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Nonequilibrium diffusion behavior in nonionic and ionic surfactant microemul- 
sion systems has been studied experimentally using the open-ended capillary method. 
Experimental results for  these systems have been compared with a drop theory of 
diffusion for  microemulsions under conditions where large concentration and elec- 
trostatic gradients exist. The results show good agreement in concentration pro files 
between theory and experiment f o r  the microemulsion components- water, benzene, 
and phenol. Furthermore, under certain conditions the theory predicts that over a 
limited time interval phenol will diffuse from low-concentration regions to regions 
of higher concentration. This phenomenon has been observed. 

Introduction 
Microemulsions are of considerable scientific and industrial 

importance and have in recent years become the focus of much 
research (Ekwall, 1975; Luisi and Straub, 1984; Bourrel and 
Schechter, 1988). The study of diffusion in microemulsions 
and surfactant solutions has appeared prominently in the lit- 
erature because diffusion coefficients are necessary for de- 
scribing mass transfer in these systems and also because 
diffusion data can be used to probe their microstructure. Pa- 
pers dealing with diffusion in microemulsions fall into two 
categories, self-diffusion and nonequilibrium diffusion. Self- 
diffusion refers to the random movement of tagged particles 
at equilibrium in the absence of concentration gradients. Non- 
equilibrium or mutual diffusion also describes random move- 
ment of particles, but under the condition of bulk gradients 
in which there is a net transfer of matter over space and time. 
The former category of diffusion studies is by far the more 
predominant. It includes the Fourier transform NMR inves- 
tigations pioneered by Stilbs, Lindman, and their coworkers 
(Lindman et al., 1981; Stilbs and Lindman, 1984). Other meth- 
ods used to study self-diffusion include the use of radioactive 
isotope tracers (Lam and Schechter, 1987a) and dyes solubi- 
lized inside swollen micelles (Armstrong et al., 1988). By com- 
parison, diffusion studies of microemulsions in the presence 
of large concentration gradients are relatively scarce. Notable 
examples of this category are papers by Benton et al. (1986) 
and Raney and Miller (1987), which employ diffusion path 
theory to study mass transfer and the formation of intermediate 
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phases when aqueous surfactant solutions are contacted with 
oil. Experiments using videomicroscopy techniques also al- 
lowed these investigators to view intermediate phase growth, 
interface motion, and spontaneous emulsification. Nonequi- 
librium diffusion results are directly applicable to diffusional 
processes that result from concentration gradients, which can 
be found in industrial applications such as enhanced oil re- 
covery and detergency. 

The aim of the present work is to extend the predictions of 
the droplet diffusion model (Lam and Schechter, 1987b) to 
include the more general case of nonequilibrium diffusion, 
when microemulsions of unlike composition are contacted. In 
this paper, an experimental study of nonequilibrium diffusion 
in nonionic and ionic microemulsion systems is compared with 
theoretical predictions based on the theory of diffusion. The 
selection of these microemulsion systems permits the effects 
of concentration and electrostatic gradients to be examined 
separately and compared. 

Theory 
Droplet model 

Lam and Schechter (1987b) have modeled the nonequili- 
brium behavior of microemulsion systems that have a spherical 
droplet microstructure, where noninteracting droplets are dis- 
persed in a continuous phase. A component i in the microe- 
mulsion may be found in the continuous phase or the droplet 
phase, or it may partition between them. Local equilibrium of 
component i is assumed, in which the exchange of matter 
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between the continuous and droplet phases occurs on a time 
scale much faster than diffusion. The flux of component i 
which resides in the continuous phase is 

In this expression, D; is the molecular diffusivity of component 
i ,  44 is the volume fraction of the dispersed phase, Cf is the 
concentration of component i in the continuous phase, 2; is 
the valence of component i ,  $ is the electrical potential, and 
the operator V is the gradient. The term (1 - &)’ is the 
obstruction factor (Lam and Schechter, 1987b), which ac- 
counts for the hindering of continuous-phase diffusion due to 
the presence of droplets. The flux of droplets in the dispersed 
phase is 

where D, is the diffusion coefficient of the Brownian droplets, 
C, is the concentration of droplets per volume of micro- 
emulsion, and 2, is the net valence of the droplets. The volume 
of a spherical droplet is (4?rR3/3), where R is the radius. Since 
each droplet carries with it Cy moles of component iper droplet 
volume, the flux of component i associated with the dispersed 
phase is 

+- 
kT 

The total flux of component i in the microemulsion is the sum 
of the continuous and dispersed phase portions 

J r  = J f  + J,; (4) 

The total flux JT relates directly to the effective diffusion 
coefficient for component i that one would observe experi- 
mentally. In the case of tracer diffusion, a closed-form expres- 
sion for this diffusion coefficient may be obtained from the 
theory (Lam and Schechter, 1987b). 

Analysis of nonequilibrium diffusion 
In the general case where microemulsions of unlike com- 

position are brought into contact, the diffusion problem is a 
nonlinear one due to bulk gradients of droplet volume fraction 
& and electrical potential $. It is not possible to obtain a 
closed-form solution for this case. To calculate diffusion, one 
must solve the mass continuity equations for components i 
subject to appropriate boundary conditions. In this section, 
the model is developed further so that a numerical simulation 
of .a selected diffusion experiment is feasible. The purpose of 
the analysis that follows is to derive expressions for all variables 
found in the diffusional fluxes, so that they may be expressed 
in terms of two system-dependent variables: C;, which is the 
total concentration of component i per volume of micro- 
emulsion, and droplet volume fraction &. On the basis of a 
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thermodynamic theory of microemulsions (Miller and Neogi, 
1980; Huh, 1983; Ruckenstein, 1978; Overbeek, 1978), & and 
R are determined by local equilibrium. 

The total concentration C, accounts for Component i located 
in both the continuous and dispersed phases, arid it may be 
expressed in a mass balance, which contains the other con- 
centration variables 

The fraction of component i located in the continuous phase 
may be defined as a;: 

This factor can in turn be expressed in terms of pi, the ther- 
modynamic partition factor for component i between the con- 
tinuous and dispersed phases. For the systems studied here, 
the partition factor is essentially a constant and is expressed 
as 

(7) 

Substitution of these relations allows us to expresr the fraction 
of component i in the continuous phase as 

These relationships permit us to express the fluxes explicitly 
in terms of total concentration of component i, which can be 
measured macroscopically. In addition, droplet concentration 
C, can be related to dispersed-phase volume fraction by the 
equation 

4?rR3 
(Pd = (T) cm (9) 

By making substitutions using Eq. 6 ,  we can rewrite the flux 
expression for component i in the continuous ph&e 

Substitutions involving Eqs. 6 and 9 will lead to the following 
expression for flux of component i associated with movement 
of the dispersed phase 

-J,; = D,V [(l - ff,)C,] + - eZ3m (1 - f f , )  C,V$ (11) kT 
At this juncture we assume that R is constant with respect 

to position and time. This assumption is a good one for the 
range of system variables considered here; however, for more 
concentrated microemulsions R may vary from point to point 
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and its value must be determined by applying thermodynamic 
arguments or the droplet morphology may not apply at all. In 
this latter case, a satisfactory method for calculating diffusion 
does not exist now. 

Multiply both sides of the droplet flux equation, Eq. 2,  by 
the volume of a droplet (47rR3/3), to obtain a new flux equation 
for the dispersed phase 

Equations 2 and 12 are equivalent in the case where R is 
constant. There are now two dependent variables, Cj, which 
is total concentration of component i ,  and &, the dispersed- 
phase volume fraction. The gradient of electrical potential, 
V$, may exist when ionic species are present in the micro- 
emulsion. To resolve this term, we may use the constraint of 
zero current 

0 = c ZjJj 
j 

where the subscript j refers to the ionic diffusion species in 
the system. When considering an ionic surfactant microemul- 
sion in the absence of added electrolyte, the diffusing ionic 
species are the surfactant monomer, the surfactant counterion, 
and the droplets, which have a net charge due to counterion 
dissociation. The fluxes of surfactant monomer and counterion 
are, respectively, 

where D< is the surfactant monomer diffusivity, D {  is the 
counterion diffusivity, Z< is the valence of surfactant mon- 
omer, Z{ is the valence of the counterion, C< is the surfactant 
monomer concentration in the continuous phase, and C{ is 
the counterion concentration in the continuous phase. Avo- 
gadro’s number, NA,  is included in these expressions so that 
the concentration units are given in terms of the number of 
molecules or particles per volume, rather than in moles of 
particles per volume. By substituting the ionic flux expressions, 
Eqs. 2, 14, and 15 ,  into Eq. 13, and rearranging, we obtain 
for the electrical potential gradient in a droplet microemulsion: 

-kT  V$ = - X 
e 
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This expression reveals that the gradient of electrical potential 
depends on droplet concentration C,, counterion concentra- 
tion in the continuous phase C!, and droplet valence 2,. These 
terms are themselves functions with respect to position and 
time, which can be expressed in terms of droplet volume frac- 
tion $& The other concentration term given in Eq. 16 is C:, 
the surfactant monomer concentration in the continuous phase, 
which is constant and equal to the critical micelle concentra- 
tion. 

To simplify the numerical calculations, the variable terms 
in Eq. 16 will be expressed as a function of droplet volume 
fraction. It is also convenient to introduce the parameter A,, 
the area occupied by a surfactant molecule, Thus, 

(47rR’) C, = A,C, (17) 

where A, is the area occupied by one mole of surfactant head 
groups at the droplet interface. As is essentially a constant for 
a given microemulsion system (Shulman et al., 1959). A mass 
balance for surfactant may be written as 

where 0, is the surfactant partition factor defined in Eq. 7 .  It 
can be demonstrated (McGreevy, 1989) that a constant 0, fol- 
lows as a consequence of constant droplet radius. By substi- 
tuting Eq. 18 into Eq. 17, Eq. 17 into Eq. 9,  and rearranging 
terms, we obtain this expression for droplet concentration 

Equation 19 expresses the droplet concentration in terms of 
only one variable, &. In deriving it, we have assumed spherical 
droplet geometry; constant droplet radius, R ;  constant inter- 
facial area per surfactant molecule, A,; and constant surfactant 
monomer concentration, C:, which is negligible when com- 
pared to total surfactant concentration. 

Another variable term in Eq. 16 which must be analyzed is 
droplet valence Z,, defined as 

where n is surfactant aggregation number in units of molecules 
per droplet and a is the degree of counterion dissociation from 
the aggregates, which depends on the molecular structure of 
the surfactant. 

Based on Eqs. 18 and 19, Eq. 20 becomes 

By using the condition of electroneutrality CZjCj = 0, we may 
write a relationship for this C{ in terms of droplet concentra- 
tion and droplet valence. Since the functionality for C, and 
Z ,  are known, the final expression for counterion concentra- 
tion is 
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With these derivations, all the known variables found in the 
theory of diffusion have been completely specified; thus, the 
problem is ready for numerical simulation. 

Simulation of nonequilibrium diffusion 
Thus, the diffusion problem for microemulsions under non- 

equilibrium conditions is reduced to a system of two coupled 
nonlinear partial differential equations, which must be solved 
numerically subject to appropriate boundary conditions. Be- 
cause of the simplicity of modeling in one-space dimension, 
the open-ended capillary technique of Anderson and Sad- 
dington (1949) was chosen as the experimental technique for 
this study. This procedure is ideally suited for studying dif- 
fusion in microemulsions. 

When two microemulsions of unequal composition are 
brought into contact, the composition of component i in the 
system is governed by its continuity equation 

- - v . J f  ac, 
at 
_ -  

where i applies to any one of the components and the drops 
as well and where C, is the total concentration of i per unit 
volume of microemulsion. The initial and boundary conditions 
associated with Eq. 23 are 

where Cyp(0) is the concentration of material initially present 
in the capillary tube, and C?lk is the concentration of com- 
ponent i in the bulk solution. For drops, replace C, by the 
dispersed phase volume, &,. Equation 23 is solved using the 
method of lines (Gaffney, 1983). We used the IMSL subroutine 
DPDES, which solves parabolic partial differential equations. 
This algorithm discretizes the space dimension using cubic 
Hermite polynomials, thus generating a series of first-order 
ordinary differential equations that are integrated in time. For 
all simulations, 100 evenly spaced grid points were used in the 
solution domain. Numerical solution generates the discrete 
profiles C i ( x ,  t )  and &(x,  t ) .  These profiles are then integrated 
across the capillary tube length to yield their average values. 

Experimental Details 
The open capillary experimental setup is shown in Figure 1. 

This technique involves measuring the change in concentration 
of microemulsion in a small capillary tube whose open end is 
inserted into a bulk solution, which contains microemulsion 
of a different composition. The run is ended after a known 
time when the tube is removed from the bulk solution. The 
contents are analyzed to determine their composition. The 
initial compositions of capillary and bulk solution are also 
analyzed for each experiment. 

The entire experimental assembly in Figure 1 is located in 
an air bath where the temperature is fixed at 25°C. The dif- 
fusion cell that contains the bulk solution is a glass jar with a 
plastic screw-on lid. The capillary tubes are secured vertically 

l ine f o r  control l i rg 
f luid i e v e i  i n  ce i l  

air re iease line / 
f i t t i nqs  t o  secure I 

bulk solut ion 

dif fusion cel l  tubing 
1 _ _ _ _ ~  

Figure 1. Open capillary experimental apparatus. 

from the top at the lid. These tubes were 1.59 mm (1116 in.) 
OD, 0.51 mm ID, and 3.1 cm in length. These dimensions are 
selected to minimize end effects. After cleaning. one end of 
each tube was flame-sealed to prevent evaporation of capillary 
solution during the experiment. Each tube was filled completely 
with solution using a microsyringe whose needle could be in- 
serted inside the tube all the way to the closed rnd and care 
was taken that no bubbles remained in the filled tubes. After 
filling with capillary solution, the closed end was secured to 
the lid. 

Because immersion and removal of the capillary tubes from 
bulk solution by hand could generate convection m d  skew the 
resulting concentration profiles, a procedure was developed to 
control the liquid level in the diffusion cell. A 31 mL syringe 
was connected by plastic tubing to the cell containing the bulk 
solution. By manually drawing back or depressing the syringe 
plunger, one can lower or raise the liquid level of bulk solution 
in the cell to minimize convection. Further details concerning 
the experimental apparatus and procedure can be found in 
McGreevy (1989). 

Compositions of samples from this experiment were deter- 
mined by gas chromatography, using a Hewlett-Packard 5890A 
gas chromatograph with auxiliary 3393A integrator and 7673A 
automatic sampler. The weight fraction of each component in 
unknown solutions was calculated using the ratio of its peak 
area to the peak area of the known initial capillary solution. 
This procedure of analyzing the composition of an unknown 
sample relative to that of a known standard is valid provided 
that the response factor, the ratio of peak area to weight 
fraction, is constant. We determined that this was the case for 
all components in the concentration ranges used in our dif- 
fusion experiments. 

Materials and conditions 
Both nonionic and ionic surfactant systems  ere selected 

for study. For the nonionic system, the predicrions of the 
theory may be examined and compared to experimental data 
under conditions where bulk concentration and microstructure 
gradients exist, but where the gradient of electrical potential 
is everywhere zero. Then in the more complex cabe, modeling 
and experiments involving the ionic system allou us to study 
the situation where both composition and electrostatic gra- 

172 February 1991 Vol. 37, No. 2 AI<:hE Journal 



dients exist. As shown in the Results section, the effect of the 
electrical potential gradient term on concentration profiles cal- 
culated from the theory is significant. 

The nonionic microemulsion system studied in this paper is 
CO-850-water-benzene-phenol, where CO-850 is a blend of 
polyethoxylated nonylphenols manufactured by GAF Chem- 
icals with an average ethylene oxide chain length of 20. Benzene 
obtained from Fisher Scientific and phenol from MCB Re- 
agents were each of 99% purity and used as received. The 
phase diagram of this system has been discussed in McGreevy 
(1989). The clear, single-phase region from which solutions 
were chosen for experiments is located at the water-rich end 
of the diagram. The fourth component, phenol, is not essential 
in creating a stable single-phase microemulsion, but rather was 
chosen as an additive to this system to demonstrate counter- 
gradient diffusion. The ionic surfactant microemulsion system, 
also found in McGreevy (1989), is dodecyltrimethylammonium 
bromide (DTAB)-water-benzene-phenol. DTAB surfactant 
obtained from Aldrich Chemicals was of 99% purity and used 
without further purification. This system has similar phase 
behavior to the nonionic system, where the clear, single-phase 
region is at the water-rich end of its phase diagram. 

The experiments reported here contact microemulsions di- 
lute in the volume fraction of the dispersed phase (those so- 
lutions closest to the water vertex of the phase diagram) with 
solutions have a high composition of dispersed phase (those 
farthest from the water vertex but still in the clear region). 
Tracer self-diffusion measurements on the dilute microemul- 
sion :systems strongly suggest that the solution morphology in 
this region is in the form of droplets in a water-continuous 
phase. Therefore, a dilute microemulsion was chosen to be the 
capillary solution, while concentrated microemulsions of vary- 
ing phenol content were assigned as the bulk solution in ex- 
periments. The locations on the phase diagram and the 
compositions of capillary and bulk solutions for the CO-850 
and IDTAB microemulsion systems are illustrated in Figures 2 
and 3,  respectively. It should be noted that no phase separation 
or formation of nonequilibrium structures occurred for any 
of the diffusion couples reported in this paper, as their dif- 
fusion paths are sufficiently removed from the phase bound- 
aries. 

Thle experimental conditions for each system were chosen 
such that the phenol content of the capillary solution was held 
constant at 0.5 wt. 070 while its concentration in the bulk was 
varied. In order to numerically simulate the diffusion exper- 
iment for the nonionic CO-850 microemulsion system, the 
following kinds of input parameters were required: 

I 

Molecular self-diffusion data for water and phenol in 
water solvent 

Micelle or droplet diffusion coefficient for the capillary 
solution 

Partition coefficients for water, phenol, and benzene in 
the capillary solution to describe their dynamic equilibrium 
between the continuous and droplet phases 

Concentrations of water, phenol, and benzene in the cap- 
illary and bulk solutions 

Dispersed-phase volume fractions in the initial capillary 
and bulk solutions. 

The self-diffusion data were obtained from the literature or 
determined by the Taylor dispersion technique (McGreevy, 

10% benzene + 10% benzene + 

Caoillarv solutic::' 
# 1  where 

added Dhenol = 0.5% 

Bulk solutions: 
# 2  where 

added phenol = 0.1, 0.25, 0.52, 
0.6, 0.75, 1.0% 

Figure 2. Phenol compositions in CO-850-water-ben- 
zene-phenol microemulsion system. 

1989). Partitioning of each component between the continuous 
and droplet phases can be expressed by the dimensional par- 
tition factor pi, which is defined in Eq. 7 .  Water is obviously 
found entirely in the continuous phase, so that 0, is equal to 
zero. Since hydrophobic benzene is solubilized almost com- 
pletely inside the micelle cores, Pb was assigned a value of lo6 
for the simulations. Although this value may seem arbitrary, 
in fact our simulations show that if P b  is varied and given 
values as high as lo3', there is no change in the predicted 

water 1 0% benzene + 

Caoillarv solution: 
# 1  where 

added phenol = 0.5% 

Bulk s-: 
# 2  where 

added phenol = 0. 0.19, 0.38, 0.47 
0.57, 0.75, 0.94% 

Figure 3. Phenol compositions in DTAB-water-ben- 
zene-phenol microemulsion system. 
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diffusion of benzene. Phenol, on the other hand, partitions 
between the aqueous and droplet phases (Kandori et al., 1989b). 
f l p  was determined from tracer diffusion measurements by a 
procedure given in Kandori et al. (1989b), and its value is equal 
to 58.76. All solutions were made up by weight. By using 
densities of each component and assuming additive volumes, 
the volume fraction of all components could be determined. 
Dispersed-phase volume fraction &, equals the combined vol- 
ume fractions of surfactant and benzene, which make up the 
droplet phase. A summary of input parameter values, which 
are used in diffusion simulations of the CO-850 microemulsion 
system, can be found in Table 1. In this table, the concentra- 
tions are converted to units of mol/mL. 

For the ionic DTAB microemulsion system, numerical sim- 
ulations also require molecular diffusion, micellar diffusion, 
and partitioning data for all components in the capillary so- 
lution. These factors have been determined in the same manner 
as those used in the nonionic simulations. However, additional 
parameters, which are not needed for simulating the nonionic 
system experiment, must be supplied for the ionic system case. 
As has been noted, these pertain to ionic surfactant aggregation 
as well as counterion dissociation behavior. They include: 

Surfactant monomer concentration in the continuous 
phase C( 

Surfactant monomer diffusion coefficient D( 
Valence of surfactant monomer Z( 
Surfactant counterion diffusion coefficient D< 
Valence of counterion Z{ 
Valence of component i Zi 
Droplet interfacial area per surfactant head group A, 
Surfactant partition factor & 
Degree of counterion dissociation from the droplets u. 

The critical micelle concentration (CMC) for DTAB surfactant 
in water is 1.5 x lo-' mol/mL (Mukerjee and Mysels, 1971). 
The effect of CMC decrease caused by the addition of phenol 

Table 1. Parameter Values Used in Open Capillary Simulations 
of CO-850-Water-Benzene-Phenol System 

Parameter Value 

P b  

PP* 

P W  

e l k  

CYk 

CYP(0) 
CTP(0) 
c y ( 0 )  

Dfp' 

Dm' 

6Yk 
67p(0) 

c bulk 
w 

Df" 
W 

L (tube length) 
r (time of exp.) 

1 o6 
58.76 

0 

80.1 x 10-5-80.7x lO-'rnol/rnL 
1 . 0 7 ~  10-5-10.74x lO-'rnol/mL 
4.16 x 10-2-4.2 x 10-2mol/mL 

6 . 4 2 ~  10-5mol/rnL 
5.31 x 10-5mol/mL 
5 . 2 6 ~  10-2rnol/rnL 

8 . 2 ~  10-6cm2/s 
2.22 x 10-~cm*/s 
1.25 x 10-%n2/s 

0.24-0.242 
0.046 

3.1 cm 
16.25 h (58.500 s) 

'Taylor dispersion 
"Mills (1971) 

to this system has been studied by Kandori (ur published re- 
sults). Based on an interpolation of those data for our con- 
ditions, we estimate the surfactant monomer con,entration for 
the four-component capillary solution to be 7.5 x 
mol/mL. The diffusion coefficients of DTA' inonomer and 
Br- counterion in water at 25°C are 4.8 x cm2/s (Carls- 
son et al., 1989) and 2.084 x cm2/s (Cussler, 1984), 
respectively. As for surfactant head group area A,, based on 
data and calculations from Kandori et al. (1989a) for the 
DTAB-water-benzene system, we used a value of 4.2 x lo9 
cm2/mol of DTAB molecules for this parameter, which cor- 
responds to approximately 70 A2 per surfactant head group 
absorbed at the droplet interface. Since Middleion (1988) re- 
ported that head group area for the similar DDAB surfactant 
system is about 68 A2, our value can be considerc d reasonable. 
From the method given in McGreevy (1989), the surfactant 
partition factor fl, was calculated to be 300.6 for the DTAB 
microemulsion used as the capillary solution. By a new pro- 
cedure outlined in that work the dissociation degree a was 
determined to be 0.209. A summary of input parameter values, 
which are used in diffusion simulations of the DTAB microe- 
mulsion system, can be found in Table 2. All of the information 
needed for simulation of the diffusion of both nonionic and 
ionic surfactant microemulsions is now complete. The results 
of these simulations and experimental data are found in the 
next section. 

Resu I ts 
CO-850- water-benzene-phenol system 

Six separate experimental runs 
were performed. The initial capillary and bulk solution com- 
positions of phenol, along with the resulting phenol capillary 
concentrations determined from theory and experiment at 16.25 
h, are shown in Table 3. Both sets of results show a similar 
decreasing trend in final capillary concentration of phenol as 
the phenol content of the bulk solution is lowered. In run 1, 
both theory and experiment show that phenol Loncentration 
rises in the capillary when it is contacted with 1.OYo phenol 
microemulsion in the bulk. Runs 5 and 6 show that phenol 
concentration decays inside the capillary tube when contacted 
with microemulsions of lower phenol content in the bulk. For 
each of these runs, phenol diffusion is occurring in the direction 
of the concentration gradient, as would be expected for simple 
liquids. However, the experimental data for runs 2, 3, and 4 
reveal that during the period of measurement phenol concen- 
tration decreases in the capillary tube, despite the fact that the 
bulk solutions are more concentrated in phenol. Phenol dif- 
fusion in these runs is occurring against the concentration 
gradient. The results obtained from the theory also predict this 
countergradient diffusion of phenol for runs 3 and 4. 

These same results for phenol are plotted in Figure 4 as 
normalized phenol concentration in the capillary tube as a 
function of bulk phenol concentration. Normalized concen- 
tration is defined as the difference between the resulting cap- 
illary concentration of material and the bulk concentration 
divided by the difference between the initial capillary concen- 
tration and the bulk concentration. The countergradient results 
are found for values of normalized concentration greater than 
unity. The discontinuity in normalized concentration of phenol 
shown in this plot occurs when the bulk concentrat ,on of phenol 

Phenol Diffusion Results. 
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Table 2. Parameter Values Used in Open Capillary Simulations 
of DTAB-Water-Benzene-Phenol System 

4 

- 3 -  
Y 

3 
- 
a n  
0 

I - 2 -  - 0 

m 

Parameter 

experimental 

counlerinluitive 
region 

Value 

ff' 

A,' 

P b  

Pp*** 
PS' 

P w  

Drn*** 

&Ik 

9YP(O) 
L (tube length) 
7 (time of exp.) 

Z< 
Z! 

0.209 
4.2 x 109cm2/mol 

1 06 
56.67 
300.6 

0 

90.1 x 10-'-91.0x 10-5mol/mL 
0-10.0 x 1O-'mol/mL 

4.16X 10-'-4.21 x 10-2mol/mL 
2 1 . 0 3 ~  10-'mol/mL 
5.31 x 10-Smol/mL 
5 . 1 6 ~  10-Zmol/mL 
7.5 x 10-6moI/mL 
1.61 x 10-4mol/mL 

2 . 0 8 4 ~  10-5cmZ/s 
7.5 x 1 P c m 2 / s  
4.8 x 10-6cmZ/s 
2 . 2 2 ~  10-'cm2/s 
3 . 8 2 ~  10-'crn2/s 

0.248-0.25 
0.068 

3.1 cm 
16.25 h (58,500 s) 

- 1  
+ I  

McCreevy (1989) ***Taylor dispersion 'Cussler (1984) 
Kandori e l  al. (1989) tKandori (1990) 'Carlsson el al. (1989) * *  

'Mills (1971) 

c1osi:ly approaches that initially present in the capillary, 0.0532 
M, which makes normalized concentration tend toward 
positive or negative infinity. These results show a very good 
agreement between theory and experiment. 

Figure 5 shows simulated phenol concentration profiles 
within the capillary tube at various times, based on the con- 
ditions of run 3,  which corresponds to the curve for 16.25 h. 
The node at the extreme right is positioned at the open end of 
the tube; its value is equal to bulk solution concentration of 
phenol, 0.063 M, or 0.6%, at all times. The remaining points 
inside the tube are initially at the same concentration of 0.0532 
M and then change as a function of time. What occurs during 
the course of the experiment, according to this simulation, is 
quite remarkable. A well or minimum of phenol concentration 
develops within the tube near the open end. As the experiment 
proceeds, this well moves toward the middle of the tube and 
begins to broaden, as the curves for 16.25 and 69.4 h in Figure 
5 illustrate. With further passage of time, the minimum in the 
center of the tube begins to disappear. The curves for 111.1, 
166.7, and 278.8 h indicate that phenol concentration falls 
near the closed end of the tube. During these intermediate 
times phenol is being depleted near the closed end, while its 
concentration is building up near the open end. Ultimately, at 
very long times the phenol concentration in the capillary tube 
will become equal to its concentration in the bulk solution. 
The existence of a concentration minimum at the earlier times 
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Table 3. Open Capillary Simulation and Experimental Results 
of Phenol Concentrations for CO-850-Water-Benzene-Phenol 

System 

Initial Conditions 
(Phenol) 

Results 
Time = 16.25 h 

(Phenol) 

Bulk Capillary Theory Exp. 
Run wt. Vo wt. Vo wt. Vo wt. 070 

1 1 .o 0.5 0.543 0.520 
2 0.75 0.5 0.515 0.485 
3 0.6 0.5 0.498 0.481 
4 0.52 0.5 0.489 0.478 
5 0.25 0.5 0.461 0.437 
6 0.1 0.5 0.445 0.426 

implies that two opposing mechanisms of phenol diffusion are 
occurring in this system. We discuss these in more detail in 
the next section. 

The normalized 
capillary concentrations determined for water and benzene are 
shown in Figure 6 and 7 as a function of bulk phenol com- 
position. All normalized concentrations in these plots are found 
to be less than unity. The results for these components (es- 
pecially benzene) seem to show an even closer agreement be- 
tween theory and experiment than that of the phenol case. 
This agreement is significant in light of the fact that the mi- 
croemulsions contacted in diffusion experiments contain large 
concentration gradients of water and benzene. The nature of 
benzene and surfactant diffusion (which are associated pri- 
marily with droplets) in microemulsions is illustrated by Figure 
8, which shows droplet volume fractions as a function of po- 
sition in the tube for various times. By contrast with the phenol 
results, the droplet composition of the microemulsion in the 
capillary tube increases monotonically with position and time 
as that solution is contacted with one in the bulk having a 

Water and Benzene Diffusion Results. 
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Figure 4. Normalized concentrations of phenol after 
16.25 h, CO-850-water-benzene-phenol sys- 
tem. 
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Figure 5. Simulated average phenol concentrations 
within capillary, CO-850-water-benzene- 
phenol system, as a function of time. 
Conditions of run 3 

much higher composition of dispersed phase (benzene and 
surfact ant). 

DTAB-water-benzene-phenol system 
For the DTAB microemulsion 

system, seven experimental runs were performed. The initial 
compositions of phenol in the capillary and bulk solutions, 
along with the results generated from theory and experiments, 
are shown in Table 4. As the bulk solution concentration of 
phenol is lowered in runs 1-7, the resulting concentrations of 
phenol remaining in the capillary decrease monotonically ac- 
cording to theory and experimental results. For each run the 

Phenol Diffusion Results. 
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Figure 6. Normalized concentrations of water after 16.25 
h, CO-850-water-benzene-phenol system. 
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experimental F] 

Figure 7. Normalized concentrations of benzene after 
16.25 h, CO-850-water-benzene-phenol sys- 
tem. 

theoretical predictions of phenol concentrations remaining in 
the capillary are slightly higher than those observed in exper- 
iments. As for simulations based on the theor! , interesting 
results are noted in runs 3-6. In these runs, phenol diffusion 
is occurring from low-concentration regions in the bulk so- 
lution to  higher concentration regions in the capillary solution, 
which we have referred to  as counterintuitive or countergra- 
dient diffusion. This has the effect of concentrating the phenol 
in the capillary tube. For the experimental data in Table 4, 
run 4 also shows a clear countergradient diffusion effect, while 
runs 3 and 5 ,  although not countergradient, nearly approach 
this behavior. 

These experimental and simulation results for phenol in the 
DTAB system are plotted in Figure 9 as normalized concen- 
trations vs. bulk phenol concentrations. Countergradient re- 
sults occur for this system when normalized concentrations are 
greater than unity or  less than zero. This plot has a discon- 
tinuity at the point on the x axis where bulk conLentration of 
phenol is equal to  the initial capillary concentration of 0.052 
M or 0.5%. Compare this plot to  that of the CO-850 micro- 
emulsion system in Figure 4. For the nonionic sy\tem, phenol 
has a tendency to  diffuse counterintuitively from low-concen- 
tration regions in the capillary solution to regions of higher 
concentration in the bulk solution. The DTAB svstern, as we 
have noted, shows just the opposite trend. The difference in 
behavior between the two systems has to  d o  with the direction 
of the countergradient diffusion effect for phenol; it occurs 
toward the capillary tube for the ionic case and toward the 
bulk for the nonionic case. Because of this directional differ- 
ence, their respective plots are roughly mirror images. In Figure 
9, the trend predicted by the theory for the DTAB system is 
in fairly good agreement with the experimental results. By 
comparing these results with those obtained for the CO-850 
system in Figure 4, we see that the agreement bet ween theory 
and experiment is slightly better for the nonionic hystem. This 
slight disparity in the predictive accuracy of the diffusion the- 
ory is reasonable in light of the fact that more inpur parameters 

AIChE Journal Vol. 37, No. 2 



0.0 
0.0 1 .o 2.0 3.0 

distance from closed end (cm) 

Figure 8. Simulated droplet volume fraction profiles 
within capillary for various times. 

are required to calculate diffusion for the ionic simulations. 
It should be emphasized that none of the parameters in either 
the nonionic or ionic simulations are adjustable. This provides 
a severe test of the predictive ability of the theory. 

The next three figures show simulations based on the con- 
ditions of run 3 for the DTAB system. Figure 10 represents 
phenol concentration profiles within the capillary tube at var- 
ious times. The time effect on phenol concentrations is fas- 
cinating: A concentration maximum develops and proceeds to 
the middle of the tube while broadening, as seen in the curves 
for 16.25 and 41.7 h. The maximum begins to disappear at 
69.4 h as phenol concentrations increase near the closed end 
of the tube. A substantial buildup of phenol near the closed 
end continues with further passage of time, as the curve for 
278.8 h illustrates. This accumulation of phenol in the capillary 
tube with increasing time is also seen in Figure 11, where phenol 
concentration, which is averaged across the tube length, is 
plotted as a function of time. A maximum is predicted to occur 
at approximately 300 h. After that point, phenol concentra- 
tions in the tube will drop until at very long times the bulk 

Table 4. Open Capillary Simulation and Experimental Results 
of Phenol Concentrations for DTAB-Water-Benzene-Phenol 

System 

Initial Conditions 
(Phenol) 

Results 
Time = 16.25 h 

(Phenol) 

Bulk Capillary 
Run wt. (7'0 wt. To 

1 0.94 0.5 
2 0.75 0.5 
3 0.57 0.5 
4 0.47 0.5 
5 0.38 0.5 
6 0.19 0.5 
I 0 0.5 

Theory 
wt. % 

0.669 
0.634 
0.600 
0.582 
0.565 
0.529 
0.494 

Exp. 
wt. 070 

0.619 
0.598 
0.561 
0.525 
0.495 
0.481 
0.447 

4 I 
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Figure 9. Normalized concentrations of phenol after 
16.25 h, DTAB-water-benzene-phenol sys- 
tem. 

solution concentration of 0.06 M or 0.57% is reached. The 
decay in phenol concentration at long times is also illustrated 
by the curve for 833.3 h in Figure 10. 

Figure 12 shows simulated phenol concentration profiles 
within the capillary tube as a function of droplet ionization 
degree a, one of the key parameters used in the simulation of 
ionic microemulsion diffusion. The curve for 01 = 0.209 cor- 
responds to the results obtained for run 3 of the DTAB system. 
The other curves correspond to solutions having the same 
microstructure and concentrations as those of run 3, except 
that the ionization degree parameter is varied. The curve for 
a = 0 represents a nonionic system. There is a striking dif- 
ference in concentration profiles between nonionic and ionic 
surfactant microemulsions. As we have noted, the ionic coun- 
tergradient effect is for phenol diffusion to occur from low- 
concentration regions in the bulk solution to regions of higher 
concentration in the capillary, which causes phenol to become 
more concentrated inside the tube. We observe in these sim- 
ulation results that as droplet ionization degree is raised, the 
cou-nterintuitive effect becomes greater. The nonionic coun- 
tergradient effect is just the opposite, leading to a net loss of 
phenol from the capillary into the bulk solution. 

The influence of droplet ionization degree on diffusion is 
further illustrated in Figure 13, which shows simulated profiles 
of droplet volume fraction within the capillary for various 
ionization degrees. In considering this plot, it is obvious that 
the degree of counterion dissociation has a profound effect 
on the mobility of the droplets. The rate of migration of the 
dispersed phase from the bulk solution into the capillary is far 
greater for the DTAB system, corresponding to a = 0.209, 
than for a nonionic system (a = 0) with otherwise identical 
conditions. The electrical potential gradient V $, which acts 
on the charged droplets, appears to be very influential in the 
diffusion of the dispersed phase. 

The normalized 
concentrations determined for water and benzene in the DTAB 

Water and Benzene Diffusion Results. 

AIChE Journal February 1991 Vol. 37, No. 2 177 



278.8 
INITIAL CONDITIONS: 
Capillary: [PI = 0.5% (0.0532 M )  
Bulk: [PI - 0.57% (0.06 M) 

0.04 I 
0.0 1 .o 2.0 3.0 

distance from closed end (cm) 

Figure 10. Simulated phenol concentration profiles 
within capillary, DTAB-water-benzene- 
phenol system for various times. 
Conditions of run 3 

system are plotted in Figure 14 and 15 as a function of bulk 
phenol concentration. The results for these components show 
good agreement between theory and experiment for water, with 
fair agreement for the case of benzene. Consider the results 
for water diffusion for this system in Figure 14. This plot 
shows good agreement between theory and experiment, which 
suggests that our use of the (1 - &)' term in the diffusion 
theory as an obstruction factor is a reasonable description of 
continuous-phase diffusion in microemulsions. The additional 
nonadjustable parameters required to simulate diffusion of an 
ionic surfactant system and the extra sources of error that may 
be incurred, have a greater impact on the predicted concen- 
trations of benzene than on water. Variations in the droplet 
ionization degree a ,  for example, have a strong effect on drop- 
let diffusion and along with it the benzene concentrations, 
which are predicted by the theory. This factor alone would 
account for the discrepancy between theory and experiment 
found for benzene in Figure 15. 

Discussion 
In considering the CO-850 and DTAB system diffusion re- 

suIts in Tables 3 and 4, for every run the average phenol 
concentrations in the capillary are slightly lower than the values 
predicted by the theory of diffusion. Additional simulations 
showed that none of the parameters could be varied, either 
individually or as a group, in such a way that the theoretical 
predictions of phenol concentration could be lowered for all 
runs and brought closer to experimental values. After all data 
were obtained, a small error in the experimental procedure 
was discovered (McGreevy, 1989); its correction will raise ex- 
perimental values 1 to 2% and improve the agreement with 
theoretical results. 

The countergradient results observed for phenol in the non- 
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Figure 11. Simulated average phenol concentration pro- 
files within capillary, DTAB-water-benzene- 
phenol system for various times. 
Conditions of run 3 

ionic and ionic microemulsion systems are interrsting, and an 
explanation for them will now be considered. 

Based on numerous computer simulations, it was determined 
that the molecular diffusion coefficient D!, the droplet dif- 
fusion coefficient D,, and partition factor p, are what distin- 
guish the diffusion behavior of phenol in these systems from 

0.100 
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Figure 12. Simulated phenol concentration profiles 
within capillary, DTAB-water-benzene- 
phenol system for various droplet dissocia- 
tion degrees. 
Conditions of run 3 
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Figure 13. Simulated droplet volume fraction profiles 
within capillary for various droplet dissocia- 
tion degrees. 

that of water and benzene. For example, when the molecular 
diffusion coefficient and partition factor are each varied in 
simulations of the nonionic system while holding all other 
parameters constant, we found that values of D$/D, greater 
than 6.4 and pi ranging from 5 to 70 lead to the countergradient 
diffusion of phenol. Both of these conditions are met by phenol 
for the capillary solution chosen in the CO-850 microemulsion 
system. The first condition associated with molecular diffusion 
is also met by water, but unlike phenol, water is found only 
in the continuous phase and does not partition in a manner 
that leads to countergradient diffusion. Neither of the two 
conditions is met by benzene or surfactant, which are asso- 
ciated almost completely with the droplets. 

In the same microemulsion system, diffusion can occur ac- 
cording to molecular motion in the continuous phase and also 
as part of the slower Brownian droplets. The partition factor 
determines which of these two mechanisms will predominate 
for a given component. In the case of water, continuous-phase 
diffusion occurs, while benzene diffuses entirely with the drop- 
lets in this system. Phenol is found in both locations and thus 
has two mechanisms of diffusion occurring simultaneously. 
How this can explain the countergradient diffusion behavior 
of run 3 in the nonionic system, is illustrated in Figure 16. In 
these plots, the capillary concentration profile for phenol lo- 
cated in the continuous phase, along with the profile of the 
volume fraction of droplets, are shown here after 16.25 h. The 
portion of phenol that resides in the continuous phase is dif- 
fusing out of the capillary tube, while droplets are diffusing 
into the tube and carrying solubilized phenol with them. Be- 
cause of the particular conditions that were selected for this 
experiment, these two mechanisms of diffusion are opposing 
one another, causing a minima in phenol concentration. Be- 
cause the nature of droplet diffusion is slow relative to that 
in the continuous phase, the latter mechanism has a stronger 
influence on the mobility of phenol, which is directed from 

1.00 1 

0 00 
0 000 0.050 0.100 

Figure 14. Normalized concentrations of water after 
16.25 h, DTAB-water-benzene-phenol sys- 
tem. 

the capillary toward the bulk solution. Continuous-phase dif- 
fusion of phenol overcomes the effect of solubilized phenol 
diffusing from the bulk solution into the capillary. Thus, these 
competing mechanisms lead to a net diffusion behavior, which 
is counterintuitive. 

These same two mechanism likewise exist in ionic surfactant 
microemulsions and can explain the net countergradient dif- 
fusion of phenol, which is directed into the capillary tube for 
the ionic system simulations and experiments. Consider the 
effect of ionization degree a on the mobility of the dispersed 
phase in Figure 13. By comparing the curves which correspond 
to 01 = 0 and a = 0.209, it is evident that droplet migration 

l.O0 t 
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Figure 15. Normalized concentrations of benzene after 
16.25 h, DTAB-water-benzene-phenol sys- 
tem. 
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Figure 16. Two competing mechanisms of phenol dif- 
fusion: free diffusion in continuous phase, 
solubilized phenol diffusing with Brownian 
droplets. 

into the capillary is dramatically higher for the latter case, 
which represents the DTAB system. For cationic DTAB sur- 
factant, the droplets have a net positive charge due to the 
dissociation of negatively charged bromide counterions. Be- 
cause the concentration of surfactant and of droplets is much 
greater in the bulk than in the capillary solution, there is a 
separation of charge when these solutions are brought into 
contact. An electric field arises to counteract this charge sep- 
aration, and this field is responsible for the enhanced migration 
of charged droplets into the capillary tube. In the nonionic 
system, the effect of phenol migration out of the capillary tube 
via the continuous phase predominates over the effect of sol- 
ubilized phenol diffusing into the tube with the droplets. But, 
for the DTAB system, the situation is reversed; the high rate 
of diffusion into the tube of droplets that carry solubilized 
phenol overcomes the outward diffusion of phenol in the con- 
tinuous phase. The result is a larger than expected buildup of 
phenol in the capillary tube. This increasing mobility of the 
positively charged droplets compared with uncharged droplets 
provides the best explanation for the varying countergradient 
phenomena observed for phenol in the nonionic and ionic 
system cases. 

Conclusions 
This research has demonstrated that complex nonequili- 

brium diffusion phenomena in certain microemulsions can be 
adequately described by a droplet diffusion model that assumes 
local equilibrium. This is a key point not established by any 
previous study. The diffusion theory applies to both nonionic 
and ionic surfactant microemulsions. Gradients in the con- 
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centration of components i, droplet volume fraction, and (for 
the ionic system) electrical potential were present in these ex- 
periments, and the model clearly distinguishes tlie quantitative 
features of diffusion for each component. In particular, the 
theory is able to predict countergradient diffusion behavior 
for components, which partition between the continuous and 
droplet phases. This was verified in experiments by using phenol 
as the partitioning additive. Also, the differing countergradient 
behavior, which was observed for the nonionic and ionic sys- 
tems, can be distinguished and explained by the diffusion the- 
ory. The open capillary experiment is demondrated in this 
research to be extremely appropriate and usefd for studying 
nonequilibrium diffusion behavior of microsti uctured solu- 
tions, whereas in the past its use was largely confined to equi- 
librium tracer diffusion studies. 

A note of caution is appropriate, however. A careless inter- 
pretation of the countergradient results obtained for phenol 
will lead to a pitfall: If one used the analytical solution to the 
open capillary problem, he would calculate for phenol a neg- 
ative value for the effective diffusion coefficient, a nonphysical 
result. Clearly, in order to adequately describe diffusion in 
microemulsions under nonequilibrium conditions, it is not suf- 
ficient to consider only concentration differences of a com- 
ponent in a diffusion couple. Knowledge of microstructure 
and electrostatic gradients as well as concentraiion gradients 
is a requirement for modeling diffusion in thesc, systems. 
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Notation 
A, = area per mole of surfactant head groups at droplet interface 

Cp" = concentration of component i in bulk solution 
Cyp = concentration of component i in capillary solution 

C:' = concentration of component i in microemulsion droplets 
C{ = concentration of counterions in continuous phase of a mi- 

C( = concentration of component i in continuous phase of a 

C< = concentration of surfactant monomer in continuous phase 

C, = total concentration of component i in a solution or mi- 

C, = total concentration of bulk surfactant in solution 
C, = concentration of droplets in a microemulsion 

D< = molecular diffusion coefficient of counterion 
D( = molecular diffusion coefficient of component i 
D< = molecular diffusion coefficient of surfactan: monomer 
D, = micelle or droplet diffusion coefficient 
Jd = flux of dispersed phase in a microemulsion 
J-( = flux of component i in continuous phase of a microemulsion 
J{ = flux of counterions in continuous phase of a microemulsion 
J: = flux of surfactant monomer in continuous phase of a mi- 

J ,  = flux of droplets in a microemulsion 
J,, = flux of component i associated with disperaed phase of a 

JT = total flux of component i in a microemulsion 

M = moles/liter 

croemulsion 

microemulsion 

of a microemulsion 

croemulsion 

CMC = critical micelle concentration 

croemulsion 

microemulsion 

k = Boltzmann's constant 

n = surfactant aggregation number 

R = radius of micelle or droplet 
T = temperature 

N, = Avogadro's number 
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Z< = valence of counterion 
2; = valence of surfactant monomer 
Z ,  = valence of component i 

Z ,  = net valence of micelle of droplet 

Greek letters 
a = degree of counterion dissociation from ionic surfactant ag- 

a, = fraction of component i located in continuous phase of a 

(3, = partition factor for component i between dispersed and 

gregates 

microemulsion 

continuous phases 
6I;”Ik = dispersed phase volume fraction in bulk solution 
q4yp = dispersed phase volume fraction in capillary solution 

b,, = droplet or dispersed phase volume fraction 
$ = electrical potential 
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