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ABSTRACT 

In  this paper a separation process for hydrocarbon molecules 
is suggested, based on solubilization in aqueous solutions by 
surfactant micelles. A molecular thermodynamic approach to solu- 
bilization is formulated which relates the extent of solubilization 
and the selectivity to the structure and properties of the surfac- 
tant and of the solubilizate molecules. An evaluation of the so lu-  
bilization characteristics of benzene and hexane in aqueous 
solutions of non-ionic octyl glucoside, anionic sodium dodecyl 
sulfate and cationic cetyl pyridinium chloride is made and 
solubilization phase diagrams for the above systems are constructed. 
These diagrams indicate the formation of micelles at concentra- 
tions which are lower than the critical micelle concentration of 
the surfactant alone. The calculations predict, for all three 
surfactants, preferential solubilization of (aromatic) benzene 
compared to (aliphatic) n-alkanes. The preferential solubiliza- 
tion of benzene is caused by its smaller molecular volume and 
lower interfacial tension against water. Preliminary experimental 
results using cetyl pyridinium chloride as surfactant and an equi- 
molar binary mixture of hexane and benzene as solubilizates 
indicate a selectivity of over 7 for benzene compared to hexane, 
and a ratio of about one molecule of benzene solubilized for every 
surfactant molecule in the micelle. 
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INTRODUCTION 

NAGARAJAN AND RUCKENSTEIN 

S u r f a c e  ac t ive  m o l e c u l e s  c o n s i s t i n g  of  a non-polar  hydrocarbon-  

aceous p a r t  and a p o l a r  i o n i c  o r  non- ion ic  p a r t  s e l f - a s s e m b l e  i n  

aqueous s o l u t i o n s  i n  s u c h  a way as t o  minimize the c o n t a c t  between 

t h e  non-polar  t a i l  o f  the s u r f a c t a n t  and water.  Var ious  t y p e s  of  

m o l e c u l a r  a s s e m b l i e s  are g e n e r a t e d  depending upon t h e  chemica l  

s t r u c t u r e  of  t h e  s u r f a c t a n t  m o l e c u l e  and i t s  c o n c e n t r a t i o n  i n  

s o l u t i o n .  I n  d i l u t e  aqueous s o l u t i o n s  e i t h e r  micelles o r  vesicles  

a r e  formed whereas  i n  more c o n c e n t r a t e d  s o l u t i o n s  v a r i o u s  l i q u i d  

c r y s t a l l i n e  s t r u c t u r e s  are g e n e r a t e d  [l-31. The micelles have a 

non-polar  hydroca rbon  c o r e  which i s  s h i e l d e d  from w a t e r  by a 

p o l a r  shc>l l  made up o f  s u r f a c t a n t  head g roups .  

l a y e r s  of s u r f a c t a n t  m o l e c u l e s  a s s o c i a t e  i n  s u c h  a way a s  t o  g i v e  

r i se  t o  3 hydroca rbon  s h e l l  su r rounded  on t h e  i n t e r i o r  and the 

e x t e r i o r  by p o l a r  head  g roups .  T h e r e f o r e ,  vesicles are  s p h e r i c a l  

s u r f a c t a n t  b i l a y e r s  d i s p e r s e d  i n  water and c o n t a i n i n g  a n  encapsu-  

l a t e d  aqueous phase.  Non-polar m o l e c u l e s  which are s p a r i n g l y  

s o l u b l e  i n  water f i n d  a c o m p a t i b l e  environment  i n  t h e  hydrocarbon-  

a c e o u s  non-polar  i n t e r i o r  of  the micelles o r  i n  t h e  non-polar  

s h e l l  of t h e  vesicles .  This  r e s u l t s  i n  t h e  s o l u b i l i z a t i o n  of 

molecu le s  (which a r e  o t h e r w i s e  i n s o l u b l e  i n  w a t e r )  i n  t h e  hydro- 

ca rbonaceous  env i ronmen t  of  t he  s u r f a c t a n t  a g g r e g a t e s  [ 4 , 5 ] .  The 

t x t e n t  o f  t h i s  s o l u b i l i z a t i o n  depends  upon t h e  chemical f e a t u r e s  

of t h e  s u r f a c t a n t  and of  the  s o l u b i l i z a t e  m o l e c u l e s ,  as w e l l  as on 

t h e  c o n d i t i o n s  o f  t h e  s y s t e m ,  s u c h  as t e m p e r a t u r e ,  p r e s s u r e ,  

c u n c e n t r a t i o n s  and  i o n i c  s t r e n g t h .  H e r e  by s o l u b i l i z a t i o n  w e  

u n d e r s t a n d  b o t h  (i) t h e  m o l e c u l a r  d i s p e r s i o n  o f  t h e  s o l u b i l i z a t e s  

between t h e  hydroca rbon  t a i l s  o f  t h e  s u r f a c t a n t  m o l e c u l e s  c o n s t i -  

t u t i n g  t h e  mice l les  (Type I)  as w e l l  as ( i i )  t h e  f o r m a t i o n  of  a 

c o r e  o f  s o l u b i l i z a t e s  su r rounded  by  a l a y e r  of  s u r f a c t a n t  m o l e c u l e s  

as i n  mic roemuls ions  (Type 11) ( F i g u r e  1) .  Because o f  d i f f e r e n t  

m o l e c u l a r  i n t e r a c t i o n s ,  one may e x p e c t  t h e  micellar s o l u t i o n s  t o  

e x h i b i t  d i f f e r e n t  s o l u b i l i z i n g  c a p a c i t i e s  f o r  d i f f e r e n t  s o l u b i l i -  

zates.  r h i s  s u g g e s t s  t h e  p o s s i b i l i t y  o f  u s i n g  s o l u b i l i z a t i o n  f o r  

s e p a r a t i o n  pu rposes .  

I n  v e s i c l e s ,  two 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SEPARATION PROCESS 1431 

SURFACTANT 
MOLECULE 

SPHERICAL 
MICELLE 

MOLECULE 

CYLINDRICAL 
MICELLE 

SPHERICAL CYLINDRICAL 

TYPE I SOLUBILIZATION 

SPHERiCiL 

TYPE II SOLUBILIZATION 

FIGURE 1. Schematic  r e p r e s e n t a t i o n  of p u r e  m i c e l l e s  and m i c e l l e s  
c o n t a i n i n g  s o l u b i l i z a t e s .  For  Type I s o l u b i l i z a t i o n  
t h e  s o l u b i l i z a t e  molecu le s  are l o c a t e d  between t h e  
s u r f a c t a n t  t a i l s  i n  t h e  m i c e l l e s .  For Type I1 s o l u -  
b i l i z a t i o n  t h e  s o l u b i l i z a t e  molecu le s  form a c o r e  
surrounded by t h e  s u r f a c t a n t  mo lecu le s  as i n  micro- 
emulsions.  
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1 4 3 2  NAGARAJAN AND RUCKENSTEIN 

The main g o a l  of t h i s  p a p e r  i s  t o  e v a l u a t e  t h e  s o l u b i l i z a t i o n  

c a p a c i t i e s  of s u r f a c t a n t  s o l u t i o n s  as a f u n c t i o n  of t h e  m o l e c u l a r  

s t r u c t u r e s  of s u r f a c t a n t  and s o l u b i l i z a t e s .  A thermodynamic 

approach is developed which e n a b l e s  t h e  c o n s t r u c t i o n  o f  phase  

diagrams and hence t h e  i d e n t i f i c a t i o n  of t h e  c o n d i t i o n s  under  

which s o l u b i l i z a t i o n  o c c u r s .  I n  a d d i t i o n ,  i t  p r o v i d e s  t h e  s i z e  

d i s t r i b u t i o n  o f  t h e  micelles, t h e  r e l a t i v e  p r o p o r t i o n  of s o l u -  

b i l i z a t e  t o  s u r f a c t a n t  mo lecu le s  i n  m i c e l l e s  and ,  i n  t h e  c a s e  

of b i n a r y  s o l u b i l i z a t e s ,  a l s o  t h e  e x t e n t  of 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 one  component o v e r  a n o t h e r .  Both Type I and Type 

l t  s o l u b i l i z a t i o n  models mentioned above have been  t aken  i n t o  

accoun t  i n  t h e  c a l c u l a t i o n s .  Fo r  t h e  s u r f a c t a n t s  and c o n d i t i o n s  

examined i n  t h i s  p a p e r ,  t h e  c a l c u l a t i o n s  i n d i c a t e  t h e  o c c u r r e n c e  

o f  on ly  Type I s o l u b i l i z a t i o n ,  imp ly ing  t h a t  mic roemuls ions  are 

n o t  g e n e r a t e d  under  t h e s e  c o n d i t i o n s .  The main c o n c l u s i o n  of t h e  

c a l c u l a t i o n s  i s  t h a t  ( a r o m a t i c )  benzene molecu le s  are s e l e c t i v e l y  

s o l u b i l i z e d  ?ompared t o  ( a l i p h a t i c )  hexane molecu le s  i n  a l l  

t h r e e  (non-ionic ,  a n i o n i c  and c a t i o n i c )  s u r f a c t a n t  s o l u t i o n s .  

THERMODYNAMICS OF SOLUBILIZATION 
A. S i z e  D i s t r i b u t i o n  o f  M i c e l l e s  Con ta in ing  S o l u b i l i z a t e s  

A thermodynamic d e s c r i p t i o n  o f  s o l u b i l i z a t i o n  i n  m i c e l l a r  

s o l u t i o n s  can b e  developed i n  a manner ana logous  t o  t h a t  f o r  

m i c e l l e  fo rma t ion  i n  t h e  absence  o f  s o l u b i l i z a t e s  [6-91. A t  

e q u i l i b r i u m ,  t h e  aqueous s o l u t i o n  i s  composed of Nw w a t e r  

molecu le s ,  N 

d i s p e r s e d  s o l u b i l i z a t e  molecu le s  and N m i c e l l e s  (composed of 

g s u r f a c t a n t  and j s o l u b i l i z a t e  m o l e c u l e s ) .  The aqueous s o l u t i o n  

i s  assumed t o  b e  d i l u t e .  M i c e l l e s  of  d i f f e r e n t  s i z e s  c o n t a i n i n g  

d i r r e r e n t  amounts o f  s o l u b i l i z a t e  molecu le s  a r e  c o n s i d e r e d  as 

d i s t i n c t  s p e c i e s ,  e a c h  c h a r a c t e r i z e d  by i t s  s t a n d a r d  chemica l  

p o t e n t i a l .  The s t a n d a r d  chemica l  p o t e n t i a l  of a m i c e l l e  c o n t a i n -  

ing, g s u r f a c t a n t  and j s o l u b i l i z a t e  molecu le s  is deno ted  by 1-1' 

s i n g l y  d i s p e r s e d  s u r f a c t a n t  m o l e c u l e s ,  NIS s i n g l y  1 

gj 

g j  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SEPARATION PROCESS 1433 

The standard chemical potential of the solvent molecule and of the 

singly dispersed surfactant and solubilizate molecules are denoted 

by pi; pi, and p i s ,  respectively. 
standard state for the solvent, whereas the infinitely dilute solu- 

tion is the standard state of all the other components. Because 

we assume a dilute system, the mutual interactions among micelles, 

single surfactant and solubilizate are negligible and the free 

energy of the aqueous solution is given by 

Pure water constitutes the 

In equation (l), k is the Boltzmann constant, T is the absolute 
temperature and F is the total number of particles in the system, 

For given amounts of surfactant and solubilizate molecules, 

N~ + 1 1 g N~~ = constant, 
g j  

and 

( 3 )  

The equilibrium state of the system corresponds to a minimum of 

the total free energy G .  This condition, along with the con- 

straints ( 3 )  and ( 4 )  provide the following size distribution for 

the micelles: 

(N gJ ./F) = (N1/FIg (NlS/F)' exp[-(pij-g~~-jpols)/kT) . (5)  

The argument in the exponential term represents the difference in 

standard free energy between a micelle with g surfactant and j 
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14 34 NAGARAJAN AND RUCKENSTEIN 

s o l u b i l i z a t e  m o l e c u l e s  and a sys t em of g s u r f a c t a n t  and j s o l u b i l i -  

z a t e  m o l e c u l e s  which are s i n g l y  d i s p e r s e d  i n  s o l u t i o n .  For  Type I 

s o l u b i l i z a t i o n ,  t h e  micelles are assumed t o  be  s p h e r i c a l  a t  s m a l l  

a g g r e g a t i o n  numbers and c y l i n d r i c a l  w i t h  h e m i s p h e r i c a l  ends  a t  

l a r g e  a g g r e g a t i o n  numbers.  The t r a n s i t i o n  from s p h e r e s  t o  c y l i n -  

d e r s  i s  assumed t o  o c c u r  when t h e  r a d i u s  of t h e  micelle becomes 

e q u a l  t o  t h e  ex tended  l e n g t h  of  t h e  s u r f a c t a n t  mo lecu le .  For  Type 

I1 s o l u b i l i z a t i o n ,  the micelles are  assumed t o  b e  s p h e r i c a l  and 

t o  c o n t a i n  a c o r e  of s o l u b i l i z a t e  molecu le s .  

E q u a t i o n  (5) c a n  b e  ex tended  t o  micelles c o n t a i n i n g  two 

s o l u b i l i z a t e  s p e c i e s .  One o b t a i n s :  

In  t h e  above e q u a t i o n ,  t h e  s u p e r s c r i p t s  ' and r e f e r  t o  t h e  two 

s o l u b i l i z a t e  s p e c i e s .  The micelle i s  now composed of  g s u r f a c t a n t  

m o l e c u l e s ,  j '  s o l u b i l i z a t e  m o l e c u l e s  o f  t y p e  S' and j" so lu-  

b i l i z a t e  molecu le s  of  t y p e  S". 

When mice l les  c o n t a i n i n g  s o l u b i l i z a t e s  form,  t h e  hydroca rbon  

t a i l s  of  t h e  s u r f a c t a n t  mo lecu le s  and t h e  hydroca rbonaceous  

s o l u b i l i z a t e  molecu le s  are  d i s p l a c e d  from t h e  aqueous environment  

t o  t h e  hydroca rbon  environment  o f  t h e  i n t e r i o r  o f  the micelles.  

Uf c o u r s e ,  t h e  m i c e l l a r  i n t e r i o r  o f  Type I s o l u b i l i z a t i o n  d i f f e r s  

from a b u l k  hydroca rbon  l i q u i d  b e c a u s e  o f  the a d d i t i o n a l  con- 

s t r a i n t s  on m o l e c u l a r  motion e x p e r i e n c e d  w i t h i n  t h e  o r g a n i z e d  

niolecular  a s s e m b l i e s  [1,8-101. I n  ear l ier  p a p e r s ,  a thermodynamic 

model f o r  mice l le  f o r m a t i o n  i n  t h e  a b s e n c e  of  s o l u b i l i z a t e s  h a s  

hecn deve loped  [8,9]. Here, a more s i m p l e  b u t  e q u i v a l e n t  approach  

is used.  I n  t h i s  a p p r o a c h ,  t h e  s t a n d a r d  f r e e  e n e r g y  of  t r a n s f e r  

of t h e  s u r f a c t a n t  t a i l  and of  t h e  s o l u b i l i z a t e  f rom a n  aqueous t o  

A b u l k  hydroca rbon  p h a s e  are t a k e n  from e x p e r i m e n t a l  d a t a  i n s t e a d  

of  b e i n g  c a l c u l a t e d  from p a r t i t i o n  f u n c t i o n s .  The a d d i t i o n a l  con- 

s t r a i n t s  imposed by t h e  m o l e c u l a r  o r g a n i z a t i o n  i n  t h e  hydroca rbon  
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SEPARATION PROCESS 1435 

like interior of the micelles are treated as corrections to the 

above free energies. The corrections could be estimated either 

from experimental critical micelle concentration (CMC) data or 

from the theoretical model developed in References [7-91.  

B. Standard Free Energy Change Associated with the Transfer of a 

Hydrocarbon Molecule from an Aqueous to a Hydrocarbon Medium 

The partition function for a solution of hydrocarbon in water 

may be written, in terms of partition functions for (i) the hydro- 

carbon molecule in water, Q,, (ii) the water molecules adjacent 

to the hydrocarbon molecule, Q,,, and (iii) the water molecules in 

the bulk water, Qw, as: 

Qsolution = 

In equation ( 6 ) ,  

the total number 

NH is the number of hydrocarbon molecules, Nw is 
of water molecules and 'aNH' is that part of the 

water molecules surrounding the N, hydrocarbon molecules as 'a' 

adjacent water molecules for each hydrocarbon molecule. From 

equation ( 6 ) ,  one obtains for the standard chemical potential of 

the hydrocarbon molecule in water, the following expression: 

p i w  = -kT e n  [Q, (Q,,/Qw)al - ( 7 )  

If the molecular partition function of the hydrocarbon molecule in 
bulk hydrocarbon phase is Q,,, then the standard chemical potential 

of the hydrocarbon molecule in its bulk phase is 

UGH = -kT .en Q, . ( 8 )  

The difference in standard chemical potentials when the hydrocar- 

bon molecule is transferred from water to a bulk hydrocarbon phase 

is therefore given by: 

(uiH-$&)/kT = en  [ (Qm/QHH) (Q,,/Q,)al - ( 9 )  

The partition function of a hydrocarbon molecule in the bulk 

hydrocarbon phase can be written as: 
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1436 NAGARAJAN AND RUCKENSTEIN 

where the three factors represent the translational, rotational 

and configurational partition functions, respectively. In equation 

( l o ) ,  h is Planck's constant, m is the mass of the hydrocarbon 
molecule, vH is its molecular volume and 7, is its average moment 

o f  inertia. An explicit equation to calculate 7, is given in the 

Appendix. The configurational factor accounts for all the at- 

tractive and repulsive interactions. 

L h e  free rotation of the molecule by the close packing and by 

the orientation of the hydrocarbon chains in the bulk liquid, 

as well as the hindered internal rotation around the C-C bonds 

are also a result of these interactions. 

The constraints imposed on 

Similarly, the partition function of a hydrocarbon molecule 

in water can be written as: 

Q, = [ (Z~imkT/h~)~/~ vw] [ (Z7i?,kT/h2)312 8v21 

where Vw is the molecular volume of water. Here again, the three 

terms represent the translational, rotational and configurational 

partition functions, respectively. 

Combining equations (9) to (ll), one obtains 

Denoting by ($/kT) the second term on the right hand side of equa- 

tion ( 1 2 ) ,  the standard free energy for transfer of a hydrocarbon 

molecule from water to bulk hydrocarbon is given by 
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SEPARATION PROCESS 1437 

The s tandard  f r e e  energy of t r a n s f e r  h a s  been determined e x p e r i -  

menta l ly  f o r  a number of hydrocarbon molecules ,  a t  v a r i o u s  temp- 

e r a t u r e s  [11,12] .  These exper imenta l  d a t a  a l l o w  one t o  determine 

t h e  v a l u e  of ($/kT) f o r  v a r i o u s  hydrocarbon groups. On t h e  b a s i s  

of a group c o n t r i b u t i o n  approach, one can then c a l c u l a t e  t h e  

va lue  of ($/kT) f o r  any hydrocarbon molecule of i n t e r e s t  encounter-  

ed e i t h e r  as s u r f a c t a n t  t a i l  o r  as s o l u b i l i z a t e  molecule. This 

approach o b v i a t e s  t h e  need t o  w r i t e  down d e t a i l e d  express ions  f o r  

QHH,&, and t h e  p a r t i t i o n  f u n c t i o n s  Qw* and Q,. 

($/kT), es t imated  from exper imenta l  hydrocarbon s o l u b i l i t y  d a t a  a t  

25"C, are as fo l lows:  -1.35 f o r  t h e  CH group i n  n-alkanes,  -2.50 

f o r  t h e  CH group i n  n-alkanes and -1.00 f o r  t h e  CH group i n  

aromatics .  

The v a l u e s  of 

2 

3 

C. Standard Free Energy Change Associated w i t h  t h e  Formation of 

Mice l les  Containing S o l u b i l i z a t e s  

The s tandard  chemical p o t e n t i a l  of a s i n g l y  d i s p e r s e d  amphi- 

p h i l e  i n  water d i f f e r s  from t h a t  of a hydrocarbon i n  water due 

t o  t h e  presence of p o l a r  headgroup-water i n t e r a c t i o n s .  Therefore ,  

comparing w i t h  equat ion  ( 7 ) ,  one can w r i t e  

where Q,, i s  t h e  p a r t i t i o n  f u n c t i o n  of t h e  p o l a r  head group o f  t h e  

s u r f a c t a n t  i n  water .  Combining w i t h  equat ion  ( l l ) ,  one o b t a i n s  

(iiT/kT) = - Ln [ ( 2 ~ r m k T / h ~ ) ~ / ~  vw] - Ln [ ( 2 ~ r i , k T / h ~ ) ~ / ~  871'3 

The s tandard  chemical  p o t e n t i a l  of a s i n g l y  d i s p e r s e d  molecule of 

s o l u b i l i z a t e  i n  water can be  obtained from t h e  above equat ion  by 

ignor ing  t h e  p o l a r  head group-water i n t e r a c t i o n s .  One thus  o b t a i n s  
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1438 NAGARAJAN AND RUCKENSTEIN 

Here t h e  s u b s c r i p t  S d e n o t e s  t h e  s o l u b i l i z a t e  m o l e c u l e ,  and a l l  

t h c  q u a n t i t i e s  have t h e  same meaning as  b e f o r e ,  e x c e p t  that  t h e y  

r e f e r  t o  t h e  s o l u b i l i z a t e .  

An e x p r e s s i o n  € o r  t h e  s t a n d a r d  chemica l  p o t e n t i a l  of  t h e  

m i c e l l e  (composed of g s u r f a c t a n t  and j s o l u b i l i z a t e  m o l e c u l e s )  i s  

now w r i t t e n  i n  terms of t r a n s l a t i o n a l ,  r o t a t i o n a l  and c o n f i g u r a -  

t i o n a l  p a r t i t i o n  f u n c t i o n s .  Fo r  Type I s o l u b i l i z a t i o n ,  t h e  

s u r f a c t a n t  t a i l s  are  assumed t o  mix i d e a l l y  w i t h  t h e  s o l u b i l i z a t e  

m o l e c u l e s .  T h e r e f o r e ,  t h e  t r a n s l a t i o n a l  p a r t  o f  t h e  s t a n d a r d  

chemica l  p o t e n t i a l  i s  g i v e n  by 

111 e q u a t r o n  ( 1 7 ) ,  t h e  f i r s t  t e r m  on  t h e  r i g h t  hand s i d e  a c c o u n t s  

f o r  t h e  t r a n s l a t i o n  of t h e  mice l le  as a whole;  the second and 

t 8 i i r d  terms r e p r e s e n t  t h e  t r a n s l a t i o n  w i t h i n  the mice l le  of  t h e  

s u r f a c t a n t  mo lecu le s  and of  t h e  s o l u b i l i z a t e  m o l e c u l e s ,  r e s p e c -  

t i v e l y .  

and s o l u b i l i z a t e  molecu le s .  

The q u a n t i t i e s  v and vs are  t h e  volumes of t h e  s u r f a c t a n t  

Fo r  Type 11 s o l u b i l i z a t i o n ,  t h e  s o l u b i l i z a t e  molecu le s  form 

a c o r e  and do n o t  mix w i t h  t h e  s u r r o u n d i n g  l a y e r  of t h e  s u r f a c t a n t  

mo lecu le s .  

e x p r e s s i o n  

I n  t h i s  case t h e  t r a n s l a t i o n a l  p a r t  i s  g i v e n  by t h e  
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SEPARATION PROCESS 1439 

The d i f f e r e n c e  between equat ions  ( 1 7 )  and (17') gives  t h e  c o n t r i -  

b u t i o n  of t h e  en t ropy  of mixing i n s i d e  t h e  m i c e l l e s  i n  Type I 

s o l u b i l i z a t i o n .  

The r o t a t i o n a l  p a r t  of t h e  s t a n d a r d  chemical p o t e n t i a l  of t h e  

micelle i s  

The f i r s t  t e r m  on t h e  r i g h t  hand s i d e  r e f e r s  t o  t h e  r o t a t i o n  of 

t h e  aggrega te  as a whole. The second and t h i r d  terms r e f e r  t o  

t h e  r o t a t i o n  of  t h e  s u r f a c t a n t  and s o l u b i l i z a t e  molecules i n s i d e  

t h e  aggrega tes .  These terms are w r i t t e n  as f o r  a hydrocarbon 

molecule i n  a bu lk  hydrocarbon medium. While t h e  s u r f a c t a n t  and 

t h e  s o l u b i l i z a t e  molecules  are more c o n s t r a i n e d  w i t h i n  t h e  aggre-  

g a t e ,  t h i s  c o n s t r a i n t  is incorpora ted  w i t h i n  t h e  c o n f i g u r a t i o n a J  

p a r t i t i o n  f u n c t i o n  because i t  i s  caused by t h e  i n t e r a c t i o n  fovces.  

The c o n f i g u r a t i o n  p a r t i t i o n  f u n c t i o n  of t h e  m i c e l l e  accounts  

f o r  t h e  i n t e r a c t i o n s  i n  t h e  m i c e l l a r  i n t e r i o r ,  f o r  t h e  i n t e r a c t -  

i o n s  of t h e  p o l a r  head group of s u r f a c t a n t  w i t h  w a t e r ,  f v r  t h e  

i n t e r f a c i a l  f ree  energy between water  and hydrocarbonaceous 

micellar s u r f a c e  exposed t o  water and f o r  the s te r ic  and e l e c t r o -  

s t a t i c  i n t e r a c t i o n s  of t h e  p o l a r  head groups: 

('iij /kT)Conf igura t iona l  = Ig@iH/kT1 + [ j Q b , S / k T l  

- Ln (qPwlg + (u; j /k~)Ster ic  

+ ( u i j ' k T ) E l e c t r o s t a t i c  (19 )  

+ ( ' i i j / k T ) I n t e r f a c i a l  
I n t e r a c t  i o n s  Free Energy 

I n t e r a c t  i o n s  

I n  t h e  above equat ion  t h e  i n t e r a c t i o n  p o t e n t i a l s  Q* HH and %H,S O f  

the  hydrocarbon t a i l  of  s u r f a c t a n t  and s o l u b i l i z a t e  (hydrocarbon) 

molecule  i n  t h e  i n t e r i o r  of t h e  micelle are somewhat d i f f e r e n t  
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1440 NAGARAJAN AND RUCKENSTEIN 

from t h e i r  v a l u e s  (PHH and (PHH,S i n  a bulk  hydrocarbon environment. 

This  d i f f e r e n c e  i s  not  l a r g e  and can be  viewed as a c o r r e c t i o n  

f a c t o r  on t h e  i n t e r a c t i o n  p o t e n t i a l  (PHH i n  a b u l k  hydrocarbon 

medium ( s e e  below). 

For Type I s o l u b i l i z a t i o n ,  t h e  hydrocarbon-water i n t e r f a c e  

c o n s i s t s  of p a r t  of t h e  t a i l s  of t h e  s u r f a c t a n t  as w e l l  as of 

some s o l u b i l i z a t e  molecules .  The i n t e r f a c i a l  f r e e  energy t e r m  

i s  t h e r e f o r e  w r i t t e n  as t h e  product  of t h e  i n t e r f a c i a l  t e n s i o n  

of t h e  s u r f a c t a n t  t a i l - s o l u b i l i z a t e  mixture  a g a i n s t  water (0 ) 

and t h e  hydrocarbon s u r f a c e  area exposed t o  water. 
mix 

( p i j  /kT) I n t e r f a c i a l  = (ornix/kT)[Agj - gaol . 
Free Energy 

In  t h e  above equat ion  A i s  t h e  s u r f a c e  a r e a  of t h e  m i c e l l e  and 

a i s  t h e  a r e a  p e r  s u r f a c t a n t  molecule  s h i e l d e d  by t h e  head group 

from t h e  c o n t a c t  w i t h  water. 0 . can be  e s t i m a t e d ,  as shown i n  
mix 

t h e  Appendix, us ing  e m p i r i c a l  c o r r e l a t i o n s  of t h e  t y p e  suggested 

by Fowkes (131 and Good [ 1 4 ] .  For Type TI s o l u b i l i z a t i o n ,  t h e  

i n t e r f a c e  c o n s i s t s  of t h e  hydrocarbon t a i l s  of t h e  s u r f a c t a n t  

on ly ,  s i n c e  all t h e  s o l u b i l i z a t e  molecules  are assumed t o  be  con- 

ta ined  w i t h i n  a core .  The i n t e r f a c i a l  f r e e  energy term, i n  t h i s  

c a s e ,  i s  analogous t o  t h a t  given by equat ion  ( 2 0 ) ,  except  t h a t  

CI . i s  rep laced  by 0 ,  t h e  i n t e r f a c i a l  t e n s i o n  of t h e  s u r f a c t a n t  

t a i l s  a g a i n s t  water .  

g j  

mix 

For t h e  s te r ic  i n t e r a c t i o n s  between t h e  p o l a r  head groups 

t h e  fo l lowing  c o n t r i b u t i o n  t o  t h e  s tandard  chemical  p o t e n t i a l  of 

the  m i c e l l e  [ 8 , 9 ] ,  

( 2 1 )  = - Rn [(A .-ga )/Agj] g , gJ P ( u o  ./kTISteric gJ 
I n t e r a c t  i o n s  

i s  used. Here A . i s  t h e  s u r f a c e  a r e a  of t h e  micelle and a i s  

t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  p o l a r  head group. The area 

(A  .-ga ) i s  t h e  s u r f a c e  area a v a i l a b l e  f o r  t h e  f r e e  movement of 

s u r f a c t a n t  molecules and t h e  r a t i o  of t h i s  s u r f a c e  area t o  t h e  

t o t a l  s u r f a c e  a r e a  of t h e  micelle measures t h e  p r o b a b i l i t y  of 

gJ P 

gJ P 
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SEPARATION PROCESS 1441 

non-occurrence of  s te r ic  h indrance  t o  molecular  motion w i t h i n  

micelles. The express ion  i n  equat ion  (21)  i s  analogous t o  t h a t  

used f o r  hard  p a r t i c l e  r e p u l s i o n s .  

F i n a l l y ,  t h e  c o n t r i b u t i o n  of t h e  mutual e l e c t r o s t a t i c  i n t e r -  

a c t i o n s  between t h e  s u r f a c t a n t  head groups l o c a t e d  a t  t h e  micellar 

s u r f a c e  can be w r i t t e n ,  i n  t h e  framework of t h e  Debye-Hkkel 

approximation,  f o r  s p h e r i c a l  micelles and f o r  bo th  Type I and 

Type I1 s o l u b i l i z a t i o n ,  as 

2 2 2  
( p i j  / k T ) E l e c t r o s  t a t i c  = [E B g /12D(rgj+6)kT>1 

g j  

I n t e r a c t i o n s  

[(I+Kai)/{1+~ai+K(r +6)}] . 

For c y l i n d r i c a l  micelles (Type I s o l u b i l i z a t i o n )  

I n t e r a c t  i o n s  

In  t h e  abo,ve express ions ,  E i s  t h e  e l e c t r o n i c  charge,  6 is  t h e  

d e g r e e  of d i s s o c i a t i o n  of t h e  i o n i c  head groups,  D is t h e  

d i e l e c t r i c  c o n s t a n t  of  water, K i s  t h e  r e c i p r o c a l  Debye l e n g t h ,  a 

is t h e  r a d i u s  of  t h e  counter ion ,  6 i s  t h e  d i s t a n c e  of s e p a r a t i o n  

between t h e  hydrophohic s u r f a c e  and t h e  l o c a t i o n  of the charge on 

t h e  p o l a r  head group,  r i s  t h e  r a d i u s  of t h e  s p h e r i c a l  ( o r ,  

c y l i n d r i c a l )  hydrophobic s u r f a c e  of t h e  m i c e l l e ,  L i s  t h e  l e n g t h  

of t h e  c y l i n d r i c a l  micelle and Kg and K are t h e  modified Bessel 

func t ions  of o r d e r  0 and I,  r e s p e c t i v e l y .  Combining equat ions  

(14) t o  ( 2 3 ) ,  t h e  fo l lowing  express ion  can be  obta ined  f o r  t h e  

s tandard  f r e e  energy change a s s o c i a t e d  w i t h  t h e  formation of 

micelles : 

i 

g j  

1 
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1 4 4 2  NAGARAJAN AND RUCKENSTEIN 

- 3 /2  Ln [l+{jm /gm}], f o r  Type I s o l u b i l i z a t i o n ,  ( 2 4 )  S 

+ [-j-j l n  (V  / V  ) I  - 3 /2  LM [l+(jm,/gm)i , s w  

f o r  Type I1 s o l u b i l i z a t i o n  , ( 2 4 ' )  

A s  a l r e a d y  men t ioned ,  $?: i n  e q u a t i o n  ( 2 6 ) ,  ( c o r r e s p o n d i n g  t o  

t h e  s u r f n c t a n t  m o l e c u l e ) ,  d i f f e r s  somewhat f rom t h e  q u a n t i t y  $ 

deLined in e q u a t i o n  (13) f o r  t h e  t r a n s f e r  of  a hydroca rbon  molecu le  

from w a t e r  t o  b u l k  hydroca rbon .  I n  o u r  e a r l i e r  t h e o r y  of micel- 

1 i z . i t i o n  [ 8 , 9 ] ,  t h e  i n t e r a c t i o n  f o r c e s  which impose c o n s t r a i n t s  

wiLhin t h e  mice l les  were a p p r o x i m a t e l y  model led by c o n s i d e r i n g  

t h a t  t h e  r o t a t i o n a l  mo t ions  o f  t h e  m o l e c u l e s  a b o u t  t h e i r  s h o r t  

a x e s  are f r o z e n .  The c o n s t r a i n t s  imposed w i t h i n  t h e  b u l k  hydro-  

c i r b o n  phase  by t h e  i n t e r a c t i o n  f o r c e s  were model led i n  terms of  

r e s t r i c t e d  r o t a t i o n  f o r  the  hydroca rbon  m o l e c u l e s ;  a q u a n t i t a t i v e  

est h a t e  w a s  o b t a i n e d  u s i n g  a c o r r e l a t i o n  o f  e x p e r i m e n t a l  d a t a  

proposed by Bondi [15]. The f r e e  ene rgy  d i f f e r e n c e  between the 

r e s t x i c t e d  r o t a t i o n a l  s t a t e  i n  t h e  b u l k  hydroca rbon  and t h e  

comple t e ly  f r o z e n  r o t a t i o n a l  s ta te  i n  t h e  m i c e l l e  p r o v i d e s  t h e  

v a l u e  of  t h e  d i f f e r e n c e  between $ and $>!. Based on t h i s  p i c t u r e ,  
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SEPARATION PROCESS 1 4 4 3  

discussed  i n  more d e t a i l s  i n  r e f e r e n c e  [ 1 6 ] ,  a n  estimate of  $>t 

can be  made. 

ob ta ined:  -1.15 f o r  each CH group i n  n-alkanes, -2.30 f o r  each 

CH group i n  n-alkanes, and -1.00 f o r  each CH group i n  a romat ics .  

To e s t i m a t e  t h e  v a l u e s  of $* a s s o c i a t e d  w i t h  t h e  t r a n s f e r  of  t h e  

s o l u b i l i z a t e  molecules from water t o  m i c e l l e s ,  t h e  fol lowing 

c o n s i d e r a t i o n s  are relevant. For Type I s o l u b i l i z a t i o n ,  t h e  

s o l u b i l i z a t e  molecules  are l i k e l y  t o  be more cons t ra ined  i n  t h e  

m i c e l l e s  than i n  t h e  bulk  s o l u b i l i z a t e  phase. However, t h e s e  

c o n s t r a i n t s  should b e  less severe than  t h o s e  experienced by t h e  

s u r f a c t a n t  molecules  whose head groups are anchored t o  the i n t e r -  

face .  Therefore ,  f o r  Type I s o l u b i l i z a t i o n ,  c a l c u l a t i o n s  are 

performed f o r  two l i m i t i n g  s i t u a t i o n s :  ( i )  t h e  s o l u b i l i z a t e  i n s i d e  

t h e  m i c e l l e  i s  cons t ra ined  as i n  t h e  bulk  phase, i . e .  t h e  group 

c o n t r i b u t i o n s  t o  9 2 - g  and $ are t h e  s a m e ,  and ( i i >  t h e  s o l u b i l i z a t e  

i n s i d e  t h e  micelle i s  as c o n s t r a i n e d  as t h e  s u r f a c t a n t  t a i l ,  5.e. 

t h e  group c o n t r i b u t i o n s  t o  $* and $'\ a r e  t h e  same. For Type I1 

s o l u b i l i z a t i o n ,  t h e  s o l u b i l i z a t e  molecules c o n s t i t u t e  a c o r e  by 

themselves and are i n  a n  environment s imi la r  t o  their  b u l k  phase. 

Therefore ,  t h e  c a l c u l a t i o n s  i n  t h i s  c a s e  a r e  c a r r i e d  o u t  assuming 

t h a t  c o n t r i b u t i o n s  t o  $: and $ a r e  t h e  same. 

The fo l lowing  group c o n t r i b u t i o n s  t o  $"/kT a r e  t h u s  

2 

3 

S 

S 

S 

The above equat ions  can be extended t o  a b i n a r y  s o l u b i l i z a t e  

mixture  t o  o b t a i n  t h e  fo l lowing  r e l a t i o n s :  

f o r  Type I s o l u b i l i z a t i o n ,  
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1444 NAGARAJAN AND RUCKENSTEIN 

L ( P i j  j,, -gPi - j  '~~Sl-j~'~~S,I~/kTITranslation = 

a n d ,  

(g$*/kT) + ( j ' $ g l / k T )  + (j"$$,,/kT) 

+ ( P i j  rjll/kT)Interfacial + ( P i j  'jlI/kT)Steric 
Free Energy I n t e r a c t i o n s  

+ ( P i j  ' j " / k T k l e c t r o s t a t i c  * 

I n t e r a c t i o n s  

The i n t e r f a c i a l  f r e e  energy,  t h e  s te r ic  and t h e  e l e c t r o s t a t i c  

i n t e r a c t i o n  components of t h e  above c o n f i g u r a t i o n  t e r m  a r e  

comuuted using equat ions  (20 )  t o  ( 2 3 ) ,  s u b s t i t u t i n g ,  however, i n  

those  equat ions  express ions  f o r  A . and r 

Appendix f o r  t h e  b i n a r y  s o l u b i l i z a t e  systems.  

given i n  t h e  
g j  ' j "  63"" 

Using equat ions  (5), ( 5 ' )  and ( 2 4 )  t o  ( 2 9 ) ,  one can compute 

t h e  s i z e  d i s t r i b u t i o n  of t h e  m i c e l l e s  f o r  Type I s o l u b i l i z a t i o n  

and of t h e  g lobules  of  microemulsions f o r  Type I1 s o l u b i l i z a t i o n .  
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SEPARATION PROCESS 1445 

I n  t h e  n e x t  s e c t i o n  r e s u l t s  based  on s u c h  computa t ions  f o r  t h e  

s o l u b i l i z a t i o n  of hexane and benzene  b o t h  as s i n g l e  components 

and as b i n a r y  m i x t u r e s  are p r e s e n t e d  f o r  t h r e e  d i f f e r e n t  s u r -  

f a c t a n t  s . 

RESULTS AND DISCUSSION 

For  i l l u s t r a t i v e  p u r p o s e s ,  t h e  s o l u b i l i z a t i o n  c h a r a c t e r i s t i c s  

of benzene and hexane i n  non- ion ic  o c t y l  g l u c o s i d e ,  a n i o n i c  sodium 

dodecy l  s u l f a t e  and c a t i o n i c  c e t y l  p y r i d i n i u m  c h l o r i d e  s o l u t i o n s  

are c a l c u l a t e d .  Va lues  of v a r i o u s  m o l e c u l a r  p r o p e r t i e s  [ 8 , 9 ]  which 

appea r  i n  e q u a t i o n s  (24) t o  (29) are l i s t e d  i n  T a b l e  1 and i n  t h e  

Appendix. It may b e  no ted  t h a t  t h e  c a l c u l a t i o n s  are based  on t h e  

T a b l e  1 

P r o p e r t i e s  of S u r f a c t a n t  and S o l u b i l i z a t e  Molecules  

C e t y l  Sodium 
Pyr id in ium Dodecyl O c t y l  

C h l o r i d e  S u l p h a t e  Glucos ide  Benzene Hexane 

m ( o r  m ) d a l t o n s  339 288 292 78 86 

v ( o r  vs> i 3  460 352 243 162 216 

a 2 30 17  40 

6 i 1.5 2 . 3  

ai 
K l i t r e s / m o l e  0.5 1.0 

S 

H 

P 
--- --- 

--- --- --- 
--- --- --- li 1.9  2.0 
--- --- --- 
--- --- --- B* 0.8 0.7 

Y (orys)  27.3 25.1 21.4 28.9 18.0 
cm 

6 ( o r  5,) 1.1 1.1 1.1 1 . 4 8  1.1 

$*/kT (o r  $$/kT) -18.4 -13.8 -9.2 -6.0 -9.2 

[While e s t i m a t i n g  +*/kT f o r  t h e  s u r f a c t a n t  mo lecu le s ,  t h e  con- 

t r i b u t i o n  o f  t h e  CH2 group a d j a c e n t  t o  t h e  p o l a r  head of t h e  

s u r f a c t a n t  is c o n s i d e r e d  t o  b e  n e g l i g i b l e . ]  
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1446 N A G W A N  AND RUCKENSTEIN 

assumpt ion  t h a t  t h e  d e g r e e  o f  d i s s o c i a t i o n  o f  t h e  i o n i c  head g roups  

at t h e  m i c e l l a r  s u r f a c e  i s  u n a f f e c t e d  by  the e x t e n t  of  s o l u b i l i z a -  

t i o n .  The c o n c e n t r a t i o n  of  t h e  s i n g l y  d i s p e r s e d  s o l u b i l i z a t e  

molecu le s  h a s  a n  uppe r  bound g i v e n  by i t s  s o l u b i l i t y  i n  water i n  

t h e  a b s e n c e  o f  any  s u r f a c t a n t  m o l e c u l e s .  For  hexane ,  t h i s  

l i m i t i n g  v a l u e  i s  4.24 x 10 

mole f r a c t i o n  u n i t s ) [ l l , l 2 ] .  Fo r  b i n a r y  s o l u b i l i z a t e  sys t ems  

t h e  l i m i t i n g  c o n c e n t r a t i o n s  i n  water  o f  t h e  s i n g l y  d i s p e r s e d  

s o l u b i l i z a t e  molecu le s  are t a k e n  p r o p o r t i o n a l  t o  t h e i r  mole 

f r a c t i o n s  i n  t h e  hydroca rbon  p h a s e .  

-6 and f o r  benzene 4 . 6  x ( b o t h  i n  

For the s u r f a c t a n t s  and c o n d i t i o n s  used i n  t h e  p r e s e n t  compu- 

L a t i o n s  o n l y  Type I s o l u b i l i z a t i o n  ( s o l u b i l i z a t i o n  between t h e  

s u r f a c t a n t  t a i l s )  a p p e a r s  t o  o c c u r .  

A .  P h a s e  Diagrams f o r  S i n g l e  S o l u b i l i z a t e s  

The p h a s e  d i ag rams  r e p r e s e n t i n g  t h e  s o l u b i l i z a t i o n  b e h a v i o r  

o f  hexane o r  benzene i n  the t h r e e  s u r f a c t a n t  s o l u t i o n s  are  

shown i n  F i g u r e s  2 th rough  7. I n  t h e s e  f i g u r e s  t h e  t o t a l  con- 

c e n t r a t i o n  of s u r f a c t a n t  i s  p l o t t e d  a g a i n s t  t h e  mola r  r a t i o  o f  

t t i c  t o t a l  s o l u b i l i z a t e  t o  t o t a l  s o l u b i l i z a t e  p l u s  t o t a l  s u r f a c -  

tarits, h T S .  

a s i n g l e  aqueous  p h a s e  e x i s t s  which c o n s i s t s  of  water and s i n g l y  

TS ’ d i s p e r s e d  s u r f a c t a n t  and s o l u b i l i z a t e  m o l e c u l e s .  For a g i v e n  h 

JL, t h e  t o t a l  s u r f a c t a n t  c o n c e n t r a t i o n  is i n c r e a s e d ,  micelles b e g i n  

t o  form beyond t h e  c r i t i c a l  micelle c o n c e n t r a t i o n .  I n  r e g i o n  11, 

. igain a s i n g l e  aqueous s o l u t i o n  phase  i s  p r e s e n t  which i n c l u d e s  

m i c e l l e s  i n  a d d i t i o n  t o  s i n g l y  d i s p e r s e d  s u r f a c t a n t  and s o l u b i l i -  

L a t e  mo lecu le s .  A t  low c o n c e n t r a t i o n s  o f  s u r f a c t a n t s  and as  t h e  

r e l a t i v e  p r o p o r t i o n  of t h e  s o l u b i l i z a t e  i s  i n c r e a s e d ,  phase  

s e p a r a t i o n  of t h e  s o l u b i l i z a t e  o c c u r s .  T h i s  is shown i n  r e g i o n  

Ill where a s o l u b i l i z a t e  p h a s e  i s  i n  e q u i l i b r i u m  w i t h  a n  aqueous 

phase  which c o n t a i n s  s i n g l y  d i s p e r s e d  s u r f a c t a n t  and s o l u b i l i z a t e  

molecu le s .  

c r e a s e d ,  a s e p a r a t i o n  of t h e  s o l u b i l i z a t e  p h a s e  o c c u r s  ( r e g i o n  I V ) .  

Here t h e  s o l u b i l i z a t e  phase  i s  i n  e q u i l i b r i u m  w i t h  an aqueous 

Four  d i s t i n c t  r e g i o n s  can  b e  i d e n t i f i e d .  I n  r e g i o n  I ,  

A t  h i g h  c o n c e n t r a t i o n  o f  s u r f a c t a n t s ,  as  XTs is i n -  
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m 

TOTAL HEXANE 
TOTAL HEXANE+TOTAL SURFACTANT' '1s 

FIGURE 2.  Phase diagram f o r  t h e  s o l u b i l i z a t i o n  of  hexane i n  

111 and I V  r e f e r  t o  two-phase 
o c t y l  g l u c o s i d e  m i c e l l e s .  
one-phase r e g i o n s .  
r e g i o n s  composed o f  aqueous and hydrocarbon phases .  
I n  r e g i o n s  I and 111, t h e  aqueous phase i s  composed 
o f  s i n g l y  d i s p e r s e d  s u r f a c t a n t  and s o l u b i l i z a t e  
molecu le s ,  b u t  n o t  m i c e l l e s .  I n  r e g i o n s  I1 and I V ,  
t h e  aqueous phase i n c l u d e s  m i c e l l e s  i n  a d d i t i o n  t o  
s i n g l y  d i s p e r s e d  s u r f a c t a n t  and s o l u b i l i z a t e .  I n  
r e g i o n s  111 and I V  t h e  non-aqueous phase  i s  t h a t  of 
s o l u b i l i z a t e .  T h i s  d e s c r i p t i o n  of  t h e  f o u r  r e g i o n s  
i s  common t o  F i g u r e s  2 t o  7 .  

I and I1 r e f e r  t o  aqueous 
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1448 NAGARAJAN AND RUCKENSTEIN 

I 

0 0.2 a4 0.6 0.8 I .o 
TOTAL BENZENE 

TOTAL BENZENE+TOTAL SURFACTANT' A, 

FIGURE 3. Phase  d i ag ram f o r  t h e  s o l u b i l i z a t i o n  o f  benzene i n  
o c t y l  g l u c o s i d e  m i c e l l e s .  

p h a s e  c o n s i s t i n g  of m i c e l l e s ,  s i n g l y  d i s p e r s e d  s u r f a c t a n t  and 

s o l u b i l i z a t e  molecu le s .  

def i -ned by t h e  c r i t i c a l  m i c e l l e  c o n c e n t r a t i o n  (CMC) c u r v e .  One may 

n o t e  t h e  d e c r e a s e  i n  CMC caused  by t h e  p r e s e n c e  o f  t h e  s o l u b i l i -  

z a t e .  

s o l u b i l i t y  c u r v e  o f  t h e  s o l u b i l i z a t e .  

one can  c a l c u l a t e  t h e  amount of  s o l u b i l i z a t i o n  and t h e  phase  comp- 

The boundary between r e g i o n s  I and I1 i s  

The boundary between r e g i o n s  I and I11 i s  d e f i n e d  by t h e  

From t h e s e  phase  d i ag rams ,  
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0 0.2 0.4 0.6 0.0 I 

FIGURE 4 .  Phase diagram fo r  the  so lub i l i za t ion  of hexane i n  
sodium dodecyl s u l f a t e  micelles.  

o s i t i o n s  for any given t o t a l  concentrations of su r fac t an t  and so lu-  

b i l i z a t e  molecules. 

assuming t h a t  t h e  s o l u b i l i z a t e  molecules and the  su r fac t an t  ta i ls  

a r e  equally constrained i n  the  micelles.  No e s s e n t i a l  change 

r e s u l t s  when the  above assumption i s  replaced by equal cons t r a in t s  

f o r  t he  s o l u b i l i z a t e  i n  the  mice l le  and i n  the  bulk s o l u b i l i z a t e  

phase. 

These phase diagrams have been ca lcu la ted  
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5 x 1 8  I i i i i V  

I m- 

D 0 02 0.4 0.6 0.8 
TOTAL BENZENE 

TOTAL BENZENE t TOTAL SURFACTANT ’ $3 

FIGURE 5.  Phase diagram f o r  t h e  s o l u b i l i z a t i o n  o f  benzene i n  
sodium dodecy l  s u l f a t e  m i c e l l e s .  

B .  D i s t r i b u t i o n s  of  M i c e l l a r  S i z e s  and of  S o l u b i l i z a t e f S u r f a c t a n t  

- R a t i o  f o r  S i n g l e  S o l u b i l i z a t e s  

F i g u r e s  8 t o  1 0  p r o v i d e  t h e  v a l u e s  p r e d i c t e d  f o r  bo th  t h e  

a v e r a g e  number of s u r f a c t a n t  mo lecu le s  and t h e  ave rage  r a t i o  of 

s o l u b i l i z a t e  t o  s u r f a c t a n t  mo lecu le s  i n  a m i c e l l e ,  as a f u n c t i o n  

of t h e  t o t a l  s u r f a c t a n t  c o n c e n t r a t i o n .  The r e s u l t s  shown i n  

F i g u r e s  8 t o  1 0  correspond t o  t h e  maximum s o l u b i l i z a t i o n ,  r e p r e -  

s e n t e d  i n  t h e  phase  diagram ( F i g u r e s  2 t o  7 )  by t h e  boundary 
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l i l l l l l l  

I 

0.2 0.4 0.6 0.8 0 I 
TOTAL HEXANE 

TOTAL HEXANEi-TOTAL SURFACTANT ' 'lS 

FIGURE 6 .  Phase diagram f o r  t h e  s o l u b i l i z a t i o n  of  hexane i n  
c e t y l  pyridinium c h l o r i d e  m i c e l l e s .  

between r e g i o n s  I1 and I V .  F igures  8 t o  10 i n c l u d e  a l s o  t h e  

weight  average aggrega t ion  numbers of t h e  m i c e l l e s  formed i n  t h e  

absence of any s o l u b i l i z a t e .  

For  a l l  t h r e e  s u r f a c t a n t  s o l u t i o n s ,  t h e  average  s i z e  of t h e  

m i c e l l e s  i n  t h e  presence of s o l u b i l i z a t e  i s  l a r g e r  than t h a t  i n  

i t s  absence.  The i n c r e a s e  i n  t h e  m i c e l l a r  s i z e  i s  p a r t i c u l a r l y  

l a rge  f o r  o c t v l  g l u c o s i d e  (F igure  8 ) .  
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r--- U 

I 

I I I I I I I J  

TOTAL BENZENE 
TOTAL BENZENE + TOTAL SURFACTANT ' 

FIGURE 7 .  Phase diagram f o r  t h e  s o l u b i l i z a t i o n  of benzene i n  
c e t y l  pyridinium c h l o r i d e  m i c e l l e s .  

The average  r a t i o  of s o l u b i l i z a t e  t o  s u r f a c t a n t  molecules 

remains almost  c o n s t a n t  being n e a r l y  independent of t h e  s i z e  of 

t h e  m i c e l l e  and t h e  c o n c e n t r a t i o n  of t h e  s u r f a c t a n t .  This  r a t i o  

i s  l a r g e r  f o r  benzene than f o r  hexane, i n d i c a t i n g  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 benzene i n  a l l  t h r e e  s u r f a c t a n t  s o l u t i o n s .  The 

average  r a t i o s  of s o l u b i l i z a t e  t o  s u r f a c t a n t  molecule i n  micelles 

a r e :  1.00 f o r  benzene, 0.19 f o r  hexane i n  o c t y l  g l u c o s i d e  so lu-  
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FIGURE 8. Dependence of t h e  average  aggrega t ion  number and t h e  
average r a t i o  of s o l u b i l i z a t e  t o  s u r f a c t a n t  i n  micelles 
on t h e  t o t a l  c o n c e n t r a t i o n  of o c t y l  g lucos ide .  
S o l u b i l i z a t e :  - benzene, ---- hexane, ---.- none,  
pure  m i c e l l e s .  

t i o n s ;  3.75 f o r  benzene, 0.12 f o r  hexane i n  sodium dodecyl  

s u l f a t e  s o l u t i o n s ;  and 13.2 f o r  benzene, 0.16 f o r  hexane i n  c e t y l  

pyridinium c h l o r i d e  s o l u t i o n s .  These r e s u l t s  suggest  t h a t  a n  

i n c r e a s e  of t h e  hydrocarbon cha in  l e n g t h  of t h e  s u r f a c t a n t  t a i l  

i n c r e a s e s  t h e  s o l u b i l i z a t e  t o  s u r f a c t a n t  r a t i o  i n  t h e  micelles. 

The above numbers i n d i c a t e  t h a t  t h e  amounts s o l u b i l i z e d  and t h e  
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I(/CLL--- ----- 
-...,/-- 

I '  1 ,-.-.-. -.- 
1'" 5 

/ 

____--------------- 
0 

I o - ~  5 ~ 1 6 ~  5 ~ 1 6 ~  

TOTAL CONCENTRATION OF SURFACTANT 
(IN MOLE FRACTION) 

FIGURE 9.  Dependence of t h e  average aggrega t ion  number and t h e  
average  r a t i o  of s o l u b i l i z a t e  t o  s u r f a c t a n t  i n  m i c e l l e s  
on t h e  t o t a l  r o n c e n t r a t i o n  o f  sodium dodecyl  s u l f a t e .  
S o l u b i l i z a t e :  - benzene, ---- hexane, -.-a - none,  
p u r e  rn ice l les .  

s e l e c t i v i t y  can be l a r g e .  Of course ,  i n  c o n d i t i o n s  under which 

Type I1 s o l u b i l i z a t i o n  (microemulsions) will occur ,  t h e  s o l u b i l i -  

z a t e  t o  s u r f a c t a n t  r a t i o  can be even l a r g e r .  

will probably be  u n s a t i s f a c t o r y  f o r  reasons  d iscussed  l a t e r  i n  

t h e  paper. 

The s e l e c t i v i t y  
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'"I 7 

I 

l o t  

0 0  
5 x d  10-j SXl( 

TOTAL CONCENTRATION OF SURFACTANT 
(IN MOLE FRACTION) 

FIGURE 10. Dependence of  t h e  average aggrega t ion  number and t h e  
average r a t i o  of  s o l u b i l i z a t e  t o  s u r f a c t a n t  i n  
m i c e l l e s  on t h e  t o t a l  c o n c e n t r a t i o n  of  c e t y l  pyridinium 
c h l o r i d e .  S o l u b i l i z a t e :  __ benzene, ---- hexane , -._.- none, pure  micelles.  

The average  aggrega t ion  numbers i n c r e a s e  only s l i g h t l y  as t h e  

t o t a l  s u r f a c t a n t  c o n c e n t r a t i o n  i n c r e a s e s .  This  i s  t h e  behavior  

observed i n  monodispersed m i c e l l a r  s o l u t i o n s  and i s  i n  c o n t r a s t  t o  

t h a t  observed i n  polydispersed  m i c e l l a r  s o l u t i o n s  [17]. The 

approximately monodisperse n a t u r e  of t h e  m i c e l l e s  c o n t a i n i n g  
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1456 NAGARAJAN AND RUCKENSTEIN 

s o l u b i l i z a t e  is a l s o  i n d i c a t e d  by the v a l u e  of near u n i t y  es t imated  

f o r  t h e  r a t i o  between t h e  weight  average  aggrega t ion  number and t h e  

number average  a g g r e g a t i o n  number. 

C. Or ig in  of the 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 Benzene 

The 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  benzene can be examined 

i n  terms of v a r i o u s  f a c t o r s ,  which determine t h e  s o l u b i l i z a t i o n  

behavior  of s u r f a c t a n t s .  Equat ion ( 5 )  f o r  t h e  s i z e  d i s t r i b u t i o n  

o f  micel1.e~ shows t h a t  an i n c r e a s i n g  c o n c e n t r a t i o n  of t h e  s i n g l y  

d i s p e r s e d  s o l u b i l i z a t e  f a v o r s  s o l u b i l i z a t i o n  and benzene has  a 

much h igher  s o l u b i l i t y  l i m i t  ( 4 . 6  x compared t o  t h a t  of 

hexane ( 4 . 2 4  x 1 0  ) .  However, t h e  f r e e  energy g a i n  a s s o c i a t e d  

w i t h  t h e  t r a n s f e r  of benzene molecules  from an aqueous medium t o  

J hydrocarbon phase i s  smaller than t h a t  f o r  hexane. (This  i s ,  i n  

f a c t ,  r e f l e c t e d  by t h e  h igher  s o l u b i l i t y  of benzene i n  w a t e r . )  

This  c o n s t i t u t e s  a s i g n i f i c a n t  f a c t o r  i n  t h e  f a v o r  of hexane. The 

above two e f f e c t s  approximately c a n c e l  each o t h e r  i n  t h i s  case and 

t h u s  cannot e x p l a i n  t h e  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 benzene. 

-6 

Secondly, benzene h a s  a s m a l l e r  molecular  volume. For a given 

molecular  r a t i o  of s o l u b i l i z a t e  t o  s u r f a c t a n t  i n  a micel le ,  t h e  

i n c r e a s e  of t h e  hydrocarbonaceous s u r f a c e  a r e a  exposed t o  water  

caused by benzene i s  smal le r  than  t h a t  due t o  hexane. I n  a d d i t i o n ,  

t h e  i n t e r f a c i a l  t e n s i o n  of benzene-water i s  lower t h a n  t h a t  of 

hexane-water. Both t h e  lower i n t e r f a c i a l  t e n s i o n  and t h e  smal le r  

i n c r e a s e  i n  i n t e r f a c i a l  area imply a s m a l l e r  i n c r e a s e  i n  t h e  pos i -  

t i v e  f r e e  energy of t h e  micel le-water  i n t e r f a c e .  T h i s  i s  a s i g n i -  

f i c a n t  f a c t o r  which favors  benzene. The decrease  i n  t h e  s t e r i c  

r e p u l s i o n s  between t h e  head groups i s  l a r g e r  when hexane molecules 

a r e  s o l u b i l i z e d  because of t h e  s u r f a c e  a r e a  change mentioned 

Al>t iVe .  Even though t h i s  f a c t o r  f a v o r s  hexane, i t s  magnitude is not  

1 a r g e  enough. 

D .  Comparison Between Type 1 and Type I1 S o l u b i l i z a t i o n  

A s  a l r e a d y  mentioned, on ly  s o l u b i l i z a t i o n  between t h e  s u r -  

f a c t a n t  t a i l s  (Type I s o l u b i l i z a t i o n )  i s  p r e d i c t e d  by our  compu- 
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t a t i o n s ,  f o r  t h e  s u r f a c t a n t s  and c o n d i t i o n s  considered i n  t h i s  

paper .  S o l u b i l i z a t i o n  as microemulsions (Type I1 s o l u b i l i z a t i o n )  

does n o t  occur  because,  i n  c o n t r a s t  t o  Type I ,  t h e  en t ropy  of 

mixing between t h e  s u r f a c t a n t  t a i l s  and s o l u b i l i z a t e  molecules  i s  

a b s e n t ,  and, i n  a d d i t i o n ,  t h e  en t ropy  of t h e  e n t i r e  system i s  

smaller, s i n c e  a s m a l l  number of l a r g e  p a r t i c l e s  of Type I1 
r e p l a c e s  a much l a r g e r  number of small p a r t i c l e s  of Type I. 

i s ,  however, another  f a c t o r ,  which f a v o r s  Type I1 over  Type I; 

namely, t h e  hydrocarbon-water i n t e r f a c e  per  s u r f a c t a n t  molecule 

which i s  smaller f o r  Type 11. This  f a c t o r  i s  n o t  l a r g e  enough 

f o r  t h e  p r e s e n t  s u r f a c t a n t s  and condi t ions .  

There 

The s e l e c t i v i t y  of Type I1 s o l u b i l i z a t i o n  i s  expected t o  be 

much lower than  f o r  Type I,  because t h e  i n t e r f a c i a l  f r e e  energy 

e f f e c t  d i scussed  i n  t h e  previous s e c t i o n  no longer  e x i s t s .  

E.  S o l u b i l i z a t i o n  of Binary S o l u b i l i z a t e  Mixture 

F igure  (11) provides  t h e  e x t e n t  of s o l u b i l i z a t i o n  of benzene 

and hexane from a s o l u b i l i z a t e  mixture  i n  t h e  t h r e e  s u r f a c t a n t  

s o l u t i o n s  as a f u n c t i o n  of t h e  t o t a l  c o n c e n t r a t i o n  of t h e  s u r f a c -  

t a n t  i n  t h e  aqueous s o l u t i o n .  The c a l c u l a t i o n s  have been c a r r i e d  

o u t  f o r  aqueous s o l u t i o n s  i n  e q u i l i b r i u m  w i t h  an equimolar mixture  

of  benzene and hexane. I n  a l l  three s u r f a c t a n t  s o l u t i o n s  t h e  

molar ( s e l e c t i v i t y )  r a t i o  of benzene t o  hexane s o l u b i l i z e d  i s  of 

t h e  o r d e r  of 10. 

s u r f a c t a n t  molecule i n  a m i c e l l e  i n c r e a s e s  from 0 . 5 4  f o r  o c t y l  

g l u c o s i d e ,  t o  1 .32  f o r  sodium dodecyl  s u l f a t e  and 2 .65  f o r  c e t y l  

pyridinium c h l o r i d e .  F igure  ( 1 2 )  shows t h e  v a r i a t i o n  of t h e  

s e l e c t i v i t y  r a t i o  of benzene t o  hexane s o l u b i l i z e d  i n  t h e  t h r e e  

s u r f a c t a n t  s o l u t i o n s  as a f u n c t i o n  of t h e  composition of  t h e  o r g a n i c  

phase i n  e q u i l i b r i u m  w i t h  t h e  aqueous phase. 

t h e  s e l e c t i v i t y  r a t i o  i s  very l a r g e  when t h e  organic  phase i s  

benzene r i c h  and p r o g r e s s i v e l y  decreases  as t h e  organic  phase 

becomes hexane r i c h .  However, t h e  s e l e c t i v i t y  r a t i o  remains 

g r e a t e r  than  2 even when t h e  o r g a n i c  phase h a s  a molar compo- 

s i t i o n  of 90 p e r c e n t  hexane. T h i s  s u g g e s t s  t h a t  e f f e c t i v e  removal 

The number of benzene molecules  s o l u b i l i z e d  per  

A s  one would e x p e c t ,  
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2 2.8 ,- I 1 

8 2.0 
a 
3 ““t 1.8 
k I  0 

= o  

TOTAL CONCENTRATION OF SURFACTANT 
(IN MOLE FRACTION) 

Dependence of t h e  average  r a t i o  of benzene s o l u b i l i z e d  
t o  s u r f a c t a n t  and of hexane s o l u b i l i z e d  t o  s u r f a c t a n t  
i n  m i c e l l e s  on t h e  t o t a l  c o n c e n t r a t i o n  of s u r f a c t a n t  

(when t h e  aqueous phase i s  i n  e q u i l i b r i u m  w i t h  a n  
equimolar  s o l u b i l i z a t e  mixture  of benzene and hexane) .  

~ benzene, ---- hexane. CPC i s  f o r  c e t y l  pyr id in ium 
c h l o r i d e ,  SDS i s  f o r  sodium dodecyl  s u l f a t e  and OG i s  
f o r  o c t y l  g lucos ide .  
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MOLE FRACTION OF HEXANE I N  ORGANIC PHASE 

FIGURE: 1 2 .  Dependence of t h e  molar ( s e l e c t i v i t y )  r a t i o  of benzene 
s o l u b i l i z e d  t o  hexane s o l u b i l i z e d  i n  m i c e l l e s  on t h e  
composition of t h e  s o l u b i l i z a t e  phase i n  e q u i l i b r i u m  
w i t h  t h e  aqueous s u r f a c t a n t  s o l u t i o n .  S u r f a c t a n t :  
---- CPC i s  f o r  c e t y l  pyridinium c h l o r i d e ,  -*-.- SDS 
i s  f o r  sodium dodecyl  s u l f a t e ,  - OG i s  f o r  o c t y l  
g lucos ide .  The t o t a l  c o n c e n t r a t i o n  of t h e  s u r f a c t a n t  
i n  t h e  aqueous s o l u t i o n  i s  10-3 ( i n  mole f r a c t i o n  
u n i t s ) .  
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1460 NAGARAJAN AND RUCKENSTEIN 

of benzene from a b i n a r y  mixture  i s  p o s s i b l e  as long  as t h e  con- 

c e n t r a t i o n  of benzene i n  t h e  b i n a r y  mixture  i s  l a r g e r  than  10 

percent .  

F. Experimental  S t u d i e s  on S e l e c t i v e  S o l u b i l i z a t i o n  

An exper imenta l  program t o  measure t h e  s e l e c t i v e  s o l u b i l i z a -  

t i o n  of benzene from an equimolar b i n a r y  mixture  of benzene + 
hexane i s  c u r r e n t l y  i n  progress .  Pre l iminary  experiments  have 

been conducted w i t h  0 . 1  M c e t y l  pyridinium c h l o r i d e  as t h e  

s u r f a c t a n t  system. The s u r f a c t a n t  s o l u t i o n  i s  contac ted  w i t h  a 

b i n a r y  mixture  o f  benzene + hexane of known i n i t i a l  composi t ion.  

The f i n a l  composition of t h e  hydrocarbon mixture  i s  determined 

fo l lowing  s o l u b i l i z a t i o n .  A f t e r  c o r r e c t i n g  f o r  t h e  c o n c e n t r a t i o n s  

of  s i n g l y  d i s p e r s e d  benzene and hexane i n  water, t h e  amount of 

s o l u b i l i z e d  benzene and hexane have been determined. The r e s u l t s  

i n d i c a t e  t h a t  t h e  r a t i o  of moles of benzene s o l u b i l i z e d  t o  t h a t  

of hexane i s  over  7 .  F u r t h e r ,  about  one molecule of benzene i s  

s o l u b i l i z e d  f o r  every s u r f a c t a n t  molecule p r e s e n t  i n  t h e  m i c e l l e s .  

Addi t iona l  s u r f a c t a n t s  a r e  being explored t o  i d e n t i f y  c o n d i t i o n s  

of  c o n c e n t r a t i o n ,  i o n i c  s t r e n g t h  and temperature  under which t h e  

amounts s o l u b i l i z e d  are l a r g e  and t h e  s e l e c t i v i t y  remains apprec- 

i a b l e .  

CONCLUSIONS 

A thermodynamic approach t o  s o l u b i l i z a t i o n  i n  aqueous m i c e l l a r  

s o l u t i o n s  has  been developed on t h e  b a s i s  of which phase diagrams 

f o r  s o l u b i l i z a t i o n  of hexane and benzene i n  t h r e e  s u r f a c t a n t  

s o l u t i o n s  have been cons t ruc ted .  I n  g e n e r a l ,  t h e  c r i t i c a l  m i c e l l e  

conLent ra t ion  a t  which t h e  m i c e l l e s  begin  t o  appear  i s  lower than 

the  CMC i n  t h e  absence of  s o l u b i l i z a t e .  The average  aggrega t ion  

numbers of t h e  m i c e l l e s  a r e  l a r g e r  than i n  t h e  absence of  so lu-  

b i l i z a t e s .  I n  all t h e  c a s e s ,  t h e  micelles a r e  a lmost  monodisper- 

sed and c o n t a i n  an equal  number of s o l u b i l i z a t e  molecules .  

The c a l c u l a t i o n s  i n d i c a t e  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 

(aromatic)  benzene compared t o  t h a t  of ( a l i p h a t i c )  n-hexane. The 
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s e l e c t i v i t y  f o r  benzene over hexane from an equimolar b i n a r y  mix- 

t u r e  i s  about  10 f o r  t h e  o c t y l  g l u c o s i d e ,  sodium dodecyl  s u l f a t e  

and c e t y l  pyridinium c h l o r i d e  systems. The molar r a t i o  of 

s o l u b i l i z a t e  t o  s u r f a c t a n t  molecules  i n c r e a s e s  as t h e  hydrocarbon 

cha in  l e n g t h  of t h e  s u r f a c t a n t  t a i l  i n c r e a s e s .  The 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 benzene i s  caused by i t s  smaller molecular  

volume and lower i n t e r f a c i a l  t e n s i o n  a g a i n s t  water. These r e s u l t s  

sugges t  t h e  p o s s i b i l i t y  of removing aromat ics  by s o l u b i l i z a t i o n  

from a mixture  of aromatic  and a l i p h a t i c  hydrocarbons. 
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APPENDIX 

A .  Notations and Definitions 

cross-sectional area of the polar head group of surfactant 

area per surfactant molecule shielded from contact with 

water = 21 i 2  (if a > 2 1  L 2 ) ;  = a (if a < 21 1 2 )  

molar concentration of singly dispersed surfactant 

molecules, moles/litre 

molar concentration of added s a l t ,  moles/litre 

number of surfactant molecules in a micelle 

Planck's constant, = 6.625 x ergs sec 

average moment of inertia of a singly dispersed surfactant 
2 / 3  molecule, = (2/5)m (3v/4"ir) 

number of solubilizate molecules of kind S' in a micelle 

number of solubilizate molecules of kind S" in a micelle 
Boltzmann constant, = 1.38 x erg/OK 

equilibrium constant for counterion binding 

length of hydrocarbon tail of surfactant, = (1.5 + 
1.269 nc) A 

number of CH and CH groups per hydrocarbon chain 2 3 
absolute temperature, = 298'K, in the present calculations 

volume of water molecule, = 30i3 

degree of dissociation of the ionic head groups, 
= B"/[{K(C1 + Cadd)} f 1 1  
the value of 6 at zero ionic strength 
surface tension of the hydrocarbon tail of the 

surfactant molecule 

P P P 
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Ys = s u r f a c e  t e n s i o n  of t h e  s o l u b i l i z a t e  molecule  

6 = d i s t a n c e  of  s e p a r a t i o n  between t h e  hydrophobic s u r f a c e  

and t h e  l o c a t i o n  of charge on t h e  p o l a r  head group of 

s u r f a c t a n t  

E = e l e c t r o n i c  charge ,  = 4 . 8  x lo-'' e s u  

K = r e c i p r o c a l  Debye l e n g t h ,  = (C1 + Cadd I l l 2 /  
(3 .08  x cm-' a t  25°C 

5 = e m p i r i c a l  c o n s t a n t  appear ing  i n  t h e  equat ion  f o r  i n t e r f a c i a l  

t e n s i o n  of  hydrocarbons a g a i n s t  water 

o = i n t e r f a c i a l  t e n s i o n  of hydrocarbon a g a i n s t  water 

T o t a l  S u r f a c t a n t  Concent ra t ion  = (N1+ ~ $ r Z r l g N g j  l j  , ' ) /F  

T o t a l  Concent ra t ion  of S o l u b i l i z a t e  S '  = ( N I S l + ~ f l $ l l j  I N g j  I j l l ) / F  

T o t a l  Concent ra t ion  of S o l u b i l i z a t e  S" = (N l s l , + ~ ~ l ~ l l j " N g j  , j l l ) / ~  

F r a c t i o n  of  S ingly  Dispersed S o l u b i l i z a t e  S '  - 
- xls' = 

/(N1+Nlsc+NlSii) 

+Ex c j "  ) I  
g j  ' j "  

F r a c t i o n  of T o t a l  S o l u b i l i z a t e  S '  = hTSl = (Nlsl g j l j l l  

~ N ~ + N ~ ~ ~ + N ~ ~ ~ ~ + ~ $ ~ $ ~ ,  [g+j '+j"lNgj jll) 

Number Average Aggregation Number g n = ( ~ $ , ~ l l g  Ngj  jll)/ 

cc c 2 Weight Average Aggregation Number gw = (g j  ,,g Ngj  

Average F r a c t i o n  of  S o l u b i l i z a t e  S '  i n M i c e l l e s  = < j ' / g >  = 

xC,c j" ( j  ' /ghgj  jll/:f l i l ,~g j  
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Average F r a c t i o n  of S o l u b i l i z a t e  S" i n  M i c e l l e s  = < j " / g >  = 

B. D e f i n i t i o n  of T r a n s f e r  Free  Energ ies  

For t h e  t r a n s f e r  of molecules  from water t o  b u l k  hydrocarbon 

phase: 

For t h e  t r a n s f e r  of molecules  from water t o  t h e  hydrocarbon l i k e  

i n t e r i o r  of  m i c e l l e s :  

[The  s u b s c r i p t  S i n d i c a t e s  always t h e  s o l u b i l i z a t e . ]  

C .  Es t imat ion  of Hydrocarbon Mixture-Water 

I n t e r f a c i a l  Tension 

Surface t e n s i o n  

of hydrocarbon mixture  = Ymix = (gu+j ' y S  l + j " Y S l l )  / (g+j '+j") 

I n t e r f a c i a l  t e n s i o n  of 

hydrocarbon mixture  
1 1 2  a g a i n s t  water  = 0 = 7 3  + Ymix - smix 173 x ymixl mix 

Empir ical  c o e f f i c i e n t  

in the express ion  f o r  

i n t e r f a c i a l  t e n s i o n  = 'mix = (gS+j'~sl+jl'~s,l)/(g+j'+j") 

D. Geometr ical  P r o p e r t i e s  of M i c e l l e s  (Type I and 11) 

For  S p h e r i c a l  Mice l les  (Type I s o l u b i l i z a t i o n )  : 
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2 
g j  ' j"  

A = 4nr  
g j  ' j "  

g j  ' j"  

- 
I = (2/5)(mg + m s l j ' + m ~ l l j ' ' ) ~ g j l j l l  2 

For C y l i n d r i c a l  Micelles (Type I s o l u b i l i z a t i o n ) :  

L 
= 4 m  

g j  ' j "  g j  ' j "  

g j  ' j "  

j "  = 0, j '  = 

A 

- 
I = (2/5)(ms+mSrj '+mSIl j ' ' )  rgj 2 l j , ,  

[ I n  a l l  t h e  above r e l a t i o n s ,  f o r  s i n g l e  s o l u b i l i z a t e  systems 

j l  
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