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8.1 A bstract

A new molecular thermodynamic model of micellar solubilization for 
simple hydrocarbon solutes was proposed. A treatment combined general solution 
thermodynamic principles with detailed molecular models for various contributions 
to free energy of aggregation (surfactant + solute), i.e. (1) surfactant-solute mixing 
(2) solute replacing water in the hydrated methylene layer of micelle (3) non- 
hydrated surfactant tail/aqueous interfacial tension reduction and (4) micellar core 
formation. Micelle was assumed as a pseudophase allowing a p r i o r i  quantitative 
prediction for solubilization behavior of solutes by micelles starting from their 
molecular structures and the solution conditions. The solubilization locations of 
solutes and initial micellar properties were required as the main p r i o r i  information. 
The solubilization was also assumed independent of micellar geometry change. This 
approach is more analytical while still providing acceptably accurately quantitative 
results. The validity of this model was verified by comparing model results with a 
number of experimental data. This approach accurately predicted solubilization 
isotherms without any fitting parameter, which no model has been done before. 
Moreover, this model was also valid for surface solubilization (or adsolubilization).
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8.2 Introduction

Micellar solubilization refers to a phenomenon of an increase in the 
solubility of solvophobic solutes in an aqueous solution caused by a presence of 
micelles [1, 2], The micelles provide a microenvironment conductive to the solute 
molecules, which are otherwise sparingly soluble in an aqueous solution. It is of 
important in many industrial, pharmaceutical and biological applications.

Since 1846 that the concept of micellar solubilization has been firstly 
traced, researchers have developed many methods to evaluate and/or predict the 
solubilization. Developments in the theory of solutions have led to the use of models 
involving solubility parameters to describe intramicellar solution.

Molar solubilization ratio was used to illustrate the solubilization capacity 
of particular micellar solution for specific solutes [3]. A group contribution model 
was developed for the prediction of the maximum solubilization capacity of solutes 
in micellar solution using the structural formula of the solute and its Henry’s law 
constant [4], In 1991, a successful molecular thermodynamic model for 
solubilization of hydrocarbons in ionic surfactant micelles at solute saturation was 
proposed [5]. The model allowed a p r i o r i  quantitative prediction of the aggregation 
behaviours of surfactant and solute, starting from their molecular structures and the 
solution conditions. The solubilization of nonpolar gases was also predicted by a 
similar molecular thermodynamic approach [6]. A self-consistent mean field lattice 
theory of macromolecules was developed and modified for micellar solubilization to 
predict the maximum solubilization capacity [7]. This method is still qualitative and 
intensively computational. A lattice-based Monte Carlo method was used to 
qualitatively determine locus of solubilization [8]. Recently a net-average curvature 
model was proposed [9]. It was a combination of Kelvin equation of surface energy, 
the empirical surfactant affinity different equation and scaling law principles.

Most solubilization models to date are still qualitative and valid for the 
solubilization at solute saturation only. In reality, the partitioning nature of solutes 
varies by solute concentration in bulk aqueous and micellar phases. This work 
therefore aimed to develop a new approach to predict solute partitioning behaviours 
varied by solute concentration.
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8.3 T herm odynam ic M odeling

8.3.1 Ionic Micelle Model
The micelle of ionic surfactants is not a static but rather a constantly 

fluctuating system. The micelles contain sufficiently many surfactant molecules that 
the properties of the micelles approach those of a macroscopic system assumed as 
pseudophase. The micelle is characterized by four regions as shown in Figure 8.1
[10, ท].

Figure 8.1 Typical ionic micelle model with four loci of solubilization.

The outer region is called surfactant head group (SH) region, which 
possesses the most polarity, consists of the surfactant head groups and counterions 
forming micelle-water interface including diffusive ionic cloud. It prefers highly 
polar solute partitioning. The inner region (micellar interior) is normally assumed as 
liquid-like. Only a-methylene groups of surfactant tails are hydrated [12]; creating 
an intermediate polar region called hydrated methylene layer (HML), which thus 
prefers an intermediate polar solute partitioning. The combined regions between 
hydrated methylene layer and surfactant head group regions is called “aqueous 
region”. The deeper region among pure surfactant chains excluding a-methylene 
groups is dried and non-polar in nature called non-hydrated surfactant tail (NHST) 
region. It preferentially accommodates non-polar solute partitioning. However, 
micellar interior has a limited volume for solute. It becomes saturated and the pure 
solute droplet then exists at micelle centre called micellar core (MC) [13],
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In summary, this solubilization model defined the solubilization 
location as consisting of four main regions; i.e., surfactant head (SH), hydrated 
methylene layer (HML), non-hydrated surfactant tail (NHST) and micellar core 
(MC) regions.

8.3.2 Thermodynamic Framework of Solubilization
The aggregation number of ionic micelles has been shown to change 

very little during solubilization although the aqueous solubility of hydrocarbon solute 
(without functional group), e.g. benzene, was reached [14]. Micelle geometric 
change was thus considered insignificantly. Consequently, thermodynamic analysis 
could be undergone by reasonable ignoring the effect of micelle geometric change 
due to solubilization. At constant volume, pressure and temperature, the standard 
chemical potentials of solute in aqueous phase and in micellar phase at equilibrium 
are equal to each other [15],

Î  am =^ aw (8-!)

where pT is standard chemical potential of a solute in the j  phase, พ  (water) or m

(micelle) and a  represents solute. The aqueous phase was assumed as pure water 
since the concentrations of surfactant and solute in aqueous solution are very low. 
Hence,

«■ (Iniu-O+Hl = W(taY».yJ + iC  (*-2)

where k  is Bolzmann’s constant, T  is temperature (K) and y aj  is activity coefficient 
of solute in the j  phase, m  or พ . Rearrangement gave

In  K p  =  I n f r a » / y a m ) - A ^ m / k T (8 .3 )
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where K  = X am เ  X ^  is a partition coefficient of solute. Ap° ,m is the standard
chemical potential change of solubilization for transferring a solute molecule from 
aqueous phase to micellar phase. Standard chemical potential changes used through 
this article were defined as the Gibbs free energy change p e r  s o lu te  m o le c u le .  
Assumed a perfect ideal (infinitely diluted) solution of solute in bulk aqueous phase 
[16], one obtained

ln £ p = - l n y a m - A lx°pur„ m l k T - \ n X %  (8.4)

X ^  is a saturated mole fraction of the solute in bulk aqueous phase. A\x°pure^ m is
the standard chemical potential change for transferring a solute molecule from pure 
solute phase to micellar phase. As p  of molecules at any location of micellar phase
must be equal at thermodynamic equilibrium, A\i°pure_^m is thus equal to the standard 
chemical potential change of solubilization for transferring a solute molecule from 
pure solute phase to NHST region, Ap°pure^ NHST, at equilibrium. The latter term was
used through the rest of this article instead of the first term for the convenience in 
chemical potential determination. The NHST region consists of only non-hydrated 
surfactant alkyl chains and solute molecules. The value of 1 n y am for non-ideal binary 
mixture of solute and surfactant tails could be easily calculated by UNIFAC method
[17].

The values of molecular parameters of all molecules were assumed 
indifferent between the molecules at non-equilibrium and equilibrium states, thus the 
minimization of chemical potential change to obtain equilibrium state was not 
needed to be performed. With known initial micellar properties and molecular 
parameters of solute and surfactant, this method minimized a number of our variables 
to only 1, i.e. intramicellar mole fraction of solute, xam, at constant temperature. This 
approach allows US to reproduce the modified solubilization isotherms, InKp-Xam 
curves, conveniently.
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8.3.3 Standard Chemical Potential Change of Solubilization
Based on the proposed ionic micelle model, the ^ ° pure^NHST

(=  An°pure^ m )  was described in detail specifically for each solute, i.e. benzene,
styrene and n-alkanes. The individual contributions of standard chemical potential 
change were based on known solubilization locations for each solute.

For benzene, experimentally, it was initially solubilized in surfactant 
tail region near micelle/water interface (assumed HML region) and then further 
solubilized toward NHST region upon increasing the intramicellar mole fraction of 
benzene or total benzene concentration [18]. These phenomena were also expected 
for other small aromatic molecules without functional group, e.g. styrene. 
Accordingly, a systematic thermodynamic pathway for transferring a solute molecule
from its pure phase to micellar phase was proposed to determine A\i.°pure^ KHST.

Step (1) benzene molecules transfer from pure benzene phase passing 
through the initial NHST/aqueous interface to NHST region. All benzene molecules 
mix with surfactant alkyl tails in micelles [positive effect to K p],

Step (2) benzene molecules in NHST region move back toward HML 
region and thus insert their -CH group into HML region. This process involves a 
removal of those water molecules, which presumably are present initially in HML 
region. It is a withdrawal of benzene molecules from NHST region [negative effect 
to Kp], This phenomenon still obeys the approximation in this step if

^C H _H M L I X CH:1 _ HM1 = X am I X STm (8.5)

where XsTm  is a mole fraction of surfactant tail in micellar interior, X c h  h m l is a mole 
fraction of benzene -CH group in HML region and X c H 2_HML is a mole fraction of a -  
methylene group of surfactant tail in HML region.

Step (3) NHST/HML (aqueous region -  water) interfacial tension 
reduces due to the presence of benzene at the interface releasing some benzene 
molecules from NHST region to aqueous region [negative effect to K p].
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Equivalent to this pathway, Ap°ure_>m for benzene solubilization 
could be determined by combining those three contributions, i.e. (1) surfactant alkyl 
tail-benzene mixing A\i°mjx for step 1, (2) benzene -CH insertion in HML region
A\X°HML for step 2 and (3) NHST/aqueous interfacial tension reduction A\x°int for step 
3 as shown.

p u re^H ti ~~ ^ \^ m ix  H M L ini (8.6)

At high benzene concentration, MC region existed [14]. However, 
benzene molecules in MC region were believed that they all are still in contact with 
surfactant tails for benzene/surfactant ratio «  1 consistent with very small micellar 
core observed from Nagarajan’s model for benzene solubilization at saturation [3],

In the case of n-alkanes, they were initially solubilized into MC 
region of ionic micelle [1, 10] and thus form NHST/MC interface. No n-alkane 
molecule exposes to water, A\X°HML is thus zero. Very little amount of n-alkane in 
surfactant tail region was ignored. These processes are the removal of n-alkane 
molecules from NHST region. This case is different from the case of benzene 
because the solute distribution in micellar interior is non-uniform. The NHST/MC 
interface is also form and therefore new standard chemical potential change due to
NHST/MC interface formation has to be defined as A } * N H S T / M C  (negative effect to 
K p). The A\i°nt was neglected if no n-alkane molecule present in NHST and HML 
regions. A\x°mix was differently defined as A\i°mixMC due to non-uniform distribution 
of n-alkane in micellar interior discussed later. Hence, A[i°pure^ m for n-alkane 
solubilization is

^ ■ V ° p u r e ^ m  -  A fm ix.M : +  A \ J . ° N H S T / M C (8 .7 )
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8.3.3.1 Surfactant Tail-Solute Mixing à\x°mjx
The standard chemical potential change of solute-surfactant 

tail mixing in NHST region was divided into two correlations. The first one [19] is

IkT  = [In  ๆ+ (1 - 1 / z)(l -  )ๆ] + [x „ (I- ๆ)2] (8.8)

where z is a number of segments in a surfactant tail, as determined by z  = vs /va. 
v s and v a are molecular volume of surfactant tail and solute respectively. เๅ is a
volume fraction of solute in micelle. Xas is an interaction parameter for solute and 
surfactant alkyl tail interaction. This correlation is valid for solubilization system 
which all solute molecules contact with surfactant tails and mix with surfactant tails 
homogeneously in surfactant tail region.

If solute distribution in micelles is not uniform; MC 
formation exists with lack, e.g. solubilization of n-alkanes, the chemical potential 
change cannot be directly calculated. It was known that the increment in the surface 
area of the micellar core brought about by the incorporation of an n-alkane solute 
molecule was constant for solubilization type II in ionic micelles [20], The increment 
area was about the cross-sectional area of surfactant alkyl tail. ‘This implies that the 
incorporation of one solute molecule produced the volume increment of surfactant 
tail region approximately equal to the volume of one surfactant tail. Thus, the 
chemical potential change of MC formation “per solute molecule” is approximately 
equal to that “per surfactant molecule” for uniform surfactant distribution in micelle. 
One obtains [5]

^ ° m ix,M C  1 kT = [ln0 -  ๆ ) + X am /0 -  X am  >๒ ๆ ] + bias (v4 1 )'ท] (8-9)
(per surfactant molecule=per solute molecule)
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8. ร. ร. 2  B e n z e n e  - C H  I n s e r t io n  in to  H M L  R e g io n  A \1°HML

T h is  c o n tr ib u tio n  e x is t s  d u e to  b e n z e n e  m o le c u le s  r e p la c in g  
w a te r  m o le c u le s  in  H M L  r e g io n  u p o n  in c r e a s in g  b e n z e n e  m o le  fr a c tio n  in  m ic e l le s .  
O n ly  o n e  - C H  gro u p  o f  b e n z e n e  p er  so lu b iliz e d  b e n z e n e  m o le c u le  w a s  a l lo w e d  to  
lo c a te  at H M L  r e g io n  d u e  to  the lim ite d  th ic k n e ss  o f  H M L . T h e  a p p r o x im a tio n  
b e g in s  from  th e  d e term in a tio n  o f  w a ter  m o le  fraction  in  H M L  r e g io n . T h e  m o le  
fra c tio n  c o u ld  b e  d e te r m in e d  b y  M a x w e ll-G a m e tt  and  B r u g g e m a n  m ix in g  ru les  w ith  
k n o w n  e q u ilib r iu m  d ie le c tr ic  c o n sta n t o f  H M L  r e g io n  [2 1 ] .

T h ere  are th ree  c o m p o n e n ts  in  H M L  r e g io n , w h ic h  are  

b e n z e n e  - C H  gro u p , su rfactan t a -m e th y le n e  gro u p  and  w a ter  m o le c u le s .  T o  

tran sfo rm  À p"1ML to  b e  a fu n c tio n  o f  x am in stea d  o f  XcHHMLi o n e  a ssu m e d  X c h _h m l  

/ Xcm jiM L — Xarr/XsTm =  <7 T h is  a ssu m p tio n  w a s  a p p r o x im a te ly  v a lid  e v e n  fo r  d e e p e r  
s o lu b iliz a t io n  in  N H S T  an d  M C  r e g io n s  i f  b e n z e n e  m o le c u le s  m ix  w ith  su rfa cta n t  
ta il h o m o g e n e o u s ly . T h is  a p p ro x im a tio n  w il l  b e  p r o v e d  b y  c o m p a r in g  w ith  th e  
e x p e r im e n ta l 1 nK p-Xam c u r v e s  in re su lts  and d is c u s s io n  s e c t io n s . B y  m o le  b a la n c e ,

X  C H  _  HML +  X c H 2HML  +  % w _ H M L  =  1 (8 .1 0 )

w h e r e  X w HML is  m o le  fra ctio n  o f  w a ter  in  H M L  r eg io n .

T h u s ,

^  C H  1H M L -  v  พ !  \-V C H  2 I f  “  “  +  R V พ + v พ ~  V C H  2 ]  ( 8 - 1 1 )

w h e r e  f  is  a  v o lu m e  fra c tio n  o f  a -m e th y le n e  gro u p  o f  su rfa cta n t ta ils  in  H M L  r e g io n ,  
a ssu m e d  c o n sta n t s in c e  a -m e th y le n e  gro u p  is  a part o f  su rfactan t ta il and  m ic e lla r  
g e o m e tr y  d o e s  n o t s ig n if ic a n tly  c h a n g e  u p o n  so lu b iliz a t io n . In th is  m o d e l , V C H  ,

v ,y and V C H  are 2 6 .9 , 3 0 .0 1  and 2 4 .7 7  c u b ic  a n g stro m  at 2 9 8  K , r e s p e c t iv e ly . T h e n ,
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X C H _ H M L  — q X C H  1 _ H M L (8.12)

C o n s id e r in g  th o se  a b o v e  e q u a tio n s , o n e  ca n  s o lv e  fo r  a ll X s  

in  H M L  r e g io n  i f  q  is  k n o w n . F in a lly , su b stitu tin g  X c h h m l  in to  (7 .1 3 )  g iv e s  A[i°HML,

A^H M L I k T  = A\i.°CH_ HM1 /  k T  -  —Y C H  _  H M L  ̂  C H  _  HML  (8 .1 3 )

w h e r e  y CH HMLis  a c t iv ity  c o e f f ic ie n t  o f  b e n z e n e  - C H  gro u p  in  H M L  r e g io n  

c a lc u la te d  b y  U N I F A C  m eth o d .

8 .3 .3 .3  N H S T /H M L  (A q u e o u s )  I n te r fa c ia l  T e n s io n  R e d u c t io n  A p°nt

T h is  c o n tr ib u tio n  w a s  c a lc u la te d  a s  th e  p ro d u ct o f  so lu te  
c r o s s -s e c t io n a l area A" in  c o n ta c t  w ith  th e a q u eo u s  so lu t io n  at e q u ilib r iu m  (a ssu m e d  

a s  a w e a k  fu n c t io n  o f  Xam) an d  th e  d if fe r e n c e  b e tw e e n  th e  N H S T /a q u e o u s  in ter fa c ia l 
t e n s io n  a fter  s o lu b iliz a tio n  a 0 ian d  b e fo r e  s o lu b ilisa t io n  <3b s .

A fC t S k T  = - A a ( o a s - o bs) / k T  -■  (8 -1 4 )

T h e  v a lu e  o f  o as c o u ld  b e  e s tim a te d  u s in g  a P r ig o g in e  th e o r y  

a p p lie d  b y  N a g a ra ja n  and  R u c k e n stie n  [5 ] . F rom  th is  e q u a tio n , G as d e c r e a se s  w h e n

Xam in c r e a se s  in  su rfa cta n t ta il r e g io n  ( - N H S T )  u n til s o m e  Xam that N H S T  r e g io n  is  
satu rated . T h e n  x am for  N H S T  r e g io n  is  th ere fo re  p r e su m a b ly  co n sta n t d u rin g  M C

fo r m a tio n  r e su lt in g  in  c o n sta n t A p fnt a fter  M C  fo r m a tio n  p o in t , w h i le  A\X°HML s till  

k e e p s  c h a n g in g .

8.3.3 .4  N H ST /M C  Interface Form ation A\X°NHST/MC [1 0 ]

This contribution is included for solute partitioning initially in
MC region only, e.g. n-alkanes. Ap°N H S T / M C  in this work was calculated from the
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v a lu e  o f  th e  m a c r o sc o p ic  in ter fa c ia l te n s io n  b e tw e e n  w a te r  and pure so lu te  
m o le c u le s .

A p - N H S T I M C  !  k T  = ( o mv - 18)ria1111in (8.15)

A a min is  a m in im u m  in ter fa c ia l area fo r  th e  so lu te  m o le c u le ,

w h ic h  w a s  d e te r m in e d  as a c r o s s -s e c t io n a l area o f  sp h er ica l v a n  d er W a a ls  v o lu m e  o f  
th e  so lu te . T h e  v a lu e  18 is  a ty p ic a l v a lu e  o f  N H S T /a q u e o u s  in ter fa c ia l te n s io n  o f  
c lo s e s t  p a c k e d  la m e l la e  c o n s is te n t  w ith  d e n se  p a c k in g  n atu re o f  su rfa cta n t ta ils  in  
m ic e lla r  c o re .

8 .3 .4  A p p r o x im a tin g  M ic e lla r  C o re  F o rm a tio n  P o in t
M ic e lla r  co r e  fo r m a tio n  lo c a lly  in v o lv e s  so lu te  m ix in g  w ith  e n d in g  

s e g m e n ts  o f  su rfa cta n t c h a in s  in  d ried  m ic e lla r  in ter ior  o n ly . T h is  p h e n o m e n o n  is  
th u s  a c o m p e t it io n  b e tw e e n  ( 1) m is c ib i l i ty  b e tw e e n  so lu te s  an d  su rfactan t ta il e n d s  at 
th e  cen tre  o f  m ic e lla r  in terior; p r o m o tin g  h o m o g e n e o u s  m ix in g  or in h ib it in g  M C  
fo r m a tio n  and  (2 )  N H S T -a q u e o u s  in ter fa c ia l te n s io n  r e d u ctio n  p r o m o tin g  M C  
fo rm a tio n . A c c o r d in g ly , it c o u ld  b e  s h o w n  that at e q u ilib r iu m  o f  m ic e l la r  c o r e  
fo rm a tio n  p o in t ,

( 7 .1 6 )

w h ere  A p°mix ES is  a stan dard  c h e m ic a l p o ten tia l c h a n g e  o f  th e  e n d  s e g m e n t  o f  c lo s e ly

p a ck ed  su rfa cta n t ta ils  m ix in g  w ith  s o lu te  m o le c u le s . T h e  en d  se g m e n t  o f  su rfactan t  
ta il, ter m e d  e f f e c t iv e  s e g m e n t , w a s  ta k en  to  c o n s is t  o f  3 .6  m e th y le n e  u n its  [2 2 ] , T h e  
s o lu b ility  p ara m eter  o f  en d  s e g m e n t  for  c a lc u la t in g  th e e n th a lp y  o f  m ix in g  is  
a p p r o x im a te ly  eq u a l to  that o f  C 3H 8 ( 1 3 .0 9 1 * 1 0"7 (J /cm 3) 0 5). T h is  co n stra in t w ill  
p r o v id e  an  in itia l p o in t  o f  m ic e l la r  c o r e  fo rm a tio n . H o w e v e r , it is  v a lid  o n ly  for  th e  
c a s e s  o f  ( 1 ) so lu te  m o le c u le s  are in it ia lly  so lu b iliz e d  at m ic e l la r  in ter ior  n ear m ic e l le -  
a q u e o u s  in te r fa c e  and  o c c u p y in g  in tra m ice lla r  sp a c e  h o m o g e n e o u s ly , e .g . b e n z e n e
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s o lu b iliz e d  in  io n ic  m ic e l le s  and  (2 )  v e r y  sm a ll w a ter  m o le  fra ctio n  in  m ic e l le s ;  o n ly  
a - m e th y le n e  g r o u p s  o f  su rfactan t ta ils  are h yd ra ted  d u e  to  c lo s e ly  p a c k in g  o f  
su rfactan t m o le c u le s ,  e .g . C 16+ T A B .

8.4 M odel V alidation  and D iscussion

In th is  se c t io n , th e  p ro p o se d  m o le c u la r  th e r m o d y n a m ic  th eo ry  o f  
so lu b iliz a t io n  w a s  v a lid a te d  b y im p le m e n tin g  it in  c a se s  o f  w e ll-u n d e r s to o d  
h y d ro ca rb o n  s o lu te s  in  io n ic  su rfactant a q u e o u s  s o lu t io n s  lis te d  in  T a b le  8 .1 . A ll  
m o le c u la r  p a ra m eters  and  p h y s ic a l p ro p er tie s  w er e  sh o w n  in  T a b le  8 .2  and 8 .3 . T h e  
p rim ary o b je c t iv e  n o w  is  to  a s s e s s  th e  p ro p o sed  m o d e l w ith  th e  ex p e r im e n ta l  
m o d if ie d  s o lu b iliz a t io n  iso th e r m s , InK p -X am corre la tio n .

T able 8.1 E x p e r im en ta l so lu b iliz a t io n  data.

S o lu te S u rfa cta n t T em p era tu re  (°C ) R e fe r e n c e s
B e n z e n e C T A B 2 5 [2 4 ]
B e n z e n e C P C 2 5 [2 4 ]
B e n z e n e S D S 2 5 [2 4 ]

n -H e x a n e C P C 2 5 [1]
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T ab le 8.2 P h y s ic o c h e m ic a l p ro p er tie s  o f  s o lu te s  at 2 5  ° c  [2 3 ]

B e n z e n e S ty ren e n -P en ta n e n -H e x a n e n -H ep ta n e
M o le c u la r  v o lu m e 1 4 8 .6 5 1 9 2 .2 2 9 6 .4 0 1 1 3 .3 9 1 3 0 .3 8

( A 5) ( l iq ) a ( liq )a (v d W )b (v d W )b (v d W )b
M o le c u la r  w e ig h t  

( g /g  m o l)
7 8 .1 1 3 4 1 0 4 .1 5 2 7 2 .1 5 8 6 .1 7 7 1 0 0 .2 0 4

S o lu b ility
p aram eter

( (J /c m 3)05)
1 8 .7 0 6 1 9 .1 2 7 1 4 .4 3 9 1 4 .9 8 8 1 5 .2 0 8

S o lu b i lity  in  w a ter  
(m o l fra ctio n )

4 .1 6 x 1  O'4
4 . 5 2 x l 0 ‘5

(3 0 ° C )C
9 .6 1 x l0 '6 1 .98x 1  O'6 4 .0 3 x 1  O'7

C r o ss  se c t io n a l  
area  A

( A 2/m o le c u le )

2 8 .3 5
(v d W )

4 0 .2 7

(liq )

2 5 .4 2
(v d W )

2 8 .3 2
(v d W )

3 1 .0 9
(v d W )

S u r fa c e  te n s io n  
(d y n e /c m )

2 8 .2 1
3 1 .5 4
(3 0 °)

1 5 .4 7 1 7 .9 8 1 9 .7 8

a ( liq )  =  c a lc u la te d  from  a ssu m e d -sp h e r ic a l liq u id  v o lu m e  or  area  per m o le c u le
b (v d W ) =  c a lc u la te d  from  a ssu m e d -sp h e r ic a l v a n  der W a a ls  v o lu m e  or area  p er  
m o le c u le
c ex tr a p o la te d  fro m  th e s o lu b i l ity  o f  sty ren e  r a n g in g  fro m  1 6 0  m g /L  at 2 3 ° c  to  3 1 0  
m g /L  at 2 0 ° c
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T able 8.3 P h y s ic o c h e m ic a l p ro p er tie s  o f  w a ter  and  su rfa cta n t ta ils  at 2 5  ° c .

W ater
S u rfa cta n t ta il in  N H S T  

r e g io n
n -C i5  n -C n

M o le c u la r  v o lu m e  ( A J) 3 0 .0 1 4 3 1 .2 3 5 2 .3
M o le c u la r  w e ig h t  ( g /g  m o l) 1 8 .0 1 5 2 2 1 1 .4 15 6 .3

S o lu b ility  p aram eter  ( (J /c m 3)0 5) 4 7 .8 1 3 1 5 .9 a 1 6 .0 a
S u r fa ce  te n s io n  (d y n e /c m ) 7 3 .5 6 2 8 .2 0 8 2 a 2 4 .2 4 a

a a ssu m e d  e q u iv a le n t to  th e  p ro p er tie s  o f  n -a lk a n e  w ith  th e sa m e  carb on  n u m b er

T able 8.4 E x p e r im en ta l a d so lu b iliz a t io n  data.

S o lu te S u rfactan t T em p era tu re  (°C ) S o lid  S u b strate R e fe r e n c e s
S ty ren e C T A B 3 0 S ilic a [2 5 ]

n -P e n ta n e S D S 2 5 A lu m in a [2 6 ]
n -P e n ta n e S D S 2 5 A lu m in a [2 6 ]
n -H e p ta n e S D S 2 5 A lu m in a [2 6 ]
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■ âm

F igure 8.2 S o lu b iliz a t io n  o f  b e n z e n e  in  C T A B  and C P C  m ic e l le s .

F o r  b e n z e n e  ร o lu b iliz a t io n  in  c e ty ltr im e th y la m m o n iu m  b r o m id e  ( C T A B )  
an d  c e ty lp y r id in iu m  c h lo r id e  (C P C ) m ic e l le s  s h o w n  in  F ig u re  8 .2 , b e n z e n e  p artition  
c o e f f ic ie n t  K p  d e c r e a se d  u p o n  in c r e a s in g  b e n z e n e  m o le  fra ctio n  in  C T A B  m ic e l le s  
x am. T h is  is  c o n s is te n t  w ith  th e o r y  s ta tin g  th at th e  p r e se n c e  o f  b e n z e n e  in  th e  N H S T  
r e g io n  in h ib its  su b se q u e n t  so lu b iliz a t io n . A s  m o re  b e n z e n e  w a s  ad d ed , th e  b e n z e n e  
m o le c u le s  te n d e d  to  b e  s o lu b i l iz e d  d e e p e r  in  th e  su rfactan t ta il r e g io n . T h e  su rfactan t  
ta il r e g io n  th e n  b e c a m e  satu rated  and a d ro p le t o f  b e n z e n e  th en  fo r m e d  M C  r e g io n  
w ith in  th e m ic e l le .  T h e  M C  fo rm a tio n  o ccu rred  su ch  that cu rv e  o f  InK p  sh o w e d  an  
in f le c t io n  c h a n g e  w h e n  x am is  ~  0 .4  w h ic h  w a s  c o n s is te n t  w ith  N M R  sp e c tr o sc o p y  
(0 .4 < A am< 0 .5 5 ) [ 1 8 ] ,

B a s e d  o n  th e  e x p e r im e n ta l in fo r m a tio n , b e n z e n e  m o le c u le s  in  th is  m o d e l  
p artition  in to  su rfactan t ta il r e g io n  o n ly . T h e  in it ia l in ter fa c ia l te n s io n  at th e  
N H S T /a q u e o u s  r e g io n  in te r fa c e  a bs w a s  c a lc u la te d  b y  u s in g  co rre la tio n

G hs = CTj +<T 11, - 2 v j/(a i a M, ) I/2 w h e r e  cr 1. is  a su rfa ce  te n s io n  o f  th e  N H S T  and

a ssu m e d  eq u a l to  that o f  n -a lk a n e  w ith  th e  sa m e  carb o n  n u m b er; that is , 5 1 .5 1  m N /m  
fo r  C T A B  m ic e l le .  T h e  d ie le c tr ic  co n sta n t o f  th e  H M L  r e g io n  w a s  a ssu m e d  eq u al to
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that o f  c lo s e ly  p a c k  h yd ra ted  C T A B  m o n o la y e r  a d so rb ed  o n  m ic a  su r fa ce ; 0 .3 6  [2 7 ] . 
B y  M a x w e ll-G a m e tt  and  B r u g g e m a n  m ix in g  ru le s , th e  w a te r  m o le  fra c tio n  in  H M L

w a s  c a lc u la te d  a s  0 .6 . T h e  m o le c u la r  v o lu m e s  o f  b e n z e n e  in co rp o ra tin g  in  ApJLj and

A p°11, w e r e  a ssu m e d  as liq u id  v o lu m e . H o w e v e r , th e  c r o s s -se c t io n a l area  per b e n z e n e  

m o le c u le  at N H S T /a q u e o u s  in ter fa ce  w a s  c a lc u la te d  fro m  va n  d er W a a ls  v o lu m e  

b e c a u se  o f  stro n g  n e g a tiv e  ch a rg e  d e n s ity  (^ -e le c tr o n )  o f  b e n z e n e  r in g  s tro n g ly  
attractin g  c a t io n ic  su rfa cta n t h ea d , th u s  p r o d u c in g  v ery  d e n se  m ic e lla r  p a c k in g  [1 8 ] . 
It w a s  o b se r v e d  th at th e  c a lc u la te d  lnKT a lw a y s  d e c r e a se d  w ith  in c r e a s in g  Xam, w h ic h  
f it  v ery  w e l l  w ith  th e  e x p e r im e n ta l re su lts . A c c o r d in g  to  th is  m o d e l , th e  retard ation

o f  so lu b iliz a t io n  w a s  g o v e r n e d  b y  d o m in a n t e f fe c t s  o f  d e c r e a s in g  ( - A p  1° , )  an d  (-

A\x°mix)  o v e r  { - A \1 °HM1 ),  w h e r e a s  th e  c h a n g e  in  an a c t iv ity  c o e f f ic ie n t  o f  b e n z e n e  in

N H S T  r e g io n  w a s  rather sm a ll co m p a red  w ith  th e o th er co n tr ib u tio n s  and m ig h t b e  
ig n o red . T h e  m o d e l p r o v id e d  M C  fo rm a tio n  p o in t  at xam= 0 .4 4 , w h ic h  is  c lo s e  to  th e  
e x p e r im e n ta l re su lt  fro m  InK p -X am cu rv e  (A am= 0 .4 3 )  and  N M R  sp e c tr o sc o p y  
(0.4<xam< 0 .5 5 ) . T h is  im p lie s  that C T A B  h ea d  g ro u p s d o  n o t h a v e  a s ig n if ic a n t  
e f fe c t  o n  M C  fo rm a tio n . A fte r  M C  fo r m a tio n  p o in t , an e f fe c t  o f  N H S T /a q u e o u s  
in ter fa c ia l te n s io n  re d u c tio n  w a s  c a n c e lle d  d u e  to  a ssu m in g  a  sm a ll e f fe c t  o f  m ic e lla r  
cu rva tu re  c h a n g e  a fter  s o lu te  sa tu ration  in  N H S T  r e g io n . A l l  s o lu b i liz e d  b e n z e n e  
m o le c u le s  w er e  s t i ll  in  c o n ta c t  w ith  su rfactan t a lk y l ta il i f  so lu te /su r fa c ta n t m o le  ratio  
in  a m ic e l le  is  m u c h  le s s  th an  u n ity . T h is  p h e n o m e n o n  a fter  M C  fo r m a tio n  w a s  

d r iv en  b y  ih e A [ i°HML c h a n g e  (m o re  b e n z e n e  p a r tit io n s  in to  H M L  r e g io n , w h ile  n o  

s ig n if ic a n t  c h a n g e  o c c u r s  in  N H S T  r e g io n ). T h e  f itt in g  b e tw e e n  th e e x p e r im e n ta l and  
m o d e l re su lts  a fter  M C  fo r m a tio n  p o in t  w a s  v e r y  g o o d  su p p o rtin g  th e  e f fe c t  o f

A p ° /iW/and  th e a s su m p tio n  X ch_h m l / X c h2_hml = X aJ X s Tm m e n tio n e d  ear lier .
B e n z e n e  s o lu b iliz a t io n  in  C P C  m ic e l le  w a s  s im ila r  to  the resu lts  o b se r v e d  

fo r  C T A B  m ic e l le .  T h e  w a te r  m o le  fra c tio n  in  H M L  r e g io n  w a s  a ssu m e d  to  b e  th e  
sa m e  d u e  to  s im ila r it ie s  in  ta il le n g th  and a g g r e g a tio n  n u m b er. A l l  m o le c u la r  

p ro p er tie s  w e r e  a ls o  s im ila r  e x c e p t  G b s. T h e  h ig h e r  s lo p e  o f  InK p  v s  xam c u rv e  is  d u e  

to  th e  h ig h e r  a b s , 5 5  m N /m  for  c y lin d r ic a l C P C  m ic e l le  [1 2 ] . T h e  p red ic ted  M C
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fo r m a tio n  p o in t  w a s  at x am =  0 .4 1  w h ic h  is  lo w e r  th an  that o f  b e n z e n e  in  C T A B  
m ic e l le s .  T h is  m e a n s  th e  N H S T /a q u e o u s  in te r fa c e  in  th e  C P C  m ic e l le  c a n  b e  m ore  
e a s i ly  ex p a n d e d  to w a rd  th e  b u lk  a q u e o u s  p h a se . A fte r  th e  M C  fo rm a tio n  p o in t  th e  
m o d e l re su lts  c o n tin u e  f it t in g  w e l l .

0  0 .1  0 .2  0 .3  0 .4  0 .5  0 .6
•^am

F igure 8.3 S o lu b iliz a t io n  o f  b e n z e n e  in  S D S  m ic e l le s .

B e n z e n e  so lu b iliz a t io n  b e h a v io r  in  so d iu m d o d e c y l su lp h a te  ( S D S )  m ic e l le s  
w a s  s ig n if ic a n t ly  d iffe r e n t from  that o b se r v e d  in  C T A B  and  C P C  m ic e lla r  s y s te m s  
(F ig u r e  8 .3 )  b e c a u s e  th e  s ig n if ic a n t  h y d ra tio n  o f  th e  p o la r  h e a d s  p r o d u c e s  a rather ill-  
d e fin e d  N H S T /a q u e o u s  in ter fa ce  [1 1 ] . T h is  r e f le c ts  in  th e  h ig h  w a te r  m o le  fra c tio n  in  
th e  H M L  r e g io n  d em o n str a tin g  in  its  h ig h er  d ie le c tr ic  c o n sta n t (~ 6 5 %  h ig h e r  than  
that o f  C T A B  an d  C P C  m ic e l le s ) .  H o w e v e r , it w a s  s ti ll a s su m e d  that o n ly  a -  
m e th y le n e  g ro u p s in  su rfa cta n t ta ils  w e r e  h yd ra ted  and  b e n z e n e  m o le c u le s  w e r e  
in it ia lly  s o lu b i liz e d  in  th e  m ic e l le  in terior  c lo s e  to  N H S T /a q u e o u s  in ter fa ce . F ig u re
8 .3  s h o w s  that at v e r y  lo w  b e n z e n e  c o n c e n tr a t io n s , InK p  in cre a se d  u p on  in c r e a s in g  

Xam . T h e  m ajor  e f fe c t  at sm a ll x am m a in ly  c a m e  from  A\i°HiifL b e c a u se  b e n z e n e  w a s  

in it ia lly  s o lu b i liz e d  at N H S T /a q u e o u s  in ter fa ce . A t  in term ed ia te  b e n z e n e
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c o n c e n tr a t io n s , \n K p  d e c r e a se d  w ith  in c r e a s in g  Xam as b e n z e n e  w a s  so lu b iliz e d  
d eep er  in to  N H S T  r e g io n . T h is  p r o c e s s  w a s  c o n tr o lle d  b y  b e n z e n e -su r fa c ta n t  ta il

m ix in g , k \i°mix. T h e  M C  fo r m a tio n  p o in t  w a s  c a lc u la te d  a s  ~ 0 .6  w h ic h  w a s  d iffe r e n t  

from  e x p e r im e n ta l d ata , - 0 .3 .  T h e  p o s s ib le  r e a so n  b e h in d  th is  error is  th e  d e e p  
p en etra tio n  o f  w a ter  in to  su rfa cta n t ta il r e g io n  w ith in  S D S  m ic e l le s .  T h e m ic e lla r  
in terior  th u s  p r o v id e s  lo w e r  s ta b ility  th an  e x p e c te d  b e c a u s e  o f  in c o m p a tib ility  
b e tw e e n  w a te r  and su rfa cta n t a lk y l ta il in  m ic e l le s .  W e  c o u ld  n o t  p red ic t M C  
fo rm a tio n  p o in t  d u e  to  la ck  in fo r m a tio n  o f  th e  w a ter  p en e tra tio n . H o w e v e r , th e  
e x p e r im e n ta l v a lu e , X am- 0 . 3  w a s  a p p lie d  to  th e  m o d e l in stea d . A fte r  M C  fo rm a tio n  
p o in t , InK p  in crea sed  m o n o to n ic a lly  and  fit  v ery  w e l l  w ith  th e  e x p e r im e n ta l re su lts

su p p o rtin g  th e a ssu m p tio n  o f  A ] X ° H M L  e v e n  th o u g h  th e  m ic e l le s  c o n ta in  la rge  am o u n t  

o f  w a ter  m o le c u le s .

F igure 8 .4  S o lu b iliz a t io n  o f  n -h e x a n e  in  C P C  m ic e l le s .

F o r  n -h e x a n e  s o lu b iliz a t io n  in  C P C  m ic e l le s  s h o w n  in  F ig u re  8 .4 , 1 nK p  
in c r e a se d  u p o n  in c r e a s in g  X am le a d in g  to  a c o n c lu s io n  that n -h e x a n e  w a s  so lu b iliz e d
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at th e  M C  r e g io n  o f  C P C  m ic e l le s .  B a s e d  o n  th is  k n o w n  s o lu b iliz a t io n  lo c a t io n , it 
w a s  a ssu m e d  that th ere  w a s  n o  n -h e x a n e  m o le c u le  in  H M L  r e g io n  and  at

N H S T /a q u e o u s  in ter fa ce . and  A p fnt c o n se q u e n tly  w e r e  r e a so n a b ly  ig n o r e d .

T h e  A \i°mixMC w a s  u se d  in ste a d  o f  A [ i°mix. It w a s  fo u n d  th at InKp-Xam f itted  v e r y  w e l l

w ith  e x p e r im e n ta l resu lt. T h e  in crea se  in  1 n K p  w a s  c o n tr o lle d  b y  A|U° ix MC in c r e a s in g  

in  m a g n itu d e .

A d d it io n a lly , th is  m o d e l w a s  a ls o  a p p lied  to  th e  s im ila r  so lu b iliz a t io n  
p h e n o m e n o n  at s o l id  su r fa c e  c a lle d  “a d s o lu b iliz a t io n ” b y  a ssu m in g  s im ila r  p ro p er tie s  
b e tw e e n  m ic e l le  and  a d m ic e lle  ( s e e  T h e  s im ila r  ty p ic a l stru ctu re o f  an  a d m ic e lle  w ith  
its  lo c i o f  a d so lu b iliz a t io n  in  F ig u re  8 .5 )  it. T h e  r e fe r e n c e  s y s te m s  w e r e  l is te d  in  
T a b le  8 .4 . T h e  m o d e l s t i l l  sh o w e d  g o o d  a g r e e m e n t w ith  th e se  a d so lu b iliz a t io n  
sy s te m s  a s  sh o w n  in  F ig u re  8 .6  and 8 .7 .

HML
NHST
Core

F igure 8.5 T y p ic a l io n ic  a d m ic e lle  m o d e l w ith  fo u r  lo c i  o f  a d so lu b iliz a t io n .
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Xam

re 8.6 Adsolubilization of styrene in CTAB admicelles.

Figure 8.7 Adsolubilization of n-alkanes in SDS admicelles.
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8.5 Conclusions

The chemical potential change of solubilization consists of (1) surfactant- 
solute mixing (2) solute replacing water in the hydrated methylene layer of micelle
(3) non-hydrated surfactant tail/aqueous interfacial tension reduction and (4) micellar 
core formation. Micelle was assumed as pseudophase. The solubilization locations 
for solutes, initial micellar properties and molecular properties were required as the 
initial inputs. The solubilization was also assumed independent of micellar geometry 
change. Applying the chemical potential changes to the equilibrium equation 
provided accurate 1 nKp-Xam isotherms without any fitting parameter. However, this 
model is valid for aqueous system containing densely packed surfactant aggregates 
and simple solute only.
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