoa or the surtaoe

luyor and usinc th8 no�e traneformotiona aa in the flat case
wo obtain two indo'.)ondent
od{p •
-

-s 1

G

(v(
''i

1)

dT+(v

-

1 G"

equationoa

v!G">)dP <1 >.vf;°>4p<2 >

. nE

1,k•1

-

(1
( )
1
..,. G' ) 6 ( ) d ) I
- "1
1k
xk

• v�>.
( 1)

·1'hc::Jo oquationn ..:.ivo the1 reloti,mahip botwoen (;;, T,

,, 2

< ) ond co·n;1ooi tion of phaaos. $iruilnr equi:ltinna nay
,
uo dorlvud for pha,;o 1, phaae
and tor the co,;ipoeition or tho
l'

a

r1'.lrfocu la:ror.

�·;e mo.:1 plloo on to the oti1e1r v.,riabloa aooordin� to 11
relntlon wi,lch f'ollowo fro:l the Ko�do equation&
2
1
di
d.,< > +
• � 4r.
d

>•

___g__
r

r

;,oorrancine; the ouporacripta 1, 2 and

lbd excluding some

"� t,\o :lif[erontiolo wo may obtain all thi? thormodyna:nic
c-;wti-,no for th'l 01u:tlibriura of a diuporoe syoto,�.

One

or

t:1ooc cq�ut.ionn oontoine only the 1.1unoraoripts 1 and 2 1 thus,

do,,-::rlhin.:; a r:.icroe:nuloion (tli'ut imJ a oyntera whore the aurtaoa
luycr iu ono of tho two equilibrium phaaeo)I

cv12 - v <2>)dP <1 >

., .,.(1)

+

v <2 >4p < 2 >.s

12

dT + �

.. ( 1)

1,k•1

cx1< 2>.x11>
<

d
- 0.il�. "k

'l'hi:oi 1e an analo51le ot the pn•raliaad Van der Waal•
oquotion.
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�onopooified variobloo aro convenient to uoe (ouporocript
O) to Jerive the equation11 deooribin,:; the e!teot or tho inter
:.: ... oe ourvini; in the ph,me Craer,1entation on the atote or the
,l.:.fJpcreo phouo and the dioporaion mediwa in our oaoo (when one
u: the phoucs io tho uurfoce layer)a

n,o

>v ( 2 )7 dT • V
r + ,g_r (V2(o)- ::.
+ & (V(o).
12 La
12 L
r
2
312
J
1
·v,o
<2
<
g v < 2> a
tcx <2 > V j dP 1> • ..._______ dr + �
i
V
1
k
1
L.
r
•
..
12
v�o)) - � <xio )- x�1>>v < 2jsfi! >dx <� > • o
- :·.11>)( a +

r.

f

• :10 V(2) • V
:,l • V 12 a +
12 (
12)'J_)
V
r (V(2) •
(2)
o)_ ....12.. ..,<2>
2�
1/12> dr +
+?.
)] dP .
r (v(
r
2
v12
+
£ C:c (Z) • x<1> )i a + � (V(o) -v ) • �(JC(o).
i j
:i.. :�.1 ( i
r i
r
2
10
,

:.,12

fa
l

+ � [v�

o)

• 1/ 0
1

1E

_ .,.(1)
1/(2) • I/ )i e (1
)...,(1) O
) (
"1
12 j iJt UA k a

_[[ s�Lr
•

..,(o) • I/
2
10 •

�;10 v' 2 d,, <2> +
---:-:-J
"12
-<xi(o)_ .. (1)) (1)
·'1
g iJc

r.

"10 (1/(?.).v ' d.?(1)_
+ �(V(o )
12)..J}
L,"
r 2
.s12
n•1
<1 )� •
<2
2
a
�
dr • ,&
�
r
i
i
1
,.
1
s12
,,..
r

[cx >.x

1
d'L.<
·,. >1

J•0

Tho .Jain corollarioo
a) ·.;o ·1oy rind t,10 to:a:1orature dependence of tho ,�ioroor:iuloion
:,:,rticlo aizc if ito co:nposition and preet1ure over one of the

C

+ lcv<1 > • s10 v <z>
r 2
s12
�fv(o) • V
+ r
1C •
l2
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�1000 exproonions care B�jplitied

tor

tho limitins ooooa

of a.,a'.l onJ lor.:;o radii of tho diB,)orne phase.

At o�all radii

t:i.; -!arivutlvoo turn to zoro dormn:]trotin� t:,o 111ut110l
co111.in:10tlon of tho erreota or to,:rporoture entl 0O:1poeition.
,.t lar:;o radii t:1O al::;no

ot

the derivatives aro detor.Jinod

or by the oicn of the 111olar
t:ic oi�n or o,<oeoo entro:,y s
12
.; �ficrcntial hoat or tho phaoo transition
H12 • '1'512•
\·10 obtaln
� 0

for H

12

�

o.

i'ho ofi'oct or to:1riorature on mioroem11loion at11hilit7 ia
of t,10 o,>1>0.ait11 cliornotor in two coeexiatint;; ..,aoO!)htioea.

A

,�i.1ilar tr11ut.1ont for 11 liqait1-va1>our oy,-,to-n io ,;ivcn in /2/.
b)

:::1., oi,.,ilor <.lorlvottvco with roopeot to proa,,11roo (for

con:; :;,mt to.:,pora turo) ,Jo pond on the bulld.n� or rec t V
L,.·.:;u r) •
."01· a ,al!. r t'w ni.,_-;:i

or

12

( for

tho dorivotiveo ia ,.letor:Qined b:,

t·,o r'-ltio hot-.,oon t,10 v-:>lu.10 or the diuporoion medi11,:1 artd

tho

·, 11, .o or t.10 whoi.u CTJ:;to,;11
cir

.

d·, C1 )
<lr
dp
c)

(2)

)

)

T

T

)L- 0

>

for

v < 0>

�

v <2 >

0

.·:,,. cr11.u1tionr.i uoriYed yield, altto, tho inoquolltios noo-

c.·lb i.n; t:ic re latlonohip bct1,,·o,:,n tho O011pooition on<.l the oize
,,

t. ,

.-:le roe 111ln.l.on portiolea •

·"['be follow in __ r ,lo r:1oy be

i;la�.:.; 1 11 t:,., •l l: :,<1ruo phase hau a hi�hor 0011centratlon of •
ccrti, i.n co :.;ioncn t ( ro l<,ti ve to the (;ro1111 oo::i;iooi tion), inuroanin_,;
,,,>:1, ·,trntL,:1 of tllio CO'.'lponont ciYoa rioo to deoreanin_; ru.ae
u: t.�

,.l.oroe ,ulr.iion pnrtioloQ, the temporatu•• and prese11re

hoin ... c;-1n·;to:ite
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In othor words, inoreaein� ooncentration of thie oomponant
promotoa diopereion of the aur,taoe layera and tomatioa ot
�1icroam1laione.
;:;o it ,:iay be oaid that thie o011ponent pl.ya the part ot •
ourfoJe-active substance.

Qualitat1Tel7 1 tbia followa from

Gihon conception or adsorption.
C·):iC,,.f }IO;::;

.'ho booio thor;:1o<lyna,:iio equations wore uood to oonoi<'lor
c. ,ulc.i.ficotion at extraction.

It is ahown thot the conception

of nurfoca layoro or finite thic'.uteaa, accountin,; tor their
curv.iturct, per.uito ther111odynamio epproaoh to bo uood

to

01111lyco tho tor.natio11 and otability of e:nu1alone in mu1t1o.>.. :po,iont ,::ynte,ao without rooourae to tile concept of adsorption.
�'ho qualitatiTa roaulta obtained are equi'talont to tho concep
tion of adsorption of the ourface-aotiTe oor:iponent.11 at the
inter!oooo.
:ho dirterentlal equatlono obtained deocrilte rizourouoly
c .ul.�l:in ocpilibri·m and oonditiono of emuloion at.ah11ity, lilnd
i.ndic.,t., tile prooonce ot the uniYersal 111eo!u1nisrn or h;yperfine
e ·,uto �011 f,Jr•ution in tho extraction 111ysto::ia.

In tha:,e ny,.,te::ia

t:w w.1oant or tho dlnperoe pha.sa 11!1 direotl7 proportional t•>
tL.o anu intonoity

ot

dinperoion.

It ie chow� thBt the micro•

Q ,ulsione are hl�hly monodiaperee and data are obtained on the
latluunce

ot

various taotora on the particle eise.
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A QUEUE MODEL TO DESCRIBE SEPARATION OF LIQUID DL3.PERSIJ"1S
IN VERTICAL SETTLZRS

M.S. Doulah, G.A. Davies

Department of Chemical Engineering, University of �anchester
::;Ui,friARY

A statistical model is presented to describe the continuous

steady state separation of droplet dispersion bands 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.
IN1'RODUCTION

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 depends on
1

the size of droplets entering the settler •

2

The capacity of

a unit is determined by the separation in the dispersion band,

if this is less than the incomin� flow then the settler rapidly
floods.
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Similar conditions are experienced in all liquid extractors when

the dispersiorr generated in the contact zone has finally to be

separated at the phase boundary between the liquids.

It is of

interest therefore to be able to predict the performance of
settlers.

Surprisin3 little data are available for t�is. Design

mctnods are based on a required residence in the settler.
�ay vary from seconds up to 60 minutes

3

This

without clear definitions

of how to calculate the appropriate value in a particular system.
The residence time will determine the settler volume, the other
para�eter settler area is frequently computed from the specific

settlinc rate, � , (the settling rate per unit area),

3

2

3

2

Again this

hr. � varies
with system physical properties and the drou size or interfacial

may vary from less than

1 m /m

hr to 10 m /m

area per unit volume of the dispersion.

At the present tine

little data is available from which either � or the residence

time can be determined without recourse to pilot scale experiments.
In this paper the problem of coalescence and phase separation

in a dispersion band in a vertical settler is exa�ined and a

statistical model proposed to simulate coalescence behaviour.
Description of the Separation Process
Under steady state conditions droplets continually arrive

at the phase bo�ndary and form a close packed array termed the

dispersion band, fisure 1.

In this band droplets coalesce tocether

and hence increase in diameter whilst at the phase boundary

droplets coalesce with the bulk fluid to finally leave the dispersion
zone.

At steady conditions the rate at which material enters

the disoersion band must balance the volumetric coalescence rate
at the phase boundary.

Within the dispersion band countercurrent

flow of the continuous phase liquid takes place as this drains
back to the bulk continuous phase.

In this pacer we propose to

consider these conditions at steady state.
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The process of coalescence of drons at an interface and

formation of disnersion bands of drops in spray columns and

zravity settlers may be considered analogues to a queue operation.

Arriving units (in this case dronlets) accwnulate to form a

queue and are subsequently 'serviced' and leave the queue by

coalescence,

In thi ca�e of dispersion bands the hold time for

a certain droplet may be either the time between arrivin1 and

drop-drop coalescence or drop-interface coalescence at the phase
boundary.

In the latter case this results in removal of dispersed

phase from the band,

Drop-dron coalescence results in a net

reduction of the number of drops, for binary coalescence the

reduction is one drop, but the volume of dispersed phase in the
band remains unchanged.

Whilst the coalescence time of a single

drop depends on the systeLl physical properties and size of drop

there is no one unique coalescence tlme but a distribution is
always observed.
:1odel

Witi this analogy with a queue operation the rravity senara

tion of a dispersion may be exnressed.

Consider the close packed

dispersion band formed in a iravity settler maee up of a series

of droplet queues.

Several modes for distribution of droplets

enterin� tue dis�ersion 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 systems and if the

avera,:;e droo arrival rate into the dispersion band is J\_ (drops/

sec) then if there are m queues the arrival rate into eacn queue

or channel will be A..

( Other possibilities could be considered;

for example that droilets rearrange at the inlet to the bed to

settle and form the shortest queue and that rearrangement between

queues tak�s place,

Clearly in practice the situation is complex).

With the simplifications suzgested the process can be reduced to
that of examining the behaviour of a single queue with the view
to predicting the steady state queue lencth and therefore the

deptn of the dispersion band.
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Let the probability of there being n droplets in the queue

qt time t be P (t). The change in P will be caused by new
n
n
arrivals, by coalescence into the bulk phase at the interface
and by interdron 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 queue or whether coalescence takes place between

drops in adjacent queues.
latter case in formal

It is not possible to consider the

analysis of the resulting birth-death

equations to describe queue behaviour although the possibility

can be incor9orated in numerical simulation.

In a gravity settler

the distribution of droplets across the section of the vessel

ahead of the dispersion band will not usually be constant at a

particular instant.

Furthermore althoug,1 one can define an

average drop arrival,rate,..A.., the freouency of droplets crossj.ng

a given plane in the flooulating region will not be constant.

Thus the frequency of arrival into each channel will vary and

will be reprei;ented by a Poisson distribution such that the

probability density p(t) is
p( t) = i',

where

.,.

=

(1 )

...A
m

If the service time of coalescence time is represented by

an exponential distribution function such that the probability

density taat coalescence of a droplet at the interface is completed
in time t, i.e. rate of coalescence, is
C. (t) =
l.

e e-

Bt

(2)

where 0 is the me�n coalescence time at the interface and by
analocy for interdroplet coalescence the probability density,
C (t), is
d

then the birth-death equation for the process relating the prob

ability of finding n droplets in the queue, P ' may be simplified
n

to:-
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,,ith n

l

2

If the frobability P is \nde,:,endent of time leadinz; to a
n
statistically steady state then

The solution to the simultaneous algebr ic equation contained in
(5) is then
p
n

--2,.__ n
p
)
0
e +r
n-2
R (j +2)

a
n

where a

TT

n

j-o

and R (n)

CG)

"

( 0 -Y)
+

n

(7)

�here R is the loadinz; factor
In the absence of interdron coalescence e�uation (4) gives

p
n

P

0

(1 - R)

(8)

The expected number of drops in the system at steady state, L,

is then

n P

n=1

n

R
1-R

(9)

R � 1

The enuilibrium state orohabilities rriven in equations (6)

and (3) and the expected queue length are valid only when the

system has been operatin3 for an infinite 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.

However an alternative procedure can be adopted using

a simulation based on a �ontc Carlo method.

This is used in the

present paper and results of the simulation will be compared with
experimental data obtained in a vertical settler.
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Consider a vertical section through the dispersion band

makin: up a queue in which droplets enter sinsly one at a time.
If V is the volume flow mf dispersed per unit cross section
0
enterinc the dis7ersion band then the avera�e number of drops
enterins the cSettler per unit time, N , is
0
0

where

0

1

1) /

b

d 3

( 10)

0

is the surface packing efficiency of drops at the �nlet

of mean diameter d .

1
:i·

03

n.d.

l.

d0

( 11 )

n.

0

The averaGe time between enterin; drops, T, is
T

-N



( 12)

o

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 equal to the area of a circle havinc diameter d

plus
H
a free area around the drop related to the area packing efficiency
. Thus the interface may be divided into equal
H
The asse�bly of drops above each unit then com�rises the

at this point,

units.

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 drop-interface and drop-drop coalescence during
the time interval T.

coalescence frequency.

'ro do this infor1nation is required on

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 (4) have

presented data on this and equations of the form
1n <

LJ
N

-

C

t

( �) C

2

( 13)

have been found to fit the data for coalescence time distrlbutions
for a particular system.

l\

is the number of drops in the popula

tion with a meqn coalescence time O and N is the number of drops

coalesced in time t .
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Lquation (13) is the probability density function of the coales

cence time t .
c

This was used in the simulation and t

culated by the rejection technique for samplinG

(5)

_

C

was cal-

It is necessary in computing data for different physical
This has been

systems to have some method of calculatin5 Q.

found to depend on the physical properties of the system, notably
phase densities and viscosities and interfacial tension.

A

( G)

was
correlation for g proposed by Davies, Jeffreys and Smith
n
used in the present work to cal ulate Q, thus:
d� t, g
d
-1. 14
�d
1'
3
g = 6.20 X 10
( 14 )
6

Equation 14 was used to calculate g for a given system and this
m
value was then used in equation (13) to estimate the coalescence
frequency at the interface in the t�me interval Tin the simula

tion.

Interdrop coalescence must next be considered since drops

can leave the queue by this process.

Furthermore 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 available 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 si.r.lultaneous 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 queue and in particular on the mean drop at the phase boundary,
since this has direct influence on Q, can be assessed.

Thus the

mean drop size after M coalescence events, d can be related to
m
the mean drop size of entering drops d0
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(M d 3+ (n 0 - 2M) d 0 ) }
m
ti - M

( 15)

Similarly after M + 1 coalescence events
+ (n
d3
0
m+1
n

m+1

0

- l1 -M-

dm

2)

( 16)

For binary coalescence of two equal sized drops

Equation (16) represents a difference equation ind.
it can be shown that (16) reduced to

d m+1 - <lm

[( 1 - n -M
o

Rearranging

( 17)

Expanding the ri;sh t hand side and neglec tine; powers greater than
1 gives:-

4 d

m

Definin;�

d

C

11

n

0

m

3n7'1-\ll)
0

where LI.M

1
3n

( 1 _!1/n )
0

and

du>

dH

]

( 18)

0

AM

( 19)

1

This difference equation may be reduced to a differential equation.
Thus Lim

AM -1> 0

(20)

This may be integrated over the queue since d = d at�= o,
o
m
the inlet, and d = d at..., = '.J, the phase boundary. This gives
m
H

3
ci H - d o 3

(21 )
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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 d :.spersion since g = J (h ).
H
Thus at steady state
V

(22)

0

g can be calculated usin0 equation (14)which sives for a particular
physical system:(23)

This equation can be used for obtainini inforc�tion on the extent

of interdrop coclescence in a particular system from exnerimental

data on steady state settling.
Smith and Davies (

B)

,

Such data has been published by

Using this data forw can be cenerqted,

Itwas found that values forw obtained could be represented by

Weibull distribution function thus
H

w = 1 - exp ( - ( /do)Jl /6)

(24)

The simulation procedure used to model steady state settling

can now be described,

The simulation time, Twas set,

zero simulationwas commenced,

At time

After time T the probabilit · of

coalescence at the interfacewas determined by selecting tc
(by random selection) and substitutin� into the probability density
function equation (13),

The simulation time was then advanced

by a further increment T duringwhich time a drop arrives and
joins the queue,

The queue len�ti or dispersion band depth is

tien calculated the chan�e in mean drop size at the interface taking
0lace as a result of interdrop coalescence during this time period •

This up dated value of d is then used to calculate g and then
H
the probability of coalescence at the phase boundary as before,
This ?rocedure was repeated and the queue allowed to develop.

'l'he simulation was continued for 400 to 600 seconds real time by

which time a 'steady state' value for queue lencth had normally
been achieved.

The value of the queue lengthwas recorded at

20 second intervals after the start of the simulation,
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Results and Discussion
The auparatus used and experimental data has been published

in an earli�� paper (?) .

In this, data for steady state operation

of a vertical settler is recorded and the variation of dispersion

band bed depth 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 d

the depth of the dispersion band increased.

that H varied exponentially with flowrate

V

decreased
0
It was further shown

(H

= A e

BV
),

a result

which has subsequently been confirmed by other workers (2,8).

�ecause of the variation of H with d it was convenient to
0
represent data by combining these to give a dimensionless eroup
H

( /d0). In comparil"l";the data from the present model with the
ex?erimental results the steady state queue length computed (rep

resenting H) was divided by d0•

The operating conditions analysed in the present work

covered a range of flowrates from 3. 6 to 45 M3/IlHR, inlet mean

drop diameters over the range 2mm to 6.5mm for five liquid
liquid systems. The discussion on the choice of systems may be
found in reference (7).

The results obtained are compared with experimental data

in fi0ure 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 = x.

obtained.

As is evident some scatter is

The line on the graph was obtained by a linear reg

ression analysis on the data.

The equation for regression of y,

tl1e values predicted fro:n 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 syste�s.

The majority of data predicted from

this queue rnodel is however consistently greater than the

experimental data.

Possible reasons for this may include the

method employed to account for interdrop coalescence, interactions

between adj�cent droplets in the vicinity of a coalescence event
bot:1 within the dispersions and in tiie phase boundary a:id the
simplified structure assumed for the arran5e�ent of droplets

within the dis�ersion band. Considerinc these there is clearly

a need to provide more infor��tion on interdrop coalescence within

a disnersion,

If data were available in the form of a probability

density function and mean coalescence times then this could
readily be included in an analysis.

Wit�out such infor��tion

both statistical and determlnistic models which may be formulated

for this process will have to include some simplifyin� assumDtions,

7he difficulty lies in the measure�ent techniques.

A non

disturbing technique is required to obtain infor.Jation wit�in

the dispersion away from solid surfaces.

This is necessary since

wall effects can com9letely obscure the measurements (g) • Recently
a techninue using iso-optic systems has been developed

( 10)

from

which this data can be obtained and more work is vein: carried
out,

Some workers have suc3ested that interdroplet coalescence

is of minor significance in dispersion separation and th�t drop
interface coalescence is the controllin� mechanism (11 •

12

).

More

recent experimental work in laboratory and pilot plartt equipment
S
has refuted this (? , ). In the present �1odel results 11ere computed
for th_ case when only dro�-interface coalescence took place.

Results were obtained from the analytical solution, enuations 3
and 9 and by numerical simulation.

In both cases the nredicted

results for all five liquid syste�s considered were rnuca greater
( factors

of between 1.5 to 4 times) than the experimental values.

'i'he ot.,er ·;iroble,ns mentioned may also be investir;ated by

u�inJ the sa�e technioues.

In t�e �odel presented here it has

been assumed that the system can be reduced to essentially indep
endent uarallel queues.

Information gained in earlier work on

signal layers of drous (i.e. H d ) indi�ated that interaction
0
6
effedts are evident ( l. IP these are significant within dispersion
bands then the overall effect would be to effectively reduce

the queue len�th.

Again further work may elucidate this,
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1fotwithstanding these points reasonable agreement between

experiment and the model was obtained.
bed depth H may vary by 1U%.

The experimental data for

The predictions of t�is statistical

model are as good as those of deterministic :aodels published
earlier (i3) and whe� more data is available further improvements
may be possible.

Fic,1.

Diagram of dispersion band in a continuous gravity settler

Fig,2.

Comparison of simulated results from model with exneriment
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constant,cquation (13)

C

c

1

constant, ecuation (23)

C (t) rate of drop-drop coalescence
d

C (t) rate of drop interface coalescence
i

dro9let dia,ueter, ::;auter mean dia,ueter

d

cravitational constant

g
H

dept� of dis9ursion band

N

number of interdroulet coalescence events

:'1
0

number of drops entering settler per unit time

ex�ected number of drops in queue

L

m

N
N

number

of queues or number of interdrop coLllescence events

nu1i1ber of drops coc.lesced in tirae t

nu.�nber of drops in sample population

number of droplets

n

probability

p
p( t)

probaoility density function

lowding factor, equation (7)

R

·r

simulation time

coalescence time

volu.netric flo·.,1 rate per unit aross section area

V

experimental value, H/d

X

y

A
s

0

siillulated value, H/d
0
predicted value from regression analysis
drop arrival rate

&

constant equation (24)

�

drop arrival rate into queue

�

d

constant equation (24)
mean drop-drop coalescence time
settling rate per unit area
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Q

1

'f\

mean drop-interface coalescence time
surface packin;s efficiency

6

interfacial tension

_µ.
�

extent or deGree of interdro9 coalescence, equation (21)

p

density

viscosity

Subscripts
o

H

d

conditions at the inlet of the dispersion bed

conditions at the outlet of the dispersion bed
dispersed phase
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CONTINUOUS GRAVITY SETTLER .
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CONPARATIVE STUDY OF INDUSTRIAL COALESCING

PACKINGS PERFORMANCES IN PETROLEUM INDUSTRY

J.P. EUZEN,

H.J. GUTTIERREZ

J. RIPOCHE,

Aillll!RACT
The removal of free water from jet fuel and diesel fuel
oil by coalescence has been studied both on laboratory scale
and in an on-line pilot plant. The moat efficient packing

materials and optimal operating conditions have been selected.
During the laboratory work screening tests on varioue

materials have been operated. Thereafter, the beat of them
hue been used in a more systematic research on the influence
of bed thicK.nesa 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 moat effective
systems were made up by thin fi-er glasswool followed by a
packing of coarse polyester felt.

°
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In petroleum refining, straight-run products such as
kerozene and diesel fuel oil contain water in two fashions:
dissolved water and free water in very s,nall (3 to 20 µ)

droplets. The whole water content is about 1000 p.p.m.,
the dissolved water concentration being only of 100 to 200

p.p.m., according to the 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 parameters 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.
�XPJ,;R.IMBN'rAL SECTION
According to the conclusions of the literature
LABORATORY
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.
552

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 a:,paratus (seefig.1) co11sisted essentially
on an emulsion generator and of the test coalescer. The
emulsion "water in gasoil 11 was produced in a loop-line coraposed

by a centrifugal pump and a small tank.

Dro1ilets of about

5 µ of 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 sump. Input and output water concentrations
were measured by the Karl-Fisher method. For small concentra
tions, a capacitance hygrometer was used. 'rhe visual aspect
of the suspension was also evaluated by the experimenter.
The superficial velocity studied ranged fro:n Oto 1.75 cm/s.

In table 1, the performances of various packings are
shown, classified in four sections, according to their visual

aspects. So coalescence can be Tmtal (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 purposes, one has to consider two important
response varivbles :
- the pressure drop in the coalescer4P,
- 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:
0 86
P = k X (L x V) • •

where :
pressure drop in packing (g/cm2 ),
1JJ.>
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,

found:

So we

43 for chlorinated fiber,
66 for polyester felt,
480 for fiber glass.

Concernlng the residual free water content, R, two quite
different behaviours could be observed, according to the
values of the superficial velocity:
- for small 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
-0
by R = 30 • 10 ,031;
for higher velocities {above about 0, 2 era/a, R varies with
both thickness and velocity, according to the relation
R = 2 38 V/L (for chlorinated fibers),

Starting from the required values of the response variables,

- AP (obtained from esonomical 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 strai1htforward.
The procedure is shown in the nom�graph of fig.4.
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The fibe� glass packing had been shown to give interesting
results during the laboratory tests, but more complex beds

made by associ�ting more loose materials to the already studied
packines were much more efficient. This kind of association
has therefore been used during the endurance test in an
industrial environment.
INDUSTRIAL CONDITIONS
'rhe experirnental apparatus (fig. 5) consisted of a pump
to assure a steady flow, a rotometer, a filter (magnetic
+ 10,ltcartridge) and a coalescer. The main part was a

co11w1ercial coalescer modifed to receive layers of coalescing
materials. Special perforated trays were used to prevent t!E
layers from collapsing. Input and output lines were connected
to the sS!l!e stream of gasoil.

The superficial velocity

could be cnosen between O and 2 cm/s.

Some preliminary runs were carried out in order to fix
the most convenient values for the parameters. We decided to
perform all the runs with the same velocity of 0. 3 cm/a,
corresponding to a liquid flow of 0.5 m3/h.
The analysis of the total water content in the input and
output flow gave the every day performances of the a�paratus.
'rhe run was continued until the output water concentration
showed a sharp increase (exa�ple 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 beeb performed until today and interesting
results have been observed. In a first step, we tried beds
containing only one material; the association of materials
were tested later on. Results are summarized in table 2 and
fi;ure 5� The tests of endurance took a lot of time, but their

results with beds of associated �aterials were very encouraging.
For instance, a pac'.dng made of fibreglass followed by some

polester felt layers, gave performances equivalent to coalescing
cartridges desiened for our urunodified com,nercial a-iparatus,

but the home made packing was che�per than cartridges.
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We can also note that a decrease of efficiency corresponds
to an increase of the pressure drop in the packing. The

warping of fibrous material is the main problem we shall try
to solve in the near future.
:;ONCLUSION
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 of different materials proved to be
frequently the most attradtive solution for this kind of

problems ; e.g. the couplins- 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

MATERIALS
Polypropylene

(felt)

Polyester
(felt n ° 1)
(felt n ° 2)
(woven)
Chlorinated fibers

Polytetrafluorethylene
(wool 50 µ)

NUMBER
OF
LAYERS

THICKNESS
(mm)

10
25
15
70
5
10
15
15
25

Fiber glass

(woven)
(roving)

Fiber glass

(felt)

(0 3.5 µ)
(0 1.5 µ)

(0 1.5 µ)
(0 1.5 µ)

0.25

0.5

1

1. 5

115
310

G

B
T

G

G

30
5
0,5

T
B
G

G

p

B

B

B

B

20
35
15

G
T
B
T

p

5
35

B

T

p

9

14

0.5
145

Steel
(woven 5 µ)
(knitted 250 µ)

EFFICIENCY FOR A VELOCITY OF
(cm/s)

B
T
B

B
B
G
B

B
B
p

B
B

p

B

B

B

B

B
B

B

B

G

B
B
B

B
B

B
B

B

16
17
10
16
5
15

35
35

G
T

32
5
13

G

B
B

G
B
B

15
5
10
15

33
35
20
5

T
T
T
T

T
G
T
G

T

B

T
B

B

B

B

B

T

G

G

T

G

B

T

T

G

G

21

G

G

ASSOCIATION OF MATERIALS
Compound fiber glass
+ metal
(knitted)
Fiber glass

(felt)
( 3. 5 µ)
(1.5 µ)
Fiber glass (3. 5 µ)
+ polyester

Fiber glass (3. 5 µ)
+ polyester
+ metal (knitted)
Total (T), Good (G),

20
5
5

15
1

10
2

30
10
15

Partial (P)'

Bad (B).
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TABLE 2

Polypropylene felt
23 layers

Fiber glass

20 layers
40 layers

4 P.V.C. felt

+ 20 fiber glass
20 fiber glass +

10 polyesther felt

TOTAL
TREATED
VOLUME
(m3)

ON
STREAM
DAYS

AVERAGE
PRESSURE
DROP IN
PACKING
(bars)

AVERAGE
FLOWRATE
(m 3 /h)

154

17

0.1

0.4

0.25

0.5

0.2

0.55

0.4

0.47

100.8

7

127

12

137
40

458
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ABSTRACT
The design and operating characteristics of settlers
associated with large scale hydrometallurgical solvent
extraction plant are reviewed and problems of scale and
solvent inventory discussed.
Major improvements on
simple gravity settlers are shown to be possible by the
These are
use of recently developed coalescer aids.
The advantages
described and pilot plant data presented.
in capital costs gained by such improved designs are
reviewed.
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INTRODUCTION
The development of solvent extraction processes over recent
years has led to their use on an increasing scale in metal
extraction plants. In recent applications for copper and
uranium recovery, for instance, total flow rates have been
of the order of several thousands of litres per minute,
Large scale operation brings with it problems which are not
always evident in smaller scale plant and some of these problems
will be highlighted in the present paper.
Mixer-settlers are almost universally used for metallurgical
extraction processes and this paper will review factors
important in the design of large scale mixer-settler systems
with particular reference to the design of settlers. Some
improvements in the design of settlers have been made
recently by the use of coalescer aids and these will be
described.
Laboratory work using these coalescer aids will
be presented and,finally,the costs of systems incorporating
these aids will be compared with the costs of conventional
systems.
The liquid-liquid system chosen for the experimental work
was the extraction of copper from aqueous solutions by Lix
64N * dissolved in Napoleum 470.

* Trade mark for a General Mills solvent
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Economic Factors in the Design of Mixer-Settlers
In order to arrive at the most economic design of a mixer
settler system for a given application, it is necessary to
consider all the factors which affect the capital and
operating costs of the system.
Factors having a significant effect on the capital costs
are
a)
b)
c)
d)
e)
f)
g)

the number of stages
the mixer volume per stage
settler area required
solvent inventory
solvent recovery system
construction costs and
ancillary equipment such as pumps, pipework,instrumentation, etc.

Operating costs are made up of
a)
b)
c)
d)

solvent loss - make-up costs
acid loss
power costs, mixing and pumping
operating labour costs

In addition, the economics of the process are greatly affected by
the extraction efficiency achieved which determines the value of
unextracted metal in the raffinate.
Most of the variables which affect both capital and operating
costs of a plant rely upon relationships between the degree of
mixing to which the phases are subjected , the extent of mass
transfer which occurs and the subsequent degree and rate of phase
separation which can be achieved.
Mixing
Some consideration has been made of design of mixer systems for
these large throughput plants (1).
A pu�p-mix system which
eliminates the need for interstage pumps has been successfully
scaled-up to give stream throughputs of 28 �/min of mixed phase.
Having selected a mixing system, capital and operating costs
dependent on the mixer are fixed.
Factors affecting mixing
will not be considered further in this paper.
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Settling
In addition to the physical properties of the system, the main
factors which influence settling are the phase continuity, the
droplet size distribution produced in the mixer, the flow
conditions and the interface control in the settler. In the
settler, complete phase disengagement must be achieved if
extraction efficiency is to be maximised. Entrainment between
stages means loss of efficiency and entrainment in the outlet
streams results in the loss of either solvent or acid which
directly affects operating costs. In addition, the presence
in product streams of entrained droplets of the opposite phase
can have chemical side effects on subsequent process stages.
For example, the entrainment of organic phase in the aqueous
stripping solution in copper extraction can lead to contamination
of the cathode copper produced by electrolysis from that solution.
This phenomenon is known as "organic burn". (2).
The type of
dispersion formed during mixing, either organic in aqueous (o/w)
or aqueous in organic (w/o) is of great importance since coalescence
and separation rates are not the same for each ,;ystem.
Other
factors being equal, it would be desirable to operate a system
such that the dispersion resulting in the highest possible
separation rate was formed in the mixer. This is largely
determined by the phase ratio and degree of mixing. However,
choice of a single optimum operating condition is not always
possible since in most systems a significant ambivalence range
exists (ie a range of phase ratios within which either o/w or w/o
dispersions can be formed).
Thus the settler must be designed
for the worst operating conditions, ie to handle the most stable
dispersion.
In addition, the settlers must be designed for the
lowest seasonal temperature since settling rates usually decrease
with temperature (3).
To illustrate the effect of phase
continuity on settler performance, Fig 1. shows how, in copper
extraction, the dispersion band thicknesses in the extraction
settlers are substantially greater when the mixer is operating
with an organic continuous dispersion than they are when the
organic is dispersed. Mixer impeller speed is also :l:a portant
in directly affecting the settler performance. Whilst increasing
impeller speed can improve extraction efficiency, the loading
on the settler increases (with increasing interfacial area in the
dispersion).
This can also be seen in Figure 1 where the
dispersion band thickness in a settler increases with increasing
impeller speed.
The phase continuity of the dispersion and the impeller speed both
influence the degree of entrainment in the streams discharging
from a settler.
Providing the settler is correctly designed and
operated such that the primary dispersion is separated, entrainment
is entirely of the very small droplets (diameters< 10-30/m)
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constituting the secondary dispersion.
Since secondary dispersions
can be produced during both mixing and coalescence of primary
dispersions it is not surprising that phase continuity and mixer
speed influence entrainment.
Results of entrainment from a
gravity settler are shown in Figure 2.
With a w/o dispersion
aqueous entrainment is significantly higher and covers a broad
range which increases with impeller speed (illustrated as tip
speed).
The organic entrainment produced during coalescence
If the dispersion inverts to
in the settler is much lower.
become a o/w dispersion in the mixer, high organic entrainments
are experienced. Thus it is common practice to run a mixer
settler organic continuous if the organic entrainment is to be
kept low. This is utilised in the last extraction stage and in
the first stripping stage to minimise solvent loss and organic
carryover to the electrowinning cells.
Gravity Settlers
In designing gravity settlers, the factors discussed above are
all important. For the development of designs of an extraction
plant for the treatment of copper leach liquor� studies on bench
scale equipment (caijacities up to 5.0 x 10-4 M /min) and pilot
scale (1.9 x 10-l M'/min) were carried out in order to p�ovide
information for the scale up to a full scale plant (28 M'/min).
In common withother de ign procedures, a specific settling rate
1 2
ie gal/ft2 min or 11/M
hr was determined from experimental work
and this was used, in conjunction with constraints on the mean
horizontal velocity of the bulk phases through the settler to
establish the overall size of the settlers required for a particular
throughput. As mentioned above, mixing conditions, phase
continuity, entrainment levels and permissible limits were all
considered in the experimental work carried out to determine
specific settling rates. Also, the effects of crud and particulate
matter, especially calcium sulphate which is often present in
leach liquors were studied. The results of scale-up are
illustrated in Figure 3 which shows mixer and settler sizes and
configurations up to production plant scale.
The development
work has been borne out in practice and the plant capacity has
been realised. However certain factors arise in such high
throughput solvent extraction plants which hitherto have not
perhaps appeared to be significant. For a total throughput of
28 M3 /min, the settlers required are 3 6.6M long and 12. 2 M wide.
Fabrication costs in themselves are significant but the solvent
inventory of the settler also represents a considerable capital
investment. By the reduction of settler area, benefits accrue
not only from capital saving but also from the fact that vapour
losses and fire hazards are diminished.
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Assisted Settling
Methods of increasing coalescence and phase separation have been
developed from time to time and these vary from tilted plate
separators and simple baffles to random or regular packings.
Some significant increases in separation rates can be achieved
using these techniques.
For example, gravity settlers normally
3
operate in the range of 3 -5 l!!/M2 hr (flowrate per unit settling
area).
This can be increased to 15-20 �/M 2 hr using random
or regular packing as a coalescer aid.
Therefore the potential
to reduce settler sizes and solvent inventory exists. That this
has not been applied in practice is due to a number of reasons.
It has been shown that the e�fectiveness of these types of
coalescer aids depends upon their preferential wetting by the
dispersed phase (3 ,4). If the type of dispersion is constant
this does not present a problem, but, when phase inversion takes
place, the preferred conditions cannot be maintained and the
performance of the coalescer decreases.
If conventional packings
were used in operating plant, settlers designed for a specific
phase continuity would flood if phase inversion took place. This
is a major disadvantage in their use particularly if the process
is operated within the ambivalence range.
The other problem
related to the use of packings is the effect of crud and particulate
matter which is present in most industrial systems. Both could
affect coalescence efficiency and cause blockage in the packing.
The consequentneed for periodic removal, cleaning and replacement
of the ooalescer aids must therefore be considered. This adds to
the operating costs of the process and reduces both the overall
plant availability and �eliability.
New Packing Materials
Recently, improvements in the design of coalescer aids have been
made which make them sufficiently attractive to consider their
use in industrial solvent extraction processes. The inherent
difficulty of being effective for one specific type of dispersion
has been overcome whilst at the same time, the capacity has been
increased such that loadings up to 50-60 M3 /M2 hour can be achieved.
Their operation depends on the use of two dissimilar materials,
usually a high surface free energy material, eg metal or glass
fibre together with a low surface free energy material, eg.
polymeric materials such as polypropylene, PTFE etc (5). At the
junction between these surfaces, it has been shown that enhanced
droplet coalescence can take place and, as stated, if this
concept is used in packings, coalescence of both w/o and o/w dispersbns
can be achieved (6).
Development of packings using this concept
has resulted in their application in extraction processes in the
petrochemical field, particularly for the reduction of entrainment
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from counter current extractors (eg RDC),
However, their
potential in large scale operations, particularly in
reducing solvent inventory and settler size, is perhaps more
important,
Before examining the effects on plant size and
economics some results for the copper•LIX system will be
presented,
Experimental Work
It has been established that when regular packings are used
higher throughputs can be achieved. To utilise the "junction"
effect in regular packing, a knitted mesh packing made of
dissimilar materials, KnitMesh, was chosen for examination.
Results confirmed the increase in capacity but indicated that
the horizontal velocity of the dispersion entering the coalescer
was important and that it should be greater than that normally
used in a gravity settler.
Therefore a completely redesigned
settler was reqt i.red to house the KnitMesh coalescer.
A small experimental mixer-settler unit, shown in Figure 4
was used.
Mixing and settling experiments were conducted
using an acidified aqueous phase of pH 2 and containing 100 ppm
copper, and an organic solution of 18% LIX 64N in Napoleum 470,
°
In the first part
the two phases being equilibriated at 21 c.
of the work, measurements were made of the pressure drop across
and the entrainment from the settler fitted with a KnitMesh DC
coalescer type 9201 consisting of 30 swg stainless steel'wire
and polypropylene filament of diameter 0.013 cm.
These
functions were measured for a range of flowrates, coalescer
thicknesses and positions of the coalescer relative to the
inlet to the settler.
The impeller speed was maintained
constant throughout the work at 400 rpm.
For the impeller used
the dispersion mean drop size produced was of the order of 0 •. 2 mm.
The drop size or inter-facial area per cent volume of the dispersion
influences the performance of the coalescer but to a lesser
degree than in a gravity settler.
Experimental Results
The proposal that this form of coalescer can successfully handle
both o/w and w/o dispersions was confirmed in this work,
separation of the primary dis�er�ion being achieved in both
cases at flowrates up to 55 W/W hour.
Typical conditions
before and after fitting a coalescer (in this case a coalescer
7.62 cm thick) are shown in Figure 5.
In Figure Sa, the
dispersion is not separated and the settler is flooding. When
the coalescer is fitted (shown in Figure Sb) separation of the
primary dispersion to give two phases is attained. Measurements
of pressure drop across the settler are shown in Figures 6 & 7.
As would be expected the pressure drop increases with both total
flowrate and depth of the coalescer pad, Furthermore the pressure
drop varies with the position of the coalescer pad in the settler,
increasing as the distance between the front face of the pad and
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and�settler inlet is reduced, Figure 8.
This will be the
subject of further investigations but is probably due to some
drainage having taken place before the coalescer pad is
A uniform dispersion flow into the coalescer is
reached.
required.
If this is not achieved, non-uniform loading
of the coalescer at the inlet face results, which gives .not
only an increase in pressure but also a loss of efficiency.
Thus as with gravity settlers, the design of the settler
A further significant point is that
inlet is important,
with this system, the pressure drop across the coalescer is
affected very little by a phase inversion.
If the pressure
drop across the packing were to change markedly on phase
inversion then this would normally result in changes of flow
in the system with consequent system instability.
In none of the experiments was flooding in the settler
observed and therefore the maximum flowrate reported, viz
55 M3 /M 2 hour, does not represent the maximum attainable flow
through the coalescer.
Indeed satisfactory phase separations
in this system have been attained at flows up to 100 M3 /M2 hour,
An important factor not yet discussed is the efficiency of
phase separation measured by the entrainment in the phases
Results are shown in Figures 9a, b & c
leaving the settler.
for pad depths of 7,6 cm, 15. 2 cm and 3 0.5 cm. It is evident
that, as was found with pressure drop, the entrainment,
particularly of the discontinuous phase liquid leaving the
settler, is dependent on the position of the pad. If, however,
the distance between the settler inlet and the coalescer pad is
greater than 2 5 cm then both the entrainment and pressure drop
tend to constant values (Figure 10).
Earlier work using coalescers showed that a minimum depth of
packing was required and that for knitted mesh coalescers,
this is of the order of 2 5 cm.
This is confirmed in the
present work. In both the 7,6 cm and 15, 2 cm pads, breakthrough
of the dispersion was evident above a certain flow rate, shown
on Fig. 9.
When this occurred, a dispersion band was found
behind the coalescer and entrainment of dispersed phase increased
rapidly.
With a pad 30.5 cm thick, no breakthrough occurred,
and entrainments remained low (
2 50 ppm in the worst case).

<

The basic finding therefore is that with a correctly positioned
coalescing pad of optimum thickness,the settler loading can be
increased by as much as ten times over that achievable in a
gravity settler, without increasing entrainment values.
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Effect of Solids
A major question with respect to the application of such coalescers
in full scale solvent extraction plant is the effect of crud and
particulate matter in the feed liquors. Ultimately, this question
can only be resolved in industrial systems since it is difficult
in laboratories to simulate particular field conditions; nevertheless
some quantitative laboratory testwork was carried out to establish
the general behaviour of simulated process liquors. Prolonged
operation in which crud was deliberately allowed to build up has
shown that the coalescer can still be operated effectively even
under conditions of increased pressure drop.
A photograph, Fig. 11.,
shows crud inside the coalescer and at the interface between the
phases upstream of it. In no test did the presence of crud affect
the perfor mance of the coalescer significantly. The crud was
effectively removed by simply backflushing or washing through with
aqueous phase.
Therefore, crud of this form does not appear a major
problem.
The effect of particulate matter has also been examined.
conditions can exist:

Two

a)

that particulate matter is carried into the plant in suspension
in the leach liquors and

b)

that material can be precipitated out of aqueous solution in
the extraction process.

Both depend on ore, location, and leach conditions.
Gypsum for example can be introduced into the system by particulate
carryover in the feed liquor or it can arise through supersaturation
of the feed liquor.
To investigate suspended material, various
grades and sizes of silicatious materials were introduced in the
aqueous feed to the mixer settler loop.
Solids separated out in
the settler.
The circuit was operated under the worst conditions
The position of
during these tests i.e. at high total throughputs.
When the pad
the pad in the settler was found to be significant.
was positioned near the settler inlet, precipitation took place,
within the pad, and as the deposit built up, the pressure drop
increased.
Although the rate of coalescence was not affected and
entrainment levels remained fairly constant, a point was reached when
the pressure drop increased beyond the discharge capability of the
pump mix impeller.
At this point in a practical system, the coalescer
would need cleaning.
This effect was less as the pad was moved away from
the inlet.
With silica particles of size 150 um and the pad positioned
25 cm from the inlet, heavy depositions were formed in front of the mesh.
In practice this is a less troublesome condition since the precipitate could
be removed through a blow-down line.
The final design of cleaning
system will depend on the type of solids expected to be present.
Considerable latitude in coalescer design is possible since the voidage
and free volume of the coalescer can be varied over a wide range by
changes in either stitch length, filament or wire diameter and crimp
depth.
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Prolonged tests have also been carried out to investigate the
effect of deposition of material inside the coalescer, particularly
calcium sulphate.
Supersaturated aqueous solutions of calcium
sulphate were circulated through the equipment and the build up of
The pressure drop
deposit within the settler was recorded.
Figure 13 is a photograph
characteristics are shown in Figure 12.
show�ng the deposition of precipitated calcium sulphate within the
Results were recorded for a system using a 30.5 cm pad
coalescer.
positioned 30 cm from the inlet.
The calcium sulphate deposited
only in that part of the coalescer occupied by the bulk aqueous phase.
Again the pad was effectively cleaned by back-washing with aqueous
phase.
Improved designs have recently been tested in which the coalescer
was shaped to eliminate the lower section, which during operation
In this way deposition
was within the bulk coalesced aqueous phase.
within the pad was considerably reduced.
Laboratory testwork on
the behaviour of particulate matter cannot be exhaustive.
Final
tests must be made in the field and these are currently being carried
At this stage, it appears that problems associated with crud
out.
and particulate matter are not critical.
On the contrary, results
have been encouraging.
Cost Data
The discussion so far has centred on the operational performance
and advantages of KnitMesh.
However, the particular incentive
for the experimental work was the possible financial advantages
which could be achieved by the use of the material.
A cost comparison has been carried out and the results are shown
in Table 2.
In the comparison the LIX 64N copper extraction
system has been used as the example since it is in this type of
operation - using a relatively high cost solvent for the extraction
of a relatively cheap metal (compared with uranium systems for instance)
- that costs are particularly crucial.
Costs are compared for
gravity settlers and KnitMesh assisted settlers.
The costs for
mixers are, of course, the same for both systems so that these have
been excluded from the study.
The gravity settler is of conventional longitudinal design and costs
include structural support, weir systems, and protective covers.
For the KnitMesh assisted settler to accommodate the various
derived design parameters most conveniently, a cylindrical settler
designed to be concentric with the mixer, has been chosen (7). The
KnitMesh coalescer sits in the settler as a concentric cylinder
and the dispersion is caused to flow radially through it from the
mixer, the separated phases being collected from the annular space
between the outer face of the KnitMesh and the settler waslls. A
totally enclosed design is proposed, with provision for access for
cleaning.
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An important part of the saving made by the use of KnitMesh
settlers is the reduction in solvent inventory.
This depends
to a large extent on the settler area and Table 1 shows the
significant reduction in settler area which is achieved.
Table 1 - Plan Area of Gravity & KnitMesh Setclers
3

Basis - 250 M /hr of mixed phase flow at an o/w ratio of 1:1
2

Settler Plan Area (M )
Settler Specific Flow
3

M /M

2

Gravity

hr

1
3
5
7
9

KnitMesh

250
83.3

5.2
5. 2
5.2
5. 2
5.2

so.a

36.0
2 7.0

The depth of organic layer in the settlers depends on a variety of
In the case of the gravity settler, it depends mainly on
factors.
the allowable organic velocity relative to the dispersion band. From
experimental work carried out by DPG, this is of the order of 12 cm/sec
at a clear organic depth of 15 cm.
Above this velocity, severe
carryover of dispersion can occur.
For KnitMesh settlers the organic hold-up depends on the mean velocity
of dispersion entering the coalescer.
In the settler cost comparison, these factors have been allowed for
in determining the volume and cost of organic phase held up in the
settler.
Table 2 - Comparative Total Installed Costs of Gravity & KnitMesh
Settlers (Including Solvent Inventory)
R

Total cost of settler + solvent (KnitMesh)
Total cost of settler + solvent (Gravity)

Organic System: LIX 64N dissolved in Napoleum 470
Reagent Concentration (Vol% LIX 64N)
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10

20

30

1.0

0.67

0.53

0.47

It can be seen from Table 2 that for the more dilute systems the
cost advantage of the use of KnitMesh is diminished.
However,
when recovering large quantities of metal from dilute liquors,
very high flowrates are encountered.
For gravity settlers, this
means very large surface areas, even requiring multi-streaming in
some cases, whereas, as has been shown in Table 1, KnitMesh settler
plan areas are comparatively very small even when specific flows as
high as 9 M3 /M2 hr can be achieved in a gravity settler.
Conclusions
At this time, all the various parameters required for the design
of full scale settlers using DC KnitMesh have been established in
the laboratory and some of this work has been described in this
paper.
When the current field trials have been completed, it is
expected that the laboratory work will have been verified to the
point where full scale practical application of the new coalescer will
be put into immediate operation.
The experimental work has shown that use of the material can produce
benefits not only in capital savings, but also in reduction of space
requirements and ease of implementing safety systems in large scale
metallurgical solvent extraction plants.
Potential problems of the use of the material, such as solid
build-up, have been recognised and investigated.
To date, none
of these problems has proved insuperable and the practical
application of the material can be predicted with confidence even
though it is recognised that each metal recovery problem is unique
in some way.
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ABSTRACT

A deterministic model coupled with the differential model proposed
by Jeffreys et al is presented which allows the behaviour of a
horizontal gravity settler, where drop/drop and drop/interface
coalescence prevail, to be analysed. Data obtained from an
experimental investigation with a laboratory single-stage mixer
settler unit using the n-heptane/water system enables the relative
contributions of the two coalescence processes to be ascertained.
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INTRODUCTION
Few dispersion studies have been described, and most of these
have been restricted to batch systems. Meissner and Chertow (l)
investigated the effect of phase ratio on separation times,
and found that secondary droplets were always present in the
phase occupying the greater volume fraction. As a result
of this study, a method of removing secondary

hazes by

dilution was proposed.
2
Davies and Jeffreys ( ) showed that secondary droplets can
be formed of both phases by coalescence within a dispersion.
They demonstrated that partial coalescence takes place within
a dispersion which results in the formation of secondary
droplets of the dispersed phase, and proposed a qualitative
explanation to account for coalescence of a drop at the phase
boundary and inter-drop coalescence within the dispersion
band. Ryan et al ( )) studied the scale-up aspects of settlers
to coalesce dispersions of sulphate solutions with kerosine
containing di-2-ethyl hexyl phosphoric acid and tri-butyl
phosphate. The emulsion was formed in a variable input mixer
and passed continuously to one of a variety of settlers ranging
in diameter from 6 in. to 48 in. They developed a scale-up
criteria on the basis of nominal capacity based on the phase
boundary where the drop phase did not wet the settler walls,
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and subsequently

4)

Davies et al (

confirmed this criterion

with a mathematical model.
G
Rodgers et al (S) and later Smith ( ) reported that solvent

dispersions gave higher capacities than aqueous dispersions
although it has been generally found that the converse was
true. They also reported that the separation took place by
coalescence of drops only at the interface. Later Williams
et al (

?)

G)

and Smith (

observed considerable drop/drop

coalescence within the dispersions.
Jeffreys et al (

B)

studied the_separation of dispersionsin

a single mixer settler designed so that the drops moved
axially along the settler in plug flow. They proposed an
idealized mathematical model to predict the dimensions of the
heterogeneous wedge in the settler using coalescence data.
In spite of a number of shortcomings in the model, this study
contributed much to the design of separation equipment from
fundamentals. Following this, Jeffreys et al (9) carried out
a detailed study using a rectangular mixer-settler and proposed
a differential model, taking into account both modes of coalescence
mechanism to predict the dimensions of the wedge. It is of note
that they applied for the first time single drop/interface
coalescence data to analyse the results.
For bulk studies Mizrahi and Barnea (lO) have recently
reported design and operation procedures using a compact
liquid/liquid settler, whilst the dynamic behaviour of mixersettlers have been reported by Aly et al
594

(11-13)

by applying

electrical analogue models and experiments.
In the present investigation, a single stage continuous
horizontal mixer settler unit has been chosen in view of its
popularity in industry as one of the more efficient devices
for carrying out extraction operations.
The available design procedures for the gravity settlers
are based either on hydraulic balances of the two phase flows
or upon empirically determined mean residence times. However,
very little attempt has been given to the development of
design procedures for liquid/liquid gravity settlers from
fundamental principles.
The objective of this paper is to investigate further
theoretically and by experiment, the microscopic and macroscopic
separation mechanisms of a liquid/liquid dispersion in order
to establish the contributions of drop/drop and drop/interface
coalescence times to the separation process.
BASIC DETERMINISTIC MODEL OF THE COALESCENCE RATE PROCESS
The problem considered is concerned with the overall behaviour
of the coalescence process excluding the nature of the interface
and the physical properties of the fluids. The analysis is
developed from a coalescence model used to determine size
distribution where binary collisions of the species take place (l4)

�5

but which now takes into account tne two coalescence mechanisms
namely drop/drop and drop/interface coalescence modes.
A schematic representation of the coalescence process
is given in Figure 1. If the dispersed phase consists of drops
of the denser liquid, then the band of drops is formed above
the interface. It is assumed that at the lower surface of the
band, drops are coalescing with the bulk liquid phase by a
drop/interface coalescence mechanism whilst within the band
and at the top surface, drop/drop coalescence occurs. The life
of the drops in the band is controlled by these two processes
and a knowledge of the time spent by the drops before disappearance
is a critical factor in the design of the settler. A restricted
in-space configuration where a given dropCr.Ul coalesce only
with a restricted number of drops within a characteristic
neighbourhood, defined by the appropriate volume, is assumed
for drops with random size distribution.
Let nk be the average number of drops of size k in a

characteristic unit volume. Since the movement of a given drop
is very much restricted by the high population density, a
drop of size k can encounter only the drops which immediately
surround it. Hence the theoretical number of collisions
between drops of size k and i can be written as,
(1)
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where N is the total number of drops of all sizes present and
defined as
(2)
Assuming no breakage of drops to form secondary droplets,
where coalescence is the only prevailing mechanism and
nk >> 1, the basic deterministic equation for the number

balance of drops of size k becomes :
dnk(t)
dt

- \(t)
k/interface
- l: \(t)
9-=l H
+

k-1
l:
2 9-=l

1

. n (t)
k
n (t) n ,Q, (t)
k
N(t)
n(t) n (t)
,Q,
k-9N(t)

\(t)
(k-9-) ( ,Q, )

(3)

where \k/interface is the rate constant for drop/interface
coalescence defined as the fraction per unit time of the

theoretical number of drops disappearing by drop/interface
coalescence and is a fraction of drop/interface characteristics,
physico-chemical nature of the interface etc. \k ,Q, is the

collision - coalescence rate constant equal to the fraction
per unit time of the theoretical total number of collisions
and is a function of the mobility of drops, geometry and physical
chemistry of their mutual interaction on close approach etc.
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The first term on the right-hand side accounts for the number
of drops of size k that are disappearing per unit time because
of drop/interface coalescence. The second term accounts for
the number of drops of size k that are disappearing per unit
because of drop/drop coalescence with all other sizes present
at time t, while the third term gives the number of drops
being created per unit time of size k by coalescence of drops
of sizes i and k-1.
It was assumed by previous investigators (l4 , lS ), for a
variety of dispersed phase coalescing processes that Aki can
be considered a constant, at least as a first approximation. Other

investigators (l G- l B) have also assumed that A
ki = A for all k
and i values. A
is now assumed to equal aA, where a
k/interface
is a constant and greater than zero for a specified range of
drop sizes.
With the assumptions made above, equation (3) can now be
re-written as
dn

t)
k(
dt

( 1
+

Equation

(4 )

with equation

l

k-1

r

2 i=l

a)

+

A(t)

( 4)

can be summed from k
( 2)

yields :
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1 to

00,

and combining

dN(t)
dt

- N (t)

A (t) [

½+ J
a.

(5)

Equations (4) and (5) are the two important and basic expressions
of the deterministic model. Introducing the transformations,

e

N(t)

(6)

N(o)

and
(7)

where fk(6) represents the mean fraction of drops of size k
at dimensionless time

e, e

is a measure of the degree of coalescence,

the solution of equation (4) can be obtained by a generating
function technique (

l9)

subject to the following initial

conditions :
1 for k

ate

0 for k > 1

(8)

Thus, the solution of equation (4) becomes

e (A-1

)

[

(6 1 -A 1 A
6 -

1)

J

k-1

(9)

where
A

2(l+a.)
1 + 2a.

(10)

and when A = 2, i.e., a.

e (1

-

=

O

e> k -l

(11)
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Equation

(11)

is a particular case of equation

identical to one given by Sastry and Fuerstenau

(9 )
(20)

and is
who

considered solid particle agglomeration.
It can be readily shown that

e A-1 [ 0

E
k=l

E
k=l

1-A

e

1-A

l]

k 1
-

1

(12)

Hence the cumulative fraction x ( 0) , larger than a specified
k
drop size k is
X (0)

1
1 -[- ]
1-A
0

k

(13)

The characteristics of the drop size distribution given by
equation

( 9)

can be analysed using statistical methods

involving moments and curnulants of the random variable-drop
size. Thus, at t=O, there is only one size of drops present
in the system and at t > o, there is a distribution of drops
in multiples of the original size. This shows that the drop
size distribution proposed by the above random coalescence
model is self preserved. Further, this model can be extended
to a situation where k =
t =

0,

1,

2

... up to a finite value at

as an initial condition in solving equation (4 ) .

It can be observed from equation

( 9)

that for a given

degree of coalescence, the size distribution of the resulting
drops is exactly the same irrespective of the kinetics,
resulting from the random behaviour of the coalescence
processes considered. This model does not take into account
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the fluctuations of the number of species of any given size,
but the assumption of large number of drops in the system
makes the fluctuations in the distribution from the mean
number of drops, nk of size k, unimportant. For a given 0

and f

k(

0 ) , the model developed usefully predicts the relative

contributions of the drop/interface and the drop/drop
coalescence processes taking place in a dispersion band.

COUPLING OF EQUATION
BY JEFFREYS ET AL (

( 5)

WITH THE DIFFERENTIAL MODEL PROPOSED

9)

Owing to the difficulties encountered in measuring f

k(

0)

experimentally at the present time, the kinetics of the
coalescence processes described in equation

( 5)

with the differential model of Jeffreys et al (

are coupled

9)

which is

E!ssentially derived by drawing two balances on the system a material balance for the dispersed phase.

(2)

( 1)

a total drop

number balance with the following assumptions :
( 1)

inlet stream of'the settler is composed of uniform
size drops.

(2)

the drops are considered as rigid spheres

( 3)

drop size at any position in the wedge is characterized
by an average drop diameter defined as d
coalescence is ignored

av

= Lnd/Ln

( 4)

multiple droF

( 5)

volume packing efficiency in the wedge and area
packing efficiency at the interface are identified as
601

average values over time and position
(6) local disturbances in the vicinity of a coalescence

step do not have an adverse effect on the coalescence
mechanism

(7) only axial flow of drops in the settler is considered
Material balance for the dispersed phase
Consider a settler of unit width opening under steady state
conditions. In the differential element as shown in Figure 1,
therefore, the volume of dispersed phase entering per second
is equal to the volume of dispersed phase leaving the element
plus the volume of dispersed phase coalesced with the lower
interface. Thus,
n TT d 3
av = n - dn
(
6
dl

o1}

TTd 3
nd /I
av
[ 6
t /
d I

2!. d
+
6 [ av
01

1

2
l
(.'!!.
4 dav

d(dav)
dl

]

0�

(14)

Similarly a drop-number balance gives
n = (n - dn
dl

+

l
2

nd/d
td/d

o1)

n
+ - d/I
t /
d I

· 3h

{'1
2!. d

6

·c · 1)
TT d 2

. 1)

(15)

av
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That is the number of drops entering the differential element
per second is equal to the number of drops leaving plus the
number of drops coalescing at the interface and half the
number of drops coalescing by a drop/drop coalescence mechanism.
Rearranging equations (14) and (15), considering only
first order terms and combining them (for details see reference 9)
with the following boundary conditions :
d
Lim
l+L

n

Lim
l+L

d

=

0

O

(16)

we get,
(17)
The volume of the wedge per unit width at any position is
given by
1T n d3
6
av

V v
a

(18)

Substituting equation (18) into equation (17),
d(d

av
dl

)

1
6

d

av
V
av

(19)

Comparison of equation (19) with equation (5) reveals that
which can
for a given dN(t)/dt, N(t), t
d/I' d(dav)/dl and dav
be determined experimentally, t
d/d can be obtained by solving
, 603.

equations (19) and (5). However, since direct measurement of
dN(t)/dt is not feasible, equation (5) is modified as
dN(t)
dt

(20)

- N(t)

Defining t = £/v and taking v, the velocity of drops in the
wedge to be a constant equal to v
V

av

dN ( i) = _
N( £)( _1_
di
td/I

+

av

, equation (20) becomes :

)

l

2 td/d

It should be pointed out that since v

av

(21)

is not equal to

the dispersed phase flow rate divided by the cross-sectional
area occuped by the dispersed phase in the settler, v
av

becomes a variable parameter like t
which has to be deterd/I

mined experimentally. However, the above coupling eliminates
the experimental determination of v
together with t
neously.

av

which can be calculated

d by solving equations (19) and (21) simulta
d/

An experimental programme was designed to study the dispersion
behaviour in a continuous gravity settler which allowed the
measurement of the system parameters - dN/di, d

av

, d(d

)/di
av

" The following sections describe the experimental
and t
d/I

techniques employed and the results of the investigation.
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EXPERIMENTAL
The experimental programme comprised four parts
(1) A macroscopic study of the single stage mixer-settler
system. This involved an investigation of the effects
of initial drop size and volumetric input rates on
the rate of coalescence of dispersions in the settlers,
(2) Single drop/interface coalescence study in the settler
under no-flow conditions,
(3) Single drop/interface coalescence study in the settler
where the drop is subjected to a relative axial
boundary velocity,
(4) Measurement of single drop/interface coalescence times
when surrounded by other drops.
APPARATUS
The experiments were carried out in a single stage mixer
settler unit (a development of that described by Jeffreys
et al (9)), as shown in Figure 2. The mixing vessel comprised
an acrylic vertical cylindrical beaker 15 cm diameter and 30 cm
high fitted with light and heavy phase inlet ports and an
emulsion discharge port made of glass of 1.5 cm diameter,
fitted at 90 degrees to the inlet ports, 8 cm above the base.
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The heavy and light phase inlet ports were constructed from
1.25 cm diameter stainless steel tubing and placed diametri
cally opposite to each other at a height of

3

.5 and 12.5 cm

respectively above the base of the beaker. Four removable
baffles, each 1.25 cm wide, made of stainless steel were
inserted vertically in the mixing vessel at positions 45
degrees to the inlet and outler ports. A four bladed stainless
steel paddle impeller 6 cm diameter and

3

cm wide, attached

to a stainless steel shaft was used as stirrer. The shaft
was connected to a 0.05 hp. electric Cole Parmer Master
Servodyne motor system - model 4425G. The speed of the stirrer
could be varied between 6 and

3 00

rpm by means of a speed

and torque regulating electronic drive system controller.
The rectangular settler was construted of acrylic polymer
of dimensions 60x30xl0 cm. The separated phase leaving the
settler were recirculated back into the mixing vessel through
0.95 cm diameter stainless steel tube by means of two centrifugal
pumps and two rotometers with fine control needle valves having
a flow range up to 1200 cm 3 /min. The pumps were isolated from
the apparatus by mounting on shock resisting rubber sheets.
The circulating liquids were maintained at 25 ° c by allowing
each phase to pass through long stainless steel coils immersed
in a constant temperature water bath.
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N-heptane and water were selected with phase ratios maintained
at 1:1 for agitator speeds of 200 and 250 rpm. The n-heptane
was spectroscopically pure with a surface tension of 19.8
dyne/cm at 20 ° c. This system was shown not to affect the
acrylic walls since no measurable changes in the physical
properties of the n-heptane were detected after prolonged
periods of exposure. The water was deionized and double distilled
in alkaline permanganate solution and gave a product with
a surface tension of 72.2 dyne/cm at 20 ° c.
PROCEDURE
As the coalescence process is highly sensitive to surfactant
impurities, strict precautions were undertaken in the cleansing
procedures. The acrylic parts were rinsed with n-heptane,
dried in a current of hot air and thoroughly flushed with
distilled water. Following this operation, a 10% alcoholic
solution of sodium hydroxide was placed in the settler and
mixer for about one hour before being thoroughly rinsed with
distilled water to remove all traces of caustic soda. Finally,
the vessels were carefully dried in a current of hot air.
The impeller, baffles and stainless steel pipe lines
were degreased using n-decane and washed consec utively in
dilute nitric acid, water and acetone before being rinsed
with distilled water and dried.
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Following the cleansing procedure described above, the
apparatus was assembled. The pipe lines and pumps were primed
with the appropriate liquid. The valve in the transfer line
between the mixer and the settler was closed and the required
volumes of distilled water and n-heptane to give a phase
ratio of 1:1 were added to the settler. A requisite amount
of distilled water was placed in the mixer and the agitator
then switched on, the speed being set to a predetermined
value for the particular experiment. N-heptane was added to
the mixer slowly to maintain the 1:1 phase ratio and in this
way n-heptane was dispersed. The n-heptane was maintained as
the dispersed phase throughout this investigation. After half
an hour agitation, the valve in the transfer line between
the mixer and the settler was opened and the phases were
circulated at the desired flow rates at

2s 0c for atleast

for 2 to 3 hours to reach steady state conditions and to
ensure temperature equilibrium and mutual saturation of the
phases.
A check on the purity of the system was performed by
withdrawing samples of both phases periodically and measuring
the surface tension. No measurable changes in surface tension
of the phases were noted compared with the initial values.
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MEASUREMENT TECHNIQUE
Under steady state conditions, the position and thickness of
the dispersion band was fixed and the band took the form
of a wedge. The heterogeneous wedge thus formed was photographed
to obtain information of the dispersion along the settler
length. The lower surface was photographed with the aid
of a mirror placed at 45 degrees below the wedge. The photographic
negatives were magnified to

1 5X

and the diameters of the drops

were measured using a plexi scale by applying proper corrections
to the magnification. At the same time the number of drops
in a given area were also counted.
SINGLE DROP/INTERFACE COALESCENCE TIMES UNDER NO-FLOW AND
FLOW CONDITIONS IN THE SETTLER
In an attempt to study the coalescence taking place in dispersions,
21
investigators < -27> have examined the behaviour of a single
drop resting on a plane liquid/liquid interface. Film thinning
and rupture have been shown to determine the drop/interface
coalescence time. In all the studies reported, experiments
were performed in small coalescence cells of about 5 cm
diameter and drops only coalesced under static conditions.
These experiments gave considerable insight into understanding
certain fundamental aspects of coalescence but not the situations
such as encountered in the settler operating at steady state
conditions where bulk momentum exists in the phases. As the
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drops in the band are constantly subjected to a velocity at
the interface, it is expected that this effect would interfere
with the coalescence mechanism. Hence single drop/interface
coalescence times with and without velocity fields were
measured

with n-heptane drops using a stop watch with an

accuracy of + 0.1 sec. The drop radii employed in the
investigation varied from 0.18 2 cm to 0.37 2 cm and the relative
boundary velocities, �v (drop phase velocity - continuous
phase velocity) from -0.03 to + 0.15 cm/sec.

DROP/INTERFACE COALESCENCE TIMES FOR A SINGLE DROP
SURROUNDED BY NEIGHBOURING DROPS
Multi-drop systems which form a drop-layer at an interface
have been investigated as supplementary studies whilst

2S 3l

analysing performances of liquid/liquid extraction systems (
Otake and Komasawa

(32Y

-

).

analysed the characteristics of longitudinal

dispersions of liquid in a modified pulse sieve-plate column.
Komasawa and Otake (33> studied the stabilities of both a
single drop at liquid/liquid interface and of multidrops in
a drop layer by following the decrease in height of the dispersion
photographically. They concluded that no large difference
was observed between the stabilities of a single drop and
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multi-drop in a layer in the absence of stabilizing agents.
However, the stability of drops in a layers was found to be
less than that of a single drop in the presence of stabilizing
agents. Cockbain and McRoberts <34l found while studying the
coalescence of layers of drops on a plane interface that
the relatively large disturbance propagated by the coalescence
of one of the drops tended to stabilize the others. Following
this Lawson <3 5> showed that single drop/interface coalescence
times surrounded by other drops were greater than single
drop/interface coalescence times in the absence of other drops.
EXPERIMENTAL TECHNIQUE AND PROCEDURE
An organic soluble phototropic dye (a spirane derivative) was
used which gave a distinct blue colour when exposed to a
strong beam of light. Taking advantage of this effect, a
pencil beam of light fro.m a carbon arc lamp-collimator iris
diaphragm set was shone on to the single drop layer of the
dispersion over a 1 cm diameter field. This field area was
monitored carefully by visual observations. Since the dye
coloured only that part of the dispersion where the light
was focussed, the movements of a single drop could be followed.
As soon as a rearrangement took place at the active phase
boundary of the dispersion, a hole was formed and one drop
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from the near vicinity entered this new position. A stop
watch was started at this instant and the time taken between
this instant and its disappearance was recorded. A large number
of measurements were made and an average value was determined.
A second set of experiments was

conducted where coloured

n-heptane drops containing 'Oil Red O' organic soluble dye
were released through the dispersion. The rest time of this
coloured drop was measured between the impact of the drop
at the interface and its disappearance. The time between the
arrival of the drop at the first layer of the active zone
and its complete coalescence with the interface was recorded
as the residence time.
The concentration of the dye used was less than 20 mg/liter
and it has been shown (3G) that the presence of the dye does
not affect the surface properties at these concentrations
and this has been confirmed by the authors.
RESULTS
Although methods are available <

37l

which predict drop size in

agitated emulsions, in this work the size of drops entering
the settler d0, was measured by photographing the dispersion
at the entrance of the settler. From the photographs of the

front, top, bottom and side views, the drop size was found to
be about 95% uniform. Thus for N = 200 rpm, d0 is 1.3 mm and
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rpm, d0 is 1.1 mm. This method of measurement
of drop size entering the settler eliminates complexities

for N =

2 50

such as coalescence of drops due to fluid turbulence that
would otherwise have resulted in the transfer line connecting
the mixer and the settler. Agitator speeds were selected
such that both a uniform emulsion was produced and entrainment
of air into the liquid was prevented.
The drop sizes of the active (upper) and the passive
(lower) dispersion surfaces in the settler were measured at
every 5 cm distance from the inlet of the settler for different
volumetric flow rates and agitator speeds.
The drop sizes were averaged from the relation dav = Lnd/Ln
2
over a 1 cm area. Results obtained from these calculations
for agitator speeds of

2 00

rpm and

2 50

rpm are presented in

Figure 3 and 4.
From the over-all photograph of the wedge, wedge heights
were measured at different distances from the inlet of the
settler. The results are plotted as wedge height versus
wedge length and shown in Figures 5 and 6.
Drop concentration N, defined as the number of drops per
unit volume in the wedge at a given position of the wedge was
obtained by constructing a unit cube which included the top
and the bottom wedge surfaces. From the photographs and
experimental procedure described earlier, the number of drops

w
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present in that volume were counted. Information on drops
residing inside the cube was obtained by taking pictures
of atleast one drop layer below the top surface of each view
and extrapolating. Similarly, drop diameters were measured
in a unit volume and the average drop diameter determined.
These resu lts are presented in Figures 7 and 8 for an agitator
speed of 200 rpm and in Figures 9 and 10 for a stirrer speed
of 250 rpm.
RESULTS FOR SINGLE DROP/INTERFACE COALESCENCE EXPERIMENTS
The mean primary coalescence time td/I for a range of drop

sizes and relative axial boundary velocities �v, are listed
in Table 1. With a freshly assembled unit, primary coalescence
times were

low

for drop radii 0.182, 0.322 and 0.372 cm.

These values are in fact comparable to those obtained using
water drops. However, unlike water drops, as the age of the
system increased the distribution of rest times became very
large. As noted by previous workers (2l) , secondary droplets
were formed-sometimes these droplets were stable whilst in
other cases the droplets coalesced in rapid succession at

least

for several minutes, and had to be removed before continuing
the experiment. For a fresh system, cleaning the interface
gave short and reproducible coalescence times with a narrower
distribution than before cleaning. Confirming the observations
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of Hodgson and Lee (

24>

large interface ages resulted in

longer coalescence times for small drops (radius

=

0,182 cm)

than for drop sizes of 0.322 and 0.37 2 cm.
In the presence of axially imposed relative boundary
velocities, the primary coalescence times of single heptane
drops did not vary appreciably. Drop movements were noted
for some values of 6v (see Table 1). In these cases, out of
50 counts about 30% of drops showed a linear motion whilst
the rest coalesced without any movement. It is important to
note that the mean coalescence time increased in relation
to the distance travelled by the drop.
Drop/interface coalescence time measurements at the down
stream endof the n-heptane dispersion in the settler using
the photographic dye technique gave a distribution of coalescence
times from 1.4 sec to 11.5 sec with a mean coalescence time
of

4.5

sec when the average drop diameter was 0.32 cm. This was

so for all the dispersed phase volumetric input rates studied.
Preliminary experiments conducted using 'Red oil O' dye in
the n-heptane drop of 0.2 cm diameter at 7 cm from the inlet
of the settler gave a mean drop/interface coalescence time
of 1.5 sec. Only a small number of drops released through
the water reached the active phase boundary. Some travelled
within the wedge trying to reach the active interface whilst
others in the process of doing so, disintegrated within the

wedge. The exact location of where the coloured (pink) drop
coalesced in the wedge could be easily identified by observing
the origin of the vortex shredding.

DISCUSSION
The relationships between drop size in the upper and lower
surfaces of the wedge with position in the settler and the
dispersed phase flow rates are represented for the dispersion
of n-heptane in water in Figures 3 and 4. From these plots,
it can be seen that the drop size increases in the active and
passive wedge surfaces are almost parallel from the inlet
of the settler. For N = 200 rpm and dispersed phase flow rate
3

of 620 cm /min (Figure

3 ),

the drop size increases more in

the passive surface than in the active surface. This suggests
that the drop/drop coalescence is very significant in the
system.
Figures 5 and 6 confirm the presence of a region near the
dispersion inlet in which turbulence due to sudden expansion and
other inlet effects are smoothed out and the drops rearrange
to pack together closely giving a stable structure. This section
is seen to extend upto 5 cm of the settler length. Drop size
measurements within the section showed that no coalescence
occurred and the section can be considered as a 'dead zone'
in which the local drop concentration equals that of the feed.
The relatively fast flow in this section causes a disturbance
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in the neighbourhood and as the result, a strong diagonally
oriented velocity field results in the first 10 cm (from
single coloured drop experiments) . This forced feeding of
the dispersion causes a swelling (

3S)

of the dispersion and

hence a thicker dispersion band because of the changes in the
drop concentration.
From Figure 11, it can be seen that the length of the
coalescence wedge is proportional to the drop input rate

which agrees with the observations of Jeffreys et al ( 9 )

when using the kerosine/water system. This signifies that
the drainage of the continuous phase from the interstices
of the drop band is dependent upon the number of drops present
in the wedge, and hence length of the wedge is controlled
by the drop input rate to the settler.
For agitator speed of 250 rpm, a minor portion of the
feed to the settler contained very small droplets formed
during the mixing process and visual observations indicated
that the small droplets flowed with appreciable velocity
to below the passive interface and accumulated at the leading
edge of the wedge. A minor portion of these droplets were
entrained in the continuous phase and finally reached the
free interface (down stream end of the settler) by buoyancy.
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It was found that such droplets filled the free area of the
leading edge and also surrounded the bigger drops at the
leading edge of the wedge. This gave a stabilizing effect by
preventing the drops from coalescing with the interface.
Photographs of the active surface shown in Figure 12 illustrates
this phenomenon. Removal was expected to result in an increase
of the settler's capacity, but it was found that the tiny
droplet layer occupying the free interface of the settler also
prevented the dispersion from further spreading. Periodic
interface cleaning in this investigation minimized this effect.
Although the n-heptane/water system is known to form
secondary droplets, there was no indication of the presence of
secondary droplets in the dispersion, suggesting that the
secondary droplets probably coalesced with the neighbouring

bigger drops almost instantaneously. Jeffreys et al <9> suggested

that the smallest droplets in the wedge are secondary droplets
formed during the coalescence in the active interface, but
the probability that these could have escaped from the densely
packed bed is very small as demonstrated in Figure 13 (for
an agitator speed of 200 rpm and dispersed phase flow rate
of 1000 cm 3 /min).
Analysis of the active surface revealed that the area
packing efficiency gradually increased from the inlet of the
settler to the outlet. Near the inlet and the middle sections,
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was approximately
d/I
75% whilst at the down stream end, the value lay close to

the average area packing efficiency n

100%. The 75% efficiency is apparently due to the interaction
effect of the sublayer of drops beneath the top layer to
congregate more closely. Often, it was observed that drops
from the top layer coalesced with the drops in the sublayer
very effectively. Also, the disturbance created by this mode
of coalescence leads to oscillation of the interface giving
rise to appreciable mobility. There were also occasions
where drops escaped completely through the wedge and coalesced
by a drop/interface mode with the free interface. Volume
packing efficiency of the wedge, excluding the active interface
was found to have an average value of 95 %.
FROM EQUATIONS (19) AND (21)
DETERMI NATION OF t I/t
d /d
d/
USING THE EXPERIMENTAL DATA
Figures 8 and 10 show that the average drop size per unit
volume increases along the length of the settler rapidly for
N = 200 rpm and 250 rpm. Figures 7 and 9 show the decrease
of drop concentration along the length of the wedge. From
the model (equation (19) and (21)), it can be seen that three

-

-

systems parameters must be evaluated - t
t
d/d' d/I and vav To
overcome the difficulties of assigning a value of v ' the
av
equations were solved by eliminating this parameter which
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resulted in an expression for the ratio td/d/td/I in terms

of dN/dt, N, d v and d(d v)/dt. Values of dN/dt, N and d(d )/dt,
a
av
a
d
at any length of the wedge were obtained by measuring
av
the slopes of the curves in Figures 7-10 for a given dispersed
phase flow rate. From this, the ratio td/d/td/I was calculated
and plotted as shown in Figure 14. Figure 15 represents the

variation of v av . t
with the length of the wedge. From
d/d
Figure 1 3, td/d/td/I tends to zero in the middle part of

the wedge and less than one at about 7 cm from the inlet and

5 cm from the down stream end of the wedge. In some cases, this
ratio took a negative value in the middle section of the wedge
which was probably due to errors in slope measurement and to
the limitation of the model itself. However, the results
demonstrate the important drop/drop coalescence contribution
to the separation process.
SINGLE DROP/INTERFACE COALESCENCE TIMES
Results obtained from drop/interface coalescence time measurements
with no-flow anf flow conditions showed that td/I did not vary

appreciably for both conditions for the range of drop sizes
studied (see Table 1). It has been recent1y <39> shown that

t
obtained from small coalescence cells (about 6 cm diameter)
d/I
were atleast 2 to 3 fold higher than obtained in the settler

(S0xl0 cm) under identical conditions such as drop size, material
of construction of the cell, mode of measurement etc. The lower
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values of t / I in the absence of any velocity field was attri
d
buted to the larger available interface than the coalescence

cell. Consequently, for a given descent distance, the surface
waves produced by the impact of the drop at the interface
propagate over the available interface rather unrestrictedly.
Since these waves travel radially, it enhanees the film
drainage and hence gives low rest times. The narrow coalescence
time distribution (unlike small cell data) suggested that either
the contamination level was low or evenly spread.
t /I measured in the presence of an relative axial boundary
d

velocity in the settler showed (Table 1) that mean coalescence
times did not show any appreciable change with changes in tv.
However, for certain values of tv, the drop moves along the
interface for a certain distance in which case the t /I
d

increased in relation to the distance travelled by the drop. A
comparison of these values with single drop/interface coalescence
times obtained in the absence of flow show no appreciable
difference between these values. It is of note that drop
movement increases the rest time values.
Single drop/interface coalescence times in the presence
of other drops at the active surface of the wedge show that
t / I increased from 1.5 sec at the inlet to 4.5 sec at the
d
down stream end of the wedge. This can be attributed to both
an increase in the area packing efficiency and also to an
increase in the drop s�ze. Drop rupture was observed within
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the wedge using single coloured drops. Thus, single drop
studies have shown the influence of surface extent whilst
in the real situation existing in the settler unit, the
drops are subjected to a flow field and to the interaction
of adjacent drops. The former effect is expected to sweep
away surface tension lowering impurities so reducing the
drainage time whilst the latter is expected to reduce the film
thinning. Local agitation at coalescing points may decrease
or increase film thinning. Therefore, because of the complex
effects of these phenomena, a multi-drop system together with
the influence of surface extent on single drop coalescence,
it is evident that the data from experiments employing single
drops which were designed to predict events in a realistic
multi-drop situation have to be viewed with considerable
caution and emphasises the need for more multi-drop studies
to be made.
The deterministic model proposed here is a case of a
restricted-in-space type configuration for drops. For a given
degree of coalescence, the size distribution of the resulting
drops is exactly the same irrespective of the kinetics and it
is the result of the random behaviour of the coalescence
processes considered. This model does not take into account
- (1) mobility of drops and its influence on the coalescence
times (2) drop deformation (3) secondary droplet formation
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(4) and breakage of drops in the wedge. The model accounts, not
for the over-all length of the wedge but only the length
of the coalescing section. The assumption of an average
velocity of drops is incorrect as a drop in the wedge is found
to have both horizontal and vertical velocity components.
Therefore, this problem should be dealt as a two dimensional
case while seeking for a general solution to predict the
wedge dimensions. Also, experiments have shown differences
in drop velocities at the upper and lower interfaces attrtbuted
to vertical displacements of drops within the wedge. The
experiments and the model have shown that the velocity of
/t
drops in the wedge together with t
form the system
d/d d/I
parameters which control the coalescence processes in the
wedge. Thus, a detailed investigation is inevitable to
determine v

av

in the wedge. Neverthless, the experiments

reported and the model described here usefully brings out
the importance of the contributions of drop/drop and drop/
interface coalescence processes in the dispersion. The model
presented is expected to be a good tool to describe these
processes, if due information is available on fk(S) and

a.

This suggests that new experimental programme is necessary
to determine these quantities.
CONCLUSION
The deterministic model presented together with the differential
model of Jeffreys et a1 <9> usefully analyses the relative
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contributions of the drop/drop and drop/interface coalescence
processes. Comparison of the model with the experiments has
revealed that drop/drop coalescence is very significant for
the n-heptane/water system.
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NOMENCLATURE
A

extent of drop/interface to drop/drop coalescence.
theoretical number of pairs (or collisions) that
can be realized between drops of size k and i

d

diameter of drop, cm
distribution function of drops of size k

H

height of wedge at inlet, ctn

h

height of wedge, cm

L

over-all length of wedge, cm
wedge length, cm

n

number of drops per second
average number of drops of size k present at time t

N

agitator speed, revolutions per minute

N(O)

total number of drops in system at time O per unit
volume of wedge

Q

volumetric flow rate, cm 3 /min

T

temperature, 0c

t

time, sec

t

mean coalescence time, sec

V

velocity of drops in the wedge, cm/sec
relative axial boundary velocity, cm/sec
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CJ.

>.

coalescence rate efficiency

Tl

packing efficiency

e

dimensionless time variable = N(t)/N(O)
denotes degree of coalescence

X

cumulative size fraction

SUBSCRIPTS

av

average values

0

inlet conditions

k,R-

referring to drops of size k or R-

d/I

drop/interface coalescence mode

d/d

drop/drop coalescence mode
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TABLE 1

Mean coalescence time of n-heptane drops at n-heptane/

water interface at 25°c in the settler

Drop radius
(cm)
0.182

Velocity
(cm/sec)
Water
n-heptane
0

0

0.322

0

0

0.182

0.2

0.05

0. 372

0

!:::.v

(cm/sec)
0

0

0

0

+0.15

td/I

(sec)

< 1.0

1.53

1.73
0.78
2.12

0.322

o. 372

0.15

0.18

-0.03

0.03

0.28

-0.25

0.09
0.20

0.11
0.23

-0.03

-0.02

0.95

0.28

-0.14

1.2

0.20

0.14

0.11

+0.09

0.7

0.20

0.28

-0.25

0.10

+0.09

0.05

+0.15
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drops travelled
from 1-6 cm

0.85

1.14

1.55

1.23

2-6
0.20

no drop
movement

0.99

2-7
0.03

Observation

1.25

no drop
movement

drops
travelled
from 1.5-4.5 cm
no drop
movement

drops
travelled
from 1-3 cm

FIGURE CAPTIONS
Figure 1

Coalescence wedge (heavy phase dispersed).

Figure 2

Schematic diagram of apparatus.

Figure 3

Variation of drop size into activead passive
interfaces with distance from settler inlet.

Figure 4

Variation of drop size in the active and
passive interfaces with distance from
settler inlet.

Figure 5

Variation of wedge height with distance from
settler inlet.

Figure 6

Variation of wedge height with distance from
settler inlet.

Figure 7

Variation of average drop concentration with
distance from settler inlet.

Figure 8

Variation of average drop size per unit
volume with distance from settler inlet.

Figure 9

Variation of average drop concentration with
distance from settler inlet.

Figure 10

Variation of average drop size per unit volume
with distance from settler inlet.

Figure 11

Effect of drop input rate on wedge length.

Figure 12

Photographs of active interface for different
wedge lengths when n-heptane is dispersed for
N = 2S0 rpm and dispersed phase flow rate =
1000 cm3/min.
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Figure 13

Photographs of active interface for different
wedge lengths when n-heptane is dispersed for
N = 200 rpm and dispersed phase flow rate =
1000 cm3/min.

Figure 14

Variation of td/d/td/I with distance from
settler inlet.

Figure 15

Variation of v
x t d with distance from
d/
settler inlet.av
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SOLVE:'1T EXTRACTIOi� OF COBALT CHLORIDE IN ROTATING
DiSC CO,:TACTOfiS

by
S. Bruin, J.S. Hill and D. van der Neer

K �.n:,KLIJt(E/SdELL-LA30RATORI IJH, Ai·ISTERDJJ•I
(Shell Research 3,V,)

SiJdr-iARY
A brief survey is �iven of oilot plant experience with

solvent extraction of cobalt chloride fro� aaueous process streams

containin� nickel chloride and hydrochloric acid,
in toluene was used as the extractant solution.

Ali�uat 336

The nilot plant

comprises two rotatin6 disc contactors (RDC's), one for tie
extraction/scrubbing steps, and tne other for solvent regeneration,

in an inteerated circuit.

The tec�nical feasibility of such a

syste� was nroved in a series of runs in which throu3.puts and
�ass transfer efficiencies were measured,
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IN'l'R0:9UCTION
An investigation was conducted into the potentialities

of the rotating disc contactor (RDC) for solvent extraction of

cobalt chloride from aqueous process streams containin•; this
salt, together with nickel chloride and hydrochloric acid.

Suitable extractants include triisooctyla�ine (Alamine), tric

aprylmethylamr,10nium chloride (Aliquat 336) and alkyl sulphonium

compounds in appropriate diluents.

work reported here.

We used Aliquat 336 in the

Such applications of solvent extraction

become increasin�ly attractive in hydrometaLlurgical operations

and the extraction of cobalt chloride in particular a�pears in

two fields of a�plication: recovery and purification of nickel

values from lateritic ores and recycling of cobalt and nickel
1-12
.
containing scrap .aterials
These processes involve the

dissolution of the metals of interest in a leach step, followed

by further process steps to separate the various metals present

in the aqueous pregnant leach liquor from eac _ ocher and from

impurities and finally the metal production proper by reduction,

either in the g�s phase or by electrolysis.
DESCRIPTIO:-J OF PILO'i' PLAJ'IT

The pilot plant, consisting of two extractors of 0.06 m

diameter and 3.2 m long, is schematized in Fig.1.

In t:1e rotating

disc contactor RDC-1 cobalt chloride is extracted from the feed
flowing down by the extractant phase (Aliquat 336, ex General

Hills, in toluene as diluent) which becomes loaded wit,1 cobalt

while flowing up.

section, if needed.

The top part of the RDC can be used as scrubbing
The (scrubbed) loaded extractant phase then

flows to the second RDC where it is strinped of its cobalt in
countercurrent flow with a diluent CoC1

strip solution. The
2
regenerated extractant phase (solvent) is then recycled to the

extraction section of RDC-1.

The RDC's are built up in four segments of 0.3 m length,

interconnected by flanges provided with bearings and sample conn
ections between the co�oartmcnts.

The in�ernals (rotor discs

and stator rings) are constructed from Hastelloy B and the extract
ors are elass-walled.

'.rop and bottom settlin0 compartments are

again constructed from dastelloy B.

Tubes are made in PTFE and
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vessels in glass or polyethylene.
and PTFE impellers.

The pumps have glass housings

i�UILIIlRii.M DA'.!',\
In the RDC ex9erimental proe;ramme phase ratios, concentra

tions, etc., were only considered as variables to a limited extent.
They were generally fixed on the basis of equilibrium dat� (see

A�oendix 1) such that reasonably effective and selective extrac
tion of cobalt could be expected.

The investigation was then

li,0 ited to determi.ninc; t"ie hei.:ht of a transfer unit as a function

of the RDC operating variables (throughput, power input, choice
of di�persed phase).

Some of the more important features of the

extraction of cobalt/nickel chloride solutions with Aliquat 336

in tcluene are su!:,rr,a:".'ised here.

The di2tribution coefficient of cobalt (KC 2+) is proportional
0
to the fifth nower of the chloride concentration over the range 3

to 8 }mol/m 3 •

A.t a:,;bient ternnerature with an extractant concentra

tio:1 i,1 t'ie ran6e 0.2-0.6 k:nol/m 3 a chloride concentration of 5
:�rnol/m 3 or hi_c;hcr is indicated for efficient extraction of cobalt
(i.e. in a limited nu1.1ber of sta,c;es an::i with a small excess of

extr�ctant).

KC 2+ is directly proportional to the extractant
0
concentration and increases markedly with temperature.
Considerable co-extraction of nickel occurs from aqueous

solutions containing hiih concentrations of nickel chloride.

separation factor,

/1

The

(= KC 2+/KN 2+)can be improved by increasing
i
0
the c:1loride concentration (KN 2+ is roughly constant over the
i
range of interest) and by minimising the excess of extractant
over cobalt (i.e. approaching saturation of the extractant with
cobalt). Co-extracted nickel can also be removed by scrubbing

loaded extractant phase with a nickel-free chloride solution which

can also act as a source of additional chloride when required.
this case scrubbing with HC1 will usually be preferable since

the introduction of extraneous metal ions into the raffinate is

then avoided.
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In

Scrubbing with HC1 offers an additionai advantage in that the

separation factor is also enhanced by an increase in the ratio,
E, of HC1 to total chloride.

The influence of loading and

is plotted against

chloride source is illustrated in Fis.2 where

the load factor, L, for hrn extre'ne values of E correspondinrs

to aqueous phases containinc (apart from traces of cobalt chloride)

only nickel chloride lE = 0) or HC1(E = 1).
factor is given by the eauation

(1)

�=

w:iere
(2)

E

(3)

L

(4)

c
1

The senaration

(1

- L)

c
( c1-lec1

(cc1 \ot
2cc 2+
o
a

3.3 X 10

-2

(roughly a constant)

EXTRACTIOrl EXPERIMEl'f'l'S
•rwo solutiohs, A and B, containinc; cobalt chloride, nickel

chloride and hydrochloric acid were used in pilot plant runs.
compositions are given in Table 1.

'rhe

A was a dilute solution whose

chloride concentration was rather too low for efficient extraction.
In tnis case we a�plied a scrub with 6N HC1, partly to make up

for the chloride deficiency and partly to reduce co-extraction of

nickel.

Solution B was much more concentrated than A.

This solut

ionreauired no scrub with HC1 and was injected via the top nozzle
into RDC-1 (see Fig.1).
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Solution A (0.'.;4 kmol/m 3 co) was extracted throughout with

a 0.411 extractant solution at a phase ratio of 5:1 (or6/aq).

The extractant/cobalt molar ratio was about 4 compared with the

stoichiometric requirement of 2 (see Apnendix).

This favours

hi:h cobalt extraction but also results in high nickel co-extrac

tion, hence the application of a scrub.
TJ..3LS 1

COBPOSI'l'IONS AN!l P'.-rYSICAL PROPERTIES OF THE
FZ�D s_;LlJrIOl'i3 IdD 3XTRAC'l'!,NT MIX'ru,:rns

Solution

f
kg/m 3
1100

A
B

in toluene

0.6M Aliquat
in toluene

106

2

m /s
1.62

1350

3.12

886

1.83

891

3.41f

strip solution 1031

o.411 Aliquat

-r

1.0

CCo

c
Ni

kg/m 3

kg/m

32

48.4

5.10

CFe
3

74
115

kts/m 3
0.01

c

!I+

cC1-

kmol/m 3

kmol/m 3
7.8

1.25
1.5

7.6

0.17-0.34

Solution B (0.82 kmol/m 3 Co) was generally treated with a

slight excess of extract ant (O. l fM extractant at a phase ratio 5 :1

or 0.6M extractant at 3.3:1.

A few runs were also performed with

0.6N extractant at a phase ratio of 5:1, under which conditions
c0>-extraction of mickel was considerable.

In each �un, after steady st•te had been reached, we measured

the compositions of the various uqueous and organic streams into

and out of both RDC's.

Dispersed phase hoilid-ups were determined

from samples talcen along the columns (see Fig.1 ).

In a series

of runs we varied flow rates and rotor speed in order to find the

optimum operating conditions of both RDC's.

From the results

of t�e runs we deduced the capacities and mass transfer rates in

both RDC's.

Capacity is expressed in the usual fasi1ion as the sum

of the superficial velocities of continuous and dispersed nhase
at incipient flooding:
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(v

(5)

C

The mass transfer rate was characterised by the height of a

true transfer unit, (HTU)

· Corrections for axial mixing
true
of both the continuous and the dispersed phase were made using

standard axial mixing correlations for RDC's (see also Appendix 1).

4.1. Capacity measurements
Flooding of the colurn,1 occurs Hhen the dispersed phase

droplets can no longer overco�e the velocity of the continuous

phase and thus are entrained with the latter- relative to the

equipment.

This leads to a b ,ild-up of droplets which eventually

leave the column with the continuous phase.

In Fig.3 we have
2
plotted the measured capacities against the group N3R5 /(HD )

which is propoetional to the power input per unit mass in the
contactor.

�he capacity (v

slip velocity v
s
(v

will be prOfOrtional to the
f
between the two p�ases.
C

+ v )
d

' 1/h,J

C

(6)

If we combine the Hu and Kinter correlation for settling velocities
13 .
1
.
with the H"inze/Sleicher
correlat.ions 4 for average drop size
we have the following series of proportionalities for (v

and v:
s

c

+ vd )
f

Hu/Kinter correlation (a,-oroxirnate)
v I':\:. d
s
av
V
s

0.7 0.7 "--0.1 A.I. -0.2f
g
V

Af

,:\:, Af0.27

� 0.17

,-c

�

0.2

fc

c

-0.4
if T

-0.55 g 0.27
if T

10

(7a)

10

(7b)

-o.45

(7c)

where Tis defined as

T 2

V

s

d

av

0.7
o.15
4
fC

g

0.15

f

,M,c
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-0.4

Hinze/Clay correlation

d

av

�"'-o .6
Q

f

c

-o.6

I!

Cm

-o.4

(8)

Combining these correlations with equation (6) gives the following
forulae.

(v

If T

If T

-0.2

� m

C

10:

(v

10:

C

+

-o.4
(9)

-0.55
0.10 g 0.27
0.27
-:\:, ..,._0.17
V )
./)
,J,11
d • 11:1'
,4 f
r-c
/C
f

The implication of equation (9) is thut under operating

conditions where turbulent drop break-occurs (small droplets

with low v and hence a low T-value) a plot of log (V + V )
_ c
d
s
f

against log (6 ) should approach a slope of -o.4. The surves
m
in Fig.3 roughly follow this trend. Fig.4 shows how the hold-

up of the dispersed phase in stripper and extractor is affected

when solution A is processed under various conditions.

The

hold-up rises sharply if the power input group approaches flooding

conditions.

The flooding condition's are reached at considerably

lower power inputs if t:ie phase ratio v /v '), 1 and hindered
d c
settling apparently prevails. Fig.5 shows the capacity curves

for extracting and strioping RDC when processing solution B.

The capacity tends to be somewhat higher than for solution A,
presumably because of the greater difference in density,

between organic phase and water phase.

4f,

4.2. Mass transfer rates
The heicht of a true transfer unit

15

, was used as
, (HTU)
true
a measure of the mass transfer rates we were able to obtain in

the equipment.

A difficulty in using the concept is that the

extraction factor, F, varied from one stage to another because

of changes in the slo�e of the equilibrium line over the ranee

of concentrations of interest.

We calculated an average extraction

factor by means of a computer pro .:ram for multicomponent solvent
is defined as
true
column lenct, divided by the number of true transfer units

extraction discussed in Appendix 1.

14

The (HTU)

Nof, t:
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(i!TU\ u
r e

L

( 10)

Nof, t

where v is the superficial velocity of the (dispersed) feed
f
an 11 effective 11 mass transfer coefficient (includinc
phase, :c
0f
possible chemical effects) on overall feed chase basis and a

the specific area of contact between drops and continuous phase
2

in m /rn 3 •

The main results are given in Figs. 6-9 as plots of (aTU)
2

a[:;ainst tnc co,ier input group N\15 /(HD ).

Fi;:;.6 pertains to
true
the dilute feed A, which wa·.s the disuersed phase in the extrac
tion colu�n at v /v = 0.20. The (JT�)true decreases with increasing
d c
9ower input to ab:,ut 0.2 m at the hi-·:1-iest po,ier innut level ue
3
used. Substitution for v (� 1.2 x 10- m/s) at the condition
f
2
1
where (UTU)
= 0.2 m gives a (k
) of about o.6 x 10- s0f a
true
Spherical dro0s of 2 mm dia�eter would Give an interfacial area
2
4
of 300 m /m 3 at 10}� holdup, hence k .-.::W 0.2 Y. 10- m/s, which
0f
is in the ri�ht order of magnit�de for a mass transfer limited

transport of the component in question.

Fi�.7 gives the results obtained for stripnin� of the cobalt

laden extract phases from solutions A and 3 uith a dilute aqueous

cobalt chloride solution (for comnosition see Table 1).

t�is strinnin

In

step the stria solution is continuous and the

loided orcanic chase dispersed.
The lowest (HTJ) rue measured
t
, 5
2
2 3
now was 0.40 mat power in-::iuts of N.:, R /(HD)= o.2 o.3m /s •
3
.a
For these conditions we had v = 4 x 10- m/s and thus
f
k0f
-4
-2 -1
rn/s.
= 10 s , giving roue;hly k � 0.3 x 10
0f
i� plotted against
In Figs.Sand 9 measured (HTU)
true
power input for the �traction of feed B with o.4M and o.6M Aliquat
3 36

in toluene as cxtractant solutions.

The results strikingly

differ fro� those of Figs. 6 and?; the (JTU)

is much more
true
sensitive to an increase in nower input than in the previous
cases.

effects.

Partly this could be explained by interf�cial tension
Tie interfacial tension of both the o.4:-·: and o.6d

�liqu�t extractant ohases towards feed solution 1 decreases with

in�reased loadin

of the extract ant '1ha::;c (see Fi[;.10) 1

rou ·::ily s1Jca'.:inz, tue 1Jroduct (k

Now,

a) ir, inversely pr Y0or tional to

01
dron si�e sauared and the dro9 si�e is 9roportional to the inter
facial te!1Gion "4, t:1e uo,·1er o.6; see cquati::in (,0. ).
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We may therefo e expect from equation (10) that the heisht of

a transfer unit decreases with decreasing interfacial tension,
But a decrease in the heicht of a transfer unit means better

,nass transfer of cobalt and hence a hi.1her loadin:· of the

organic ]hase, which in turn leads to a still lower interfacial
tension.

In consequence, at an increase in power input, drop

size will decrease more rapidly than one would expect from the
influence of

n drop size alone.

Thus also the (HTU)
true
will decrease more sharply when compared with cases ��ere no

loadins effect on interfacial tension is present (solution A),

DI3Ci.JSSIO;J AiTD C0!'ELUSIOi/S

The use of an RDC for the extraction of cobalt chloride

from aqueous solutions containing nickel chloride and hydrochloric

acid with Aliquat 336 in toluene as extrectant solution is

technically feasible.

To illustrate this further we calculated,

with the aid of the data presented in this paper, the extractor

voluLle needed, and the solvent inventory to be expected, in the

extraction of 4 m 3/h of solution i3 witi1 12 m 3/h 0,6M Aliquat in
toluene with a 99,9% cobalt recovery,

Calculatio,;s for a number

of power inputs are represented in Fig.�1.

At very low power

inputs the (HTU)
is so high that long slender columns are
true
At hich power inputs the (HTCT)
is so .. low that axial
true
mixing effects (which increase with increasing power input and
needed.

column diameter) become length-determining, and because of the

low flooding velocities a large-diameter column is needed,

results in a lonz;, large diameter column,
a relatively big volume of the contactor.

This

Both situations mean

':'here is an optimum

volume ut a power input of roughly 0, 1-0.2 m / a; where furti1er

efforts to reduce mass transfer limitation are thwarted by

increasins axial mixinc and lower capacity,

From this sample calculation we conclude that reusonaole

capacities can be obtained at sufficient efficiency levels. This
indicates that the rotating disc contactor, which can be and has

been constructed on a technical scale fro� corrosion resistant

materials such as glass reinforced Epikote, should be considered
as an alternative in desiisnin::; cobalt extraction systc,as under

conditions si�ilar to those disc��sed in this paner.
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A CKNO\;Lr:D J cl•iEHT
Heasure,aents were perfor,:ied by Messrs. J .H. van der Klaauw
and R. Kok
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A P P E N D I X
Ai!ALYSIS OF EXTRACTIOr! R�3UL'i'S
The extraction of cobalt from ac,ueous to organic nhase is based

on tie following postulated reaction scheme (reaction occurs
at the interface aqueous/orcanic):

CoC1
ao_

2If

CoC1
+

2

2 C1- -<>+

2 (R1/I ) c1
org

-

._,

>-

Coc1
2 C1

24

aq

+ C,\N ) Coc1 24
2
+

( I-1)

o:::-;_::;

The phGse equilibriu."1 of cobalt chloride solutioncs viith nickel

chloride and hydrochloric acid present was mecaured a�ain�t
Aliouat 336 in toluene as tne solvent phase.

Fig. I-1 gives an example of cobalt distribution curves for

an c1o_ueous ohase wit,1 a chloride ion concentrati.o:-i of 5 '�mol/:1 3 •

One curve pertains to pure HC1 as the chloride source, the other

to nure nickel chloride.

Similar curves were collected for

solutions where only part of the chloride present ste�s from

nickel chloride, the remainder bein; from hydrochloric acid.

The

curves 1-1ere su,n�1arised in an equation relatin-; the cobalt concentra

tion in t�e or�anic phase, �co2+• exolicitly to the cobalt
chloride concentration in the aqueous nhase, c 2+, the chloride
c0
concentration in the ao_ueous �hase from nickel chloride, (c -) ,
C1 Ni
, the molarity of Aliquat
and from hydrochloric acid, (c -)
C1 HC1
336 in organic phase and the temaerature. Also, the distribution

of nickel chloride and hydrochloric acid uas ,.1easured and summarised

in equations of the same type as indicated above for cobalt.

Since cobalt, hydroe;en, nickel and chloride ions are all

distributed between the phases during extraction, we found that
a si.nple ,-1cCabe-Thiele diac;ram is only an a---iproximation to the
actual extraction, especially if a HC1 scrub is applied.

The slope

of the equilibrium curve, m, may vary widely from one equilibrium

�tage to the next, a fact which greatly complicates the analysis

of extraction data in terms of t�ansfer units, because one has to

calculate an avera�e value for the extraction factor F.

Accordingly,
16

we adapted a �ulticomponent sta;e-to-sta;e computer program
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to this particular extraction problem.

The progrrun calculates

concentration profiles, coMponent recoveries and the like,

taking into account the si�ultaneous transfer of all the ionic

species with all their thermodynamic interactions.

The result

ant print-out was then used to calculate an average value for
the extraction factor,

, for every pilot plant run,

We took

the ieometric mean value of the extractionffactors for the

individual stages.

Fro� this

value, supplemented with the

analyses of cobalt concentrations in feed and exit streams, the

exterior apparent number of transfer units, N ' was calculated.
of

1n
where

t

(1-11':i

1-<">f/ '

( I-1)

is the extent of extraction defined as
( I-2)

The Peclet numbers for the axial mixing in both phases were

calculated from standard RDC correlations and defined as
Pe

v

C

H

71�a,c

(I-3)

Pe =
d

( I-4)

The hei�ht of a true transfer unit was then calculated on the basis
o; the model for plug flow with axial dispersion by means of the
1
correlations of Stemerding and Zuidwrwee 7 which are readily

solved without iteration because contactor length is given:
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1

'f},

1

1

(Pe
)

Pe
f

+

1

+

�
( Pe

0

HDU

(HTU\

rue

L
No
f

<F>

Pe
s

0.1 L/(HTU\r

)1

( Pe )
0
--+
H

Pe
s

1

+ 1
ue
+ (Pe\/(Pe )
0.1 L/(li!TU\
2
rue

o.8
T

( I-5)

1n <'F'>

(F)-1

H U
D

The resultant value is, of course, still a function of phase

ratio, slip velocity and power input per unit mass in the col llian.
Fig.I-2 shows a typical family of concentration profiles

for hydrogen, c ' and cobalt, cc 2+, in an extraction with a
H+
0
scrubbing section (solution A). Each curve represents a different

number of equilibrium stages in the extraction section (1 to 6
stazes) with two scrubbing stages.
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NO.-lENCLATURE
2

a

specific phase contact area, m /m3

Ca

concentration of Aliquat

in toluene, kmol/m3

concentration of chloride ions, kmol/m3

CC1-

c

33 6

concentration of cobalt ions, kmol/m3

Co2 +

3
CNi2 + concentration of nickel ions, kmol/m

D

diameter of RDC, m

d

Sauter me�n droplet diameter, m

av

ratio of chloride from HC1 to total chloride in aqueous
phase,-

E
E

2
axial mixing coefficient, m /s

a

2

g

acceleration of gravity, m/s

h

volumetric hold-up of dispersed phase,

H

height of a compartment in the RDC, m

HDU

height of a dispersion unit, m

= height of a true transfer unit, m
(HTU)
true

distribution coefficient (kmol/m 3 solvent phase)/

K

(kmol/m3 feed phase)
mass transfer coefficient on overall feed phase basis,
including chemical effects, m/s
L

length of stirred height in column, m

m(=dcc

o2 +

/dcc

l = slope of equilibrium curve (kmol/m3 )/(kmol/m3 )
o2 +

number of exterior apparent transfer units on overall
feed phase basis,H

rotor speed, s

-1

Peclet :iumbers of continuous and dis,iersed phase,
respectively,flow rates of continuous and dispersed phase, respectively
m3/s
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R

rotor dia�etcr, m

T

dimensionless croup defined in e�. (?c)

v

superficial velocity, m/s

v
s

slip velocity, m/s

Greek symbols
separation factor, -

2
power input per unit, mass, m /m 3
difference in density between continuous and dispersed
phase (absolute), kg/m 3
density, kg/m 3
extent of extraction, viscosity, kc/ms
2

kinematic viscosity, m /s

Suoerscriots
organic phase
at thermodynamic equilibrium
Subscriots
c

continuous phase

d

dispersed phase

f

"at flooding", or "feed phase"

s

"slip", or "solvent phase"

of

on over�ll feed phase basis
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USE OF LIQUID CATION EXCHANGE FOR SEPARATION OF NICKEL(JI}
AND COBALT(II} WITH SIMULTANEOUS CONCENTRATION OF NICKEL
SULPHATE
x

by B.G. Nyman
xx

and L. Hummelstedtxx

Institute of Industrial Chemistry, Abo Akademi, Abo, Finland
Metallurgical Research Centre, Outokumpu Oy, Pori, Finland
A discovery according to which it is possible to
increase considerably the rate at which certain
mixtures of hydroxyoximes and carboxylic acids
extract nickel has been utilized in the develop
ment of a method for separation of nickel and
cobalt and for concentration of nickel solutions.
Using the described solvents, which consist of
mixtures of commercially available reagents, sepa
ration factors SN.1, C 0 of the order of magnitude
30-260 have been obtained. A solvent extraction
process for the separation of nickel from a cobalt
sulphate solution is outlined on the basis of batch
phase mixing tests and confirming mix er-settler ex 
periments. According to the results it will be
quite possible to produce a cobalt solution with a
cobalt/nickel ratio of for example 3000 while at
the same time producing solid nickel sulphate of
high purity.
Introduction

Much research effort has been devoted to the problem of
separation of nickel and cobalt by solvent ex traction. Some
successful developments of amine ex traction 1• 2 have been based
on the ability of cobalt to form anionic complex es with the
chloride ion at a high chloride ion concentration. Tri-isooctylamine has turned out to be a suitable reagent for the
7ex traction of the produced species Coc14Because neither
nickel nor cobalt in sulphate solutions generally obtained in
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hydrometallurgical operations forms a corresponding complex
extractable by amines several attempts to separate the metal
3-8
The separaions by liquid cation exchange have been made
tion of nickel and cobalt has however proved difficult espe
cially in acid sulphate solutions. Ritcey and Ashbrook 5 re
ported a successful separation of cobalt from nickel at pH
S-6 using di- (2-ethylhexyl)-phosphoric acid (HDEHP), al
though the value of the obtained separation factor Sco,Ni
was rather low.
According to the literature on solvent extraction,there
thus still seems to be a need for a selective extractant for
nickel. Because it was felt that the extraction of nickel
usually preferably would be carried out in as low a pH range
extractant mixtures capable
as 2-4, also some synergic
to extract nickel at a low pH were tested for this separation. Certain mixtures of hydroxyoximes and carboxylic
acids were discovered to show an attractive selectivity for
nicke1 9 . As also Flett andWest 10 have reported, the rate at which
such a mixed extractant extracts nickel is, however, too slow
to encourage development of a separation process.
According to results described in this paper it has proved
to be possible to considerably increase the rate a t which
nickel is extracted by a mixture of a hydroxyoxime and a
carboxylic acid using a small addition of a strong organic
acid. A method for the separation of nickel from cobalt was
developed based on investigations of the extraction properties
of different combinations of hydroxyoxime, carboxylic acid and
the discovered most promising kinetic synergist.
Experimental
A suitable mixture of extractants for separation of nickel and
cobalt was determined on the basis of batch phase mixing tests
using propeller stirred spherical separatory retorts equipped
with a glass calomel combination electrode and an inlet for
air or nitrogen diluted ammonii for continuous pH control.
Comparative extraction experiments were also performed in a
similar gas tight apparatus, in which nitrogen atmosphere was
maintained. Data were also collected from series of small670

scale continuous tests in pump-mix mixer settlers having a
150 ml mixer capacity and a 400 ml settler capacity. An en
hanced separation was obtained by maintaining different appro
priate pH values in the discrete extraction stages. The pH
regulation was based on a discovery according to which ordi
nary glass calomel electrodes in this case could be used for
stable pH measurement over a long period of time in a mixer
dispersion not only of the aqueous continuous but also of the
organic continuous type. According to the preferred pH control
performance separate control units of the type Metroh.m E 450
coupled to a magnetic valve were used for each pH regulated
stage. As neutralisation agent, nitrogen diluted ammonia was
chosen. It can be mentioned that in dispersions and in corre
sponding separated aqueous solutions measured pH values showed
good agreement.
In this investigation laboratory separation tests were performed
on mixtures of a hydroxyoxime (LIX-63, LIX-65N, LIX-64N or
LIX-70, General Mills Chemicals, Inc.), a tertiary carboxylic
acid (Versatic 9-11, Shell Chemical Co. Ltd.) and a sulphonic
acid (dinonyl naphthalene sulph.onic acid (DNNS), R.T. Vander
bilt Co., Inc. or a mixture of alkylsubstituted benzene sulpho
nic acids, ECA 6414, Esso Chemicals) diluted in an aliphatic
hydrocarbon solvent (Shellsol K or Isopar M, Esso Chemicals)
or an aromatic solvent (Solvesso 150).
Results
Enhanced rate of nickel extraction
�he separation tests we r e performed on a synthetic sulphate
solution containing 10 g of nickel/1, 25 g of cobalt/I and
33 g of ammonium sulphate/1. According to preliminary results
the chosen hydroxyoxime had a much stronger effect on the
nickel selectivity of the pr epared mixed extractant than the
used carboxylic acid. Owing to this Versatic 9-11, a stable
tertiary carboxylrc acid, was fixed as one of the main compo
nents of the investigated extractant mixtures.
Although LIX-63 does not show a good stability to tempera
tures above ambient, which could be expected to be us�d to
speed up the extraction of nickel, some work was done with
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the mixture LIX-63/Versatic 9- 11/Shellsol K, the extraction
properties of which were considered interesting because LIX64N and LIX-70 were known to contain some LIX-63. The use
of this mixture did not, however, appear attractive, because
besides that the obtained separation of nickel and cobalt was
rather poor, the stripping of co-extracted cobalt caused dif
ficulties.
The sensitivity of the rate of nickel extraction to a tem
perature change was tested for the reagent mixture LIX-65N/
Versatic 9-11. The found temperature dependence is presented
in Fig. 1. As could be expected the temperature showed a con
siderable influence on the extraction rate, which however
still at 6Z ° C was unsatisfactorily low. In this connection
it was noticed that the chosen diluent has a remarkable effect
on the extraction rate. According to the obtained results,
which also are shown in Fig. 1, Isopar M, a highly branched
aliphatic hydrocarbon, gave a slower rate of extraction than
Shellsol K. With Solvesso 150, an aromatic diluent, a still
longer contact time was required to obtain separation equi
librium, the position of which however owing to a depressed
co-extraction of cobalt was shifted in an advantageous di
rection.
Finally it was discovered that the rate of nickel extraction
could be considerably increased by a small addition of some
sulphonic acids to the hydroxyoxime/carboxylic acid mixture.
In Fig. 2 the rate at which a LIX-70-based extractant mixture
without an addition of DNNS at so 0 c extracts nickel can be
compared with the nickel extraction rate obtained at the same
temperature by the same mixture, to which an addition of DNNS
was made corresponding to a concentration level of only 0.0 1 M
of sulphonic acid. Also the sulphonic acid product ECA 6414
was found to show a similar but not as strong an effect as
DNNS, which obviously owing to its molecular structure to a
higher extent causes exchange reactions to occur•between mole
cules at the interphase and molecules in the bulk of the or
ganic phase 11
While it could be expected that also the LIX-63 present in
LIX-70 might act as a kinetic synergist on the extraction of
nickel, the preceding experiment was repeated with the LIX-63
672

removed from the used LIX-70 product according to a method
developed by Tammi 12 . This time the contact time required
to obtain equilibrium without an addition of DNNS was 4-5fold compared with the earlier results while only a slight
difference could be observed in the presence of some DNNS.
It was also interesting to note that the value of the sepanow increased from a level 12 0 obtainration factor SN
.
J 1, Co
able using commercial LIX-70 to an order of 2 50.
pH-controlled separation
The nickel is extracted by a mixture 2 5 vol-% LIX-70/
1.0 M Versatic 9-11/0.01 M DNNS/Shellsol K at an advantageous
ly low pH range 2 -5 as is shown in Fig. 3, which also gives
the pH dependence of the corresponding SN.1, C 0 . The chosen
carboxylic acid concentration of 1.0 M has to be considered
as a compromise. It was observed that the value of S .l, C 0
N
gradually decreases while the rate of nickel extraction slightly increases with an increasing concentration of Versatic 9-11.
The overwhelmingly most important feature of the carboxy]ic acid
was however to depress the tendency of the co-extracted cobalt
to remain in the organic phase, which probably was caused
by an air-oxidation of the extracted divalent cobalt.
In Fig. 4 a series of related equilibrium lines is presented
for the extraction of nickel in the presence of a constant
amount of cobalt, which means that the pH-dependent internal
circulation of cobalt within the separation section has been
neglected in the performed graphical stage-to-stage construction.
The usefulness of pH-control is clear from the advantageous
jumps between equilibrium lines, which can be made owing to
easily maintained stage-pH-values.
Scrubbing and stripping
Preliminary tests showed that the Ni/Co ratio in the ex
tract could be considerably increased above the limiting value,
which was determined by the composition of the main feed, using
a nickel sulphate solution as scrubbing agent. It was noticed
that no pH control of the scrubbing performance was required,
if the pH of the 11sed nickel sulphate solution had been adjusted
673

to a value above 3.5.
Great importance was attached to obtained stripping results
according to which nickel can be stripped almost completely in
one stage provided that the pH is maintained below a value of
about 2. The stripping ability of a sulphuric acid solution
is demonstrated by determination of a stripping isotherm at
a pH 0.35 and at a temperature of 50 ° C. The discovered close
ness of the obtained isotherm to the abscissa in Fig. 5 ex
ceeded the most optimistic expectations. Thus, only 1-2
stages are required for production of a saturated nickel sul
phate solution. To this it can be added that the rate, at
which nickel is stripped, is of an attractive order of magni
tude. That is also the case with the rate, at which the main
part of the extracted cobalt is stripped. It was however
noticed that a complete stripping of cobalt could not rapidly
be obtained, especially if the extract had been in an un
stripped condition under exposure to air for several hours.
The appearance of traces of difficultly stripped cobalt was accom
panied by a considerable darkening of the organic phase. Ac
cording to performed tests it was on the contrary quite easy
using a dilute solution of sulphuric acid to bring about a
complete stripping of cobalt from a loaded organic phase,
which had been prevented from coming into contact with oxygen
and in which the formed cobalt complex had remained deeply
red in colour.
Continuous separation tests
A synthetic sulphate solution containing 9.60 g/1 of
nickel, 25.5 g/1 of cobalt and 33 g/1 of (NH4)2 so 4 was fed
into a six-stage counter-current extraction unit with the
mixed extractant 25 vol-% LIX-70/1.0 M Versatic 9-11/0.02 M
DNNS/Shellsol K, the main part of which had been prepared and
used for the first time in a similar experiment 7 months ago.
This test was the last in a series of tests, in which the
organic phase before re-use only was stripped in one stage
with a sulphuric acid solution and in which the contactor
was completely uncovered thus allowing an intimate contact
between mixer-dispersion and air to take place. The sepa
ration was performed at a temperature of so 0 c, at a contact
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time of 7 min and with an organic phase to aqueous phase flow
ratio (O:A) of 2.5. While the pH in the feed was adjusted to
a value 3.87 the pH in the second, the fourth and the sixth
stage (numbering of the stages made in the direction of the
aqueous flow) was maintained by automatic pH control at values
shown in the following table together with the obtained sepa
ration results.
While a raffinate with a cobalt/nickel ratio of 3000 was
roduced,
the cobalt/nickel exchange reaction proceeded with
p
some reluctance, which partly however was due to the used com
bination of a high extractant/nickel ratio and a maintained
high pH level. It can be considered encouraging that the
level of the cobalt concentration in the mixed extractant,which
Countercurrent separation of nickel (II) and cobalt (II)
in six stages
Feed: 9.60 g/1 Ni, 25.5 g/1 Co, 33 g/1 (NH4)zSO4, pH23oc = 3.87
Mixed extractant: 25 vol-% LIX-70, 1.0 M Versatic 9-11,
0.02 M DNNS, Shellsol K
Organic to aqueous phase flow ratio: 2.5
Temperature: 50 ° c
Neutralisation agent: nitrogen diluted ammonia
pH controlled stages: 2nd, 4th, 6th
Sta e

1

2

3

4

5

6

pH23° C

3.54

3.87

3.73

4.01

3.62

3.73

Organic phase:
Ni g/1
Co g/1

4.09
1. 10

3.26
1. 76

1. 29
2. 5 3

0.31
3.41

0.16
2. 4 0

0.069
2.40

Aqueous phase:
Ni g/1
Co g/1

8. 2
28.8

2.7
31. 1

0.53
33.�

Extracted Ni g/h
Extracted Co g/h

0.56
-0.58

2.06
-0.67

0.80
-0.78
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0.083 0.018
30. 7
30.9
0.16
0.88

0.024

o.oo

0.009
26.1
0.0035
1. 82

still was stripped in only me stage with sulphuric acid, at 1he end
of the described countercurrent experiment was determined tobe
0.58 g/1. Thus it might be possible especially in process con
ditions including scrubbing, which has been found to promote
stripping, to avoid the requirement of taking a bleed stream
of the organic phase to a complete cobalt stripping section,
which according to works in progress could be based on slight
ly modified conventional liquid-liquid methods or on sulphide
. .
.
prec1p1tat1on13.
Finally it can be mentioned that the determined stripping
equilibrium according to which a saturated nickel solution can
be produced using a closed stripping circuit has been confirmed
by further mixer-settler experiments.
Flowsheet for a separation process
A proposed flowsheet for a separation process of nickel from
cobalt with simultaneous concentration of nickel sulphate is
shown in Fig. 6. After the feed has been contacted with the
mixed extractant LIX-70/Versatic 9-11/DNNS/kerosenc at a con
trolled pH level of 3-4 and at a temperature of above 40 ° C
small amounts of co-extracted cobalt are removed from the ex
tract by scrubbing with a nickel sulphate solution at the same
pH and temperature level. No pH-control is required during
scrubbing provi ded that the pH of the used nickel sulphate
solution is adjusted to a value somewhat above the wanted.
The obtained scrub solution is combined with the feed while
the purified extract is stripped with mineral acid for example
sulphuric acid. If a closed stripping circuit is used as
shown in the flowsheet, the recovery of nickel can be made
from any suitable concentration level for example in the form
of solid nickel sulphate from a saturated solution. A bleed
of the produced nickel sulphate is used for scrubbing of the
loaded mixed extractant.
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Conclusions
Small amounts of a suitable sulphonic acid have proved to con
siderably improve the rate at which a mixture of hydroxyoxime
and c&rboxylic acid extracts nickel. Of the tested sulphonic
acid products DNNS acted as the strongest kinetic synergist
while LIX-70 in presence of Versatic 9-11 gave a good separa
tion of nickel from cobalt. A still higher separation factor
could be obtained in absence of LIX-63, the addition of which
to the used LIX-product is not required for nickel extraction.
A proposed process has been described for the separation of
nickel from an acidic cobalt solution. Temperatures above 40 ° C
are used throughout the process. The extraction is carried out
over a pH range 3-4 using automatic stage-to-stage pH control
while the scrubbing of any co-extracted cobalt is performed
with a nickel sulphate solution, the pH of which has been ad
justed to a value of about 3.5. Owing to an advantageous
stripping equilibrium solid nickel sulphate can be produced
in a closed stripping circuit, the acid content of which can
be varied over a wide range, the lowerlimit corresponding to
a pH value close to 3.
It is still open to doubt.whether the organic phase has ±o
be bled to a complete cobalt stripping section, because the
cobalt shows a quite low tendency to be retained by the LIX-70based mixed extractant in the used low pH range.
In view of certain major advantages offered by the LIX-70/
Versatic 9-11/DNNS mixture it cannot be considered to be quite
out of the question that this type of a mixed extractant also
could be useful for recovering nickel values.
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The Liquid-Liquid Extraction of Copper (II) and Iron (III)
from Chloride Solutions Using Lix 64-N in Kerosene
by
P.G. Christie,

t

V.I. Lakshmanan, and G.J. Lawson.

Department of Minerals Engineering, University of Birmingham.
Birmingham B15 2TT, U.K.

Abstract.
The behaviour of Copper (II) and Iron (III) in a solvent extraction
system involving aqueous chloride solutions and Lix 64N in kerosene has
been studied to assess the feasibility of a commercial process involving
the recovery of copper from leach solutions conta�ning both metals as
chlorides.
Logarithmic graphs of metal distribution coefficient and
extraction isotherms are presented for copper concentrations ranging from
5x10-4M to those at which maximum loading of the reagent occurs and for
Lix 64-N concentrations between 'Z/o and 25% (v/v) in kerosene.
The
effects of pH, temperature, and concentration of metal ion, chloride ion
and extractant are considered, together with back extraction characteristics
for copper, using hydrochloric acid as the strippj_ng solution.
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Introduction
The commercial selective extractant Lix 64N, introduced by General
Mills Inc., is being used in several copper recovery plants, �otaQly
in the U.S.A. and in Zambia.
It is based on hydroxyoximes, l1-4J the
reagent normally supplied consisting of a mixture of an aliphatic
hydroxyoxime, Lix 63, and an aromatic hydroxyoxime, L:j.x 65N, as an
The major
approximately 50fo solution in a kerosene-type diluentl5).
component, Lix 65N, exhibits slow kinetics of extraction when used
alone, and the small amount of Lix 63, which is chemically less stable,
1qatalyst 1 to improve the kinetic behaviour of the mixture,
acts as
Lix 64N( ,7J.
The usual process based on Lix 64N involves the leaching
of a low-grade source of copper with sulphuric acid, often derived from
a neighbouring sulphide pyrometallurgical operation, and selective
extraction of copper from the leach liquor with the reagent in kerosene
type diluent.
Copper is finally recovered by stripping the organic
solution with spent sulphuric acid electrolyte and subsequent electrowinning.

i

In a process designed to recover copper from low-grade sources such
as mine tailings and some scrap materials, which may not be associated with
smelting operations, there may be no immediate reason for using sulphuric
acid for leaching, and indeed an alternative leaching agent such as
hydrochloric acid might offer advantages.
Dissolutio� of copper in
hydrochloric acid is possible on an industrial scalel8J, dissolution rate
being controlled by such factors as metal thickness, acid concentration,
and availability of oxygen.
The use of chlorine as an oxid:j.s:j.ng agent
for this purpose instead of air or oxygen has been suggestedl9J.
Such
a process would present leach solutions containing large concentrations of
chloride ions for selective extraction; the present paper examines the
behaviour of the system in which solutions of this type are extracted
with Lix 64N in kerosene.
Experimental
Samples of Lix 64N were kindly supplied by General Mills Inc. and
were used as received.
Working solutions of the extractant were rm.de up
by volumetric dilution with kerosene as required.
Kerosene was "kerosene
white" supplied by Hopkins and Williams Ltd; all other reagents were of
analytical grade.
Stock solutions of cupric and ferric chlorides were rm.de up by
dissolving appropriate amounts of the reagents in water to yield solutions
of about 0.2M concentration, sufficient hydrochloric acid being added to
prevent hydrolysis or precipitation of the metal hydroxide.
The solut:j.on�
were standardised by thiosulphate and dichromate titration respectivelyl10J.
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The standard metal solutions were stored in polythene containers.
For each extraction experiment a series of nine or ten solutions was made
up containing identical metal concentrations, differing amounts of HCl
to produce the desired range of pH and NaCl to adjust the total ionic
strength to a predetermined level, usually 1.0M. For copper extractions,
sufficient quantities of solutions were made up for several extractions to
be carried out but for iron, where slow precipitation of the metal hydroxide
was found to be a problem at pH levels above 2 .0, fresh solutions were
prepared for each experiment.
Equal volumes (10 or 2 0ml) of the aqueous and extractant solutions
were pipetted into 1 00ml glass-stoppered conical flasks and equilibrated
by shaking
in a thermostatic oscillating incubator bath, maintained at
°
Preliminary experiments indicated
25± 0.5 c unless otherwise stated.
that extraction equilibrium was obtained in 2 0-40 minutes for copper and
45-60 minutes for iron, so a shaking time of 60 minutes was used throughout.
After equilibration the two phases were separated using phase-separating
paper (Whatman 1PS), and the pH of the aqueous solution was measured using
a Pye Model 290 pH meter.
Portions of the aqueous solutions were then
diluted, and their metal contents determined, using a Perkin-Elmer model
303 atomic absorption spectrophotometer fitted with a three-slot bu=er for
analysis of solutions of high dissolved solids content.
Interference
from sodium ions was found to be minimal when their concentration was 0.2M
or less, so each sample concentration was diluted by at least five times
to reduce the concentration below this value.
The instrument was calibrated
using a series of standard solutions of copper or fe=ic chloride; from
the readings so obtained a least squares regression of the form ln (Absorbance)
= lnA + Bln (metal concentration) was calculated, and concentrations of
unknown solutions were derived with the aid of the regression parameters.
This procedure was facilitated by use of a Hewlett-Packard 9280 programmable
calculator.
Results and Discussion
Extractions of copper (II) and iron (III) were carried _out from aqueous
solutions 1.0M with respect to chloride ions using solutions of Lix 64N
in kerosene between 2fo and 2 5% concentration and metal ion concentrations
between 5x10-4 and 5x1o -3r1, i.e. employing a large exce�s of extractant.
Fig.1 shows typical log D vs pH relationships for 5x1o-� metal concentrations.
The lines for copper have slopes of 2 .0 ± 0.07, indicating second power
dependancy of log D on pH and Cu2+ as the metal species being extracted.
For iron the slopes vary from 2.95 with 2fo Lix to 2.45 with 2 5% Lix, all
significantly different from the expected value of 3.0 co=espond� to
extraction of Fe3+ ; these values cannot yet be explained, since Fe2+ is
not reported to extract in this pH region and no evidence could be obtained
for the extraction of iron chloro-complexes.
The copper extraction curves were almost independent of initial metal
concentration, the pH
0 � values increasing very slightly with aqueous
metal content.
The ov�rall
results were very si�f�r to those obtained
for co=esponding extractions from sulphate media l1 J, the pH0•5 values,
ranging from 1.4 with 2fo Lix to 0.75 with 2 5% Lix, being identical.
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Lines relating log D to log (Lix concentrations) showed slopes of
1.0 ± 0.1 for copper and -v 1 .5 for iron.
Slope values of 2.0 for copper,
co=esponding to Lix behaving as a monomeric monobasic acid, have been
reported for e�traction from sulphate media with Lix 64N in toluene or
xylene l 6 ,7,11 ), but recent workl 1 1), also showed slopes of 1.0 for
extraction from sulphate solutions with Lix 64N in kerosene.
The lower
slope value would be expected if the extractant were dimerised in the
organic phase; possibly the major component of Lix 64N, the aromatic
hydro:x:yoxime Lix 65N, tends to dimerise in the essentially aliphatic
kerosene while remaining monomeric in the more compatible aromatic
diluents.
The slopes of ...-...1.5 for fe=ic iron would similarly be
consistent with the dimerised extractant.
Extractions of copper were ca=ied out using comparable concentrations
of metal and extractant, some under substoichiometric conditions.
Log D
pH curves for the experiments are shown in Fig 2 , and extraction isotherms
derived from the results in Fig 3.
The correspondin� calculated maximum
copper loading values for the extractant were 6.ox10-)M and 1.5 x 1cr2 M
respectively for � and 5% Lix 64N solutions.
If it be assumed that
data recently published(7') for Lix 65N as supplied commercially apply
also to Lix 64-N, then it is pos�ible to calculate theoretical �lues for
maximum copper loading; the corresponding figures are 1.25x1CT"
If this
3.1x10-2M, about twice the present experimental values.
assumption is correct, and if the extracted complex is representec. by
CuA2 (where HA represents the Lix molecule), then it would appear that
at saturation only about half the extractant molecules are directly
involved in complex formation.
Alternatively, complete utilisation of
the extractant could be accommodated if the extracted complex were of the
form CuA2.2HA and the extractant were present in kerosene solution as a
tetramer, but it is probably unwise to speculate when dealing with a
commercial product of uncertain composition.

When copper was extracted with Lix 64N from solutions which also
contained fe=ic ions in concentrations up to 2x1o-2M the iron was found
to have a negligible effect on the resulting copper extraction lines, the
only change observed being a slight increase in PHo.5 for copper in the
presence of the highest concentration of iron.
Back extraction of copper from kerosene solutions of Li.x 64N,
previously loaded from chloride aqueous media, was readily and rapidly achieved
by shaking for a few minutes with dilute hydrochloric acid.
The results of
two typical stripping experiments are shown in Fig 4.
In parallel
experiments copper was completely stripped from organic solution with
either sulphuric or nitric acid;in the latter case tests with silver ions
failed to show the presence of chloride in the resulting aqueous solution,
indicating that chloride ions were not extracted from the original aqueous
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phase as part of the extracted complex and that consequently chemical
carry-over of chloride to the electrowinning stage of a pr0cess based
on chloride media should not occur.
The extraction of copper
wi�h Lix 64N was examined at several
°
temperatures b5tween 10 c and 5 0 C; typical results are shown in Fig .5
Below about 3 5 C increase in temperature increased the distribution
coefficient by an amount consistent with an endothermic process having
LIH,v+5 kcal/mole, but as higher temperatures were reached the distribution
coefficient was found to decrease.
This effect has not been observed
with extraction from sulphate media, for wl,iqh extraction enthalpy
values of ,v +6.5 kcal/mole have been givenl7 J. An explanation rmy be
found in the formation of chloro-complexes of copper in the aqueous phase,
which can inhibit extraction.
The forrmtion of the s�ecies CuC:r'" and
CuCl� is endothermic, havingD,H"-"+ 4.Okcal/mole( 1 2, 131; increasing
temperature would thus favour increasing formation of chloro-complexes
and correspondingly reduced extraction.
The relative rmgnitudes of the
two opposing effects at any temperature have not yet been calculated; a
possible alte=ative explanation, not yet examined, conce=s the unknown
temperature stability of the extractant, since if decomposition were to
occur at the higher temperatures this would lead to reduced extraction.
The effect of increasing temperature on back extraction was to shift the
extraction lines towards higher acidities, a rmximum change of +O.O5 in
log [HCl] being observed at log D = 0 over the temperature range examined.
Increased temperatures would thus appear to offer no advantages in a
stripping cperation.
An example of the effect of varying chloride concentration on the
extraction of Cu(II) and Fe(III) is shown in Fig 6, for initial metal
concentrations of 5x1 cr3M and aqueous phases maintained at 4,OM concentration
Increase in chloride ion concentration reduced the
of NaCl+ NaNO.
extraction of �ither metal, unlike sulphate ions, the major anionic species
present in conventional �each solutions, chloride ions form series of
complexes with transition metal ions, and in so doing c9mpete with the
chelating extractant and reduce the level of extraction\1-4 1 6)•
20
Copper forms a series of chloro-complexes CuCl+, CuC1 , CuCl�, CuCl4,
2
the first three beinghexa -coordinate, with solvent molecules occupying
the rermining ligand sites, and the fourth tetra-coordinate.
The splQil�)
Cuc12- is known to occur in ether extracts from strong ijCl soiutions\ 1•
,
and tas been demonstrated in concentrated HCl solution,t1°9,20J although the
The
ma.in species present are the less saturated CuCl and CuC1 .
tetra hedml species is characterised by a uv-visdle peak a� 395nm; spectra
for copper in aqueous chloride media (Fig 7) exhibit a broad peak in the
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range 2 50-300nm, which can be assigned to species derived by substitution
of c1- ions into Cu(H O)�+, but the peak at 395nm is evident only when
the medium is strong H61 solution.
Generally chloro-complexing appears
somewhat less in NaCl solution than in'the same concentration of HCl.

Iron (III) forms a similar series of chloro-complexes; the extreme
members are again hexa - and tetra-coordinate respectively, but the �o�t
in the series at which the coordination number changes is not known( 1 J.
'futra.-coordinate species have been demonstrated in strong HCl solutions<22).
In HCl solutions of up to 4M concentration the principal � per and
iron species that exist are Cu 2+ and Cuc1+ , and Fe3+ to FeCl2 ( g� • In
view of the reduced complexing observed in NaCl solutio� it appears �ely
that the ions of importance in the present study are Cu +, Cuc1+ , Fe ,
and FeC12+ .

The effect of competing ligands present in the aqueous phase of a
�etal solyent extraction system has been discussed by several authors
l14-17, 2 4J in terms of the reduction in free metal ion concentratio�
and consequent reduction in distribution coefficient, caused by complexing.
Thus for a system in which the only extractable species formed by a metal
ion Mn+ is MAn,
D

n q
where i[MX - +J is the sum of the cor.centrations of complexes formed in
ln the present study the likely chloro
the aqueoui phase wit� ligand X
{
2 +, so that the equilibrium aqueous
J
complexes are MCI(n-1)+ and MCl�nmetal concentration can be written (M] +[Mel]+ [Mcl ), and
2
[MAn)
D

[�](1 + p [c1-) + p 2 [ci-J )
1
2

where p is the formation constant of the complex M::li
i
D

and log D

K
ex

(2 -i)+

1 + p1 [c1-]t.p2 !91-J

•

Hence

2

2
log K + nlog [HA]+ npH- log (1+p1 (c1-J + p2�1-J
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J

For any constant value of [c1-J the last item above will be constant,
decreasing log D by an amount proportional to [Cl-] and shifting
extraction lines to higher pH values.
The observed effect of increasing
the chloride concentration from 0.2M -·the minimum value possible when
HCl is used to adjust the pH value - to 4.0M was to increase pHo.5 by
The slopes of the log D 0.2 pH units for copper and 0.2 4 for ixon.
pH lines for copper remained at 2 .0, whereas those of the ixon lines
decreased from about 2.9 to 2.5. The reduced slope values cannot
ap_parently be explained by extraction of species such as Fec12+ and
Fec12+ because back extraction with nitric acid and subsequent testing
with silver ions failed to indicate the presence of chloride in the
organic phase.
Conclusion
It is evident that Lix 64N in kerosene may be used to extract copper
selectively from an aqueous solution containing copper and ixon in the
presence of chloride ions.
Chloride ion concentrations of up to 4M
do not cause serious hindrance to extraction. Back extraction is
readily achieved, and no chloro-complexes appear to be present in the
loaded organic phase.
There is apparently little advantage, in terms
of equil!brium distribution, to be gained from operatiM at temperatures
above 2 5 C.
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• The Extraction of Copper(II) and Iron(III) with Kelex 100
from Aqueous Media containing Chloride Ions

by

V.I. l.aksbma.nan, G.J. Lawson and P.S. Nyholm
Wolfson Secondary Metals Research Group, Dept. of Minerals Engineering,
The University of Birmingham, Birmingham B15 2TT, U.K.

Abstract
The extraction of Copper(II) and Iron(III) from aqueous
solutions containing chloride ions with Kelex 100 in kerosene bas
been studied to assess the applicability of this extractant to
Copper is extracted readily and reversibly
chloride leach solutions.
from acid chloride solutions, chloride ions apparently causing little
hindrance to extraction. Iron is also extracted from acid chloride
solutions, but at a much slower rate, so that a separation of the two
metals is possible on a kinetic basis.
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Introduction
The recent introduction of selective extraction reagents for
copper has led to a great increase in the use of solvent extraction
for the commercial recovery of the metal.
These reagents are
designed particularly to extract copper while rejectingiron, and
have been applied to solutions of the metaJs as sulphates; sulphuric
acid is a good leaching agent for low-grade oxide ores and tailings,
and is often readily available from an associated sulphide smeltin�
operation.
However, for leaching of non-fe=ous secondary (scrap)
metals, or refractory ores, or where sulphuric acid is not readily
available, there may be advantages in using hydrochloric acid as an
alternative, with air, oxygen or chlorine as oxidising agent when
necessary.
The dissolution of copper in hydrochloric acid has been(1)
studied in this �e�artment, and has also been reported by Rigg tl.!!:1: ,
and Brooks et a1J2J.
Dissolution in hydrochloric acid presents metals for succeeding
solvent extraction as chlorides.
Since both copper and iron form
series 9f complexes with chloride ions in aqueous solution, as discussed
earlierl3), it is of interest to examine the behaviour of selective
extractants with chloride sol11ti0ns, to determine particularly the
extent to which complexing in the aqueous phase might inhibit extraction.
The present paper presents such an examination of the reagent Kelex-100,
which is based on 8-hydroxyquinoline, dissolvei in kerosene.
Experimental
Kelex 100 was kindly supplied by the makers, A�hiand Chemical Co., Inc.,
Kerosene was
and was purified before use as described previouslyl4).
'kerosene white' supplied by Hopkin and Williams Limited.
All other
reagents were of analytical quality.
Standard aqueous solutions of
copper (5.0x10-2M) and iron (2.5x10-2M) were prepared by dissolving
CuCl2.2H2Q FeCl3.6H20 in �t�tilled water and standardising by titration
Sufficient hydrochloric acid
with EDTAl5) or aichromatel6J respectively.
was added to each solution to prevent hydrolysis.
Kelex 100 is a commercial product of undeclared composition.
A small
to give a
sample was purified by vacuum distillation at 160 ° c / 0.2mm
faintly yellow viscous liquid which was analysed by mass spectrometry and
vapour phase osmometry, which showed the material to be monomeric in
hexane, with a molecular weight of 311.
Elementary analysis gave
C,81.3; H,9.7; N,4.5%.
C21H29NO requires C,81.0; H,9.3; N,4.5%; M.W.311.
These measurements were kindly ca=ied out by the Chemistry Department,
University of Birmingham.
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Equal volumes (10.0ml) of organic
Extraction procedure.
and aqueous phases were pipetted into 100ml stoppered flasks and
shaken for a prescribed time in a water bath thermostatically maintained
°
at 25 c unless stated otherwise.
For dilute iron solutions polythene
vessels were used instead of glass to minimise errors caused by
adsorption of metal ions on the glass surface. After shaking the
phases were allowed to disengage and then separated with Whatman 1PS
paper.
The pH of the aqueous phase was measured with a Pye Model 290
pH m eter, and the metal content by atomic absorption spectrophotometry
after suitable dilution.
In initial experiments the metal content o�
the organic phase was measured similarly, after dilution with ethano1t4 ),
but, since the sum of the contents of the two phases always equalled the
initial metal content, in later experiments the aqueous phase alone was
measured and the organic phase metal concentration determined by difference.
For copper, distribution equilibrium was established quickly, in less
than 2 min., but the equilibration time for iron was much longer;
Organic
accordingly a shaking time of 45 min. was adopted as standard.
phases were made up by dissolving Kelex 100 and dodecan-1-o1 in kerosene.
Aqueous phases were made up from appropriate volumes of standard Cu(II)
or Fe(III) solution, hydrochloric acid to adjust the equilibrium pH
value and sodium chloride and/or sodium nitrate to maintain the ionic
strength of the solution.
Due to the characteristics of Kelex 100 all
distribution experiments were ca=ied out in acid conditions. For each
set of conditions of initial metal concentration etc., experiments at
several (5 to 8) values of equilibrium pH were ca=ied out and a graph
of log D vs. pH was prepared; slope values for the resulting lines were
calculated by the least squares method.
It was shown that on contact between the organic and aqueous phases
transfer of the modifier to the aqueous phase (or vice versa) was
negligible; consequently no pre-equilibration of phases was ca=ied out.
Results and Discussion.
Phase disengagement and third phase formation.
Early in the
investigation it was found that if Kelex 100 in kerosene alone were used
to extract copper a third phase formed when the aqueous phase pH was less
than 0.5.
This was prevented by the addition of dodecan-1-ol as a
modifier, at the rate of four times the Kelex concentration for extractant
concentrations up to 2"/o.
Satisfactory two-phase disengagement 1-ra.s then
obtained with aqueous phases even of concentrated hydrochloric acid (11.8M).
Separate experiments with lower acidities and dodecanol concentrations
from O to 8% showed that the modifier did not affect the equilibrium metal
distribution.
For organic phases containing 5% and 10% of Kelex the
The
addition of 1ojo and 20% respectiv�ly �f dodecanol was satisfactory.
use of isodecanol and nonylphenol�a,9; with Kelex 100 has previously
been reported.
Extraction of Cu(II).
Extraction experiments were ca=ied
out with organic phases containing 0.5 to 10% Kelex (ca.0.016 to 0.32M),
and aqueous phases containing 5x10-4 to 1.25x10-2 M copper and maintained
at an ·ionic strength of 1M (HC1+NaC1). From the resulting log D - pH
relationships values of slope and pHo.5 were obtained, and are presented
in Table 1.
Regression coefficients for the log D - pH lines were in
all cases at least 0.995.
Within the limits of experimental e=or the
results showed a second power dependency of log Don pH, and that for
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a given extractant concentration extraction was unaffected by
initial metal concentration.
In all these experiments equilibrium
was reached so rapidly that no kinetic measurements were possible
using the shake flask technique; t�is is in agreement with the
( with sulphate solutions and
measurements made by Spink et al.;9)
using an AKUFVE instrument.- Agraph of log Dvs. log (Kelex
concentration) derived from the above results gave a straight line with
a. slope of 2.0 (Fig 1) indicating that the extracted complex contained
two molecules of Kelex per atom of copper.
In a separate series of experiments an organic solution
containing 2:'/o Kelex and ff/a dodecanol in kerosene was used to extract
copper from aqueous phases containing 5x10-3M metal and various
concentrations of chloride ions up to a maximum of 4M, the ionic
The resulting
strength being maintained at 4M (HCl+NaCl+NaN03).
log D- pH lines were coincident for chloride ion concentrations
up to 3M, but increase to 4M produced a marked reduction in extraction.
This is illustrated in Fig.2, which compares a typical low-chloride
line, for 1M chloride, with that for 4M chloride, and also with a line
obtained for extraction under similar conditions but from an aqueous
phase 1M with res.pect both to chloride ion and to total ionic strength.
It is seen that the slope values are not reduced by alteration of the
chloride ion concentration, and it is significant that the reduction in
extraction caused by increase from 3M to 4M chloride at 4M ionic strength
is less than that caused by reducing the ionic strength from 4M to 1M
while maintaining 1M chloride ion concentration.
°

°

Extraction studies at various temperatures between 10 c and 50 c
showed a small shift in the log D- pH lines with temperature, and
calculations from the results indicated an extraction enthalpy of about
-6 kcal/mole.
Back extraction studies showed that an organic phase loaded with
copper from a chloride aqueous phase could readily be stripped with
either hydrochloric or sulphuric acid.
Log D- pH lines constructed
from back extraction experiments agreed closely with those for forward
extraction, and equilibrium was established as rapidly for stripping
as for loading of the organic phase.
In one case a loaded organic
phase was stripped with nitric acid and the resulting aqueous solution
treated with silver nitrate; no chloride ions could be detected.
The second power dependency of log Don pH shown in all the above
2
experiments indicates that copper was being extracted as the cation Cu +
the log D- log [Kelex] relationship corresponding to a complex of the
From these findings and the apparent absence of
type Cu(Kelex)2.
chloride ions from the organic phase it is concluded that chloro-complexes
of copper are not extracted; e.g. significant extraction of the first
complex Cuc1+ would be expected to lead to a log D- pH slope less than 2.
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The experiments with various chloride concentrations indicated
that the effect of such complexing on extraction was small
compared, for example, with the effect of ammonia as a �orpvating
ligand in the extraction of copper with a carbo:xylic acidl J.
This competitive effect increased with increase in aqueous phase
pH, because the concentration of free ammonia increased consequently.
In the _present case some variation in chloride ion activity must
have occu=ed under the more highly acid conditions; for example
a solution 1M with respect to chloride ion at pH 0 would contain
only hydrochloric acid, while at pH 1 most of the chloride would
be present as sodium chloride, and the chl9riie activities in these
two circumstances would differ appreciablyl11J. However, differences
in activity of chloride, as distinct from differences in concentration,
had no apparent effect on the experimented results and can be neglected.
Although the results indicate that chloride ions in concentrations
up to 3M do not affect the extraction of copper by Kelex 100, it is
not yet possible to explain why this is so.
The equilibrium constant
for the formation of the first chloro-complex,
2+

Cu

+
2

is reported to be 63 0 (1 ) . From this it follows that in 1M chloride
the concentration of Cuc1+ should be 630 times that of Cu2+. If it
were assumed that, perhaps for reasons of hydration, the possible
complex CuCl (Kelex) would be incompatible with the organic phase or
did not form at all, an explanation is still reg_uired for the lack
of effect on D of apparently successful competition for copper ions
by chloride.
A similar situati9n exists in extraction of copper
from chloride media with Lix 64-Nl3), and both systems are being further
investigated.
Although the extraction of ferric
Extraction of Fe(III) .
iron with Kelex in the presence of chloride has not yet been examined
as extensively as the extraction of copper, it presents several
interesting features. Notably equilibrium is attained much more slowly
with iron, as has been observed also in sulphate media (9, 1 3). Nevertheless
Kelex 100 appears to be an 1effective 1 extractant for Fe ( III) in that
the log D - pH lines for extraction are located at low pH values; indeed,
for comparable Kelex concentrations PHo.5 for iron is less than for copper.
Fig.3 shows a typical log D - pH relationship for zfo Kelex + fJ/o dodecanol
in kerosene with 1.5x10-3 M iron in 1M chloride, each point having been
determined after the phases had been shaken together for 120 min.
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Although the relationship shown is not so closely linear as
those for copper extraction, the slope value is much closer to
3 than to 2, indicating that, as with copper, the metal was
extracted substantially in the uncomplexed form.
Fig. 3 also
shows the variation of log D with time for the above phase
combination; each experimental point co=esponds to the
distribution of iron between the organic phase and an aqueous
phase of pH0.9.
This curve well illustrates the very slow
approach to equilibrium of the iron(III)- Kelex system.
Thus
the Kelex - chloride system is similar to the co=esponding
sulphate system in that selective extraction of copper would
depend on a major diff�ren�e between the kinetics of extraction
The present results indicate that,
of copper and ironl9, 1 ), l 4J.
since the pHo.5 value for iron is less than the co=esponding
value for copper, in a Kelex-chloride system that was allowed to
reach equilibrium it should be possible to extract iron ahead of
copper; however, in view of the great difference between the two
metals in speed of approach to equilibrium this order of extraction
would not apply in practice.
Back extraction of iron from a loaded organic phase was
achieved rapidly on shaking with 2N hydrochloric or sulphuric
acid, contact times of less than 1 minute being sufficient.
A useful indication of the transfer of the iron to the aqueous
phase was given by the discharge of the intense colour of the
iron-Kelex complex; the cola= was green in thin layers of loaded
organic phase but was so intense as to appear black in the bulk
phase volume.
A visible absorption spectrum showed a strong
absorption at 485nm and a subsidiary peak at 595nm, with general
absorption spread over a considerable part of the spectrum.
A
series of back extraction experiments with aqueous phases
containing various concentrations of hydrochloric acid gave a
log D - pH relationship closely similar to the co=esponding line
for forward extraction. Back extraction with nitric acid followed
by addition of silver ions indicated the absence of chloride from
the loaded organic solution.
The behaviour of iron with Kelex 1 00 contrasts with that of
cobalt, which is r�adily extracted but very difficult to recover
by back extraction�4J.
Separation of copper and iron.
In an experiment to
examine the ease of separation of copper from iron an aqueous
solution containing 1.3x10 -2M Cu(II) and 1.6x1 0-2M Fe (III), and
1M with respect to chloride, was shaken for 4 min. with an organic
phase•consisting of 2!/o Kelex + fJ'/o dodecanol in kerosene, the
acidity being adjusted to give a final aqueous phase pH of about 0.9.
Determination of the resulting metal contents in the separated
aqueous solution gave log D values for copper and iron of 0.3 and
-1.2 respectively, co=esponding to a separation factor of about 30.
This single ex_periment indicated that it is possible to separate
the metals by extraction with Kelex 1 00 from chloride solution,
but further work is required to determine optimum separation conditions.
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Conclusions
It has been shown that both copper(II) and iron(III) can be
extracted from aqueous solutions containing chloride ions at high
acidities,
and that a separation of the two metals may be achieved
on the basis of their different extraction kinetics. Particularly
in the case of copper, which has been examined more fully, the effect
of chloride ions as a potential competing aqueous phase ligand was
negligible for moderate chloride concentrations.
Iron exhibits
more complicated behaviour, further details of which will be published
elsewhere.
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Kelex 100,

Dodecanol,

Organic Fhase Composition

%
%

0.5
2.0

1.0
4.0

2.0
0.0

5.0
10.0

10.0
20.0

Initial Cu(II)
concn., M
5x1o-4

Slope
pHo.5

2.25
1.12

2.2
0,85

2.15
0.60

2.05
0.23

2.5x10-3

Slope
pHo,5

1.95
1.17

2.1
0,87

2.2
0.55

2.15
0.20

5x10-3

Slope
pHo,5

2. 1
1.20

2.0
0.92

2.1
0,60

2.15
0.24

2.1
0.92

2.0
0.65

2.05
0.28

1,25x10-

2

Slope
pHo,5

Table 1.
Extraction of Copper(!!) from 1M(HCl+NaC1) aqueous solutions
with Kelex 100 in kerosene.
Slope and pHo,5 values for log D - pH
relationships with various initial copper ana Kelex concentrations.
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Extraction of Copper, Nickel and Cobalt with Versatic Acid
from Ammoniacal Solutions

by
G.J. Lawson and B.J. Pridden

Department of Minerals Engineering, University of Birmingham
Birmingham B15 2TT, U.K.

Abstract
Earlier work has shown that the extraction of copper,
nickel and cobalt with a carboxylic acid, Versatic acid, is
prof0undly affected by the presence of ammonium salts in the
aqueous phase.
The theory advanced to explain these effects
in 'ideal' conditions of extraction has been modified to
apply to practical conditions, and compared with experimental
results.
Particularly it was found that a useful separation
of nickel and cobalt could be achieved.
The relationship of some deviations from theory to the
possible oxidation of cobalt has been studied briefly; it
has been shown that hexamminecobalt(III) m.y be extracted by
Versatic acid, but it is not yet clear whether oxidation to the
cobaltic state does occur under experimental extraction
conditions.
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Introduction
Earlier work in this Department showed that the extraction
of Cu(II), Ni(II) and Co(II) from aqueous nitrate solutions with
the carbo:xylic acid extractant Versatic acid (Shell Chemicals Ltd)
in toluene was profoundly affected by the presence of ammonium
salts in the aqueous phase.
These studies were ca=ied out under
1ideal 1 conditions, i.e. with small concentrations of metal ions
and with a large excess of extractant, and among the effects noted
when ammonium salts were present was an improvement in separation
factors in certain ranges of pH.
The present paper describes
work undertaken to determine the behaviour of the systems, and
the magnitude of the separation coefficients, under 'non-ideal'
conditions.
Experimental
Versatic acid (Versatic 911) was kindly supplied by Shell
Chemicals Ltd.
Versatic 911 is similar to and has replaced
All other reagents were
Versatic 9, used in earlier work(1J.
of analytical quality.
The organic phase used was prepared
by dissolving Versatic 911 in toluene to give a 0.656M solution,
calculated on the basis of a molecular weight of 173.
Aqueous
phases were prepared by dissolving appropriate nitrates in
distilled water to give solutions 0.15M with respect to copper(II),
nickel(II) or cobalt(II), and 2M with respect to ammonium nitrate.
Extraction procedure.
Equal volumea (10.0ml) of
organic and aqueous phases were transfe=ed to 100ml stoppered
flasks by means of E-mil 1 Pressma.tic 1 dispensers, and small amounts
of 1CM sodium hydroxide solution or, to obtain high pH values,
solid sodium hydroxide, were added to give the desired equilibrium
pH level; the volume of alkali was insufficient to alter the
aqueous phase volume significantly.
The phases were equilibrated
by shaking for one hour in a water bath thermostatically maintained
at 25°c; they were then separated, in a separating funnel for
strongly alkaline solutions but otherwise by filtration through
Whatma.n 1PS paper, and the pH of the aqueous phase was determined
with a Pye Model 290 pH meter.
The aqueous phase was then
diluted with water by means of a 1 Diluspense 1 diluter (Griffin
and George Ltd.), which is capable of dilution by up to 1500 times;
the metal content of the diluted solution was determined with a
Perkin-Elmer 303 atomic absorption spectrophotometer.
The metal
content of the organic phase was determined by atomic absorption
after similar dilution with ethanol; with the resulting solution
the spectrophotometer showed increased sensitivity, the range of
the instrument being 0-8 ppm of metal, compared with 0-25ppm for
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the aqueous solutions.
Dilution with ethanol proved a very
satisfactory procedure and preferable to the use of ketones,
which increased sensitivity so much that the instrument range
Organic standard solutions
was reduced to a less useful value.
of metals were prepared by complete transfer of metal from an
appropriate aqueous phase.
From the metal concentrations so determined the distribution
coefficient D was calculated, and graphs of log D vs. pH were
constructed.
Water concentrations in organic phases were measured by
titration in a Karl Fischer apparatus (Radiometer Ltd) •
.Absorption spectra were measured with a Perkin-Elmer 402
recording spectrophotometer.
Results and Discussion
Haffenden and Lawson (1) studied the extraction of Cu(II),
Ni(II) and Co(II) with the commercial monocarboxylic acid
Versatic 9 in toluene, and found that when ammonium nitrate
was present in the aqueous phase extraction initially increased
with increase in pH, as was expected with a cation-exchange
extraction mechanism, but later decreased, corresponding with
The results
increase in the concentration of free ammonia.
were interpreted in terms of hindrance of extraction of the
metal due to the inoreasing formation of inext�actable ammine
complexes in the aqueous phase as the pH was increased, and a
theory was developed, based on the successive formation of the
ammine complexes of the three metals, by which the distribution
coefficient at a particular aqueous phase pH value could be
calculated.
The conditions studied were 1ideal1 in the sense
that metal ion concentrations were small, and extractant
concentrations so large as not to be altered significantly by
consumption of extractant in forming Vers�tic-metal complexes.
In a typical system examined by Haffendenl2J a 0.2M solution
of Versatic 9 in toluene was used to extract Cu ( II) at 2mM
initial concentration from solutions containing 1 .0M or 5.01"1
sodium or ammonium nitrate, with results shown in Fig.1.
The departure of the experimental values from the theoretical
curve when 5.0M ammonium nitrate was used was attributed by the
author partly to inaccuracy introduced by assessing the value
of z, the charge on the metal ions being extracted, and partly
to inaccuracy in KE, the extraction equilibrium constant.
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It was also noted that the slopes of the experimental log D pH curves increased beyond the expected value of 2 at low log D
values at low pH, where the curves approached the lines for
extraction in the absence of ammonium salts.
According to the
theory the slope of the parabola-type curves at any point
co=esponds to z-1, where I is the average number of ammonia
ligands per copper atom in the aqueous phase, and in the case
of copper values were assumed of z = 2, and imax = 4, the
usual coordination number for copper. This latter assump1;i�n
is true for smaller ammonium ion concentrations, but Bjerrumt3J
has shown that at concentrations as high as 5.0M the species
(Cu(N"ff:3)512+ may predominate (Fig.2), leading to increased slope
values at high pH (z-i = 2-5 = -3). While such considerations
may explain some deviations of experiment from theory, they do
not explain the overall displacement of the experimental curve;
this could however be due to the value of KE, the effect of
changing this parameter being to raise or lower the theoretical
curve with respect to the pH axis. Similar displacements at
high ammonil}I!l salt concentratiomhave also been observed recently
by Ashbrookl4).
Apart from the simplifications allowed by working under
1ideal1 conditions, t'ne theory assumed that both the extractant
and the extracted complex were monomeric, and also that the system
was ideal in the physical chemical sense. Any practical application
of.extraction in the presence of ammonium salts would necessitate
consideration of higher metal concentrations aud amounts of extractant
closer to the stoichiometric requirement, and an �xtended theory,
mentioned below but described in detail elsewherel5J, has been
developed for such conditions.
The early work indicated that
considerable variation from the sillple theory might be expected,
and also that in particular working in the presenca of ammonium
salts gave increased values of separation factor between nickel
and cobalt.
It was thus of interest to deter,nine separation
�oefficientaunder 1non-ideal1 conditions and to compare experimental
behaviour with calculations from the new theory. Deviations were
to be expected, inter alia, to result from the reduced activity
coefficients consequenton operating with higher concentrations
of metal ions, ammonium salt and extractant, concerning which
insufficient data are available to allow them to be included in
the theoretical treatment.
The extended theory considers a system in which a metal M of
valency n is extracted by a polymeric acid extractant (HA)p as an
organic-phase complex of the form (�) v.yHA, thus:
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+
If' + vn + Y
vp
where
and

+ nH+

(HA) p

is the degree of polymerisation of the extracted complex,
y is the degree ofsolvation of the complex by extractant molecules,
p is the degree of polymerisation of the extractant.

v

If ammonium salts are present in the aqueous phase of such as system,
then it may be shown that:
log D =

log ( v ,IC_)
�

+

log
(v 1
v- )

) log [(iiA)p]
[(MAn)V.yHA]+ (:m...±..z
vp
------1

where K. is the successive form.i.tion constant of the ammine complex'.MLj_,
� is the acid dissociation constant of the ammonium ion (m.+ ),
and I is the coordination number c£ the metal M,
and also that the gradient of the log D - pH relationship, at low
values of log D, is given by:
(d log D)
dpH
[m.+], D-, - oo (k', k" -�o)

and k"

J.
·s

"'

v (n

- i)

(fDt1)
de11ne
�- d b y d dlog
log D

f is a constant and I is the average number of ammonia ligands per
metal atom in the aqueous phase, Thus at low values of pH, I-, O,
and
(d log D)
= vn
d P�
[m.+] , D - -oo (k', k" -'1 )
0
At high values of pH, I - I, and

(d log D)
dpH
[HL+ ], D4-00(k',k"._,.0)
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.. v{n-I)

Extraction of Cu{II), Ni(II) and Co(II).
With the aid of
equation 1, families of log D - pH curves were constructed for
the extraction of Cu(II), Ni(II) and Co(II) under various
experimental conditions, in the presence or absence of ammonium
From work described
ions, and fQr various values of p, v and y.
elsewhere( 5) it was concluded that under the present extraction
conditions the most probable values of these parameters were
Fig,3 snows the theoretical curves, calculated
p = v = y = 2,
using these values, for extraction of metal at 0,15M initial
concentration in the presence of 2M ammonium nitrate with 0,656M
Versatic 911 in toluene, and also the experimental log D - pH
relationships for these systems. In comparing these curves it
is useful to consider the slope values at high and low pH, at
low values of D, and three points; these are named point R, the
1maximum 1 value of log D when d log D/dpH = O, and points Sand
T, co=esponding to the low and high pH values respectively when
log D = 0,
The experimental curve for copper approximated to a parabola,
point R occurring at pH 6.2 and log D..v2,0 and points Sand Tat
pH 3,95 and 8,35. The co=esponding theoretical values were pH 6.0
and log D,...2,0, and pH 3.2 and 8,1. The theoretical curve agreed
reasonably with the experimental results for pH values above point
R, but at lower pH values the theoretical log D values were greater
than those found practically.
The reason for this difference is
not immediately apparent, although it may be attributable to
activity effects.
The experimental gradients at low and high pH
values were 3.5 and ca.-2 respectively. The latter value represents
log D values greater than O, and so is probably not a true terminal
slope value; it is considered that had it been possible to extend
the experimental points a value of -4 or -5 might have been obtained.
The colour of the organic phase was green at pH values below point
R, and agoye this changed to blue, as was observed also by
Ashbrookl4), who attributed this change to the extraction of
copper-ammonia complexes into the organic phase.
For nickel point R occurred at pH 7,7, while the theoretic�!
value was about 7.2, close to that obtained by Haffenden et al.�1)
The gradients at low D values were 4
for 1ideal1 conditions.
and -8 for low and high pH values respectively. The colour of
the organic phase was bright blue up to pH values about 7,7, but
beyond this a subtle change occurred in the blue colour, probably
indicating a change-in the organic phase complex and possibly
attributable to the incorporation of ammonia into it.
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The extraction curve for cobalt showed considerable
displacement from the theoretical curve; pH values at point R
were 8.05 and 7.8 respectively. Haffenden 21.!!l.· ( 1J found
that experimental values of log D decreased with increase of
pH beyond point R more rapidly than was predicted theoretically;
this was attributed to participatio�tX ammonia molecules in
the extracted complex, but Ashbrookl ) has recently suggested
that the deviation is caused by oxidation of cobalt(II) to
cobalt(III).
This point will be discussed later.
Separation of nickel and cobalt.
From the
experimental curves in Fig.3 it is apparent that some separation
of cobalt from nickel could be achieved by extraction at pH
values in the range 7.5 to 9.7.
The optimum appears at about
pH 8.2, when 97% of the initial cobalt would be extracted, along
with 7fJjo of the nickel, corresponding to a separation factor of
about 10. Though not large, this separation warranted a study
of the mixed metal system, which was carried out with 0.656M
Versatic 911 in toluene and aqueous phases containing 0.075M
Co(II), 0.060M Ni(II), and 2M ammonium nitrate, over the pH
range 7.9 - 9.7. At pH values of 9 and greater the aqueous
phase become slightly turbid, and the phases become somewhat
difficult to separate, although at the highest pH levels, above
9.4, this difficulty lessened. The turbidity, which in time
became a slight precipitate, was apparently associated with the
nickel present, since its appearance coincided with a small but
increasing 1loss 1 of nickel, indicated by the fact that the
total of aqueous+ organic metal was slightly less than the
initial concentration. The recovery of cobalt was complete
throughout.
The results, shown in Fig.4, indicated that a
separation better than had been anticipated could be obtained;
between pH 8.5 and 9.1, a region free from nickel 1loss 1 and phase
disengagement difficulties, the separation factor was about fifty,
an encouraging value.
Organic phase water content.
K!j.rl Fischer titrations
were carried out to determine the amount of water, if any,
associated with the extracted metal CQlllplexes. Measurements
on toluene, undiluted Versatic 911, and 0.656M Versatic 911 in
toluene, after equilibration with aqueous phases buffered between
pH2 and 9, showed that each contained a small but constant
concentration of water. Measurements on organic phases containing
nickel or cobalt, in concentrations over the range covered by the
extraction experiments (0 - 0.15M), showed that, after allowing
for the water associated with the extractant and diluent, each atom
of metal in the extracted complexes was associated with half a
molecule of water.
The measurements were carried out in triplicate,
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and the results agreed closely over the whole concentration
range.
Thus each dimeric complex molecule would be associated
with one molecule of water.
Satisfactory results could not be
obtained for copper because the metal ion reacted with the
iodine present in the titration reagent.
The oxidation state of cobalt.
AJ3 mentioned earlier,
it has been suggested that the more rapid decrease of cobalt
extraction with increase in pH in ammoniacal systems, compared with
theoretical predictions, may be due to oxidation of Co(II) to Co(III).
Certainly the formation of Co(III� ammines i f voured; the overall
formation constant for ��(NH )6] +is 1o4-39� 7 ), while that for
3 that in ammoniacal solution in the
[co(NH )6]3+ is 1035-2( J, so
3 of oxygen oxidation to the cobaltic state would be favoured.
presence
However, although the hexamminecobalt(III) ion is undoubtedly
stable, its format ·qn requires conditions such as the presence of
activated charcoalt '3 ), and work in this laboratory has confirmed
that oxidation is not achieved as readily as might at first be
expected.
This was done by treating solutions containing Co(II)
ions in various oxidising conditions and examining the oxidation
state of the metal by means of visible absorption spectra, Co(II)
showing an absorption peak at 512nm and Co(III) peaks at 340 and
478nm.
The hexamminecobalt(III) complex would be more stable than
the Versatic 911 - cobalt complex, and its formation would hinder
extraction to a greater extent than formation of cobalt (II) ammines,
assuming that all the metal ammines were inextractable.
Apart from
the increasing departure from theoretical prediction with increasing
ammonium salt concentration, the system is complicated in other
ways; at pH values above about 8.4 a brown turbidity appears in the
aqueous �ha�e during extraction experiments, as was noted also by
AJJhbrookl6 J, who observed in addition that if such an aqueous phase
were contacted with kerosene, and the pH adjusted to about 7.5,
some cobalt could be transfe=ed to the kerosene phase.
It thus
appeared that a significant concentration of the ammonium salt of
Versatic 911 could be present in the aqueous medium without being
visibly evident as a second phase.
To investigate further the role of Co(III) in cobalt extraction,
solutions containing 0.0015M hexamminecobalt(III) nitrate were
extracted with 0.656MVersatic 911 in toluene in the presence of
0.1M sodium or ammonium nitrate, over a range of pH values.
The
results are shown in Fig.5.
With sodium nitrate 1normal 1
extraction appeared to occur until pH values greater than 7.5 were
reached, when the organic phase become colourless and a viscous
third phase formed.
When this third phase was added
to sodium hydroxide solution a two phase system was obtained
initially but a clear single phase resulted after further addition,
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indicating that the third phase, possibly consisting ma.inly of
a salt of hexamminecobalt(III) and Versatic 911, was not
completely incompatible with aqueous media. Extraction in the
presence of ammonium nitrate produced a parabola-type curve,
and no turbidity or third phase formation was evident.
However,
if an aqueous phase, equilibrated at a pH value greater than 8.4,
was acidified to pH 7.5, a second phase separated, similar in
viscosity to the third phase mentioned above, indicating
solubility of the organic complex in aqueous media at high pH
values and that the reversal of extraction was probably due to
this solubility.
Certainly the explanation advanced for the
reversal in the case of Co(II) ions in the presence of ammonium
salts cannot apply in the case of a fully complexed, stable
hexamminecobalt ion, and indeed the fact that this ammine has
been shown to be extracted by Versatic 911, presumably as a salt,
calls into question the assumption that ammine complexes in the
aqueous phase are inextractable. However the limited evidence
so far obtained applies only to hexamminecobalt(III), and
investigations are being continued.
Conclusions
An extended theocy has been developed to describe the
extraction of metals with carboxylic acids from ammoniacal
solutions under 1non-ideal1 conditions; predictions ma.de from
this theory agree reasonably with experimental results, although
there are unexplained deviations.
Some of these deviations
may be useful, e.g. when a mixed nickel-cobalt solution is
extracted with Versatic 911 unexpectedly high separation factors
are found.
It has been shown that hexamminecobalt(III) can
be extracted with Versatic 911, and this brings into question
the roles both of oxidation and of ammine formation in carboxylic
acid systems.
Acknowledgements.
Grateful acknowledgement is ma.1e to Professor S.G. Ward
for his interest, to Rio Tinto Zinc Corporation for provision
of a research studentship (to BJP), and to Shell Chemicals Ltd.
for a supply of Versatic 911.

719

References
1.

Haffenden, W.J., and Lawson, G.J.
In "Advances in
Extractive Metallurgy", p.678,Institution of Mining
and Metallurgy, London, 1967.

2.

Haffenden, W.J.

3.

Bje=um, J.
"Metal Ammine Formation in Aqueous Solution",
p.287, P.Haase, Copenhagen, 1957.

4.

Ashbrook, A.W.

5.

Lawson, G.J., and P:ridden, B.J.,

6.

Ashbrook, A.W.

7.

Bje=um, J.
"Metal Ammine Formation in Aqueous Solution",
p.188, P.Haase, Copenhagen, 1957

8.

Idem,

9.

Cotton, F.A., and Wilkinson, G. "Advances in Inorganic
Chemistry", p.727, Wiley-Interscience, 1962.

Ph.D. Thesis,University of Birmingham 1966.

J.inorg.nucl.Chem., 1972, .2,i, 3523
In Press.

J.inorg.nucl.Chem., 1972, .2,i, 1721.

Ibid., p.285.

720

log D

-2

FIG.l EXTRACT!ON OF Cu<!!) WITH O,2OOM VERSATIC 9 IN TOLUENE (HAFfENDEN<2>),
INITIAL Cu(! I) CONCENTRATION 2MM
o-• SM NANO3,
AQUEOUS SALT CONCENTRATIONS: o-o IM NANO3,
0 IM NH4N�,
o SM NH4N�.
CURVED LINES SHOW THEORETICAL RELATIONSHIPS.

75
'-._O
O'

25
10-6 10-5

10-4

10-3 10-2
NH3 , M/ L

10- 1

1

FIG. 2 PROPORT! mis OF COPPER AMM WE COMPLEXES AS A FUIICTI ON OF AMMON I A
COIKEMTRATION (BJERRUM (3)) ,
721

10

F!G,3 EXTRACTION OF Cu(!!), N1Cll) AND Co(!!) FROM 2M NH4NO3 SOLUTION
WITH O,656M VERSATIC 911 IN TOLUENE.
IN!TlAL METAL CONCENTRATION O,15M
Co(ll),
N1(11),
o Cu(ll),
CONTINUOUS LINES REPRESENT THEORETICAL RELATIONSHIPS,

loc D

l•O

0•5

.....
-1•0

-1·9

FIG,4 EXTRACTION OF MIXED N1(!1) AND Co(!!) FROM 2M NH4NO3 SOLUTION WITH
O,656M VERSATIC 911 IN TOLUENE.
N1 ClI), IN!TlAL CONCENTRATION O,O60M
Co(!!), IN!TlAL CONCENTRATION O.O75M,

722

log D

2-0

1-5

1 ·0

'i;o

6• 5

_,
N

w

-0·5

-1·0

-1·5

/.

I

7-5

8·0

8-5

pH

9-0

•

•

I

FIG,5 EXTRACTION OF HEXAMMINECOBALT (Ill) f-llTRATE WITH 0,656M VERSATIC 911
IN TOLUENE. INITIAL METAL CONCENTRATION l,SMM.
o-o FROM lM NAN03 SOLUT I Oil
•-• FROM lM tlH4II03 SOLUTION,

•

USE OF HIGH DENSITY HYDROCARBONS AS DILUENTS
IN COPPER SOLVENT EXTRACTION
W. MANFROY AND T. GUNKLER
DOW CHEMICAL U. S. A.
FUNCTIONAL PRODUCTS & SYSTEMS DEPARTMENT
Summary
A series of tests was

run comparing the performance of perchloro

ethylene with existing hydrocarbon diluents in copper solvent
extraction.

LIX® 64N was used as a standard extractant.

Looked

for were kinetics of extraction, extraction isotherms, solvent's
strength, feed solution pH, iron rejection, and phase separation
in the loading process.

Main operating parameters on the

stripping section were also investigated.
Recommendations for proper handling and recovery of the solvent
are described.
In the system studied, perchloroethylene showed faster kinetics
and phase disengagement, higher iron rejection and improved
stripping efficiency.

The relatively high cost of perchloro

ethylene, combined with higher evaporation losses, make it
necessary to recover the diluent.
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USE OF HIGH DENSITY HYDROCARBONS AS DILUENTS
IN COPPER SOLVENT EXTRACTION
W. MANFROY AND T. GUNKLER
DOW CHEMICAL U. S. A.

FUNCTIONAL PRODUCTS & SYSTEMS DEPARTMENT
Introduction
Solvent extraction is becoming an increasingly important process
for the production of copper from low value ores, waste streams,
streams, tails and dumps.
Traditionally, the organic phase of the recovery process consists
of an active molecule or extractant (LIX® 64N, Kelex@ 100) and a
diluent.

Diluents used in practice are kerosene-type cuts or

similar hydrocarbons.
Very little attention has been drawn, so far, to the selection of
suitable diluents.

Recent availability problems of Napoleum@ 470

plus some work done at the Exxon Research Laboratories
created a larger interest.

1

has

Exxon's work showed wide differences

in the behavior of the system by simply changing the nature of
the diluent.

Furthermore, it also indicated that, according to

the nature of the problem, an optimum diluent could be formulated.
Napoleum@ - Trademark of Kerr-McGee Chemical Corp., Oklahoma City,
Oklahoma, U.S.A.
LIX@
- Trademark of General Mills Chemicals, Inc., Minneapolis,
Minnesota, U.S.A.
Kelex@
- Trademark of Ashland Chemical Company, Division of
Ashland Oil, Inc., Columbus, Ohio, U.S.A.
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TABLE 1
3

PROPERTIES OF SOME HEAVY LIQUIDS
Sp. Gr.

Formula

Compound

Boiling
Point

3.31

Methylene iodide

2.95

Acetylene tetrabromide

2.75

Tribromo-fluoro methane

2.48

Methylene bromide

1. 67

Pentachloro ethane

1.62

Perchloroethylene

1.59

Carbon tetrachloride

1.46

Trichloroethylene

1. 33

Methyl chloroform

1. 25

Dichloroethane

CH2I2
(CHBr )
2 2
CBr F
3

CH Br2
2
CC1 -CHC1
2
3
CC12=CC1
2

°C

Viscosity
cp (25 ° C)

182.0

2.60

243.5

9.60

108.0

1.50

97.0

0.97

161.0

2.33

121.0

0.86

CC14
CC1 =CHC1
2
CC1 -cH

76.5

0.90

87.1

0.55

74.1

0.80

CH Cl-CH Cl
2
2

83.5

0.79

3

3

Other practical considerations limit the choice considerably.

To

be able to use a "chemical solvent" as a diluent in solvent ex
traction, it has to satisfy numerous physical requirements:
High density
Chemically stable versus leach solution, strip solution
and extractant
Solubilize the extractant in a wide range of concen
trations, in loaded and unloaded state
Viscosity - intrinsic viscosity of diluent should be as
low as possible
Flash point

>70 ° C

Toxicity - as low as possible
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Low solubility in aqueous phases
Low volatility
Low cost
Available in large quantities
Also, the diluents should have a beneficial, or at least no
detrimental effect on the physical handling of the solvent. Par
ticular emphasis should be put on phase disengagement, kinetics
of extraction, maximum loading and iron rejection in either the
extraction or the stripping stage.
The purpose of this paper is to examine the effects of various
diluents, and particularly perchloroethylene, on the solvent ex
traction of copper.

Only a very few data have been generated on

brominated compounds for the sake of comparison with the chlor
inated solvents.
The perchloroethylene studied was a high grade, low impurity,
specially inhibited, industrial solvent made by Dow Chemical
U.S.A.

Great care should be taken in selecting the type of per

chloroethylene adopted because impurities and additions can
greatly effect the efficiency of the diluents, as will be seen
later.
Table 2 summarizes the principal physical properties of the
diluents tested in this paper.
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TABLE 2
PRINCIPAL CHARACTERISTICS OF DILUENT SYSTEMS
Perchloro
ethylene

Chevron
3

Refined

Kerosene

Escaid

Norpar

100

12

Kerr
McKee

Exxon

Exxon

Dow

0.791

0.749

2.48

Dow

Sp. Gr. (25 ° C)
Solubility

1. 62

0.885

0.802

150

ca 100

ca 100* ca 100* ca 100*

in leach

ca 30-50

bromide

Standard
Oil of
Calif.

Manufacturer

(mg/1)
in water

Methylene

>100

in strip lig. ca 30-50
140

of water in
Vapor density

5.76

Viscosity 25 ° c

0.86

(air = 1.0)

(cp)
TLV ppm

Flash point °C

100

none

Kauri-Butand No.

92

Surface tension

32.3

Vapor pressure
;,t 20 ° c mm Hg.

14.3

(dynes/cm)

Cost U. S. ¢/lb.
(Est.)
**LIX 64N U.S.
¢/1 (Est.)
% Aromatics

Latent heat

not avail
able

0.97

1. 35

62
88

29

80

85

>65

)65

not avail

able

28

45.3

9.0

3.0

3. 0

5.6

5. 6

30.0

63.5
none

51. 8
100

51. 8
low

53.6
medium

53.6
low

85.0
none
44.9

vapor (cal/g)

Density differ

100

none

ence vs. leach

0.55

0 .117

0.189

0.197

0.238

1. 48

(150 g/1)

0.39

0.27

0.35

0.36

0.40

1. 32

vs. strip

*Initial Solubility

**Extractant solution at 5% active of LIX 64N
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A thorough analysis of the physical-chemical characteristics in
dicates that perchloroethylene could be a suitable diluent, pro
vided the losses can be maintained at a reasonable level.
Several means of controlling these losses will be discussed later.
Effect on Extraction
In order to determine the feasibility of using perchloroethylene
as a diluent, its influence on the different parameters of the
solvent extraction process was investigated.

Parameters examined

were:
kinetics
concentration of extractant in the solvent
concentration of metal in aqueous feed
temperature of contact systems
phase separation
mixing velocity
pH, etc.
Except where otherwise noted, feed solutions used were 1.9 g/1
copper and 1.9 g/1 ferric iron, pH of 2.0.

Organic solvent con

centration was fixed at 10 vol. % of LIX® 64N.

Extraction tests

were made in a thermostatically controlled beaker at 23 ° C.
mixer was a lab size pump mixer developed by Davy Power Gas.
Organic to aqueous phase ratio was 1/1.
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The

Kinetics or Time Dependence
Considerable differences were seen in the copper extraction,
especially at low mixing times.

(See Figure 1).

The tests

clearly indicated Chevron 3 to be an inferior diluent (only 60%
under test conditions at equilibrium versus 75-85% for all
others).
It is interesting to note that in actual operations two to five
minutes mixing time is provided.

In this range, improvements

with perchloroethylene over the hydrocarbon-type diluents were
of the order of 15%.

All these differences tend to fade away and

even to reverse for longer mixing times (15-20 minutes).

Table 3

also shows, unexpectedly, a much better iron rejection (except for
Chevron 3 at equilibrium) for the chlorinated solvent, perchloro
ehtylene.
This considerably better iron rejection with perchloroethylene
has been confirmed in all following experiments.

This is of par

rticular importance because presently 5 to 10% of the actual
electrolyte can be bled from the electrowinning system to control
iron buildup.
Extraction Isotherms
A paper published earlier mentioned the use of perchloroethylene

as a diluent in an extraction system which utilized cyclones 2 to
gain improved organic/aqueous separation.

A typical extraction

isotherm taken from that reference shows perchloroethylene to be
equal to, if not better than, refined kerosene.
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(See Figure 2).

Solvent's Strength
Very little difference was found at equilibrium between the hydro
carbon diluents and perchloroethylene for copper extraction. At
high extractant concentrations, thus when more reagent is avail
able for chelation, the iron extraction was 1.3% for perchloro
ethylene versus 3.5% for kerosene, an almost threefold increase.
(See Figure 3).
TABLE 3
EFFECT OF DILUENTS ON IRON REJECTION - KINETICS TEST
Cu/Fe Extraction Ratios
0.5

1.0

2.0

5.0

20.0

120.0

121. 6

80.4

107.1

143.5

Kerosene

51.1

36.9

58.3

73.5

66.5

Escaid 100

62.5

52.0

75.6

78.1

83.0

Norpar 12

44.0

62.1

55.8

66.7

43.0

Chevron 3

58.9

56.3

54.2

150.0

196.7

Time (min.)
Carrier
Perchloroethylene

Influence of Equilibrium pH
The diluents do not seem to shift the extraction isotherms to
lower pH's.

All variations found were well within the experi-

mental error, with the exception of iron.
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(See Table 4).

TABLE 4
IRON EXTRACTION (%)
Escaid 100

Equilibrium pH

Norpar 12

Kerosene

Perchloroethylene

l. 3

0.55

0.45

0.7

0.40

l. 4

0.75

0.75

0.9

0.40

1.5

1.10

l. 30

l. 3

0.35

l. 6

1.50

2.50

2.5

0.40

Temperature, Mixing Speed
No significant differences were found among the diluents tested
between 15 ° and
speed.
3

(N D

2

3 0 ° C.

The same applies for variation in mixing

It is to be noted that mixing speed below 500 rpm
<20) decreases the copper extraction efficiency to a con

siderable extent.
Phase Separation
A series of phase separation tests was made according to a pub4
lished procedure . Two leach concentrations were selected, namely
5 and 1 g/1 of copper.

(See Table 5).

the phases to be at equilibrium.

The mixing time allowed

Except for Chevron 3, all

organics were loaded at approximately the same level (2.12 g/1
copper for the 5 g/1 feed, 0.95 g/1 copper for the 1 g/1 feed).
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TABLE 5
PHASE SEPARATION
LIX 64N - 10 Vol. %; O/A Ratio 1/1.
At Equilibrium.

pH of Feed 2.0.

Separation Time (Perchloroethylene
Diluent

Cu - 5 g/1 Feed

100 in each case)
Cu - 1 g/1 Feed

Escaid 100

146

Norpar 12

133

135

Kerosene

219

173

Chevron 3

187

133

Perchloroethylene

100

100

Results in Table 5 show that the higher the loading, the bigger
the difference in settling rates.

Phase disengagement with per

chloroethylene was fastest in all cases with improvements between
30 and 120%.

This, together with faster kinetics, could lead to

reduced inventory or higher throughput for existing facilities.
Effect on Stripping
The density differences between the strip solution and the various
solvents is much closer than for the extraction stage.
ences are comparable (from 0.27 to 0.40).

One would thus expect

no major differences in phase separation times.
tests did not verify this.

Differ

Surprisingly,

Figure 4 shows the influence of the

· TI4

acidity of strip solutions for different diluents (10 vol. %
LIX

6 4N).

Why the differences in phase separation times do not

taper off with increased acid strength of the strip solution is
unexplained.

Tests at 2 and 20 vol. % LIX

6 4N

showed the same

trend with the difference markedly higher for 20 vol. % LIX 64N.
Kinetics of stripping was satisfactory for all diluents tried.
Perchloroethylene looks slightly slower than kerosene and Norpar
12 but is comparable to Escaid 100.

Stripping efficiency at equi

librium is 2% better with perchloroethylene than with the former
diluent.sand 3% better than with the latter one.

(See Figure 5).

Stripping efficiency is slightly worse at low mixing speeds and
slightly better at high mixing speeds, break-even point being
around 1250 rpm.

(See Figure

6 ).

At all temperatures tested, perchloroethylene shows a slight ad
vantage over the other diluents tested for stripping efficiency.
Solvent Losses - Recovery Systems
Even though solubility of perchloroethylene in water at 25 ° C is
around 150 mg/1, extensive test work on solubility losses indi
cated losses in the 30 to
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mg/1 range.

The relative initial

cost of the solvent makes it economical to recover as much sol
vent as possible.

Extensive data areavailable from the food and

metal cleaning industries where such solvent recovery systems are
5
widely used. • 6 • 7
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Most of the solvent losses will occur through vaporization above
the mixers.

The high density of perchloroethylene vapors (5.76 x

heavier than air) facilitates the recovery.

As most of the exist

ing mixer-settlers are covered for dust and sun protection, fairly
little additional costs are involved.
a must.

Airtight structures are not

A good ventilation system to slowly remove the saturated

vapor, coupled with a recovery system, would bring the total sol
vent losses by evaporation to a very low level.
Several recovery systems of perchloroethylene are acceptable.
They are based on one of the two following principles:
condensation on cool surfaces
adsorption on hydrophobic substances.
The latter also has the advantage of reducing losses in liquids
below solubility points.

It could thus be used to minimize the

evaporation losses and the entrained and solubility losses.
Condensation System
All that is needed is to have an air stream going through a water
cooled jacket.

The solvent is condensed and sent to a water

separator, after which the solvent can be reintroduced into the
circuit.

Typical water separators, as used in metal cleaning, are

shown in Figure 7 and Figure 8.
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Adsorption System
Perchloroethylene and the additive inhibitors are readily adsorbed
on activated carbon or any other hydrophobic material such as
polystyrene beads or polyurethane foam.

These products absorb

many times their own weight in perchloroethylene.

Usually a

dual unit, fixed-bed system is used, one being in the adsorption
cycle and the other being in the desorption cycle.

Desorption is

carried out by steaming or heating the loaded adsorbent.
solvent is recovered by a condenser.

(See Figure 9).

The

Typical

operating costs for these units are between two and four cents
per gallon of solvent recovered; thus, they are considerably be
low the costs of the solvent.
Materials of Construction, Toxicity, Safety
Materials of construction suitable for perchloroethylene are well
known and range from steel to various plastic materials.

Poly

propylene, certain epoxy resins, Saran®, Kynar®, Penton®, Teflon®,
and polyamides are some of these materials.

Stainless steel is,

of course, widely recommended.
Toxicity data on perchloroethylene show the TLV (Threshhold Limit
Value) to be 100 ppm.

Handling of perchloroethylene does not

present any particular problem except to avoid breathing the vapor
repeatedly or continuously.

It is already widely used in industry.
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Conclusions
Preliminary batch test data show that perchloroethylene could be
considered as a suitable diluent for solvent extraction of metals.
It has the following main advantages:
slightly better kinetics
faster phase disengagement
higher iron rejection
better stripping efficiencf
non-flammability
Its relatively high cost, coupled with higher evaporation rates
and high volatility, make it necessary to recover the solvent
completely through condensation or adsorption recovery systems.
Costs of recovery are estimated to be around two to four cents
per gallon.
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CORRELATION OF KELEX@COPPER DISTRIBUTION DATA
WITH EXTRACTION AND STRIPPING MIXER SETTLER
PERFORMANCE

J. A. Hartlage and A. D. Cronberg
Ashland Chemical Company
Research &: Development
Dublin, Ohio U. S. A.

ABSTRACT
Kelex loo®, an alkylated 8-hydroxyquinoline derivative, has been
investigated to determine the effects of varying sulfuric acid concentra
tion on copper distribution between organic and aqueous phases.

The

equilibria are plotted and correlated with mixer settler extraction and
stripping data.

Results are interpreted to explain the sulfuric acid

stripping mechanism for the Kelex solvent system.
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INTRODUCTION

For several years, Ashland Chemical Company has been active
in studying and promoting the use of Kelex 100 as a metal extraction
reagent. (l , 2)

Spink and Okuhara (3) have measured distribution

coefficients and have published preliminary kinetic data for Kelex.
Ritcey and Lucas have investigated the use of Kelex on high copper
feeds along with some preliminary data on extraction of other
4 5
transition metals. ( , )

Lakshmanan and Lawson have studied the

use of a Kelex-Carboxylic acid system for extraction of nickel and
cobalt.

(6)

Work to date on copper feed solutions has demonstrated that the
Kelex system is extremely efficient in extracting copper and, on the
other hand, very efficiently stripped with sulfuric acid.

This report

contains results of mixer-settler studies and compares them with
static extraction data in which both acid and copper equilibria are
measured.

Results are used to mechanistically interpret mixer

settler performance data.

EXPERIMENTAL

Reagents:

Production samples of Kelex 100 were diluted with
nonylphenol modifier and Escaid 100, a carrier solvent
product from Exxon.

Solvents for static tests were
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conditioned by two 2-minute contacts with 10%
sulfuric acid solution containing 0. 5 gpl copper.
The solvent, employed in the continuous mixer
settler operation, was circulated for the equivalent
of two passes through the extraction and stripping
system before profiles were measured.

Copper

bearing solution for the first sol vent extraction
test (Figure 2) was an actual vat leach solution.
The other feed solutions used (Figures 3 to 5)
were synthetic.
Analytical:

Distribution ratios were determined by iodometric
titration of aqueous copper samples.

Organic

copper content was measured by stripping all of
the copper from the organic phase with two contacts
of 10 vol % sulfuric acid, followed by iodometric
titration.

Organic acid concentrations were

measured by scrubbing 10 ml aliquots of solvent
with 3 successive 20 ml water washes.

Sulfuric

acid was then titrated with standardized potassium
hydroxide solution.
Profile analyses for the copper extraction and
stripping equilibria in continuous operation were
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measured in a way similar to that described
above for static determinations.

EXTRACTION-STRIPPING COPPER DISTRIBUTIONS
A conditioned solvent of l So/o Kelex 100 and 20% nonylphenol in Escaid
100 was contacted with copper solutions designed to simulate the
copper content present in extraction and stripping during mixer
settler operation,

Figure 1 shows a plot of the copper distribution

measured between 10 and 200 gpl sulfuric acid at 35 ° C.

This plot

of data obtained with 12 gpl aqueous copper for extraction and 30 gpl
aqueous copper for stripping exhibits a smooth curve throughout
the entire acid range studied, indicating that the copper distribution
throughout the low pH region investigated is more strongly controlled
by the sulfuric acid content of the aqueous phase than the copper con
centration.

Data points taken from mixer settler operation are also

indicated on the plot to show the agreement with mixer settler data.
LABORATORY SCALE SOLVENT EXTRACTION
CIRCUIT RESULTS
Figures 2, 3, 4 and 5 show S-X circuit profiles of laboratory tests
that were run on a 33 gpl copper feed as well as two additional high
copper leach solutions.

All tests were run using 1 So/o Kelex -
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20% nonylphenol solvent having a copper loading capacity of
12 gpl.

The total flow to the extraction mixers was adjusted to

200 cc per minute in order to maintain 2-minute mixing residence
time or twice the residence time required as indicated in static
tests. (2) Each extraction and stripping stage was operated
under organic continuous condition and no recycles were used,

The circuit profiles show the excellent copper recovery that is
possible with Kelex 100 on high copper feed solutions.

Note

Figure 2 which demonstrates a 0. 27 gpl copper raffinate from
a 33 gpl copper feed is achievable.

Similar excellent recovery

results are indicated in Figures J, 4 and 5.

Note also, the

su.rprisingly efficient reaction reversal achieved in stripping.
Figure 4 indicates 93% of the copper was removed from loaded
organic while producing 33. 5 gpl copper pregnant electrolyte
containing only 111 gpl sulfuric acid.

Extraction and stripping

stages were maintained at greater than 30 ° C in order to
facilitate phase separation and increase the rate of approach to
copper equilibrium.

Most datawere gathered from mixer settlers

operated at 35 ! 3° C.
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Returning to Figure 1, it is evident that in spite of the potential
problems of mixer channeling and variability introduced by temp
erature differences, the correlation between static and continuous
data is fairly good.

The only mixer-settler data omitted from the fig

ure are tho!ll obtained in final extraction stages where in sufficient
copper was available to allow the reagent to approach copper
loading equilibrium.

EXTRACTION-STRIPPING ACID DISTRIBUTION
Figure 6 shows a plot of organic acid content vs aqueous sulfuric
acid for the same solvent as used for Figure 1, again using
solutions designed to simulate feed and strip copper-acid concen
trations.

This plot illustrates that the reagent is being significantly

protonated in the same acid content region of the graph as found
for copper stripping.

Thus, the slope of the copper distribution

line of Figure 1 is steeper than would be anticipated had the
reagent not been protonated.

The amount of organic acid found in

mixer- settler operation is represented by the numbered data points
of Figure 6 and again a good correlation between static and contin
uous data is evidenced.

Noteworthy also, from an operational stand

point, is that the greatest degree of change in protonation and copper
extraction occurs in the range of 25 gpl to 150 gpl HzS04.
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COPPER-ACID DISTRIBUTIONS AS A FUNCTION OF FREE
SULFURIC ACID
In order to explain the interrelation between copper and HzSO4
extraction from a mechanistic standpoint, a series of static
equilibria were run using a 13% Kelex 100, 16% Nonyl Phenol,
71% Escaid 100 solvent.

After conditioning by two acid and three

water washes, 50 ml aliquots of solvent were contacted for two
minutes with 50 ml aqueous solution samples containing 10. 45
gpl copper and 1 gpl to 400 gpl sulfuric acid.

The copper-acid

distribution data were determined and plotted as shown in
Figu.res 7 & 8.

The acid-copper dependency was similar to that found in
previous tests which correlated well with mixer-settler results.
When copper equivalents and acid molarities were plotted versus
aqueous sulfuric acid content as shown in Figure 9, the extraction
stripping mechanism of Kelex was varified,

The reagent loaded

copper quite efficiently until the aqueous sulfuric acid content
approached 75 gpl, at which point the reagent became increasing
ly protonated while the copper extraction rapidly decreased
through an aqueous sulfuric acid content of 100 gpl.
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As the

aqueou.s acid concentration was again increased, the degree
of reagent protonation became more complete, forcing more
copper from the reagent-complexed state into the aqueous phase.
As the acid concentration approached 400 gpl the 8-hydroxyquinoline
derivative was completely protonated with one mole of sulfuric
acid per mole of reagent,

Discussion:
From the distribution data measured and reported here it is
clearly determined that the equilibrium position of the extraction
equation for Kelex lies far to the right at acid concentrations
less than 25 gpl HzS04.
Equation:

2 RH

+ Cu S04

� Rz Cu

RH = KELEX 100 = 7 alkenyl-8-hydroxyquinoline
As the acid concentration of the aqueous phase is increased, it
drives the reaction to the left reducing the distribution of copper
in the organic phase,

In addition to this reversal of the extraction

reaction, the basic nitrogen of the 8-hydroxyquinoline derivative
becomes increasingly protonated at higher acid concentrations.
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Equation 2:

+
R/

�

R/

�

I

OH

�

yy

OH

R = Cl2 to Cl6 alkenyl

H

This reaction effectively reduces the RH concentration of equation 1

and drives the equilibrium of the reaction still further left.

The

result of protonation is that the amount of copper extracted (Equation
1) from acid solutions greater than about 50 gpl H2SO4 is strongly
influenced by reagent protonation (Equation 2).

When utilized in a continuous extraction-stripping process the

reagent is thus efficient in extraction until the aqueous acid concen-

tration reaches about 75 gpl, at which point protonation becomes
significant.

When the equilibrium aqueous acid concentration is 125

gpl or greater the reagent is sufficiently protonated to cause efficient
stripping of organic copper.

Thus the reagent extracts well at low

pH, but, because of protonation, is very efficiently stripped at low
stripping acid levels.
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ACIDIC ORGANOPHO3PHORUS EXTRAC·rANTS - XXII. COMPLEXES OF SOME
BIVALENT TRANSITION METALS WITH DI( 2-ETHYLHEXYL) PHOSPHORIC
ACID IN HIGHLY LOADED ORGANIC PHASES
R. Grimm and Z. Kola;{k
Institut fuer

Heisse Chemie, Kernforschungszentrum Karlsruhe,
Federal Republic of Germany

Abstract: Macro amounts of Zn(II) and Cu(II) are extracted
by di(2-ethylhexyl) phosphoric acid (HA) in aliphatic
diluents up to a metal to HA ratio of 1/2. The exchan
ge of Zn(II) and Cu(II) in the highly loaded organic
phase for Cd2+ , Cu2+, H+ and Na+ and the nature of

extracted Zn(II) and Cu(II) complexes were studied by
distribution measurements, absorption spectroscopy,
vapour-pressure osmometry and Karl-Fischer titration.
Complexes of the type (ZnA 2)n and (CuA 2)n are not hyd

rated in dodecane and at 4-5° 0 the n value of the former

in n-hexane is 3, while n = 2.4- - 3.5 was found for the
latter in dependence on its concentration. The formati
on of mixed complexes of the type �ZnA2.lCuA2 in n-do
decane is indicated by spectrometric data.
INTRODUCTION
Extractant properties of di( 2-ethylhexyl) phosphoric acid
(HDEHP) have been studied predominantly in systems with trace
metals, where complexes of the type MA z·�HA are formed in most
cases 1 (HA is the monomeric molecule of HDEHP and� = 1-3).
Little is known about systems with the organic phase loaded so
highly that, due to the lack of free HDEHP, � is reduced
to zero. Undoubtedly, polymeric metal complexes of HDEHP are
formed in such cases. Trivalent metals like lanthanides(III)
767

and Fe(III) deposit
(see e.g.

2

as solid compounds of the type (MA )
3 !!
and the literature cited therein). On the other

hand, bivalent metal cations can load HDEHP solutions prac
tically to the limiting ratio of M(II)/HDEHP = 1/2 without
any considerable precipitation and under a viscosity increa
se only; this has been reported for cations as different as
uo�+ 3, sr 2+ 4, co2+ 5• 6 , cu 2+ 6•7, zn 2+ 7 and Ni 2+ 6• Since
information on the properties of highly loaded organic solu
tions of HDEHP is of importance for some applications, e.g.
in hydrometallurgical processes, we attempted to contribute
to the Knowledge of the behaviour and nature of complexes for
med by Zn(II) and Cu(II) with HDEHP in n-alkane solutions. This
paper is a preliminary report on the results of a more exten
ded study.
EXPERIMENTAL
Stock solutions of Zn(II), Cu(II) and Cd(II) perchlorates
were prepared by the reaction of excess metal oxides with per
chloric acid and had pH 3-4.5. To prepare solutions of Zn(II)
and Cu(II) complexes of HDEHP with the metal to HDEHP ratio of
1/ 2 , a dodecane solution of HDEHP was first shaken with excess
aqueous NaOH and the two organic phases obtained were then sha
ken with an aqueous solution containing excess Zn(II) or Cu(II)
nitrate or sulfate. A single organic phase was so obtained and
shaken twice more with aqueous Zn(II) or Cu(II). To analyze
the solutions, the metal was stripped from an aliquot by dilu
te nitric acid and determined by standard complexometric or io
dometric methods, while HDEHP was titrated in the unloaded or
ganic phase (diluted with acetone and water) with aqueous NaOH.
HDEHP was purified according to reference 8.
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Distribution experiments were carried out at room tempera
ture and in the usual manner. Samples of the rather viscous or
ganic phase for the radioactivity measurement, as taken by au
tomatic pipettes (Eppendorf), were not squeezed out from the
one-way tips, but placed together with them in measuring flasks.
Vapour-pressure osmometric measurements were performed with
an apparatus (Knauer) determining the temperature dependence
between two thermistors with.hanging drops, one of a solution
of a metal HDEHP complex in n-hexane and the other one of pure
n-hexane. The apparatus was calibrated with n-hexadecane as
the standard solute.
Water was determ2..ned in n-dodecane solutions of the HDEHP
complexes by the Karl-Fischer method. Visible and near infra
red spectra were recorded by a Cary 17 apparatus. The radioac
tivity of 65zn, 109cd (both purchased from Amersham) and 6�cu
( obtained by the irradiation of metallic Cu 111i th thermal neut
rons) was measured by the automatic device BF 5000 G (Berthold
Friesecke) equippedwithtwo NaI(Tl) crystals.

The total concentration of HDEHP in the organic phase, both
free and bound to metals, will be denoted as QA and expressed
in F units, i.e. monomer formula weights/1. Species and their
concentrations in the organic phase will be denoted by a bar.
RESULTS AND DISCUSSION
To obtain data on distribution of metal species in a two
phase system with a highly loaded HDEF_F solution, we used as
the starting organic phase a dodecane solution of a complex
(MA2)n with M = Cu or Zn. This was contacted with aqueous per

chlorate solutions containing a constant amount of Na+ and va

riable amounts of M2+ and N2+, where N = Cd or Cu. The star769

ting and equilibrium concentrations of single metal species in

the phases are given in Table 1 for the M-N pairs Zn-Cd, Zn-Cu

and Cu-Cd. The equilibriQm pH value of the unbuffered aqueous

phase could be only roughly estimated as ,....,5, because no stab

le pH-meter reading could be achieved and an addition of a buf

fer would have distorted tre picture by side complexing reacti

ons. Nevertheless, the concentration of the hydrogen ions in
the aqueous phase was neglig�ble in comparison with the con

centrations of metal ions M2+ and N 2+ loading the organic pha
se, where the amount of hydrogen ions bound to HDEHP is compa

rable with or larger than that of N(II) and Na(I) and can be
estimated

by difference. The starting total amount of HDEHP

could be assumed to remain in the organic phase. The aqueous

solubility of (NaA)n is suppressed in the presence of sodium
ions 9 and a solubility still lower can be expected for (MA )n.
2
The complex equilibrium with four mutually exchangeable
.
ions,
M 2+ , N2+ , H + and Na + , cannot be treated as a simple

M(II)-N(II) exchange. The separation factors 2M-N = QMQN/QMQN
are not constant with the exception of the system with M-N =

Cu-Cd, where £cu-Cd seems to approach a constant value at low
noting that the exaqueous Cu2+ concentrations. It is worth
tractability sequence Zn(II)

> Cd(II) > Cu(II)

observed in a vir

tually noncomplexing nitrate medium with trace metals 7 is con

verted here with macro amounts of the metals to Zn(II) > Cu(II)
>Cd(II). At Q

A

= 0.05F the loading of the organic phase by

M(II), initially practically 100%, was lowered in the equilib
rium to 80 - 95% and the corresponding amount of M(II) was

then found in the aqueous phase; 1 -

2%

of the loading capaci

was occupied by Na(I). Since the concentration of N(II) in the
organic phase was too low to fill the remaining capacity, a
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fraction of HDEHP must be supposed to have existed in the acid
form, most probably bound to M(II) in a complex of the type M n
A H( - 2 )· The starting aqueous phase had a pH value of 3-4 and
� � g
thus the hydrogen ions for the conversion of (MA2) to (HA)
2
n
were most probably gained in the reaction
--(MA2 )n + 2gH20 = �(HA)2 + nMOH + .

( 1)

A small fraction of M 2+ and N 2+ was then hydrolyzed in the

equilibrium aqueous phase, but did not exceed 5% in the systern with M = Zn and 6% in the system with M = Cu.
It is rather surprising that at Q

A

= 0.05F and with M = Zn

the organic Na(I) concentration decreases with decreasing con
centration of Zn2 + in the aqueous phase, i.e. with increasing

organic concentrations of N(II) = Cd(II) or Cu(II) (Table 1).

This cannot be explained so that N 2 + substitutes not Zn(II) but

Na(I) in the organic phase, because even tne sum of the equiva
lents of N(II) and Na(I) in the organic phase decreases in the
same direction as the Na(I) concentration.
A rather striking anomaly was observed with M-N = Zn-Cu at
QA = 0.05F: the organic Cu(II) concentration does not increase
monotonously with the aqueous concentration of cu2+ , but goes

through a minimum (Table 1). A possible explanation would be
that both Zn(II) and Cu(II) are bound in the organic phase in
a mixed polymeric complex with HDEHP. Some evidence for this
is given by visible and near infrared spectra of wet organic
phases loaded with Cu(II) alone and Cu(II) and Zn(II) together.
The absorption maximum of 0,012F (CuA2) in dodecane at 860 nm
n
is shifted to 78 2 nm in the presence of 0,026F (ZnA2) and the
n
absorption peak becomes rather flat (Fig. 1). At a constant
(ZnA2)n concentration in dodecane, a decrease of the concentra771

tion of (CuA2)n, i.e. an increase of the Zn to Cu concentrati
on ratio leads to an increasing shift of the absorption maximum
of (CuA2)n towards shorter wavelengths (Fig. 2).
The position of the absorption maximum of (CuA2)n depends

on the diluent nature (Fig. 3) and its wavelength increases in
the order cyclohexane < carbon tetrachloride <chloroform <benze

ne, methyl isobutyl ketone< ethylhexyl alcohol< dodecane. A si
milar dependence of the absorption maximum on the diluent natu
re has been observed in Cu(II) complexes with complexing agents
similar to HDEHP, namely carboxylic acids 10 • Absorption maximum

of dimeric Cu(II) vinylacetate is shifted toward higher wave
lengths in the sequence dichloromethane <acetone <benzene <
methanol< ethanol and this has been ascribed to increasing ef
fectiveness of the diluents as donors toward Cu(II). Molecules
of the diluents are supposed to be bound to the Cu 2+ central
ion perpendicularly to the plane

in which the four oxygens of

the carboxyl groups are bonded to Cu2+ . This explanation appea
rs to be plausible also for the spectra of (CuA 2)n' with the
exception of that in dodecane. Here the absorption raaximum

should have a similar wavelength as in the comparably inert
cyclohexane, provided that (CuA2)n has not any other configu
ration in dodecane than in other diluents. With dodecane dilu
ent we found no maximum in the ultraviolet region down to 250
nm, where an absorption band characteristic for four- and fi
ve-coordinated Cu(II) should appear at about 370 nm 11 • No ef

fect of water on the spectrum of (CuA2)n in benzene was obser
ved. Let us note that our absorption maximum of (CuA2) n in cyclohexane lies at a shorter wavelength than 755 nm,
6

recently .
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reported

The degree of the self-association, g, of (ZnA2) and
n
(CuA2)n in n-hexane at 45° C, as de�ermined by vapour-pressure

osmometry, is given in Fig. 4 as a function of the concentra
tion of the complexes. Whatever the reliability of the absolu
te n values is, two tendencies are obvious: g of the Cu(II)
complex increases with its concentration, while the Zn(II) com
plex exhibits a constant g value over the whole concentration

range studied. This is in contradiction with the high viscosi
ty of >0.01F solutions of (ZnA2)n and rather low viscosity of
a 0.1F solution of (CuA2)n in n-alkane diluents at the room
temperature, and an extension of the vapour-pressure osmometric

measurements to 25° c would be necessary to obtaia

a clea-

rer picture. The value of n = 2.95 should be mentioned, given

for (CuA2)n in benzene6 without specifying the temperature and
concentration.
We found no significant amounts of water coextracted with
(ZnA2)n and (CuA2)n into dodecane. The absence of water in the
extraction of Cu(II) as (CuA2)n with n-hexane bas been already
reported6 •
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Fig. 1. Absorption spectra of 0.012F (CuA2)
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SUMMARY

A process is described for the recovery of magnesium chloride from sea

water concentrates using a mixed ionic extractant comprising an equimolar

mixture of Aliquat-336 and Acid-810.

The sensitivity of the economics of

the process to variations in the various flowsheet parameters is considered.

Product evaporation and solvent losses are shown to be major cost items.

Amortization charges for the solvent inventory are also significant.
capital costs of the contactors are less important.

The

The process would not

be economic if applied to the effluent from a desalination plant but might

be vii.\ble for more concentrated brines such as the bittern!" produced duri.ng
solar evaporation of sea water for sodium chloride prod1:ction.

(1) University of Bradford, U.K.

(2) Indian Institute of Technology, Bombay.
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l.

INTRODUCTION

Fears of the exhaustion of the conventional sources of many non-ferrous
metals have led to consideration of alternative supplies. The oceans appear
particularly attractive, at first sight, since they contain virtually
inexhaustible resources of most elements. The expectation of desalination
being used extensively for the p�oduction of fresh water has uttracted
attention to the possibility of recovering minerals from the concentrated
by-product brine. In addition, there is in certain parts of the world
appreciable production of even more concentrated bitterns fro:::, t.h.e solar
evaporation of sea water to produce sodium chloride. However, a simple
economic analysis (1) has shown that very few elements (Na, K, Mg, Cl, Br)
could be recovered from even these sea water concentrates at prices
comparable with current levels. Production of others from such sources will
not be economic unless alternative sources become exhausted, with correspond
ing rise in value.
Amongst metals which are already produced economically from sea water is
magnesium. Recovery involves precipitation as the hydroxide by addition of
some convenient form of calcium hydroxide. It is also produced from certain
bitterns by crystallization routes via carnallite, a hydrated dot'.ble salt
with potassium chloride, although in such cases it is essentially a by
product in recovery of the potassium.
Consideration has been given to the possible use of solvent extraction
for the recovery of magnesium from brines. It would have the attraction for
such application of greater specificity than existing methods, leading to a
purer product. However, in view of the modest value of the product, any
solvent extraction process must involve a minimum of reagent costs for
conditioning steps and very low solvent losses. A process using alcohols
as solvent has recently been described in Israe1(2).
The present authors(3,4), expanding on previous work by Grinstead and
others (5), have shown that mixed ionic extractants have promise for the
recoveiy of magnesium. Of several systems studied, the best results were
obtained with an equimolar mixture of Aliquat-336 and Acid-810 as extractant.
Aliquat-336, manufactured by General Mills Inc., is a mixture of quaternary
ammonium chlorides approximating to the molecular formula
{CH 3-N[-(CH 2lnCH3]3} Cl, with n varying between 8 and 10. Acid-810,
marketed by Novadel Chemicals Ltd., is essentially a mixture of iso-octanoic,
iso-nonanoic and iso-decanoic acids. The mixed extractant is used as a
solution (1 M suggested) in a suitable diluent. Only pure diluents were
considered and toluene was found to be satisfactory. However, it may not be
the best and some advantage might accrue from the use of one of the mixed
aliphatic-aromatic diluents now available commercially.
'.lbe extraction of magnesium as its chloride from a brine by such a
solvent may be represented by the equation:
++
+ 2Cl
+ 2R4N.R'COO � 2R4NC1 + Mg(R'C00)2
Mg
(aq.)
(aq.)
•••••• (1)
(erg.)
(erg.)
(erg.)
The big :ittraction of such a syste!!'. is t.'-1z fact that both the magnesium and
the chloride ions are extracted simultaneously. The potential for forward
extraction, i.e. displacing equation (1) to the right, is provided by the
large excess of chloride ions inevitably present in a brine derived from sea
water. No additional conditioning is necessary. Similarly, the reaction can
be reversed to give stripping simply by contacting the loaded solvent wit:1'.
water, again avoiding the need for any chemical conditioning.
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Expcrim'2ntal deterrri.inaticn of distribution isotherms showed these
expectations to be justified, as will be seen from Figure 1. Extensive
equilibrium data for the system have been presented elsewhere (3,4). While
showing the technical feasibility of using such �ixed ionic extractants for
the recovery of magnesium chloride from brines, these studies left
unanswered the question of whether such a process could be economically
viablf?. It was t.herefore decided to develop a possible flowsheet, study the
sensitivity of t.'1e overall. economics to the various process variables, and
atteinpt ar1 economic analysis of t..11e cpt.imurn combination.
2.

THE FLOWSHEET

The equilibrium studies suggested a flowsheet of the form shown in
Figure 2. Evaluation of this flowsheet was based on its possible use for the
recovery of magnesium chloride from the by-product bittern after production
of sodium chloride by solar evaporation of sea water, a process extensively
used in countries having suitable climates, e.g. India. The concentrations
of the principal elements in such a bittern are given in Table 1.
T.l'.BLE l
Pr!.ncipal Components of 'fypical Bittern
Element
Chlorine
Sodium
Magnesium
Potassium
Bromine(approx.)

Concentration (ppm)
152,600
34,650
44,750
10,950
2,000

While the solvent exhibits good selectivity for magnesium over sodium,
the high concentration of the latter in the feed produces some contamination
in the loaded solvent leaving the extraction section and necessitates use of
a scrubbing section. The most effective scrub feed in the circumstances will
be an aqueous solution of magnesium chloride and some of the product from the
stripping section is used for this purpose. The aqueous raffinate from t.'1e
scrubbing section is combined with the main feed to the extraction section to
avoid loss of magnesium chloride.
Potassiu.� contamination is no real problem. Its partition coefficient
is less than that of sodium and this fact, together with its low concentra
tion, means that the scrubbing section can safely be designed on the basis
of sodium decontamination only. This will inevitably give a product with
an extremely low potassium content.
While only present in the original feed at low concentrations, calcillr.l
and bromide are preferentially extracted with the magnesium and chloride
ions and are not removed in scrubbing. If the loaded solvent is completely
stripped, they will appear as i�purities in the product. This could be
avoided by use of a two part stripping operation in which pure magnesium
chloride is produced in the first by use of a low aqueous : organic flow
ratio, with total stripping in the second part at a higher ratio. If
stripping is not complete, .calcium and bromide ions will tend to build-up in
the recy·cled solvent.
For purposes of initial evaluation, a single stripping section has been
assumed but with provision to bleed some of the recycled solvent via a
clean-up operation to avoid build-up of impurities.
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3.

COST ESTIM.ATION
3. 1

General Basis of Evaluation

An initial judgement of the possible viability of the process depicted in
Figure 2 for the production of magnesium chloride from a bittern demands
comparison of the current market value of the product with the production
cost. In view of the dependence of the latter en local circumstances
dictated by location, plus the difficulty of academic workers obtaining
precise cost data, the latter can only be ver-1 approximate. In •1ie-..: of this,
there is no value in using modern sophisticated methods of economic
evaluation such as discounted cash flow and a traditional approach was
adopted. However, it was hoped that this would yield information on the
relative economic sensitivity of flowsheet variables and also give some
insight into the costs to show whether a more precise economic evaluation
would be justified. The cost figures used were the best generally available
for the United Kingdom in 1971. While no claim is made for their absolute
accuracy and many changes have since taken place, relative magnitudes should
be of the right order and the sensitivity analysis should be reasonably
valid.

'I"ne feed bittern is dSsumed to be available free of cost, i.e. its
production is charged against the primary product of sodium chloride. For
purposes of flowsheet optimization, labour costs can be assumed constant and
independent of minor variations in the flowsheet. The production cost of
magnesium chloride will then be dominated by the four major iterrs discussed
below.
3. 2

Capital Cost of Solvent Extraction Plant

For a given number of stages, this will depend on the type of contactor
chosen and the materials of construction. Volumetric throughputs would be
considerable. Recovery of 90% of the magnesium chloride (about 40,000 tons
per year) in the bitterns from a typical 2 50,000 tons per year solar salt
installation could require combined phase throughputs of the �rder of
750 gallons per minute. The brines are highly corrosive. Suitable
materials of construction would be fibreglass-lined concrete or mild steel,
with Hastelloy-B for agitators, etc.
It was decided to base estimates of capital cost on the assumed use of
mixer-settlers as contactors. They would be suitable for this type of
operation. In addition, flowsheet design calculations from the distribution
data available had to be based on the numbers of equilibrium stages
required under different conditions. These numbers could be directly
related to a mixer-settler, whereas no transfer rate data were available for
the system to use in the design of differential contactors.
Suitable mixer-settler units were sized on the assumption of a settler
capacity of 1.5 gallons min: 1 ft: 2 , a fairly modest figure reflecting the
poor phase separation characteristics of the system, and a mixer residence
time 2 5% that of a settler. Approximate costs for such units in fibreglass
lined concrete were obtained from industry(6) and the installed cost was
assumed twice the direct cost of the contactor. Amortization was taken over
15 years, at 9% per yea?:, c;i•;inc; a cnpitnl cost p.cr stage per ton of
magnesium chloride produced, The exact figure was a function of the aqueous
organic flow ratio chosen.
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3.3 Solvent Inventory
This was readily calculated for the different possible flowsheets using
the plant sizes obtained above. The costs of the extractants were taken as
£750 per ton for Aliquat-336 and £180 per ton for Acid-810, giving a total of
£18 per ft.3 for a l.OM solution.
The solvent inventory is generally treated as a capital cost upon which
only interest has to be paid .:ind t..11e solvent is not depreciated, the
assumption being that it will :::-etain its v:ilue. However, the validity of
such <'.n assumption is doubtful in view of the rapid steps which are taking
pJ.ace with extractant development. It seems more realistic to make provision
for extractant obsolescence and so the solvent inventory was depreciated over
the same pe:::-iod as the plant.
3.4 Solvent Losses
Solvent loss by entrainment and solution will take place in the raffinate
from the extraction section and in the product from stripping. Assuming
equilibrium is established, loss by solution will be proportional to the flow
rate of the aqueous phase and may be calculated from published solubility
data(3,,). Entrainment losses, on the other hand, depend on contactor
design and operation. Operating experience with l.OM solutions of high
molecular weight amines suggest that entrainment losses should not exceed(8)
50ppm, although Grinstead(?) has used a figure of lOOppm.
3.5 Evaporation
The cost of evaporation is made up of both the capital cost of the plant
and the steam consumption during operation. Consideration of the extraction
isotherm shown in Figure 1 suggests a maximum concentration of magnesium
chloride in the product from the stripping section of about l.8M(�l5% MgCl2).
The final product considered is a 36% solution as this re�resents the upper
concentration limit for conventional evaporators. This allows comparison
with alternative routes since all use the sa�e method of final dehydration.
It 1°1 ill. be seen that the extent of evaporation required is c1ppreciable and
must maJ;e a significant contribution to overall costs.
4.

CHOICE OF OPERATING PARAMETERS
4.1

Water Feed Rate to Stripping Contactor

The water feed rate to the stripping contactor affects four cost items:
(a) the capital cost of the contactor itself, (b) the solvent inventory,
(c) the amount of solvent lost in the product stream, and (d) the degree of
evaporation required. In general, increase in the water flow rate will
reduce the number of contacting stages required, thus decreasing (a) and (b),
while giving a more dilute product with corresponding increase in (c) and (d).
The variations in the costs of solvent loss and evaporation as functions of
magnesium concentration in the product from the stripping section were
calculated and are shown in Figure 3. It is clear that the total costs of
these two items fall quite rapidly with increase in concentration in the
early stages, although the rate of fall diminishes. On the other hand, the
increase in the number of stages required to produce the rise in concentra
tion is s�all at th� lower c�d but begins to increase rapidly in the region
of 1.8M.
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4.2

Magnesium Chloride Content of Stripped Solvent

Another important parameter in the operating conditions for the stripping
section is the concentration of magnesium chloride to be left in the
recycled solvent. A very large number of contacting stages would be required
to achieve both a concentrated aqueous product and a magnesium chloride free
stripped solvent. A concentrated product is most easily produced hy
allowing some of the magnesium chloride to recycle in the solvent. This
would reduce the capacity of t.1"1e solvent in the extractor, necE'c;s j ta ting an
increase in the nul:lber of stages in that sect.ion for a given solvent/feed
ratio and degree of magnesium recovery.
A balance is required between the numbers of stages in the extraction and
stripping sections as a function of magnesium chloride concentration in the
recycled solvent. Such calculations are conveniently performed using
graphical constructions of the McCabe-Thiele type. The results are shown in
Figure 4 for three product brine concentrations, assuming 90% recovery of
magnesium chloride from the feed bittern. Since both the capital cost of
the contactor and the solvent inventory are directly related to the number of
stages, it is clear that the magnesium chloride content of the recycled
solvent is a sensitive parameter for flowsheet optimization.
Allowance was not nade for the need to bleed some of the recycled solvent
through a thorough "clean-up" operation to prevent build-up of calcium and
bromide ions in the system.
The scrubbing section does not make an important contribution to this
optimization since very few stages are required under any conditions, the
aqueous feed rate to the section being determined mainly by the need to have
an adequate aqueous : organic flow ratio to ensure efficient contacting of
the two phases.
4.3

Solvent : Feed Flow Ratio in Extraction Section

There is a minimum solvent : feed ratio for any particular magnesium
content in the raffinate. Increase above this figure will reduce the numl>er
of stages required to maintain this raffinate concentration but will result
in larger individual stages and a more dilute extract. These two conflicting
trends result in the overall capital cost being relatively insensitive to the
ratio. The figures given in section 4.2 were based on a solvent : feed ratio
in the extraction section of 6.0 (approximately 1.25 times the minimum).
Increase of this to 7.0, with 90% recovery of magnesium chloride and a
concentration of 0.l0M in the recycled solvent, would reduce the number of
stages required from 6 to 5. The capital cost of each stage is equivalent to
E0.014 per ton MgC1 2• Yet the additional cost of the larger stages with
their solvent inventory would add E0.016 per ton. T"ne difference is marginal
and suggests that the precise ratio adopted will not play a significant part
in any optimization.
4.4

Magnesium Chloride Concentration in Raffinate

The number of stages required in the extraction section depends on the
degree of recovery demanded for the magnesium chloride in the feed. Since
the latter is free and available in substantial quantities, there may appear
to be a superficial case for accepting only a !!'.odeo;t degree cf reoovc::y a:-:::?.
compensating for this by a higher volumetric feed rate. However, any such
saving through a reduction in the number of stages has to be balanced
against the •ncrease in individual stage sizes required and the increase in
solvent losses in the raffinate, which are proportional to aqueous phase
throughput. The extraction isotherm is such that for recoveries below 90%,
large changes are required to cause any appreciable variation in the number
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of stages. For greater recovery, the number starts to increase quite
rapidly. The figure of 90% was therefore adopted for purposes of
preliminary evaluation.
5.

FLOWSHEET EVALUATION

To show the overall effect of the various cost components, values were
calculated for three possible plants, all based on the flowsheet shO'.-:n �-·
Figure 2 but with different product concentrations corresponding to
different nwnbers of stages in the stripping section. 'l'he results are
summarised in Table 2. In view of the approximations involved, no great
significance should oe attached to the different totals of cases B and C.
It is clear from the table that the principle cost items are solvent losses
and product evaporation, and development work would have to aim at
minimising these.

The total cost figure of approximately ES per ton of MgC12 as a 36%
solution does not include ancillary equipment, utilities, labour, overheads
or interest charges on the capital. Pumping costs, while possibly
considerable, have also been neglected since the. magnesium ?:'t:covery plar!t
would be part of a larger operation and much would depend on the situation
of the latter. It is particularly difficult to estimate t.�ese ancillary
costs since the location would not be in the United Kingdom. However, the
above figure is only about one-sixth of the market price of t.�is type of
prod�ct. The process would therefore appear to have a chance of proving
economically viable.
The flowsheet was tested using a batch simulation of cow,ter-current
contacting. Close agreement was found between observed and predicted
concentrations in each stage.
TABLE 2
Costs (E per ton MgCl2l for Process Shown in Figure 2 (Jased on
production of 40,000 tons per year at 90% recovery, recycled solvent
containing O.lM MgC1 2)
Flowsheet Parameters

Case B

Case C

6
2
7
1.6

6
2
12
1.8

0.19

0.22

0.95

0.29

0.98

1.28

Case A

Number extraction stages
Number scrubbing stages
Nwnber stripping stages
Product brine concentration (M)

6
2
5
1.4

Cost Items
1. Capital cost of solvent
extraction contactors
2. Depreciation of solvent inventory
3. Solvent losses in (i) raffinate
(ii) product

4. Evaporation

TOTAL
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2.13
1.52

2.13

1.36

2.13

1.22

3.53

3.15

2.80

8.32

7.84

7.72

6.

RECOVERY OF MAGNESIUM CHLORIDE FROM DESALINl'.TION PLANT EFFLUENTS

The concentration of magnesium chloride in the effluent from a typical
desalination plant (about 0.16M) will be very much less than in a bittern.
This would result in substantially higher solvent losses per ton produced
since the losses are directly related to volumetric throughput. In addition,
concentrations in the product will be lower, leading to higher evaporation
costs, and capital costs per unit of production will be higher. A
preliminary calculation indicated solvent loss costs in the region of £30
per ton MgC1 2 and evaporation costs of at least £20 per ton MgCl2,
It is clear. from this that the extraction process described cculd not
be applied economically to a desalination plant effluent.
7.

CONCLUSIONS

7.1 The use of a mixed ionic extractant comprising an equimolar mi:<ture
of Aliquat-336 and Acid-810 is promising for the recovery of magnesium
chloride from the mother liquor bitterns resulting from solar evaporation of
sea water to produce sodium chloride but would not be economic applied to
the effluent from a desalination plant.
7.2 Tne major cost items would be product evaporation and solvent
losses. Flowsheet design should aim at producing as concentrated an aqueous
product as possible from the stripping section and at minimising throughputs
of aqueous streams in the solvent extraction units.

7.3 The capital cost of the solvent extraction plant is relatively low
and wthe numbers of stages in the various sections should not be minimised
at the expense of the requirements in paragraph 7.2

7.4 Solvent obsolescence could make a significant contribution to the
overall economics of such a process.
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A SPECTROPHOTOMETRIC STUDY OF THE ORGANIC
PHASE COMPLEXES FORMED IN THE EXTRACTION
OF COBALT II WITH CARBOXYLIC ACIDS

H.E. Crabtree
and
N.M. Rice

Detailed analysis of the U/V - visible and infra-red
spectral properties of carboxylic acid extracts of cobalt
II have been carried out using derivative spectroscopy.
It has been shown that the extracts contain a number of
complexes in equilibrium.

The structures of some of the

carboxylate complexes have been determined and the factors
which control the compositions of the complexes have been
exarnined.

Department of Mining and Mineral Sciences,
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INTRODUCTION

The conventio nal method for determining the compositions of complexes

formed in the solvent extraction of metals is sl ope anal ysis.

Two main

The single equilibrium
methods are used to derive a n extraction equation.
.
(l)
method
depicts
.
the equi
i rium between the metal and extractant present
·1·b
i n the aqueous and organic phases as
n+

M

+ ; (n j

+

x) (HR)

�
2org.

(

MR ) . (HR)
n J
xorg.

+ n

where the subscript org. refers to the organic phase.
valency

n

jH

+

The metal , M, of

, exists as the io n i n the aqueous phase a nd as a polymeric, sol-

vated complex of generalised formul a in the organic phase.

The acid, HR,

is assumed to exist as the dimer in the organic phase a nd to be i nsoluble
in the aqueous phase.

The second method, the multiple equi libria method <

2)

attempts to

break down the overall equilibrium into the various equil ibria which are

assumed to exist i n each phase and to then so lve the set of subsidiary
equilibrium consta nt equations.

Thus the final extraction equatio n must

contain, for example, terms which take i nto account the equilibria between
monomeric and dimeric acid and the monomeric a nd poiymeric forms of the

metal complex a nd al so the solubil ity of the acid and metal complex i n the

aqueous phase.

Because insufficient in formation is avail able on the

factors which control the composition of extracted complexes the method has

n

ot been developed to its full potential .

In fact, to appl y the technique

satisfactoril y, simpl ifications have to be introduced and under these circum
sta nces the

n

ew extraction equatio n approaches that derived from the single
3
As a resul t the two treatments become equivale nt (

!

equilibrium method.

Irrespective of approach,sl ope a nal ysis has on ly been applied i n cases

where the co ncentration of metal in the system is small a nd very much less

than the co ncentration of extracta nt.
found

(l)

Under these conditio ns, it has been

that the composition of the cobal t carboxylate compl ex extracted

Two complexes have
( CoR . 2HR ) .
2
2
2
been detected i n octanoic acid extracts ( ) , at l ow metal concentratio ns
-4
(<10 M) the metal is extracted as CoR . 2HR, whereas at co ncentrations
2
-4
-3
between 10 M and 5 x 10 M the metal is extracted as (CoR . 2 HR) , in
2
2
agreement with the naphthenate work.
with naphthenic acid has the formula
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In the extraction of cobalt (O.lM in 0.5M nitrate medium) with

Versatic acid 911''' in cyclohexane (O.lM), three distinct changes occur

in the spectrum of the organic phase as the equilibrium pH increases and

higher metal-loadings of the organic extract are achieved (Fig.l).

At

low pH, a pink extract is obtained indicative of octahedral co-ordination
2 (4)
_ At this stage of the extraction,
in the metal ion, cf. Co (H 0)6 +
2
conditions are favourable to slope analysis and so we can write the
following possible structural formulae for the metal complexes:

I

RCOzH

R

1/--o"
I

RCOzH

c
.,,-.o-,__ I _..o - "- o,__
RC' �C6\
;co\ /CR .llR.
o , _o
o
o
c

I

RC�H

m

R

D

RCOzH

t1'c,Rc 1H

RC-0

o

I Rc o2

RCOzH

dimeric carboxylate complex

RC!ljl ,,
_

I -......._
I�
0

_

CR
I

o--'co--o
1
Rco2H
Rc
-......._ 0

monomeric carboxylate complex
At pH 8.5, the amount of metal in the organic phase is high and a

good proportion of the acid has been consumed in the complex.
favourable to slope analysis no longer exist:

Conditions

metal-loadings are akin to

S)

those envisaged in industrial applications of carboxylic acid extractants (

The final stages of extraction, at pH 9.6, yield blue-grey extracts. Neither
the structures nor the number of complexes responsible for the observed
spectral changes are known.

The present paper describes attempts to deter-

mine the complexes in the system and to provide more information about
factors affecting their compositions.

The ultimate form of the carboxylate complexes may be regarded as

being controlled by four factors:
(i)

( ii)

(iii)
�·::

the co-ordination number adopted by the metal ion,

the co-ordinating properties of carboxylate ligands,

the availability of other ligands,

A synthetic mixture of tertiary carboxylic acid manufactured by Shell.
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and (iv) the ability of the metal complexes to polymerise in the organic

phase.

(6)
alCobalt II forms mainly octahedral and tetrahedral complexes,
B
( )
(7)
co-ordinations have been reported.
though square planar
and pyramidal

(i)

The interconversion between octahedral and tetrahedral co-ordination occurs

easily and rapidly.
(9)

A spectrophotometric study of complexes of the general

type Cox s ,
where Xis halide and S represents polar, organic solvating
2 2
molecules, has revealed a host of charged and neutral tetrahedral species
and has shown that conversion from tetrahedral to octahedral proceeds
through numerous stages.

The addition of carboxylic acid

tetrahedral cobalt carboxylate

( CoX

( S)

to blue,

) extracts causes a colour-change to

2
pink and, by analogy, this transition may also be expected to proceed
through intermediate species.

The usual method for determining the compositions of complexes from

electronic spectra is by the technique of continuous variation (

lO)

.

The

method is, however, only applicable to mixtures of complexes when a region
of the spectrum can be found in which only one of the complexes absorbs.

Fig. 1 shows clearly that, in the present case, the absorptions of octa

hedral and tetrahedral cobaltous complexes overlap over the whole range
and consequently the method cannot be applied directly.

Absorption spectra arise from electronic transitions in the metal ion:

4)

a single transition gives rise to a peak of approximately Gaussian shape (
The complicated absorption spectra encountered in practice represent the

sums of a number of Gaussian bands, each arising from a single transition.
(11 ' 12 ' 13)
Recent reports
have shown that if the spectrum of a mixture of
complexes can be resolved into its Gaussian components, the latter can be

analysed by the technique of continuous variation to obtain the number and

types of complexes present.

A Gaussian band is characterised by three parameters:

the position of

its maximum absorption, its extinction coefficient at the maximum and its
4)
(l4)
' .
half -wi.dth . (
Derivative
.
.
spectroscopy
allows the position o f t he
maximum to be determined:

minima in the second derivative correspond with

the maxima of the Gaussian components.

widths are less easy to obtain.

Extinction coefficients and half-

They may be determined manually by a

laborious process of trial and error (l2) or alternatively, an interative

computerised method ( lS ) may be employed which, nevertheless, requires a
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close initial estimate if it is to be successful.
In the present work attempts to fit Gaussian components failed, due

to the complicated absorption patterns of tetrahedral cobalt II complexes,

and so an abridged version of the above procedure was adopted in which only
derivative spectroscopy was used to determine the number of complexes
responsible for a change in the spectra of extracts.
(ii)

ways

/-,o
R - c-:

"'11

-

Ii

Carboxylate groups can bond to metals in any of the following
(16,17)

M

..-

R-C

n

y

/,9---=-= M
;
"-'.11:.::: M

n

and as a result octahedral complexes of the form (CoR .2HR) can be drawn
2
2
as either of the structures indicated earlier,(I and II.) The different
modes of bonding will lead to characteristic patternsin the infra-red.
In substances of type IV the oxygen atoms are indistinguishable.

The ion

symmetry for which three fundamental vibrations are to be
conforms to c
2V
(18)
expected for the 0-C-0 system
• Two of these vibrations are represented

by the symmetrical(u1) and antisymmetrical (u ) modes which occur between
2
-1
1300 and 1700cm . Bonding of types Vl and Vll also shows c
symmetry
2V (16 17)
•
'
and two stretching modes are to be expected. Previous workers

have proceeded from this group theoretical basis to interpret the effects

of changes in M upon u and u and it has become common practice to regard
1
2
the separation �u, between them as indicative of the dentative properties
(16)
.
. d
of the carboxyl ate anion.
that the larger the
Thus it
. is
' claime

value of �u the more dissimilar the two C-0 bonds and hence the more like

structure V is the bonding.
A paper on the structure of precious metal
(19)
carboxylates
does much to strengthen this argument.

It should be clear, however, that in bonding of type V no c v symmetry
2
Further, if M

is present and the group theoretical basis breaks down.

were replaced by an alkyl group, an ester would result.

Esters have only
l

one carbonyl frequency, but they also absorb in the range 1200-1250cmbecause of the C-0R vibrator.

It follows, therefore, that carboxylates

of type V will have only one absorption in the carbonyl range and that,

due to the influence of the metal ion, the frequency of the vibration will

be lower than in acids and esters.

A further consequence is that a change
from bondings of types IV, VI or VII to type V will be observed in the
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infra-red as a disappearance of u .
1
Because the carboxylate extracts under investigation occur in cyclo

hexane, it can be assumed that ionic interactions of type IV are not present.
Two types of bidentate behavior, chelation (VI) and bridging (VII) are to

be expected along with monodentate complexing (V).

In chelation, the no-

minal negative charge of the carboxyl group is associated with a single,

doubly charged metal ion, whereas a bridging carboxyl group is associated
with two divalent metal ions.

The 0-C-O system in VI will have a more

dense electron cloud than the 0-C-O system in VII and as a result the C-0
bonds in VI will be of a slightly higher bond-order than those in IV and
will be expected to vibrate at higher frequencies.
(iii)

In addition to carboxylate anions, the systems under investigation

contain other potential ligands.

Reference has already been made to the

probable solvating properties of carboxylic acids and close examination

of the acid carbonyl stretching region of the infra-red spectra of extracts
should indicate the extent to which it occurs.

After carboxylic acids,

water is probably the most important potential ligand in the system. It
<2o)
to be present in metal carboxylate extracts, but its role

is known

is not understood.

Nitrate and hydroxyl ligands may also complex with

the metal ion in the organic phase and, of these, evidence will be presented
for the existence of a mixed carboxyl/hydroxyl complex of cobalt at high

equilibrium pH.
(iv)

The most probable route by which metal complexes polymerise is

through formation of carboxyl bridges, evidence for which should appear in
the infra-red spectrum.

The formation of Co-Co bonds and of nitrate and

hydroxyl bridges would also allow polymerisation.

The spectrophotometric study described below has been carried out on

two systems, the cobaltous nitrate/Versatic 911 system and the cobaltous
nitrate/octanoic acid system.

Extracts have been isolated at known equi-

librium pH's and have been analysed to determine acid-contents (free acid+
carboxylate acid),cobalt-contents and water. The extracts have been subjected to two tests.

In one series of experiments the extracts were simply

diluted and the detailed changes in the visible and infra-red spectra were
observed.

In the second series of experiments known amounts of free acid

were added to the extracts and the detailed spectral changes noted.
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Preparation of the extracts

EXPERIMENTAL

Carboxylate extracts were obtained by the dropwise addition of potas

sium hydroxide solution (SN) to a dispersion of cobaltous nitrate solution

(100 ml.; 0.lM cobaltous nitrate and 0.3M potassium nitrate) and a solution

of carboxylic acid in cyclohexane (100 ml.;
Analar quality.

0.25M).

All reagents were of

After the mixture had attained the required equilibrium

pH it was allowed to equilibrate for lh. at room temperature.

The mix-

ture was centrifuged and the organic phase was drawn off, transferred to

a separate vessel and stored in darkness.

retained for analysis.

The residual aqueous phase was

The preparation of blue Versate extracts invariably

yielded an additional solid product which was preferentially wetted by the

organic phase and which, being of intermediate density, resided at the interface after centrifugation.

separately and analysed.

In such cases, the solid product was recovered

Spectral analysis in both the visible and infra-red regions of organic

extracts from replicate experiments showed that extracts could be reproduced
accurately.

It was found, however, that it was necessary to allow organic

phases at least 16h. to·achieve "internal" equilibrium.

Incomplete experi-

ments strongly suggested that water plays an important role in the attain

ment of the immediate equilibrium with the aqueous phase but that molecular

rearrangements in the extracted complexes subsequently led to its expulsion
from solution.

Determination of cobalt-and acid-contents
The cobalt - and carboxylic acid - contents of the organic and aqueous

phases and of the solid product were determined by treating the samples with
sulphuric acid (2M).

Carboxylic acids were extracted from the acidified

mixtures with cyclohexane and,after thorough washing,the acid was determined
by two phase titration with standard sodium hydroxide under a nitrogen

atmosphere using phenolphthalein as indicator.

Cobalt-contents were determined by atomic absorption spectrometry on

Techtron AA-5 equipment (Varian Ltd.).

Care was taken to ensure that test

solutions and standards were alike in respect of all components other than

cobalt.
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Determination of water in organic extracts
Karl Fischer titrations and gas chromatography were used.

was carried out on Porapak P

(Waters

The latter

°

Associates) columns at 150 .

Helium

ml/min.) was the carrier gas and a thermal conductivity detector (250
was used to sample the effluent gases. Although both techniques failed to
(20

°

)

give accurate figures of water-contents they showed conclusively that the

amount of water in the extracts was less than 0.02% and about equal to its
21)
solubility in cyclohexane, 0.01% (
.
Determination of nitrate in organic extracts
La.ssaigne tests and elemental analyses were carried out on the ex

tracts examined.

Both indicated the absence of nitrogen and hence nitrate

can be excluded from organic phase complexes.
Ultraviolet and visible spectroscopy

Electronic spectra were recorded on a Pye Unicam SP1800 spectrophoto

meter.

The technique of Savitzsky

(22)

, using a 17-point convolute and

absorbance measurements taken at 2nm. intervals, was used to obtain the

2nd derivatives of absorption spectra.

To overcome excessive noise levels

and to ensure reproducibility derivative spectra were, where practicable,

calculated from absorption envelopes whose maximum absorbance values were

around one optical density unit.

Presentation of derivative spectral data
To interpret the derivative data more easily an approximate method of

Gaussian-fitting was used.

The relative contributions of each component

revealed in the derivative spectrum was estimated and represented by an

approximately-Gaussian peak of suitable intensity in a composite diagram.
Figs. 2 and 3 show the relationships between absorption spectra, second

derivative spectra and composite band diagrams.
Infra-red spectroscopy

Infra-red spectra of cobalt carboxylate solutions in variable path

length cells fitted with silver chloride windows were recorded against

cyclohexane references on Pye Unicam SP200 and Grubb-Farsons Spectromaster
infra-red spectrometers.

Where necessary, the components making up com-

plex absorption bands were resolved by derivative spectroscopy carried out
.

electronically ( 23) .
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Concentration in moles/litre
System
(equilibrium pH)

OCTANOATE
(7.3)
VERSATE
(8.3)

Sample
analysed

Aqueous phase

Initial
aqueous
phase
Cobalt
0.088

0.247

Organic phase
Aqueous phase

Initial
organic
phase
Acid

0.088

Soluble org.
hase

0. 232

Insoluble
roduct

VERSAT�
(8.6)

Aqueous phase
Soluble org.
hase

Table 1.

Aqueous phase
Soluble org.
hase

Insoluble
proauc:1:

Total acid
(free acid

Water+

+

0.088
0.232

0.004

0.065

0.084

0.183

o. 232

Ratio
Co: Water

0.008

0.020

0.071

0.208

0.004

1:2.18

1:0.05

0.004

1:2.93

1:0.06

1:0.45

1:0.45

0.010

0.077

0.064

0.147

1:2.30

1:0.06

1:0.50

1:0.35

1:0.70

1:0.25

1:0.47

1:0.11

0.004

(0.014)* (0.007)*
0.088

Ratio
Co: Acid

carboxylate)

(0.009)* (0.004)*

Insoluble
roduct

VERSATE
(9.1)

Cobalt

0.029

0.198

0.023

0.016

(0.036)* (0.017)*

The compositions of the carboxylate extracts examined

0.004

+calculated on the assumption that the water-content is equivalent to that of the cyclohexane/water
azeotrope (2l)

''obtained by difference

RESULTS

The course of extraction of cobalt with carboxylic acids
The spectrophotometric data given in Fig.l do

the course of extraction.

not accurately portray

Although pink Versate extracts are wholly soluble

in the organic phase, subsequent purple-blue extracts comprise a soluble and
an insoluble portion.

Inspection of Table l indicates that the proportion

of insoluble product increases with rising pH and at pH 9.1 the spectrum of

the organic phase is essentially the same as that of a suspension of the

insoluble complex in chloroform (see Fig. 12).

Extraction of cobalt II with octanoic acid yields only pink complexes

irrespective of metal-loading and pH.
system forms a stable emulsion.

At pH values in excess of "-'7.4 the

The effect of dilution on the spectral properties of soluble cobalt
extracts

Figs. 2 and 3 show the changes in the electronic spectrum of a purple

cobalt Versate extract, obtained at pH 8.3,caused by dilution.

The disap

pearance and emergence of bands in the derivative spectra indicate that the

changes occur through several complexes.

Bands at 470 and 49 0 nm. in the

.
neat extract are characteristic of octahedrally co�ordinated
cobalt II (4 ' 9) .

Absorption in the range 520-540 nm. is common to both octahedral and tetra
9

hedral cobalt II ( ,

24

)_
Peaks in the range 540-700 nm. are due to tetra. ( 9 24)
hedrally co-ordinated species '
. It can be seen, therefore, that in
the most concentrated solution, cobaltous ions occupy both octahedral and

tetrahedral sites, whereas in the most dilute sample only tetrahedral co
ordination is evident.
The changes in Gaussian components in passing from Versate sample 5

to sample 8 (Fig.3) are as follows.

Two bands, at 475 and 495 nm. occur in

the spectrum of sample 5 but not in samples 6, 7 and 8, indicating that an

octahedral complex is present in 5 which disappears with further dilution.

Among the bands which occur in samples 6, 7 and 8 are four, at 545, 550,

583 and 588 nm., which are characteristic of tetrahedral complexes.

intensity of the band at 545 nm. decreases in passing from sample 8 to
sample 5 whereas that at 550 nm. increases in intensity.

changes in the bands at 583 and 588 nm. also occur.

The

Corresponding

These observations

show that the changes encountered in passing from sample 5 to sample 8

result from changes in the equilibrium between one octahedral and two
tetrahedral species.

The application of similar reasoning to the remain

ing spectra in the series leads to the conclusion that a minimum of six

800

complexes are responsible for the overall changes in spectral properties.
Spectral evidence (Figs. 2 and 3 ) shows that on diluting the cobalt

octanoate extract (pH 7.3 ) the amount of octahedrally co-ordinated metal

becomes less and eventually disappears and that three complexes can be de-

tected.

The final product is different from that obtained in the Versatic

acid system.

Its absorption pattern consists of only three bands, the

positions of which (470-480,

520

and

560

nm. ) give the extract a pink colour.

Clearly, the metal is neither tetrahedrally nor octahedrally co-ordinated

in the most dilute sample.

For both the Versate and octanoate extracts dilution causes profound

changes in the region of the infra-red spectrum examined (Figs. 4 and 5 ) .
-l
In the frequency range where acid carbonyl groups vibrate, 1725-1660 cm

both extracts show essentially two peaks.

Those in the spectrum of the neat
l
A solution of
and 1675 cml
in cyclohexane (Fig.6) absorbs strongly at 1700 cm-

Versate extract (Fig.4 ) occur at 1700 cmVersatic acid

(lM )

l

owing to the carbonyl vibrations of the free, dimeric acid.

Increase in the

intensity of hydrogen-bonding of OH groups in carboxylic acids leads to an

effective reduction in bond-order, and a corresponding decrease in the fre
quency of the acid carbonyl band <
acid carbonyl range, at 1675 cm

25)

-1

_

The second and smaller peak in the

, would therefore appear to represent a

situation in which the acid molecule finds itself more strongly H-bonded than

in the dimer.

Such a situation will arise for acids which solvate the metal
-l
The peak at 1675 cm

complex by co-ordination through the carbonyl oxygen.

would appear therefore to correspond with solvating acid.

Corresponding

peaks can be detected in the spectrum of the neat octanoate extract (Fig.5)
-1
-l
at 1710 cm
and 1700-1690 cm : the former coincides precisely with the

carbonyl band of O.lM octanoic acid in cyclohexane (Fig.6 ) .

The effect of dilution on both extracts is to cause a gradual increase

in the free acid vibration while the intensity of the lower frequency vibra-

tions becomes less and finally vanishes.

The observation indicates that

the amount of free, dimeric acid in the system increases as the amount of

solvating acid decreases.

Dilution also brings about changes in the regions of the infra-red

Both neat extracts exhibit a
-l
Maximum
strong and complex absorption band in the range 1660-1520 cm
l
absorption for the Versate extract is at 1580 cm- with lesser vibrations
l
up to 1610 cmThe higher frequency components disappear as the dilution
spectrum where carboxylate groups absorb.
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l
increases and only that at 1580 cm- remains at high dilution.

A similar

change occurs in the corresponding region of the octanoate extract;

high

frequency absorptions disappear and the most dilute sample shows only one
l
"pure" peak at 1560 cm In those regions of the infra-red spectr um where cyclohexane, the

diluent, absorbs strongly much less reliance can be placed upon absorptions
due to the carboxylate group.

Thus, although the detailed changes in the

acid carbonyl and carboxylate vibrations noted above are reliable,changes
1
in the 1520 1300 cm- carboxylate range and at lower frequencies are meaning
less with cell pathlengths greater than 0.5 mm. A further complication
arises in that skeletal vibrations of alkyl groups also occur in the u1
Nevertheless it appears from the
range (Fig.6) to confuse the picture.

spectra of samples 1 to 5, for which short pathlengths were used, that
l
dilution causes the disappearance of bands at 1480 cm- (Versate extract)
and 1440-50 cm-l (octanoate extract) which may be ascribed to bidentate

carboxylate groups.

When considered along with data which will emerge in subsequent acid

addition experiments, the effects of dilution suggest that in both acid

systems, the neat extracts contain all the types of carboxylate bonding

listed earlier (with the assumed exception of type IV) and that the effect

of dilution is to cause the destruction of bridging and chelating molecules
and the retention of onlymonodentate carboxylate (type V) groups.

A further piece of information may be introduced at this point.

The

neat Versate and octanoate extracts are solutions of low viscosity, but

whereas dilution does not change the rheological properties of the Versate

extract, it causes the octanoate extract to gel.

The observation is taken

to indicate that, at the molecular level, cobalt octanoate complexes are

able to form a more orderly arrangement than Versate complexes.
The effect of adding free acid to cobalt carboxylate extracts

From the dilution tests it is clear that the initial samples in the

series of experiments in which free acid was added to carboxylate extracts,
that is five times diluted specimens of the neat extracts, are mixtures of

essentially two complexes.

The effect of adding increasing quantities of

acid to the mixtures (Figs 7 and 8) is to generate octahedrally co-ordinated

complexes.

Derivative spectra indicate that in the Versatic acid system

the final sample, that containing a vast excess of acid, is also a binary
mixture of complexes.

About 4 or 5 new complexes can be detected in inter-

802

mediate samples and seven complexes seem to occur in the system as a whole.
In three, the cobalt ion is octahedrally co-ordinated.

The final sample in the octanoic acid/octanoate specimens is also a

mixture and a further three complexes can be detected in the sequential

changes brought about by the addition of free acid.

Of the complexes in

the system, all except one exhibit octahedral co-ordination.

The addition of free acid to the carboxylate complexes of both systems

brings about changes in the patterns of acid carbonyl and carboxylate absor

ption (Figs. 9 and 10).

In the Versatic acid system, two distinct absor
-1
, and,

ption bands occur in the acid carbonyl region at 1700 and 1675 cm

as expected, the intensity of the higher frequency band increases with

increase in acid-content.

Increase in acid concentration also leads, how-

ever, to an increase in absorption at the lower frequency;

samples 1 and

2 (Fig.9), containing respectively no added acid and only a small amount,
-l
whereas subsequent samples show distinct
show only shoulders at 1675 cm
peaks.

The observation is consistent with an increase in the amount of

solvating acid in the carboxylate complexes.

Because no separate and distinct peak attributable to solvating acid

appears in the spectra of mixtures of octanoic acid and cobalt octanoate it

would seem, at first sight, that the pattern of behaviour is different from

A slight broadening towards lower frequency of
-1
the main acid carbonyl peak at 1700 cm , however, suggests the presence of

the Versatic/Versate case.
solvating acid.

Additionally, a plot of optical density against concentra-

tion for the main absorption, Fig. 11, gives an S-shaped curve.

That a

similar plot for the experiments with Versatic acid was even more markedly

S-shaped whereas the plot for pure octanoic acid over the same range of con
centration was essentially linear, indicated still more forcefully that the

main acid carbonyl band contained more than one absorption band and that

solvating acid was present in the system.

To eliminate the possibility of water taking the place of solvating

acid in the complexes, tests were repeated with a specially dried sample of
octanoic acid in cyclohexane.

Corresponding spectra from the "wet" and dry

experiments were identical showing the influence of water to be negligible.

Changes were also brought about in the carboxyl absorption bands by the

addition of free acid.

For the Versate system, the immediate effect is
-l
the introduction of a new band at 1595 cm
and in the series of spectra the

intensity of the new band increases markedly, apparently at the expense of

803

The main peak also shifts slightly
lower frequency vibration at 1580 cm-1
-1
to higher frequency, 1602 cm , probably due to the development of bands in
the region of 1610 cm-l

For the octanoic acid system parallel, though

more noticeable changes occur in the infra-red spectrum. An absorption band
l
at 1565 cm- decreases with increase in acid-content and is replaced by two
Infra red evidence in
overlapping absorptions at 1598 cm-l and 1610 cm-1.
l
the region 1650 1520 cm- suggests, therefore, that for both systems the
effect of adding free acid to cobalt extracts is to cause a change in car
boxylate-metal bonding in many ways the reverse of that brought about by

diluting extracts.

Additional evidence for this conclusion is to be found in the region
1
1520-1300 cm- .
Despite the fact that carboxylate absorptions in this

region tend to become obliterated by absorptions of alkyl chains in the free
-l
and 1450 cm-l for the

acid and in the diluent, broad bands at 1425 cm

Versatic acid and octanoic acid systems respectively, can be detected as the

amount of acid increases, strongly suggesting the presence of bidentate

carboxyl groups.

Versate extracts obtained at high pH and insoluble extracts
Table 1 shows that as the equilibrium pH in the extraction of cobalt

with Versatic acid increases so does the proportion of insoluble product.

Additionally, at pH 9.1 the soluble portion of the extract is no longer deep

Fig. 12 shows the visible spectra of the sol
purple but light blue grey.
uble extract and of a suspension of the insoluble product in chloroform.

Not only are they remarkably alike, they are also very similar to the spec
trum of a solution of cobaltous hydroxide in alkali.

Because of the large pathlengths needed to obtain the infra-red spect

rum (Fig. 6) of the solu1'le extract, 2 mm., only a limited amount of informa-

tion can be obtained.

Absorptions in those regions of the spectrum where

the diluent does not absorb show the presence of free and solvating acid and

of all types of carboxylate bonding.

The lack of absorption bands below

1500 cm-l can be regarded as insignificant.
The other important feature of
1
the spectrum is the presence of a large peak at 3400 cm- , not detected in
other extracts, which indicates 0-H bonds.

Since the amount of water in the

extract is in the region of 0.01%, the pronounced band must arise from hyd
roxyl groups in the complex.

No infra-red information was obtained for the insoluble product.
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DISCUSSION
There are two points of attack from which to obtain information about

the complexes responsible for the observed changes in spectral properties
of the carboxylate extracts.

The first is at the complexes present in the

most dilute samples of Versate and octanoate extracts.

In those specimens

the cobalt to total acid ratios are respectively, 1:2.93 and 1:2.18.

Experi

mental evidence has shown that no charged ligands other than carboxylate

anions can be detected and free carboxylic acid is present as only dimeric

acid and does not solvate the complex.
anion must, therefore, be 1:2.

The ratio of cobalt to carboxylate

Although the formation of cobalt-cobalt

bonds in the more dilute samples cannot be excluded, the fact that bridging
carboxylate groups are destroyed by dilution strongly suggests that depoly
merisation of the carboxylate complexes in the more concentrated solutions
is occurring.

Given that the most dilute samples contain sufficient water

to provide more than two molecules to solvate each cobalt ion and that the

carboxylate anions have been shown to behave as monodentate liia.nds it is
entirely reasonable to assume that the composition of the extracts in the

The Versate extract
dilute specimens have the general formula Co (H 0) R .
2 2 2
is a tetrahedral complex and the structural formula VIII can be drawn.

The octanoate extract is neither octahedra1nor tetrahedral.

Its low

extinction coefficient and its pink colour suggest that it is more like
octahedrally co-ordinated compounds.

Because it would seem to be four-

coordinate, the only other possibility is a square-planar configuration.

Although the magnetic moment of the complex, 4.4 BM, is characteristic of
5
tetrahedral and octahedral cobalt II ( ), the value would equally apply to
a square-planar, low field (high spin) complex.

The most compelling piece

of evidence for the assignment of the square-planar structure is the fact

that the octanoate extract gels with great ease.

Not only would the cobalt

octanoate/cyclohexane/water system be expected to behave like other soap/
oil/water mixtures in its ability to form smectic phases

(26)

, but plate-

like structures of the type envisaged, IX, would readily align in solution
to yield multimolecular chains respons{ble for gel-formation.
In progressing from the most dilute to the most concentrated extracts,

experiments have indicated that, for the Versatic extract, three stages can
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be readily detected before the pictures becomes excessivly complicated and

of these that occurring in more concentrated solution (Fig. 3, sample 5) is

an octahedral complex.

Tetrahedral complexes persist through the whole

range of concentration but at high concentration (samples 1 to 5) they are

accompanied by octahedral complexes.

The changes which occur in the infra-

red show that at intermediate concentrations (sample 5) both monodentate and

bidentate chelating carboxyl groups are present, whilst at high concentrat-

ions (samples 3 to 1) the monodentate and chelating groups are also accom-

panied by bridging carboxylate groups and by solvating acid. Further,in sample
5
the ratio of cobalt to water is of the order 1:0.5 to 1.
These observations

can only be explained in terms of the following equilibria
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Because of the difficulty in resolving the derivative spectra of sub

sequent samplesand because of the introduction of solvating acid and bridg

ing carboxyl groups at high concentration, no firm conclusions can be drawn

about the remaining complexes in the system.

Three stages of complexation can be detected in the dilution experiments

with cobalt octanoate, of which the two occurring a higher concentration are

octahedrally co-ordinated.

Infra-red evidence shows the presence of biden-

tate and monodentate carboxylate groups in the more concentrated solutions,

but only at very high concentration does the small amount of free acid in

the system (1 molecule for every 6 cobalt II ions) become involved in solva-

tion.

Further, at intermediate concentrations the amount of water, calcu-

lated from its solubility in cyclohexane, is less than one molecule per
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cobalt ion.

Under these conditions, the simplest structure which can be

drawn for the newly-formed complex is XIII.

RCO z,

,,
';co

H 20

R
�'\.
0,
0

/ c \.

I

1

I

0

0

\/
Co--Hz0
,/ \
0

\,,/

/0Hz

Hz0--Co

\

./

\ 0zCR

o,c/l
R

I[

m.

1L

,ci
R

-HzO

A third stage, XIV, which shows the same i.r. and u.v./visible properties

as XIII is envisaged, the controlling factor in its formation being the
amount of water in the system.

That dilute and moderately concentrated

solutions of cobalt octanoate form gels lends further support for the

presence of an equilibrium between complexes IX, XIII and XIV since the

value of n and hence the ability to gel will increase as the ratio of cob

alt to water becomes less.

Attempts to draw structures for the octahedral complexes present in the

most concentrated solution must account for the following observations.
All types of carboxylate bonding behaviour occur.

occupy only octahedral environments.

is involved in solvation.

The cobalt will appear to

Some of the free acid in the extract

Coupled with these observations, the fact that

the neat extract does not readily gel suggests a highly crosslinked and ran
dom system of chains similar to XIV.

The second point of attack from which to obtain information about the

carboxylate complexes is under circumstances where the ratio of free acid
to cobalt is high.

In the experiments in which acid was added to the ex-

tracts the most extreme samples contained 0.014 M cobalt and 1.4 M free acid

8p7

in the Versate case and 0.015 M cobalt and 1.5 M free acid in the octanoate
At these metal and extractant concentrations,conditions are favour.
(1 2)
able to slope analysis and it has been shown '
that complexes of the

case.

general formulae (CoR . 2HR)
2

2

and CoR .2HR are extracted.
2

fig.8 indicates

that the samples (Versate samples 10 and 11 and octanoate sample 7) are

binary mixtures of complexes and it can be concluded that monomeric and
dimeric species are present.

further evidence for this comes from the

analysis of an extract from another experiment in which conditions favour
2

able to the.extraction of the monomeric ( ) species prevailed, i.e. cobalt
4
concentration< 10- M and cobalt to acid ratio of 1:500. (fig.8. Versate
sample 11).

Having made this assignment it is now possible to say more about the

structures of the monomeric and dimeric complexes, I, II and III.

for two

reasons, the configuration III is the only acceptable one for the monomeric

firstly, the only two ligands in solution are carboxylate anions

complex.

and carboxylic acids:

the possibility of water participating in the complex

has already been examined and excluded.
formula

Secondly, to satisfy the general

CoR .2HR and octahedral co-ordination the carboxylate ligands must
2

be bidentate groups.

Infra-red evidence indicates that only bidentate car-

boxylate groups are present in samples containing large amounts of acid

and not only does this agree with the assignment of the monomer as III,but

the absence of monodentate carboxylate groups shows that the dimeric complex
must have structure I.

This last conclusion conflicts with earlier views (

2)

that the dimer contains a cobalt-cobalt bond.

The initial samples in the acid addition experiments have been shown

to be mixtures by dilution studies and so the overall sequence of changes
which occur on treating the extracts with free acid is

shown on the follow

ing page.
The scheme strongly suggests that the routes by which the products are

formed simply involve the substitution of carboxylic acid for water and the

expansion of co-ordination number as the amount of acid increases.
Mixed hydroxide/carboxylate complexes of cobalt

Evidence for their formation is to be found in the Versate extract ob

tained at pH 9.1.

The strong infra-red evidence for OH groups in the sol

uble extract (fig.12 ) finds support in the fact that the electronic spectra
of soluble and insoluble products are akin to that of an alkaline solution
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RC02 H

of cobaltous hydroxide which has been reported (

24)

to contain Co (OH\

2-

Further, analysis of the soluble fraction reveals

(Table 1) more cobalt II than total acid and as a result another negatively
charged ligand must be present in the complex.
It would seem reasonable
to propose the existence of mixed complexes of the general formula

In this way it is possible to explain

the solubility behaviour of the mixed complexes and also the apparent

variable pattern of carboxylate bonding and the presence of solvating acid.
Complex-forming equilibria
Thus far, the compositions and types of carboxylate complexes have been

approached wholly from structural asgects.

Having determined some of the
complexes in the system and the factors which play a part in their forma

tion, the results can be discussed from a thermodynamic stand-point.

Clearly, as in the stepwise formation of complexes in aqueous media,

the formation and co-existence of the various cobalt species in organic ex
tracts is a function of the thermodynamic activities of the metal and
associated ligands.

Owing to the low dielectric constant of cyclohexane, the occurrence of

ionised species is extremely improbable and thus the reaction:

.......................... (1)

can be assumed to go to completion.

To simplify the picture mixed hydroxide/

carboxylate complexes will be omitted.

The complex-forming reactions in

the extract will involve salvation of CoR

2

with water or carboxylic acid

(HR), nitrate having been shown to be absent, and will also involve polyCoR can thus be regarded as the uncommerisation of the solvated species.
2
plexed form of cobalt.
The following series of equilibria may then be postulated.
.. • . • .. • • .... .. • ... • • . • • .. • .. ( 2)
X

CoR H 0 + H 0 � CoR (H o)
2
2 2 2
2 2
VII or IX
X

...................... (3)

)
(CoR2H20 )2 + 2H20
2(H20 2�
XII and XIII
VIII or IX

2CoR

2 CoR2 H20� (CoR2 H2o)
2
X
XIII

..................

( 4)

( 5)
• . • • • • . . . • . • . . . • . . . . . . . • . . . . . . . (6)
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CoR HR + HR� CoR 2HR
2
2
III

CoR
X

........................ (7)

H 0 + HR � CoR HR(H 0)
2
2
2

2

• . • • . • . . . . . . . . . . • . ( 8)

CoR HR(H 0) + HR sF CoR 2HR + H 0
2
2
2
2
III

. . . • • • • • • . . ( 9)

..................(10)

CoR H 0 + HR� CoR HR + H 0
2
2 2
2
X

.••......•(11)
H o) + 2HR � (CoR HR) + 2H 0
2
2
2 2
2
.........................(12)
2CoR HR � (CoR HR)
2
2
2
(CoR

2

2CoR HR + 2HR � (CoR 2HR)
2
2
2
II
(CoR

2CoR

HR)

2

2

n(CoR

2

+ 2HR ? (CoR

2
II

2HR � (CoR 2HR)
2
2
II
III
2

...................(13)

2HR)

2

................(14)

..•.•......•..•....•.••(15)

2HR) � (CoR ) 2HR + (4n-2)HR
2 n
2
III

...•••...(16)

n(CoR H 0) ..= (CoR ) 2H o + (2n-2)H 0
2 2 2
2 n
2
2
XII and XIII
XIV

2 CoR � (CoR )
2 2
2
XI

........(17)

..............................(18)

These equilibria are summarised diagramatically in Fig. 13 which sets

out the relationships between the various species.

be emphasised that some of the stages may

such a minor extent as to be undetectable.

It should, of course,

be hypothetical or may occur to

Those species for which spectre-

photometric evidence exist are clearly indicated.

Other species are either

necessary to satisfy the stepwise formation of the dominant complexes or

else may be shown to represent thermodynamically equivalent and indistin

guishable routes to the same product, e.g. reactions (5) and (3)+(4);

(8)+(9) and (7)+(10).

The fraction of total cobalt in any given form will be a function of

oJ

(coR ], [H
and [HR] and will obviously depend on the relative values of
2
2
The
the equilibrium constants; K to K . , of the equilibria listed above.
2
18
two acid systems, Versatic 91J. acid and octanoic acid, will have different
values for K - K .
18
2
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could be calculated, but in
In principle the values of K to K
18
2
practice data are insufficient and the system too complicated for this to
be done with any confidence.
such as LETAGROP VRID

( 27)

However, the application of a programme

might well give additional information on the

important equilibria in the system.

Qualitatively we can make use of the equations (2) to (l&) to explain

the spectrophotometric observations during dilution of organic extracts
with cyclohexane and addition of free carboxylic acid to them.
(i) Dilution experiments
Dilution of an extract with cyclohexane

containing 0.01% water will

result in a constant water activity and falling activities of free carboxylic acid and cobalt carboxylate.

This will initially result in the break-

down of chain-like structures, e.g. XIV, according to (17), for which the

overall formation constant is

Thus the concentration of polymeric complexes is proportional to a large

J

and highly sensitive to any decrease.
Relative increases in
powerof�oR
2
water activity will result in the formation of the dimer, (CoR .H o)
2 2 2
rather than a species such as (CoR .HR) which involves solvating carboxy
2
2
lic acid molecules.
Further dilution will result in the dissociatibn of (CoR .H o) ,
2 2 2
according to equilibria (4) and (5), to four co-ordinate monomers such as
2
IX and X.
The dissociation will be governed by (coR ] because the over
2
all formation constant of the dimer (from equations (2), (3) and (4) or
2
2
[H oJ . Lower cobalt acti
(2) and (5) is 13 = [CcoR .H o) ] / [coR ]
2 2 2
2
2
4
vities will therefore favour the formation of monomeric species, lending
support to assumptions made in the structural determinations carried out

There is no spectral evidence for species such as CoR .HR at
2
high dilution so that water must satisfy the co-ordination number of cobalt

earlier.

and its small free concentration relative to free acid (Table 1) indicates

that the equilibrium constant of reaction (3) is much greater than that of
(6), i.e., that water solvates cobalt II ions much more strongly than car

boxylic acid.
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(ii) Acid addition experiments

Addition of free carboxylic acid to systems containing the mixtures

X +XI+ XII (for the Versatic acid case) and IX+ XIII (for the octanoic

acid case) will result in the solvation of the complexes by carboxylic

acid according to reactions (8) and (11) with possible formation of mixed

solvated species such as CoR HR(H O) by route (8) although there is no
2
2
The production of dimeric species
direct evidence for such a complex.
such as XIII will be favoured by a decrease in water activity, by (4).

This is likely to result in a mixture of species such as (CoR .H o) ,
2 2 2
CoR .HR and (CoR .HR) , the proportions of each depending on the actual
2
2
2
equilibrium constants of the reactions.
Further addition of free HR is

likely to result in the formation of octahedrally co-ordinate monomer

CoR .2HR(III) by route (7) and dimer (CoR .2HR) (I) by reactions (13) and
2
2
2
(14).
The proportions of monomer and dimer will be controlled by[coR ]
2
according to equation (15).
The formation of more highly polymerised
species such as (CoR ) 2HR by (16) would not be favoured by addition of
2 n
free carboxylic acid, but might result at very high cobalt-loadings due
to consumption of free carboxylic acid by the cobalt.
CONCLUSIONS
Of the information obtained from UlV-visible and infra-red measurements,

the latter is more open to alternative interpretations.

Consequently,

some of the proposed structural formulae must be regarded as only tentative.
Notwithstanding this uncertainty, the infra-red measurements have clearly

shown that the carboxyl group can change its dentative properties to satis
fy the co-ordinative requirements of the system.

The most significant point to emerge from the investigation derives,

however, from the derivative work on visible spectra.

It is that clear

evidence now exists for the presence of multiple equilibria in the organic

phase metal extract.
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FOR;,iATION OF i'1IXED ili,,TAL COMPLEXES IN THE EXTRACT lON

OF M0'.l'ALS ·.:ITH CAPRIC ACID

Noriyuki HAKAciUKA, Hiromichi YAr'1ADA • and Motoharu TANAKA
Laboratory of Analytical Chemistry, Faculty of Science,
Naeoya University, Nagoya 464, Japan

Al3STRAC·T
The formation of mixed metal complexes in the carboxylate

extraction has been studied.
involved is presented.

The general treatment of equilibria

Evidence is c-iven for the mixed metal

caprates in the caprate extraction of the following pairs of

metal ions: nickel and cobalt; sodium and zinc; sodium and
cadmium; aluminium and c-allium. Extraction equili·,rium of a
mixed metal complex is written as:
p�

+

+ qI.f

+

+ o.5(mp + nq + x)(HR)2 ,o

(M N R
.xl!R)
o
p q mp+nq

+

(mp + nq)H+

for which the constant is denoted as K:�f x · The compositions
pq )
°
and extraction constants at (25 c and an ionic strength of 0.1M
NaC10 ) of the extracted mixed metal species are as follows:
4
NiCoR4.4HR:
ZnNaR .5HR:
3

Ni,Co
logKex(
114)

Zn,Na
logK
ex(115)

CdNaR .5HR:
3

Cd, Na
logKex(
115)

CdNaR .7HR:
3

logKex(

Cd ,Na

117)

-19.1!0.1
-13.86!0.05
-14.0!0.1
-13.8!0.3

*Faculty of Engineering, Gifu University, Gifu 504, Japan

823

INI'ROVUCTI0'.1
The extraction of metal ions with carboxylic acids has been

examined by severi!-1 authors and has been recently reviewed by

Flett and Jaycock

In the extraction of metals with ca ryric

acid coextraction is not exceational.

We have extracted species

of definite composition involvin� two metal ions in the same
molecule.

This pa�er describes the ceneral treatment of tnd

equilibria involved and sor,1e exa:nples of coextraction recently
obtained in this laboratory.
EQ.JILLlRIUl-1 'I'REA'I'.-:"'..i'I'

Two metal ions t-f1

+

and N11

+

are supposed to be extracted by

an extractant HR as a mixed metal complex of the composition

M H R
.xIIR. The following equilibrium is responsible for
p q mp+nq
the extraction of this species:
+ o.5(b!p + nq + x) (HR)2 ,o

c-=,,.: (Mp Nq Rmp+nq .xHR)o

+

(mp

+

nq)H

+

(1 )

1
for Hhic,1 the extraction constant KM ,.!
) is defined as:
ex ( pqx
KM, N
ex(pqx)
x ( (HR ) ) 0
2

-(mp+nq+x)/2

(2)

The molar concentrations of metals t'i and N involved in the mixed

metal complex (denoted as C'
and C'
respectively) are
11,o
N,o
given as follows:
C'
M,o

\vhere

cM,o -�j�y

j (M Rm .yHR)
j j

=
C'
N,o
cif ,o -I"il'z

i ( Ni Rni. zHR)

cM,o

(3)

( 4)

and C
refer to the total concentrati:-,n of metals
N,o

M and N respectively, in the organic ohase.
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To elucidate the composition of a mixed metal species in

the or�anic phase, the extr�ction behaviour of each metal ion
involved must jave been previously studied.

From known values

of extraction constants of species involving only M, terms
2

·r,1us we obtain cM
and,
,o

, � y j (MjR mj .yHR) are calculable •
quite similarly, C� 00.
1

The molar ratio of Mand Nin the mixed complex, r, is

now defined by the followinJ:
r = C,'

N,o

/C'

M,o

= q/p

(5)

Combinins equations (2) and (5), we have
logc;!

+
p (1og(1,f1 )
,o =
+

o.5(Mp

+

logp

nrp

+

+

+

+
+
rlog(� ) - (m+nr)log(H �

x)log((HR) )0
2

+

M

logK ;: q
(p x)

+
against U-og(1,f1 ) +]
,o
at a fixed extractant concentra

Thus from the slope of the plot of logC/i
+

rlog(� ) - (m

+

+

nr)log(H )

tion, we find tne value of p.

Now m, n, r and p being known, tne plot of logCtJi,o +
+
+
p [1or.;(rf1 ) + rlog(� ) - (m + nr)log(H >] against log ((HR) )
2 0

yields a straight line with a slope of o.5(mp + nrp

+

x).

From

the intercept of the plot we obtain the value of extraction
cons tant 1ogKM,N
ex)pqx)"
RESUL'rS AtlD DISCUSSION

Partitions were performed between water and benzene containa
ing capric acid in a bath thermostatted at 2 5.0 ! 0.1 C.
The ionic strencth of the aqueous phase was kept constant at

0.1 M with sodium perchlorate.

The composition of the extracted

species as well as values of extraction constants given below

are therefore valid for these experimental conditions.
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Nickel cobalt-caprate

2

The extraction of nickel and cobalt in the presence of

eac1 other is always higher than predicted from the extraction
the fact pointins to the
,
for;aation of a mixed metal cornolex(es) in the orcanic phase.

constants of sin6le metal ions

Determination of the r values for a number of partitions

of the two metals has revealed the value of r to be unity.
2

2+

+

The plot of loc CNi
aGainst \log(Co +) + log(Ni ) - 4log(H ))
,O
at a fixed ((HR) ) yielded a strai6ht line with a slope of
2 0
unity, i.e. p = q = 1. The composition of the n ickel cobalt

caprate is tnus NiCoR4• 4HR with the extraction co11stant of
. O -+
l O KNi,Co
G ex(114) = -,�.
o.,.

Elec tro.uic spectra for t;,e mixed metal complex are quite

si,ai.lar to those composed of each socc trurn for dimeric ca prate
of single metal, that is, the additivity of spectra holds for

the mixture of cobalt and nickel caprates.

�his fact implies

that the octahedral environments around both central metal ions
in the mixed metal caprate reser:ible closely ti1ose in their

respective dimeric caprates.
Zinc sodium caprate 3

The distribution ratio of zinc is proportional to the

t.tird power of aqueous hydror,en ion concentration.

Flame-

to be unity. From these
photometry showed the ratio CN'
/C '
a,o z n,o
experimental evidences we have arrived at the conclusion that
the extracted mixed zinc sodium capr�te cJntains one atom each

Finally extractant deriendence of (logDZn +
+
3log(H )) revealed the composition of the extracted species to
be ZnNaR�-5HR wit� the corresoondinc extraction constant of
l K zn , d�
o
3 86 + o o 5
g ex(115) = _, •
- • •
of zinc and sodium.
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Cad�ium sodium caurate 3
In much the same way as in the preceding case, we found

the followin: �ixed metal caprates:
Cd,Na
5HR with lo
gKEx(115)
y
=
CdNaR .7HR with log Cd,Na
Kex(117)
3
Cd NaR

-14.o + 0.1;
-1 3 .8 ! 0.3.

We have in the organic uhase CdR .4HR, dimeric and tri�eric
2
cadmium caprates as well as these mixed metal caprates.
Aluminium gallium caorate

4

In the case of aluminium gallium caprate, of which the
reaction with 8-quinolinol is much faster than that of alu:niniurn

caprate in the organic phase, the mixed metal caurate is

kinetically distinguishable.

At present we would like to note only a tentative composi

tion for this mixed metal caprate:

A1 Ga R (0H)6.
3 3 12
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USE OF EXTRACTANT MIXTURES CONTAINING KELEX 100 FOR SEPARATION
OF NICKEL(II) AND COBALT(II)

by L. Hummelstedt, H.-E. Sund*, J, Karjaluoto, L.-0. Berts and
B, G. Nyman**
Inst. for Industrial Chemistry, Abo Akademi, Abo, Finland
Abstract The present investigation concerns the applicability of
Kelex 100 (HL) and its mixtures with Versatic 9-11 (HR) to the
separation of Ni(II) and Co(II). While Ni(II) is preferentially
extracted by Kelex 100 in isodecanol/Shellsol K the co-extracted

Co(II) apparently undergoes oxidation in the organic phase in the
presence of air. This difficulty does not exist in Kelex 100/
Versatic 9-11 mixtures which show synergic behaviour due to the
formation of mixed complexes. Ni(II) is shown to exist as
NiL2•H R while the Co(II) complex apparently has the formula
2 2
CoL2 ·2H2R 2 • For the extraction equilibria

the concentration products K i and Ke were found to have the
N
o
°
following values in isodecanol/Shellsol K at 25 C:
K

Ni

� 4.2•10-4 1/mole

2
Keo � 2.2·10-5 1 /mole 2

The separation factor S .l, C 0 is largest c� 65) at 25 ° C but in
N
practice the temperature must be raised to 50 ° C in order to increase the extraction rate and reduce the acid uptake during
stripping. Careful pH control is required in this operation in
order to keep S .l, C0 at a satisfactory level of about 35.
N
*Present address: Kemira Dy, Oulu, Finland

**Present address: Metallurgical Research Centre, Outokumpu Dy,
Pori, Finland
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INTRODUCTION
Extracta nt mixtures containing hydroxyoximes (LIX reagents,
General Mills Chemicals, Inc,) and carboxylic acids (Versa tic 91 1, Shell Chemical Co, Ltd,) have recently been successfully

utilized for the separation of nickel(II) and cobalt(II) in sul
phate solutions 1• The selectivity of LIX-63/carboxylic a cid mix2 3
tures for nickel(II) was discovered several years ago ' but
the adverse kinetics of nickel extraction was considered likely
to preclude commercial application of this extractant mixture 3 ,
This difficulty w a s later overcome by the addition of a small
a mount

of dinonyl naphthalene sulphonic acid (DNNS) and a rapid
and efficient separation of nickel(II) and coba lt(II) w a s
achieved, particularly when using mixtures containing LIX-70 and
Versatic 9- 1 1 as main components 1 ,
The reagent Kelex 100 introduced by Ashland Chemical Co.
apparently has 7-[3-( 5, 5 ,7,7-tetramethyl-1-octenyll)-8-hydroxy
quinoline as its active component 4 . It is thus a chelating agent
similar to the hydroxy oximes of the LIX series and like these
it has mainly been used for extraction of copper. Kane and Card
4a
well have, however, proposed a method for separ a tion of co
b a lt(II) a nd nickel(II) by selective stripping of nickel(II)
with HCl from an organic phase containing 10 vol,-% Kelex 1 00

and 3 0 vol.-% isodecanol in kerosene.
Co(II) and Ni(II) are first extracted
from an aqueous chloride, sulphate or
after nickel(II) is stripped from the

According to the inventors
in the pH range 3,0 - 4,2
nitra te solution where
organic phase using 3 -20 %

HCl and cobalt(II) using more concentrated HCl, It is recom
0
mended that the stripping be performed at 3 0 - so c in order to
reduce the uptake of acid in the organic phase.

Very recently Lakshmanan and Lawson 5 have studied the ex
traction of cobalt(II) by Kelex 100 a nd mixtures of Kelex 100
and Versatic 9-1 1 . Co(II) was reported to form a very sta ble
complex with Kelex 1 00 in kerosene, as deduced from the fact
that the metal ion could not be stripped from the organic phase
even with 3,5M H so . The complex was found to have the formula
2 4
CoL2(HLJ2 (HL = Kelex 1 00). Kelex 100/Versatic 9-11 mixtures ex
tracted cobalt(II) with similar efficiency as Kelex 100 alone

830

but the mixed complex CoL H2R (HR = carboxylic acid) was found
2
2
to be easily decomposed by stripping with dilute acid, According
to these authors the Kelex 100/Versatic 9-11 mixture shows no
evidence of synergic action,
By analogy with the LIX/Versatic systems1 one may expect
mixtures of Kelex 100 and Versatic 9-11 to be useful for the sep
aration of nickel(II) and cobalt(II), The purpose of the present
investigation is to explore this possibility as well as the use
fulness of Kelex 100 alone as an extractant for separating co
balt(II) and nickel(II) in aqueous sulphate solutions, The
studies include extraction experiments combined with spectro
photometry and vapour pressure osmometry, In this manner it has
been possible to investigate extracts at concentration levels of
interest in practical applications,
EXPERIMENTAL
The reagents Kelex 100 (Ashland Chemical Co,), Versatic 9-1 1
(Shell Chemical Co, Ltd) and dinonyl naphthalene sulphonic acid
(DNNS) (R.T. Vanderbilt Co,, Inc,) were used without purification,
For Kelex 1 00 an apparent molecular weight of 321 was determined
by saturating with Ni(II) at pH 9 in the presence of NH3. An ali
phatic hydrocarbon solvent Shellsol K (Shell Chemical Co. Ltd)
was used as diluent and isodecanol (Ashland Oil & Refining Compa
ny) as modifier. All organic phases with Shellsol K as diluent
contained 100 g/1 of isodecanol; this solvent system is referred
to as isodecanol/Shellsol K,
All other solvents and chemicals used were of analytical
reagent quality.
Extraction experiments were performed using a phase volume
ratio of one in a 250 ml glass vessel equipped with a stirrer,
glass calomel electrodes, and an inlet for gaseous ammonia di
luted with nitrogen, The pH was maintained constant by means of
a Metrohm E 450 control unit coupled to a magnetic valve in the
ammonia line. All aqueous phases contained 0.25M (NH )2so4 in
4
order to reduce fluctuations in the ionic strength, The glass
calomel electrodes immersed in the dispersion in the extraction
vessel gave stable readings over long periods of time. All
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equilibrium pH values were also checked with a digital pH-meter
(Radiometer pHM 52) after phase separation, In experiments at ele
vated temperatures the final pH values were measured after cool
ing the aqueous phase to 25 ° c.
A Hitachi Perkin-Elmer Model 139 spectrophotometer was used
for the photometric studies while aggregation in iso-octane solu
tions was measured with a Knauer vapour pressure osmometer, The

mole fraction x obtained from the osmometer reading 6R according
2
to equation (1) was used for computation of the average aggrega
tion number for the dissolved substance according to equation
(2), where c is the monomeric molarity of the dissolved sub
2
stance and c 1 the molarity of the solvent. The constant A was
x

(1 )

2
c2(1-X )
2
c x
12

( 2)

determined for iso-octane using trioctyl amine, which is known
to be monomeric in hydrocarbon solvents.

When extracted from separate solutions Ni(II) and Co(II)
were determined by conventional EDTA titration. Organic phases
containing both metals were stripped with 8M HCl, whereafter
6
Co(II) was determined photometrically and the sum of Ni(II) and
Co(II) by titration with EDTA.
RESULTS ANO DISCUSSION
Extraction with Kelex 100
Effeat of DNNS and temperature on the extraation rate in
isodecanoZ/SheZZsoZ K
The rate of extraction of Ni(II) with Kelex 100 in iso
decanol/Shellsol K was found to be quite low at 25 ° c, where
equilibrium was not reached even after 120 min at pH 4.72 (Fig.
1 ). Raising the temperature to 5o 0 c increased the extraction

rate considerably and further improvements were obtained by
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adding DNNS in concentrations of 0.00 5 and 0,010M. At the higher
DNNS- concentration equilibrium was reached in about 20 min when
the temperature was 5 0 ° C.

For Co(II) the extraction rate was found to be faster than
for Ni(II), about 8 min being required to attain equilibrium at
°
50 C in the presence of 0.00 5 M DNNS.
The addition of DNNS was thus found to have an effect simi
lar to but not as pronounced as that in the LIX/Versatic sys
tems 1 , All subsequent extraction experiments with Kelex 1 00 at
25 ° C were performed in the presence of 0,01M DNNS, Even with
this addition contact times of the order of 1 .5 h were required
°

to reach equilibrium for Ni(II) at 25 c.

Effect of pH on extraction equilibria in isodecanol/Shellsol K
The pH-dependence of the extraction equilibria of Ni(II)

and Co(II) in isodecanol/Shellsol K was studied by extracting
the metal ions from separate sulphate solutions at four differ
ent concentrations of Kelex 1 00 (75, 1 00, 1 5 0 and 200 g/1). The
results for the lowest and the highest extractant concentrations
are shown in Fig, 2, While nickel is extracted at lower pH than

cobalt at both extractant levels there are considerable differ
ences in shape between the curves for cobalt, At 75 g Kelex
1 00/1 (0.236M) only 8 5 % of the cobalt was extracted although the
pH was raised to 6.5, The capacity of this extractant thus seems
insufficient for complete extraction of cobalt in spite of the
fact that complete extraction of nickel from a solution of
roughly the same metal ion concentration was achieved at a pH of
about 5.5. However, the ratio Kelex 100/cobalt is close to 2 and
thus much lower than the value 4 found by Lakshmanan and Lawson 5
in experiments at lower concentrations (5• 1 0-5M to 7,5•10-3M
Co(II); 0,00125M to 0,125M Kelex 100). At 200 g Kelex 100/1 the

cobalt curve in Fig, 2 has a steep slope indicating a marked
change in the system, The probable explanation for this phenom
enon, which will be subject to further study, is a partial oxi

dation of cobalt to the trivalent state in the organic phase by
exposure to air, Further support for this hypothesis was ob

tained from stripping experiments with an aqueous solution con

taining 1 5 0 g H so ;1. While 90-95 % of the nickel was stripped
2 4
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in one stage cobalt was very difficult to strip, particularly

when extracted at pH values higher than 5.5. However, addition
of some zinc powder promoted the stripping of cobalt, obviously
by reducing it to the divalent state.
A similar slow oxidation of cobalt(II) in the organic phase

has been observed in certain mixtures of LIX reagents and Ver
satic 9-11 1 , where it was easily eliminated by performing the
extraction under nitrogen,

It appears that the stripping difficulty reported by
Lakshmanan and Lawson 5 might also be explained by air oxidation
rather than by assuming the existence of a very stable complex
of divalent cobalt.
The oxidation phenomenon prevented a meaningful slope ana

lysis of the extraction data for cobalt, since no experiments
were performed in the absence of air. The data for Ni(II) were

plotted according to equation (3), where D is the distribution
coefficient, HL the extractant, and K the concentration product:
log D - 2 log[HL]

=

log K

+

2 pH

(3)

When using data for pH > 3.5 relatively good straight lines were
obtained but only the lowest Kelex-concentration (75 g/1) gave a
nearly theoretical slope of 2.1, lower values in the range 1 ,5 1 ,8 being obtained at the higher extractant levels, At pH 3.0
the values of log D - 2 log[HL] were higher than expected, the

deviation increasing with decreasing extractant concentration,
This phenomenon is probably due to the appearance of a new ex
traction mechanism when the organic phase begins to extract sul
phuric acid,
Composition of the Ni(II)/Kelex 100 complex in iso-octane

In an attempt to find an explanation for the low pH-depend

ence indicated by slope analysis of data for Ni(II) extraction
in isodecanol/Shellsol K some extraction experiments were also
performed with solutions of Kelex 1 DO in iso-octane, Since these
organic phases did not contain any isodecanol as modifier they
could be studied by combining extraction experiments with vapour
pressure osmometry.
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Fig. 3 shows the mean aggregation number n

0

°

at 25 C for

Kelex 100 solutions of different concentrations. According to
these osmometric data there is considerable interaction between
the extractant molecules in spite of the fact that 8-hydroxy

quinolines should have a low dimerization tendency because of
intramolecular hydrogen bond formation 7 • Thus the functional
groups may not be involved in the interaction.

Plots of extraction data in iso-octane according to equa
tion (3 l gave slopes in the range 1 ,5 - 1.6. However, comparison
with osmometric data for the extracts showed that the extraction

could best be represented by the reaction

+ 2 H

+

where n 0 is the average aggregation number for Kelex 100 at zero

nickel concentration. This reaction formula implies that the ex
tent of interaction between extractant molecules is the same
whether they are bound to nickel or not. With this assumption
one obtains equation (4), where the concentration
log D - 2 log[HL]

+

2 log n 0

log K

+

2 pH

( 4)

[(HLJ ;; ] has been replaced by [HL]/i\, [HL] being the free ex
tractagt concentration calculated as monomer. [HL] is obtained
from equation (5), where [HL] 0 denotes the free extractant
[HL]

[HL]

0

- 2

n

0

[Ni]

( 5)

concentration at zero nickel concentration in the organic phase.

When the results from extraction experiments at four differ
ent concentrations of Kelex 100 were plotted according to equa
tion (4) all the points fell very close to a straight line with

a slope of 2.0 (Fig. 4). In Table 1 the experimentally deter-

n

mined mean aggregation numbers exp for the extractant in the extracts are compared with computed values
obtained according
ca 1 c
to equation (6):

n
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( 6)

The good agreement confirms that Ni(II) forms a monomeric com
plex with the average composition NiL •2(n 0 -1) HL, n being a
2
0
constant for a given total extractant concentration,
Qualitatively, the same explanation may be assumed to be
valid for the isodecanol/Shellsol K system, However, the pres

ence of the modifier makes that solvent system more polar than
iso-octane and the interaction between extractant molecules may
therefore be somewhat weaker in isodecanol/Shellsol K,
Water determinations according to Karl Fischer showed the
extracts to contain only negligible amounts of water, Thus the
nickel complex must be unhydrated,
Extraction with Kelex 100/Versatic 9-11
Composition of the Ni(II)/Kelex 100/Versatic 9-11 complex in
iso-octane
The reaction between the Ni(II)/Kelex 100 complex and
Versatic 9-11 was studied photometrically at two concentration
levels. Fig. 5 shows the absorbance increase (A - A ) at 980 nm
0
as a function of the molar ratio between Versatic 9-11 (calcu
lated as monomer) and Ni(II). The sharpness of the break at a

ratio of 2 indicates the formation of a stable complex con

taining two molecules of carboxylic acid per nickel ion. Fig. 6
illustrates the formation of the mixed ligand complex in dilute

solutions of constant nickel concentration. Under these condi
tions the interaction between the molecules of Kelex 100 should
be negligible (see Fig. 3) and the reaction with Versatic 9-11

(which in osmometric experiments was found to exist as the dimer
H2R2 at these concentrations) may be written as follows:

Table 2 shows the concentration product for this equilibrium,
as calculated from photometric data at low concentration, The
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high concentration product (6,5: 0, 3 )•10 3 1/mole explains the

sharp break in Fig, 5, which is based on photometric studies at
higher concentrations, Under these conditions the concentration
product may, however, be somewhat lower because of the solvating

effect of the excess of Kelex 100 on NiL2,
The results of osmometric studies of some extracts at 3 0 ° C
are summarized in Table 3, In these experiments the concentration
level was relatively high (0,2 3 6M or 0,230M HL, 0,0 3 0M to 0,208M
H2R 2) and it may therefore be assumed that practically all car
b8xylic acid is bound in the mixed complex when [Ni] � [H2R2] 0,
When [Ni].; [H2R2] 0 all nickel is in the mixed complex, the ex
cess of carboxylic acid existing as dimer, Analysis of the ex
perimental data indicates that the excess of Kelex 100 exists

as (Hll- and any Ni/Kelex 100 complex as NiL •2(n - 1 l HL while
2
0
no
the mixed ligand complex NiL 2•H2R 2 is not solvated by HL, Here
n is the mean aggregation number (1.35) for Kelex 100 (0,236 or
0
°
0,2 3 0M) measured at 30 C in the absence of nickel and Versatic
9-11, With these assumptions equations (7) ( [Ni] � [H2R2] ) and
0
(8) ([Ni].$ [H R ] ) were derived for the calculation of the
2 2 0
apparent mean aggregation number n calc for the extractant mole
cules (HL and HR) in extracts of known total concentrations
[Nil. [HL]0 and [H2R2 ]
0,
n ([H L ]
+ [ HR ] )
0
0
0

2 [HL]

0

+

n [HR]
0

0

(7)

- 4 [NT]

(8)

A relatively good agreement between nexp and ncalc is evident
from Table 3,

2D

837

Distribution isotherms for Ni(II) and Co(II) in isodecanol/
Shellsol K
Typical results obtained in extracting Ni(II) and eo(II)
from separate solutions are shown in Fig. 7. Since Versatic 9-11
alone does not extract these ions at low pH a comparison with

the curves for the same concentration of Kelex 100 in Fig. 2

reveals a substantial synergic effect, contrary to the findings
of Lakshmanan and Lawson 5 at considerably lower concentration
levels. In agreement with the results of the aforementioned
authors cobalt was found to be easily stripped from organic

phases containing Kelex 100 and Versatic 9-11, There was no in
dication of oxidation of eo(II ) in this case.

The composition of the eo(II)/Kelex 100/Versatic 9-11 com
plex was not investigated separately in the present study but

some conclusions may be drawn from the work of Lakshmanan and

Lawson 5 . These authors assumed Versatic 9-11 to be monomeric in
kerosene and therefore found the formula eaL2H R for the mixed
2 2
complex. According to our experience Versatic 9-11 should occur
as dimer under the experimental conditions of Lakshmanan and
Lawson, and the formula thus becomes eaL •2H R . Since the mixed
2 2
2
Ni(II) complex is NiL •H R extraction data for the two metals
2 2 2
should conform to equation (9) and (10), respectively:
log O

Ni

- 2 log [HL] - log [H R J
2 2

log Dea - 2 log[HL] - 2 log[H R J
2 2

(9)

log K i + 2 pH
N
log Keo + 2 pH

(10)

Ni(II) and eo(II) were extracted from separate aqueous so

lutions using six different extractant mixtures. In four of them
the concentration of Versatic 9-11 was kept constant at 1 .DOM
while the concentration of Kelex 1 OD was 7 5 , 1 DD, 150 and 200 g/1,
respectively. The other two mixtures were 1 , 5 DM Versatic 9-11/
1 5 0 g/1 Kelex 100 and 0, 5 0M Versatic 9-11/200 g/1 Kelex 100.

For Ni(II) all the six extractant mixtures yielded results
in good agreement with equation (9), all points falling close to
a single straight line with a slope of about 2, The eo(II) data

showed more scatter but agreed fairly well with equation (10)
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except for the results obtained with the mixture containing only
0.50M Versatic 9-11. In this case there would sometimes be only

a small ex cess of carboxylic acid if all cobalt in the extracts
would exist as CoL • 2H R . Probably mainly CoL •H R is formed
2 2
2
2
2 2
under these conditions, as judged from the fact that an equation
analogous to (9) gives a better plot than equation (10). Fig. 8

shows the plots of equations (9) and (10 ) obtained by taking the
average of all experimental points at given pH values.
Table 4 shows the results obtained by extracting an aqueous
solution contain1ng 9.90 g Ni(II)/1 and 24,90 g Co(II)/1 with an
organic phase containing 2 00 g Kelex 100/1 and 1.00M Versatic
9-11. From equations (9) and (10) one obtains the following ex
pression for the ratio K /K
Ni co'

( 11 J
As shown in Table 4 the three lowest pH values yield relatively
constant values for KN /KC ' the average being 19.0M. At pH 3.04
i
o
a somewhat lower value 15.4M is obtained, probably because of

the experimental uncertainty in DNi"
by
Using the value 19.0M for KNi/KCo and determining K
Ni
extrapolating YN to zero in Fig. 8 (which gives log KNi =
i
- 2 pH = - 3.38) the following approximate values are found for
the concentration products:
K

Ni � 4.2

KC �
o

2 .2

10 -4 1/mole
10 -S 1 /mole
2

2

An approximate expression for SNi C is obtained directly
, o
from equation (11):
(1 2 )
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Equation (12) indicates that Ni(II) and Co(II) should be sepa
rated at low [H2R2J. There is, however, a lower limit for [H R2J
2
under which the complex CoL2•2H2R 2 no longer exists,
Rate of extraction
Fig. 9 shows the time-dependence of [Ni] and [Co] when ex
tracting at about 25 ° C and a constant pH of 2,7, Cobalt is ex
tracted faster than nickel as shown by the maximum in the curve
for [Co]. About 1,5 h is needed for attainment of equilibrium,
Raising the temperature to 50 °C decreased the time requirement
to about 20 min, but at the same time the separation factor de
creased from 63.0 to 44,5.
Stripping problems
Both Co(II) and Ni(II) are easily stripped with sulphuric
acid at room temperature, 60 g H so ;1 being sufficient for
2 4
stripping more than 90 % of the total metal content in one stage.
Cobalt reacts faster than nickel, as seen from colour changes

in the aqueous stripping solution.
However, the basic character of Kelex 100 creates serious

difficulties, Even when using 60 g H2so4/l as strip solution
Kelex 100 was largely protonated, This extraction of sulphuric

acid resulted in precipitate formation in the organic phase upon

standing, It also reduced the separation factor S . C from
N l, 0
about 65 to 1. Treatment with basic solutions is not practical
in the presence of Versatic 9-11 since considerable amounts of
carboxylic acid would be lost to the aqueous phase. Stripping of
Versatic-free solutions of Kelex 100 had the same adverse effect
on the extraction of Ni(II],

At the present time no detailed explanation can be offered
' Apparently some new extraction
for the drastic change in S
Ni,Co
mechanism involving H so4 becomes important under the conditions
2
caused by stripping.
The uptake of sulphuric acid could be reduced considerably
by performing the stripping at 50 ° C, It was also found necessary
to keep the pH of the strip solution in the range 1,2 - 1,5 by

840

means of a regulator, Under these conditions 90 % of the metal
at a
was stripped while maintaining the separation factor S
Ni,Co
level of about 35,
CONCLUSI ONS
Extractants containing only Kelex 100 are not well suited

for separation of Ni(II) and Co(II) in the presence of air be
cause cobalt is very difficult to strip from the loaded extrac
tant. Apparently a very stable complex of trivalent cobalt is

fanned in the organic phase. This difficulty is eliminated by
using mixtures of Kelex 100 and Versatic 9-11 which exhibit

marked synergism in the extraction of Ni(II) and Co(II), With
fresh extractant mixtures separation factors S
Ni,Co around 65
°
may be obtained at 25 c but long contact times (about 1,5 h) are
needed for attainment of equilibrium. At 50 ° C extraction is con

siderably faster and less acid is taken up by the organic p hase
during stripping. This must be performed at a controlled pH in
the range 1.2 - 1.5 in order not to cause a drastic decrease in
°
the separation factor S Ni,Co' By such careful stripping at 50 C
separation factors around 35 can be maintained,
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Table 1 • Exp er ime nta 1 and calcula ted average aggregation
numbers at 25 ° C for Kelex 100 in iso-octane in the pre-

senc e of Ni ( II l
[HL]
o
M
0.142

[Ni)
M
0.010 3

0.142
0 .1 42
0.235
0.235
0.235
0. 3 29
0.329
0,329

0.0322
0 . 0450
0.010 2
0. 014 6
0.0542
0. 0 3 30
0,0512

0.423
0,42 3

0.0 550

0.423

n
calc

exp
1 •71

1 •64

1 • 95
2.25

2.56
1 .60
1 • 67
2. 3 5
1 • 95
2.20

2.50

2.43

2. 22

2.27
2.69
1 • 61
1.75
2. 3 9

2.7 0
1.B6
2.1 7

2.69
1 .B7
2.25

0,0B90
0.027 5

0.0777

Table 2. Computation of the concentration product K for
the equilibrium NiL2 + H R � NiL 2,H R from absorbance
2 2
2 2
3
data at 492 nm for solutions with [liITJ = 0,052, 10- M
[H2 R 2)tot
M
0. ODO
0. 03 0 • 1 0 - 3

0. 06 2 • 1 0 - 3
0.104•10-3
0. 209 • 1 D-3
3
0.557·100 .431·10-2
0.415·10-1

A492

A

- A

-¾-(

0.452

0.394
0. 34B
0.28B
0 .202

=

[N1L ·H R J
2 2 2 \
)
[N1L )
2
0.147

0.299
0.569
1 • 23B
3 .475

0.101

27 .25

0.016
0.000
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K
1/mole
6.3•10 3

6,0•10 3
6,7•10 3
6,9•103

6.7·10 3
6.4•10 3

Table 3. Experimental and calci..;lated average aggregation
°
numbers at 30 C for Kel ex 100/Versatic 9-11 in iso-octane
in the presence of Ni ( II l
[HLl0

[H R2] o
2
M

[Ni]

0.236
0.230
0.236
0.236

0.028
0.030
0. 051
0. 07 5
0. 07 1
0.103
0 .103
0.063

0. 074
0,052
0,079
0.100

M

0 .208
0.236
0.236
0.230
0,236
0.230
0.236
0. 230

3.13
3.56
3.41
2.31

3.29
3. 57
3.49
2.41

0,052

o. 073

2. 61
2.25
2.52
2, 18

2,70
2.34
2. 64
2.24

0,052
0. 077
0.052

calc

2, 54
2.20
2.77
3 ,40

2.67
2.23
2,99
3.4 6

0. 079
0.1 04
0.1 DO

0 .104
0 .104
0 .166
0,209

n

exp

M

Table 4. Extraction of Ni (II l and Co(II) with 200 g/1
Kel ex 100/1.00M Versatic 9-11 from a solution containing
9,90 g NiCIIl/1 and 24.90 g Co(II)/1, (25° C)
pH

[Co]
M

2.28

0. 011

2. 50
2.79
3. 04

0,018
0. 036
0,056

0c o
0,0268
0. 044 9
0.0941
0.153

[l'IT]

M

DNi

0. 094
0,123
0 .146
0.154

1 . 25
2,68
6.23
10.00
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[o/2)
M

0.384
0,341
0.28 2
0.234

KNi/KCo
M
17, 9
20.4

18, 7
15, 4
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THE EXTRACTION ABILITY OF OXYGEN-CONTAINING EXTRACTANTS
OF CLASS RnXO WITH RESPECT TO COBALT(II) CHLORIDE
by v.G.Torgov, V.A • .Mikhailov, M.K.Drozdova, G.A.Mardezhova
and E.A.Gal'tsova
The extraction ability (EA) of neutral extractants of class
RnXO with respect to CoC12 is considered. By the analysis of
distribution isotherms, and direct synthesis using electronic
and IR-spectra it is shown that in all the cases cobalt is ext
racted in the form of tetrahedral complexes

f

J . EA of

oL2c12

extractants c.onsidered is found to be characterized quantitati
(OH) due to interaction
ym
between extractants and water molecules in CC14 medium or by
the energy of hydrogen bond XO, •• H-OH. Results of X-ray spect
vely either by the shift value

of

\ls

ra investigation of XO bonds in extractants series show the

existence of P;n._ - d5L, interaction between S and O atoms in R2so
and more appreciable contribution of this interaction to the PO

bond in R Po compared with XO bonds in R No and R AsO.
3
3
3
Institute of Inorganic Chemistry, Novosibirsk, USSR
Introduction

EA of

The available data about dependences of;neutral extractants

on their structures are generally related to compounds con
taining phosphorilic group 1• 2 • As to compounds of class RnXO

where X may be lJ, S,As, Sb, Se, the only few works known are
devoted to the place of dialkyl sulphoxides 3-5
d-..- alkyl1
4
pyridine N-oxides 3- , dimethylselen oxide
and triphenylar
sin oxide 1• 6 in neutral extractants series.

Ph AsO and (CH ) 2SeO increased with increase of extractants ba
3
3
sicity characterized by protonization constants( K ) as
was established by Krasovec and Klofutar 1 • Logarithms of ext-

raction equilibrium constants for acids HNO , HReO4
3
849

and HTco4

extracted as monosolvates and uo (N0 ) extracted as disolvate,
3 2
2
correlate with logKa for such extractants as Ph As0, R PO and
3
3
Ph PO •
3
In accordance with protonization constant
values 1 a de-

crease of EA can be expected in series R TeO:>R SbO:>R No>
2
3
3
R AsO>Ph2SeO> Ph AsO> R PO. However, there is no evidence for
3
3
3
this series at least for the most effective extractants. EA of the
following neutral extractants of class RnXO in relation to CoC12
is compared here: tributylphosphate(TBP), triisoamylphosphine
oxide(TAPO), di-n-octyl sulphoxide(DOSO), c;;{,- nonylpyridine

N-oxide(dl,-NPO), trioctylamine R-oxide(TOAO) and trioctylarsine
oxide(TOARO). The extractants above differ in their basicity

to

great extent as one can judge by their ability to extract mine

a

ral acids. The choice of CoCi2 as extracted compound was dicta
ted by the same extraction mechanism for whole extractant
se-

ries in this case

(changes in extraction mechanism with increasing

extractant basicity have been shown previously ) ;

for example, when

substituting

TBP or DOSO by d.,-NPO

or TOAO such a change in uranium extraction mechanism was obser
ved, the uranium hydroxoforms being extracted).

Reagents

Experimental

TBP and TAPO(as solution in heptane) were purified by treat

ment with 10 % sodium carbonate solution followed by
cuum distillation (TBP)

heptane (TAPO)

or

va-

repeated recrystallization from

DOSO, cl- NPO, TOARO and TOAO were prepared as described
elswhere 7 -10 and according to thin layer chromatography data had
no admixtures.
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Synthesis of [coL2c1;J •
The compounds were prepared by mixing

propyl alcohol so-

lutions of Coc12.6H2o ( 1 0mmol in 1 0 ml) and ligand L(20mmol in
20 ml) both he ated to 50° c. In the c ase of d- NPO crystals
were formed immediately after solution

mixing, for complexes

with DOSO and TAPO the elimination of part of the solvent and co
oling of solutions was necessary. All the compounds were recry

stallized from c3H 0H and dried in vacuum over P2o .The complex
7
5
[co(TOARO) 2c1;J was isolated as an oil after propyl alcohol remova 1.

The results of elemental analysis are given in Table 1.

Previously the analogous compounds of CoC12 with methyl derivat�
ves of pyridine N-oxide 11 , trimethylphosphine oxide 1 2- 1 4, tri
methylarsine oxide 15, trimethylamine oxide 14 , 16 and triethyl
amine oxidc 17 were synthesized.
Composition
Compound
�o(DOSO) 2c1;;i

a

Table l
and melting points of compounds

�G Co
9.64
(8.69)

% Cl
11.12
(10.47)

�o( ol- NP0)2c1J 10.40
1 2.19
(10.30) (12.41 )

% C

% H

55.75
(56.60)

9.78
(10.00)

58.21
(58.80)

7.92
(8.04)

po('rAPO) 2c12]

9. 1 9
(9.06 )

55.6 0
(55.38)

�o(TOARO) 2c12]

1 0.63
(10.92)

1 0.26
( 1 0.15)

6 .00
(5.95)

7.19
(7. 1 7)

57.66
(58.18)

10.30
(10.30)

[CoL2c1J •
m.p. , oc
90-95 with
decomposition
97 - 98
147 - 148

�alculated values are given in parenthesis.

When dissolving [co(DOSO) 2c1J in c6H6 and CC1 4 partial dis sociation of complex with detachment of DOSO and
solid phase for -

mation is observed. In excess of Lall the complex solutions
'851

are

quite stable.
Cobalt(II) chloride extraction
To establish the extraction mechanism of CoC12 its distribu
tion at 25 ° c between water and extractants solutions in c6H6
at constant concentration of L,or at
and CC14 was studied
constant concentration of CoC12 with the concentration of Lin
the diluent being varied.

The concentration of cobalt in

organic phase was determined colri metrically after stripping with
water by means of the well-known reaction with nitroso-R-salt.
When determining the extraction equilibrium constants the
concentration of extractants did not exceed O.}M for TBP and
DOSO, 0.1M for

ol-NPO, 0.01M for TO.ARO, o.01M for TOAO in CC14

and o.001M for TOAO in c6H6• At higher concentrations of TOAO
the extraction equilibrium constants were sharply decreased
apparently

due to micelle formation. Furthermore the ext-

raction of Co was performed only with freshly prepared TOAO so
lutions because of slow decomposition of extractant in c6H6 and
CC14 media at low concentrations with formation of N,N-dioctyl
hydroxylamine and octen-1.

Electronic spectra
The electronic spectra of benzene solutions of complexes

[coL2c12] , mixtures [ CoL2c12] + L and organic phases after CoC12
extraction were measured using spectrophotometer "Carry - 15 "
in the range 20,000 - 14,000 cm-1• Concentration of cobalt was
equal 1 + 2 x 10-3M. Spectra of [co(DOS0)2c1J were measured

only in the presence of an excess of L.
Infrared spectra

The IR-spectra of benzene solutions of complexes and ext
racts were measured by spectrophotometer UR-20 with KBr ( 400
700 cm- 1 ) and NaC1(700 - L�,000 cm-1 ) prisms in KRS-5,KBr and
852

NaCl cuvettes. The changes in PO and SO bands of extracts could not
be observed because of too low cobalt content in organic phase.
IR-spectra of solutions of Lin cc14 containing water were
measured in the frequency range corresponding to valent vibrati
on of OH-group. The solutions used were: 0.2M DOSO + 2.8 x 1 0-3M
(corresponding to water saturated solution of extractant);
H20
0.5.M cfv.- NPO + 0.27M H20; 0.5M TAPO + 0.08M H20; 0.5M TOARO +
0.221:Ji H20; 0.5M TOAO + 0.38M H 20 •
X-ray K-spectra of oxygen and L-spectra of sulphur

X-ra:y emission spectra were measured as described earlier 1¾y

universal X-ray spectrometer, which is adjustable to investigate
the wavelength range from 3 to

1 00

A 0 • The crystal of KAR and

pseudocrystal of bariwn stearate were used as analysers

for

measurements of' oxygen K-spectra and sulphur L-spectra, respectively. To avoid

sample decomposition due to irradiation all

samples were repeatedly substituted by new ones during the exposure.

Results and discussion

Extraction stoichiometry and extraction equilibrium constants
The distribution isotherms are plotted in Fig.1 in

log C00 /(Cr,-2C00) 2 - log rn.f± co-ordinates, where Ceo is the Co
concentration in organic phase(mole/1); CL- initial concentrati
on of extractant;

t±-

m - molality of Coc12 in aqueous solution and
mean ionic molal activity coefficient of CoC12 in aqueous

phase. The data 19 on CoC12 aqueous solution densities were used
to calculate molal concentrations from molar ones. The Q± valu
es were taken from a monograpb 20(for solutions with m )'0.1
these were evaluated by the expression logo±= -

1 .76 15

� /(

+ 2.691 -.{rr;'">+ 0.194m, which describes well the dependence of

on m in m range from 0. 1 to 0.8).
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D±

As is seen in the figure

1+

linear dependences are observed over a wide range of CoC12 con
centrations, the slope being equal to 3 for all the ligands and
diluents. In the case of TOAO which is the most basic extractant

among those investigated, no decrease in isotherm slopes was ob
served in CL range from 1 x 10-3 to 0.1M. This circumstance as
2
well as constant Co to Cl ratio in organic phase equal to 1

indicates the CoC12 hydrolysis in the presence of TOAO to be
negligible. The CoC12 distribution between phases is c.haracteri

zed by cubic dependence of Ceo on mi± which i s evidence of
formation of a mononuclear complex non-electrolyte [co�c12] in the
organic phase.

The effect of CL on cobalt extraction is illustrated by Fig.2
where log Cc0/ 4(Mtt) 3 is plotted against log(CL - 2Cc0). It
follows from quadratic dependence of Ceo on equilibrium extrac

tant concentration at low values of the latter, that the extracted
compound contains two molecules of extractant, which is confirmed

by data on saturation of TAPO, TOARO and TOAO solutions with co

balt and direct synthesis of (coL2c12] complexes. In the case of
TBP, DOSO and cl-NPO the Co to L ratio in organic phase is much
less than 1 to 2 because of low EA of th ese extractants.

Thus, the distribution equilibrium of CoC12 may be described
by the equation : co!; + 2c1;q + 2Lorg � [coL2c12) org ,
with the effective extraction equilibrium constant being equal

-

to K = Cc0/4(m�'±) 3 (CL - 2Cc0) 2 • These constants for dilute solutions of L in c6H6 and CC14 are listed in Table 2. From the data
above it .follows that TOAO and TOARO are quite similar in their

EA and much more effective than th e other extractants. According
to decreasing EA value the extractants can be plac ed in the

following series: TOAO, TOARO>TAPO>o(,.. NPO>DOSO> TBP, the or

der of magnitude of K varing by factor of 11. Benzene is a more ef-
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fective diluent than CCl L� for all the extractants.
Table

2

The effective extraction equilibrium constants a

TBP

DOSO

cJ..,_ NPO
TAPO

TOARO.

TOAO

K (CCl4)

K (C6H6)

L

( 6.6 ±0.2 )

X 1 0-7

5
( 5.7 ±o.6 ) X 10(

.1 +
-0.2

)

X

( 0. 2 ±0.02)

X

3

( 3.9±0.3 )

X

10-3

10°
10

4

( 4. 4 ±o.4 ) X 10

4

( 1.7±0.2 )

( 4.9±0.s )

X

( 1.9±0.5 )

X

(

X

3

.5 ±0.2 )

10-7
10-6

X

10-4
10-2

3
( 7. 2 ±0. 2 ) X 10

( 1.3

± 0.08

)

X

104

8The error_. of a constant. value is given as 2 6 (P= 0.95).

As was mentioned above the EA of R XO increases with incn
reasing
L basicity. The shift 6�(0H) of valent vibration fre-

quency 'V sym ( OH) in the water molecule resulting from its interac
tion with extractant in cc1 medium compared with
sym (OH) for
4
water alone in the same medium(3614 cm-1) can be used to

V

characterize EA of the oxygen atom responsibJ.e for extraction as

well as the energy (Err) of hydrogen bond xo ••• H-OH,

because

data on basicity of TBP, DOSO, ol-NPO and octyl-derivatives of
amine- and arsineoxides are absent.

above were used

Previously both quantities

to construct correlation dependence

series

of neutral phosphorus-containing compounds when extracting ura

nium and plutonium salts 21 so as to estimate the EA of sulphoxi
des 22 . The experimentally determined linear dependence between

the displacement of OH-group frequency in phenol (when interac
ting with base) and the enthalpy of corresponding adduct forma

tion23 , 24 gives foundation for selection of the magnitudes6V(OH)

and� as the characteristics of donor ability of an organic base
855

Valent vibration frequencies� s m(OH), � asym(OH), fl� (OH)
y
values and hydrogen bond energies calculated from IR-data in ac
cordance with the method 25 are presented in Table 3.
Table 3

IR-spectroscopic characteristics of interaction between ext-

ractants and water in CCl L� as solvent.

V �ym(OH)

L
26

V asym-1(OH)

cm-1

cm

3614

3705

DOSO

3440

3690

TAPO

3385

3695

H20 in CCl4
.VBP

1

�-NPO
TOARO
TOAO

3415

3685

3685

3295

3685

3295

AV(OH)
cm-1
14927
174

kcal/bond
28

4.0
4.4 a

199

4. 9

319

6.9

229

319

5. 5

b

6.9

a For (CH ) so E = 4.3 28, for (C H ) SO we find 4r = 4.4. bAc
H
4 9 2
3 2
cording Karjakin and Kriventsova29 for (C4H )3PO � s m(OH) =
9
y
-1
m
which is consistent with our value for TAPO. Neverthe
3390 c
less,

Eii

= 5.0 was given by these authors for (C4H ) PO.
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The values of 1:1 � (OH) and
ractant

Eir

increase systematically in the ext-

series above. Moreover, the logK- values are associa-

ted with /). � ( OH) or EH by linear proportion • (Fig. 3) •
In the case of CoC12 extraction with RnXO in c6H6 solutions
the values of parameters "a" and "b" in equation of regression

• The EH values calculated by formula from the paper 25 appea
red to be connected·with �,J (OH) by the following linear equa
tion: EH(kcal/bond) = 1.44 + 1.71 x 10-2A� (OH) (cm-1).
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logK= a+ bA�(OH) are - 15.6 and 6 • .3 2 x 10-2, and for solutions
in cc14 these are - 16.,3 and 6.27 x 10-2 respectively. Similar
linear correlations are also shown in Fig.,3 for processes of
uo2(No )2 extraction as disolvate uo2(N0 ),i[,2 (a= - 4.00, b=
3
.3
4.1 x 10-2), thorium nitrate extraction as trisolvate Th(N0 )4L
3
3
(a= - 5.90, =
b 5.70 x 10-2) and nitric acid extraction as mono
solvate

(a= - 4.92, b= 2.90 x 10-2 ).

HN0 L
.3

The correlations above indicate that for the extractant class under

consideration the

AV (OH)

and� values offer a quantitative

m easure of the EA,which is independent either of the nature of
extracted metal or of that of diluent as far as on e can conclude from the availabl e data.
This experimentally d et ermined regularity can be int erpreted in
the following manner. The value of logK for process of extraction

M.\,

in the form �Lq is proportional to the standard
change of free energy A G 0 • Using an ordinary thermodynamic

of salt

cycle one can represent this magnitude as the sum:
0
0
A G = -I°AGhydr - qA G�olv + (AG )vac +

where L-6.G

hydr

is the sum of hydration

AG:;�;

( 1 )

energies of reacting

en ergies of extrac
ions; A G�01v and 6. G ;�iv - the solvation
tant and extract ed complex, respectively; (AG0 )vac- the value
e

of AG0 of the reaction when it occursin vacuum.The magnitude of

�GL
solv for extractants of RnXO class can be represented approximately as a sum of contributions from XO group(fi.GXO
solv) and
from

hydrocarbon

parts of the molecule. In the same manner I::,. G!�f;

is constituted from contributions corresponding to hydrocarbon

parts and non-hydrocarbon part(AG!olv) of extracted complex.
When composing the sum (1) the contributions corresponding to
the solvat ion

of

hydrocarbon

radicals and determining the
857

m o st part of salvation
o ne

another:

o
= -,L�G hydr - qLlG;�lv + ( A G )vac+ A G!olv ( 2 ) •
The first term in this sum is constant for given reaction seri
o

AG

es,the fourth one is independent of extractant nature(or depends
on it in very small degree), for each diluent used. Thus,expe
rimentally established linear correlation between logK and
A� (OH) apparently arises from

linear chan�es of mag-

nitudes(� G0 )vac and A G!�lv with .tl'V(OH). If C6H6 and CC14
are used as diluents then energies A G;�lv are small and probably weakly depend on extractant
The similar

slo pes of lines 1 and 2

circumstance.

Let us consider

TBP.

and diluent
on

nature.

Fig. 3 are due t o this

the extracti o n of C o C12 with undiluted

In the literature JO ,Jl cobalt is believed

t o be extracted

as dimer (CoC12)2 in this case. The empirical linear dependence32

lo gDc 0 = a+ 0.83 logCCo which describes satisfact o rily cobalt
extractio n at
high concentratio ns has been
a f oundatio n
for this� but the

change in aqueous phase had not been taken

into acc ount when deriving

this equation.

The distributio n isotherms for CoC12 extraction(Fig.1) with
pure TBP and its a.3M solutions in c 6H6 and CC14 are parallel
to each other, slopes being equal to 3 in all the cases. This
shows

co balt t o be extracted in the monomer form. The dist-

ribution isotherm for undiluted TBP plotted on literature
32

ta

is close t o that in Fig.1 and also has the slope of
6

3

da

(at

dimerization CC0oc (mc11;) i.e. slope w o uld increase up to 6).
When pure TBP was used the effective extraction equilibrium
constant fo r Co C1 is equal t o 6.8 x 10-6 (recalculation from
2

literature data32 gives the value 1 x 10-5).
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The composition and structure of extracted compounds in
organic phase
The [coL2c1Jformation in organic phase is confirmed by elect
ronic and IR-spectra of extracts and solutions of individual com
pounds [coL2c1J as well as their mixtures with L in c6H6•
An absorption at 17,000 - 15,000 cm- 1 is observed in electro

nic spectra, which is independent of L nature and corresponds to
4- (P) ( ,\
� ) transition for Co(II) ion in tetrahedral
the 4-A2-T
1
3
field(Table 4-). In their peak positions and corresponding
va

t.

lues the observed spectra of complexes with TAP() and TOARO in

benzene do not differ substantially from those in the literatu 

re 13 , 15 spectra of such complexes with (CH ) PO and (CH ) As0 in
3 3
3 3
CH2c12 and CH No2 as solvents. If an excess of (CH ) no is added
3 3

3

a solution of { Co[(cH ) Nohc12}in CH CN then a change in
3
3 3
spectrum and increase in conductivity are obse1.'Ved 16 due to
to

inner sphere substitution of Cl by L. 'l'hc identity of studied
spectra of extracts with those of complexes [CoL2c12Jand mixtu
the absence of this process
in benzene and
Co

the conservation of tetrahedral environment of

in a large excess of L.

The tetrahedral complexes of cobalt(II) chloride with sulpho

xides and pyridine N-oxides are quite unstable in solvents of
CH No2 and CH CN type. So [coLJ [coc1J is the most characteristic
3
3
form for complexe,with (CH )2so33 • If the CoC12 complexes with

methyl

3

derivatives of pyridine

N-oxide

then the tetrahedral environment of Co
hedral

11

because of the entry

are

dissolved in CH CN

atom is changed

of two solvent

3

to octa-

molecules in-

to the inner sphere. The low stability of [co(cl-NP0)2c1.J in
benzene solution leads to the essential difference in£ values
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Table 4

The electronic spectra of extracts, complexes [coL2c1;J
and mixtures [coL2c12] + L in C6H6 as solvent
d
v

3

C
, cm-1 and c
,M-1cm-1 (in :pa-

Extract (1.04 x 10-3M Co+
+ 0.6M TBP)

16 900(192), 15 400(318),
1L� 700(366)

Mixture [ Co(DOSO2) c12J
(2.1 x 10-jM)� DOS0(0.1M)
Extract (2.3 x 10-3M Co+

17 100(266) I 15 500(36l�),
14 700(405)

Extract (1 .6 x 10-3r,1 Co +
+ a.3M DOSO)

17 050(262), 15 500(366),
14 750(409)

17 250(295), 16 000(381),
14 700(408)

0.1M d.. -NPO )
Mixture [co( cl -l\7PO) 2c 12]

17 300(289), 16 000(362),

(2.1 x 10-3M)+ d-NP0(0.2M)

14 700(379)

Complex [ Co( cl-.. -NPO)2c12]
(2.2 X 10-31VJ)

17 300(215), 16 000(252),
14 700(283)

Extract ( 1.0 x 10-3M Co+
+ o.1M TAPO)

Mixture [Co(TAP0)2c12]
(2.1 x 10-3M)+ TAP0(0.2.M)
Complex [co(TAP0)2ci2]
( 2.1 x 10-3M )

Extract (2.5 x 10-3M Co
7.0 x 10-3M TOARO)

+

Mixture [co(TOAR0)2ci2]
(2.5 x 10-3M)+ 0.05M TO.ARO

J

Complex [ Co(TOARO)2c12
( 2.4 X 10-3M )
Extract ( 7.3 x 10-4M Co+

16 810(292), 16 260 Sh
15 500 sh ,15 810(532)

I

16 810(254), 16 260 sh,
15 500 sh ,15 810(466)
16 810(264),16 260 sh,
15 500 sh, 15 810(493)

16 950 sh, 16 000(393),
15 650(389), 14 800(489)
16 950 sh ,16 000(370),
15 700(368), 14 800(470)

16 950 sh, 16 000(387),
15 650(360), 14 800(454)

17 250(264), 16 140(377),
14 900(354)
+ 0.1M TOAO)
17 250(238), 16 250(345),
Mixture [co(TO0
A )2Cl
2J
15 000(338)
(2.1 x 10-3M)+ 1.6 x 10-4M TOAO
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between extract and [co(ol-NP0)2c12] itself(Table 4). If ol -NPO
is added to the solution of this complex th�n both spectra will
coincide in practice due to suppression of dissociation with li
gand detachment.

From

the spectra obtained, the complexes with

'l'OARO and TOAO are much

with the

higher

EA

less dissociated,

which

extractants.

of these

is in agreement

The assignment of X-0 and Co-0 vibrations in IR-spectra of L,

[coL2c1aJ and extracts is given in Table 5.
Table 5

Infrared spectra of extracts and complexes [ CoL2c1J in c6H6 as
solvent
� (X-0)
cm-1
0.%1 DOSO a
0.21.1 [co(DOSO) 2c12] a
P

0.2M d.- -N O
Extract(5 x 10-2111 Co+
+ o.a; ol -NPO )
1

0 .04I,: [co( o( -N '0) 2Cl2]

1260s

1200 , 1260

1200s

900s

0.5M TOARO
Extract(0.169M Co +
O.LI-Jlii TOARO )
0.25M [co(TOARO) 2c12J

860s,br
855s,br

Extr act(0.196M Co +
0. 5M 'l'OAO )8·

938w

'l'OAo a

Other peaks
for L

1050s
975s,1050shb

1173s
0.5JliI TAPO
Extract(7.1 x 10-2M Co+
1100s, 1120s
0.15Li 'l'A.PO )
1100s, 1120s
0.25M [ Co('l'A.PO) 2c1z]

o. 5M

�(Co-0)
cm-1

41�5w, 480, 490
4.lf2s
4-lrOs

480, 490
'�80, '-l-90

417s,br
417s,br
540sh

940w
583m

540sh

aSpectra were measured in CC1 because of benzene
absorption
4
arises from
in necessary frequency range. b The shoulder
t.
detachmen
e
sulphoxid
with
tion
slow complex decomposi
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As in the case of electronic spectra the IR-spectra of TA.PO,

TOARO, TOAO (in the frequency range of XO-vibrations) and

their

compounds with Coc12 and extracts differ quite a little from
those of (CH ) xo and [co (CH ) xo 2c12_] ( X = N, P, As) 12 , 14 , 1 ?
3 3
3 3
The co-ordination of RnXO molecules to cobalt atoms is performed
through the oxygen,

and

is reflected by the shifts of X-0 valen

ce vibration bands in spectra of [coL 2Cl� or extracts towards

lower frequencies, compared with those of extractants alone.
The shift of NO band due to complex formation was not observed,
in agreement with previous results 1 4, 1 7• This fact is believed
to be connected with the absence of p �
bond.

d

'.7[

interaction in

So,the data above in their entirety allow

the

NO

the conclusion tha t

the extraction mechanism of Coc12 by all the investigated com
pounds of ¾XO class is the same one and it consists in the for

mation of [CoL2c1J tetrahedral complexes in organic phase.
X-ray spectra investigation of XO bond nature

The previous X-ray spectra investigations34-37 of the elect

ronic structure of extractants show their EA to depend on the
electron density at

the donor atom.

From this view-point, for ¾XO

class extractants one of the most important problems is the
problem of p

dxinteraction between O and X atoms. Theore
tical calculations38 -42 show the significant contribution of
:J[

-

3d-orbitals of phosphorus and sulphur to SO and PO bonds (i.e.
p

1[

- d interaction) in the compounds under consideration. On
.'.lf

the other hand the quantum mechanic calculation42 of measurable

characteristics of the NO bond in R3No does not require,in cont
rast to that for R PO, the assumption about P - d interaction.
,z1r
3
The delocalization of 2p-electrons of oxygen on to d-orbitals
862

of X atom resulting from

P:,r - d'.l[" interaction, reduces the ability

of oxygen to behave as donor of electrons when producing the
Ivle-0 bond and reduces by this way the EA of the extractant.
The X-ray spectra allow observation of the p TI - dTI in

teraction

effects. The X-ray emission L-spectra of sulphur

atom in (CH )2so and (CH )2s 0 (SL-spectra) are produced by electron
3
3
transition to 2p-orbitals of a sulphur atom from occupied mole
cular orbitals (MO), in formation of which the appreciable cont

ribution is given by sulphur atomic Orbitals (AO). The R2SO mole
cule's MO with contribution from 3d-AO's of sulphur will have

the maximum energy, and the peak of the highest energy in SL

spectra will correspond to transition from this MO. The appea
rance of this peak in SL-spectrum (VI in Fig.4 ) gives evidence

of existence of partly populated 3d orbitals of S atomsin R2so
due to p - d'.71"" interaction. This peak is absent in R2s spectra.
.:Jf

The oxygen K-spectra (OK-spectra) are studied for R xo com
3
pounds with X = N, P, As (Fig.5 ). The broad and intensive peaks
in these spectra named as P in Fig.5 are mainly due to electron
transitions from MO

of e and a1 symmetry U[ - and 6 - bonding

orbitals between O and X) in formation of which 2p-AO's of oxy

gen contribute. Less probable transitions from neighbour MO of
e symmetry which correspond to

6

-bonds between X and R-groups

cive also a contribution to the peak under consideration.

OK

spectra of all three compounds are similar to each other by pothe
sition and form of peaks P but in the case of R PO/peak is essen3
tially more narrow, the decrease in its width being due to dec
reasing of intensity on the high energy side. This feature
a The length of hydrocarbon radicals does not exert influence
on form and line positions of the spectra.
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of R PO OK-spectrum should be considered as effect of 1:Y[ - d5f
3
of oxygen 2p-AO
interaction. Indeed, the decrease
contribution to e-orbital because of increasing
contribution leads to

decrease in the

phosphorus 3d-AG

relative intensi·t;y of

transition from this MO to 1s orbital of oxygen atom. In additi-approached each
other as a result
on,the e and a1 levels
of increasing
e-level energy due to � - dJf interaction, and

peak P's width is decreased on its high energy side. The appro
ximate peak P expansion for R PO and R No, corresponding to
3
3
transitions from three considered rw, is given on Fig.5 for il
lustration. The available data are quite insufficient to exclu
de any contributions from vacant d-orbitals of N and As to for
mation of occupied higher MO
PJ[. - d.,L interaction in these compounds is undoubtly too weak com

pared with n ro.
3
So,the high and almost equal EA of RlTO and R3AsO is due to
the similarity of electronic states of oxygen atoms in these com
pounds.
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Abstract
The complexes formed in the extraction of divalent manga
nese, iron, cobalt, nickel, copper and zinc from hydrochloric
acid solutions by di-(2-ethylhexyl)-phosphoric acid (DEHPA,
HX) have been examined by measurements of water content, apparent molecular weight and magnetic moment, and electronic
and infrared spectrophotometry.

Thermal analyses have been

carried out for the iron (II) and nickel complexes, and the
electron spin resonance spectra have been investigated for the
manganese (II) and copper (II) complexes.

Consequently it is

concluded that the DEHPA complexes of divalent manganese, iron,
cobalt, nickel, copper and zinc exist as polymers having tetra
hedral, octahedral, tetrahedral, octahedral, square-planar and
tetrahedral structures with MnA2, FeX2·2 H2o, Cox2, NiX2·2 H2o,
cwe2 and ZnX2, respectively.
Introduction

In a previous paper1) , it has been confirmed that the follow

ing equilibrium equation, expressed as an ion-exchange reaction
governed by the formation of polymeric species,is given for the
extraction of divalent metal from sulphuric acid solutions by
di-(2-ethylhexyl ) -phosphoric acid (DEHPA) :

(1)

c

ru"l 2 t- a) + (n+1)(HX)2 (o) == MnX2(n+1)H2 (o) + 2 nH+ (a)

2,

(HX)2 the dimeric
·,1here n �1, X is the anion (C8H1 o) 2 Po
7
2)
solvent ,
(a) and (o) are the aqueous and organic phases
respectively,

However, since the divalent metals show low

extractability by DEHPA 3) , the confirmation of Equation (1)
has not been obtained by making an experiment on distribution,
but by investigating the composition of the divalent cobalt,
nickel and copper complexes formed in these extraction systems.
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The present paper extends the work to determi10e

the compo-

sition of the divalent manganese, iron, cobalt, nickel, copper
and zinc complexes formed in the extraction from hydrochloric
acid solutions by DEHPA.
Experimental
Chemicals
DEHPA (Union Carbide Corp. ) was purified by the usual

method4) .

Aqueous solutions of divalent manganese, iron,

cobalt, nickel, copper and zinc were prepared by dissolving
their chlorides (MnC12· 4 H20, FeC12· 4 H20, CoC12· 6 H2o, NiC12·
6 H2o, CuC12·2· H2o and ZnC12) in water. other checicals were
of analytical reagent grade.

Extraction and analytical procedures
A solution of 0.1 M DEHPA in benzene was contacted with
the aqueous solutions of divalent metal chlorides in 100 g/1
and then 0. 5 M sodium hydroxide solution was added dropwise.
The comple1�es freed from benzene were prepared by drying the
metal-saturated organic phases in vacuo.
Metals in the organic phase were stripped with 1 M hydro
chloric acid, and determined by EDTA titration using xylenol
orange 5 , 6 ) or Eriochrome Black T (for manganese 7)) as

indicntor.

The water content and chloride concentration of

the organic phase were determined by Karl-Fischer titration
and Voihard titration using nitrobenzene, respectively.
Spectrophotometry and ES R experiments
The absorption spectra were obtained on a Shimazu Model
QV- 5 0
cells.

spectrophotometer, using matched 1.00 cm fused silica
The infrared spectra vrere measured on a Japan Spect-ro

scopic Co. Ltd. Model IR-S, equip:;,ed with potassium chloride
873

prisms for measurement at 4,000-550 cm-1

and IR-F, a grating

model for measurement at 700-200 cm- 1 , as a capillary film

between thallium halide plates.
ESR spectra were determined on a high-sensitivity ESR
spectrometer, designed in the Research Institute of Electronics,
Shizuoka University and made by Shimada Rikakogyo Co. Ltd.
1'leasureraents were made in the solid state by using a super
heterodyne detection8) , as described previously1) .

Mei3surements of apparent molecular weight and magnetic moment
The apparent molecular ,-,eight was determined in benzene
on a Hitachi Model 115 isothermal molecular weight apparatus,
and the magnetic molllent was measured by the Gouy method9) .
Thermal analyses
Therraogravimetric and differential analyses (TGA and :DTA)
were carried out as described

previously10) .

Results and discussion
In Equation (1), if we assume that the species containing
chloride ion are inextractable, the extracted complexes should
contain no chloride.

This is supported by the fact that the

infrared spectra of the complexe5dortotexhibit an absorption
band due to the chloride group, in agreement with chemical
analysis for the chloride concentration of the complexes.

The

data for the apparent molecular weights of the complexes are
sho·an in Table I, compared ,dth the theoretical values for
monomeric species.

This suggests that the extracted complexes

exist as polymeric species.

In addition the data for the water

contents of the complexes are given in Table II, indicating

that the iron (II) and nickel (Il) Gomplexes each contain two
water molecules, but that the other complexes do not contain water
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For the iron (II) and nickel (II) complexes, the nature
of the bonding water was examined by thermal analysis, as
shown in Fig. 1.

°

Below 240 0, the DTA curves of iron (II) and

nickel (II) complexes show
1 75

and

21 0

°

0, respectively.

a sharp endothermic peak at
position of DEHPA.

small endothermic reactions at
both complexes exhibit

Also
2 60

°

C, due to the thermal decom

These peaks correspond approximately to

changes in slope of the TGA curves.
hours at

1 80

°

On heating

for three

C, the nickel (II) complex exhibits thermochromism,

showing a reversible colour change from yellow-green to violet
due to the following equilibrium :
(2)

Thi.s property has also been observed for the complex formed
1)
.

in the nickel (II) sulphate-DEtlPA system

Accordingly it is

inferred that the iron (II) and nickel (II) complexes contain
coordinated water molecules.
Infrared spectra
The spectrum of DEHPA shows
1

the P � 0 stretching ab

sorption band at 1230 cm- , the OH stretching bands at 2680
and 2350 cm� and the OH bending band at 1 69O cm� , which are

and the [ P-OJ-C
attributed to hydrogen bonding in the diIDer2 >,
-1
stretching band at 1030 cm • In the spectra of the complexes,

the OH stretching and bending bands due to the formation of
dimer disappear, while the original P � 0 absorption shifts
toward lower frequency and simultaneously splits into two bands
due to the ?.00 asymm etrical and symmetrical stretching vi
brations, as indicated in Table III.

The splitting of the

P ..,,.o band probably arises frol:l some couplings of the metal

and P..,,. O bond in the polymeric species11 • 12 ).

The infrared

re$ults thus confirm that the divalent metals extracted into
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DEHPA by cation exchange are bonded to the phosphoryl oxygen
atom.

Additionally, the spectrum of the iron (II) complex

reveals the OH stretching and bending bands at 3530 and 1650
cm-1 respectively,and of the nickel (II) complex at 34-4-0 and
1635 cm-1 respectively, in accordance with the data for the
water content.

In ·t;he region at 700-200 cm-1 , the spectra of the com-

plexes exhibit the characteristic absorptions, assigned to
the O-P-0 bending frequency around at 600 and 500 cm-1 and
to the .M-0 stretching vibration at about 4-00 cm

-1

, as given

in Table III.

The 0-P-O bending mode of DEHPA appears as
the broad band centred around 485-455 cra-1 but in the complexes is split

into two bands, ascribed

of the polymeric species.

to the formation

In the copper (II) complex, hm-1-

ever, the Cu-0 band is replaced by two absorptions at 360
and 300 cm-1 due to the asymmetrical and sy=etrical stretch
ing vibrations respectively, because of the louering in the
symmetry13).
Electronic spectra
The absorption spectra of the aqueous solutions of man
ganese (II), iron (II), cobalt (II), nickel (II), copper (II)
and zinc (II) chlorides and of their DEF.PA complexes in benzene
were investigated.

As some representative results, the spectra

for cobalt (II), nickel (II) and copper (II) are illustrated
in Figs.2-4.

The manganese (II) ion, with electron configuration d 5,
shm'ling only the 6s ground state and the sextuplet state,
gives the main structural types being octahedral, tetra
hedral and square-planar.

The spectrum shows that the typical
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aquo ion species· [Mn(H2o)6] 2+ 1 4-) is present in the aqueous
solution of manganese (II) chloride. In contrast, the spectrum
of the manganese (II) - DEHPA complex exhibits the broad and

weak bands assigned to the transition 6� -+ 4-T1 (G) at 20000
cm-1 and the strong absorption due to the charge-transfer
transition at above 25000 cm-1• As a similar spectrum is observed
forthe species [MnC14] 2- 15• 16), it is expected that ·t;he manga
nese
(II) - DEHPA complex is in a tetrahedral coordination.
The iron (II) ion, with electron configuration d6, has,

its ground state configuration in either an octahedral or a
tetrahedral ligand field.

For the aqueous solution of ferrous

chloride, which is very pale blue-green in color, the spectrum

shows the characteristic absorption of the species [Fe(H2o)6] 2+
the spin-allowed 5T2g (D)-+ 5E g (D) transition occurs as a
doublet around 10000 cm-1 , due to a Jahn-Teller effect. In

1 7)

the iron (II) - DEHPA complex, the spectrum exhibits the ab
1

sorption at 22200 cm- , which appears as a shoulder, in ad
dition to the charge-transfer absorpticn band giving the
leading edge at lower frequency.

However, since the magnetic

moment of the iron (II) - DEHPA complex is smaller than the
value of the spin-only magnetic moment, as indicated in Table IV
it is considered that the absorption at 22200 cm-1 may be as1
A1g(I)-+ T1 g(I), in comparison
with the spectrum of the diamagnetic species

signed to the transition
which reveals

a

1

similar absorption pattern19) .

Thus the

iron (II) - DEHPA complex is expected to be in an octahedral
coordination.

The cobalt (II) ion, with the electron configuration d7,

may have its ground state configuration in eitheI· an octahedral
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:

or a tetrahedral ligand field.

An octahedrally coordinated

cobalt (II) ion should have three spin, allowed d-d transitions,
from the ground state 4T1g(F) to the states 4T2 g(F) , 4A2 g(F)
and 4T 1g(P) , while a tetrahedrally coordinated cobalt (II) ion
should show the transition from the ground state 4 A (F to the
states 4T2 (F), 4T1(F) and 4T1(P) .

2

)

In octahedral coordination,

T1 g(F) - 4T2 g(F) transition corresponds to the 1 0 Dq-3B
value, in vrhich B represents the Racah parameter for electron
repulsion, and in tetrahedral coordination, the 4 A2(F) --r
4•riF) transition corresponds to the 10 Dq value. Fig.2

the

4

indicates that the octahedral cobalt
[co(H2 o)6]

2+

aquo ion species

is present in the aqueous solution of cobalt (II)

chloride, and that the cobalt (II) - DEHPA complex is in a
1
tetrahedral coordination 9, 20 ). The value of the ligand field
parameter for the cobalt (II) complex may be calculated by
using the elements of the matrices determined by Tanabe and
1
Sugano21) : B=769 cm-1 and 10 Dq=4345 cm- • This is analogous
to the value ( B=680 cm-1 and

10

Dq=4150 cm-1) for the complex

formed in the cobalt (II) sulphate - DEHPA system1) .
cordingly it is seen that the value of

10

DZHPA complex is close to the value (4130
ninths times the value of 10 Dq (9300 cm-1

Ac-

Dq in the cobalt (II)
cm-1) which is four)

-

in the hexaquo

cobalt (II) ion. Furthermore, the factor� in the nephelauxetic
series2 1, 22 ), the ratio between the value of representative
parameters of interelectronic repulsion in the complex and in
the corresponding free ion, is estimated to be 0.69, implying
that the nephelauxetic effect caused by bond formation is
relatively large.
The nickel (II) ion, with electron configuration d8,
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commonly forms the complexes of the structural type being octa
hedral, tetrahedral and square-planar.

In Fig.3, however, the

spectra of both the aqueous solution of nickel (II) chloride

and of the nickel (II) - DEHPA complex show the characteristic
features of octahedral species 1 9, 2 3 )
For an octahedrally
coordinated nickel (II) complex, it is expected to observe
three spin-allowed transitions from the ground state 3A2 (F)
g
to the states 3T2 (F ) , 3·.r1 (F ) and 3T1 (P). In octahedral
g
g
g
coordination, the 3A 2[>-+ 3 T 2 CF) transition corresponds to
g
the value of 10 Dq. In the spectrum of the nickel (II) DEHPA complex, the absorption bandsat 8300, 14300 and 24400
cm-1 are assigned tc the transitions 3A2 (F) -4 3T2 (F), 3A2 (F) �
g
g
g
3T (F ) and 3A (F ) --+- 3T (P) respectively. Accordin ly the
g
1g
1g
2g
ligand field parameter of the �ickel (II) complex is obtained
by considering the interaction of configuration : B=841 cm-1
This also resembles the value (B=8 4 cm-'·
and 10 Dq=8700 cm-1
9

and 10 Dq=8110 cm-1) for the complex formed in the nickel (II )
sulphate - DEHPA system1) .

As the nephelauxetic ratio

is

estimated to be 0.78, it is thought that the extent to which
covalent bond formation occurs. in the nickel (II) complex is
lower than that in the cobalt (II ) complex.
The copper (II ) ion, with electron configuration d9,

generally g ives distorted octahedral and square-planar species.
In Fig.4, it seems that a hexaaquo copper (II ) species exists
in the aqueous solution of cupric chloride 19 • 24 ) . For the
copper (II ) - DEHPA complex, the value of 10 Dq=12 500 cm-1 is
obtained from the spectrum, but it is difficult to predict
whether the species is either octahedral or square-planar
since the spectrum consists of a broad band.
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However·, this

value is similar to that (B= 13000 cm-1 ) for the complex formed
in the cupric sulphate-DEHPA systera1) .

ES R spectra
.rhe ESR spectrum of the copper (II) complex \·Jas ex-

1

amined as illustrated in Fig. 5, compared with that of the manga
nese (II) complex.

The spectrum of the copper (II) complex

shows the typical feature due to a square-planar symmetry, and
the calculated g values25-31) are g =2.238, g�=2 .046, and
II

It is therefore postulated that the spin-

average g=2.141.

orbit coupling constant for E terms32) reduces to 72.8 per

cent of that for the free ion.

In contrast, the spectrum of

the manganese (II) complex reveals the feature to be isotropic
in a tetrahedral symmetry, and the calculated g values are gn=
2.052 and
Magnetic moment and structure of the complexes
The magnetic moments of the complexes and their probable
structures are

given in Table IV.

From this it is seen that

the contribution of the orbital angular momentum by ligand
field is completely quenched for the complexes, except the
iron (II) complex.

Hence the agreement between the calculated

of free ion and the

10

values33) , obtained by using the spin-orbit coupling constant
Dq value from absorption spectra, and

the experimental results support

the structure of the complexes

deduced from the spectral studies.
Thereby it is presumed that the equilibrium expression in
Equation ( 1) is also satisfied in the present extraction system
1)

as well as the divalent metal sulphate - DEHPA system

, because

the molar ratio, (X]/[M), of the complex, MnX2(n+ 1 H2, formed
)
in the extraction is expected to approach nearly t\lo as the
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value of n increases.
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Fig.1.

TGA and DrA curves of divalent metal - DEHPA conplexes

(A, Fe (II) ; B, Ni (II).
(a) TGA curve ; (b) DTA curve
Fig.2.

Absorption spectra of aqueous cobalt chloride solution

and of Co (II) - DEHPA complex in benzene (numerals on
curves are cobalt concentrations, M; continuous and broken
lines reprasent organic and aqueous solutions, respectively
thickness of cell, 1.00 cm).
Fi8-3•

Absorption spectra of aqueous nickel chloride solution

and of Ni (II) - DEHPA complex in benzene (numerals on
curves are nickel concentrations, M; continuous and broken
lines represent organic and aqueous solutions, respectively
thickness of cell, 1.00 cm).
Fig.L�.

Absorption spectra of aqueous copper chloride solution

and of Cu (II) - DEHPA complex in benzene (numerals on
curves are copper concentrations, 11; continuous and broken
lines represent organic and aqueous solutions, respectively;
thickness of cell, 1.00 cm).
Fig.5.

:::SR spectra of I-In (II) - and Cu (II) - DEHPA complexes

(continuous and broken lines represent the spectra of Cu (II)
and Mn (II) complexes, respectively).
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Table I. Molecular weight of divalent metal-DEHPA complexes
Mol. wt.
Metal
Obs./Theor.
Theor.
Complex
Obs.
Mn

MnX2

3500

698

5.0 I

Fe

FeX2·2H20

2008

735

2.7 3

Co

CoX2

3650

702

5.22

Ni

NiX2·2H20

3784

738

5.13

Cu

CuX2

1263

706

1.79

Zn

ZnX2

16869

708

23.82
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Table

n

Water content of divalent metal-DEHPA complexes
Molar ratio
CH20J/(ComplexJ
Metal
[Complex], M
[H20J, M
Mn

0.0610

0.0124

0.203

Fe

0.0562

0.1156

2.06

Co

0.0452

0.0079

0.175

Ni

0.0379

0.0803

2.12

Cu

0.0386

0.0187

0.474

Zn

0.0856

0.0145

0.169
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Table

m.

Infrared spectral data for divalent metal-DEHPA complexes
-i'POO
S ( O-P-0)
� (M-0)
Metal
sym
asym
Mn

1190

1102

585, 480

385

Fe

1170

110 0

615, 490

420

Co

1190

1100

600, 480

390

Ni

1195

1080

600, 540

360

Cu

1180

( I 095)*

590, 500

360,300

Zn

1190

1105

600, 48 0

400

"'This is indistinct.
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Table N. Magnetic moment and probable str uct ure of divalent
meta I -DE H PA complexes
Cale.
Obs.
Complex
3d n
Str ucture
Ground state
Ueff,

5

MnX2

Tetrahedral, Td

T20

4.15

4.90*

A2

4.51

4.48

A20

3.22

3.27

810

1.79

1.96

FeX2·2H20 Octahedral, Oh

7

CoX2

Tetrahedral, Td

4

8

Ni X2·2H20 Octahedral, Oh

3

9

CuX2

Square -planar, 04h

10

ZnX2

Tetrahedral, Td

2

--

This is the value of spin-only magnetic moment.

888

B.M.

5.92

6

*

Ueff,

5.93

6A,
5

B.M.

0.

--

100
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(bl
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_)

0

0
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I 00

200 300 400
Temperature, °C

500

0

100

200 300 400
Temperature, °C

500

Fig. 1 TGA and OTA curves of divalent metal-DEHPA complexes
{A, Fe{Il); B, Ni{Il) l.
{a) TGA curve; {bl DTA curve
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Fig. 2 Absorption spectra of aqueous cobalt chloride solution
and of Co{II)-DEHPA complex In benzene {numerals on curves
are cobalt concentrations, M ; continuous and broken II nes represent
organic and aqueous solutions, respectively; t hickness of cell,
1.00 cm).
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SEPARATION OF MIXTURES OF 2-6 LUTIDINE WITH 3- AND 4- PICOLINE BY
LIQUID-LIQUID EXTRACTION
M. M. Anwar*, s. T. M. Cook*, C. Hanson f, M. W. T. Pratt f
Abstract

The separation of mixtures of the organic bases 2-6 lutidine, 3-

and 4- picoline into the individual components by liquid-liquid extraction
is described.

First, the lutidine may be extracted by a mixed organic solvent

(95% V/v n-hexane, 5% chloroform) from an aqueous phase to which potassium
thiocyanate has been added to increase the separation factor. The

picolines may be extracted from the aqueous phase and separated by

dissociation extraction with counter-current flow of an organic solvent
(benzene) and an aqueous solution of sodium dihydrogen phosphate.

The

aqueous phase containing the 4- picoline salt is then contacted with fresh
organic solvent to liberate undissociated picoline and regenerate the
phosphate reagent.

Experimental data are used to outline a proposed practical
separation process and the general theory of dissociation extraction is
developed to cover the incomplete reaction between organic bases or acids
and weakly acidic or basic salts of the type used in this process.

*
f

Department of Chemical Engineering, Teesside Polytechnic

Schools of Chemical Engineering, University of Bradford
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l.

Introduction

Mixtures of 2-6 lutidine, 3- and 4- picoline occur together in the

·� - picoline' fraction of coal tar distillates and their separation by

common techniques is difficult.

Ordinary fractional distillation is not
°

°

feasible because all three components boil within 1 c of 144 c at

atmospheric pressure.

Separation methods suggested in the literature

include azeotropic distillation with water or acetic acid

(l)

and

fractional crystallisation combined with a chemical conversion of the
(2
Liquid-liquid extraction
ternary mixture into binary mixtures )

processes, which may corrmtonly be used to separate close boiling mixtures,

have proved difficult to develop in this case because of the close chemical

similarity of the components and separation attempts using single solvents
have not been very successful.

The most practical proposals for a compound

fractional liquid extraction process for this separation have been made by
Karr and Scheibel

(3l

and the process now suggested is a development of

their method.

As the first stage in the complete separation, the liquid-liquid

extraction of 2-6 lutidine from the feed mixture wil� be considered.

The

separation of the picoline isomers is discussed in a later section and,

finally, these two steps are combined in an outline description of a

practical process for producing the individual components.
2.

Separation of 2-6 Lutidine from the Picolines

The processes previously suggested for achieving this separation by

liquid-liquid extraction have certain disadvantages and allow scope for

improvement.

(4
Golurnbic and Orchin l

showed that the distribution coefficient of

2-6 lutidine between chloroform and water is about 2.6 times greater than

that of either 3- or 4- picoline.

However, for a fractional solvent

extraction process to be viable, it is not sufficient that the separation
factor is favourable;

the capacities of both phases for the components of

the feed mixture must also be reasonably high.

Otherwise, one of the

streams leaving the extraction stage will contain only a very dilute

solution of one or more of the feed components, the recovery of which will
involve high cost:

for example, in steam consumption for distillation.

Use

of the water/chloroform system for lutidine separation involves an aqueous/

organic phase ratio of over 100 to achieve comparable quantities of the
solutes in both phases, and makes necessary the recovery of 3- and 4-
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picoline from a very dilute aqueous solution.
3
Karr and Scheibe! ( ) separated 2-6 lutidine from the
' � - picoline' fraction using "Skellysolve B •

(essentially n-hexane) and
In this system, the concentration of solute in the

water as the solvents.

organic phase is about equal to that in the aqueous phase at low solute

concentrations only.

As the concentration of the organic bases increases,

the distribution coefficients decrease, so that for the concentrated

solute feeds with which any practical industrial process will be concerned,

a high organic/aqueous phase ratio is required.

In this case, it is the

lutidine component which must be recovered from a dilute solution.

T"ne process of dissociation extraction, with which the authors have
S ,6 , 7 )
, is normally capable of achieving the

recently been concerned (

The technique is

separation of isomeric mixtures of organic acids or bases.

based upon the differences in the strengths of the components as acids or
bases, i.e. differences in their dissociation constants, which may be

considerable even for isomers due to their differing molecular arrangements.

For example, organic bases may be separated by the combination of solvent

extraction with a partial neutralisation by aqueous acid.

T"ne stronger

organic base, having the higher dissociation constant, tends to react

forming a salt which is soluble in the aqueous phase, while the weaker base,

losing the competition to react, tends to remain undissociated and soluble
in organic solvents.

In a multi-stage process, involving counter-current

flow of organic solvent and aqueous acid, a high degree of separation of
the isomers may be obtained.

Unfortunately, the application of dissociation extraction to the

separation of 2-6 lutidine from the picolines is difficult.

Although the

dissociation constant of 2-6 lutidine is the highest ( 38.4 x 10-9,compared
with 4.5 x 10-9 for 3- picoline and 10.6 x 10-9 for 4- picoline) its
affinity for most organic solvents is also the greatest. The first factor

on its own would lead to a concentration of lutidine in the aqueous phase,

but the latter causes a tendency towards the concentration of undissociated
lutidine in the organic phase.

The opposition of these two effects results

in a separation factor which is too small for a practical process.

It was decided, therefore, to investigate the possibility of

achieving the initial separation of lutidine from the picolines by more

complex solvent extraction processes involving the use of mixed solvents,

either alone, or in conjunction with additives to promote selectivity at

high feed concentrations.

897

In an attempt to achieve a roughly balanced distribution of the

organic bases between organic and aqueous solvent phases, the use of

mixtures of two organic solvents was studied, one having a relatively high

affinity for the bases, the other being a relatively weak solvent for them.

A mixture of chloroform and n-hexane, as the strong and weak solvents
respectively, was found to give good results at the composition:

95% V/ v n-hexane, 5% chloroform.
There are many examples quoted in the literature of improved

separation factors obtained by the addition to one phase of a compound

which may preferentially form a weak association or complex with one or more

components of the feed.

It is important, of course, that the resultant

molecular complex is not too strongly bound for otherwise much chemical or

thermal energy will be required, after the separation, to break it down and

liberate the pure feed component.

In the present case, the presence of

potassium thiocyanate in the aqueous phase was found to be beneficial.

The effects of the use of mixed hexane/chloroform solvent together

with potassium thiocyanate addition upon separation factor are presented
here.

2(i) Experimental

Equimolar mixtures were made up: (a) of 2-6 lutidine with 3-

picoline and (b) of 2-6 lutidine with 4- picoline.

Varying known amounts of

one or other of the mixtures were added to 10 ml of the mixed organic
solvent (95% v;v n-hexane, 5% chloroform) and 10 ml water in stoppered
°
bottles suspended in a thermostat at 25 c. Equilibrium distribution was

essentially established after the bottles had been shaken for 5 mins but, in
practice, 15 mins were allowed to ensure that complete equilibrium had been
achieved.

To measure separation factors, the two phases were then separated

and analysed for lutidine and picoline concentration by gas-liquid

chromatography.

A Pye Series 104 Dual Flame Ionization Temperature Programmed

Chromatograph, Model 24, was used.

The solid support was prepared by the

treatment of Chromosorb P of 80 - 100 mesh with alcoholic sodium hydoxide
(6% NaOH on dried Chromosorb P) followed by evaporation of the alcohol.

stationary phase applied to the solid support was 12% diglycerol on dried
Chromosorb P.

°

The

The operating temperature was 90 c and the column length 5ft.
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Samples of the organic and aqueous phases for analysis were

injected directly and the -molar ratio of the two organic bases in each phase
was determined from the ratio of peak areas recorded by a Kent 'Chromolog'
integrator.

The amounts of bases in each of the two phases and the

separation factor were calculated from the concentration ratios in each
phase and the known total amount present.

Separation factors were always

expressed as the following ratio of mole fractions of total bases in each
phase; i.e. on a solvent f ree basis:

[2-6 lutidine in organic solvent phase])( [picoline in aqueous phase]

[2-6 lutidine in aqueous phase]

[picoline in organic solvent phase]

X

The concentration of each organic base was determined with a maximum error of

+ 0.5% in reproducibility.

To find the effect of temperature on separation factor, further
°

°

determinations were made for equilibrium distributions established at 3 ,13
°

and 36 c.

To demonstrate the effect of an aqueous solution of potassium

thiocyanate on the separation, 5 ml of either feed mixture (a) or (b) were

distributed between 10 ml of the mixed organic solvent and 10 ml of an

aqueous KCNS solution of known strength.
factor was made as before.

The measurement of separation

The organic bases used were obtained from British Drug Houses Ltd.,

and were shown to be pure by GLC analysis.

employed.

'Analar' organic solvents were

2(ii) Results

Separation factors for the distribution of equimolar mixtures of
°

2-6 lutidine with (a) 3- picoline and (b) 4- picoline at 25 c between the
mixed organic solvents and water are shown in Table 1 as a function of the

volume of the feed mixture of organic bases added.

The effect of temperature on separation factor is shown in Table 2

for the distribution of 4.5 ml of the feed mixtures of organic bases between
10 ml mixed organic solvents and 10 ml water.

Measurements of separation factor when KCNS was present in the

aqueous phase are given in Table 3.
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TABLE

l

Separation factors for the distribution between 10 ml mixed organic solvents and 10 ml water of equimolar
mixtures (a) 2-6 lutidine and 3- picoline, and (b) 2-6 lutidine and 4- picoline.

Mixture

Vol.of mixture
added to
system
ml
1.50

(a)

2.50

Total cone. of
bases in
aqueous phase
ml/lOml
0.41
0.71

Organic solvent phase
(molar %)

lutidine
55.4

55.6

3.50

1.27

5.50

3.27

58.2

1.50

0.46

57.0

4.50

(b)

Equilibrium concentration of bases in the conjugate phases

2.50

3.50
4.50
5.50

2.09

0.81

1.44

2.31
3.52

56.4

57.3

57.4

picoline
44.6

44.4

43.6

42.7

Aqueous phase
(molar %)

lutidine
35.5
35.8
38.7

41.6

64.5
64.2

61.3
58.4

41.8

44.4

55.6

43.0

34.2

65.8

42,6

34.7

58.5

41.5

37.8

60. 7

39.3

44.0

59.6

picoline

40.4

40.9

65.3

62.2
59.l
56.0

Separation
Factor

2.26
2.25

2.12
1.88
l. 74
2.65

2.54
2.34

2.13

1.96

TABLE

2

Variation in separation factor with temperature for 4.5 ml of mixtures (a} or (b} distributed between
10 ml mixed organic solvents and 10 ml water.
Equilibrium concentration of the bases in the conjugate phases
Mixture

Temperature
o
c
3.0

(a}

\C)
0

(b}

13.0

25.0

Total cone. in Organic solvent phase
the aqueous
(molar %}
phase
' - lutidine
picoline
ml/l0ml
3.53

2.91

2.09

36.0

1.31

3.0

3.27

13.0
25.0

36.0

2.87

2.31

1.60

59.4

59.3

57.3

40.6
40.7

42.7

54.4

45.5

61.7

38.3

61.5

59.6
56.5

38.5

40.4
43.5

Aqueous phase
(molar %}

lutidine

picoline

Separation
Factor

52.6

1.62

41.6

58.4

39.0

61.0

1.88

45.6

54.4

43.5

56.5

2.07

59.1

2.13

47.4

44.9

40.9
38.2

55.1

61.8

1.79
1.87
1.92

2.10

TABLE

3

'111e effect of KCNS concentration on separation factor.
10 ml mixed organic solvents and 10 ml aqueous KCNS.

Mixture

KCNS cone.
grams/litre

200
(a)

360

420
480

540
200
(b)

360

420
480

540

Distribution of 5 ml of mixture (a) or (b) between

Equilibrium concentration of the bases in the conjugate phases
Total cone. in
the aqueous
phase
ml/lOml
2.85
2.99

3.03

3.04

3.04

2.91
2.97

2.98

2.98
2.97

Organic solvent phase
(molar %)
lutidine
60.2

62.1

picoline
39.8

37.9

62.7

37.2

62.9

37.1

62.8

61.6
62.9
63.3

63.4

63.4

37.2

38.4
37.1
36. 7

36.6

36.6

Aqueous phase
(molar %)

lutidine

picoline

42.3

57.7

41.9

58.1

41.8

41.7

41.7

41. 7

58.2

58.3

58.3
58.3

41.2

58.8

41.0

59.0

4 0.9

59.1

40.8

59.2

'
Separation
Factor
2.06
2.28

2.34
2.36
2.37

2.24

2.42
2.48
2.50

2.51

2(iii)

Discussion

The separation factors for the distribution of 2-6 lutidine and the

separate picoline isomers between mixed organic solvent and water decrease
significantly with increase in the concentration of organic bases, as

Table l shows, the lutidine being preferentially concentrated in the organic
phase.

At the highest loading of organic bases, the desired result of

fairly balanced concentrations of solutes between the two phases has clearly

been achieved with this mixed solvent system, for the difference between the

equilibrium concentrations in the two phases does not exceed 2:1.

Table 2 confirms that the separation factor increases with

temperature and the concentration of the solutes in the aqueous phase

decreases.

The latter observation is of great importance for a practical

separation process, as the desirable reflux of 2-6 lutidine at the organic

phase exit end of the contactor may be obtained simply by a reduction in
temperature, thus reducing its affinity for the organic phase.

The increase in separation factor by the addition of potassium

thiocyanate to the aqueous phase is significant.

From Table 3 , the

separation factor increases with KCNS concentration and at the highest
concentration used (540 g/litre) this additive produces an increase in

separation factor from 1.8 to 2.36 for feed mixture (a) and from 2.0 to 2.51
for (b).

The concentratiornof solutes in the two phases are satisfactorily

high, and in a multi-stage contactor with counter-current flow of mixed

organic solvent and aqueous potassium thiocyanate solution, it should be

possible to separate 2-6 lutidine from the picolines to a high degree of
purity in a reasonable number of equilibrium stages, as the separation

factor is close to 2.

The aqueous potassium thiocyanate solution leaving this contactor

will contain the 3 - and 4- picolines of the feed mixture, now essentially
free from lutidine.

An increase in the temperature of this stream will, as

Table 2 shows, increase the affinity of the picolines for the organic phase.

This fact may be used not only to provide the necessary reflux stream of
picolines but also to extract the picol�nes from the aqueous potassium
thiocyanate stream, which may then be recycled.
°

The results indicate that, at 36 c, the distribution coefficient of

picolines between the mixed organic solvent and the aqueous potassium
thiocyanate phase will be between 1.5 and 2.5.

A second contactor working

at high temperature (or a separately heated part of the first contactor) will
allow most of the picolines to be transferred into the counter-current
stream of organic solvent.

Different organic solvents may be used to recover
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the picolines for reflux and the picolines passing to their separation
stage.

Benzene is a more suitable solvent for the latter.

Any picolines

not extracted from the aqueous phase will not be lost, as they will be

They

recycled to the first contactor in the aqueous thiocyanate stream.

will tend to reduce the efficiency of the first contactor, however, and so
the amount of picolines recycled in this stream should be limited to the

economic optimum.
3.

Separation of 3- and 4- picolines

The process of dissociation extraction may be used to separate the

3- and 4- picoline isomers, exploiting the difference between the

dissociation constants of the two bases.

The generalised theory of

dissociation extraction presented earlier by the present authors

(S)

was

confirmed experimentally by a study of the separation of these compounds by

reaction with a deficiency of aqueous mineral acid.

?)

A later paper (

showed

that the use of weakly acidic or basic reagents instead of strong acids or

bases enables the dissociation reaction in the aqueous phase to be reversed
after the isomers have been separated, simply by multi-stage contact with
fresh organic solvent.

This liberates the separated isomer in the

undissociated form and regenerates the extraction reagent, which may be

recycled.

The separation is thus achieved without the continuous

consumption of chemicals characteristic of dissociation extraction processes

using strong acids or bases and should result in significantly reduced

operating costs.

To illustrate this, consider the separation of the 3- and 4-

picoline isomers present in an organic solvent phase by contact with an

aqueous solution of the weakly acid salt, sodium dihydrogen phosphate,

NaH2P04.

The phosphate salt should be in a stoichiometric deficiency

compared with the picolines so that in the aqueous phase there will be

competition between the two isomers to react, as shown below:
Organic
phase
Aqueous
phase

The more strongly basic 4- picoline will tend to win the

competition, forming a dissociated salt soluble in the aqueous phase.

The

picoline which does not react and so remains undissociated, containing an

increased proportion of 3- picoline, will be soluble in organic solvents and

'. 9M

will partition between the two phases according to the distribution law.
The combination of partial neutralisation and contact with an organic

solvent will, therefore, achieve a partial separation of the isomers and a

high degree of separation may be achieved in a multi-stage process.

The aqueous phase, containing the salt of 4- picoline, may then be

contacted with a fresh organic solvent, such as chloroform, which has a high

affinity for undissociated picoline.

As the picoline is extracted into the

organic solvent phase, the reaction equilibrium in the aqueous phase will

tend to reverse, generating more undissociated picoline and regenerating the
reagent dihydrogen phosphate salt.

Again, a multi-stage counter-current

process will achieve a high degree of reaction.

so,exploitation of the competing equilibria for reaction and

distribution between the two phases enables the isomers to be separated

without continuous consumption of chemicals.

A reaction in the aqueous phase of the type described, involving a

weak organic base and a weakly acidic salt, will not necessarily approach
completion.

For example, the equilibrium constant KE, for the reaction
between picoline and dihydrogen phosphate ion is given by the relation below,
neglecting activity coefficients and with terms in square brackets denoting

concentrations:

Now, the dissociation constant for picoline, �· is given by:
9
4.59 x 10- for 3- picoline and
9
10.62 X 10- for 4- picoline
The second dissociation constant for phosphoric acid, K
+

[H ]

[HP0

4

2

-8
6.23 X 10

-J

, is given by:
A2

[H Po -]
2 4

and the dissociation constant of water,¾• by:
10-1

4

From this,�
-2
Therefore, for 3- picoline, � = 2.9 x 10
and for 4- picoline
-2
,
and
the
reaction
in
the
aqueous
phase will clearly be only
=
6.6
x
lo
�
a partial one
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Picoline is too weak a base to generate a high concentration of
3
2Po - ions; the equilibrium constant for the reaction C fi;,N + HPo �
4
6
4
+
3
c H
NH + Po - involves the third ionisation constant of phosphoric acid
4
6 7
713
(K
= 5.0 x 10
) and is of the order 5 x 10 • Therefore , the presence
3A 3of P0
ions in the aqueous phase may be neglected.
4
3(i) General Theory of Dissociation Extraction with Incomplete Reaction in
the Aqueous Phase

Previoustheories of dissociation extraction have assumed complete

reaction in the aqueous phase between the organic acids or bases to be

For the general case of incomplete

separated and the extraction reagent.

reaction between two organic bases to be separated,

Band

C, and weakly

acidic reagent, HA, which is insoluble in the organic solvent phase, the
following equilibria are established:

organic solvent:
aqueous phase:
Assume

C

Jf

Jt +

C

--

HA
HA

B

+

�

Cis the stronger base:

+

-(1

A
A-

+

�=+ +

-(2

the sum of the reactions in the aqueous

phase will then be the exchange reaction:
C+

+�
BH

+

CH+

B

The dissociation constants of the organic bases, neglecting activity

coefficients, are defined:

+

-

[BH][O H ]/[B]
+
[CH] [OH
]/[C]

�

K

-(4

C
The distribution coefficients of the undissociated bases are:
[B]0/[B]a

and

where subscripts

respectively.

O

and

a

]
[C]o/[Ca
denote organic solvent and aqueous phases

v
O erall distribution coefficients are defined as:
S

B

[B]o/([B]a

+

-(3

+

[BH

)]

+

and
[C] /([C] + [CH )]
o
a
and the dissociation constant of the acidic reagent:
+
K
[H
][A ]/[HA ]
A

The equilibrium constant for reaction (1), K
is given by:
l
,
K
K
� AfKw
l

Similarly,

-(5
(6
-(7

-(8
-(9
-(10
-(ll
-(12
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-(13

Also,

showing that the equilibrium of the key exchange reaction

is related to the

relative strengths of the two bases.

If the above relations cover all the chemical equilibria which

contribute significantly to the overall state of the system, the following
two equations are derived from stoichiometry on the assumption that

reactions (1) and (2) do not proceed to the state of complete consumption of
the acidic

reagent, HA, for which the original or feed concentration is N

moles per litre.

+

As one mole of BH

or CH

+

is formed for every one of HA which
+

+

N
[HA! + [BH ] + [CH ]
[HA]original
-(14
q
is the concentration of reagent in the aqueous phase at
where [HA]
eq
equilibrium which is left unreacted.
+
+
-(15
[BH ] + [CH ]
Also, [A ]

reacts:

The separation factor for the organic bases is

aB,C

where a
-(16
B,C
in terms of known physical constants and
We require an expression for a
B,C
measurable or controllable concentration terms. This may be derived as
follows:

From equations (16), (8) and (9):
aB,C

/
SB SC

+

[Bl ( [Cl + [CH ])
o
a

-(17

+

[C] ( [B] + [BH ])
o
a

From equations (6), (11), (14) & (15):
+
[BH ] [A ]

K

1)i A

¾

Kl

+

+

+

([BH ] + [CR ]) [BH ]
+
([B] /D ) (N - ([BH ]
o B

[B] [HA]
a

+

[CH ]l)
+

-(18

and, similarly, from (7), (12), (14) & (15):
KCK A

�

+

+

+

-

+

( [BH ] + [CH ]) [CH ]
([C] /D ) (N
0 C

([BH ]

+

-(19

+

[CH ]))

In equations (18) and (19), K , K , K and¾ are known physical
C
A
B
N, [B] and [C] are system variables which may be assigned any
0
0
convenient value. Therefore, if Dis known at the actual values of the
constants;

system concentration variables, we have two equations, (18) and (19),
containing only two unknowns:

+

+

[BH ] and [CH ].

The equations may be

solved simultaneously, therefore, to yield the unknowns.

However, as the

equations are not linear, simple analytical solutions are not possible and
907

a computer programme is the most convenient method of obtaining the real and
+

+

positive solution values of [BH ] and [CH ].
+

+

When [BH ] and [CH ] are found, [HA]

and [A] may be derived from
eq
from equations (6) and (7). All

and [C]
a
a
the terms in equation (17) are now known and the required value of a

relations (14) and (15) and [B]
be calculated.

may
B,C
If wanted, the values of the overall distribution coefficients

may be calculated from equations (8) and (9).

A similar treatment may be used to derive the analogous relations

covering the separation of organic acids by a weakly basic reagent.

The theory was tested experimentally by a study of the distribution

of 3- and 4- picoline between benzene and an aqueous solution of sodium

dihydrogen phosphate.

Karr and Scheibe! also suggested the use of this

reagent for separation of the picolines, but based their theoretical
treatment upon the pH of the aqueous phase, which has been showtl
an inconvenient concept.

5)

to be

The distribution was measured of the separate

picoline isomers and also of an equimolar mixture of the two picoline

isomers between 2 molar sodium-dihydrogen phosphate solution and benzene.

Experimental values of the overall distribution coefficients for the

separate picoline isomers and of separation factors for the mixed picolines
were compared with the corresponding values calculated on the basis of the

theory presented here.
3(ii)

Experimental

Varying known amounts of the separate 3- and 4- picoline isomers

were distributed between 100 ml benzene and 100 ml of a 2-molar aqueous

solution of sodium dihydrogen phosphate, NaH Po • As before, equilibrium
2 4
was established in stoppered bottles contained in a thermostat at 2 5 c with
°

frequent shaking.

The phases were then analysed by GLC as before for

picoline content and the overall distribution coefficient calculated.

Similarly, varying known amounts of an equimolar mixture of 3- and

4- picoline were distributed between 100 ml of benzene and 100 ml of 2M
aqueous solution of sodium dihydrogen phosphate at 25 c.
°

analysed by GLC and the separation factor calculated.

The phases were

Again,the

concentration percentage of each organic base was determined with a maximum
error of+ 0.5% in reproducibility.
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3 (iii)

Results

Table 4 lists experimentally measured and computed values for the

overall distribution coefficients of the separate 3- and 4- picoline isomers.
In the calculated values, the distribution coefficients of the undissociated
picolines are taken as 14 for 3- picoline and 10 for 4- picoline, these
3
being the literature values ( ) for the distribution coefficients between
benzene and water.

TABLE

4

Distribution of the separate picoline isomers between
°
100 ml benzene and 100 ml 2M NaH Po solution at 25 c
2 4
Total 3- picoline
added (ml)

Equilibrium ml of picoline
in the conjugate phases

Overall Distribution
Coefficients

Organic

A�eous

Experimental

Computed

4.0
10.0
18.0
31.0
58.0

2.03
6.6
13.3
24.8
49.0

1.97
3.4
4.7
6.2
9.0

1.03
1.96
2.83
4.00
5.44

1.03
1.97
2.82
3.98
5.53

2.8
5.5
9.0
15.0
26.0

0.8
2.3
4.8
9.4
18.5

2.0
3.2
4.2
5.6
7.5

0.40
0.71
1.14
1.67
2.48

0.53
0.71
1.40
1. 72
2.52

Total 4- picoline
added (ml)

In Table 5 are shown experimentally measured and computed values for the

separation factors of an equimolar mixture of 3- and 4- picoline between
°

benzene and 2M NaH Po solution at 25 c.
2 4
TABLE 5

Distribution of an equimolar mixture of 3- and 4- picolines
°
between 100 ml benzene and 100 ml 2M Nalf Po solution at 25 c
2 4
Total picoline
Equilibrium concentration of bases in the
Separation
mixture added
conjugate phases
Factor
(ml)
Organic Solvent Phase
Aqueous Phase
Experi
Computed
(molar %)
�olar %)
mental
4334picoline picoline
picoline picoline
7.0
12.0
18.0
36.0

60.5
58.3
56.2
54.5

39.5
41. 7
43.8
45.5

37.5
35.7
34.6
34.6
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62.5
64.3
65.4
65.4

2.55
2.52
2.42
2.26

2.56
2.54
2.45
2.25

3(iv)

Discussion

Both for the overall distribution coefficients of the individual

isomers and for the separation factors, there is very good agreement between
the experimental and computed results, even though the distribution

coefficients of the undissociated isomers used were only approximate. The

separation factor of 2.3 - 2.6 is adequate and should enable a high degree

of separation to be obtained in a reasonable number of stages.

The aqueous

phase containing the separated 4- picoline salt may be contacted with

chloroform,which has a higher affinity for picolines than benzene, to
recover the undissociated organic base and regenerate the H Po ions.
2 4
4.

Overall Process

The methods suggested for the extraction of 2-6 lutidine and the

separation of the picolines may be combined in a process for the complete
separation of the 3- component feed mixture.

The flow diagram of the

proposed process is shown in Figure 1.

The feed enters the first liquid-liquid contactor, in which there is

a counter-current flow of mixed organic solvent (95% V/v n-hexane, 5%

chloroform) and aqueous KCNS solution.

The 2-6 lutidine is taken off in the

organic phase and may be separated by distillation pfter a reflux stream has
been returned to the contactor by a reduction in temperature of the organic

phase.

From the first contactor, the aqueous KCNS stream containing the

picolines is heated so that the picolines needed for reflux pass into a

counter-current stream of the mixed organic solvent and the aqueous KCNS
solution may be recycled.

The remainder of the picolines may be recovered

in a solvent such as benzene, which is suitable for the dissociation
extraction stage.

The heart of this is a multi-stage contactor with counter

current streams of organic solvent and an aqueous solution of sodium

dihydrogen phosphate.

The dissociation extraction equilibrium established

in the contactor leads to the enrichment of 3- picoline in the organic

solvent stream, from which it may be recovered by distillation.

returned as reflux, the remainder being the 3- picoline product.

Part is
The

aqueous stream from the contactor containing the 4- picoline salt passes

counter-currently to a chloroform stream in another multi-stage contactor.

'lbe dissociation extraction reaction is reversed and 4- picoline passes into

the chloroform phase, from which it is recovered in turn by distillation and
part returned as reflux.

is recycled.

The reformed sodium dihydrogen phosphate solution

91P

No attempt has been made to optimise the design of the suggested

process, choice of solvents or reagents.

improvement in the latter.

There is almost certainly room for

For example, while KCNS increases the separation

factor for 2-6 lutidine, other compounds might have a greater impact.
Similarly, it can be seen from the results that the extent of reaction

between the picoline isomers and sodium dihydrogen phosphate is modest.

Thus the competition, which is the basis of separations by dissociation

extraction, is limited.

It would be desirable to find another reagent

which would react more strongly whilst still permitting reversal of the
reaction by physical means.

Nevertheless, the theory and results presented

do establish the basic feasibility of achieving the separation by liquid
liquid extraction.

a later publication.

It is hoped to present a more detailed process design in
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DEPART,·'.Ein DE ·rRANSFER'r Ee COi,VERSIOi, D'ENERGIE
SERVIliE DES TRJu-L:il•'ER'rS ·r,rn:LIQUES

DE.-fSE BED IH A S?RAY CuLUHN Ai"l A."PLICA'UUN T0 Tc!E
E:{'rR.",C'l'IOi"/ OF PH3i-.OL ,RO:l WAS'£t ':!ATER

by
J .H. c�on, c. LAnROCHE, c. LACKl1E, A. l'1ERLE

Sffi-il-JARY
First is exT>lained the hydrodynaJJica of the extractor

where a dispersed phase and a continuous phase flow counter

currently in such a way that a dence packing is obtained.

Then the principle of the design of the extractor is reported

and finally the practical case of phenol extraction from

waste water usin� di-iso-propyl-ether as solvent is de�lt with.

It is well known tnat a spray column can be used as an

extractor (1) but the rather low surface of contact between the

two phases and above all the rapidly prohibitive bac� mixin� when

the dia,!fter of the column increases ma.l:e more sophisticated

extractors preferable.

However, if the spray column is so operated that the dense

pac:dn; can a,:ioear, it becomes aiain competitive in front of

,1uch more complicated and expensive devices like pulses columns,
:i_J acl-:ed beds, •••
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If Q

anti � are respectively t!ic flowrci tes of the
C
continuous anrl dis::,ersed r,hases ,et( the volumetric concentration
of the dispersed phase, it can be shown (2) that two re5i1o1es
are pos,3ible.

One is churacterized by a low hold up°'r, which

is cL,ssically obtaic1ed, t01e other s;10ws a very hi ;h value.C
this last re.�·ime is the dense bed.

D

,

'.i:hese t,-:o rec::-imes can coexist in the column, if it is
the cuse, they are secJarated by a very s.rnrp line (fi::;.1 ).
'.i:he two values e(
and � are the roots lyinr; in the
L
interval O -·1 of the equation

+

(1 )

S (1 -il.)

Where Sis the area of the section of the colUl!ln and u
0

is the velocity of a swarm of drops of the dispersed phase

u is a function
0
and of the physical properties of the phases. For

climbing up in the quiescent continuous phase.
of

c(,

( o()
practical cases, the phases are such mixtures that u
0
is generally an exuerimental function. Fig.2 for exam)le shows

el

how u

varies with
0
climbinD in ta:9 water.

for dro:::)S of a kerosene-heptane mixture

As u is already a .;-ra,·,hical function, it is interestins
0
to solve ,jra:phically eo_uation (1 ).
Fi•;.3 gives t/1e principle
of t,iis resollltion.

On t,1is fi:;ure, u

usinJ the results of fi�. 2.

0

is plotted versus

A strair;ht line joininr; the points� a�d £ of reuuec�ive
coordinates (O, ]D ), and (1,

?)

intersects ti1e curve u D(.
0

= f (o( ) in t,,o poincs G and )�, t11e abscissae of w;1ich are
Cl(

1

and

o(

2

, solutio11s of eciuation (1 ).
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As a ma�ter of fact, we have

(2)

and in the sc1·1e 1·1ay

EE'

?F'

(j)

F.E'

And therefore
·".1

"-C/S
1 -

- ufli
o-i

41(.,

or

(4)

+

1- o(,i
showin;; that

1

and

2

are effectively roots of equation l1)

Fi;;. 4 is a curve obtained fron tne data of li t; . 2 wnich
1·:ill be used to illu.3tratc t,1e technique for oredictin::; the
hydrodyna.:1ics of t'1e colw:m,

The points in a circle are those

correapondin: to the beginnin� of instability.

l'wo t ·pes of dif,::;rarn may be dra�m.

One shows (Fig,5)

the variation ofo( with the superficial velocity of the contin
aous phase, the other superficial velocity 'oeinc a 01araJ1e ter.
For pur1ose of co:�arison, experimental values of
by the quick closinc valves technique are indicated.
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obtained

From visa al in.spec tion, it ,r·,--,ears t't t t.1c curve .)f
fig.4 s'.1ould :wve bee·1 <iraw,1 (;lic;htly on t:·te left, t,1is corres
pondin� to an inter,olated curve of Fi:.2 �ushed upwards
relative to t:1e cx-:ieri.,1en tal ·Join ts.
·::he ,1ost interestin.'.· U,'3e of Lie d...ito 0 '· ""i.;. 2 i:;; t 1.:i t
of ,i.t'ig.6 wnere t.1e inputs of t:1e extractoc ar0 t:18 coordi,iates.
In tilat dic.:._,ram,

tile iso

_o(.

are strai;_;:1t lines of ::;lone

oC..

-ol..

1
The order of �a�nitude of these slopes clearly dlitin:uisnes
t'.le dense ::ied fro11 the clasical li ..·ht bed.
�he ::ioundar1 of t�e floojin.; zone wnere no countercurrent
flow can exist corres�onds to tnt.: case 1v11e11 i!E on i·'ir:;. 3 is
tt111;;en t to t,1e curve

u o( = f ( o(. ) •
0

.t'ractically tiie position of t ,e floodin:; zone is very
sensitive to the presence of i,u�urities in t,ie ohases.
It is reco .l,.1ended to liui t t.1e choice of ti1e cou,ile
( '�C , ·-in ) to t;1e centre of t:1e zone of existence of l,'i[';.6,

""s""-r-

let us say between the lineso(. = 0.6 and.{;= 0.7.
�o evaluate the transfer coefficient between phases, we
shall need the relative velocity V .
R
current flow, we have
V

R

In t�e case of counter

(5)

C

�+� �

and from equation (1), simply

VR

1

uo

-«.
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3. O?;:;R,-. i'IO,i JF ;,. ,JZ,dE J.i::D CJLU£·1N
In ,, su:-ay colu::m W!lat ta,�es place sponta?rnously is a

li �t disDersion, bubbles or drops of the front escanin
ro obtain a denae bed, it is necessary to

fro�

declc,rata t,,e ,3rops uO\rnflow so ti1at tile ot:1ers ar·e oolised

to uila Ul behind t,em.

Su��,osc tl1e continuatl� �1l1ase is t�e den�er :hase, it

flo1.-1s uo;,inw ..,r<l ia t!1e col•.1:!1n unL t:1e : is!)ersed pi1ase U?ward •
. :h1·.1 t:1c coli..t.iii.1 i:� i'u.Ll. oi li i_.i1t di.sper0ion, \le increc1·3e

t.�c outflow

inflos; :1

··�,.,

C'

b.J

of the continuous pha.:e without c_1an __;in

::,it�

' then tlie interface bcb:ecn continuo-13 cm,.! coalcseed
CE
di,,·oer::;cd --i.1asc in t,1e se·:arator' is oJ.li,;ed to ,;o do11.1.

·.hen t.1is interiuce re&c�ea t.ie toµ of tt1e colu�n i11 tl1e

t.1us in u .:_;lice :)f colu1:1n at C.LL.S

point 11e !1c:ac :2 n _,(·L.. and to ercsure CJntinuit:r tl,c ,,ru·,-; 01
...,,_j
....,,s
-:=..1c di�·-Jer:;;cd �).1-..iS� "'1ile uy, le Jdi.n::; to o c:..:n._:estio11 w11ici1 9roi;,-

a ten dow,wurd as lon

1

1.

�1e interfoce bctHeen

dc11se !Jed ci,d l:i_ _.it bed is _;enerally sto�me,l ul,uut t1-1cnt1
ce.1tiJeters above tic dii�dr�eC 1iane in:jector.

Let 1� �>e t.1c fl0wrote of feed tu Le ini;roJuced in the

extractor a� continu -us nhase, we have to deter:.iine
- t ·.e area of ti1e :3ection of tlte extractor
- t.1 ..: �1ei__ .,t ...,.L t'.:e c·xtru,:; tor
sue

:i.11ately 1 c,:1/s.

It is t:ius eas;; to evaluate S.

:·iow if He

choo::;e t.. e lineo( = o. r_; ci"t0r ,,tahilitJ co:1.;icleriltion, t:-1c
.3olve:::t .flo1.,:ro.tc i] i..::..e(.i:..:tely �nou 1.
1
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Then, witi. the specific area of contact between phases
r�iven by a a =
6
, where d is the mean d iamater of the
d
drops, determined by the injector conditions (Scheele and
Heister correlation for exa�9le) with, moreover, the relative
velocity of Eq. 6 the use of known correlations of mass transfer
enables us to compute the number of transfer units necessary

to realize the wanted extraction and the height of a transfer
unit. 'flrns the hei3ht of the extractor may be calculated.
The problem we are face d
section of extractor and such
values for the formation of a
of extrapolation t�at we have

few years.
4.1

with now is to know if such a
a height of extractor have proper
dense bed. It is a double problem
stu d ie d in our laboratory for a

Extrapolation in diameter

It is very easy to build a dense bed in a small column
up to 75 mm in diameter. For columns of 150 mm an d above, the
distribution of the continuous phase at the top of the column
is a very sharp problem.
The feeding of the colu,nn without special care, for exaL1ple
by simple overflo,-1 in a separator of the El6in type lea ds to
violent eddies which make the dispersed phase to coalesce and
But r,;oo d
d estroy the dense be d .
give very stavle d ense be ds.

d esign

'.rnve been performed which

Fig.7 shows as a function of the continuous phase superficial

velocity the variation of the heic;ht of a theoretical plate for

heat transfer in countercurrent flow, the parameter is the
diamctar of the column.

The efficiency of a light bed in exactly the same conditions
is also plotted on this d ia,.:;ra:n. The indicate d HTS's are overall
values, that is to say includin6 bac� mixing effect which may
eventually be present.
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4,2, Extrapolation in hei ;,;ht
'l'he luborator:r columns are about two or three meters
hi6h. Deoendinr; on the difficulty df the extraction, hei:;hts
of the order of ten meters may be reC'luired. 'l'he, on one hand,
we must be sure that the rate of coalescence on tile total

height is small anough to prevent the collapse down of the
dense bed. On the other hand, if the dispersed phase hold
up varies all along the column, we need its variation in order
to brine the desired corrections to the design computations.
Fig. 8 shows a typical result of experiments done in
different conditions (3), It can-be seen that over nearly nine
meters tiere are no significant change in hold up,
5. APPLI:::I.1'IuN OF TH.:. DJ::,rn;,.; B:C:D 'l'EC LUQUE 'l''J 'I\Hs EXTR'.&C'l'I0H
OF i':i..;;t{VL �,Ru,i .-U,S'rE WA·rER ( 4)
5.1.

Nature of the feed
The interval of variation of the nhenol concentration

in the industrial waste water was 0.5 g/1 to 7,6 g/1. Some
greasy solids appeared at the surface and it was necessary

to design a special settler to eliminate the bisgest pieces
before introducing the feed �t the top of the column. Even
after this operation, a packed bed column would have been
destroyed in a very short time. To prevent early apnearance
of coalescence, we are obliced to raise the pH of the feed.
5.2.

Choice of the solvent

The diisopropyl ether was chosen in consideration of the
r;reat distribution coefficient that is obtained for a wide range
of phenol concentration. Moreover its valu� is nearly a
constant equal to 20, Tbe difference in density with water is
also an advantage when a spray column is to be used.

919

5.3. Reliability of the eKtractor
For a dense bed of 1 meter, a feed flowrate of 40 1/h

(i.e. 1,38 cm/s) and a solvent flowrate of 20 1/h (0,69 cm/s),

1''ig. 9 shows ti;e performance of the extractor.

5.4. Comparison of the computed U'J:U with observed one
i'he II'l'U' s iiavc bee:1 conputed followin c · tr1e :.ethod briefly
0

indicated in§ 4 and t�e observed one are si�ply the hei_�t of

the extractor divided by :.1e c::.ured n1-L1ber 0 f tr.ans fer units •
?ig.10
s;1oi·1s t:1e couparisun.
..

.:.1he cor:r1uted value is cener,;lly

hi,.:: ·1er t,1an the observed one b�c.:luae we sup�)OSe in a pessi :1istic
t·JaJ tl1.:it t�·1e CrJp'.:: are al·,,;a;;·s ri:�·id cn.:O ',-;e use t.1us tl�c :.:no\·:n
correlation to calcu·,_ate t:t(..; in3i e ..1as.::; tra;l.'Jfer coefficient.

A spray coluwn ouerated in the dense bed c�ndition sec�s

to befconvenient device fo1· various extractions.

?h0 advanta:�es are very lO\J investGle!lt cost and ratr1er

easy desi�·;n.

.iO\·:ever t:1e -pi1ase:) in ;.)resence ..1u3t :;ive reas,:ina�r,1ly

stable e�ulsions to prevent coalescence anC coll3�se of the

dense 0e,J it i.:, s .,,:tetiues neces;;ary to use ::;o:ne £:dditi ves to

:.1odify t!,c interfncial ·r:,ropertie ..> of tl.:e :,ystet1.

'l,hc preli:11in�ry

e;{peri.:wnt::;, for exa,nple to ·.�lot u (�), _·;ive _!_:.: .0c,ictc infor
0
raation on tiis noint.
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PARTITION OF PRO TEINS IN AQUEOUS BIPHASIC SYSTEMS
G. Johansson and A. Hartman
ABSTRACT
The distribution of proteins in aqueous biphasic systems containing dextran
and poly(ethylene glycol) has been studied. The distribution is somewhat pH-.
dependent when different salts are included in the system. Depending on the
salt used the distribution coefficient increases or decreases with increasing
pH, or may even become pH-independent. By using poly(ethylene glycol)
with covalently bound ionized groups, the pH-dependence is much enhanced.
In all cases a linear relationship is found between the logarithm of the
distribution coefficient of the protein and its net charge. The separatory
capacity of the systems has been investigated by partition of a mixture of
two proteins which can be assayed separately.
An extract from swine heart was distributed in this type of system at
various pH's. The distribution of the enzymes present was strongly pH
dependent, while the distribution of protein varied somewhat. It is shown
that the enzymes can be separated by using counter-current distribution.
In some cases multiple forms of enzymes have been detected by this
technique.
From Dept. of Biochemistry, Umea University, S-901 87 Umea, Sweden.
INTRODUCTION
The main methods used for separation of proteins are fractional
precipitation, chromatography, electrophoresis and isoelectric focusing.
Liquid-liquid extraction of proteins, on the other hand, has found only
limited use due to the lack of suitable biphasic systems. In order for a
biphasic system to be suitable, proteins must be highly soluble in both
phases and should not be denatured. Both requirements are fulfilled by
the aqueous biphasic systems formulated by Albertsson 1. They are obtained
by mixing aqueous solutions of two polymers, usually poly{ethylene glycol)
and dextran. These biphasic systems have been used for separation of cells,
viruses, cell organelles and nucleic acids. This is possible since distri
bution is strongly dependent on pH and the presence of salts, and can there
fore be adjusted withinwide limits. The distribution of proteins, however, is
usually less extreme, which makes purification by liquid-liquid extraction
inexpedient. In spite of this, the aqueous systems have in some cases been
used for protein purification2 • 3 • 4. If a small amount of charged groups is
attached to the poly{ethylene glycol), 1- 2 groups per molecule, the distri
bution of proteins becomes strongly pH-dependent 5 . In some cases the
distribution coefficient can be varied over several powers of ten.
The aim of this work has been to study the separatory capacity of the
aqueous biphasic systems and investigate their usefulness for liquidliquid extraction of proteins. Further, the data obtained have been used to
verify a theoretical model published by Albertsson 6 . This model describes
the effect of ionic species present in the system on the distribution of
charged macromolecules, e.g. proteins.
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EXPERIMENT AL
Materials
Extract from swine heart. 70 g of frozen heart from swine was cut into
small pieces and ground in the cold with 140 ml of 10 mM'potassium
phosphate buffer pH 6. 8 in a Turmix blender for 2 minutes at highest
°
speed. The mixture was centrifuged at 2 c, 15'x 12 000g using a Sorvall
RC-2B centrifu�,e with SS 34 rotor. The supernatant was filtered and
centrifuged at 3 C 110'x 73 500g in a Beckman L2-65K centrifuge with a
type 30 rotor. The supernatant was directly used in the partition experi
ments.
Yeast lysate was prepared from fresh Baker's yeast, obtained from Jast
bolaget, Sollentuna, Sweden. The yeast was ground with an equal weight of
crushed dry ice in a blender with rotating knives (Turmix) for 2 minutes.
The homogenate was spread on a plastic plate to allow the dry ice to eva
porate. The yeast homogenate was centrifuged at 20'x 15 000g. The turbid
supernatant was then centrifuged at 60'x 160 000g using a type 65 fixed
angle rotor. The clear supernatant above the brown pellet was recovered
with a Pasteur pipette, avoiding contamination from the thin white film
at the meniscus. This solution was dialyzed against a phosphate buffer
°
for 2 hours at 10 C. A length of dialysis tubing {Union Carbide) knotted at
the lower end and streched transversely over a frame made of glass
tubing was used for dialysis. The frame was rotated by a motor.
CO-hemoglobin was prepared from swine blood. The blood was centrifuged
1 0'x 3 000g. The erythrocytes we re washed by 4-fold suspension and centri
fugation in 0. 85 % (w/w) NaCl solution. They were then lysed in 3 times
their volume of water. The erythrocyte ghosts were removed by centri
fugation, 10'x 16 0O0g, and the supernatant was collected and saturated
°
with carbon monoxide. The solution was dialyzed at 3 C against water.
Concentration of CO-hemoglobin was determined by dry-weight analysis.
Bovine serum albumin from Sigma Chemical Co. , St. Louis, fraction V,
was stained with bromophenol blue in water solution 8 mg dye per g
protein. No traces of free dye could be detected when the stained protein
was chromatographed on Sephadex G-25.
The proteins: hen ovalbumin, grade V; lysozyme from egg white, grade I
and ribonuclease-A from bovine pancreas, type I-A were all obtained from
Sigma Chemical Co, .
Ch emicals used were all of analytical grade. The water was double dis
tilled in quartz.
Dextran T 500, batch No. 5996 (M =5·1 o 5 ) was supplied by Pharmacia,
w
Uppsala, Sweden.
Poly{ethylene glycol), PEG, (M =6 000) was obtained from Union Carbide,
n
New York, as Carbowax 6 000.
Trimethylamino-poly(ethSlene glycol), TMA-PEG, was prepared by the
method published earlier
Carboxymethyl-poly(ethylene glycol), CM-PEG, was prepared from
Carbowax 6 000 by oxidation with KMnO4. 13 g KMnO4 dissolved in 200 ml
of water was added to a solution of 250 g PEG and 0. 8 g NaOH in 600 ml of
water. After 15 minutes on a boiling waterbath the precipitate (MnO ) was
2
removed by suction filtration. The clear filtrate was adjusted to pH 2. 6 bf
adding 1 M HCl. The water was evaporated in vacuum and the remaining
polymer was dissolved in 500 ml of toluene. 100 ml toluene+water was
distilled out from the solution and undissolved salts were removed by
928

°

filtration. The polymer was allowed to precipitate at 3 C overnight and
°
collected on a filter by suction. The CM-PEG was recrystallized at 3 C
from 600 ml of absolute ethanol.
Enzymes used as reagents in activity assays were lactate dehydrogenase
from rabbit muscle, type I; glyceraldehydephosphate dehydrogenase from
rabbit muscle and Q'-glycerolphosphate dehydrogenase from rabbit muscle.
They were all obtained from Sigma Chemical Co., St. Louis.
Methods

°

Enzymic assays. Activity was measured by standard methods at 25 C,
using a Unicam SP- 800 B spectrophotometer with tempered 1 cm quartz
cuvettes. The enzymes studied were malate dehydrogenase 7 (340 nm),
fumarase 8(24 0 nm), enolase 9(24 0 nm), aspartate-Afutamate transaminase10
(28 0 nm), hexokinase 11(56 0 nm), pyruvate kinase (34 0 nm). 3-phospho
glycerate kinase 13(340 nm) and triose phosphate isomerase 14(340 nm).
The dependence of the distribution coefficient, D, on pH. 40 g biphasic
system was made up in a glass beaker by mixing PEG or/and substituted
PEG (40 % aqueous solut;on), dextran (20 % aqueous solution), buffer, salt
solution and protein solution. All concentrations given in per cent are
calculated in weight per weight. The system was stirred mechanically and
pH was measured simultaneously by using a Radiometer titrigraph (Radio
meter, Copenhagen). The system was titrated with either 2 M NaOH or
2 M HCl. After each addition an aliquot of 2.5 ml was taken and centrifuged
1 0 'x 1 500g. In this way a series of biphasic systems with the same polymer
composition but differing in pH was obtained. 0.500 ml phase was diluted
with 2. 500 ml water and analyzed for protein and enzymic activity. The
distribution coefficient, D, defined as the ratio between the concentration
of protein or activity in the upper and lower phase was calculated. Protein
concentration was measured in terms of absorbance, using a blank prepared
from a system containing no protein. The wavelength was 2 80 nm except
in the case of stained serum albumin ( 6 1'.0 nm) and CO-hemoglobin (460 nm).
When the two latter were partitioned together the relative concentration
, C
(C
" ) of each protein could be determined by the
alb_um1n
.
hemog1 o b1n
relations;
4 60
61 Q
=(1 6 .63 A
-A
J/ 16.44
C
hemoglob "1n
C

albumin

= ( 5.36 A

610

460

-A

)/ 5.30

The dependence of D on concentration of salt.
The salt concentration was varied, at constant pH, by using a 2 M sal t
solution instead o f acid o r base i n the titration above.
Counter-current distribution with 9 transfers was carried out in one of
the glass units of a Craig machine (Gallenkamp), shaking and transferring
by hand. 1. 75 or 2. 00 ml upper and 1. 75 ml lower phase were used. The
protein mixture was introduced into the system in chamber No. 0. The
shaking time was 1 min and the settling time 10 min. At the end of the ex
periment 4.00 ml water was added to each chamber to obtain one phase,
and the enzymic activity and ab.1rnrbance (using diluted blank system) was
measured. The counter-current distribution diagrams were mathemati
cally analyzed as described by Hecker 15. The distribution ratio was cal
culated from the activity or concentration ratio in two consecutive chambers.
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RESULTS
Effect of salts on the partition of serum albumin.
Bovine serum albumin was partitioned in a biphasic system containing
5 % dextran, 4 % PEG and 0. 1 mole/ kg salt (K SO , potassium acetate,
°
2 4
KCl, LiCl) at 3 C, Fig. 1. The logarithm of tlie distribution coefficient,
D, of the protein is well proportional to its net-charge, Z. The net
charge was obtained from the measured pH values via the titration curve
of the albumin 16. The dependence of Don Z varies from one salt to another.
Deither decreases (K SO , LiCl) or increas es (potassium acetate, KC 1)
2 4
with increasing Z .
Partition of proteins in systems containing potassium acetate.
The distribution of proteins is only slightly pH-dependent when the above
system contains potassium acetate. However, the distribution coefficient
differs for the different proteins. The distribution of serum albumin,
ribonuclease, ovalbumin and lysozyme as a function of pH is shown in Eg. 2.
Partition of serum albumin and of CO-hemoglobin in systems containing
charged PEG. The proteins were partitioned separately in systems con
taining either negatively charged CM-PEG or positively charged TMA-PEG
at different pH's. The extraction curves obtained when log Dis plotted
versus pH are given in Fig . 3. Curves obtained when the respective protein
was partitioned in a system containing no substituted PEG but with
25 mmole/kg NaCl present have been included in Fig. 3 for comparison.
The distribution of the proteins was strongly pH-dependent in systems
containing charged PEG compared with the distribution affected by NaCl.
CM-PEG and TMA-PEG act in opposite ways in determining the partition.
With increasing pH the distribution coefficient increases when TMA-PEG
is used, while it decreases in systems containing CM-PEG.
By plotting log Dversus Z a linear relationship between the two is
established. The slopes of these lines are given in Table 1 . The slopes at
a given composition of the system (polymers, salts) are almost the same
for the two proteins. The expected separatory capacity of the biphasic
systems for a mixture of the two proteins can be determined from Fig. 3.
It is here measured as the logarithm of the separation factor 15 , 13. Log 13
is equal to the difference between the two curves in the figure at a given
pH. The maximal log B values are 1 . 8 when CM-PEG was used and 2. 3 in
the case of TMA-PEG.
Partition of a mixture of serum albumin and CO-hemoglcbLn.
Bovine serum albumin, stained with bromophenol blue, and CO-hemo
globin were partitioned together in systems containing either CM-PEG or
TMA-PEG., Fig. 4. Since the two proteins absorb light in different
regions of the visible spectrum, it was possible to determine their
respective concentrations by absorbance measurements. The separation
factor was less than when the proteins were partitioned singly. The
maximal log B values obtained are 0 . 65 with CM-PEG and 1. 7 with
TMA-PEG.
The separation factor in systems containing charged PEG is strongly
affected by the presence of salts. Fig. 5 shows the variation in log 13
with the concentration of NaCl or potassium phosphate included in the
system at constant pH. The cloride acts more strongly on TMA-PEG
than on CM-PEG in diminishing the separatory efficiency of the system.
Phosphate, on the other hand, shows stronger negative effect on 13 in a
system containing CM-PEG.
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Partition of heart muscle extract. The extract was included in systems con
taining either CM-PEG or TMA-PEG, Fig. 6 . A small amount of precipitate
formed a thin film at the interface and was avoided when samples were with
drawn from the phases. For some of the enzymes measured (malate dehydro
genase and enolase) the total amount of activity increased with increasing pH.
This indicates that the enzyme was partly precipitated at low pH (start of
extraction) and then successively dissolved. When a CM-PEG-containing
system was used, the distribution coefficient decreased with increasing pH
up to pH 8. At higher pH, D increased again or remained constant. With a
TMA-PEG-system, D increased with pH over the whole pH interval studied.
The overall distribution of proteins is less pH-dependent than the distri
bution of enzymatic activity.
Counter-current distribution of enzymes. The extract from swine heart and
the lysate of baker's yeast were subjected to counter-current distribution
in biphasic systems containing dextran and TMA-PEG. Fig. 7a shows the
distribution of some enzymes and of protein (A280 ) in the row of tubes when
the heart muscle extract was used. Enolase activity behaved as a single
component with D= 0 . 17, fumarase appeared to be heterogeneous with 90 %
of one component with D= 1. 2 and 1 0 % of another component with D= 5. 7.
Malate dehydrogenase consisted of two components: one with D=0.33 (67 %)
and the other with D= 2. 3 (33 %). Aspartate-glutarate transaminase also
consisted of at least two forms. 53 % moved as a homogeneous substance
with D=2. 2 while the remaining 47 % of material moved with D varying from
0 . 1 to 0 . 4. The distribution of material absorbing at 280 nm was completely
heterogeneous. The calculated distribution coefficients varied from about
0 . 15 to 6 . 5.
The glycolytic enzymes in yeast lysate were also partly separated
by counter-current distribution. Hexokinase behaved as a single compo
nent in the system used and had D=4.0 . Pyruvate kinase showed a
tendency to separate into two components, 1 8 % with D= 1. 2 and 72 % with
D= 2. 7. Triose phosphate isomerase and 3-phosphoglycerate kinase were
both relatively well separatedirto two fractions. The former consisted of
67 % with D=1. 1 (or less) and 33 % with D=3. 9. The latter consisted of
66 % with D= 0. 4 and 34 % with D=4-9.
DISCUSSION

The linear relationship between the logarithm of the partition coefficient
for a protein and its net charge is in agreement with the theoretical model
proposed by Albertsson 6. This model postulates the presence of an inter
facial potential,
, which steers the partition of the protein. The potential
across the interface is a result of different affinity of negative and positive
ions for the two phases. If ionic species, e.g. salts, are present in ex
cess compared with the protein, the interfacial potential is determined by
the former. The partition coefficient, K , of the protein is related to the
p
potential via;
0
Z F / RT
lnK = ln K +
p
p

'r'"

'f

where K 0 is the partition coefficient of the protein when partitioned in a
system&. which the interfacial potential is zero. F is the Faraday constant,
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R the gas constant, Z the protein net charge and T the absolute tempera
ture. From the experimental data given in Fig. 1, the interfacial potential
has been calculated and found to be -0. 17 mV for LiCl, -0. 22 mV for
K SO , +0. 13 mV for potassium acetate and +0. 64 mV for KCl.
2
'tince the ions of these salts differ only slightly in their affinity for the
two phases, which can be seen from the partition of the
salts 18, the interfacial potential is low. By choosing a suitable salt, the potential can be
practically eliminated and the partition coefficient therefore will be pH-in
dependent and equal to K� in the formula above. Under such conditions the
partition of a protein is determined only by the solvation capacity of the two
phases for the protein. Under these circumstances proteins may be sepa
rated according to their relative solubility in the phases, which is related
to the hydrophobicity of the proteins. Since the upper, �EG-rich, phase is
more hydrophobic than the lower, dextran-rich, phase 9, K 0 would increase
p
with increasing hydrophobic character of the prote in.
On the other hand, when the system contains charged poly(ethylene
glycol) the bound _charged group will be predominantly in the upper phase,
while the counter ion has approximately the same affinity for the two phases
This gives rise to a high potential between the phases. Since CM-PEG is
negatively charged and TMA-PEG is positively charged but contains
approximately the same number of charges, they will give rise to potentials
of the same order but working in opposite direction. From the slopes of the
straight lines, log D versus Z, the potentials have been calculated, Table 1.
They are almost the same for a given system for both proteins
which supports the model above.
The separation effect, S, can by aid of the model be separated into two
factors. One factor depends on the difference in net charge between two
proteins, the other on their relative solubility in the two phases. Designa
ting the proteins (1) and (2) and using the formula above;
log S = logK -logK2 = logK� + 1/fFZ /RTlni 0 - (log�+ '{FZ /RT ln10)
1
= fllogK + (Z
0

1

- Z )'fF/RTln10
2

From this expression it can be seen that two systems having interfacial
potentials of equal strength but opposite direction have different separatory
0
capacity when K? -/c K�. Depending on the respective Z values, K and the
0
sign of the potential, a difference in K either increases or decreases the
0
separation factor. Albumin has a higher K than hemoglobin, when taken
as the D value at the respective isoelectric points, in Fig. 3. D, log K 0 is
around 0. 4 if hemoglobin= (2) and albumin= (1). Between pH 4 and 9,
z >Z . The separation factor is therefore larger when the potential is
nfgati�e (TMA-PEG) than when it is positive (CM-PEG), which is in line
with 41.e experiments. This despite the somewhat higher potential arising
from CM-PEG.
It is evident from the experiments in which the two proteins were
partitioned toghether that the separation factor is negatively influenced by
the proteins themselves. This behaviour indicates a weak interaction bet
ween the two proteins. The interaction may be electrostatic, since bet
ween pH 5 and 7 the two proteins bear charges of opposite sign.
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If the interaction between proteins is at least partly of electrostatic nature,
it ought to be diminished by addition of salt to the system. Salts, however,
decrease the separation factor even at low concentrations, because the ions
of the salt compete with the charged PEG in determining the interfacial
potential. When a salt must be used (up to 0. 015 mole/kg) it should be
chosen so as to counteract the interfacial potential as little as possible. This
is the case when the potentials from the salt and the charged PEG act in
the same direction. NaCl induces a positive potential and can therefore be
used together with CM-PEG. Potassium phosphate, on the other hand, is
preferable in TMA-PEG-containing systems since both give rise to nega
tive potentials 20 . Proteins which show strong interaction even at moderate
salt concentrations may therefore be difficult to separate by using the
system containing charged PEG. However, liquid-liquid extraction can be
performed with the aqueous biphasic systems using high concentrations of
a salt that causes a relatively high potential. It has been shown4 that D of
a protein is independent of the concentration of salt above a certain
limiting value, 0. 01-0. 0 3 mole/kg. In addition to their use in separation,
the biphasic systems can be useful for studying the interaction between
proteins and in determining their association constants. Even hydrophobic
interactions can be overcome by including a suitable detergent, e.g.
Triton-X, in the system 2 1.
The components in complex mixtures partition rather freely as
illustrated by the distribution experiment using heart muscle extract. S.oce
the distribution of enzymes often varies more with pH than does the overall
protein distribution, the type of biphasic system used here is useful for
liquid-liquid extraction of enzymes and other protei ns. The extraction
curves obtained with systems containing TMA-PEG are monotonous func
tions, as expected from the model. Systems containing CM-PEG, however,
behave anomously above pH 8. This is probably due t o a be ginning deproto
nization of the dextran molecule, which becomes negatively charged 2 0.
Since CM-PEG and dextran are situated in opposite phases, the dextran
counteracts the effect from CM-PEG when the former becomes negatively
charged. The presence of di- and tribasic acids may also interfere,
since their ions increase in charge and importance in determining
with increasing pH.
The reason for the weak dependence of aspartate-glutamate trans aminase and malate dehydrogenase on pH in the pH-region 6-8 is explained
by the presence of the two forms of each enzyme. In this pH-interval one
form is mainly in the upper phase while the other is mainly in the lower
phase. The different forms can easily be detected by a counter-current
distribution with only a few partition steps, and, by mathematical analyses
of the curve, the percentage and partition coefficient of each component can
be calculated. To obtain a complete separation of the isoenzymes, five
additional distribution steps would suffice. The two isoc:. .z:ymatic forms of
the transaminase and of malate dehydrogenase are probably identical with
22 23
the mitochondrial and cytoplasmatic forms respectively of these enzymes •
The substantial difference in the counter-current distribution curves for the
various enzymes assayed indicates that there was little interaction between
the partitioned components. In the counter-current experiment with yeast
lysate, multiple enzymatic. forms were also found for three enzymes be
longing to the glycolytic pathway.

'f
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The results from the extraction experiments with the crude enzyme
mixtures show that the type of aqueous biphasic systems described here
can be useful for protein separation. Especially interesting is the possi
bility of separating different isoenzymes in large quantities directly in a
crude extract. The fractions can then be purified with conventional methods.
The loss of isoenzymes, present in minor amounts, during purification
could in this way be avoided.
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TAB LE 1: Interfacial potential calculated from the linear relationship
between log D and the net charge, Z, for bovine serum albumin
(stained with bromophenol blue) respective porcine CO-hemo
globin. The data originate from the experiment in Fig. 3. Z of
the hemoglobin was determined from its titration curve 1 7

Composition of
the biphasic
system (temp 22 ° c)

Protein

The slope of
the straight line,
logD versus Z,

8 % Dextran,
8 % PEG
25 mmole/kg NaCl

Serum albumin

0.010

0.6

CO-hemoglobin

0.010

0.6

8 % Dextran, 4 % PEG,
4 % TMA-PEG,
2 mmole/kg NaCl

Serum albumin

-0.068

-4. 0

CO-hemoglobin

-0.064

-3.8

Serum albumin

0.090

5.3

CO-hemoglobin

0.084

5. 0

8 % Dextran, 4 % PEG
4 % CM-PEG
2 mmole/kg NaCl
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Distribution coefficient, 0, of bovine serwn albumin {not stained)
as function of its net charge, Z. The biphasic system used
contained 5 % dextran, 4 o/o PEG, 1 g/kg albumin and salt;
50 mmolc/kg K so4 , O; 100 mmole/kg LiCI, e; !00 mmole/kg
2
potassium acetate, 0. or 100 mmolc/kg KC!, a. Temperature,
z0 c.

Fig. 2
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pH
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11

Distribution coefficient, D, of some proteins as function of pH
in a system containing S o/o dextran, 4 o/o PEG and 100 mmole/kg
potassium acetate. The proteins are lysozymc, e, tg/kg;
ovalbumin, SI, 2 g/kg; ribonuclease A, 0, 1 g/kg and bovine
°
serum albumin, O. 2 g/kg. Temperature, 2 c.
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Distribution of CO-hemoglobin, open symbols, and bovine
serum albumin stained with b romophenol blue, filled symbols,
in biphasic system containing 8 °lo dextran and 8 % PEG, at

4

22 °c.

t:,,. • systems containing 25 mmole/kg NaCl;
0 • ay.�tcms in which 50 % of the PEG was in the form of TMA-PEG
0 • sy�tems in which 50 % of the PEG was in the form of CM-PEG
Systems containing substituted PEG also contained 2 mmole/kg
NaCl. The two proteins were partitioned separately. Protein con
centration was 8 g/kg CO-hemoglobin and 4 g/kg albumin.
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Simultaneous distribution of CO-hemoglobin, open symbols, and
stained bovine serum albumin, !ill�d symbols, in the same system
as in Fig. 3 containin g CM-PEG, 0, or TMA-PEG, Cl. Protein
concentrations were 1. 6 g/kg CO-hemoglobin and 3 g/kg albumin.
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The dependence of the separatory capacity, log D ( albumin) log D (hemoglobin)= .l:.log D, on the concentration of salt.
.6 log D
= log e, CO-hemoglobin and bovine serum albumin
(stained) were partitioned in a system containing 8 % dextran,
4 % PEG and either 4 % TMA-PEG, 0, or CM-PEG, 0. The salts
used were NaCl. fill,;d symbols, and potassium phosphate, open
symbols. Protein concen trations were 1. 6 g/kg hemoglobin and
3 g/kg albumin. The pl·! was 6. 4, with TMA-PEG and 4. 9 with
°
CM-PEG. Temperature, 22 c.
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Variation of the distribution of some enzymes with pH when
extract from swine heart was included in a biphasic system
containing 6. 4 % dextran and ei�er 6. 6 % TMA-PEG, Fig. 6a, or
6, 6 °lo CM-PEG, Fig. 6b, at 22 C. 0, fumarase; e, enolase; D ·• ·malatc dehydrogenase and a, aspartate-glutarate trans
aminase. The ratio between the absorbance of the upper and lower
phase is used as D !or material absorbing light at 280 nm,
J;,., and at 260 nm, 6 {broken lines). The systems contained
0, 125 ml extract per g.
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Variation of the distribution of some enzymes with pH when
extract from swine heart was included in a biphasic system
containing 6.4 o/o dextran and either 6. 6 % TMA-PEG, Fig. 6a, £.!
°
6. 6 % CM-PEG, Fig. 6b, at 22 C. 0, fumarase; •. enolase;
D ·, ·malate dehydrogenase and a , aspartate-glutarate trans
aminase. The ratio between the absorbance of the upper and lower
phase is used as D for material absorbing light at 280 nm,
A , and at 260 nm, l:::. {broken lines). The systems contained
0. 125 ml extract per g.
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Counter-current distribution with nine transfers in dextran
TMA-PEG biphasic systems. The system containing protein
sample was introduced in tube no. 0 and the upper phase was
transferred to the right. (a) Extract from swine heart in a
system containing 6. 4 % dextran, 6. 6 % TMA-PEG and 2. 5 mM
potassium phosphate at pH 7. 5. Each tube contained 1. 75 ml
upper phase and I. 75 ml lower phase. 0. 88 ml of the extract was
used. Temperature, 22 ° C {b) Lysate of baker's yeast in a system
containing 7 % dextran, 5 % TMA-PEG and 5 mmole/kg potassium
phosphate at pH 6. 5. Each tube contained 2. 0 ml upper phase and
1. 75 ml lower phase. 0, 75 ml lysate was used. Temperature, 10° C.
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TREATMENT OF SOLVENT EXTRACTION RAFFINATES
FOR THE REMOVAL OF ORGANIC REAGENTS
by
G.M. Ritcey, B.H. Lucas,
and A.W. Ashbrook
INTRODUCTION
In a previous paper (l} the general position of the
loss of solvent extraction reagents by various means was
discussed, together with some effects that organic reagents can
have on the environment.

We shall now concern ourselves with

the recovery of organic materials from solvent extraction
raffinates.
As is the case regarding the environmental effects
of solvent extraction reagents, little attention appears to be
paid to the recovery or removal of organic materials from solvent
extraction raffinates.

Consequently, there are few data avail

able on this aspect of the process.

Accordingly, we are res

tricted to discussions mainly involving processes used in other
industries, such as the chemical industry, and with the recovery
of phenol and similar materials from waste aqueous streams.
However, we feel that much can be

learned

and applied from the

several processes which are now in operation in chemical plants
for treating waste streams.
The objective of this paper is to attempt to relate
these, and other, processes to solve.nt extraction operations,
anJ to indicate, where possible, the economics and efficiencies
of the different approaches.

9�-

ACTIVATED CARBON ADSORPTION
One of the most efficient methods available for
the removal of organic chemicals from effluents is adsorption
on activated carbon.

Activated carbon has the capability

to adsorb organic molecules from both liquids and gases.

In

a properly designed system, an effluent can be produced contain
ing l ppm or less organic.

The following section reviews several

carbon adsorption schemes together with the regeneration pro
cedures, for removal of organics from solutions and vapors.
Ad sorption From Solutions
Phenol or cresol are organic chemicals, and,
although they are not used in solvent extraction processing,
they are mentioned here in the context of feasibility of carbon
adsorption for their removal (2), and that some of the ideas
and steps might be utilized to treat effluents arising from
solvent extraction processing.

In a paper by Baker et al. (3), they describe the

use of Nuchar WV-L 8 X 30 granular activated carbon for the
removal of cresol from effluents..

Adsorption is downflow, the

cresol is recovered, and the carbon regenerated for re-use by
upflow regeneration using 10% sodium hydroxide solution at 65
to 70 ° C.
At Midland, Mich. 144,000 qel/day of brine effluent
wastes from a phenol plant are being treated by activated carbon
to remove the 150 to 200 ppm phenol from the solution also
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containing 18% NaCl and 2000 ppm sodium acetate

(4

) .

Because

the carbon also adsorbed the acetic acid, and because both
phenol and acid are soluble in caustic, the carbon was regener
ated with a caustic soda solution.

Caustic regeneration is

applicable only to organic chemicals whose adsorption is affected
by change in pH (S) .

In another process (4), a waste stream was neutralized

to pH 11.5.

The decant was adjusted to pH 7, clarified, and

then passed through towers containing 40-mesh granular activated
carbon.

Estimates of costs for a 10 million gal/day plant

to produce high purity water with more than 97% chemical oxygen
demand (COD) removed would cost $4.4 million (compared to
conventional tertiary treatment plant of $8.8 million), and
26.3¢/1000 gal to operate

(compared

to 42.8¢/1000 gal in

conventional) •
As to the performance of packed beds and expanded
bed columns of activated carbon, the effectiveness of organic
removal was equal (4 ) , but there were several differences noted
in the operation.

In the packed beds, even with highly clarified

solution, head loss increased steadily, resulting in increased
pumping pressures and eventual cleaning and backwashing.

The

expanded beds were more efficient, with reduced labour requirements
as they required no cleaning or maintenance.

The flow rates

remained constant without any head loss.
The Chipman Di.vision of Rhodia Inc. process removes
alcohol, phenoxyacetic acid and dissolved organic compounds that
can not be removed by

. 1 d egrada t'ion (5) •
.
c 1 ari'f'ication
or b'io 1ogica
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This effluent also contains sulphatP.s and chlorides.

In Figure 1

are shown breakthrough cur-ves for the removal of phenol from
clarified coke plant effluents
Brunotts et al (

8)

(?)

It was reported by

that 1 gram of carbon could remove 190 mg

of total organic carbon (TOC).

At an influent TOC concentration

of 6400 mg/1, this is equivalent to a carbon usage rate of
315 lb/1000 gal of effluent treated.

The general layout for

adsorption and reactivation is shown schematically in Figure 2

(8)

In the processes described above the carbon is regen
erated by caustic scrubbing to recover the phenol or cresol.
Occasionally, depending upon the operation, it may be cheaper
to discard the loaded carbon, rather than regenerate it for
re-use.

In the SEC process for extraction of copper from acid

solution followed by pH adjustment

to the alkaline side and

extraction of nickel, the nickel electrolyte prior to electro
winning is passed through carbon towers to remove about 15 ppm
of soluble organics <9J .

When a tower becomes saturated the

carbon is discarded and replaced with fresh carbon.

At a

throughput of 800 lb Ni/day, the cost of using the charcoal beds
is about 4¢/lb Ni produced.
Removal of adsorbed organics from carbon is not
always a simple matter of caustic stripping, and therefore more
expensive steps are required such as steam stripping or
reactivation of the carbon in a furnace.

Treatment in a furnace

at a controlled temperature results in burning the adsorbed
organic carbon to CO 2 and leaving the activated carbon suitable
for re-use.

946

.

Five recent approaches (lO)for furnace regeneration
are:
1.

Westvaco process, a low teDperature oxidizing gas moves
spent carbon to a combustion chamber where foreign
matter is burnt off.

2.

Battelle Memorial Institute process uses a fl uidized-bed.

3.

FMC Corporation uses a transport reactor furnace.

4.

Nichols Engineering and Research uses a mul tiple-hearth
furnace.

5.

Zimmerman Process uses a wet combustion method.
A system capable of desorbing a wide variety of

organic chemicals has been developed which involves the desorption
of organics from the carbon with a solvent phase (ll) .

Following

desorption, the solvent is separated from the organics by
steam-stripping, and the vapors condensed and recycled.

The

so·lvent regenerant, containing the desorbed organics, is
distilled to recover the solvent,
concentrate.

leaving

a recovered organic

The process offers promise where caustic regener

ation is unsuitable, where thermal regeneration is excessive in
cost, and where organics recovery is desirable.
Adsorption From Vapors
In a normal plant operation, there is a possibility
of evaporation of sorre of the solvent mixture particularly if
the operation is at elevated temperatures or in a hot climate.
It may be that by proper collection of the vapors from a solvent
extraction plant, the solvent can be removed from the air,

· 947

concentrated, and recovered,

The effectiveness depends greatly

upon the solvent concentration and boiling point; the more dilute
the concentration the

less

efficient the process <121 .

bed adsorber is commonly used.

A fixed

Although trace amounts of

soluble solvents can be recovered from vapor effluents, solvents
of a strongly polar nature are difficult to remove.

Regeneration

of the adsorbent is by heat treatment at 800 - 900 ° C in the
presence of steam.

Some typical data for adsorption of various
.
(12)
compounds are shown in Table 7
In the recovery of organic solvent vapors, the
sequence of operating conditions is
1.

loading till breakthrough.

2.

steaming-out, where

live

steam is blown through the bed

stripping off the vapors and discharging them to a
condenser and distillation unit.
3.

reactivating period in which the hot moist bed is sub
sequently dried and cooled.
These different criteria, based on successful

practice, have been recommended for determination of the optimum
quantity of steam to be used in purging out a given ad·sorber:
1.

the temperature through the bed should rea'Ch about
100 ° c to ensure thorough desorption of the solvent
(13)
.
vapors

2.

the resulting eluate batch should contain at least 26
to

3.

2 7%

solvent (

l3)

.

the solvents recovery efficiency should be about 99 to
99.8%

(l4 )

_
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TABLE 7
Some Typical Results of Solvent Adsorption by Carbons,
as Experienced in Solvent Recovery Practice

SOLVENT

CONCENTRATION
(%w/w)

( 12}

* INITIAL
ADSORPTION

t CYCLIC
ADSORPTION

(%w/w)

(%w/w)

**STEAM
RATIO

BOILING
POINT
RANGE
(•c)

Methylene chloride

1.0

28. 3

17. 3

1.4

40.5

Arklone p

0.5

44.9

20.8

1.4

47 .6

Acetone

1.0

20.3

12.5

2.3

56

Tetrahydrofuran

0.5

22.0

9.0

2.0

66

Hexane

0.48

21. 3

8.2

3.5

68. 7

Ethyl acetate

0.5

27 .6

13.6

2.1

77.2

Trichlorethylene

0.5

44.6

19.9

1.8

86. 7

a-Heptane

0.12

22.4

5.9

4. 3

98

Toluene

0.4

23. 3

9. 6

3.5

110

Methyl isobutyl ketone

0.2

22.0

9.0

3.5

115,9

Nixed rubber solvent

0.3

25. 7

10.3

3.8

120-160

Shellsol E

0.3

35.6

11.9

3. 7

153-193

0.1

36.4

7 .9

4.5

206

3,3,5-trimethyl cyclohexyl
acetate

Initial adsorption refers to the solvent adsorbed by new carbon to 'breakpoint', i.e.
when solvent can be detected in the effluent air strec1m. The 'slip I level at this point
is normally of the order of 20ppm.
·r Cyclic adsorption refers to the solvent which can be adsorbed and desorbed consistently
at an economical steam consumption.
** Steam ratio refers to the total steam used to desorb the solvent from the adsorbent
and is an overall figure inclusive of condensate and rr.oisture condensed on the carbon
bed.
*
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Such conditions are meant to approximate to the most
economic purging at which incremental increases in the cost of
steam consumed in purging and in the distillation of more dilute
mixtures is just balanced by the cost in the additional solvents

recovered ( 12 l

Conventional adsorption systems contain at least
two adsorbers, one on adsorption, while the other is being
regenerated with steam.

The stripped solvent and steam are

condensed, and the solvent is recovered by decantation or
distillation,

When the solvent concentration in the vapor-laden

air is greater than 0.2% the carbon is usually sufficiently
regenerated with 3.5 lb of steam per lb of recovered solvene 14 l
With superheated steam, the requirements can be slightly lower.
These systems can be expensive because of the materials of
construction necessary to withstand the corrosive condition
during regeneration.

Therefore the large capital costs, together

with high operating costs, does not appear economical for
recovery of solvents at low ·concentration, but may be suitable
for removal from solvent-rich vapors.
The Zorbcin process (lS) combines the use of carbon
adsorption with air incineration.

Vapor at l00 °F containing

organics, is passed through the carbon bed to remove the organics.
Hot air is used to regenerate the carbon.

A blowdown stream from

the regenerating system flows to the air incinerator where the
stripped organic vapor is burned.

This burned vapor provides the

fuel for incinerating, and the gases provide the heat for regen
eration.

A small amount of natural gas is also burned in the

incinerator to supply the initial heat requirement.
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As

the regenerator temperature rises, more solvent is stripped from
the carbon.
The advantages of this route are as follows:
1.

the inert atmosphere produced by the incinerated gases
prevents oxidation of the carbon and reduces fire hazard
in the regeneration system.

The oxygen required to burn

the organic vapors in the blowdown stream can be supplied
by make-up at the incinerator.
2.

since steam is not required for regeneration (the vapors
are always held above their dew point) the system will
be free of corrosive condensate.

This permits the use

of inexpensive material of construction.
A slight modification of the Zorbcin process is
the Cascade system of Mattia (lG) whereby provision is made for
the removal and recovery of the solvent from vapor, rather than
incinerating the vapor.

When the carbon becomes saturated with

organic, it is regenerated by steam-stripping, and the solvent
can often be recovered by either distillation or by decantation.
MINES BRANCH TESTS ON CARBON ADSORPTION
The use of activated carbon, and other materials,
have been studied at the Mines Branch for possible use for
removal of sol uble organic from solvent extraction process
raffinates.

A raffinate resulting from separation of cobalt and

nickel from a sulphate solution at an equilibrium pH 6.0, using
20 vol percent DEHPA in kerosene containing 5 vol percent TBP,
was used in the initial investigation.
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This raffinate contained

T A B L E

8

Screening Tests for Solvent Removal from a Raffinate
(56ppm DEHPA, pH 6.0)

Treatment

Quantity
Used

Treated Raff.
(ppm)

Pittsburgh Carbon 12 x 40

2g

<0.05
1.6

Norite Act. Carbon -8 x 20

2g

Norite 2
Lignite

2g

Filtrasorb 400, -12 + 40

Lignite 2

2g

-12 + 40

11
35

2g
2g

-12 + 40

Sodium Silicate

Silica gel -6 + 20

15

1ml

30

.08g
2g

40
44

4g

38
49

34

2g

VOSO4•2H2O

Diatomaceous earth
Air flotation
Ultrasonics
Teflon beads
Commercial Soap Solution
Commercial Soap Solution

49

1ml
2ml

18

6ml
8ml

7
7

11
7

4ml

Commercial Soap Solution
Commercial Soap Solution
Commercial Soap Solution
sistem
DEHPA

Filterol 62
Filterol 62

Alamine

Attapulgus Clay

Alamine

Attapulgus Clay

2.5

DEHPA
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Quantity
g.
10
10
10

10

Raffinate (porn)
Treated
Feed
12
39
14

39

6

1.2
6

0.5

56 ppm DEHPA as soluble organic reagent.

The results of

contacting 200-ml portions of raffinate in these screening
tests are shown in Table 8.

Also shown are results of two

additional adsorbents for amine and DEHPA.

Activated carbon

proved the most effective of the adsorbents tested.

In Table 9

is shown the effect of variation of the amount of carbon on
the removal of DEHPA.
TABLE 9
Use of Calgon Carbon Filtrasorb 400
for Removal of DEHPA
(Feed 56 ppm DEHPA)

Treated Raff.
ppm DEHPA

g Charcoal/1
Treated
1.25

25

2.50

17

3.75

6

5

5
2.5

10

* 10

<

.05

*The 2.5 ppm raffinate recycled once
Since the activated carbon was obviously effective
for the removal of DEHPA, other process raffinate systems were
studied for effectiveness in removal.
953

Table 10 shows a few of

TAB L E

1 0

ADSORPTION TEST ON TYPICAL PROCESS RAFFINATES
(10g Filtrasorb 400/litre treated)
SOLVENT SYSTEM
EXTRACTANT

'°

MODIFIER

AQUEOUS SYSTEM
DILUENT

METAL

ANION

SOLVENT ANALYSIS
pH

FEED
RAFF.

ppm

TREATED
RAFF.

ANALYZED

Alamine

33b

isodecanol

Shell 140

u

so,

1.8

6. 7

<O. 3

Amine

Alamine

336

isodecanol

Shell 140

Cu

HCl

(6M)

100

20

Amine

Primene Jl1T

isodecanol

Shell 140

Th

Si11t

2,0

990

Shell 140

so,

Alpine

TBP

u

10

DEHPA

1.8

1.2

DEHPA

DEHPA

TBP

Shell 140

Co-Ni

so,

0.6

6.0

56

DEHPA

LIX 63

Shell 140

Cu-Zn-Mn

so,

2 .5

1.4

4. 2

1.2

Shell 140

Cu-Zn-Mn

so,

LIX 63

LIX 64

1.4

11

LIX 64

LIX 64N

Shell 140

Cu-Zn-Mn

so.

1. 3

1.4

11

LIX 64N

Shell 140

Cu-Ni-Co

(NH,J,so, 8.1

1.5

LIX 63

<.05

<.05

5% isodecaool

DX 3641

Cu

so,

LIX 63

2.0

<5

isodecanol

Solvesso 150

Cu

so,

<5

10% nonylphenol

2,0

10

nonylphenol

5% TBP

DX 3641

Cu

so.

<5

2.0

65

TBP

DX 3641

Cu

so.

15

5% 2-ethylhexanol

2.0

<5

2-ethylhexanol

Cu

so.

<5

2.0

<5

Solves so 150

Cu

so.

<5

lsopar L

2.0

<5

Isopar L

Cyclohexane

Cu

so,

<5

2.0

25

10

Cyclohexane

Solvesso

150

the data, indicating primary and tertiary amines, LIX 63,
LIX 64, LIX 64N, as well as DEHPA can be removed by the carbon
adsorption process.
range.

These tests were all in the acid

pH

Tests in an alkaline system, in which LIX 63 was used to

extract copper from a solution containing 12 g Cu/1 and 275 g
(NH4) 2 SO4/l showed a solvent solubility of < 0.05 ppm LIX 63.
Carbon treatment gave the same results,

The data also show

that the paraffinic modifiers have very little solubility, and
that there was no indication of adsorption on carbon.

A cyclic

modifier, such as nonylphenol, was slightly soluble and was
adsorbed on carbon.

TBP used in the test as a modifier, and

which is of course also an extractant, had high solubility and
was adsorbed by carbon.

Paraffinic and aromatic diluents had

low solubility and no indication of adsorption on carbon.

The

naphthenic diluent was soluble and could be adsorbed on carbon.
It would appear then that although modifiers and diluents might
be adsorbed by activated carbon, that the extractant would adsorb
preferentially.
Saturation loading tests were performed on Calgon
carbon Filtrasorb 400, using a raffinate from. uranium extraction
that contained a total of 35 ppm amine.

Using a 2-inch diameter

column containing 0.5 lb of the carbon, 362 gallons of raffinate
were processed, resulting in a loading at breakthrough of 0.14 lb
amine/lb carbon.
gal/hr/ft 2 •

The flow rate, although not optimum was 86

This loading compares with the phenol loadings

reported in the literature of about 0.22 lb/lb carbon.
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Both steam stripping and organic stripping were
tested for recovery of the amine.

The amine was readily

removed using 1.5 lb steam/lb carbon.

With organic stripping,

methanol was relatively efficient, and 65% of the amine was
recovered in one stage.

Optimum conditions of carbon type,

adsorption, and stripping, have not been determined.
Economics
In s.ummary, activated carbon will adsorb a mixture
of g ases, the higher molecular weight gases in greater proportion,
From liquids there is a similar tendency for adsorption of the
higher molecular weight substances, as well as non-polar
materials.

Thus a non-polar substance, such as an oil, would be

preferentially adsorbed from a polar solvent such as water.
The activated carbon must possess sufficient hardness
to permit easy and effective backwashing, as well as to withstand
the hydraulic and mechanical handling associated with the
reqeneration process.
Regeneration usually takes place at 1600 to 1800 ° F,
Carbon losses in multi-hearth furnaces are about 5% per cycle.
Operating costs for reactivation vary, depending upon the size
of the plant, but is esti�ated in the 10¢ per lb carbon range.
This includes fuel, power, labor and make-up carbon.

With

carbon adsorption and thermal regeneration of the carbon, the
direct non-capital-related operating costs are 8¢ to 13¢/lb
(17)
.
(18)
organic removal
• Capital cost is in the range of 32.5
6
to 80,0¢/lb ( ) organic/year.
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Operating costs to treat 150,000 gal/day of waste
water containing alcohol, and other dissolved organic compounds
were stated as 35.6¢/1000 gal of treated water

161

•

The

breakdown of the capital costs of $300,000 is shown in Table 11.
TABLE 11
Capital Costs (61

Activated carbon system

2 Adsorber vessels (wooden} ...••.•
2 Carbon storage vessels•..••.••••
Recycle water vessel .•••....••••••

Quench tank .•••.••••.••..•.•••••••
P:.imps and eductors ...•••.•••.•.••.
Reactivation furnace* ••••.••••••••

Afterburner and stack .•••..•...•••

Stack gas scrubber ..••.••....•...•

Dewatering screw .•...•.•..•..••..•
Piping and misc. material..••.•.••

Electrical ...•.••.•...•.••...••.••

Instruments•.•.••••••.••••••..••••
Structures and foundations..•••.••
Carbon inventory ....•.•.•....••..•

Construction labor .•.•.•..•.•.•.••

Engineering ..•.......•......••.•••

SUBTOTAL
Neutralization system...........•...

Water collection system ............•

ToTAL
*Excluding installation
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$ 13,300
10,400
3,500
500
5,900
35,400
6,300

10,000
6,900

26,500

11,000

5,800
22,800
18,500
31,400
21,800

$230,000
40,000

30,000

300,000

In Table 12 is shown a breakdown of operating costs for adsorp
7
tion of phenol from coke plant effluents ( ). Each operation
may vary, depending upon specific condition such as flows and
organic content, reactivation ra tes, and labor.

In Figure 3 is

shown reactivation costs vs pounds reactivated, based on costs
shown in Table 12 <

7)

.

Additional data on capital and operating costs of
4
carbon plants have been reported by Paulson ( ) and Mattia (l5).
The design of activated carbon adsorption systems has been
reported showing the effects of varying feed concentrations,
. .
( 19)
flow rates, or eff luent composition
TABLE 12
Operating Cost Breakdown For
Granular Carbon Process (7)

Fuel

5000 BTU's/lb Carbon Reactivated
$0.75/10 BTU

Stearn

1 lb steam/lb carbon
$1.00/1000 lb steam

Electricity

1.1¢/Kw. hr

Labor

12 man-hours/day
$4.00/rnan-hour

Make-up Carbon

5% loss per cycle
30¢/lb

Note:

Maintenance costs are between 2 and 5 percent of
capital investment. Usually this cost is between
0.1 and 0.2¢/lb reactivated.
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Carbon has the capacity for 15 to 30 lb of phenol
per 100 lb, depending upon the influent concentration.

An

estimate of carbon in an average plant would be 100 lb for every
20 lb of phenol to be removed (7 , B l. The type of carbon -
whether granular or powdered -- will be an important factor in
determining the operating costs, because powdered carbon ranges
from 9¢ to 15¢/lb compared to granular carbon costing 15¢ to
30 ¢/lb (lO) .
With direct reference to use of activated
carbon for treatment of process raffinates arising from solvent
extraction processing, costs were estimated, based on the
adsorption of amine from a uranium process raffinate.
for the cost estimation

Basis

is for a 3000 tpd mill treating ore

grading 0.1% U 3 0 8 , and an effluent flow of 500 gal/min from
solvent extraction processing, and containing 35 mg/1 amine.
The carbon loading was 0.14 lb amine/lb carbon, and the steam
consumption was 1.5 lb steam/lb carbon.

The estimated costs

in Table 13 show a cost. including.capital, labor, carbon loss,
and steam, of 29¢/lb amine recovered, or 1.3¢/lb u,Oa production.
The value of amine recovered per day, at $1.00/lb amine, would
be $252, or a credit of 4.2¢/lb U30a.

Based on operating

costs of 1.3¢/lb U 3 O 8 , the profit differential of 2.9¢/lb U,Oa
would be equivalent to a net savings to the operation of
$52 ,200 per year.

In addition, a potential pollutant of the

environment would be eliminated.
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TABLE 13
Estimated Costs for Treatment of Uranium
Solvent Extraction Raffinates by Carbon Adsorption
Estimated Costs
¢/1000 gal
treated
¢/lb amine
¢/lb u
Steam (1)

1. 2

0.1

0.4

Carbon (2)

8.6

0.4

3.0

Labor (3)

19.1

0.8

6.7

0.1

0.01

0.1

29.0

1.31

10. 2

Capital (4)

(1)

Steam consumption: 1.5 lb steam/lb carbon at
$1.00/1000 lb steam.

(2)

Carbon loading: 0.14 lb amine/lb carbon
Carbon loss of 5% a.t a cost of 12¢/lb carbon.

(3)

Labor:

(4)

Capital: Installed cost of $100,000 10-year
straight line depreciation.

12 hours at $4/hr.

Mill - 3000 tpd, 0.1% U3Oe
500 gal/min, 35 mg/1 amine •
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OTHER REMOVAL METHODS
Data have been reported for the adsorption on
zeolites, of butylene, propylene, ethylene, butane, propane,
ZOJ

and ethane (

.

The results indicated that equilibrium

loadings, by weight, are generally lower for the saturated
than for the unsaturated hydrocarbons, and that loadings increase
with increasing chain length.
In addition to adsorption on activated carbon, or
zeolites, numerous other methods are becoming available for
the removal of soluble or entrained solvents from effluents.

These

1evelopments have arisen because of the necessity of treating
oil spills to meet the environment specification.
One process consists of first saturating the solution
with air under pressure which coagulates the material (Zl) .

From

coagulation, the flow is to an inverted truncated cone inlet to
a flotation column.

The clear water drains downward, while

coagulated waste floats to the top.

The floated sludge is

transferred to a dewatering tank where the .solids are collected
and separated in polypropylene filter bags.

The water and

small amounts of free oil run through the bags and the oil is
recovered by skimming.
Units from 3,800 to 20,000 gal/day are available.
Soluble oils up to 11,000 ppm have been removed with an
efficiency of 98+%.

Because of the vertical column used,

the space requirement is low, at 50 sq ft of floor space
and 10 ft of headroom for treatment of 10,000 gal/day.
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Other units involve the use of an oil-soluble
ferrofluid added to the water which mixes with the oil film,
and is recovered by an electromagnet <22J.
Coalescing devices, such as plates, have been
.
<23J
reporte d for 01·1 -water separation
as we11 as the use o f
24
hydrophilic membranes < J_ Materials such as chemically-treated
polyurethane

foam and peat moss have also been used for

recovery from oil spills.

Surface-active agents are also avail

able for use, and the Province of Ontario lists some �pproved
25
dispersants and surface tension modifiers < J_
At the Mines Branch, tests have been carried out
on the use of a coalescing device for the removal of entrained
organic from solvent extraction process raffinates. This oil/water
separator is marketed by Techrad, Inc., Oklahoma, and consists
of a specially-designed cartridge placed inside a cylinder.
device is fitted into the raffinate discharge line.

The

As the

solution flows through the cartridge, organic is removed and
coalesced, with the droplets collecting and passing out through
a separate organic discharge line.
Hydrophilic membranes have been reported useful for
24
oil-water separations < ) for possible application for shipboard
use.

Screening tests of several membranes indicated that a

surface-hydrolyzed cellulose acetate was suitable.

The effe-ets

of feed temperature, flow rate, salt concentrations, applied
pressure, and type and concentra.tions of oil ::ontaminants were
determined in salt water containing oil.

Typical rejection of

oil-water mixtures are shown in Table 14, while salt rejection
was essentially zero <24l .
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TABLE 14
Removal of Oil by Hydrolysed Cellulose Acetate Membranes

Oil in Feed
(ppm)

Type of Oil
Lubricating Oil

10,000

Oil in Treated
Solution (ppm)
1.3

Crude Oil

2,500

2 - 4

Diesel Fuel

2,500

5

Filtered bilge water

10,000

<24>

0.4

Operating pressures using the cellulose acetate
membranes were stated to be in t he range of 50 to 90 psi.

The

membrane was readily cleaned by flushing with a solution
containing surfactant, such as Sterox A.J. (Monsanto).

The use

of a hydrophilic membrane should permit the treatment of stable
emulsions, which may be difficult to coalesce in conventional
coalescing equipment.

Filtration rates range from 50 to 100

gallons per day per ft 2 membrane area <26l _
CONCLUSIONS
Solvent that is soluble in the aqueous phase can be
removed by activated carbon and economically recovered for
re-use.

Unless the solvent extraction reagents are removed

from the process effluent, serious effects on aquatic life can
result.

If, after treatment of the raffinate with activated
963

carbon, some organic components remain, then it is possible
that these compounds will be biodegraded to carbon dioxide
and water.
Although treatment of certain effluent streams and
off-gas vapors containing solvents could be costly, it may be
The

necessary in order to meet the environment specification.
amount of solvent recovered or not recovered may be a minor
aspect in the decision to remove and/or recover solvents.

Today there is more of a trend to water re-use throughout the
world.

Each plant or operation, although seemingly similar to

others as far as the operation and products are concerned, may
be unique where the effluents and vapors are concerned.

It is

therefore essential that sufficient studies and tests be made
prior to the plant flowsheet decision in order that the best
method for treatment of the plant effluents for solvent removal
can be selected.

It is hoped that this paper has indicated the

problems, areas where studies are required, and perhaps some
methods which may prove useful.
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LIQUID-LIQUID EQUILIBRIUM OF TERNARY SYS'rEMS HYDIWCARilO>IS -

I.Kikic, P.Alessi
Liquid-liquid equilibrium was studied in the systems n

-heptane - A - perfluorocycliC oxide (where A indicates n-hexane,
1-heptene, toluene or propionitrile) at 23 ° C in order to evalu

ate the effect of the non-ideality of the system n-heptane - A

on the ternary systems. The separation £Actor of perfluorocyclic

oxide in regard to the n-heptane - A pair was determined. A line

ar relationship was obtained between the natural logarithm of the

separation factor and the excess free energy, both evaluated at
a composition of 50 mole per cent of n-heptane in the systems.
Istituto di Chimica Applicata aell'Universita degli Studi,

Trieste - Centro di Chimica Analitica Strumentale C.N.R., Bari.
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L1tr0uucticn

Fluorocarbon compounds are of remarkable interest as addi

tives for increasing the surface tension of solutions and as an

tisolvents for the separation of hydrocarbons. Fluorocarbons

containing atoms other than fluorine (for example, nitrogen or

oxygen) are very important for these uses.
1
Mair ( ) points out that, with many hydrocarbons, the per

fluorocyclic oxide c8F1 6 o forms azeotropes whose properties are
different from those of the azeotropes formed by hydrocarbons

with polar solvents.

In spite of these interesting properties, no exhaustive

study which completely characterizes the behaviour of systems

containing fluorocarbons in available in the literature. In fact,
2
4
the papers of scott ( ) , Kyle (3) and Hildebrand ( ) consider bi

nary hydrocarbon-fluorocarbons systems, and only mutual solubili

ties were experimentally determined for these systems.

The present Authors believe that the experimental determina

tion of the behaviour of fluorocarbons in ternary systems is very
important both for theoretical studies and for industrial appli

cations, as these systems are similar to those involved in
solvent extraction practice.

In the present work the concentrations of the two phases in

equilibrium were experimentally determined for systems n-heptane

- A(2) - c8F o ( 3 ). Different substances were used as A
16
(n-hexane, 1-heptene, toluene, propionitrile) to vary the non
( 1)

-ideality of the 1-2 binary mixture, so that its influence upon

the ternary system could be studied. Non-ideality variations with
temperature were also studied. The results were correlated and
6)
interpreted by NRTL equation (5 • .
Experimental

The hydrocarbons examined were high purity products (Fluka,

BDH - 99.9 mole per cent minimum purity); when analyzed �y GLC,
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the impurities found did not exceed 0.05 mole per cent. The sol

vents propionitrile (Fluka) and c8F o {3M Minnesota) did not
16
contain any detectable impurity.
Liquid-liquid equilibrium was established in 10 ml test

tubes closed at the two ends by pierceable gaskets to allow the

sampling of the two phases with a syringe. During the whole oper

ation the test tubes were kept at constant temperature (23° c or
-40 ° C) in a liquid circulation thermostat (bath control within

0.02 ° c), which was shaken for at least 30 minutes. The time re

quired for equilibration was more than four hours. Subsequently,

the samples of the two phases were withdrawn with a syringe and

immediately analyzed by GLC. Particular accuracy was devoted to
the precooling of the syringe in the tests at -40° C.

The mutual solubilities of the binary mixtures were deter

mined both by GLC and by the cloud point method.
Results

The concentrations, in terms of mole fractions, of the two

liquid phases in equilibrium are reported for the systemsn-hep

tane - n-hexane - c F o, n-heptane - 1-heptene - c F o, n-hep
8 16
8 16
tane - toluene - c F o and n-heptane - propionitrile - c F o
8 16
8 16
at 23 ° C in Tables 1, 2, 3, 4, for the system n-heptane - toluene -

- c8F o at -40° C in Table 5.
16
Figure 1 presents the distribution isotherms and the tie lines

for the system n-heptane - n-hexane - c F o. In the systems
8 16
studied, the distribution isotherms are similar, as they all con
sist of two partially miscible pairs and one miscible pair (sys
tems of type II).
Discussion
For a correct interpretation of the experimental results,

these were correlated and interpreted with the non-random two

liquid (NRTL) equation, which is particularly suitable to describe
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liquid systems with partial miscibility.

The NRTL equation for the molar excess Gibbs energy of a mul

ticomponent mixture is

g

E =
RT

L

x.

L
J=,

Ji

(1 )

L

i=1

bJ --_.

G.

"'

L=1

G\

::_

'.'1:1c:c e ;-J is the nw.iber of components of the system;
G ..

Jl

C ..

= exp (
- V\ji ...12:.
RT )

'C Jl
..

C ..

= ...12:.
RT

.. = g ..
CJl
Jl

( 1 b)

C
C ..
Jl

..
g ll

T
C
..
JJ. + d,.,Jl
The parameters
Jl =

c( ..

( 1 a)

,J

(T

o(. ..

T
..
CJl

+

(T

- 273.15)

( 1 C)

- 273.15)

( 1 d)

and CJl
.. were determined from the experimental
Jl
data through the minimum of the function F
o( ..

L

F =

3

LL
1=1

j=1

a
(a )
[( �)l � 1]

2

(2)

where Lis the number of tie lines.

. . (eqs .1 c and 1 d )
The temperature dependence of C.Jl. and o<.. Jl
was considered only for the systems n-heptane � c F o, n-heptane 8 6
1
-toluene and toluene - c F16o.
8
There was good agreement between the experimental tie lines
and those calculated using the values obtained for the parameters
which are reported in Table 6; the deviations are about 0.5% on
the average, but never higher than 1.5%.

The values of the parameters for the binary systems n-hexane -

- n-heptane, n-heptane - tduene agree very well with those reported

by Renon (7) _

From the data of Table 6 the molar excess Gibbs energies were
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calculated according to eq.1 for the binary mixtures with complete

miscibility. The values found for a composition of 50 mole per cent

- C
(g
) are reported in Table 7 together with the(C
0_5
FC,nC )
FC,A
7
values (FC = c F16o, nc = n-heptane). The five binary mixtures
8
7
present different deviations from ideality: the systems n-hexane -

- n-heptane and n-heptane - 1-heptene are nearly ideal, while the
system n-heptane - propionitrile is strongly non-ideal; the same

trend is also evident for the (CFC,A - CFC,nC ) values •.
7
The effect of the non-ideality of the 1-2 binary systems on

the ternary system appears also from a compaFison of the distribu
tion isotherms. The branch of the isotherm corresponding to the

c F 0-poor phase is similar in all the systems, but with increa�
8 16
ing ideality of the 1-2 system it gradually becomes parallel to
the side of the triangular diagram relative to the 1-2 system.
As can be seen from Figure 2, the branches of the isotherm which
represent the c8F16o-rich phase pivot on point A (solubility of
n-heptane in c8F 6o), progressively departing from the vertex
1
(pure c F o) with increasing ideality.
8 16
From the concentration data reported in Tables 1-5 the values

of the separation factor� of c F o in regard to the solutes 1
8 16
and 2 were calculated usi�g the equation:
(3
In Figure 3, log f., is plotted versus n-heptane composition (re
1)
xf
1
ported as-------).
)1) + x(1)
1

2

It can be noticed that the separation factor obtained for

the systems n-heptane - n-hexane, n-heptane - 1-heptene is con

stant and near to unity. For the other systems this separation
factor varies remarkably with concentration. The (6 values in

crease with increasing non-ideality of the 1-2 binary system con973

sidered, as is confirmed by the diagram of Figure 4, where log

is plotted against g�
(both evaluated for a composition
.5
5
of 50 mole per cent of n-heptane). The linear relation obtained
[)0_

and g E
allows the latter to be evaluated, if
0• 5
0.5
the separation factor in regard to the components 1 and 2 is known

between log r.>

By varying the temperature it is possible to vary the non-ide

ality of the 1-2 binary system without changing the component 2.
E

Therefore, the g
value and the separation factor of c F
0_5
8 16o
(Figure 3) were calculated for the system n-heptane - toluene -

-c8F16o also at -40° C. Between the g0_ and the log(30_ values
5
5
evaluated for the system at -40° C there is the same linear rela

tionship

found for all the systems at 23 ° C (the point falls on

the same straight line of Figure 4); this behaviour can be related

to the pefuliar solvent properties of perfluorocyclic oxide, which
become more apparent in the ternary systems.
Conclusions

The results obtained in this work show that the ternary sys

tems containing perfluorocyclic oxide are strongly dependent upon

the non-ideality of the 1-2 system. It follows that liquid-liquid

equilibrium in such ternary systems can be used as a method for

the investigation of the binary systems in place of the classical

method of liquid-vapour equilibrium.
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Notation
1
(aj) 1 =activity of the component j in the phase 1 for the tie
line 1
2
(aj) 1 =activity of the component j in the phase 2 for the tie
line 1
(cal/mole)

C ..

J l.

C

C..
Jl.
gji

=value of the C .. parameter at 273 ° K (cal/mole)
Jl.
=parameter of free energy for the j-i interaction

gii

=parameter of free energy for the i-i interaction

(cal/mole)

(cal/mole)

(cal/mole)

=molar excess Gibbs energy

=molar eEcess Gibbs energy at 50 mole per cent composition
(cal/mole)

L

=number of tie lines

R

=gas constant

N
T

=number of components

1

)

x�
l.
x.(2)
l.

(cal/mole. °K)

=absolute temperature

( ° K)

=mole fraction of component i in the phase 1
=mole fraction of component i in the phase 2

Greek Letters
o{

ji
C

=

� .. =parameters which represent the nonrandomness of
l.J
the mixture

o< ji =value of the °'ji parameter at 273 ° K
(3 =separation factor
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Table 1

Composition of the two phases in eguilibrium at 2J 0c
for the system n.heptane(l)-n,hexa.ne(2)-Ca£'.1�)

x2( 1 )

x( 1 )
1

1
x( )
3

x1(2)

0.07410

0.20070

0,07563

0,14285

0.92590
o.77338

0,15180

0,07482

0,42711

0.49296

0,07993

0,57095

0,35343

0,63168

0.28411

0,89050

0,08420

o.10950

(2)
x2

0,18884

0,03951

0,10892

0,13509

0,07378

x

(2)
3

0,79930

o.77165

0,09441

0,76274

0.17735

0,74887

0,25800

0,75598

0,74200

Table 2

°
Composition of the two phases in eguilibrium at 2J C

for the system n,heptane (l)-l,heptene(2)-Ca[1�)

(1)
x1
0,92590

0,83345

(1 )
x2
0,09330

x3(1 )

(2)
x1

0,07410

0.20070

0,07325

0,60790

0,32010

0.07200

0,08580

0,85190

0,06230

0,32220

0,61190

0,92980

0,06590

0.07010

0.18770

0.14450
0,07750

0.01940
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x2(

2)

0.02110

0,07350
0, 14430

0,19730

0.21150

2)
x3(
0,79930

0,79120

0,78200

0,77820
0,78330

0,78850

Table 3
ComEosition of the two Ehases in eguilibrium at 23 °C
for the system n.heEtane(l)-toluene(2)-Ca[1�.(.3.)
x(
1

1)

x

0.92590

0.87950
0.78210

0.44950

0.13150
0.03970

(1)
2

0.04820

(1 )
x3
0.07410

0.0723 0

x

(2)
1

0.20070

0.19420

(2)
x
2

0.00 950

x(
3

2)

0.79930

o.79630

0.15580

0.06210

0.17200

0.02860

0.79940

0.85700

0.01150

0.03100

0.09050

0.87850

0.99500

0.00500

0.08670

0.91330

0.51200

0.95210

0.03850

0.00820

Table

0.08450

0.00890

0.06050

0.08650

0.85500

0.90460

4

ComEosition of the two Ehases in eguilibrium at 23 °C
for the system n.heEtane(l)-ErOEionitrile(2)-Cgl1�)
x

(1)
1

0.92590

(1 )
x2

0.67250

0.29820

0.20150

0.79100

0.06310

0.9338(.)

0.58400
0.10500

( 1)
x3

(2)
x
1

0.07410

0.20070

0.02930

0.14520

0.02800

0.09000

0.02550

0.02750

0.01780

0.39130

0.02470

0.13160

0.8879U

o.uo71u

U.U6500

u.99730

0.00 750

o.uo310
0.00270

2
x2( )

9n

x

(2)
3

0.79930
0.82680

0.02750

0.84090

o.u25ou

0.91000

0.01620

0.88450

U.95470

0.98380

Table 6

f�te[ I!:!ues 2R.H:ined bf NRTL fi!9!i!&!�ion for the binar:t: s:cstems

Table

i

5

Com.29:sition of the tvo 2hases in egullibrium at

-!iJ.°i.;

(1)
x2

(1)
x
3

(2)
x1

0.88910

o. 10440

0,00650

0,00700

0.01580

0,48340

0,51400

0.00440

0,00260

0,01083

o,9177u

o.0011u

U,UOU6U

u.uo553

0.99300

' .,

\Q

0,67700

0.21570
0,0817U

0,31860

U,78320

U,9999U

o.uuu1u

2)
x(
2

(2)
x
3
0,98420

n,heptane-toiuene

0,200

-177,0

511 ,4

23

0,2058

1574,1

332.0

23

0+205

1410,0

420.0

2589 .o

1330.0

1710,0

1180,0

n.heptane-propionitrile
n,heptane-C8F o
16
n,hexane-C8F16o0

n.heptane-toluene

0,01U6U

U,9894U

o.ou774

0,98679

0,99006

•c

23

0,98750

O,OU484

Temperature

-405,8

O,OU697

U,U0837

Ci.

C ••

428,5

0,98570

0,98500

Parameters

0,200

0,00347

0,00140

o(i.

n.heptane-n.hexene

1 ,heptene-C Pj 6o
8
Toluene-C8F16o

0,01360

o.uu22u

j

n,heptane-1,heptene

fo£ the •I•tem n.he2tane(l)-toluene(2)-Ca[1(,2.U)
x (1)
1

Systems

Propionitrile-C F o
8 16

n,heptane-C8F16o
Toluene-C8F16o

0,300

0,250
0,205

25,0

240,0

1450,0

0.212

2480.0

0.200

-88.8

0.200

0,192

0,195

2860,0

20.0

706.0

305.0

23

23

23
23

520,0

23

468,2

-40

1410.0

23

- 40
-40

Table

7

Molar excess Gibbs energies for the binary systems n.heptane-A
C

Systems

FC,A-C FC,nc

7

Temperature
oc

n.heptane-n.hexane

-9.102

-27.0

23

n.heptane-toluene

71 .050

188 .o

23

n.Heptane-1.heptene
n.heptane-propionitrile
n.heptane-toluene

11 .180

207.150

106 .950

980

88.0

998.0
230.0

23
23

-40

n-hexane

Distribution isotherms and tie lines for °
the system n.heptane-n.he:xane-C/ 0 at 23 c
16

n-heptane

0

n-heptane-n-hexa.ne aT 2J c
°

n-heptane-1.heptene aT 23 c

',
,' '
',
/
'' •
I
''
/
'

°

n-heptane-Toluene aT 2J C
°

n-heptane-propioniTrile aT 2.3 c

/
',
/
•' '
'
I
,• ' .I
' I
1

.

;

+
1
+
+

+

I

f i

I

I

/

//

----

--- -- -,,,.-

----

t I //______________

!+·//.
A
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�

n-heptane-n-bexaoe'

20

Separation factor variation "With n.heptane composition.
0.

°

at 2J C
°
at 2J C

n-heptane-1. heptene
n-heptane-Toluene

at 2J C

n-heptane-Toluene

at -40 c

°

°

°

n-heptane-propiohiTrile at 2J C

100

----t+.-++. -u-.
---- -·-·-· -

50

n-heptane-propioniTrile
n-heptane-Toluene
n-heptane-Toluene
n-heptane-l.heptene

+ + + -+- ...... n-heptane-n-hexane

10

at 2J�C
at-40 C
0
at 23 C
0
at 2J c
°

at 2J C

�0.5

2

10

0.5

.,_

--,._
0

50

100

150.

200

Relation between the separation factor a.nd. molar
excess free energy at 50 mole per cent composition.
0

Composition n-hepta.ne ( mole %J

THE SEPARATION OF DICHLOROPHENOLS BY DISSOCIATION/EXTRACTION
SUMMARY
Separation of certain mixtures of dichlorophenols,
difficult, if not impossible, by any other physical means was
achieved by exploiting the difference in acidities in a
dissociation/extraction procedure.

This was accomplished by

use of a Graesser Contactor, a commercial multistage counter
current extraction apparatus.
Mixtures of 2,4- and 2,5-dichloropheno1s and 2,3- and 2,6dichloropheno1s were partially separated by counter-current
extraction with caustic soda or, better, with sodium carbonate
solution.

Increased temperature had little or no effect on the

efficiency of separation, but high concentrations of dichloro
phenols in the solvent or alkali in water both brought about
complications which diminished the efficiency.
Extracting the alkali extract of a dich1orophenol mixture
with a secondary so1vent was found to be an alternative and
more economic method of recovering the dichloropheno1s than
direct acidification.
By treating the counter-current apparatus as a fraction
ation co1umn it was shown that if the product isomers were
recycled as reflux the purity of the products were greatly
enhanced.
M. H. Milnes,
Coalite & Chemical ProduQts Ltd.,
P.O. Box 21,
Chesterfield,
Derbyshire.
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INTRODUCTION
Hydrolysis of polychlorobenzenes using caustic soda and
a solvent is a convenient route to chlorophenols not accessible
by normal chlorination means.1 This method is used extensively
in producing the pesticide intermediates 2,4,5-trichlorophenol
and 2,5-dichlorophenol from 1 1 2,4,5-tetrachlorobenzene and 1,2,4trichlorobenz'ene, respectively.

In the case of 1,2,4-trichloro

benzene hydrolysis, the product contains all three dichlorophenols
predictable from its orientation, the 2,5-isomer being the pre
dominant one.

A binary dichlorophenol mixture, consisting of the

2,3- and 2,6-isomers, arises from the hydrolysis of 1 1 2 1 )-tri
chlorobenzene, and the resolution of this mixture as well as the
hydrolysate of 1,2,4-trichlorobenzene into pure dichlorophenols
is a matter of some difficulty.

The general theory of dissocia

tion/extraction, as a method by which weak acids can be separated
by their respective affinities for alkali has been already fully
covered by Hanson and co-workers.2

Murray and Gordon 3, and Tiessens

4

According to the work of
the dichlorophenols and also

the trichlorophenols possess widely varying dissociation constants,
which provide a satisfactory basis for their separation, i.e.
Isomer

2,6-dichlorophenol
2,5-dichlorophenol
2,)-dichlorophenol
2,4-dichlorophenol
3,5-dichlorophenol
3 ,4-dichlorophenol
2,3,6-trichlorophenol
2,4,6-trichlorophenol
2,3,5-trichlorophenol
3 ,4,5-trichlorophenol
2, 3,4-trichlorophenol
2,4,5-trichlorophenol

1600
450
3 60
180
120
41
7600
3800
540
470
260
180

These differences in acidity are much greater than for

2,4- and 2,5-xylenols which were separated on this basis by
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2
Coleby5 , and m- and p-cresol by Anwar et al •

A method of sep

aration of dichlorophenol isomers has now been devised 6 using a
commercial continuous co\Ulter-current process, and the effic
iency of this process is enhanced by "reflux" of the isomers.
EXPERIMENTAL
(1)

Materials:
The dichlorophenol mixtures were either hydrolysates of

1, 2,4- or 1,2,J-trichlorobenzenes fractionally distilled to give
binary dichlorophenol mixtures and leave polyglycols as distil
lation residues, or mother liquors from crystallisations,
containing a broader mixture of dichlorophenols.
2,4-/2 i 5 -dichlorophenol_feedstocks

Percentages

.L!!.-

Pet. Ether

�

A

39.5

B

28.1

C

8 2 .5

Trace

Trace

2,J-/ 2,6 -dichlorophenol_f!!�!!���!Percentages

.&.t...l=.
D

31.6

E

4 6.4

F

48.8

Trace

A9ueous_Solutions
50

g/1. caustic soda solution and also solutions of

sodium carbonate of

25 , 5 0,

100 and 1 2 5 g/1. concentrations.

Reflux solutions
(i)

A toluene solution of 75 g/1. of a mixture of 95%
and 5%

2,J-dichlorophenol s,
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2,6-

(ii)

An aqueous solution containing 50 g/1. sodium carbonate
and 5J g/1. of a mixture of 95� 2,J-D.C.P. 5� 2,6-D.C.P.

(iii)

Equilibrated solutions: a toluene solution of feedstock
at JOO g/1. shaken to equilibrium with 0.715 x its volume
of 50 g/1. sodium carbonate solution, the phases then
separated and fed per se.

(2)

Equipment:
The countercurrent mixing device was either one or a com

bination of two laboratory Graesser contactors of five theoret
ical stages.

The latter is described in British Patents No.

860,880; 972,035 and l,OJ7,57J and is a cylindrical vessel
(volume 6 1.) through which the two phases flow counter-currently
in a substantially horizontal direction, the vessel being
provided with a rotor which serves to bring the phases into
repeated contact by carrying portions of the heavier phase up
into the lighter phase and vice versa.
(J)

Work,up of product and analysis:
The raffinate phase was normally freed from solvent by

distillation at atmospheric pressure followed by a reduction in
pressure to remove the last traces.

The product was substan

tially a mixture of dichlorophenols, except in one or two cases,
when sodium dichlorophenates were present.
The dichlorophenolate phase was agitated and acidified
to give dichlorophenol mixtures (unless otherwise stated).
Frequently the product was a solid and this was filtered off,
washed and dehydrated by distillation.

In the case of liquid

products, the organic phase was separated and dehydrated as
before.
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Analysis of the dichlorophenol mixtures was then done by
gas liquid chromatography on the trimethylsilylethers, eluted in
a nitrogen stream over lo% 0Vl silicone on AWDMCS Chromoaorb

using a flame ionisation detector.

w,

It was normal to use an

internal standard, commonly 3,5-dichlorophenol, an isomer not
present in these mixtures.
RESULTS
(1) 2i4-/2,5-dichlorophenol_seEaration
Initially a small laboratory experiment demonstrated the
feasibility of this process.

500 ml of 50 g/1. feedstock A in

toluene was brought to equilibrium with 100 ml of 50 g/1. caustic
soda in a separating funnel (theoretical extraction 50%); the
�bases separated and the aqueous extract again brought into
equilibrium with 500 ml of fresh 50 g/1. A 1n toluene.

This

process was repeated three times more so that the aqueous phase
had undergone the equivalent of a 5 stage process.

Analysis of

the dichlorophenolate showed the process worked well, increasing
the 2,5-D.C.P. : 2,4-D.C.P. ratio from 1.06 to 7.18, but,
during the 5-stages, the trace quantities of the 2,6- and 2,3dichlorophenols had built up appreciably.

""
"

A

2,5-dichlorophenol
2,4-dichlorophenol
2,6-dichlorophenol
2, 3-dichl'orophenol

39.5
37.2
Trace
Trace

Extract
47.7
6.7
23.3
22.3

Using a Graesser contactor (rotor speed 18 r.p.m.) to

pass 125 g/1. feedstock Bin butyl acetate against 50 g/1.

caustic soda, an extraction rate of 68% was intended.

In fact

only 19" of the phenols were extracted, due to high solubility
of sodium dichlorophenates in the butyl acetate.

Again,

although separation of 2,5- and 2,4-dichlorophenols did occur,
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the much more acidic 2,6- and 2,3-dichlorophenols tended to be
preferentially extracted.

"
"
"

B
2,5-dichlorophenol
2,4-dichlorophenol
3,4-dichlorophenol
2 1 6-dichlorophenol
2 1 3-dichlorophenol
Pet Ether

Raffinate

Dichlorophenolate

26.2
29.0
6.3

28.1
29.2
5.2
10.9
4.7
21.9

47.1
18.3
20.9
7.6

2.2
N.E.

It was shown that sodium carbonate solutions would
preferentially extract the most acidic dichlorophenols according
to the following equa tion:
OH

0.

Cl

u
ONa

+ Na CO
2 3

Cl + NaHC0
3

Cl

Cl

Passing a 360 g/1. solution of C in toluene and 100 g/1.
sodium carbonate solution through a Graesser contactor, at a
theoretical extraction rate of 12.5%,considerable separation
of the isomers was achieved:
C
"2 1 5-dichlorophenol
"2 1 4-dichlorophenol

Raffinate

82.5
14.6

Dichlorophenolate

68.1
29.2

92.8
7.2

At higher concentrations of sodium carbonate solution
the contactor became blocked due to precipitation of sodium bi

carbonate in accordance with the above equation.

The separation of these two isomers should be more facile
than for the 2 1 4-/2 1 5-dichloropbenol system, owing to the greater
difference in acidities.2
Passing a 125 g/1. solution of feedstock Din toluene
counter-current to 25 g/1. sodium carbonate solution through
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a Graesser contactor with rotor speed 14 r.p.m. at a theoretical
extraction rate of 15% gave a good separation, viz:
¾ 2,6-dichlorophenol
% 2,3-dichlorophenol
¾ 2,4-dichlorophenol

D

Raffinate

Dichlorophenolate

43.6
31.6
Trace

5.6(14.4)
38.2(25.5)
2.5(2.3)

75.3(58.2)
5.6(35.1)

In brackets are the figures for a straight single-stage
contact of the feedstock and carbonate solutions in a separating
funnel.

Improved separation figures were given when the raffinate

and dichlorophenolate from the last experiment were each passed
through the Graesser contactor counter-current to 25 g/1. sodium
carbonate and fresh 125 g/1. feed stock Din toluene, viz:
Raffinate/sodium
carbonate

Yo 2,6-dichlorophenol
% 2,3-dichlorophenol

Dichloro

Second
Raffinate

phenolate

6.4
62.4

70.2
29.8

Dichlorophenolate/
12.5% D in toluene
Dichloro
phenolate

88.1
11.9

Effect of temperature
The feeds for this experiment were heated to 50°c by mean•
of steam bayonets in the feed drums and the Graesser contactor
maintained at this temperature by steam tracing.

Passing the

feedstock and sodium carbonate solutions under the same con
ditions as experiment 1 gave products of virtually the same
composition as before, showing that increased temperature
brings about no material benefit in the isomer separation.
There was, however, an improved phase separation under these
conditions, no trace of emulsion appearing in either phase.
Utilising two Graesser contactors coupled in series,
a counter-current extraction was done with 125 g/1. feedstock
E in toluene flowing against 50 g/1. sodium carbonate solution
at a theoretical extraction.rate of 50%.
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The results of a snap

samp1e -re suCCicient1y encouraging to do a pro1onged run,

which proved to be 1ess eCCicient than the snap samp1e •uggested,
viz:
Snap 5alll1)1e
E

� 2,6-dich1oropheno1
� 2,3-dich1oropheno1

RaCCinate

Dich1oro

pheno1ate

99.0

10.2
88.8

Long Run (500 1.
each phase)
RaCCinate

Dich1oro

pheno1ate

25.9
73.1

ECCect 0£ concentration

The 1ow concentration oC the required products in the out
put phase• i• a Ceature adverse to the commercial exp1oitation
0£ thi• process.

When high concentration oC dich1oropheno1• in

to1uene (958 g/1. Ceedstock Fin to1uene) was extracted counter
current with 100 g/1. sodium carbonate a reversal oC pha•e•
occurred in the contactor, the organic 1ayer being on the bottom,
but this posed no operationa1 diCCicu1ties.
At)°" extraction, emu1siCication became a prob1em •ince
the speciCic gravities 0£ the output phases approached each other.
A1though a Cair separation 0£ the dichloropheno1s occurred, the
ra�£inate phase contained an unacceptab1y high quantity oC sodium
sa1ts, solubi1ised by the high dichloropheno1 content.
Application 0£ the princip1e oC retlux
Con•idering the counter-current equipment as a disti11ation
column, the eCCiciency oC •eparation oC i•omers can be enhanced
by adding a retlux oC the required i•o-r at the approprliate end
at which it i• removed.

In the case oC 2,3-/2,6-dichloropheno1

•eparation the arrangement of £eed• and apparatu• wa• •• •hown
in the diagram.
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---+

Organic

�

-----1

CONTACTOR

-

Equilibrated
f'eeds
Aqueous

Raf'f'inate
of'f'take

aqueous
ref'lux

I

organic
ref'lux

CONTACTOR

,1,

dichlorophenolate
Initially a toluene solution of' f'eedstock F (303 g/1.)
was agitated to equilibrium with 50 g/1. sodium carbonate

solution (0.715 vols: l vol sodium carbonate) to give an actual
extraction of' 50¾.

The equilibrated f'eeds were then each f'ed

into a separate contactor counter-current to a reflux either of'
solvent or a solution of' the isomer to be taken off' in the
reverse phase.

In this way, mass transfer of' dichlorophenols

between the phases was avoided, only exchange of':isomers between

th• phases occurring.

Thus 2,6-dichlorophenol was removed as an

aqueous solution of' its sodium salt at point X, at the same end
as a toluene solution of' 2,6-dichlorophenol was introduced as a

ref'lux.

A similar situation arises at point Y, where 2,3-di

chlorophenol is removed in toluene solution at the same end as
it is introduced as an aqueous solution of' its sodium salt.
Relatively 1.Dlf'avourable results were obtained when toluene
and sodium carbonate solutions were used as ref'lux:

.!

Experiment Number

Toluene
50 g/1.
Na co
2 3
0.5:1
0.5:1

Type of' reflux used: organic
aqueous
Ref'lux ratios:
Raf'f'inate:

organic
aqueous

81.7
16.2

� 2,3-dichlorophenol
� 2,6-dichlorophenol
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.!
Toluene
50 g/1.
Na co
2 3
2:1
211
72.5
25.3

Dichlorophenolate: "2,6-dichlorophenol
% 2,3-dichlorophenol

87.9
12.1

79.5
20.4

Excellent results were obtained when reflux of 95% pure
isomers were used (Table 1).

High purity 2,3- and 2,6-dichloro

phenols were removed from separate ends of the counter-current
extraction system.
TABLE 1
Experiment No: 3

5

6

7

8A

8B

9

10

3.22
2.09

2. tt3
2.17

2.50
2.50

2.88
3.53

2.88
3.53

2.50
2.50

3.67
3.17

Reflux ratios:
organic
aqueous

"

3.22
0.78

4.36
2.61

Raffinate:

""

2,3-DCP 86.7
2,6-DCP 13.3

81.6
10.6

92.5
3.0

95.0
2.1

99.3
0.7

97.3
1.6

99.0 99.0 98.5
Trace Trace 1.5

99.0
1.0

79.2
19.0

78.6
18.9

98.1
1.9

98.0
2.0

95.6
4.3

Dichlorophenolate:
2,6-DCP 96.4
2,3-DCP 3.4

82.7
3.8

•
•

•_recrcled_as_reflux
Type of reflux
95"
organic:
5%
95"
aqueous:
5%

used:
2,6-DCP)
2,3-DCP)
2,J-DCP)
2,6-DCP)

dissolved in toluene at a rate of'
75 g/1.
dissolved at a rate of' 53 g/1. in 50 g/1.
sodium carbonate

DISCUSSION
The favourable distribution of' dissociation constants of'
the dichlorophenol isomers made this system theoretically a good
one for resolution by dissociation/extraction.
to be factual by experiment.

This was proved

In the 1,2,4-trichlorobenzene

hydrolysate system, the three dichlorophenol isomers formed can
be easily split by distillation into a 2,4-/2,5-distillate
(containing So¾ of the 2,5-) and a 3,4-dichlorophenol-rich
992,

residue.

The distillate can then be split on the basis of

dissociation constants into a stronger acidic extract (2,5-)
and a weaker acidic raffinate (2,4-) by counter-current contacting
with mild alkali, aided by reflux.
The 1,2,J-trichlorobenzene hydrolysate system yields 2,J
and 2,6-dichlorophenols in approximately equal proportions, the
mixture being completely incapable of separation by fractional
distillation.

Distillation is however advisable in order to

obtain a fraction consisting substantially of the two isomeric
dichlorophenols and free from impurities (e.g. polyglycols).
This mixture of isomers is easily and completely separated by
dissociation extraction; using reflux of both isomers improves
the purities considerably.
No discernible advantage is gained by counter-current

extracting at temperature higher than atmospheric.

Operating

at low concentrations is essential for obtaining high purity
isomers: 50 g/1. for dichlorophenols in either phase is about
the highest, otherwise solubilisation of sodium salts in the

organic phase vitiates the separation.
A promising line of approach to improve the economics of

the process is the extraction of dichlorophenols from the aqueous
sodium salt phase by secondary solvent.

Although not investig

ated very fully, this was found both theoretically feasible,
and experimentally possible.

Again, an adverse factor is the

solubility of sodium dichlorophenolates in the solvent.

If

this problem can be overcome, the process could be successfully
operated without large irreversible consumption of alkali and
mineral acid.
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