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Solubilization in Mixed Micelles' 
Jeffry G. Weers 
Clorox Technical Center, Pioneering Research, P.O. Box 493, Pleasanton, CA 94566 

Solubilization capacities for decane have been determined 
for a var ie ty  of mixed surfactant sys t ems .  Negat ive  
deviations from additivity are observed for nonionic/ionic 
mixtures  where there are no attract ive interactions be- 
tween the surfactant headgroups.  "Synerg i s t i c"  posi- 
t ive deviations f rom addi t ivi ty  are observed for anionic/ 
cationic mixtures, where strong attractive forces between 
the headgroups exist. The results are interpreted in terms 
of curvature effects  using the Israelachvili,  Mitchell and 
Ninham V/aol model and a model based on Laplace pres- 
sures. Data  are also presented for the Cr, TAB/CleEOs 
sys tem which clearly shows the differences in the solubili- 
zation sites for hexanol, which solubilizes in the palisade 
region, and decane, which solubilizes in the micellar core. 
The resul ts  indicate tha t  any future  modeling will have 
to include surfactant-solubil izate  interact ions as well as 
surfactant-surfactant interactions. 

There has been a considerable amount  of interest recently 
in mixed surfactant  systems, both from practical and fun- 
damental  viewpoints {1-9}. From the practical standpoint,  
vir tual ly all current  commercial  cleaning products  are 
mixtures of surfactants,  be they simple chain homologues 
and isomers, or more complicated mixtures  of dissimilar 
surfactants .  In fact, the enhanced performance of many  
new formulations has been linked t o "  synergistic boosts"  
brought  about by the interactions between the surfactant  
components  {1,2). Much of the current  l i terature has 
focused on theoretical modeling of mixed micelle forma- 
tion in aqueous solutions (4-91. The regular solution 
theory approximat ion developed by Rubingh f4,5} is fre- 
quent ly used to model critical micellization concentra- 
tions for binary surfactant  mixtures. The theory contains 
one adjustable  parameter ,  W/RT, which is related to the 
degree of interaction between the two surfactants .  Lit- 
tle work has been done to physically characterize mixed 
micelles in other areas. 

One very  interest ing area tha t  war ran t s  s tudy is solu- 
bilization. Solubilization is an impor tan t  phenomenon in 
cleaning and detergency, especially for laundry applica- 
t ions where it is an impor tan t  mechanism in oily soil 
removal.  This area is becoming increasingly impor tan t  
because of the t rend towards  low tempera tu re  washing 
conditions imposed by  the use of br ight ly  colored syn- 
thetic fabrics and energy conservation considerations. At  
lower washwater  temperatures,  the roll-up mechanism for 
detergency is impaired, due to the increased viscosi ty of 
the soil adhered to the fabric (10}. This is especially critical 
for oily soils which tend to adhere to synthet ic  fabrics in 
a s t ronger  fashion (10}. 

This paper  will examine the solubilization propert ies of 
the nonpolar  oil, decane, in binary mixtures  of surfac- 
tants .  The results will be discussed in te rms of the effects 
of sur fac tan t  composi t ion on the curvature  of the mixed 
micellar aggregate .  Also, a comparison will be made be- 
tween the solubilization propert ies  of decane in the 

1Presented October, 1987, at the ACS Fall National Meeting, New 
Orleans, Louisiana. 

micellar core and hexanol which solubilizes into the 
palisade region of the micelle. 

MATERIALS AND METHODS 

Materials. Dodecyltr imethylammonium chloride (C~2TAC} 
and bromide IC12TAB) were obtained from the E a s t m a n  
Kodak  company and purified by  repeated recrystalliza- 
tion f rom anhydrous  acetone and an acetone/ethanol sol- 
vent  pair, respectively. Al though C~2TAB showed no 
min imum in the surface tension vs concentrat ion plot, 
C~2TAC did exhibit  a small 1-2 dyne/cm minimum, in- 
dicative of the presence of a small amount  of surface ac- 
tive impurity.  Sodium dodecylsulfate {SDS) was obtained 
from Sigma and purified by  recrystal l izat ion from 
ethanol, while hexaethyleneglycol  mono n-dodecyl ether 
IC~EO6} was obtained f rom the Nikko chemical com- 
pany  and used as received. Decane tgold label) and hex- 
anol were obtained from Aldrich. 

Methods. Surface tensions were measured using a 
Wilhelmy plate technique with a Krtiss model K10-PST 
tensiometer.  The t empera tu re  was regulated at 25~ 

Quasielastic light sca t ter ing measurements  were per- 
formed in Professor Kaler 's  laboratory  at the Univers i ty  
of Washington, and repeated here at the Clorox Technical 
Center using a Brookhaven  Ins t rumen t s  Inc. sys tem,  
equipped with a model BI-200SM goniometer,  and 
BI-2030 digital correlator. A Spectra-Physics model 124B 
35 mW helium-neon laser was used as the source, and 
photons  were detected with an E M I  9865A photo- 
multiplier tube. The sample was contained in a cylindrical 
tube, and immersed in an index matching fluid tdodecane, 
Aldrichl. Signals were collected at  a 90 degree scatter-  
ing angle and analyzed by the method of cumulants .  Dif- 
fusion coefficients were measured at  a number  of concen- 
t ra t ions  for the mixed systems,  and the values extra- 
polated to zero concentration,  D o, were used in the 
calculation of the apparent  hydrodynamic  radii f rom the 
Stokes-Einstein relation. The diffusion coefficients were 
obtained in 0.3 M NaBr  to reduce the electrostat ic  com- 
plications arising f rom intermicellar interact ions {11}. 

Samples for the determinat ion of decane m a x i m u m  
additive concentrat ions (MAC) were prepared by  turn- 
bling 3.0 mL of surfactant  solution with 0.3 mL of decane 
for 72 hr at 21~ Some degree of emulsification was 
found to occur, especially with the pure nonionic solu- 
tions. For this reason the volume of decane was kept  to 
a minimum in order to reduce the error created by sur- 
fac tant  solubilization into the organic layer. The samples 
were then centrifuged at  3000 rpm for 30 min at  21~ 
to separate  the aqueous/oil layers. The aqueous layer was 
subsequent ly  sampled, and the capaci ty  was determined 
by a gas chromatographic  method.  A 3.0 m L  aliquot of 
dodecane/isopropyl alcohol (0.3-2 mg dodecane/mL IPA} 
internal s tandard  was added to 0.5 mL of the decane 
sa tu ra ted  micellar solution, and two microliters of this 
solution was injected into the sample por t  of a Varian 
model 3700 gas ch romatograph  equipped with a f lame 
ionization detector. The column used was a 3% Supelco 
2100, and the output  signal was analyzed with a Varian 
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4270 integrator .  The measured peak areas were then 
t rans la ted  into the amount  of decane present  using 
calibration curves developed for the internal dodecane 
standard.  Hexanol  capacit ies were determined using a 
turbidimetr ic  method in which samples  of hexanol plus 
sur fac tan t  solution were tumbled for 72 hr at 21 ~ The 
samples  were then freshly shaken, and the turb id i ty  was 
measured visually and with a Br inkmann PC 800 probe 
colorimeter. The highest  hexanol concentrat ion at  which 
a clear solution was obtained was presumed to be the hex- 
anol MAC. The 95% confidence intervals  were typically 
+-9% relative or less for both methods, based on triplicate 
analyses.  

RESULTS 

The regular  solution theory (4,5) interact ion pa ramete r s  
(W/RT) for the binary sur fac tan t  mixtures  studied are 
presented in Table 1. Negat ive  values of W/RT indicate 
a reduction in the free energy of micellization over  tha t  
predicted by ideal solution theory. The larger the negative 
value, the greater  the degree of synergis t ic  surfactant-  
su r fac tan t  interactions. The W/RT paramete r s  were 
determined f rom critical micellization concentrat ion 
(CMC) plots for sur fac tan t  mixtures  with no solubilizate 
present.  Thus, they take into account surfactant-surfac-  
rant  interactions only, and exclude the effect of solubihza- 
tion upon the CMC. The mixtures  range from st rongly 
in teract ing anionic/cationic pairs with W/RT = - 2 5  to 
weakly interact ing ionic/nonionic sys t ems  with W/RT --- 
- 5 .  For the anionic/cationic surfactant pair (C12TAC/SDS), 
the CMC's were measured in the composition range from 
XSD S = 0.86-1.0, where no precipi tat ion occurs. The 
solubilization da ta  was obtained at  70~ (ca. 21 ~ This 
is well below the cloud point for the C,2EO6 (cloud 
point  = 55~ so tha t  critical phenomena  will not play 
a major  role in the t rends observed. 

Measurements  of the max imum additive concentration 
(MAC) were performed at  various mole fraction rat ios of 
the two surfactant  components,  with the total  surfactant  
concentrat ion held constant .  The MAC is defined as: 

MAC = (Co,t - Co,w)/(Cs - CMC) [1] 

where Co,t is the to ta l  moles of solubilizate dissolved in 
the aqueous phase; Co, w is the moles of solubilizate singly 

TABLE 1 

Interaction Parameters in Mixed Micelles 

Mixture W/RT 

C 12TAB/CI 2EO6 - 5.3 

C12TAC/SDS -25 

C12TAB = C12HzsN(CHa)3Br 

Ct2EO 6 = CI2H25(CH2CH20)6H 

SDS = C12H25SO4Na 

CI2TAC = C12H25N(CH3)3Cl 

dispersed in the pure water  phase. This is negligible since 
the water  solubility for decane is 6 X 10 -s moles/liter 
(12). C s is the total  sur fac tan t  concentration,  and CMC 
the critical micellization concentrat ion of the mixture  
studied. More simply, the MAC is the total  moles of 
solubilizate in the micelles divided by the to ta l  moles of 
surfactant  in micelles. The total  surfactant  concentration 
was 50 mM or higher so tha t  the overall sur fac tan t  com- 
position is essential ly equal to the mixed micellar 
composition. 

Figures 1 and 2 present  MAC vs mole fraction plots 
for decane solubilization in two sets of b inary sur fac tan t  
mixtures.  These two sur fac tan t  mixtures  give very  
diverse behavior  in te rms of their  decane solubilization 
properties.  I t  appears  tha t  the da ta  can be divided into 
two groups: surfactant  mixtures  showing negative devia- 
tions f rom addi t ivi ty  or linear mixing, and those show- 
ing posi t ive deviations, where addi t iv i ty  is defined as: 

(MAC)I.2 = X1 (MAC)~ + (1 - XI) (MAC)2 [2] 

here the subscr ipts  1 and 2 and (1,2) refer to sur fac tan ts  
one and two, and their mixtures,  respectively,  and X 
denotes the mole fraction in the micelle. 

The weakly nonideal sys t em pictured in Figure 1 is a 
nonionic/ionic mixture,  and the negat ive deviations from 
addi t ivi ty  observed are consis tent  with solubilization 
da ta  for Yellow OB in nonionic/ionic mixtures  observed 
previously by  Nishikido (13). Nishikido a t t r ibu ted  the 
lower mixture solubihzation to a decrease in the compact- 
ness for the polyoxyethylene (POE) chain of the nonionic 
following insertion of ionic surfactant .  For decane which 
solubilizes in the micelle core, changes in the compact-  
ness of the POE region would not  be expected to have 
large effects on its solubilization (9). However,  a similar 
t rend is observed, which points  to the need for a more 
general explanat ion for this process. Also plot ted in 
Figure 1 are the hydrodynamic  radii obtained f rom QLS 
measurements .  A correlation is observed between the 
hydrodynamic  radii and the decane MAC da ta  as a func- 
tion of mole fraction. 

' ' ' D , - ~ R O D ' & , , M , C R . ~ D . ~ S  

0.8 ~ O DECANE MAC 60 
D 
E 

R 
C 0.6 50 A 
A 
N D 
E I 

0.4 40 U 
M S 
A 
c 0.2 30 (A) 

0.0 ! : .~ : : : ; I I I 20 
0.0 0.2 0.4 0.6 0.8 1.0 

MOLE FRACTION C12TAB 

FIG. 1. Plot of the MAC f o r  d e c a n e  solubilization vs mole f r a c t i o n  
CI2TAB i n  b i n a r y  m i x t u r e s  of CIzTAB and CIzEO6. The total sur- 
faetant c o n c e n t r a t i o n  i s  c o n s t a n t  at 100 raM. Also p l o t t e d  a r e  t h e  
a d d i t i v i t y  r e l a t i o n ,  i l l u s t r a t i n g  n e g a t i v e  d e v i a t i o n s  from additivity, 
and the hydrodynamic radii, which correlate well with the MAC data. 
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N i s h i k i d o ' s  mode l  does  n o t  con t a in  any  c o m p a c t n e s s  
t e r m s  for ionic s u r f a c t a n t s ,  and  hence  does  n o t  a p p l y  to  
t he  s t r o n g  p o s i t i v e  d e v i a t i o n s  f rom a d d i t i v i t y  o b s e r v e d  
for  m i x t u r e s  of an ionic  {SDS) and  ca t ion ic  (C12TAC} 
s u r f a c t a n t s  (Fig. 2). T u r b i d  so lu t ions  were  o b s e r v e d  be- 
tween  XSD s = 0 .22-0.86,  due  to  ion-pai r  p r e c i p i t a t i o n .  
The  p o s i t i v e  d e v i a t i o n s  f rom a d d i t i v i t y  o b s e r v e d  for the  

so lub i l i za t ion  in to  the  p a l i s a d e  reg ion  of the  m i x e d  
micel les .  F i g u r e  3 shows  t h a t  t h e r e  is an  o p p o s i t e  t r e n d  
in the  hexano l  vs  decane  so lub i l i za t ion  da ta .  The  hexano l  
d a t a  a re  c o n s i s t e n t  w i th  d a t a  p u b l i s h e d  b y  N g u y e n  
e t  al. {16) for he xa no l  so lub i l i z a t i on  in to  ion ic /nonionic  
m i x t u r e s .  

s t r o n g l y  i n t e r a c t i n g  anionic /ca t ionic  m i x t u r e s  are  consis-  I.a 
t en t ,  however ,  w i th  an a p p a r e n t l y  " a n o m o l o u s "  f i nd ing  v 
in 1949 b y  L a m b e r t  and  B u s s e  (14}, who o b s e r v e d  t h a t  k a 1:2 m i x t u r e  of ce ty l  p y r i d i n i u m  ch lor ide  and  I g e p o n  T , ~ . ,  a 
(anionic  su r f ac t an t )  so lubi l ized  ca. 40% more  O r a n g e  OT 
t h a n  e i the r  m a t e r i a l  s e p a r a t e l y .  F i g u r e  2 aga in  shows  a 
good  co r r e l a t i on  b e t w e e n  the  m e a s u r e d  a g g r e g a t i o n  
n u m b e r s  (15) and  the  decane  M A C  da ta .  

In  F i g u r e s  3 and  4 a c o m p a r i s o n  is m a d e  b e t w e e n  
decane  so lub i l i za t ion  in to  t he  micel le  core  and  hexa no l  
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FIG. 2. Plot of the MAC for decane solubilization vs mole fraction 
SDS in binary mixtures of SDS and C~2TAC, illustrating the strong 
positive deviations from additivity observed. Also plot ted  are the 
aggregation numbers obtained by Malliaris et al. {15) for this system. 
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FIG. 3. Comparison of decane solubilization vs hexanol solubiliza- 
tion in binary mixtures of C12TAB and C12EO6. The total surfac- 
tant concentration is 100 mM. 

0.{I FIG. 4. Three-d imens iona l  p lots  of the  molar solubilization capac- 
i ty  vs mole fraction Ct2TAB, and total surfactant concentration, 
for binary mixtures of C12TAB with CI2EO6. In (a) the decane 
capacity is shown. For the  three  normal i zed  axes  the  va lues  range  
from: (deeane capacity:  0-0.86; mole fraction 0-1.0; concentrat ion  
5-100 mM). In (b) the hexanol capaci ty  is shown. The normalized 
values range from (hexanol capacity: 1.20-2.98; mole fraction 0-1.0; 
concentration 1-100 raM). 
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Figure 4 presents the solubilization data  in a slightly 
different manner. Here, the surfactant  concentrat ion 
dependence is shown explicitly in three-dimensional plots 
of total  surfactant  concentrat ion vs mole fraction vs 
molar solubilization capacity (moles oil solubilized in 
micelles/total moles surfactant}. This "capacity" term dif- 
fers from the MAC in that  the CMC has not  been sub- 
t racted in this case. This was done because MAC values 
can become artificially large when the total  surfactant  
concentration is near the CMC, because the denominator 
(Cs - CMC} goes to zero. The concentrat ion dependence 
near the CMC was studied because the composition of the 
monomer and micelle phases can actually be very dif- 
ferent from the bulk compositions. That  is, the micelle 
phase will be enriched in the more surface active compo- 
nent. For the ionic/nonionic surfactant  mixtures near the 
CMC, most  of the surfactant  in micelle form will be 
nonionic, while most  of the monomer will be made up of 
ionic surfactant. Therefore, it might be expected that  the 
solubilization capacity would vary  with concentrat ion 
because the curvature  of the micelle aggregate may also 
vary. While examining Figure 4, it is once again observed 
tha t  decane and hexanol exhibit opposite trends in their 
solubilization properties.  I t  should also be noted from 
Figure 4 tha t  there appears to be no explicit concentra- 
tion dependence on the observed solubilization properties: 
at low total surfactant  concentrat ions the solubilization 
capacity does not deviate appreciably from other mix- 
tures at higher concentrations and of the same bulk com- 
position. Therefore, the solubilization properties are not  
able to show the predicted changes in micelle composi- 
tion as a function of concentration. 

DISCUSSION 

Decane  so lubi l i za t ion  in m i x e d  miceUes. In a review on 
solubilization by solutions of surfactants  Rosen (17) 
states that: "For  hydrocarbons that  are solubilized in the 
interior of the micelle, the amount  of material solubilized 
generally increases with an increase in the size of the 
micelle. Therefore, any factor that  causes an increase in 
either the diameter of the micelle or its aggregation 
number  can be expected to produce increased solubiliza- 
tion for this type  of material ."  Mixing surfactants  is a 
very efficient way of changing micelle size and curvature 
(11,15). 

The geometric aspects governing amphiphile aggrega- 
tion into micelles have been modeled by Israelachvili et al. 
(18,19). The model contains three adjustable parameters:  
v, the volume of the hydrophobic chain; a o, the effective 
headgroup area; and l, the length of the hydrophobic 
chain. When V/aol ~ 1/3, spherical micelles result. When 
1/3 ~< v/aol <~ 1/2, the spherical miceUes deform into oblate 
ellipsoids, and eventually into infinite rods at v/aol = 1/2. 
Thus, in terms of core solubilization, larger values of v/aol 
will lead to enhanced solubilization. In this communica- 
tion, variations in the ao parameter  achieved by  mixing 
surfactants  will be presented, al though similar trends 
may also be observed by varying the v and l parameters  
as well. The tail group of the surfactants  is kept constant  
at C~2 so tha t  the v and l parameters  are similar in each 
case. The forces which hold micelles together  and deter- 
mine ao are not  s trong covalent bonds, but  ra ther  weak 
electrostatic forces, hydrogen bonding, and hydrophobic 

interactions. Consequently, subtle changes in electrolyte 
concentration or solution pH may have large effects both 
on the inter- and intramicellar interactions. 

For the C12EO6/C12TAB mixture (Fig. 1), the introduc- 
tion of the nonionic surfactant  into the charged ionic sur- 
factant results in a decrease of the electrostatic repulsions 
in the headgroup region and decreased a o values. Typi- 
cally, ao ranges from 60-80 A2/molecule for pure ionics, 
to 40-50 A2/molecule for nonionics (19). This leads to 
v/aol values ranging from ca. 0.33 (spheres) to 0.43 (rods). 
The negative deviations from ideality, as evidenced by 
a negative regular solution theory parameter, are not due 
to any specific interactions between the ionic and nonionic 
headgroups, but  ra ther  to an a t tenuat ion of the elec- 
t rostat ic  repulsions due to the presence of the uncharged 
nonionics. Gtiering et  al. t20) have shown tha t  the in- 
troduction of charged dodecylsulfate anions into C12EO~ 
leads to an increase in the diffusion coefficients or a 
decrease in the micellar size. Similar interactions are 
operative in C~2EO6/C12TAB mixtures and lead to the 
hydrodynamic radii presented in Figure 1. The decreas- 
ing micelle size leads to decreased decane solubilization. 

In the CI~TAC/SDS system the large negative interac- 
tion parameter  (W/RT = -2 5 )  is indicative of a s t rong 
electrostatic a t t ract ion between the oppositely charged 
headgroups. This leads to dramatic  reductions in the ao 
value from ca. 70 A2/molecule for the pure ionics to ca. 
30 A2/molecule for the mixtures. In fact, the decyltri- 
methylammonium-decylsulfate ion pair has a measured 
ao value of 30 A2/molecule (21). This large reduction in 
the ao value leads to the formation of long rod-shaped 
micelles with increased aggregation numbers. Malliaris 
et al. (15) have measured the aggregation numbers for the 
C12TAC/SDS system, and the trend mirrors the solubili- 
zation results presented here (Fig. 2). This correlation sup- 
ports the curvature model for core solubilization. I t  is in- 
terest ing to note tha t  in previous studies (13,22) where 
synergisms in solubilization behavior have been observed, 
they have been a t t r ibuted to a t t ract ive interactions be- 
tween dissimilar headgroups. Tokiwa (22) found tha t  at- 
t ract ive interactions between a benzene sulfonate group 
on an anionic surfactant and the polyoxyethylene portion 
of a nonionic surfactant  lead to synergisms in solubiliza- 
tion behavior, while Nishikido (13) observed synergisms 
in solubilization behavior in nonionic/anionic surfactant  
mixtures when the POE length was long enough to form 
slightly positively charged oxonium ions. As Scamehorn 
points out (9), negative deviations from ideal solution 
theory do not lead to increased solubilization unless there 
is a specific at t ract ion between the hydrophilic groups of 
the dissimilar surfactants.  In both of these systems, re- 
ductions in the ao value are probably responsible for the 
enhanced solubilization observed. 

Laplace  pres sure  ef fects .  Another  way to look at the 
effects of curvature  variat ion in mixed micelles and its 
effect on solubilization properties is by using the concept 
of Laplace pressure. Laplace pressures arise from the cur- 
vature  of the micellar interface and are given by: 

hp = 2o/r (spheres) [3] 

where o is the micelle core/water interfacial tension, and 
r is the core radius. Qualitatively, this pressure is greater 
than the pressure of the bulk solution and opposes the 
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FIG. 5. Plot of the Laplace pressure vs mole fraction CI2TAB in 
CI2TAB/CI2EO 6 mixtures. Laplace pressure data extracted from 
Figure 1 using equation [4]. 

ent ry  of solubilizates into the micellar core. Mukerjee 
{23,24} has used the Laplace pressure effect to describe 
differences in the solubilizing power of homologous series 
of solubilizates into the micellar core. He finds tha t  the 
Laplace pressure is less for octane solubilization into 
C10EO10 than  for decane solubilization. In the present  
study, only one solubilizate, decane, is used, and the cur- 
va ture  of the micelle interface is varied by  mixing 
dissimilar surfactants .  I f  it is assumed tha t  the decane 
mixes ideally, then the Laplace pressure can be calculated 
f rom measurable  pa ramete r s  us ing 

hP = - R T  In X/V [4] 

where R is the molar gas constant ,  T the absolute tem- 
perature,  V the part ial  molar volume of the solubilizate, 
and X is the mole fraction of the solubilizate in the micelle. 

A plot of the calculated Laplace pressure vs mole frac- 
tion C12TAB for C12TAB/C12EO6 binary mixtures  is 
given in Figure 5. The Laplace pressure  da ta  can be fit 
to a s t ra igh t  line with a correlation coefficient of .991. 
Recall t ha t  the MAC vs mole fraction plot  {Fig. 1} shows 
negative deviations from additivity. From Figure 5, it can 
be inferred tha t  these negat ive  deviat ions in solubiliza- 
tion behavior  are related to changes in the curva ture  of 
the mixed micellar aggregate ,  and al though the MAC 
does not  va ry  linearly with mole fraction, the curvature  
does change in a linear fashion. Using Figure 5, it is possi- 
ble to predict a solubilization capacity for any binary mix- 
ture of C12TAB/C12EQ. Note tha t  this model appears  to 
work well for mixtures  where there are not significant at- 
tractions between the headgroups {i.e. weakly interacting 
systems,  with negative deviations from solubilization ad- 
ditivity). The nonlinear variation in curvature for sys tems 
with posi t ive deviat ions does follow the correct qualita- 
t ive trend, however. As the anionic and cationic surfac- 
t an t s  are mixed, the curvature  of the micelle decreases 
and the Laplace pressure decreases, leading to the en- 
hanced solubilization observed. 

Core solubil ization vs pal isade solubilization. The in- 
t roduct ion of ionic sur fac tan t  into a nonionic sur fac tan t  
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resul ts  in mixed micelles with increased hydrophilic 
character .  Consequently,  the area per headgroup in- 
creases {from ca. 40 ~,2/molecule to 70 A2/molecule as 
discussed earlier}, and the space available for solubiliza- 
tion between the sur fac tan t  molecules in the palisade 
layer increases. Thus hexanol solubilization, which occurs 
in the palisade layer, increases as more ionic sur fac tan t  
is introduced {Figs. 3,4}. On the other hand, the increased 
hydrophilic character  leads to reductions in the aggrega- 
tion numbers  for the mixed aggregates .  This leads to 
lower solubilization capacit ies for nonpolar  substances  
such as decane, which solubilize in the micellar core 
{Figs. 3,4}. The mixed micelle da ta  show clearly tha t  at  
least  two sites for solubilizates exist, and tha t  any future 
modeling should take into account not  only surfactant-  
sur fac tan t  interactions, bu t  also surfactant-solubil izate 
interactions. 

Treiner et al. {25) have a t t emp ted  to model mixed 
micelle solubilization in te rms of surfactant-surfactant  in- 
teract ions only, hypothesiz ing tha t  deviations from ad- 
di t ivi ty  in solubilization behavior  are due to nonideali ty 
in the sur fac tan t - sur fac tan t  interactions.  They include a 
t e rm into the addi t ivi ty  equat ion based on Rubingh 's  
model {4,5} for nonideal surfactant  interactions. Treiner 's  
model works surprisingly well for solubilizates such as 
pentanol,  which solubilize between the sur fac tan t  head- 
groups, where they are able to sense the surfactant-  
sur fac tan t  interactions. Treiner 's  model predicts  tha t  if 
the regular solution theory interact ion pa rame te r  for a 
sur fac tan t  mixture  is negative,  then the solubilization 
capaci ty  for a nonpolar  solubilizate should be less in the 
mixture  than  what  is predicted f rom normal  addi t ivi ty  
arguments .  Thus, it would be impossible to get  syner- 
gistic solubilization behavior  for sys t ems  with negat ive  
W/RT. There are already many  exceptions to this rule, 
the mos t  glaring being the C12TAC/SDS mixture (Fig. 2), 
where W/RT = - 2 5  and large synergisms f rom additiv- 
ity are observed. Jus t  as Nishikido's model fails to predict 
large changes for solubilization into the micelle core, so 
too does the Treiner model fail to account for the large 
synergisms observed in core solubilization. These models 
fail to take into account the roles of curva ture  and 
surfac tant -solubi l iza te  in teract ions  in these  mixed 
systems.  

Unfor tuna te ly  no sound quant i ta t ive  model for mixed 
micellar solubilization exists  today,  a l though this s tudy  
shows tha t  curvature  effects play a large role for solu- 
bilization into the micelle core. This s tudy also shows tha t  
the role of curvature  can be quali tat ively predicted using 
the v/aol approach of Israelachvili et al. {18,19}, and quan- 
t i tatively, in some cases, using the Laplace pressure con- 
cept {23,24}. Any future models for core solubilization 
mus t  take into account curvature  effects, and as the hex- 
anol vs decane plots point out, surfactant-solubilizate in- 
teract ions as well. 
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