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Figure 15. Fluorescence spectra of (a) the SP8S monolayer on
water at 40 mM/m and (b) the LB film (4 layers) deposited at
the same surface pressure onto the nonfluorescent glass plate.
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Conclusion
As can be expected, the amphiphiles having the pyrenyl
groups a t the hydrophilic head parts can provide more
stable and well-ordered monolayers compared with the
pyrene fatty acids whose pyrenyl groups are bound to the

hydrophobic tails of the alkyl chains. Since no condensed
phases appear in the monolayers of the pyrene fatty acids
themselves, the pyrenyl groups at the tails may be able to
fluctuate in the liquid expanded phases, leading to irregular orientation of the pyrene chromophores. Meanwhile,
in the SPGS and SP8S monolayers, the freedom of the
arrangement of the pyrene chromophores should be restricted a t the air-water interface, and the compression
of the monolayers may force the pyrene chromophores to
orient regularly. In addition, the monolayer of the amphiphiles having the chromophores at the hydrophilic head
parts can easily be affected by the conditions of the subphase. Ca2+in the subphase stabilizes the SP8S monolayer
to form the condensed phase and prevents the expulsion
of the monolayer component in the liquid expanded phase.
In this work, we used 1-stearylpyrenesulfonates as the
monolayer components. The S03Na group may not be
suitable to prepare well-condensed and well-ordered
monolayers because of the strong electrostatic repulsion
between the head groups at the water surface. We are
examining the replacement of the S03Na group with the
COOH group.
Registry No. SPGS, 120665-95-4;SP8S, 120665-96-5;ARA,
506-30-9; CaCl,, 10043-52-4; NaHC03, 144-55-8.
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The effects of micelle/pore interactions (e.g., electrostatic, hydrodynamic, and steric) on intrapore micelle
diffusion coefficients were studied experimentally and compared with calculations for the hindered diffusion
of charged spheres in charged cylindrical pores. Interactions between the micelle and the pore wall were
important, since micelle diffusion was studied in pores whose radii were as small as 10 times the micelle
radius and in solutions with low ionic strengths, where the Debye length was significant when compared
to the pore size.

Introduction
The diffusion of nonionic surfactant micelles through
microporous membranes (e.g., Celgard, Millipore, and
Nuclepore) has been the subject of several recent studies.14
Stroeve et al. were the first to report on this topic with
their study of a poly(oxyethy1ene) alkylphenol surfactant
micelle diffusing in Celgard and Mitex fi1ters.l The diffusion coefficients of nonionic micelles measured in microporous membranes were less than the diffusion coefficients of these surfactant aggregates in free solution.'-4
In other words, the mobility of a micelle was less inside
a membrane pore even though the micelle radius was 10
times smaller than the pore radius. This phenomenon is
known as hindered diffusion and is observed in porous
membranes when the size of a particle (e.g., polystyrene
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27709.
Department of Chemical Engineering.
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latex sphere, asphaltene, or globular polymer) is significant
when compared to the size of the
In general, as
the ratio of the particle to pore radii increases, the diffusion
coefficient of a particle in the pore decreases. Theoretical
studies of hindered diffusion, using hard spheres in cylindrical pores as model systems, have yielded analytical
expressions for the ratio of the intrapore to free solution
(1)Stroeve, P.; Ruckenstein, E.; Roy, S.; Lippes, J. AIChE Symp. Ser.
1983, 79(227), 11.

(2) Roy, S.; Ruckenstein, E.; Stroeve, P. J. Colloid Interface Sci. 1983,
92, 383.
( 3 ) Krowidi, K. R.; Muscat, A.; Stroeve, P.; Ruckenstein, E. J. Colloid
Interface Sci. 1984, 100, 497.
(4) Johnson, K. A.; Westermann-Clark, G. B.; Shah, D. 0. J . Pharm.
Sci. 1987, 76, 277.
(5) Renkin, E. M. J. Gen. Physiol. 1955, 38, 225.
(6) Bean, C. P. In Membranes; Eisenman, G., Ed.; Marcel Dekker:
New York, 1972; Vol. 1, p 1.
(7) Malone, D. M.; Anderson, J. L. Chem. Eng. Sci. 1978, 33, 1429.
(8) Baltus, R. E.; Anderson, J. L. Chem. Eng. Sci. 1983, 38, 1959.
(9) Bohrer, M. P.; Patterson, G. D.; Carroll, P. J. Macromolecules
1984, 17, 1170.
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particle diffusion coefficients as a function of particle to
pore radii ratio.lO-'*
If there is a charge on the particle and a charge on the
pore, the analysis of a particle diffusion through the pore
is more complicated. For example, if the particle and pore
have opposite charges, they will attract each other, and the
concentration of particles in the pore may be greater than
that for an uncharged sphere. However, if the charges on
the particle and pore are the same, they will repel each
other, and the concentration of particles in the pore may
be less than that for an uncharged sphere. Electrostatic
effects on polystyrene latex sphere15J6and globular polymer17 diffusion in microporous membranes have been
studied. However, there have been no studies on the
diffusion of charged micelles through microporous membranes.
In the present work, the diffusion of tetradecyldimethylammonium chloride (TBAC) and cetylpyridinium
chloride (CPC) micelles through Nuclepore membranes
with nominal pore diameters of 300 8, was studied as a
function of supporting electrolyte concentration. The
experimental results were compared to calculations of
hindered diffusion by using the model of Smith and Deed7
to calculate the partition coefficient of the charged micelle
into the charged membrane pore.

Theory
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
expre~sion:'~

D,/D, = 1 - 2.10445 + 2.089t3 - 0.948t5

(1)

where 5 is the ratio of the particle to pore radii. Equation
1 is valid for all values of 5 less than 0.4 and assumes that
the particle diffuses along the axis of the pore.
It is important to note that D, is the intrapore particle
diffusion coefficient based on the concentration of particles
in the pore. The intrapore particle diffusion coefficient
based on the bulk concentration of particles ( D ) is the
product of D, and the ratio of the concentration of particles
in the pore relative to the concentration of particles in the
bulk ( K ) . In general, K is given by the expression17

K = 2 ~ 1 d e x p [ - E ( 0 ) / k T ] 0d0
where 0 is the ratio of the distance of the particle's center
from the center line of the pore to 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. The minimum value of 0 is zero when the center of the
particle is on the pore axis, and 6 can become as large as
1- 5 if the particle's surface touches the pore wall. Values
of K can be calculated from eq 2 by using the model of
Smith and Deed7 to determine E(6). If E(0) = 0 (i.e., the
particle experiences no electrical potential), then eq 2
becomes
K = (1- [)2
(3)
(10) Deen, W. M. AIChE J . 1987,33, 1409.
(11) Haberman, W. L.;Sayre, R. M. 'Motion of Rigid and Fluid
Spheres in Stationary and Moving Liquids inside Cylindrical Tubes";
David Taylor Model Basin Report, Dept. of Navy, Report 1143, 1958.
(12) Bungay, P.M.; Brenner, H. Int. J. Multiphase Flow 1973, I , 25.
(13) Anderson, J. L.;Quinn, J. A. Biophys. J. 1974, 14,130.
(14) Brenner, H.; Gaydos, L. J. J. Colloid Interface Sci. 1977,58, 312.
(15) Uzelac, B. M.; Cussler, E. L. J . Colloid Interface Sci. 1970, 32,
487.
(16) Anderson, J. L.;Quinn, J. A. J . Colloid Interface Sci. 1972, 40,
272.
(17) Smith, F.G.; Deen, W. M. J. Colloid Interface Sci. 1983,91,571.

which describes the partitioning of an uncharged hard
sphere into an unchanged cylindrical pore. Multiplying
both sides of eq 1 by K produces the expression

D / D , = K ( l - 2.1044t

+ 2.089E3 - 0.948t5)

(4)

where D is the intrapore particle diffusion coefficient based
on the bulk concentration of particles.
To calculate D for an uncharged hard sphere in an uncharged cylindrical pore from eq 4, D,, the particle radius,
and the pore radius must be known. If there are charges
on the sphere and pore wall, the surface charge density on
the sphere, the surface charge density on the pore, and the
ionic strength of the solution must also be determined to
calculate K from eq 2.17 A description of the experimental
procedures used to determined parameters required for
calculations, to characterize membranes, and to measure
micelle diffusion coefficients in microporous membranes
is in the next section.

Experimental Section
Materials. The reagents cetylpyridinium chloride (CPC,
Aldrich), tetradecyldimethylbenzylammonium chloride (TBAC,
Alpha), hydrocortisone (Sigma), sodium chloride (Baker), and
potassium chloride (Baker) were used as received. Polycarbonate
microporous membranes, with nominal pore diameters of 300 A,
were purchased from Nuclepore.
Diffusion Measurements. The diffusion cell (with stirrers
rotated at 300 rpm) has been described in a previous s t ~ d y Both
.~
sides of the cell, maintained a t 25 f 1 "C, were filled with surfactant solution above the cmc such that one side had a higher
concentration of surfactant than the other. The cmc values of
CPC and TBAC in deionized distilled water, as determined by
a break point in solution conductance, were 1.02 and 1.95 mM,
respectively. These cmc values are in cgreement with previous
studies.18 Surfactant micelles will diffuse across the membrane
to reduce the concentration gradient. Surfactant monomers are
assumed to make a negligible contribution to surfactant diffusion
since the monomer concentration on both sides of the membrane
is the same. Since the volume of the membrane was much smaller
than the volume of the cell, a pseudo-steady-state approximation
was made to obtain the following expression for the surfactant
concentration differences across the membrane (see Appendix):
In [ACSO/ACS(~)I
= PDM~

(5)

where P is the cell constant, DM is the intrapore micelle diffusion
coefficient, and AC, and ACs(t) are the concentration differences
of surfactant across the cell initially and a t time t , respectively.
The cell constant is

P

= A/[L(l/Vi

+ 1/VJl

(6)

where A is the pore area, L is the membrane (pore) thickness,
and V1 and V2 are the volumes of sides 1 and 2 of the diffusion
cell, respectively. In this work, VI and V , are both 19.5 mL. It
is important to note that experiments were run for times much
greater than L 2 / D (generally,
~
18 h). Surfactant concentrations,
from 1-mL samples drawn from each side of the diffusion cell,
were determined by ultraviolet absorbance spectrophotometry
(Perkin-Elmer Model 576 spectrophotometer). After the concentration of the sample was determined, it was immediately
replaced in the diffusion cell. If In [ACs/ACs(t)] is plotted versus
time, the slope will be the product of DM and (see eq 5). The
standard deviation of the data from these experiments was between 6% and 8%. Determination of the cell constant is described
below.
Membrane Characterization. The ratio of pore area to pore
length (membrane thickness), AIL, for a membrane was measured
by hydrocortisone diffusion ( D = 4.24 X lo4 cm2/s)through the
membrane.lg The cell constant P was obtained from the slope
of a plot of In [ACo/AC(t)] for hydrocortisone versus time. Since
(18) Mukerjee, P.;Mysels, K. J. Critical Micelle Concentrations of
Aqueous Surfactant Systems; National Bureau of Standards, NSRDSNBS 36, Washington, DC, 1971.
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Table I. Pore Size, Density, and Length for Nuclepore
Membranes Used in This Study
r,, A
n, Dores/cm2 x 10-8
L. ym
membrane
1
2

315
296

5.72
7.13

5.97
6.05

the volumes of each half-cell were know (19.5 d)
AIL
,was easily
calculated by using eq 6. The ratio of membrane area to pore
length is given by

A / L = A,(rn,r;)/L

25

-

20

-

-

(7)

where A, is the membrane area exposed between the gaskets
(1.9-cm id.), np is the pore density, rp is the pore radius, and the
factor rnr; is the membrane porosity. L can be determined by
measuring the membrane weight Wand correcting for the porosity
and the pores that were not aligned normal to the surface (0-29'
from the normal) as follows:20-22

L = 1.068W / [ (1 - mPrp2)pAo]

(8)

where Ad is the area of the membrane disk (3.7-cm diameter), p
is the density of polycarbonate (1.19 g/cm3), and the factor 1.068
accounts for pore alignments deviating from the normal. The
Poiseuille equation for fluid flow through the membrane pores
isz1
V,/AP = rnpr,4A,/(8 pL)
where Vf is the flow rate, AP is the pressure drop across the
membrane, and p is the viscosity of the fluid. Equations 7-9 are
a set of three equations with three unknowns (np,rp, and L ) that
can be solved with data from the following experiments: (1)
hydrocortisone diffusion to determine AIL, (2) weighing the
membrane to determine W, and (3) measurement of water flow
through the membrane under an applied pressure gradient to
determine VfIAF'. The values of np,rp, and L for the two membranes used in this study are in Table I. The standard deviation
of the data from hydrocortisone diffusion and pressure drop/flow
rate experiments was approximately 4% and 3%, respectively.
On the basis of a previous study of boundary layer resistance for
the stirrer configuration at 300 rpm," it was determined that the
membrane used in the present study accounted for approximately
97% of the mass-transfer resistance across the diffusion cell.
Micelle Radii a n d Free Solution Diffusion Coefficients.
The free solution diffusion coefficients DM- and hydrodynamic
radii rM of micelles were determined by quasi-elastic light scattering or QELS.23-26 A 3-W Spectra Physics argon ion laser
(514.5-nm line) was used in conjunction with a Brookhaven Instruments Model B130 64-channel digital correlator. Sample
temperatures were kept a t 25 f 0.1 OC. Data were analyzed by
using software from the manufacturer. Prior to light-scattering
experiments, all surfactant solutions were passed through a filter
(0.2-pm pore diameter) to remove dust. For spherical micelles,
DM- is related to the hydrodynamic radius by the Stokes-Einstein
equation:

DM- = k T / ( 6 r p r ~ )

0

I

I

I
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CM'(mM)

F i g u r e 1. Free solution diffusion coefficient of CPC micelles
(DMJ measured by QELS versus the surfactant concentration
minus cmc (CMt)at various concentrations of a supporting electrolyte (NaC1).
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(10)

where k is Boltzmann's constant and T is temperature.
The free solution micellar diffusion coefficients as a function
of surfactant concentration a t various concentrations of NaCl are
in Figures 1 and 2. A t low concentrations of supporting electrolyte
(NaCl), the diffusion coefficients of these micelles increase with
surfactant concentration due to electrostatic interactions.2evn As
the salt concentration is increased, the slopes of these plots decrease and approach slopes of negligible value due to the screening
(19) Stout, P. J. M.; Khoury, N.; Mauger, J.; Howard, S. J.Pharm. Sci.
1986, 75, 65.
(20) Nuclepore Corp., Pleasonton, CA.
(21) Deen, W. M.; Bohrer, M. P.; Epstein, N. B. AIChE J. 1981,27,

9.57
---.

I
10

5

(22) Malone, D. M.; Anderson, J. L. AIChE J. 1977, 23, 177.
(23) Degiorgio, V.; Corti, M.; Giglio, M. Light Scattering i n Liquids
and Macromolecular Solutions; Plenum Press: New York, 1980.
(24) Fijnaut, H. M. J. Chem. Phys. 1981, 74,6857.
(25) Berne, B. J.; Pecora, R. Dynamic Light Scattering; Wiley: New
York, 1976.

CM'(mM)

Figure 2. Free solution diffusion coefficient of TBAC micelles
(DMJmeasured by QELS versus the surfactant concentration
minus cmc (CMOa t various concentrations of a supporting electrolyte (NaC1).
of electrostatic interactions by the electrolyte. Even though
interparticle interactions affect the diffusion coefficient a t low
supporting electrolyte concentrations, the Stokes-Einstein
equation may be applied if the values of diffusion coefficients at
various micelle concentrations are extrapolated to zero micelle
concentration or infinite dilution. The diffusion coefficients a t
infinite dilution for CPC and TBAC micelles remained almost
constant with increasing salt concentration and are 9.4 and 10.2
x IO-' cm2/s, respectively. Using eq 10, the hydrodynamic radii
for CPC and TBAC micelles (rM) were calculated to be 26 and
(26) Corti, M.; Degiorgio, V. J. Phys. Chem. 1981, 85, 711.
(27) Cheng, D. C. H.; Gulari, E. J. Colloid Interface Sci. 1982,90,410.
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Table 11. Comparison of Micelle Diameters Determined
from BELS and Thickness of Adsorbed Surfactant Layer
on Membrane Pore Wall
thickness of
micelle
adsorbed surfactant
diameter, A
layer, A
surfactant
CPC

52

TBAC

48

5

48
45

0
h

24 A, respectively. The value of rM for CPC is in agreement with
results reported by Anacker.%
Membrane Surface Charge Measurements. The surface
charge of Nuclepore membranes was determined from streaming
potential measurements." The same diffusion cell was used for
electrokinetic measurements where the only modification was a
set of plastic supports on both sides of the membrane that protected the membrane against damage by high pressures. Silverlsilver chloride electrodes were used because they are reversible
to the chloride ion. Electrodes were produced by anodizing 1cm-long silver wires in 0.1 M KCl with 1 mA/wire for 45 min.
A piece of copper tubing was connected to the negative pole of
the current source. The biases of the electrodes produced were
always less than 0.5 mV.
After assembling and filling both sides of the cell with the
electrolyte solution,we inserted an electrode in each side through
the sample port, making a tight seal. The streaming potential
was determined by applying pressure to one of the half-cells while
the other was open to the atmosphere. Pressbe (from compressed
nitrogen) was applied through a bottle of stock solution and
measured by a mercury-air manometer. The potential produced
was measured with a Keithley Model 642 electrometer. Five
different pressures were applied on each half-cell. Three measurements were made from the lowest to the highest pressure,
and then two measurements were made between the first three.
The last two measurements were made to detect any hysteresis
in the A V l A P plot that would be an indication of membrane
damage due to pressure. No hysteresis was observed. The slope
of the A V versus A€' plot was used with the approximate solutions
of the Poisson-Boltzmann equation from Christoforou et aL90to
calculate the surface charge density on the pore wall. The
standard deviation of data from these experiments was approximately 3%.

Results and Discussion
Effect of Ionic Surfactant on Pore Walls. The
Nuclepore membranes used in the present study were
made of polycarbonate that dissociates a t a p H of 3.9 to
give the surface of the pores a negative charge.31 All
diffusion experiments were performed in a p H range of
7-8.5. Bisio et aL31 demonstrated that cationic surfactants
adsorb on the surface of polycarbonate membranes forming
a bilayer that reduces the pore radius by approximately
the length of two surfactant monomers and reverses the
sign of the surface charge. The first layer adsorbs because
of the electrostatic interaction of the positively charged
head group with negatively charged membrane surface, and
the second layer adsorbs by hydrophobic interactions. The
membrane parameters np,rp,and L were measured before
the pores were exposed to the surfactant solution, as described in the previous section. Since the pore density and
length would not be affected by the surfactant, only one
measurement was required after the membrane was exposed to surfactant to determine the reduced pore radius.
After exposure to the surfactant, the pressure drop/flow
rate relationship for the solution through the membrane
was remeasured, and this allowed the calculation of the
reduced pore radius. The calculated adsorbed surfactant
(28) Anacker, E. W. J. Phys. Chem. 1958,62, 41.

(29)Kitahara, A.; Watanabe, A. Electrical Phenomena at Interfaces;
Marcel Dekker: New York, 1984.
(30) Christoforou, C. C.; Westermann-Clark, G. B.; Anderson, J. L. J.
Colloid Interface Sci. 1985, 106, 1.
(31) Bisio, P. D.; Cartledge, J. G.; Keesom, W. H.; Radke, C. J. J.
Collord Interface Sci. 1980, 78, 225.

>
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Figure 3. Streaming potential ( A v ) across a Nuclepore membrane with a nominal pore diameter of 300 8, versus p>-essure
drop
across the membrane (AP)before (A)and after (0)the membrane
was exposed to a cationic surfactant (CPC). The electrolyte
solutions was 1.0 mM NaC1.
layer thicknesses for TBAC and CPC were very close to
the micelle diameters (-two monomer lengths) measured
by QELS and are in Table 11. Such agreement cannot
always be expected since micelles are not always spherical
(e.g., SDBS micelles2').
Figure 3 is a plot of the streaming potential measured
across a Nuclepore membrane versus the pressure drop
before and after the membrane was exposed to a cationic
surfactant. Without the surfactant, the slope of the plot
is negative, indicating a negative surface charge on the
membrane.32 However, the slope becomes positive after
the surfactant was added, and this change indicates that
the membrane pore walls became positively charged after
exposure to the cationic surfactant. This is consistent with
the bilayer adsorption scheme and agrees with the results
of Bisio e t al.31
From the slope of plots such as those of Figure 3, the
surface charge density for the membrane was determined
by using the approximate solutions of the PoissonBoltzmann equation developed by Christoforou e t al.30
The results of these calculations, important for determining the partition coefficient of a charged micelle into
the charged membrane pore, are in Figure 4,where a, was
calculated as a function of NaCl concentration. The values
of a, for the membrane without surfactant present are in
agreement with those found by other researcher^.^^ The
surface charges when CPC and TBAC were present in the
solution below their cmc values (0.2 mM of each surfactant)18 are also in Figure 4.
Effect of Electrolytes on Charged Micelle Diffusion
in Microporous Membranes. The diffusion coefficients
of ionic micelles in microporous membranes were measured
as a function of counterion concentratjon Cc, using the
procedure described in the previous section, by increasing,
CE. Because of the concentration dependence of the ionic
micelle diffusion coefficients a t low ionic strengths (see
Figures 1 and 2), small initial concentration differences
across the membrane were used (-0.5 mM) in all experiments.
Diffusion :oefficients for cationic CPC and TBAC micelles in Nuclepore membranes with nominal pore diam(32)Hiemenz, P. C. Principles of Colloid and Surface Chemistry;
Marcel Dekker: New York, 1986.
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Figure 4. Surface charge density (a,) of a Nuclepore membrane
with a nominal pore diameter of 300 b, versus concentration of
NaCl for three solutions: no surfactant (m), 0.5 mM CPC (a),
and 0.5 mM TBAC (A).
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Figure 6. Ratio of the intrapore micelle diffusion coefficient to
the micelle diffusion coefficient in free solution (DM/pM..) for
TBAC micelles in a Nuclepore membrane with a nominal pore
diameter of 300 8, (no. 2) versus the concentration of a supporting
electrolyte (NaCl). The curve is eq 4 where KMwas calculated
for a charged hard sphere by eq 2, using the model of Smith and
Deem'?
Table 111. Parameters Used for Calculations in Figures 5
and 6

wC/cm2

rp,bA

(pore
wall),
pC/cm2

2.8
4.8

267
251

0.11
0.12

u

U

surfactant
CPC

26
24

Data from ref 35.
wall.

I

I

I

I

J
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Figure 5. Ratio of the intrapore micelle diffusion coefficient to
the micelle diffusion coefficient in free solution (DMlDM..) for CPC
micelles in a Nuclepore membrane with a nominal pore diameter
of 300 b, (no. 1)versus the concentration of a supporting electrolyte
(NaCl). The curve is eq 4 where KMwas calculated for a char ed
hard sphere by eq 2, using the model of Smith and Deen.If
eters of 300 A as a function of NaCl concentration are in
Figures 5 and 6. The points are data from experiments,
and dashed lines are the results one would expect for uncharged hard sphere diffusion through the cylindrical pore.
The predictions for an uncharged hard sphere in Figures
5 and 6 remained constant over the range of salt concentration studied because the micelle sizes remained constant
as the supporting electrolyte concentration was increased
(see Figures 1 and 2). Since the micelle and the pore wall
have the same charge (positive), they will repel each other,
and D M / DM- is below the uncharged hard-sphere prediction a t low salt concentrations. However, DM/DM- approached the uncharged hard-sphere prediction as the salt
concentration was increased since the double-layer thicknesses around the pore wall and the micelle were decreased
as the concentration of supporting electrolyte increased.
If the electrolyte concentration is high enough, -0.1 M
NaCl in Figures 5 and 6, the electrostatic interactions

(micelle)

rM, A

TBAC

0.2

0.01
0

il

0.0 I
0

*Correctedfor surfactant adsorption to pore

between the micelle and the pore are almost completely
screened, and the micelle diffusion coefficient in the pore
is comparable to that of a neutral micelle. The screening
of electrostatic forces between micelles was observed in the
QELS measurements of free solution micelle diffusion
coefficients DMm(compare the slopes of lines in Figures
1 and 2 a t high salt concentrations to the slopes of lines
a t low salt concentrations).
The solid lines in Figures 5 and 6 are the results of
calculations of DM/DMmfrom eq 4, were KM was calculated
by using the model of Smith and Deen,17 assuming that
the micelle and the pore wall interact a t constant surface
charge d e n ~ i t y . ~Values
~ ? ~ ~for the micelle and pore wall
parameters used in these calculations are in Table 111.
The calculations are in agreement with the experimental
results with the exception of the data points obtained when
no salt was present and the counterion concentration was
small (i.e., Cc cmc). There are two reasons for this large
error when compared to the results a t higher supporting
electrolyte concentrations. First, it was assumed that the
only contributions to the ionic strength of the solution
came from the supporting electrolyte and surfactant monomers while contributions from the micelles were neglected. The ionic strength Is is given b~~~

-

1s

0.5cZfci

(11)

Even though the micelle concentration is smaller than the
cmc, the valance of a micelle, which is squared in eq 11,
(33) Kar, G.; Chander, S.; Mika, T. S. J . Colloid Interface Sci. 1973,
44, 347.

(34) van Olphen, H. A n Introduction to Clay Colloid Chemistry; Interscience: New York, 1963.
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is about 20 times that of a surfactant monomer. Micelle
contributions to the ionic strength are significant when the
surfactant monomers at the cmc are the only supporting
electrolyte and insignificant at higher NaCl concentrations.
Underestimation of the ionic strength leads to an overestimation of the double-layer thickness; hence, DMlDM,
would be underestimated as in Figures 5 and 6 (specifically,
for very low values of CE). A second source of error at low
salt concentrations is the assumption that the counterion
concentration would be high enough to eliminate the
diffusion p ~ t e n t i a l a, ~potential
~
that would make the
micelle diffuse faster. The assumption of sufficient supporting electrolyte concentration to eliminate the diffusion
potential was made to obtain eq 5 and facilitate the calculation of micelle diffusion coefficients from the data (see
Appendix). A t low supporting electrolyte concentrations,
the neglect of the diffusion potential could cause DM/DM=
to be underestimated by the calculations developed by
Smith and Deen.17 In Figures 5 and 6, DM/DM.. was always
severely underestimated when the concentration of supporting electrolyte was a t its lowest (Cc
cmc).

-

Conclusions
Measurements of ionic micelle diffusion coefficients in
microporous membranes were compared with calculations
for charged hard spheres diffusing in charged cylindrical
pores. In general, the agreement of data on ionic micelles
with calculations was good except for ionic micelle diffusion
at low concentrations of supporting electrolyte (Cc cmc).
This disagreement can be explained by (1)contributions
of the diffusion potential and (2) overestimation of the
Debye length since micelle contributions to the ionic
strength of the solution were neglected.

-
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Appendix
Consider a microporous membrane separating two
halves of a diffusion cell that contain surfactant solutions
above the cmc. Side 1 of the cell has a higher surfactant
concentration than side 2. There will be no gradient of
monomers since both sides to the membrane are above the
cmc. However, there will be a concentration gradient of
counterion as well as a concentration gradient of micelles.
Following the treatment of a similar problem of Weinheimer et al.,37 the Nernst-Planck equation is written for
the flux J i of each ionic species i:
-Ji = DidCi/dx + (F/RT)ziCiDid@/dx
(AI)
where zi is the valence of the ionic species, @ is the electrical
potential, F is Faraday's constant, and R is the gas constant. Equations for the flux of micelles and the flux of
counterions can be obtained from eq A1 and then added
together to give the following expression for the total
surfactant flux Js:
-2Js = (n + q)DMdCM/dx ( n q ) X
(F/RT,kMCMDMd+/dx + DcdCc/dx +
(F/RT)CczcDcd4/dx (A2)
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to the surfactant molecule flux, the factor 2 appears on the
left-hand side. It is important to note that the diffusion
coefficient of a counterion (Dc) is approximately 1 order
of magnitude larger than the diffusion coefficient of a
micelle (DM).
Several substitutions can be made to simplify eq A2.
The micelle concentration CM is defined as
CM = (Cs - cmc)/n
(A3)
where cmc is the critical micelle concentration. Differentiating eq A3 with respect to x yields
dCM/dx = (dCs/dx)/n

(A4)

The total counterion concentration may be expressed as
Cc = CE cmc + a(CS - cmc)
(A51

+

where C, is the concentration of supporting electrolyte (the
same on both sides of the membrane), cmc accounts for
the dissociated surfactant monomer (also the same on both
sides of the membrane), and CY is the degree of dissociation
of the micelle (i.e., number of charges on the micelle divided by the micelle aggregation number, which was 0.31
and 0.21 for TBAC and CPC, r e ~ p e c t i v e l y .Differenti~~
ating eq A5 with respect to x yields
dCc/dX = adCs/dx

(A6)

Substituting eq A4 and A6 into eq A2 yields
-2Js = [ ( n+ q)DM/n
~~Dc]dCs/dx
(F/RT)[(n + q)ZMcMDM + zcCcD~ld@/dx(A71

+

+

Since there is no net current flowing across the cell, the
micellar and counterion fluxes must satisfy
ZziJi = 0

(A8)

therefore

+

0 = Z&MdCM/dX + (F/RT)ZM'C@Md@/dx
zcDcdCc/dx + (F/RT)zc'CcDcd@/dx (A9)

Substituting eq A4 and A6 into eq A9 and realizing zc2
= 1 give the equation
0 = [ZMDM/n

+ azcDc]dCs/dx +
(F/RT)[~M'CMDM
+ CcDcld4/dx (A10)

Equation A10 can be solved for d@/dx:
d$/dx = -(RT/F)[ZMDM/n +
ffzcDc1(dCs/dx)/ [ZM'CM&~+ CcDc] ( A l l )
When eq A l l is substituted into eq A7, the following
equation is obtained:
-2Js = [(n + q)DM/n + aDc]dCs/dx [zMDM/n + azcDcl[(n + q)zMcMDM + zcCcDc]dCs/dx

+ +

where the subscript M stands for micelles, the subscript
C stands for counterions, n is the aggregation number of
the micelle, and q is the number of counterions bound to
the micelle. Since eq A2 is the sum of the counterion and
the micellar fluxes, and these individual fluxes are equal
(35) Johnson, K. A. Ph.D. Dissertation, University of Florida, 1987.
(36) Cussler, E. L. Diffusion: Mass Transfer i n Fluid Systems; Cambridge University Press: London, 1984.

Equation A14 can be simplified under certain conditions
where the concentration of supporting electrolyte is larger
than the micelle concentration. If lzcCcDcl >> (n +
(37) Weinheimer, R. M.; Evans, D. F.; Cussler, E. L. J. Colloid Interface Sci. 1981, 80, 357.
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q)zMcM& and C&
Deffreduces to

>> zM2CMDM,then the expression for

Deff = ( n + q)DM/n

- [ZM&/n

-I- cvzcDc]zc

(A151

But, since Z M = ( n - q ) , Deffreduces to 2DM. Therefore,
if CE is sufficiently large when compared to C M ,the flux
of ionic surfactant micelles is given by

Js = -DMdCs/dx

(A161

Since the membrane volume is much smaller than the
volume of the diffusion cell, a pseudo-steady-state approximation is made. Such an analysis of the diffusion
process leads to the following equation:36
In [Acso/Acs(t)l = PDMt
where

is equal to A/[L(l/Vl

(A171

+ l/V2)].

Glossary
A
Am
Ad

Ci
CMt

Di
DMm

F

i

k
K
KM
L
n

membrane pore area, cm2
exposed membrane area between the gaskets in
diffusion cell, cm2
area of membrane disk, cm2
concentration of species i
surfactant concentration - cmc
diffusion coefficient of species i, cm2/s
diffusion coefficient of micelle in free solution,
cm2/s
Faraday’s constant
flux, mol/(area.time)
Boltzmann’s constant
particle partition coefficient into membrane pore
micelle partition coefficient into membrane pore
membrane thickness, cm
micelle aggregation number

P
4

rM

2W
t
T
V1
V2
Vf
2

pore density, pores/cm2
pressure
number of counterions bound to micelle
micelle radius, 8,
membrane pore radius, b,
gas constant
weight of membrane disk, g
time
temperature
volume, side 1 of diffusion cell, cm3
volume, side 2 of diffusion cell, cm3
flow rate, cm3/s
valence

Greek Letters
degree of dissociation for a charged micelle
diffusion cell constant, A / [ L ( l / V ,+ 1/ V J ]
membrane density, g/cm
electric potential, mV
surface charge density, pC/cm2
ratio of the distance of the particle’s center from
the axis of the pore to the pore radius
ratio of particle radius to pore radius
viscosity
Subscripts

C
E
M
S
1

1
2
0

counterion
supporting electrolyte
micelle
surfactant
species (e.g., C, E, M, or S)
side 1
side 2
initially, at t = 0

Registry No. CPC, 123-03-5;TBAC, 139-08-2;NaCl, 7647-14-5;
nuclepore, 12673-61-9.
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We have simulated the adsorption of spherically symmetric molecules on deterministic fractal curves
in the range of Hausdorf self-similarity dimensions 1 ID 5 1.5. In contrast to previous studies, in this
work we have analyzed the role of attractive molecule-surface interactions as well as the influence of the
distribution of energetically different centers along the curves on the results of fractal dimension evaluation.
The results obtained indicate that within the investigated region of fractal dimensions the fractal dimension
of a surface determined from experimentally measured monolayer capacities of a suitably chosen series
of spherical adsorbates is relatively insensitive upon the energetic heterogeneity of adsorbing centers.

Introduction
In recently published papers,1-14 numerous authors have
advocated the use of the so-called fractal theory to describe
(1) Pfeifer, P.; Avnir, D. J . Chem. Phys. 1983, 79, 3558.
(2) Avnir, D.; Pfeifer, P. Nouu. J . Chem. 1983, 7, 71.

(3) Van Damme, H.; Levitz, P.; Bergaya, F.; Alcover, J. F.; Gatineau,

L.;Fripiat, J. J. J . Chem. Phys. 1986,85, 616.

(4) Fripiat, J. J.; Gatineau, L.; Van Damme, H. Langmuir 1986,2,562.

0743-7463/89/2405-0938$01.50/0

physical adsorption of gases on geometrically irregular solid
substrates. According to this approach, the monolayer
capacity N , has been related to the monolayer packing u
via the power law
N,
6’
(1)
The exponent x in eq 1 varies in the range 1-1.5, and its
physical interpretation is that 2x is the fractal dimension
of the geometric adsorbent surface.15

-

0 1989 American Chemical Society

