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S E P A R A T I O N  S C I E N C E  AND TECHNOLOGY,  23(12&13), p p .  1 2 6 9 - 1 2 8 4 ,  1988 

ENHANCED SOr,VENr EXTR4CTION WlTH WATER-IN-OIr2 MlCROEMULSLONS 

K. Osseo-lsare 
Deuartment of Materials Science and Engineering 
The Pennsylvania State University 
Univer.;ity Park, P4 16802 

4BS TR ACT 

Tbi 4 uaper examine4 theoretically the conditions 
which favor enhanced extract ion when a 
microemulsion ohase containiqg a surfactant and 
a chelating agent is used as the solvent 
extract i o n  organic phase. A gcaneral 
thermodynamic model of liquid-1 iquid 
distribution i n  reversed micellar systems I S  

presented. The model treats the reversed 
micellar aggregates of the surfactant HA as a 
pseudophase and considers (a) the partition of a 
chelat i ng cxtractant (HI,) between the conL inuous 
organic phase and the reversed micellar 
pseudophase, (b) transfer of the metal i o n  MZ+ 
into the continuous organic phase via reaction 
with HA monomers, (c> partition of the MZ+-HA 
complex between the continuous organic phase and 
the reversed micellar pseudophase, (d) reaction 
of t h e  MZ+-HA complex w i t h  HT. in the reversed 
micellar pseudophase, and (e) partition of the 
HTd-containing complex between the reversed 
micellar pseudophase and the continuous organic 
phase. Quantitative expressions are derived 
that permit one t o  identify the chemical 
parameters that influence the liquid-liquid 
transfer process and therefore permit one to 
undertake the rational design of microemulsion 
formulations for specific applications. 
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1270 OSSEO-ASARE 

INTRODUCTION 

At relatively high concent rat ions, aqueous-soluble 
surfactant R self-associate to f o r m  micelles which are aggregates 
characterized by a nonpolar core inhabited by the hydrocarbon 
grouDr and an outer Dolar surface consisting of the polar 
functional g r o u p s  (1,2). A similar phenomenon occurs when the 
surfactanr is Dresent in an anhydrous organic solvent. However, 
in this case, reversed micelles form, i.e., the polar groups 
constitute the inner region. The term microemulsion i s  used when 
the micelles solubilize hydrocarbon molecules in their nonpolar 
core (oil-in-water or  o/w microemulsion) or reversed mi-celles 
solubi lize water molecules (water-in-oil or w/o microemulsion) 
(3 ,4) .  

Microemulsions are rhermodynamically stable isotropic 
solutions that typically consist of four components: a surfactant 
( e . g .  salts of long chain carboxylic, phosphoric, and sulfonic 
acids; long chain alkylammonium salts), a cosurfactant (e.g. a 
medium chain length alcohol), oil (e.g. a hydrocarbon) and water 
(or aqueous salt solution), Three-component microemulsions are 
also known; these are generally based on double-chain ionic 
surfactants (e.g. Aerosol OT, i.e., di-2-ethylhexyl sodium 
sulfosuccinate), oil and water or on nonionic surfactants (e.g., 
polyoxvethylene alkylphenyl ethers), oil and water. 

The application of microemulsions in tertiary oil recovery 
has stimulated considerable research into their interfacial 
activity, phase behavior and structural characteristics. 
Currently, several new applications of microemulsions are under 
consideration and are the focus of much active research. A s  
Friberq has pointed out (5). many potential applications of 
microemulsions are yet to be developed. One such potential 
anpl icat ion concerns metal separations i.n microemulsion media and 
forms the subject of this paper. I n  a paper presented at ISEC 
'80, Chi-n-kwang et a1 ( 6 )  presented experimental data that 
demonstrated that w/o microemulsions form when conventional acidic 
solvent extraction reagents are saponified (i.e, converted to 
salts of alkali or  alkaline earth metals) and used in combination 
with long-chain alcohols. During the same conference, Osseo-Asare 
and Keeney ( 7 )  drew attention to the ability of reversed micelles 
to catalyze solvent extraction reactions and suggested that with 
proper selection of reagents and extraction conditions, reversed 
micellar catalysis could be used advantageously in liquid-liquid 
metal separation processes. 

Solvent extraction reagents are necessarily amphiphilic: the 
hydrophobic organic groups ensure organic phase solubility while 
the hydrophilic moieties provide the functional groups needed for 
complexation reactions (8-10). As a result of this 
hydrophobic-hydrophilic coupling, there is  a tendency for certain 
extraction reagents andfor their salts to aggregate in the organic 
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ENHANCED SOLVENT EXTRACTION 1271 

phase (8,10,11).  The f a c t  t h a t  these  aggrega tes  a r e  g e n e r a l l y  
water -sa tura ted  reversed m i c e l l e s  means t h a t  t h e  organic  phase i s  
i n  a c t u a l i t y  a microemulsion phase. 

The aggrega t ion  behavior  of e x t r a c t i o n  reagents  has been 
known f o r  some time (8). However i t  i s  o n l y  r e l a t i v e l y  r e c e n t l y  
t h a t  the  unique p o t e n t i a l  of t h e  microemulsion phase as  a so lvent  
e x t r a c t i o n  m e d i u m  has begun t o  a t t r a c t  s c i e n t i f i c  and 
technologica l  a t t e n t i o n .  The f a c t  t h a t  the  aqueous microdrops 
present  in water - in-o i l  microemulsions a r e  capab1.e of s o l u b i l i z i n g  
hydrophi l  i c  macromolecules provides  a mechanism f o r  t r a n s f e r r i n g  
enzymes from an aqueous phase t o  an organic  phase and vice-versa  
(12,131. ‘In the  case of  metal  i o n  s e p a r a t i o n s ,  the  a b i l i t y  of 
reversed  m i c e l l e s  t o  s o l u b i l i z e  both hydrophi l ic  aqueous s p e c i e s  
and hydrophobic e x t r a c t a n t s  c r e a t e 4  c o n d i t i o n s  t h a t  can lead  t o  
enhanced e q u i l i b r i u m  l i q u i d - l i q u i d  d i s t r i b u t i o n  e q u i l i b r i a  a s  well 
a s  improved k i n e t i c s  (6,7,10,14-24). A number  of d i f f e r e n t  
m i  croemulsion formula t ions  have been prepared based on 
convent ional  so lvent  e x t r a c t  ion reagents  such a s  
dinonylnaphthalene s u l f o n i c  a c i d  (HDNNS or  HD), v e r s a t i c  a c i d ,  
naphthenic  a c i d ,  di-2 e thylhexyl  p h o s p h o r i , ~  a c i d  (HDEHP), and 
Aliquar  336 (6,14,18-21). Formulat ions c o n t a i n i n g  c l a s s i c a l  
s u r f a c t a n t s  such as long cha in  s u l f a t e s  (e .9 .  sodium 
d o d e c y l s u l f a t e ,  SDS), sulEonates  (e .g .  sodium dodecylbenzeoe 
su lEonate ,  SDBS), and carboxyla tes  have a l s o  been repor ted  
(15-18,231. Use of t h e s e  microemulsion media bas permit ted 
s e p a r a t i o n s  t o  be achieved which a r e  otherwise ( a )  not f e a s i b l e  
from an e q u i l i b r i u m  s tandpoin t  o r  ( b )  t o o  slow t o  be of  p r a c t i c a l  
i n t e r e s t .  

The physicochemical b a s i s  of  t h i s  promising s e p a r a t i o n  
process  i s  l i t t l e  understood a t  t h i s  t ime.  However, examination 
of t h e  var ious  r e a c t i o n  s t e p s  proposed i n  the l i t e r a t u r e  r e v e a l s  
t h a t  an important requirement f o r  enhanced so lvent  e x t r a c t  ion i s  
t h e  a b i l i t y  of t h e  microemulsion t o  s o l u b i l i z e  both t h e  metal  i o n  
and the  e x t r a c t a n t .  Zn a d d i t i o n ,  a mechanism is  needed t o  
t r a n s f e r  the  aqueous s p e c i e s  t o  the  rnacroscooic organic/aqueous 
i n t e r f a c e  o r  i n t o  t h e  cont inuous organic  phase b e f o r e  the  reversed  
micel le-based r e a c t i o n s  can occur .  I t  appears  t h a t  whereas with a 
convent iona l  organic  phase,  t r a n s f e r  of a metal  ion i n t o  t h e  
organic  phase o f t e n  r e q u i r e s  dehydra t ion ,  such i s  not the  c a s e  f o r  
microemulsion systems s i n c e  the  rever red  miceILe c o r e  i t s e l f  
c o n t a i n s  water  and i s  t h e r e f o r e  f r i e n d l y  t o  a hydrated 
s o l u b i l i z a t e .  This  i s  one of the  most s i g n i f i c a n r  f a c t o r s  
r e s p o n s i b l e  f o r  enhanced so lvent  e x t r a c t i o n ,  i .e. ,  t h e  a b i l i t y  t o  
t r a n s f e r  hydrophi l ic  s o l u t e s  from the  aqueous phase i n t o  the 
microemulsion phase thereby circumventing the  u s u a l l y  slow 
dehydra t ion  s t e p  a t  t h e  macroscopic organic/aqueous i n t e r f a c e .  

A q u a n t i t a t i v e  a n a l y s i s  of l i q u i d - l i q u i d  d i s t r i b u t i o n  
e q u i l i b r i a  i n  reversed  m i c e l l a r  so lvent  e x t r a c t i o n  processes  is 
not  p r e s e n t l y  a v a i l a b l e .  Such an a n a l y s i s  would permit s y s t e m a t i c  
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1272 OSS EO -AS AR E 

s p e c u l a t i o n  and t h e r e f o r e  a s s i s t  i n  t h e  r a t i o n a l  d e s i g n  o f  
enhanced  s o l v e n t  e x t r a c t  i on  s e p a r a t i o n s .  Tn t h i s  p a p e r ,  t h e  
m i c e l l a r  pseudophaqe  model deve loped  by B e r e z i n  e t  a l .  (25-27)  i s  
f u r r h e r  e x t e n d e d  t o  t h e  Droblem of  l i q u i d - l i q u i d  d i s t r i b u t i o n  
e q u i l i b r i a  i n  r e v e r s e d  m i c e l l a r  s y s t e m s .  The c o r r e s p o n d i n g  
t rea tmenl :  o f  e x t r a c t i o n  k i n e t i c s  i s  t h e  s u h j e c t  o f  a s e p a r a t e  
pave r  ( 2 8 ) .  I n  a r e c e n t  p u b l i c a t i o n  f r o m  t h i s  l a b o r a t o r y  ( 2 9 1 ,  a 
pseudophase  model was p r e s e n t e d  f o r  t h e  c a s e  where t h e  o r g a n i c  
phase  c o n t a i n s  a s u r f a c t a n t  d i s s o l v e d  i r l  a hydroca rbon  d i l u e n t ,  
The p r e s e n t  paDer c o n s i d e r s  t h e  more c o m p l i c a t e d  s i t u a t i o n  o f  a 
mixed e x t r a c t a n t  sys t em c o n s i s t i n g  o f  a s u r f a c t a n t  and a c h e l a t i n g  
a g e n t  . 
THEORY 

Reve r sed  M i c e l l a r  Pseudophase  Model 

The l i q u i d - l i q u i d  system w i l l  be  viewed a s  a w a t e r - i n - o i l  
mic roemuls ion  Dhase a d j a c e n t  t o  a macroscop ic  aqueous  phase .  I t  
s h a l l  be assumed t h a t  t h e  mic roemuls ion  i s  of t h e  r e v e r s e d  
m i c e l l a r  t y ~ e ,  i . e . ,  t h e r e  a r e  d i s t i n c t  h y d r o p h i l i c  and 
hydrophob ic  d o m a i i s .  The r e v e r s e d  m i c e l l e - f o r m i n g  s u r f a c t a n t  
l o c a t e d  in t h e  o r g a n i c  phase  will be d e s i g n a t e d  a s  HA w i t h  an 
a g g r e g a t i o n  number of x .  The o r g a n i c  phase  a l s o  c o n t a i n s  an 
e x t r a c t a n t  HI, which  is  c o n s i d e r a b l y  less s u r f a c e  a c t i v e  than  HA 
and does  not s e l f - a g g r e g a t e .  A t  t h e  b e g i n n i n g  of t h e  d i s t r i . b u t i o n  
expe r imen t  t h e  aqueous  phase  c o n t a i n s  t h e  e x t r a c t a b l e  h y d r o p h i l i c  
s o e c i e s  MZ'. 

Fol l o w h g  B e r r z i n  e t  a l .  ( 2 5 - 2 7 1 ,  t h e  r e v e r s e d  mice]  les  w i l l  
be t r e a t e d  as a d i s t i n c t  pseudophase  t h a t  i s  u n i f o r m l y  d i s t r i b u t e d  
i n  rhe o r g a n i c  phase .  The t o t a l  o r g a n i c  p h a s e ,  t h e  b u l k  o r g a n i c  
phase  ( i  . e . ,  t h e  r e v e r s e d  m i c e l l e - f r e e  c o n t i n u o u s  o r g a n i c  p h a s e ) ,  
and  t h e  r e v e r s e d  m i c e l l a r  pseudophase  w i l l  be i d e n t i f i e d  w i t h  t h e  
l a b e l s  "o" ,  "b" and "m" r e s p e c 1  i v e l y .  A f u r t h e r  s i m p l i . f y i n g  
a s sumpt ion  i s  t h a t  t h e  volume of w a t e r  i n  t h e  r e v e r s e d  m i c e l l e  
c o r e  i s  n e g l i g i b l e  compared wiLh t h e  t o t a l  r e v e r s e d  mice l le  
volume. Thus t h e  volume (V ) of t h e  r e v e r s e d  mice1 le  pqeudophase  
may be r e l a t e d  t o  t h e  t o t a l  volume v,) of t h e  o r g a n i c  phase  a s :  m 

where  V 

c o n c e n t ? a t i o n  oE r e v e r s e d  mice1 l a r  i u r f a c t a n t  ( b a s e d  on t h e  t o t a l  
volume oE t h e  o r g a n i c  p h a s e )  i . e . ,  

is  t h e  mola r  volume of t h e  s u r f a c t a n t  and C s  i s  t h e  

c s  = x [ ( H A ) , ] ,  ( 2 )  

I n  Lhe a n a l y s i s  be low,  d i l u t e  s o l ~ t i o n s  w i l l  he  c o n s i d e r e d ,  
and  i i  p a r t i c u l a r ,  i L  s h a l l  be assumed t h a t  V <<V . In t h e  
fo l low1  i g  d i s c u s s i o n ,  t h e  te rm "o rgan ic  phase' r e ? e r s  t o  t h e  
e n t i r e  mic roemuls ion  p h a s e ,  i . e . ,  t h e  sum o f  t h e  h u l k  o r g a n i c  
phase  and t b e  r e v e r s e d  m i c e l l e  p seudophase .  I t  w i l l  be  assumed 
t n a t  i io Xz+ complexes  e x i s t  i n  t h e  aqueous  phase  and t h a t  t h e  
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ENHANCED SOLVENT EXTRACTION 1273 

c o n c e n t r a t i o n  of MZ+ i n  t h e  o r g a n i c  phase i s  s u f € i c i e n t l y  low as 
no t  t o  s i g n i f i c a n t l y  i n f l u e n c e  t h e  s i z e  and c o n c e n t r a t i o n  of t h e  
r e v e r s e d  m i c e l l e s ,  o r  t h e  mass b a l a n c e  of HL. F u r t h e r ,  i t  w i l l  be 
assumed t h a t  t h e  p r e s e n c e  of  HL does  not s i g n i f i c a n t l y  a l t e r  t h e  
a g g r e g a t i o n  c h a r a c t e r i s t i c s  o €  HA. 

The o v e r a l l  e x t r a c t i o n  p r o c e s s  i s  env i saged  as  t h e  n e t  r e s u l t  
of s e v e r a l  s t eps :  

1 .  4 g g r e q a t i o n  of t h e  s u r f a c t a n t  HA: 

XH4(o) =  HA)^(^) ( 3 )  

Kx = [(HA)xlo/[HAIE .̂ [ (H4)xlo/[HA1t ( 4 )  

I n  E q u a t i o n  4 ,  t h e  a s sumpt ion  t h a t  V << V has  been invoked.  

2 .  P a r t i t i o n  of  t h e  hydrophobic  r e a g e n t  HI. between t h e  b u l k  
o r g a n i c  phase and t h e  r e v e r s e d  m i c e l l a r  pseudophase:  

m 

HL(b) = HL(m) ( 5 )  

T h i s  t y p e  of  e x p r e s s i o n  has been f o u n d  ( 2 6 - 2 8 )  t o  be 
s a t i s f a c t o r y  i n  d e s c r i b i n g  t h e  b i n d i n g  c h a r a c L e r i s t i c s  of 
hydrophob ic  s u b s t r a t e s .  Given t h e  a s sumpt ion  t h a t  t h e  
c o n c e n t r a t i o n  of M i n  t h e  o r g a n i c  phase i s  e x t r e m e l y  low 
compared w i t h  t h e  C o n c e n t r a t i o n  of HC,  E q u a t i o n s  1 and 6 can 
be combined w i t h  a mass b a l a n c e  on t h e  HL c o n c e n t r a t i o n  i n  
t h e  o r g a n i c  phase t o  g i v e :  

[HLlb  = [HCl to / [ l  + KH,,Csl ( 7 )  

where [HL] i s  t h e  t o t a l  a n a l y t i c a l  c o n c e n t r a t i o n  of H L  i n  
t h e  o r g a n i c  p h a s e ,  and K is a b i n d i n g  constanL d e f i n e d  
(26-28) as:  

t o  
HL 

3 .  TransEer  of t h e  h y d r o p h i l i c  s p e c i e s  M”+ i n t o  t h e  b u l k  
o r g a n i c  phase v i a  r e a c t i o n  w i t h  monomeric HA: 

4 .  P a r t i t i o n  of t h e  M-4 complex between t h e  b u l k  o r g a n i c  
phase  and t h e  r e v e r s e d  m i c e l l a r  pseudophase:  
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1274 OSSEO-ASARE 

Given  t h e  a s sumpt ion  of n e g l i g i b l e  c o n c e n t r a t i o n  o f  M i n  
t h e  o r g a n i c  p h a s e ,  t h e  c o n c e n t r a t i o n  of monomeric HA i n  t h e  
m i c e l l a r  pseudophase  c a n  be  t aken  a s  cons tanL ( = l / v  ) ,  and 
t h u s  a new p a r a m e t e r  K '  may b e  d e f i n e d  a s :  so 

K:o = Kso[BA]i = Kso/v; 

5 .  R e a c t i o n  o f  HL w i t h  t h e  M-A complex i n  t h e  r e v e r s e d  
mice1 lar  pseudophase .  S e v e r a l  d i  E f e r e n t  r e a c t  i o n  
s t o i c h i o m e t r i e n  are p o s s i b l e .  For t h e  p u r p o s e s  of t h e  
p r e s e n t  d i s c u s s i o n ,  t h e  c a s e  t h a t  w i l l  be c o n s i d e r e d  i s  t h a t  
i n  which HT, r e a c t s  w i th  t h e  M-4 complex t o  g i v e  a f i n a l  
Y-IIC-A complex which c o n t a i n s  b o t h  H1, and Lhe s u r f a c t a n t :  

YHL(m) + MA7(m> = M(HL) Az(m) 

Kc 1 = [Y( HI, )yAz I m /  [ H L  ];[MA, I,,, 
6 .  P a r t i t i o n  of t h e  M-HI,-A complex be tween t h e  b u l k  o r g a n i c  
phase  and t h e  r e v e r s e d  mice1 l a r  pscudonhase .  

M(HL)yA ( b )  + z H A ( m )  = M(IiL)y4Z(m) + 2114(b) 

(14 )  

( 1 5 )  

( 1 6 )  

Y 

( 1 7 )  

I t  s h o u l d  be  no ted  t h a t  an e q u i l i b r i u m  s t a t e  i s  p a t h  
i n d e w n d e n t .  
o r g a n i c  phase  may be  t r e a t e d  i n  L e r m s  of t h e  d i s s o l u t i o n  of YA 
i n t o  t h e  aqueous  phase  fo l lowed  by aqueou.; phase  comnlexa t ion  oE 
MZ+ and l i q u i d - l i q u i d  d i s t r i b u t i o n  of MA7. A l t e r n a t i v e l y ,  t h e  
comnlexa t  i o n  r e a c t  i on  may be c o n s i d e r e d  f o  o c c u r  a t  t-he 
l i q u i d / l  i .qu id  i n t e r f a c e .  I n  t h i s  c a s e  p e r ( - i n e n t  e q u i l i b r i u m  s t e p s  
would i n v o l v e  t h e  a d s o r p t i o n  of HA Erom t h e  b u l k  o r g a n i c  phase  
fo l lowed  by t h e  i n t e r f a c i a l  complexa t ion  of MZ+ and t h e  d e s o r p t i o n  
of  t h e  r e s u l t i n g  "I4 The 
p o i n t  h e r e  i s  t h a t  $ h a t e v e r  t h e  m i x  of s t e p s  c h o s e n ,  t h e  Eina l  
r e s u l t  (e . . , . ,  t h e  d i s t r i b u t i o n  of HZ+ between t h e  macroscop ic  
o r g a n i c  and aqueous  p h a s e s )  s h o u l d  be t h e  same. 

Thus, f o r  example ,  t h e  t r a n s f e r  of MZ+ i n t o  t h e  b u l k  

complex i n t o  t h e  b u l k  o r g a n i c  p h a s e .  

I n  t h e  above  a n a l y s i s ,  t h e  s u r f a c e  a c t i v i t y  of H4 i m p l i e s  t h e  
p r e s e n c e  of  an a d s o r b e d  l a y e r  a t  t h e  macroscopic l i q u i d / i i q u i d  
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ENHANCED SOLVENT EXTRACTION 1275 

i n t e r f a c e .  I t  has  been assumed f o r  t h e  s a k e  of s i m p l i c i t y ,  
however ,  t h a t  t h e  amount of H A  Lied up a t  t h e  i n t e r f a c e  i s  
n e g l i g i b l e  compared w i t h  t h a t  i n  t h e  b u l k  o r g a n i c  phase  and i n  t h e  
r e v e r s e d  m i c e l l e s .  T h i s  a s sumpt ion  can  be r e l a x e d  w i t h o u t  
n e g a t i n g  t h e  b a s i c  a rgumen t s  of t h i s  a n a l y s i s ;  an a p p r o p r i a t e  mass 
b a l a n c e  can  be  r e a d i l y  i n c o r p o r a t e d  i n t o  t h e  m a t h e m a t i c a l  
t r e a t m e n t .  Rimi l a r  c o n s i d e r a t i o n s  p e r t a i n  f u r  t h e  c a s e  where 
t h e r e  i s  signi Eican t  l i q u i d - l i q u i d  d i s t r i b u t i o n  of HA. 

The Observed  D i s t r i b u t i o n  C o e f f i c i e n t  

An imporLant p a r a m e t e r  i n  s o l v e n t  e x t r a c t i o n  s t u d i e s  i s  t’le 
e x w r i m e n t a l  o r  o b s e r v e d  d i s t r i b u t i o n  c o e f f i c i e n t  (D ) d e f i n e d  

obs  
a s ,  Dabs = [ M l t o / [ Y l t a  ( 2 0 )  

w h e r e  [MIto and [Y] a represent  t h e  t o t a l  a n a l y t i c a l  
c o n c e n t r a t l o n s  of t k e  s o l u t e  M i n  t h e  o r g a n i c  and aqueous  phases  
r e s p e c t i v e l y .  

The t o t a l  c o n c e n t r a t i o n  o f  M Z C  i n  t h e  o r g a n i c  phase  ( i . e . ,  
[ M I t  ) i s  t h e  sum of c o n t r i b u t i o n s  from t h e  M-H7,-4 and M-4 
compyexes p r e s e n t  
m i c e 1  t a r  p seudonhase :  

i n  b o t h  t h e  b u l k  o r g a n i c  phase  and t h e  r e v e r s e d  

By u s i n g  t h e  e x p r e s s i o n s  o b t a i n e d  above f o r  [ M I r o ,  t h e  
c o r r e s p o n d i n g  e x p r e s s i o n s  c a n  be d e r i v e d  f o r  Dabs in  terms o f  t h e  
s e v e r a l  c o n c e n t r a t i o n  v a r i a b l e s  and t h e  r e l e v a n t  e q u i l i b r i u m  
p a r a m e t e r s .  
complexes  i n  t h e  aqueous  p h a s e ,  i . e . ,  [ M I t a  = [MZ+Ia. T h u s ,  

4s no ted  a b o v e ,  i t  i s  assumed t h a t  t h e r e  a r e  no MZ+ 

The f i r s t  t e r m  on t h e  r i g h t  hand s i d e  of E q u a t i o n  22  was 
d e r i v e d  p r e v i o u s l y  ( 2 9 )  and r e p r e s e n t s  t h e  d i s t r i b u t i o n  
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1276 OSSEO-ASARE 

c o e f f i c i e n t  (D ) i n  t h e  absence  of  YL. Thus t h e  obse rved  
d i s t r i b u t i o n  c g e f f i c i e n t  o b t a i n e d  i n  t h e  p r e s e n c e  of  HL c a n  be 
c o n s i d e r e d  a s  t h e  sum of two t e rms :  

Dabs = D + Dm 

where D r ep resen t s  t h e  c o n t r i b u t i o n  due t o  t h e  complexa t ion  
r e a c t i o n  of  HL i n  t h e  p r e s e n c e  of t h e  r e v e r s e d  m i c e l l e s .  T t  
f o l l o w s  from E q u a t i o n s  22 and 27 t h a t  

m 

DISCUSSION 

The E f f e c t s  o f  S u r f a c t a n t  C o n c e n t r a t i o n  on t h e  D i s t r i b u t i o n  
C o e f f i c i e n t ,  

The M-H4 System. T h i s  case i s  d i s c u s s e d  i n  d e t a i l  
e l s e w h e r e  ( 2 9 ) .  
c o n d i t i o n s  where t h e  MA complex has  l i t t l e  a f f i n i t y  € o r  t h e  
r e v e r s e d  m i c e l l a r  p scudgphase ) ,  Do becomes: 

When B0 i s  r e l a t i v e l y  s m a l l  ( i . e . ,  under  

( 2 7 )  

Thus under  t h e s e  c o n d i t i o n s ,  a p l o t  of l o g  Do vs log C, at 
c o n s t a n t  [H+l 
t h e  o t h e r  hana when Bo i s  r e l a t i v e l y  l a r g e  ( i . e . ,  unde r  c o n d i t i o n s  
where t h e  MA complex p a r t i t i o n s  p r e f e r e n t i a l l y  i n t o  t h e  r e v e r s e d  
m i c e l l a r  p s e % o p h a s e ) ,  Do r e d u c e s  t o :  

g i v e s  a s t r a i g h t  l i n e  w i t h  a s l o p e  oE ( z / x ) .  On 

T h e r e f o r e  f o r  t h i s  s i t u a t i o n ,  a p l o t  of l o g  Do vs log c, a t  
c o n s t a n t  [H+Ia g i v e s  a s l o p e  of u n i t y .  

t h e  s u r f a c t a n t  c o n c e n t r a t i o n  on  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  
e x p r e s s i o n  of E q u a t i o n  28 it shou ld  be r e c a l l e d  t h a t  t h e  pa rame te r  
6 1  i s  dependen t  on s u r f a c t a n t  c o n c e n t r a t i o n  (see E q u a t i o n  26). 
When t h e  f i n a l  M-HC-A complex r e s i d e s  e x c l u s i v e l y  i n  t h e  b u l k  
o r g a n i c  p h a s e ,  B~ i s  n e g l i g i b l y  small and t h e r e f o r e  BIC, << 1. 
E q u a t i o n  28 t h e n  r e d u c e s  t o  

The M-HC-A Complex System. 'In c o n s i d e r i n g  t h e  i n f l u e n c e  of 

I t  can  be  s e e n  from E q u a t i o n  31 t h a t  when Cs i s  r e l a t i v e l y  
low,  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  i s  g i v e n  by 

On t h e  other hand when Cs i s  r e l a t i v e l y  l a r g e ,  E q u a t i o n  31 becomes: 
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ENHANCED SOLVENT EXTRACTION 1277 

Thus i t  follows t h a t  the d i s t r i b u t i o n  c o e f f i c i e n t  (D ) passes  
through a maximum as the  surEactanL concent ra t ion  i s m i n c r e a s e d .  
This  e f f e c t  i s  c h a r a c t e r i s t i c  of systems i n  which the r r a c t a n ~ s  
a r e  p r e f e r e n t i a l l y  s o l u b i l i z e d  i n  the  m i c e l l a r  pseudoohase 
( 2 , 2 6 , 2 7 ) .  The initial increase  in D with  C i s  a t t r i b u t a b l e  t o  
i n c r e a s i n g  s o l u b i l i z a t i o n  of HL and MX 
pseudophase. T h e  subsequent decrease  :n D with increase  in C i s  
the  r e s u l t  of a d i l u t i o n  e f f e c t ,  i . e . ,  oncg a l l  the  r e a c t a n t s  t a v e  
e n t e r e d  Lhe reversed m i c e l l a r  pseudoDhase, f u r t h e r  increase  in Lhe 
volume of t h e  pseudoohase only r e s u l t s  in a decrease  i n  the  
e f f e c t i v e  c o n c e n t r a t i o n s  of t h e  r e a c t a n t s .  

by thz reversed m i c e l l a r  

I n  p r i n c i p l e ,  i t  should be p o s s i b l e  t o  p r e d i c t  Dabs (Pquat ion 
2 2 )  from knowledge of the re levant  e q u i l i b r i u m  parameters .  F igure  
1 p r e s e n t s  a log D vs l o g  C s  plo t  f o r  a h y p o t h e t i c a l  Liquid- l iquid 
system. Values of the re levant  e q u i l i b r i u m  parameters a r e  
c o l l e c t e d  in Table I. I t  can be seen from t h i s  diagram t h a t  with 

- 5  -4  - 3  -2  - I  0 

L o g  c,  

Figure  1. E f f e c t  of s u r f a c t a n t  c o n c e n t r a t i o n  on Dabs, showing 
t h e  M-HL-A complex t h e  c o n t r i b u t i o n s  of Do and Dm: 

system with PHL = lo3 and K s l  = see Table  I. 
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12 78 OSSEO-ASARE 

Table I. Constant Values of S e l e c t e d  Parameters  Used i n  F igures  1 and 2 

x = 10.0 

y = 3.0 

z = 2.0 

vs = 0 . 3 5  dm m o 1 - l  

[ H L l t o  = 0.01 mol dm-3 

[H+la = 0 . 1  mol dm-3 

K = 1025 

Kso = 1.0 

Kco = 0.1 

3 Kc,  = 0.1 

i n c r e a s e  i n  s u r f a c t a n t  c o n c e n t r a t i o n ,  D f i r s t  i n c r e a s e s  t o  a 
maximum, t h e n  passes  through a minimum 2% then i n c r e a s e s  aga in .  
L L  i s  c l e a r  from Figure  1 t h a t  thece t rends  i n  Dabs a r e  a r e s u l t  
oE the  combined e f f e c t s  of D and D , Tt must be noted t h a t  
whether a maximum and/or  a m~nimum ? s  observed depends on the  
r e l a t i v e  magnitudes of the var ious  e q u i l i b r i u m  and s t o i c h i o m e t r i c  
Daraineters. For example, i t  can be seen from Figure  2 t h a t  with 
decrease  in 

m 

the  maximum Dobs becomes l e s s  pronounced. 

E f f g c t s  of t h e  Equi l ibr ium Parameters  on t h e  D i s t r i b u t i o n  
C o e f f i c i e n t  

Examination of Equat ion 2 2  r e v e a l s  t ' lat the observed 
d i s i  r i b u t i o n  c o e f f i c i e n t  i s  dependent on s e v e r a l  e q u i l i b r i u m  
parameters .  These parameters  may be determined by apply ing  
parameter  e s t i m a t i o n  techniques  t o  t h e  model equat ions  and 
e x  pe r i me n L a 1 1 i q u id - 1 i qu i d  d i s L r i bu L i on da t a . 
paramet r ic  a n a l y s i s  of t h e  above equat ions  can y i e l d  Eurther  
i n s i g h t  i n t o  the  e f f e c t s  of the reversed m i c e l l a r  pseudophase on 
t h e  o v e r a l l  exLract i o n  process .  Thus i t  follows from Equat ions 
22-33 t h a t ,  

Co r r e 9 pond i n g 1 y , a 

1.  The d i s t r i b u t i o n  c o e f f i c i e n t  D increases  with increase  i n  
K 
fgcored by complex formation between M Z +  and A ( i  .e . ,  l a r g e  
K "1, and p r e f e r e n t i a l  s o l u b i l i z a t i o n  of the  MZ+-A complex by 
tfie reversed mice1 l a r  pseudophase ( i  . e . ,  l a r g e  K 

and Kso,  i . e . ,  s o l u t e  t r a n z f e r  i n t o  the organic  phase i s  

) .  
S O  

2 .  The d i s t r i b u t i o n  c o e f f i c i e n t  D i n c r e a s e s  w i t h  increase  in  
the  a b i l i t y  o f  the s u r f a c t a n t  1 4  t o  t r a n s f e r  MZ+ i n t o  the 
organic  Dhase (i.e.. l a r g e  K ), as w e l l  a s  with i n c r e a s e  i n  
t h e  a b i l i t y  of Y1, to interacf'with the  MAZ complex ( i . e . ,  
l a r g e  Kc l ) .  
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ENHANCED SOLVENT EXTRACTION 1279 

41 I I f I 

K s , =  lo-* 

P,,= lo4 

- 5  -4 - 3  -2 - I  0 

Log cs 

Figure 2.  Effect of increasing PHL on the log  Debs vs log C2 
profile: the M-HL-A complex system with K,1 = 
see Table I. 

3 .  

4 .  

Since both MA 
micellar pseu8ophase for react Lon t o  occur, preferent ial 
solubilization O f  MA 
p ) leads to high DZ values. 
cgkcentration i s  relztively high, D 
P * under these conditions there is virtually complete 
s3b;bilization of HL and therefore, further increase in P 
provides no additional benefit. 

and H!, must be present in the reversed 

(i.e., large K, and HI, ( i  .e., large 
Howeve?, when the surfactant 

becomes insensitive to m 

H 1, 

The effect of K s l  is opposite to that of PHL,  i.e., with 
increase i n  Ksl, D 
constant value. TRis  effect is related to increasing 
inaccessibility of the entire organic phase for liquid-liquid 
partition, as the value of Ksl increases. 

first decreases and then attains a 

Comparison of Theoretical Model with Experimental Data 

The literature does not presently contain a suEEiciantly Iarge 
poo l  of systematic experimental data base that can be used for a 
detailed evaluation of the theoretical analysis presented in t h i s  
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2 

I 

0 

0 
A 

0 0  

-I 

- 2  

- - 1--- 
Av- 5.0 x 10' mol drn3 Ni (NO& 

1.0 rnol drn-3 KN03 ,  pH = 1.0 

Organic phase 
Hexane, HDNNS, HL 

-4 -3 - 2  -I 0 
Log CHDNNSI+, 

Figure 3 .  Effect of total HDNNS concentration, [HDNNSJt, on nickel 
distribution in the HDNNS-HL-hexane/Ni(N03)2 system, 
showing the contributions of D, and Do to Dabs; HL 
represents 5,8-diethyl-7-hydroxy-6-dodecanone oxime, 
the active extractant in LIX63. The Dabs and Do 
data are taken from ref. 20. 

paper. Neverrheless the available data arc3 in qualitative 
agreement with the theoretical trends discussed above. Figure 3 
shows log D vs l o q  [H4] data € o r  nickel distribution ( 2 0 ) .  Tn 
this case HA is dinonylksphthalene sulfonic acid (HDNNS) while HI, 
i 5,8-diethyl-7-hydroxv-6-dodecanone oxime (the act ive extractant 
in ~ 1 x 6 3 ) .  The sulfonate HDNNS i s  a 1 iquid-cation-exchanger which 
readily forms reversed mice1 les in nonpolar organic solvenl-3, 
e.q the CMC o f  this reagent is in the neighborhood of LO mol 
d~n-~'and aggregation numbers i n  the range of 6 t o  20 have been 
reported (30-32) .  
curve shows a straight line with a positive slope $ €  u n i t y  which 
i s  consistent with Equacion 3 0 .  This indicates that the Ni(DNNS) 
complex i s  solubilized within the reversed micellar HDNNS 
pseudophase. It can also be seen that i n  Che presence of the 
hydroxyoxime ( H L ) ,  the log Dabs vs log [HDNNSIto curve exhi5its 
the same [rend as that shown i n  che  corresponding theoretical 
ciirge in F i . E u r e  1. Subtract i o n  o f  the distribution data obtained 

Tn the absence of F I T s ,  the log D vs 10% [HDNNSIto 

2 
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ENHANCED SOLVENT EXTRACTION 1281 

with only HDNNS from the corresponding data obtained with the 
sulEonic acid-hydroxyoxirne combination gives the D ctlrve as shown 
ill Figure 3. 4gain, this trend is  reminiscent^ of The D cilrve in 
Fiqure 1. The implication is that in this metal-hydroxyoxirne- 
sulEonic acid svstem, a mixed complex is formed that contaiis both 
the hydroxyoxiine and the surfactant molecules. In Eact, i t  has 
been demonstrated previously ( 2 0 )  that the extract ion process 
yields a complex with the stoichiometry Ni/HL/HDNNS = 1/3/2. 

m 

In developing the above liquid-liquid distribution model, it 
wa.; assumed that the organic phase concentration of the extracted 
solute is so  low that it does not significantly influence the mass 
balance on H4 and HI,. This assumption does not hold for the 
expsrimental conditions used to generate the nickel distribution 
data ( 2 0 ) .  Therefore further quantitative analysis of the 
Ni-HT>-HDNNS system must await the results of experiments based on 
more dilute metal i o n  concentrations. In addition, i t  is known 
that the hydroxyoxime sel E-aqgreqates (32)alld that its presence 
shi€ts the CMC of YDNNS t o  higher total sulfonate concentrations 
( 3 1 ) .  Work is currently in progress t o  incorporate these factors 
into the theoretical liquid-liquid distribution model. 

CONC1,US 1ONS 

I n  chis paper, a quantitative analysis of equilibrium 
liquid-liquid distribution has been dcvelooed for a model system 
coilsistinq of a surfactant MA, an extraction reagent HI,, and a 
solute M ”  . It has been shown that analysis of liquid-liquid 
distribution data can yield quantitative information on extraction 
as well as solubilization parameters. Thus, systematic 
liquid-liquid distribution experiments can now be designed 
specifically to determine parameters such as aggregation 
constants, aggregation numbers, and solubilization o r  binding 
constants. I t  has a l s o  been shown that for the model system 
investigated, the observed distribution coefficient (Dabs) is the 
sum of the contributions by the M - 4  complex (i.e., Do) and the 
M-Hl,-A complex ( i  . e . ,  Dm). 
Dm will also increase Dabs. 

Thus, any factors that increase D and 

NOT AT ION 

CMC 

c S  

D 
Do m 

HL 

critical mice1 le concentration of MA 
concentration (based on the total volume of the organic 
phase) of micellar surfactant 
distribution coefficient of M Z +  in the absence of HT, 
distribution coefficient due to the micellar effect on 
the complexation reaction of FIT,. 
experimental (observed) distribution coefficient of MZ+ 
micelle-forming surfactant 
hydrophobic extractant 
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equilibrium constant For complexation 
H4(b) (Equation 10) 
equilibrium constant €or  MAz-HL react 
complex (Fquat ion 16) 
binding constant of HI, (Equation 8) 

OSSEO-ASARE 

on t o  give M-HC-A 

equilibrium constant €or solubilization of MA 
(Equation 12) 
equilibrium constant (Equation 1 4 )  
equilibrium constant €or solubilization of M ( Y C )  4 
(Equation 1 5 )  
equilibrium constant (Equation 19) 

micellization constant (Equation 4 )  
extractable solute 
extracted complex (Squation 9) 
extracted complex (Squation 15) 
partition coefficient of HI, (Equation 6 )  
volume of the bulk organic phase 
volume of the reversed micellar areudophase 
volume of the entire organic phase 
molar volume of the surfactant HA 
concencration of species X in the bulk organic phase 
concentration of species X in the micellar pseudophase 
total analytical concentration of X in the organic 
phase 
concentration of species X in the aqueous phase 
total analytical concentration of X in the aqueous 
phase 
aggregation number of HA 
stoichiometric coefficient €or  reaction of HT, with MA 
(Equation 15) 
charge on the solute MZ+ 
equilibrium constant (Equation 2 3 )  
equilibrium parameter (Equation 24)  
equi 1 ibri um parameter (Equation 25) 
equilibrium parameter (Equation 26)  

Y Z  
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