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micellar solutions: one may be controlled by a chemo- 
rheological process involving actual breakdown and re- 
formation of the entanglement network, presumably by 
scission and re-formation of the threadlike micelles them- 
selves, and the other by disentanglement due to diffusion 
of the network chains but without accompanying their 
breakdown. 

An important feature of the type I11 behavior is that the 
mechanism is a single relaxation time process. This result 
suggests that the relaxation of the entanglement network 
of the micellar solutions in the type I11 region is due to 
a chemorheological process independent of the length of 
the threads rather than to a diffusional process highly 
dependent on the thread length. The peculiar dependence 
of 7, on CsCD-' of this chemorheological process of en- 
tanglement relaxation should reflect the stability of the 
threadlike micelles under the given environment. In the 
micellar solutions with CsCD-' above 1, the micelles are 
coexisting with excess Nasal. Therefore, scission and re- 
formation of the micelles may happen rather easily by 
exchange of the CTAB units of the CTAB/NaSal com- 
plexes between the threadlike micelles a t  the sites of en- 
tanglement, where the threadlike micelles can pass through 
each other with a certain characteristic time (T,,,) reflecting 

the rate of this process. Scission of the threadlike micelles 
may also take place, especially in the highly strained 
portions between entanglement points by the similar 
mechanism of exchange of the CTAB units with free Nasal 
molecules in the medium. Since the solubility of CTAB 
is rather low in the aqueous medium, the exchange rate 
must be higher; hence the relaxation time is shorter in 
solutions with a larger excess of Nasal. 

Although the detailed features of the dependence of 7, 
on CSCD-'~~ such as seen in Figure 6 cannot be adequately 
explained at  the moment, the general tendency of the Cs 
and C D  dependences of 7, and J,O may be interpreted as 
discussed above. 

The type I and type I1 behavior are the results of the 
onset of entanglement and the fully developed entangle- 
ment network as the threadlike micelles are formed with 
increasing C&-' up to the critical value of approximately 
1. On the other hand, the type I11 (Maxwell model) be- 
havior is the result of actual breakdown and re-formation 
of the entanglement network with the rate dependent on 
CsCD-1'2 but with the entanglement density being prac- 
tically constant after CsCD-' exceeds the critical value. 
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The effects of the molecular structure of the interface and continuous phase on the solubilization capacity 
of water in water/oil microemulsions have been studied from both theoretical considerations and experimental 
observations. From the consideration of the thermodynamic stability of microemulsion systems, we have 
shown that the growth of droplets during the solubilization process is limited at least either by the 
spontaneous curuature of the interface or by the attractive interaction among the microemulsion droplets. 
The influence of the chemical structure of the components on the solubilization capacity was therefore 
analyzed on the basis of consideration of their effects on the curvature and attraction just mentioned. 
Experimentally, the solubilization of water in water/oil microemulsions was studied by changing the following 
variables: molecular volume of oil, chain length, polar head and concentrations of cosurfadants, and salinity. 
For the systems where the solubilization capacity is limited by the radius of the spontaneous curvature 
of interface, it was found that the solubilization can be improved by any change in the above variables 
leading to the decrease of the curvature. For the system where the solubilization capacity is limited by 
the attractive interaction between microemulsion droplets, any change resulting in the decrease of attractive 
interaction increases the solubilization capacity. We have further shown that any change in the above- 
mentioned variables can have opposite effects on the curvature and attraction. Therefore, maximum 
solubilization is observed as a result of the compromise between these two opposite effects. 

Introduction 
A microemulsion is a thermodynamically stable isotropic 

dispersion of two immiscible liquids consisting of micro- 
domains of one or both liquids stabilized by the interfacial 
film of surface-active molecules.' Since their discovery, 
microemulsions have been subjected to numerous theo- 
retical and experimental studies. The microstructure of 
such microemulsions has been described as droplets of 
water (or oil) dispersed in a continuous phase of oil (or 
water) in a certain composition range.2-5 On the applied 
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front, microemulsions are of interest in enhanced oil re- 
covery, cutting oils, pharmaceutics, cosmetics etc. An 
important property of a microemulsion is its solubilization 
capacity for water or oil as microdroplets dispersed in the 
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continuous phase. In this paper, the discussion will be 
confined to the solubilization of water in w/o micro- 
emulsions. 

It has been shown that the solubilization of water in 
microemulsions is strikingly influenced by the chemical 
structure of the oil and cosurfactant used. For instance, 
Bansal et a1.6 have shown that there exists a preferred oil 
chain length which solubilizes more water for a specific 
surfactant/alcohol pair than others. Johnson and Shah,' 
in formulating alcohol-free microemulsions with a nonionic 
surfactant as a cosurfactant, found that solubilization of 
water reached a maximum at  a certain value of the sur- 
factant/cosurfactant (AOT/Span-20) ratio. Also, Leong 
and Candau,* using acrylamide as cosurfactant, reported 
that maximum solubilization was found at a certain con- 
centration of acrylamide. 

Although no explanation was given for the last two re- 
ports, the concept of "chain length compatibility" has been 
proposed by Bansal et al. to interpret their results. 

From a theoretical consideration, the solubilization ca- 
pacity of water is geometrically related to the radius of 
droplets of microemulsions, which is then thermodynam- 
ically related to the stability of microemulsions. The basic 
thermodynamic treatment on the stability of microemul- 
sions has been initiated by Ruckenstein and co-workers.*'" 
In general, the free energy of a microemulsion is primarily 
decided by the entropic contribution of the dispersion of 
the droplets in the continuous phase, the interfacial con- 
tribution (including the curvature effect), and the inter- 
action between droplets."l4 Among the above consider- 
ations, the curvature of the interface and the interaction 
between droplets are strongly influenced by the molecular 
structures of the interfacial layer and the continuous 
phase.'"17 In this study, we started by examining the 
effects of the curvature effect and the attractive interaction 
on the stability of microemulsion systems and on the 
equilibrium radius of droplets a t  the saturation of solu- 
bilization. Then, the influence of the molecular strucure 
of the components on the curvature of the interface and 
the attractive interaction between droplets was discussed 
in relation to the solubilization capacity of water in mi- 
croemulsions. A plausible model is presented to interpret 
the solubilization behavior and the maximum solubilization 
mentioned above. Finally, an experimental study was 
systematically carried out to support the validity of the 
model. 

Experimental Section 
AOT (sodium bis(2-ethylhexyl) sulfosuccinate) of purity 99% 

sodium was purchased from Sigma; hexane, heptane decane, 
tridecane, hexadecane, benzene, and toluene were of 99 mol % 
purity, purchased from Fisher. 1-Propanol, 1-pentanol, 1-hexanol, 
1-heptanol, 1-octanol, 1-nonanol, and I-dodecanol were also 99 
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mol % pure, purchased from Sigma. Span 20, span 40, and span 
60 were obtained from IC1 Americas Inc. The above reagents were 
used without further purification. Acrylamide was of reagent 
grade, purchased from Fisher. Acryhide was recrystallized twice 
before using. Sodium chloride was of certified ACS grade, from 
Fisher, and was used without further purification. 

AOT solution (25%) was prepared with a different oil as the 
continuous phase. The appropriate amount of cosurfactant was 
then added. All samples were vigorously stirred for 1 h before 
measurement. The solubilization capacity of water was measured 
by titrating water directly into the sample under vigorous stirring. 
The onset of permanent turbidity or birefringence was taken to 
indicate the saturation of solubilization. The birefringence was 
checked with the aid of polarized plates. Phase behavior was 
observed with the help of either the oil-soluble dye Sudan IV or 
the water-soluble dye methylene blue after the saturated systems 
were placed at room temperature for 30 days. 

(6) Bansal, V. K.; Shah, D. 0.; O'Connell, J. P. J. Colloid Interface Sci. 

(7) Johnson, K,; Shah, D. 0. J. Colloid Interface Sci. 1985,107, 269. 
(8) Leong, Y. S.; Candau, F.; Pouyet, G.; Candau, S. J. Colloid In- 

(9) Ruckenstein. E.: Chi. J. C. J. Chem. SOC., Faraday Trans. 2 1975. 

1980, 75, 462. 

terface Sci. 1984, 101, 167. 

71, 1690. 
(10) Ruckenstein, E. Chem. Phys. Lett .  1978,57, 517. 
(11) Ruckenstein, E.; Krishnan, R. J. Colloid Interface Sci. 1979, 71, 

(12) Miller, C. A.; Neogi, P. AZChE J. 1980,26, 217. 
(13) Huh, C. J. Colloid Interface Sci. 1979, 71, 408. 
(14) Miller, C. A.; Hwan, R. W.; Benton, W. J.; Fort, T., Jr. J. Colloid 

(15) De Gennes, P. G.; Taupin, C. J. Chem. Phys. 1984, 86, 2294. 
(16) Mukherjee, S.; Miller, C. A.; Fort, T., Jr. J. Colloid Interface Sci. 

1983, 91, 223. 
(17) Cazabat, M.; Langevin, D.; Mennier, J.; Abillon, 0.; Chatenay, D. 

In Macro- and Microemulsions; Shah, D. O., Ed.; American Chemical 
Society: Washington, D.C., 1985; p 75. 

321. 

Interface Sci. 1977, 61, 554. 

Results and Discussion 
Theoretical Considerations. 1. Solubilization Ca- 

pacity and Radius of Microemulsion Droplets. For 
a microemulsion system composed of n identical spherical 
droplets, one can write 

n,Z = n47rR2 
n,v, + n,u, = n(47rR3)/3 

where n, and us are the number and the individual volume 
of the surfactant molecule, n, and u, are the number and 
the volume of a water molecule, and R and B are the ex- 
ternal radius and the external interfacial area occupied by 
each surfactant molecule. From the above equations, it 
follows that 

(1) 
In general, 2; is a very weak function of radius for rea- 
sonably large R and tends toward a well-defined limited 
value on approaching saturation of solubilization.'5J8Jg 
Thus, n,/n, is proportional to the radius of microemulsion 
droplets, as has been experimentally If the 
solubilization capacity is defined as 

n,/n,  = BR/(3uW) - u,/u, 

(n,/n,)* = 2*R*/(3uW) - u,/u, 

the solubilization capacity is then proportional to the ra- 
dius of the microemulsion droplets at saturation, R*. Here 
the superscript * represents the value obtained at  satu- 
ration (the point phase separation is first observed). 
Therefor, the stability of microemulsion against phase 
separation has to be examined in order to determine the 
value of R*. At least two types of phase separation have 
been reported in the l i t e r a t ~ r e , ' ~ J ~ ' ~ ~ ~ ~ - ~ ~  as described in 
the following section. 
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2. Phase Separation Induced by the  Curvature  
Effect. The important effect of curvature has been rec- 
ognized for years in the equilibrium between a water/oil 
microemulsion and excess ~ a t e r . ' ~ - ' ~ J ~ , ~ %  The curvature 
effect arises because interaction between adjacent mole- 
cules is not uniform across the interfacial layer; i.e., ad- 
jacent polar heads interact differently from adjacent hy- 
drocarbon chains. The result is an interfacial bending 
streess which can cause a flat film to curve. At  an equi- 
librium condition with negligible interfacial tension, an 
interface would assume an optimal curvature, 1 / P ,  known 
as spontaneous curvature.15 The curvature effect thus 
reflects the tendency of the surfactant interface to bend 
locally toward either the oil or water region through the 
radius of spontaneous curvature.16 For many problems 
involving the fluid/fluid interface, the curvature effect may 
represent only a very minor correction, and the interfacial 
energy is dominated by the tension y of the flat interface. 
However, when we are dealing with an interface where y - 0, such as the one in microemulsion, the curvature effect 
becomes significant. For a single phase of identical 
spherical droplets, the interfacial free energy per unit 
volume f i  can be written as15924932-34 

(3 )  
where R is the actual radius of the droplets, Ro the radius 
of the spontaneous curvature of droplets, 4 the volume 
fraction of droplets, and K a parameter with the dimension 
of energy whose value is in the order of 0.1 eV.15924932 K 
is sometimes referred to as the rigidity constant of the 
interface. 

As pointed out by Safran and T ~ r k e v i c h , ~ ~  when the 
curvature effect is dominant phase separation occurs 
whenever R approaches RO. The physical origin of this 
phase separation exists in the interfacial energy being 
minimized for R z RO. The above reasoning can be sum- 
marized mathematically as follows. If a microemulsion 
system is regarded as identical spheres dispersed in a 
continuous oil, the total free energy per unit volume of 
system can be written as 

f = A g m + f i  (4) 
where Ag, is the contribution from both the entropy of 
mixing the spheres with continuous oil and the interaction 
among spheres. The phase equilibrium condition of the 
microemulsion phase and the exceea water phase requires'l 

(5) 
The radius of droplets a t  the point of phase separation 
induced by the curvature effect, R*,,,, can be determined 
through the evaluation of eq 5. Note that the subscript 
me/w indicates a microemulsion phase is in equilibrium 
with an excess water phase. It has been show# that the 
first term in eq 4 only gives a small correction to the 
droplet radius in the case of the equilibrium between a 
water/oil microemulsion and excess water. Considering 
the extreme case of K being very large, so that fi >> gm,35 
then eq 5 is simplified as 

(afi/aR),  (afi/a4)R = 0 (6) 
Substituting (3) into (61, we obtained the following 
equivalent expressions: 

The implication of the above equations can be easily un- 

f i  = ( 3 4 / R ) [ y  + 2 K ( l / R  - 1/R0)'] 

(a f /aR) ,  = ( v / w ~  = 0 

y* -0 and R*,,,, - Ro (7) 
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Figure 1. Schematic illustration of the effect of the variation 
of the molecular volume of oil, salinity, and chain length of alcohol 
on the radius of spontaneous curvature. Note that the arrows 
point to the direction of the increase in the value of the variable. 

derstood. For a small volume fraction of water, droplets 
with radius R < Ro are formed. The radius of droplets 
grows as water k added. When R reaches RO, the curvature 
energy can be minimized by expelling the excess water into 
a separate phase so that all droplets are constrained to an 
optimum size, RO. 

The radius of spontaneous curvature, RO, can be esti- 
mated from more detailed thermodynamic consideration 
of this equilibrium. Recently, Mukherjee, Miller, and 
Fort16 and Jeng and Millel.96 have calculated the interfacial 
energy of microemulsion droplets by using a lattice model 
for the hydrocarbon chain region and a hard disk for the 
polar head of surfactants. By neglecting the free energy 
of mixing of the droplets with the continuous phase and 
the free energy of interaction between droplets, they 
minimized the free energy of the interfacial layer to obtain 
the radius of spontaneous curvatur of droplets (or the 
natural radius of droplets). Their results remarkably 
showed the influence of the chemical structure of the 
components on the radius of spontaneous curvature of 
droplets. In water/oil microemulsion, it was found that 
the radius of spontaneous curvature decreases, and hence 
the solubilization capacity of water decreases, as the chain 
length of oil decreases, the chain length of cosurfactant 
increases, or the size of the polar head decreases. Although 
their model was developed only for nonionic surfactants, 
they qualitatively interpreted the effect of salinity by 
considering the effective area of the polar head, which is 
determined by the thickness of the electrical double layer. 

also considered the equilibrium of microemulsion 
that coexists with excess fluid. His results concluded that 
the solubilization capacity of water in w/o microemulsion 
decreased with increasing salinity or decreasing molecular 
volume of oil. Therefore, for the systems where the phase 
instability is induced by the curvature effect leading to the 
coexistence of microemulsion phase and excess water, we 
can summarize the above discussion with Figure 1. 

Unfortunately, the above studies were restricted to the 
systems where the curvature effect dominates the behavior 
and cannot completely explain the solubilization behavior 
of some systems that are also strongly influenced by the 
attractive interaction between droplets. 

3. Phase Separation Induced by Attractive Inter- 
action among Microemulsion Droplets. Experimen- 

(36) Jeng, J.-F.; Miller, C. A. In Surfactants in Solution; Mittal, K. 
L., Lindman, B., Eds.; Plenum: New York, 1984; p 1829. 



Solubilization of Water in WaterlOil Microemulsions 

tally, phase separation has also been observed in several 
microemulsion systems to associate with a critical point, 
with correlation length appropriate for a binary mix- 
t ~ r . ~ + ~ ~ * ~ ~  Such phase separation usually leads to the 
coexistence of two microemulsion phases having the same 
continuous c o m p ~ n e n t . " ~ ~ - ~ ~  Furthermore, measurement 
of second virial coefficients in the single-phase region in- 
dicated that those systems possessing a critical point are 
characterized by large attractive interaction between mi- 
croemulsion droplets.17~Sw31*38 

If we considered a microemulsion as a binary mixture 
of rigid spheres in a dispersing medium (continuous oil), 
the phase instability can be examined through its free 
energy of mixing, Ag,. Vrij et al.39 have shown that the 
light scattering of microemulsions can be well interpreted 
by a hard-sphere potential, U,, with a small perturbation 
of attraction, U,. That is, the interaction potential U = 
U,  + U,. Therefore, the osmotic pressure, n, of micro- 
emulsion can be written as 

n = II, + II, (8) 

where II, is the osmotic pressure of a hard sphere and II, 
the perturbation in osmotic pressure from attractive con- 
tribution. n h s  can be accurately described by the Per- 
cus-Ye~ick~~-Carnahan-Starling~~ approximation, i.e. 

nb = kT(@h/Uh,)(l + 4 h s  + 43182 - 4b3)/(1 - 4 h ~ ) ~  (9) 

where u, is the volume of a hard sphere, 4, the volume 
fraction of hard spheres, It the Boltzmann constant, and 
T the absolute temperature. II, can be written as42 
n, = 

(4,/~,)~2rSo~U,(r)g,,(r)r~ dr + higher order terms 

where r is the separation distance between the center of 
two spheres and g,(r) the radial distribution function of 
hard spheres, i.e. 

ghs(r) = exp[-Udr)/(kT)l 

For simplicity, we dropped out higher order terms, thus 
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where a is the diameter of a hard sphere and 

A = 4r/(kTuh) s m U a ( r ) ?  (I dr (11) 

Therefore, from eq 8, 9, and 10, we have 
n = (kT/uhs) x 

[#J& + 4, + 4h82 - 4h3)/(1 - + A4b2/21 (12) 

Following an approach similar to the one presented by 
Overbeek,* we have derived from eq 12 the formula of the 
free energy of mixing for a unit volume (see Appendix A) 

(uo/uhs) + A 4 d 2 1  (13) 
& m / ( k T )  = (dhs/uhs)[ln 4hs  + &(4 - 34,)/(1 - 

- 1 + 
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Figure 2. Variation of Agm as a function of the volume fraction 
of hard spheres at different strengths of attraction between 
spheres. The radius was arbitrarily set at 50 i\ in a l l  calculations, 
because the variation of this value can change the absolute value 
of Agm only without altering the shape of curve, if the value of 
A is fiied. The lowest curve showed the phase instability induced 
by the strong attraction. 

where the dimensionless parameter A,  defined in eq 11, 
represents the strength of the attractive interaction be- 
tween spheres and u, the molecular volume of oil. 

The stability of the binary mixture (microemulsion) can 
be examined by evaluating the free energy of mixing as a 
function of volume fraction at  different strengths of at- 
traction. From eq 13, a critical attraction strength, A, = 
-21, was obtained by fulfilling the critical condition for 
binary mixing, i.e. 

From Figure 2, we can see that the Ag, vs q ! ~ ~  curve 
exhibits convex downward behavior over the entire com- 
position range if A is greater than A,. Thus, the system 
can always stay as a stable single phase until the free 
energy became a positive value when the hard sphere re- 
pulsion dominated due to the high concentration of spheres 
present in the solution. As A approached A,, an inflection 
point was found at  4, = 4, = 0.13, where the systems 
started to become unstable. Once the value of A became 
smaller than A, = -21, the Agm vs & curve exhibited slight 
convex upward behavior over the volume fraction range 
between P and Q. It can be seen that over this volume 
fraction range P-Q the dashed line was always lower than 
solid line; i.e., the system's free energy was minimized if 
two phases of composition P and Q were present instead 
of a single phase of any intermediate composition. 
Therefore, the system became unstable against the sepa- 
ration into two phases of spheres with the same continuous 
component, oil, as indicated by P and Q. Note that the 
radius of spheres was kept constant in the above evaluation 
for each value of A throughout the whole composition 
range. Thus, the growth of spheres, as would be expected 
in the solubilization process, did not enter the evaluation 
in each Ag, vs c $ ~  curve. Instead, the growth of spheres 
is considered through the increase of the value of A. 

Since A is a function of U,(r) (see eq ll), we would 
expect that the value of A depends on the nature and 
composition of surfactant, cosurfactant, and oil, as well as 
the radius of spheres, as experimentally observed by many 

For a given microemulsion system 
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at a given temperature, it is clear that all the influencing 
factors just mentioned above are fixed except the radius 
of spheres during the solubilization process. Experimen- 
tally, i t  has been shown that the increase of the radius 
microemulsion droplets increased the strength of attrac- 

that is, decreased the value of A. If we imagine 
the solubilization process as a combination of the growth 
of spheres and the mixing of these spheres with continuous 
oil, then in the initial stage of solubilization the spheres 
are small and, hence, stable for binary mixing. However, 
as the amount of water solubilized increases, the spheres 
will grow as indicated by eq 1. At  a certain point, the 
radius of these spheres will reach a critical value, R', so 
that A = A,; thus the binary mixture of these spheres and 
continuous oil starts to become unstable and separates into 
two phases of spheres with the same continuous compo- 
nent, oil. Therefore, the solubilization capacity of micro- 
emulsions will be limited by the value of R*melme = Rc in 
this case, whre the subscript me/me stands for the phase 
equilibrium between two microemulsion phases. 

To further analyze the effects of other important 
structural factors on the variation of Re, one needs to un- 
derstand the origin of the attraction among microemulsion 
droplets, so that more structured interaction potential can 
be constructed. Calje et al.39 have proposed that this at- 
traction is the result of the difference in the molecular 
composition betweer. droplets and the continuous medium. 
However, the application of Hamaker's work for the dis- 
persion of homogeneous spheres in solvent to water/oil 
microemulsions by Calje et al.39 led to a very weak at- 
traction when realistic values were assumed for the Ha- 
maker constant. In order to explain this inconsistency, 
Calje et al.39 suggested that the interpenetration of mi- 
croemulsion droplets should be taken into account. Such 
modification has been carried out by Lemaire, Bothorel, 
and Roux in their recent derivation of a mean field in- 
termicellar p ~ t e n t i a l . ~ , ~ ~  A detailed calculation by these 
authors has shown that the most important contribution 
to the attractive interaction occurred in the overlapping 
region. Assuming that the potential is short range relative 
to the volume considered, this potential is further sim- 
plified by ROUX, Bellocq, and B ~ t h o r e l ~ ~  as 

U(r) = 0 r > 2R 

U(r) = -kTAp(2R - r)2(2R + r/2)/6 
2R - 5 C r C 2R (15) 

U(r) = r C 2R - ,$ 

where r is the separation distance between the centers of 
two spheres. t is a parameter phenomenologically used 
to characterize the penetrable length of the interfacial layer 
during interpenetration of droplets. One can expect that 

will be smaller, if the interfacial layer is more rigid. Such 
rigidity can be achieved through a more compact packing 
in the interface by using longer alcohol chains or increasing 
salinity (or decreasing head area of the polar group). Ap 
is a constant depending on the compositions of the in- 
terface and the continuous phase. As shown by Roux et 
al.,& the parameter Ap appears to be very sensitive to the 
type of oil molecule used and is strongly correlated to the 
molecular volume of oil. An increase of the molecular 
volume of oil corresponds to an increase of the value of Ap 

(44) Lemaire, B.; Bothorel, P.; Rous, D. J. Phys. Chem. 1983,87,1023. 
(45) Brunetti, S.: Row, D.: Belloco, A. M.: Bothorel. P. J. Phvs. Chem. 

1983,87, 1028. 
(46) Roux, D.; Bellocq, A. M.; Bothorel, P. In Surfactants in Solution; 

Mittal. K. L.. Lindman. B.. Eds.: Plenum: New York. 1984: D 1843. 

and an increase of the interaction potential. According to 
Lemaire et a1.,44 the attractive potential is very sensitive 
and increases with the difference between the atomic 
densities in the continuous phase and in the penetrable 
part of the interfacial layer. In eq 15, Ap is actually 
equivalent to the difference of densities just mentioned. 
One would expect this difference to increase with the 
difficulty for oil to penetrate the interfacial layer. This 
difficulty is obviously related to the molecular volume of 
oils used. We also noted that Pincus and Safran48 have 
shown that the attraction theoretically can be induced by 
the perturbation of surfactant concentration in bulk phase 
when microemulsion droplets are close to one another. 
Their calculation showed that the attractive interaction 
is proportional to A and varied with the radius of droplets. 
However, no detail has been given for the dependence of 
interaction on other structural factors. Experimentally, 
it has been shown that the increase of attraction is asso- 
ciated with an increasing penetrable length of interfacial 
region as evidenced from an increasing difference between 
the hard-sphere radius and the hydrodynamic radi- 
us.2*17#45,49-51 It has also been found that the increase of 
the chain length of the oil used increased the attraction 
among  droplet^.^^^^^^ 

It is clear that Rc can be quantitatively determined once 
a suitable potential function is given in an explicit form. 
Since no suitable potential function has been proposed, 
we have implicitly expressed the potential in a more gen- 
eralized form so that the effects of the molecular structure 
of the interface and continuous phase on Rc can be 
qualitatively illustrated. That is 

A = A(R,T,t,Ap) (16) 

The inclusion of 6 and Ap into eq 16 is necessary from the 
above discussion. It is easy to show (see Appendix B) that 

(aR'/dt)~=A, < 0 (17) 

( ~ R ' / ~ A ~ ) A , A ~  < 0 (18) 

That is, the critical droplet radius RC increases as one 
decreases the penetrable length of the interfacial layer 
during the collision or decreases the molecular volume of 
the oil used so that Ap decreases. Actually, A can be 
expressed in a more general form based on experimental 
facts: 

A = A(R,T,x1,x2,x3,x4,etc.) 

where x1 is the molecular volume of oil used, x 2  the chain 
length of alcohol used, x 3  the salinity, and x4, etc., other 
factors that may influence the attractive interaction. 
Again, it is easy to show that 

(aRC/aX1)A=A, < 0 (19) 

( d R C / a ~ 2 ) A = A ,  > 0 (20) 

(dRC/dX3)~=~, > 0 (21) 

The implication of inequality in eq 19-21 is schematically 
shown in Figure 3. 

4. Solubilization Capacity and Maximum Solubi- 
lization. In the last two sections, two radii have been 

(48) Pincus, P. A.; Safran, S. A. J. Chem. Phys. 1987,86, 1645. 
(49) Ober, R.; Taupin, C. J.  Phys. Chem. 1980, 84, 2418. 
(50) Cazabat, A. M.; Langevin, D. J.  Chem. Phys. 1981, 74, 3148. 
(51) Brouwer, W. M.; Nieuwenhuis, E. A.; Kops-Werkoven, M. M. J. 

Colloid Interface Sci.  1983, 92, 57. 
I .  

(47) Hou, M. J.; Shah, D: O., in preparation. 
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Figure 3. Schematic illustration of the effect on Re caused by 
the variation of the molecular volume of oil, salinity, and chain 
length of alcohol. Note that the trend of the variation of RC is 
exactly opposite to  that of Ro as shown in Figure 1. 

defined, R*,,,, and R*melme. Considering the equilibrium 
between microemulsion phase and excess water, a satu- 
rated radius R*,,,, can be determined by 

(a f /aR) ,  = 0 

(af/a4), = 0 

With the assumptions made earlier, we have shown that 
Re,,,, is approximately RO. On the other hand, another 
saturated radius R*melme can be determined by fulfilling 
the critical condition of a binary mixture, i.e. 

( d 2 & m / a 4 d R = R ,  = 0 

( a 3 & m / a 4 d ~ = ~ ,  = 0 

Therefore, for a given microemulsion system, the solubi- 
lization capacity will be determined by 

R* = min(R*me/w$*me/me) 

Hence, the solubilization capacity of water in water/oil 
microemulsion will be limited by either Rc or Ro, depending 
on the relative magnitude of R" and RO. 

We can now explain the maximum solubilization as 
mentioned in the introduction. For a system with a very 
rigid interface, the values of Ap and [ are very small. The 
effect of the interaction among droplets may be neglected 
compared to the curvature effect, and hence one would 
expect the solubilization to be limited by the radius of 
spontaneous curvature. In this case, solubilization can be 
improved by decreasing the spontaneous curvature of the 
interfacial film by making the interfacial layer more "fluid" 
(e.g., using a cosurfactant with shorter chain length, in- 
creasing the amount of cosurfactant, decreasing the sa- 
linity, or replacing the continuous component with larger 
oil molecules). However, by doing so, we also increased 
the values of [ and Ap and thus increased the interaction 
strength among droplets. Hence, such improvement will 
be limited as the increasing radius, Ro, of the spontaneous 
curvature meets the decreasing critical radius of droplet, 
RC. After that, any increase in [ or Ap will decrease the 
solubilization capacity by further decreasing the critical 
droplet radius. Hence, one would expect the existence of 
maximum solubilization of water a t  a specific value of a 
component variable when attempting to improve the 
solubilization through a systematic change of the chain 
length or concentration of components. Indeed, this ar- 
gument is consistently supported by our experimental 

I\ 

Molar V o l m  of Oil (ml/molo) 

Figure 4. Effect of the molecular volume of oil on the solubi- 
lization capacity of microemulsion AOT-oil-water at room tem- 
perature. The oil used was shown along each data point. 

results, as discussed in the next section. 

Interpretation of Experimental Results 
Figure 4 showed the effect of the molecular volume of 

oil on the solubilization of water in water/oil micro- 
emulsions. For the systems with small oil molecules, where 
the penetration of oil into the interfacial layer is large and 
the attractive strength is ~mal1.~~9~"' The large penetra- 
tion of oil, meanwhile, favors the greater spontaneous 
curvature, so Ro is small. Thus, the solubilization capacity 
of water in such systems tends to be limited by the value 
of the radius of spontaneous curvature, as indicated by eq 
7. The phase separation in the systems is induced by the 
curvature effect whenever the value of the radius of dro- 
plets approaches RO. We can further check the behavior 
of the phase separation. of these systems at the saturation 
of solubilization. When the oil-soluble dye Sudan IV was 
added to the systems containing benzene, toluene, or n- 
hexane after phase separation, the red color quickly dis- 
eolved in the top phase, while a small volume of excess 
fluid settled at  the bottom remained clear and colorless. 
The above observation indicated the equilibrium phases 
are a water/oil microemulsion phase and the excess water 
phase. As we can see, the replacement of the continuous 
component with larger oil molecules increased the solu- 
bilization capacity in the range of 5&150 mL/mol of molar 
volume of oil. As the molar volume of the oil is increased 
further, the large attractive interaction among droplets 
plays the major role in the decrease of the solubilization 
capacity of water by limiting the actual radius to smaller 
values than the critical droplet radius Rc. The observation 
of the behavior of phase separation is again consistent with 
the statement we just made. When Sudan IV was added 
to the systems containing n-decane, n-tridecane, or n- 
hexadecane after phase separation, a red color quickly 
developed in both phases, indicating that both phases are 
oil-continuous, as expected. When the water-soluble dye 
methylene blue was added, we saw the bottom phase 
quickly turn blue, while the upper phase remained color- 
less, implying that only a negligible amount of water is 
present in the upper phase. It is interesting to point out 
that eq 13 always predicts a negligible amount of water 
in the water-lean phase, as shown by P in Figure 2. 

The effect of salinity on solubilization is shown in Figure 
5. It has been shown that the increase of salinity in 
water/oil microemulsions will decrease the attractive in- 
teraction among droplets by making the interfacial layer 
more rigid due to closer packing of polar g r ' ~ u p s , ~ * ~ ~  so that 
the degree of interpenetration of droplets is reduced during 
collision. As evidenced in Figure 4, for the system AOT- 
n-tridecane-water, the solubilization of water is limited 
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Figure 5. Solubilization of brines of different salinity in mi- 
croemulsion AOT-tridecane-brine at room temperature. 
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Chain Length of Alcohol 

Figure 6. Effect of the chain length of alcohol on the solubili- 
zation capacity of water at room temperature. The system studied 
is AOT-decanewater-alcohol, and the alcohol concentration was 
fixed at [alcohol]/[AOT] = 0.5 mol/mol for all the alcohols used. 

by the critical droplet radius RC. For this system, the 
solubilization capacity increased, as expected, when we 
increased salinity to 1.5 wt  7%. However, the increase of 
salinity also decreases the radius of spontaneous curvature 
by decreasing the thickness of the electrical double layer 
around the polar group of surfactants and hence the area 
per polar group, as pointed out by Mukherjee et al.16*3e and 

Therefore, the solubilization capacity started de- 
creasing with more addition of salt after reaching maxi- 
mum solubilization. The behavior of the solubilization 
capacity showed the same trend as one changed the chain 
length or concentration of alcohols, as shown in Figures 
6 and 7. The effect of adding cosurfactant to the inter- 
facial layer is more complicated than the ones we have 
discussed. 

The spontaneous curvature of the interfacial layer de- 
pends on the stress in both sides of layer. At equilibrium, 
balance must exist between the head and the tail stresses. 
Addition of alcohol to a layer with fixed surfactant con- 
centration will decrease both the head and tail stresses. 
The change in the head stress is independent of the chain 
length of alcohol, but decrease of the stress in the tail side 
is greater for a shorter alcohol chain as it will leave larger 
cavities between surfactant chains. Hence, as pointed out 
by Mukherjee et a1.,16 in systems formed with long-chain 
alcohols where the decrease of stress is greater in the head 
side one would expect a decrease in the radius of sponta- 

0 
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Figure 7. Effect of alcohol concentration on the solubilization 
capacity of water at room temperature. The system studied is 
AOT-decane-1-heptane-water. 
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Figure 8. Variation of solubilization capacity of water at room 
temperature as a function of the concentration of several alcohols. 
The system studied is AOT-hexane-alcohol( 1-propanol, l-pen- 
tanol, 1-heptanol, 1-nonanol). 

neous curvature and the reverse for systems with short- 
chain alcohols, where the decrease of stress in the tail side 
is greater. Our experimental results clearly confirmed this 
point. As shown in Figure 8, for the system AOT-hex- 
ane-water where the solubilization of water is limited by 
the natural radius of curvature as evidenced in Figure 4, 
the addition of long-chain alcohols such as 1-pentanol, 
1-heptanol, or 1-nonanol decreased the solubilization ca- 
pacity and the magnitude of reduction increased with the 
chain length or the concentration of alcohol used. The 
solubilization capacity of water increased, as expected, with 
the addition of the short-chain alcohol 1-propanol and 
reached a maximum, limited by the decreasing critical 
droplet radius. The effect of added alcohols on the 
strength of interaction among droplets can be illustrated 
as follows. For microemulsions of the same droplet size 
formed with the same oil, a t  fixed temperature, the at- 
tractive interaction is very much determined by the pen- 
etrable length during the interpenetration of droplets. 
Penetrable length can be viewed as the difference between 
the hydrodynamic radius and the hard-sphere radius of 
droplets. For the systems formed with single-chain sur- 
factants, the hard-sphere radius has been found to be very 
close to the sum of the water core radius and the chain 
length of the alcohol in many cases.2p60 For water/oil 
microemulsions formed with AOT, oil, and water, with the 
richness of oxygen and carbonyl group in AOT, one would 
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Figure 9. Variation of solubilization capacity of water at room 
temperature as a function of the concentration of different al- 
cohols. The system studied is AOT-decane-alcohol-water. 

estimate the distance between the water core and the 
hard-sphere boundary to be the chain length of four to five 
carbons. For such systems, one expects the increase of 
penetrable length during collision of droplets when the 
chain length of the alcohols added is shorter than this 
length and the reverse when the alcohol chain length is 
longer than this length. And it is obvious that such effects 
will increase with the increase of cosurfactant concentra- 
tion. This argument is, again, supported by our experi- 
mental results. As seen in Figure 4, the solubilization 
capacity of water in the AOT-decane-water system is 
limited by the critical droplet radius Rc through the in- 
teraction among droplets. In Figure 9, it is clearly shown 
that the solubilization of water in thii system was improved 
with added l-pentanol, l-heptanol, or l-nonanol and the 
degree of the improvement increased with the increase of 
the chain length. However, addition of long-chain alcohols 
also decreases the radius of spontaneous curvature as 
discussed above. Hence, maximum solubilization was, 
again, found for each case. The results also consistently 
showed that the decrease of the radius of spontaneous 
curvature is greater for longer alcohol chains. Thus, one 
needs a smaller amount of alcohol to reach the maximum 
for longer alcohol chains in this system. The addition of 
l-propanol to this system, as expected, resulted in the 
reduction of solubilization as the penetrable length is in- 
creased during collision of droplets, leading to the decrease 
of the critical droplet radius. 

Figure 10 illustrates the effect of the combination of 
alcohol concentration and oil molecular structure. As 
discussed above, for systems formed with AOT, water, 
decane, tridecane, or hexadecane, the solubilization is 
limited by the critical droplet radius Rc through the at- 
tractive interaction among droplets. The solubilization was 
improved when a long-chain alcohol such as l-heptanol was 
added to reduce the penetrable length during the interp- 
enetration of droplets. Again, this improvement is limited 
by the decreasing radius of spontaneous curvature and the 
maximum solubilization found for each case. The position 
of the maximum also consistently reflects the effect of the 
molecular volume of oil. For systems formed with smaller 
oil molecules, less l-heptanol is required to increase the 
spontaneous curvature of the interfacial film to reach 
maximum solubilization. For the AOT-hexane-water 
system, where the solubilization of water is already limited 
by the spontaneous curvature of the interfacial layer, the 
addition of l-heptanol, as expected, further decreased the 
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Figure 10. Effect of l-heptanol concentration on the solubili- 
zation capacity of water at room temperature in several micro- 
emulsion systems containing different oils. The system studied 
is AOT-oil(hexane, decane, tridecane, or hexadecanekl-hapta- 
nol-water. 
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Figure 11. Effect of acrylamide concentration on the solubili- 
zation capacity of water or 0.5 w t  % brine at room temperature. 
The system studied is AOT-tolueneacrylamide-water(or brine). 

solubilization capacity of water because the natural radius 
of the droplet is further decreased. 

The above discussion is not restricted to the use of only 
classical cosurfactants such as alcohols. The observations 
of Johnson et aL7 and Leong et alq8 can be interpreted in 
the same way. Indeed, as shown in Figures 11 and 12, the 
effects of salinity and cosurfactant chain length are con- 
sistent with all the results we have discussed. For the 
AOT-toluene-water system, where the solubilization is 
limited by the spontaneous curvature of the film as evi- 
denced in Figure 4, the addition of acrylamide increased 
the solubilization capacity of water until the decreasing 
critical droplet radius Rc came to limit this improvement 
(see Figure 11). The effect of increasing salinity plays an 
important role in decreasing the radius of spontaneous 
curvature and increasing the critical droplet radius. In 
AOT-hexadecane-water, the solubilization of water can 
be improved by adding nonionic surfactant Span-20 as 
cosurfactant to decrease the attractive intera~t ion.~~ Again, 
this improvement is limited by the decreasing radius of 
spontaneous curvature as the addition of the long-chain 
nonionic surfactant. The effect of increasing the chain 
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the systems when the limit of solubilization is reached. In 
most of the systems we studied, two strikingly different 
patterns of phase separation were observed along the 
solubilization curve after the samples reached phase 
equilibrium. Each one corresponds to the samples on one 
side of the solubilization curve, separated by maximum 
solubilization. Two clear phases of microemulsion ap- 
peared in one side, where we supposed the phase separa- 
tion was induced by attraction among droplets, while small 
visible droplets of bulk water in equilibrium with clear 
microemulsion phase were observed on the other side, 
where the phase separation was induced by the curvature 
effect. This observation certainly supports the arguments 
we have made; namely, the maximum solubilization of 
water is the result of the compromise between the effects 
of curvature and of attraction among droplets. 

However, for some systems, notably AOT-acrylamide- 
water(or brine) and AOT-Span-BO(or -40, -60)-water, the 
observed phase behavior is not quite consistent with the 
above arguments, because of the emergence of a liquid 
crystalline phase on solubilization saturation. Such an 
observation was usually found in the systems around the 
maximum solubilization of each curve. Further study 
regarding this aspect is certainly required to completely 
understand the solubilization behavior in this type of 
system. 

Conclusions 
The effects of the molecular structure of the interface 

and continuous phases on the solubilization capacity of 
water in water/oil microemulsion have been studied from 
both theoretical considerations and experimental obser- 
vations. 

From the consideration of the stability of microemulsion 
systems, the growth of microemulsion droplets during the 
solubilization process has to be limited either by the radius 
of the spontaneous curvature of the interface, RO, as the 
result of the curvature effect or by the critical radius of 
the droplets, Rc, due to the attractive interaction among 
the droplets. 

For the systems where the solubilization capacity of 
water is limited by the spontaneous curvature of the layer, 
the solubilization capacity can be increased by any mod- 
ification of the molecular structure of either the interface 
or continuous phase so that the spontaneous curvature of 
the layer is decreased (i.e., Ro is increased). For the sys- 
tems where the solubilization capacity is limited by the 
critical droplet radius, the reduction of the attractive in- 
teraction among droplets (Le,, increase of RC) increases the 
solubilization capacity of water. 

Both Ro and Rc are strongly influenced by the variation 
of the molecular structure of the interface and continuous 
phase. Any modification of the molecular structure in 
either phase can have opposite effects on Ro and on Rc. For 
example, the increase of the rigidity of the interface de- 
creases Ro and increases RC. Use of smaller oil molecules 
increases Rc and decreases RO. 

The maximum solubilization was observed as one at- 
tempted to improve the solubilization by changing the 
molecular structure of the interface or continuous phase. 
This maximum solubilization is a result of the compromise 
between the two opposite effects on the curvature of the 
interface and the attraction among droplets. 
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Figure 12. Effect of cosurfactant (nonionic surfactant) con- 
centration on the solubilization capacity of water at room tem- 
perature in several microemulsion systems containing different 
nonionic surfactants. The system studied is AOT-hexadecane- 
Span-PO(Span-40, Span-60)-water. 
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Figure 13. Effect of cosurfactant concentration and the size of 
the polar group on the solubilization capacity of water at room 
temperature. The system studied is AOT-hexadecane-Span-20(or 
1-dodecano1)-water. The structures of Span-20 and 1-dodecanol 
were inserted for comparison. 

length of the nonionic surfactant again favors the increase 
of the critical droplet radius and the decrease of the radius 
of spontaneous curvature. In fact, the suppression of the 
radius of spontaneous curvature is so overwhelming that 
the maximum solubilization capacity is much smaller for 
systems with Span-40 or Span-60 compared with that for 
the system with Span-20. Figure 13 shows the effect of 
the size of the polar head of the cosurfactants on the 
solubilization of water in water/oil microemulsions. It has 
been shown that the increase of the polar head area in- 
creases the attractive interaction among droplets.& On the 
other hand, increasing the size of the polar head un- 
doubtedly will increase the radius of spontaneous curva- 

This is clearly reflected in Figure 13, where the 
addition of the cosurfactant with a smaller polar head 
increased the critical droplet radius and decreased the 
natural radius more effectively than the addition of the 
cosurfactant with a larger polar head. 

One important piece of evidence, which supports the 
arguments we have made so far, is the phase behavior of 
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Appendix A 
If we consider a microemulsion as a binary mixture of 

interacting rigid spheres in a dispersing medium (oil), then 
AG,, the free energy required to mix nha identical spheres 
with no solvent (oil) molecules, can be written as 

where ki = aG/ani is the chemical potential of component 
i and the superscript e represents the reference state (pure 
solute and solvent). The osmotic pressure, n, of the 
mixture is related to the chemical potentials via 

(A2) 
where u, is the molecular volume of the oil. In the text, 
lI has been shown to be 

AGm = no(~0 - ~ 0 ~ )  + nhs(Ph - phe) (AI) 

No - p0e = -nuo 

k T  + +he 4hs2  - $ha3) + 
n = - (  I) hs (1 - 4h2 2 

Substituting (12) into (A2) yields 
Po - Po0 = 
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(AB) (x/$hs)+b-O = uo/uhs 

Applying the Gibbs-Duhem relation, we have 
(A4) 

where x is the molar fraction of spheres. Since x is related 
dpha/dpo = -(I - x ) / x  

to 4 h s  by 
x = (4hs/Uhs)/[$hs/Uhs + (1 - 4ha)/u01 

(A4) can be rearranged as 

Substituting (A3) into (A5), we have 
dPhs = 

dphs = -(I - ~ha)Uhsdfio/(~haUo) (A51 

Integrating (A6) from & - 0 to yields 

Therefore 

Inserting (A8) into (A7) yields 

Substituting (A3) and (A9) into (Al), we obtain 

Note that the total volume of the system ut = novo + nhsuhs, 

nouo /~hs  = n d l -  $t,J/$hs 

so 

Thus, (A10) can be rearranged as 

Let Ag, = AG,/u,, and then ( A l l )  becomes 

- Agm - -  
kT 

Appendix B 
If A = A(R,T,[,Ap), we can write 

If we consider the systems where only 5 and R are arranged 
to change their values, and the other variables are fixed, 
then (Bl) reduces to 

Mathematically, it is straightforward to show that (E) = -  (aA / a o R  
A ( a A / m 2 :  

Since we knew experimentally that the attraction strength 
increased as the penetrable length increased during the 
interpenetration of microemulsion droplets, we can write 

Note that 
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Also, the fact that the attraction increased as R increased 
allows us to write 

as deduced from the observation that the attraction 
strength increased with increasing molecular volume of oil, 

Therefore 

($;o 

( % ) A = A c  < 0 

For A = A ,  

Similarly 

so 

For A = A,  

(3) < o  
a A p  A=A, 
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Using the Langmuir-Blodgett Technique 

J. B. Peng,t M. Prakash,? R. Macdonald,t P. Dutta,*t and J. B. Kettersont 
Department of Physics and Astronomy and Department of Biochemistry, Molecular Biology, 

and Cell Biology, Northwestern University, Evanston, Illinois 60208 

Received March 12, 1987. I n  Final Form: June 9, 1987 

We have deposited Langmuir-Blodgett multilayers of dipalmitoylphosphatidylcholine onto a mica 
substrate from the surface of an aqueous solution of uranyl acetate. No transfer could be achieved when 
the subphase was pure water. X-ray diffraction confirms the formation of multilayew; the distance between 
bilayers is 57 f 1 A. 

Phospholipids are essential components of biological 
membranes, and the Langmuir-Blodgett (LB) technique1 
is a convenient way to build up high-quality lamellar 
structures of such lipids. The head-to-head tail-to-tail 
structure of LB films mimics the bilayer structure of bi- 
ological membranes; an assembly of several hundred 
stacked model membranes, in principle of unlimited area, 
can be formed from many ampiphiles by using the LB 
method. Although the method of drying from solution also 
forms layered structures (and it is on such samples that 
multilayer studies are generally performed), these are 
partly amorphous deposits and cannot compare in struc- 
tural perfection with that found in many LB films. One 
example of the use of such improved structures is in 
spectroscopic (e.g., infrared, Raman) studies. Another is 
in protein crystallography: some membrane proteins 
(bacteriorhodopsin is a well-known example) are known 
to crystallize into two-dimensional arrays within mem- 
branes. If the protein molecule does not protrude exces- 
sively from the plane of the bilayer, one might expect that 
a monolayer containing an appropriate fraction of the 
protein can be built up to form a three-dimensional or- 
dered protein structure. The resulting enhanced X-ray 
diffraction should permit determination of membrane 
protein molecular structures. 
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ogy. 

The most abundant polar lipids are phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), and phosphati- 
dylserine (PS). The transfer of PE23 and phospholipid 
mixtures4 to substrates has been observed, but a report5 
of LB film formation using PC and PS is contradicted by 
Hasmonay, Caillaud, and Dupeyrat: who used the same 
techniques but found (as we did) that a layer deposited 
on one stroke would float off on the reverse stroke. Sub- 
sequently, Akutsu, Ikematsu, and Yoshimasa' have re- 
ported that, while PE forms LB films with relative ease, 
the transfer of PC is much harder and results in patchy, 
nonuniform films. 

It is commonly known that the presence of ions in the 
subphase greatly improves LB deposition; Marra and Is- 
raelachvili* have made direct measurements of the forces 
between phospholipid bilayers in aqueous environments 
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