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A strategy for accelerating the rate of transport of surfactant within a system by

delivering the surfactant as a precursor to the surface-active state (“prosurfactant”) and
subsequently transforming it to a functional form (surfactant) is reported. An increase in
the overall rate of transport of a redox-active surfactant across a polycarbonate mem-
brane containing pores with a diameter of 10 nm is demonstrated. This redox-active
molecule, which is molecularly dispersed in aqueous solutions in its oxidized state
(prosurfactant), but assembles into globular micellar aggregates (R, = 5 nm) in its
reduced state (surfactant), was rapidly transported across the membrane in its oxidized
state to a concentration of 0.2 mM. Subsequent delivery of ascorbic acid (a reducing
agent) by diffusion through the same membrane led to reduction of the oxidized precursor
and formation of surfactant and micelles. The sequential delivery of the prosurfactant and
then transforming agent resulted in a greater than sixfold increase in the overall rate of
delivery of surfactant as compared to a procedure in which the surfactant was diffused
across the membrane. These observations are compared to calculations based on hin-
dered diffusion through cylindrical pores. © 2004 American Institute of Chemical Engineers
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Introduction

Surfactants are used in a range of products and processes
because they spontaneously assemble at interfaces and within
the bulk of solutions to form micro- and nanostuctures (Hie-
menz and Rajagopalan, 1997). Many of these applications
occur out of equilibrium, and thus control of the dynamic
properties of surfactant-based systems is a topic of substantial
importance. In this regard, the tendency of surfactants to adsorb
at surfaces as well as to form micellar aggregates in bulk
solution can slow the dynamics of surfactant systems through
effects on mass transport. Micellar aggregates diffuse slowly
compared to single molecules, and the adsorption of surfactants
onto surfaces can deplete the bulk concentration of surfactant
(particularly when dealing with transport through porous me-
dia). In this article, we explore the potential use of “prosurfac-
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tants” to accelerate the rate of transport of amphiphilic mole-
cules. Similar to prodrugs, which are pharmacologically inert
chemical derivatives that can be converted in vivo to active
drug molecules to exert a therapeutic effect (Sinkula and
Yalkowsy, 1975; Stella et al., 1985), we use the term “prosur-
factants” to refer to molecules that can be delivered as a
precursor to the surface-active state and are subsequently trans-
formed to a functional (surface active and self-associating)
form. In this article, we report the use of a prosurfactant system
based on a redox-active surfactant to increase the rate of
transport of surface-active species between two volumes of
solution separated by a membrane with nanometer-sized pores.
We view this system as a model system with which to dem-
onstrate the use of prosurfactants to accelerate mass transport.
Because mass transport plays a central role in phenomena such
as dynamic surface tensions, penetration of surfactants into
porous media, and formation of emulsions, we believe the
principles reported in this article are relevant to a range of
applications of surfactants.

The diffusion of surfactant molecules and their aggregates
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Figure 1. Reaction scheme showing oxidized (11-ferro-
cenylundecyl)trimethylammonium bromide (pro-
surfactant) being reduced by ascorbic acid
(transforming agent) to form (11-ferrocenylun-
decyl)trimethylammonium bromide (surfac-

tant).

through membranes has been the subject of several past stud-
ies. These studies have focused on the effects of surfactant
aggregation state (Krovvidi et al., 1984), pore size (Johnson et
al., 1987), surfactant type (ionic vs. nonionic) (Johnson et al.,
1989), membrane charge, and solution ionic strength (Kuo et
al., 2001) on the rate of surfactant diffusion. These studies have
found that diffusion of the aggregate is slowed (“hindered
diffusion”) (Anderson and Quinn, 1974) when the pores and
aggregates are of similar size. These studies also found that
repulsive electrostatic interactions between ionic surfactants
and charges immobilized on the walls of the pores can act to
partition the aggregates from the pore, thus reducing the con-
centration driving force for diffusion (Smith and Deen, 1983).
Alternatively, electrostatic interactions can drive adsorption of
surfactants to form assemblies that coat the inside surface of
the pore, thereby reducing the effective pore radius (Bisio et
al., 1980) available for the transport of surfactant.

The experimental system described in this article revolves
around the use of ferrocene-containing surfactants. Past studies
(Saji et al., 1985a, b; Gallardo et al., 1995; Takeoka et al.,
1995) have reported that micelles formed by cationic surfac-
tants containing a ferrocenyl moiety can be reversibly disas-
sembled into monomers by oxidation of the electrically neutral
ferrocene to the ferrocenium cation. The structure of one sur-
factant of this type (11-ferrocenylundecyl)trimethylammonium
bromide (FTMA), is shown in Figure 1. In dilute solutions,
FTMA assembles into globular micellar aggregates (R, = 5
nm) in its reduced state [critical micelle concentration (CMC)
of 0.1 mM in 0.1 M Li,SO,, pH 2], but remains singly dis-
persed in its oxidized state (for concentrations <30 mM, at
least) (Gallardo et al., 1995). Measurements of surface tensions
at bulk concentrations near the CMC of reduced FTMA indi-
cate that FTMA reduces the surface tension of aqueous solu-
tions by ~22 mN/m, whereas oxidation of the FTMA leads to
recovery of the surface tension of the surfactant-free solution of
electrolyte. In this article, we exploit the oxidized species as a
prosurfactant. We use it to test the hypothesis that we can
enhance the overall rate of transport of a surfactant across a
nanoporous membrane by first diffusing the prosurfactant (ox-
idized form of FTMA) across the membrane, and then diffus-
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ing a transforming agent across the membrane [a reducing
agent that reduces oxidized FTMA to FTMA (Figure 2)].
Whereas the study reported in this article is based on sequential
delivery of a redox-active prosurfactant and a reducing agent,
by predelivering the transforming agent or by utilizing other
modes of transformation [light (Shin and Abbott, 1999) or
electrochemistry (Gallardo et al., 1995)], it should also prove
possible to exploit the use of prosurfactants in a number of
different situations.

Materials and Methods
Materials

(11-Ferrocenylundecyl)trimethylammonium bromide (FTMA)
was used as received from Dojindo Corp. (Gaithersburg, MD).
Lithium sulfate monohydrate and ascorbic acid were purchased
from Aldrich (Milwaukee, WI). Ascorbic acid and surfactant
solutions were prepared using 0.1 M Li,SO, (pH 2). The
electrolyte solutions were prepared using lithium sulfate mono-
hydrate in high-purity deionized water (R = 18.2 M{/cm,
v = 72.0 mN/m at 25°C). Sulfuric acid was used to lower the
pH to 2. Surfactant solutions were prepared daily. Commercial

addition of
reducing agent

/

Figure 2. Two surfactant delivery pathways.

In the first route, micelles and monomers of surfactant slowly
diffuse through a membrane. The second route shows that this
process can be expedited by first diffusing the prosurfactant
and subsequently delivering a transforming agent that con-
verts the prosurfactant into surfactant, resulting in formation
of micelles.
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polycarbonate membranes (Poretics, Livermore, CA) with a
pore radius of 8—10 nm and pore density of 6 X 10% pores/cm?
were used as received. The membranes were supplied with
poly(vinylpyrrolidone) (PVP) adsorbed to the surface of the
membrane to promote the wetting of aqueous solutions.

Concentration measurements

Concentrations of surfactant and ascorbic acid were deter-
mined by using a Cary 1E spectrophotometer (Varian, Walnut
Creek, CA) to measure the absorption spectrum of solutions at
wavelengths between 190 and 900 nm. Samples were analyzed
in 1-mL quartz cuvettes with a path length of 10 mm (Fisher,
Pittsburgh, PA), and the concentrations calculated using a
numerical fitting procedure reported previously (Rosslee and
Abbott, 2001). Whereas concentrations of FTMA and oxidized
FTMA were measured simultaneously in solution, the concen-
tration of ascorbic acid could only be measured in the absence
of surfactant (due to overlap of adsorption spectra). Thus, all
measurements of the flux of ascorbic acid through the mem-
brane were performed using surfactant-free solutions.

Transport measurements

Measurements of the rates of transport of surfactants and
reducing agents were performed using a glass diffusion cell
(Figure 3). The cylindrical diffusion cell consisted of two glass
chambers separated by a nanoporous membrane and a rubber
gasket. The rubber gasket was prepared from high-grade viton
rubber (McMaster-Carr, Chicago, IL) that was placed between
chamber « and the nanoporous membrane. Chamber 8 was
filled first with aqueous 0.1 M Li,SO,. The experiment was
initiated when chamber « was filled with the species whose
transport rate was to be measured. Both chambers were stirred
vigorously with one-quarter-inch magnetic stir bars. The stir
bars were prevented from striking the membrane by placing
magnets outside of the diffusion chamber. One-milliliter sam-
ples were periodically removed from chamber 3, and surfactant
and ascorbic acid concentrations were measured with the spec-
trophotometer. Immediately following each measurement, the
samples were returned to chamber (. The flux of each species
through the membrane was determined by performing a least-
square fit on each plot of concentration vs. time, multiplying
the slope by the receiving volume (~13.3 mL), and dividing by
the area of the membrane (5.3 cm?).

Light scattering

The hydrodynamic diameters of micelles formed by FTMA
were determined using quasi-elastic light scattering (90° angle)
(Brown, 1996). A Brookhaven Instruments BI-200SM light-
scattering apparatus with a BI-9000AT digital autocorrelator
(Brookhaven Instruments Corporation, Holtsville, NY) was
utilized. Samples were thermostated at 25 = 0.1°C and data
were analyzed using the method of cumulants (Koppel, 1972).
All solutions were filtered twice with 0.22 um filters (Millipore
S.A., Molsheim, France) before measurement. Three types of
samples were characterized: a 3-mM FTMA solution, a 3-mM
oxidized FTMA solution that was prepared using a standard
electrochemical cell (see below), and a 3-mM FTMA solution
that was formed by the chemical reduction of a 3-mM electro-
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Figure 3. The diffusion cell.

The cell consists of (A) two glass chambers, between which a
(B) rubber gasket and (C) membrane are clamped. (D) Two
stir bars are present inside the chambers and (E) two are
outside the chambers. The chambers are bound together with
two rubber bands (not shown).

chemically oxidized FTMA solution by using an excess of
ascorbic acid.

Electrochemical oxidation

Oxidized FTMA samples were prepared by oxidizing solu-
tions of FTMA in an electrolysis cell (Bioanalytical Systems,
West Lafayette, IN) at 0.4 V vs. a saturated calomel electrode
(SCE). The counter electrode was separated from the solution
being oxidized by a salt bridge so as to prevent reduction of the
surfactant solution at the counter electrode. Samples were
oxidized until the current decreased by three orders of magni-
tude from the initial current. The surfactant solutions were
stirred during the process of oxidation. We confirmed by using
light-scattering measurement (see above) that oxidation of
FTMA by this procedure led to solutions that did not contain
measurable aggregates of surfactant.

Results
Characterization of surfactant solutions

The use of oxidized FTMA as a prosurfactant required that
we be able to reduce the oxidized FTMA by using a chemical
reducing agent (without side reactions and formation of pre-
cipitates). To determine if this was possible, we examined
solutions of FTMA, oxidized FTMA, and oxidized FTMA
reduced with ascorbic acid by using quasi-elastic light scatter-
ing. Aqueous solutions containing 3 mM FTMA (0.1 M
Li,SO,, pH 2) were measured to contain aggregates with
hydrodynamic diameters of 5.3 = 1 nm and a diffusion coef-
ficient of 9 = 1 X 1077 cm?s. This result is consistent with
past studies (Saji et al., 1985a). After electrochemical oxida-
tion, no aggregates were detected in the 3-mM oxidized FTMA
solutions. We utilized ascorbic acid (vitamin C) as the reducing
agent in all of our experiments. As shown in Figure 1, one mole
of ascorbic acid will reduce two moles of oxidized FTMA. We
chose ascorbic acid because it reduced oxidized FTMA to
FTMA at pH 2.0 and did not interfere with our ability to
measure the concentrations of FTMA and oxidized FTMA
using UV-visible spectrophotometry. While the oxidized
FTMA solutions were blue in color, both the FTMA and the
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Figure 4. Concentration of (O) FTMA, (®) oxidized FTMA,
and (M) ascorbic acid in 0.1 M Li,SO, in cham-
ber B plotted as a function of time. Chamber «
initially contained 3 mM FTMA, 3 mM oxidized
FTMA, or 0.016 M ascorbic acid in 0.1 M
Li,SO,.

oxidized FTMA reduced with ascorbic acid were yellow in
color. UV-visible spectroscopy also indicated that ascorbic
acid reduces oxidized FTMA to FTMA. Reduction of the
oxidized FTMA solution with 3 mM of ascorbic acid (1.5 mM
excess: Figure 1) led to formation of aggregates with hydro-
dynamic diameters of 5.2 = 1 nm. Thus, reduction of oxidized
FTMA solutions by using ascorbic acid leads to aggregates of
FTMA that are indistinguishable from those present prior to the
cycle of electrochemical oxidation and chemical reduction.

Measurement of rates of transport of reduced and
oxidized species across a nanoporous membrane

The rate of transport of oxidized FTMA (prosurfactant) and
FTMA (surfactant) across the nanoporous membrane was de-
termined by filling chamber « with either a 3-mM FTMA or
oxidized FTMA solution containing 0.1 M Li,SO, and cham-
ber B with a solution of 0.1 M Li,SO,. Both solutions were
stirred. The concentrations of both FTMA and oxidized FTMA
in chamber 3, measured as a function of time, are shown in
Figure 4.

Figure 4 shows that the concentrations of both FTMA and
oxidized FTMA increase as a linear function of time, with an
intercept (¢ = 0) passing through the origin. By using the
slopes of the linear plots in Figure 4, we calculated the mac-
roscopic fluxes of the FTMA and oxidized FTMA across the
membrane to be 5.04 = 0.04 X 10 % moles/s - m* and 5.01 =
0.04 X 1077 moles/s + m?, respectively.

Next, we repeated the experiment just described using a
higher rate of stirring to ascertain whether a concentration
boundary layer near the membrane was a significant source of
resistance to the transport of either FTMA or oxidized FTMA
(Hou et al., 2000). We determined that a doubling of the
stirring rate had no effect on the rate of transport of either
species, indicating that the primary source of resistance to
transport was the membrane itself and not a concentration
boundary layer near the membrane.

In conclusion, the flux of oxidized FTMA (prosurfactant)
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across the nanoporous membrane was measured to be 10 times
greater than that of FTMA (surfactant). This difference in flux
was due solely to differences in the transport rates of the
surfactant and prosurfactant across the membrane, and not to
concentration boundary-layer effects. In the discussion pre-
sented below, we interpret this difference in flux using a simple
model of diffusive transport through membranes.

Concurrent transport of FTMA and oxidized FTMA
across nanoporous membrane

Past studies have shown that, in some instances, surfactants
will adsorb to the pore walls of membranes, thereby reducing
the effective pore radius (Bisio et al., 1980). The membranes
used in our experiments were supplied with a poly(vinylpyr-
rolidone) (PVP) coating to render them hydrophilic. At low pH,
PVP is protonated, thus establishing a positive surface charge
(Kuo et al., 2001). This charge will likely prevent the adsorp-
tion of both FTMA and oxidized FTMA. However, to test for
possible adsorption of surfactant within the pores, a mixture
containing 1.5 mM FTMA and 1.5 mM oxidized FTMA in 0.1
M Li,SO, was placed in chamber « and an aqueous solution of
0.1 M Li,SO, was placed in chamber 8. We sought to deter-
mine if the flux of oxidized FTMA was influenced by the
presence of FTMA (or visa versa). Samples were removed
from chamber (3 at 20-min intervals and the concentrations of
FTMA and oxidized FTMA were determined using UV-visible
spectroscopy (as described in the “Methods” section). The
concentrations of both species in chamber 8 as a function of
time are shown in Figure 5. From the results shown in Figure
5, the flux of FTMA was calculated to be 1.8 = 0.7 X 1078
moles/s + m? and the flux of oxidized FTMA was 2.6 * 0.04 X
1077 moles/s - m> By normalizing the fluxes by the concen-
tration of each species in chamber «, we can compare the
results with those obtained earlier when diffusing each species
separately through the membrane. The apparent velocities of
FTMA and oxidized FTMA across the membrane were 1.68 *
0.01 X 107> m/s and 1.67 + 0.01 X 10~* m/s, respectively,
when diffused separately across the membrane, and 1.17 =
0.48 X 10> m/s and 1.72 *= 0.02 X 10~* m/s, respectively,
when diffused together. Because the apparent velocity of oxi-
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Figure 5. Concentration of (O) FTMA and (®) oxidized
FTMA in chamber 8 plotted as a function of
time following placement of a 50:50 mixture of
3 mM FTMA and 3 mM oxidized FTMA into
chamber a.
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dized FTMA was unaltered by the presence of FTMA, we
conclude that adsorption of FTMA to the pore walls is not
responsible for the differences in the fluxes between FTMA
and oxidized FTMA. We note that the apparent velocity of
FTMA appears to decrease slightly in the presence of oxidized
FTMA. This effect may be due to the influence of oxidized
FTMA on the state of aggregation of FTMA in bulk solution.

Measurement of transport of reducing agent across
membrane

We next measured the flux of ascorbic acid across the
membrane. The flux of ascorbic acid across the membrane was
measured by placing a 16-mM ascorbic acid solution contain-
ing 0.1 M Li,SO, in chamber « and a 0.1 M Li,SO, solution
in chamber B. One-milliliter samples were removed from
chamber B at 20-min intervals. The concentration of ascorbic
acid in the samples was determined by using UV-visible spec-
troscopy. Figure 4 shows the concentration of ascorbic acid in
chamber f3 plotted as a function of time. While at short time the
concentration of ascorbic acid in chamber 3 does not appear to
increase linearly with time, at longer times it does. We spec-
ulate that the nonlinear behavior at short times is due to
adsorption of ascorbic acid on the oppositely charged mem-
brane. By fitting to the linear portion of the data, the flux of
ascorbic acid was determined to be 1.33 * 0.01 X 10°°
moles/s + m>.

By dividing the measured flux of ascorbic acid by the con-
centration driving force and then comparing this result with the
same calculation reported earlier for oxidized FTMA, it is
evident that the apparent velocity of oxidized FTMA is roughly
twice that of ascorbic acid (1.67 = 0.01 X 10™* m/s and 8.3 *
0.08 X 107> m/s for oxidized FTMA and ascorbic acid, re-
spectively). This result is surprising because the diffusion co-
efficient of ascorbic acid in water (1 X 107> cm?/s) (Shamim
and Baki, 1980) is roughly twice that for oxidized FTMA in
water (4.5 X 107° cm?/s) (Saji et al., 1985a).

Sequential delivery of prosurfactant and reducing agent

As stated earlier, this study was driven by the hypothesis that
sequential delivery of oxidized FTMA and then ascorbic acid
(reducing agent) would lead to a higher overall rate of delivery
of FTMA to chamber S than direct delivery of FTMA. To test
this hypothesis, we performed the experiments shown in Figure
6. Figure 6 shows the measured concentrations of FTMA and
oxidized FTMA in chamber 8 as a function of time. This
experiment was performed by first filling chamber o with a
solution of 3 mM oxidized FTMA containing 0.1 M Li,SO,
and chamber  with a solution of 0.1 M Li,SO,. Approxi-
mately 180 min after filling the chambers, the concentration of
oxidized FTMA in chamber 8 was measured to have increased
linearly with time to a concentration of 0.2 mM. Next, 1 mL of
an aqueous solution of 0.2 M ascorbic acid was introduced to
chamber «, resulting in the transformation of all the oxidized
FTMA in chamber o to FTMA. The excess ascorbic acid
diffused through the membrane, thus reducing the oxidized
FTMA in chamber B. Within approximately 80 min of the
addition of ascorbic acid, all of the oxidized FTMA in chamber
B had been reduced to FTMA.

Inspection of Figure 6 reveals that sequential delivery of
oxidized FTMA and then ascorbic acid leads to the presence of
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Figure 6. Concentration of (O) FTMA and (®) oxidized
FTMA in chamber 8 plotted as a function of
time.

The o chamber initially contained 3 mM oxidized FTMA.
Ascorbic acid was added to chamber « at 180 min (indicated
by the dashed line).

0.2 mM FTMA in chamber (3 in only 260 min. In contrast,
inspection of Figure 4, and extrapolation to 0.2 mM of FTMA,
reveals it would have taken ~1660 min to achieve the same
concentration of FTMA in chamber 3 by direct diffusion of
FTMA. These results, when combined, demonstrate a roughly
6.5-fold increase in the overall rate of delivery of FTMA
(surfactant) across the nanoporous membrane by sequential
delivery of oxidized FTMA (prosurfactant) and reducing agent
(ascorbic acid).

Discussion

The strategy that we report in this article to enhance the rate
of mass transport of surfactant across a nanoporous membrane
is effective because the rate of transport of the prosurfactant is
much higher than the surfactant. Specifically, our experimental
results reveal that the flux of FTMA and oxidized FTMA differ
by a factor of 10 at a concentration of 3 mM. Here we consider
in more detail the likely origins of this difference in flux. First,
we present a simple model of bulk mass transport of FTMA
and oxidized FTMA. Second, we consider the possible effects
of hindered diffusion through the nanopores of the membrane.

In bulk solution, the diffusive flux of species A can be
calculated as

dcy

Ny = Dy Z,

(I

where N, is the flux of species A in the z-direction, D, is the
diffusion coefficient of species A, and c, is the concentration
of species A (Cussler, 1997). For a solution containing mono-
meric surfactant and aggregates with an overall concentration
of surfactant of C,, the monomer concentration in solution is

C,, = CMC and the micelle concentration in solution is
Cc,— CMC
Cu=—" """\ 2)
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where CMC is the critical micelle concentration, and n is the
aggregation number of the micelles. By assuming steady-state
diffusion, the total flux of surfactant is

Ntotal:Nm+n'NM’ (3)

where N,, is the flux of monomers, and N,, is the flux of
micelles. Thus

CMC
Az

C,— CMC

N/otal = Dm AZ s

+ Dy, 4)

where D,, and D,, are the diffusion coefficients of the mono-
mers and micelles, respectively, and Az is a length in the
z-direction. In contrast, if the surfactant does not aggregate
(i.e., is below its CMC), then the flux of surfactant is

G,

NtalaI: DmKZ

&)

By using the fact that reduced FTMA has a CMC of 0.1 mM,
whereas oxidized FTMA does not aggregate, and by using the
fact that micelles of FTMA have a bulk diffusion coefficient of
9 + 1 X 1077 ¢cm?/s, whereas monomers (in both the oxidized
and reduced forms) have a diffusion coefficient of 4.5 = 0.5 X
10~% cm?/s (Saji et al., 1985a), we use Eqs. 4 and 5 to calculate
that the flux in a 3-mM solution should be 4.5 *= 0.8 times
greater for oxidized FTMA than reduced FTMA. In contrast,
the results shown in Figure 4 indicate that the flux of a 3-mM
solution of oxidized FTMA is 10 times greater than that of
FTMA through a 10-nm membrane. Thus, it appears that the
bulk diffusion coefficients cannot account for the differences in
the fluxes of FTMA and oxidized FTMA across the membrane.

Because the aggregates of FTMA and pores of the mem-
brane have similar sizes, we consider here the possible role of
hindered diffusion of the micelles across the membrane. The
diffusion coefficient of a hard sphere in a cylindrical pore (D))
relative to the diffusion coefficient of the same particle in free
solution (D.,) is given by the following expression (Bungay
and Brenner, 1973)

D, o6m 6
D. K~ (6)
where K, is evaluated as
9 2 4
K= m 200 =07 1+ 2 a1 = M| + X el
n=1 n=0
(N

where A is the ratio of the sphere diameter to pore diameter,
and the coefficients, a,, can be found in a previous report
(Bungay and Brenner, 1973).

In Eq. 6, D, is the diffusion coefficient based on the con-
centration of particles in the pore. The intrapore diffusion
coefficient based on the bulk concentrations of particles (D) is
the product of D,, and the ratio of the concentration of particles
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in the pore relative to the concentration of particles in the bulk
(®). When electrostatic interactions exist between the particle
and the pore, ® is given by the expression (Smith and Deen,

1983)
S =E)
b = exp T - 0-do,
0

where 0 is the normalized distance from the center of a particle
to the center line of the pore (normalized by the pore radius),
and E(0) is the electrostatic free energy of the particle relative
to that in the bulk solution at the dimensionless pore position 6.
If E(0) = 0O (that is, the particle experiences no electrical
potential), then Eq. 7 becomes

®)

D =(1-)1>~ 9
Thus, the intrapore particle diffusion coefficient for an un-
charged hard sphere in an uncharged cylindrical pore based on
the bulk concentration of particles is

6
= — 2
D=D,(1—-21) X

t

(10)

For a globular micelle of FTMA with a diameter of 5 nm
diffusing through a 10-nm pore, Eq. 10 leads to the prediction
that the diffusion coefficient decreases from ~9 X 10~7 cm?/s
to ~4 X 10~® cm?/s. When applied to monomers of FTMA and
oxidized FTMA (with estimated diameters of 2.5 nm), Eq. 10
predicts the diffusion coefficients to decrease from ~5 X 10~°
cm*/s to ~2 X 107® cm?s. Solving Eqs. 4 and 5 with the
adjusted diffusion coefficients, we calculate that the flux of a
3-mM solution should be ~15 times greater for oxidized
FTMA than for reduced FTMA. The results shown in Figure 4
indicate that the flux of a 3-mM solution of oxidized FTMA is
10 times greater than that of FTMA through a 10-nm mem-
brane. Although the agreement between experiment and calcu-
lation is not exact, these results suggest that hindered diffusion
likely plays a role in our experimental results. We emphasize
that our calculation is approximate because we neglected the
effects of electrostatic interactions and assumed that the mi-
celles and monomers were hard spheres.

Whereas the work described in this article demonstrates that
it is possible to increase the effective rate of transport of a
surfactant through a membrane by utilizing a prosurfactant
with a higher diffusion coefficient than the surface-active spe-
cies, we believe that use of prosurfactants offers approaches to
increase the rate of transport of surfactants through other com-
plex media, such as biofilms and soils. In these systems, rates
of transport of surfactants are limited by adsorption to the large
surface areas present. By utilizing a precursor to the surfactant
that does not adsorb to interfaces, this mechanism, which slows
the delivery of surfactant, should be minimized. Finally, we
note that mechanisms that convert prosurfactants into the sur-
face-active species that rely on stimuli such as light also appear
to be promising avenues for future investigation. Past studies
have shown that surfactants that incorporate an azobenzene
moiety undergo changes in size (Sakai et al.,, 1999) and/or
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number density of aggregates (Shin and Abbott, 1999) upon
illumination with either UV or visible light. A change in size
and/or number density of aggregates should result in changes in
the rates of transport of these species to interfaces (Shin and
Abbott, 1999).

Conclusion

The transport of the redox-active surfactant, (11-ferroceny-
lundecyl)trimethylammonium bromide (FTMA), through a
10-nm polycarbonate membrane was measured with the sur-
factant in the reduced (aggregating) and oxidized states (non-
aggregating). The flux of the surfactant in the reduced (surfac-
tant) state was 10 times slower than in the oxidized state
(prosurfactant). By sequentially transporting the oxidized sur-
factant (prosurfactant), and then a reducing agent, we were able
to increase the effective transport rate of surfactant across the
nanoporous membrane by a factor of 6. This result demon-
strates the potential utility of delivering surfactants in precursor
states (prosurfactants) and then transforming them to surface-
active states after delivery.
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