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The effect of solute concentration on hindered diffusion was in®estigated by measur-
( )ing diffusion rates of dextran and polyethylene glycol PEG in track-etched polycarbon-

ate membranes at concentrations up to 60 mgrmL. Results were interpreted using a
model that incorporates a first-order ®irial coefficient to describe the concentration de-
pendence of the equilibrium partition coefficient, as well as the intrapore diffusi®ity. For
dextran, both ®irial coefficients were positi®e, indicating that the effecti®e diffusi®ity
increases with solute concentration. Measured ®alues of the ®irial coefficient for equilib-
rium partitioning agreed with a model that includes attracti®e ®an der Waals interac-
tions between dextran and the pore wall. For PEG, both ®irial coefficients were nega-
ti®e, indicating that the diffusi®ity decreases as solute concentration increases. These
obser®ations may be due to chain entanglement or aggregation that occurs with increas-
ing PEG concentration.

Introduction

The effective diffusion coefficient of a solute within a pore
of comparable size is usually found to be less than its value in
the bulk solution. This phenomenon is called hindered diffu-
sion. Most of the previous work investigating various aspects
of hindered diffusion has focused on the infinite dilution limit,
where solute-solute interactions are neglected. In general, the
membrane is treated as an array of cylindrical pores and the
solute is assumed to have both Brownian and hydrodynamic
characteristics. For spherical solutes in an unbounded fluid,
this leads to the Stokes-Einstein equation

D s k Tr6pmr 1Ž .`, o B s

where D is the bulk solution diffusion coefficient under`, o
Ž 2 .infinite dilution condition cm rs , k is Boltzmann’s con-B

Ž y16 . Ž .stant 1.38=10 JrK , T is absolute temperature K , m is
Ž 2.the solvent viscosity N ? srm , and r is the hydrodynamics
Ž .radius of the solute cm .

The reduced diffusion coefficients that are typically ob-
served with membrane separations arise from the combined

Ž .effect of: 1 solute partitioning between the pore and bulk
Ž .solutions; 2 an increase in the hydrodynamic drag experi-
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enced by the solute in the pore relative to that experienced in
an unbounded fluid. These effects are combined when defin-
ing an effective diffusion coefficient

D s K D 2Ž .eff eq p

where K is the equilibrium partition coefficient and D iseq p
Ž 2 .the intrapore diffusivity cm rs . Much of the theoretical and

experimental research in this field is summarized in a review
Ž .article by Deen 1987 .

For many applications where hindered diffusion plays an
important role, solute concentration is sufficiently large so
that intermolecular interactions cannot be neglected. Graess-

Ž .ley 1980 estimated that polymer chains begin to significantly
Ž 3.y1interact at molar concentrations exceeding 8 N r , whereA g

N is Avogadro’s number and r is the radius of gyration ofA g
the polymer. For dextran with a molecular weight of 40,000,
this corresponds to a solution concentration less than 20
mgrmL. In gel permeation chromatography experiments, sev-
eral studies have shown that the equilibrium partition coeffi-

Žcient increases with bulk solution concentration Cantow et
al., 1966; Rudin, 1971; Bleha et al., 1977; Satterfield et al.,

. Ž .1978 . Measurements by Satterfield et al. 1978 of polystyrene
diffusion through porous glass showed that the partition co-
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efficient increases with bulk-phase concentration, at first in a
linear fashion and then more gradually at higher concentra-
tions. These observations were explained by proposing that
the mean dimensions of the macromolecule decrease as con-
centration increases, leading to a reduction in the steric limi-
tations imposed by the pore wall. However, this explanation
does not apply to compact macromolecules whose dimen-
sions are relatively fixed.

The effect of solute concentration on the equilibrium par-
tition coefficient has been modeled using a virial expansion

Žapproach Glandt, 1981; Anderson and Brannon, 1981; Post
. Žand Glandt, 1985 , linear density functional theory Post,

. Ž1989 , a low-dimensional approximation Glandt, 1981; Post,
.1989; Post and Kofke, 1992 , semi-grand-canonical Monte

Ž .Carlo simulations Post and Kofke, 1992 , and a Gibbs en-
Ž . Žsemble Monte Carlo method GEMC Chun and Phillips,

.1997 . For bulk solute concentrations less than 10.9 vol. %,
the virial expansion results are nearly identical to those ob-
tained by both the GEMC method and linear density func-
tional theory for values of the solute to pore-size ratio less

Ž .than 0.6 Chun and Phillips, 1997 . For soluterpore size ra-
tios greater than 0.6, GEMC results agree with the low-di-
mensional approximations.

Ž .Anderson and Brannon 1981 developed a model for the
concentration dependence of the distribution coefficient for
rigid spherical macromolecules in cylindrical and slit pores.
They viewed equilibrium partitioning from a statistical ther-
modynamic framework utilizing the McMillan-Mayer as-
sumption, which neglects changes in solvent-macromolecule
interactions as concentration is changed. The partition coeffi-
cient is expressed as a virial expansion in bulk solution con-
centration

2K s K 1q a f q a f q . . . 3Ž .eq eq, o 1 ` 2 `

where K is the partition coefficient at infinite dilution,eq, o
f is the volume fraction of solute in the bulk solution, and`

the coefficients a are virial coefficients which depend onj
configurational integrals involving jq1 macromolecules and
the pore wall. Knowing solute and pore size, the results of

Ž .Anderson and Brannon 1981 can be used to predict a1
when only steric interactions govern the partitioning. Their
results predict positive values of a , indicating that K in-1 eq
creases with increasing f . Calculations were also presented`

for systems in which electrostatic interactions between sol-
utes, and between solutes and the pore wall, are significant.

An experimental investigation of concentration effects on
the partitioning of dextrans and bovine serum albumin was

Ž .conducted by Brannon and Anderson 1982 using porous
glass beads. The results for bovine serum albumin were in
reasonable agreement with hard-sphere theory predictions.
However, the K values measured for dextran were signifi-eq
cantly smaller than the hard-sphere theory predictions, al-
though values were observed to increase with increasing so-
lute concentration. In making this comparison, the hydrody-

Ž .namic Stokes Einstein radius was used to describe the dex-
tran size. Polydispersity of the dextran samples was proposed
as a possible explanation for these observations.

Ž .Anderson and Adamski 1983 and Mitchell and Deen
Ž .1984 theoretically investigated the effect of solute concen-

tration on ultrafiltration. In their analyses, it was assumed
that solute concentration only affects solute partitioning and
that solute-solute hydrodynamic interactions are negligible
when compared to solute-pore wall hydrodynamic interac-
tions. Results from both studies predict that the membrane
rejection coefficient for rigid macromolecules decreases with

Ž .increasing bulk concentration. Mitchell and Deen 1986
measured rejection coefficients for ficoll and bovine serum
albumin in track-etched polycarbonate membranes and their
experimental results showed the expected decrease in rejec-
tion coefficient as solute concentration increases. However,
experimentally measured rejection coefficients were consid-
erably larger than those predicted by the theory, an observa-
tion that was attributed to solute adsorption effects.

An evaluation of the effect of solute-solute interactions on
intrapore transport coefficients has not been previously re-
ported. However, the effect of solute concentration on bulk-
phase diffusion has been theoretically and experimentally in-
vestigated. Theoretically, two approaches have been adopted
Ž .Selim and Al-Naafa, 1993 . The first is a statistical-mechani-
cal approach and is based on the N-particle Smoluchowski
equation, which describes the instantaneous N-particle distri-
bution function in configuration space. The second approach

Ž .was most notably applied by Batchelor 1976 who extended
Einstein’s thermodynamic argument of sedimentation-diffu-
sion equilibrium to finite concentrations and derived a for-
mal expression for the Brownian diffusion coefficient in bulk
solution. In describing the effect of solute-solute interactions
on diffusion in bulk solution, Batchelor considered two ef-
fects. One arises from the fact that when solutions are not
infinitely dilute, there is an enhancement in the diffusivity
because there are more free sites available to a diffusing
solute in a region of lower concentration, when compared to
a region of higher concentration. The second effect is hydro-
dynamic and arises because solvent near a solute particle is
dragged with the solute. To ensure continuity, solvent farther
from the solute is backwashed in the direction opposite to
the direction of solute movement. Neighboring solute parti-
cles cannot sample the solution near the particle because of
steric exclusion. Therefore, the hydrodynamic effect causes a
reduction in the diffusivity as neighboring particles experi-
ence the backwash. For spherical solutes in bulk solution re-
stricted to hard-sphere interactions, Batchelor predicted that
the excluded volume effect overcomes the hydrodynamic ef-
fect, yielding a first virial coefficient of 1.45

2D s D 1q1.45f qO f 4Ž .Ž .` `, o ` `

where D is the solute diffusion coefficient in bulk solution`

Ž 2 . Ž .at finite concentration cm rs . Berne and Pecora 1976 used
Ž .a similar approach but found the O f coefficient to be 0.45.`

Ž .Beenakker and Mazur 1982 considered three-body interac-
Ž .tions in their analysis and found the O f coefficient to be`

1.56. There have been reports from a large number of other
theoretical studies based on both approaches with predic-
tions for the first virial coefficient ranging from y2.6 to q3
Ž .Selim and Al-Naafa, 1993 .

Experimental investigations which test these theories are
few and also contradictory. The majority of these experimen-
tal studies were carried out on microemulsions, polymer lat-
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Table 1. Pore Length and Density of Nuclepore Membranes
Determined from Scanning Electron Microscopy Images

Nominal Size Pore Length Pore Density
2 y8Ž . Ž . Ž .mm mm Poresrcm =10

0.1 5.80 3.28
0.05 5.81 5.66
0.03 5.95 5.35

tices and proteins in high ionic strength buffers, and silica
dispersions in nonpolar solvents. Results from many of these

Ž .studies are summarized in Selim and Al-Naafa 1993 . Quite
Ž .different values for the O f coefficient have been reported`

with values ranging from y5.2 to q1.39.
In order to interpret transport measurements at high con-

centration, an accurate prediction of solute diffusion at low
concentration conditions is needed. The effective diffusion
coefficients of narrow size range fractions of dextran and

Ž .polyethylene glycol PEG were measured under infinite dilu-
tion conditions in our laboratory using track-etched polycar-

Ž .bonate membranes Shao, 2000; Shao and Baltus, 2000 . The
measured diffusivities were found to be larger than those
predicted for a rigid sphere, as well as for a flexible polymer
when solutes are restricted to steric interactions with the pore
wall. The measured effective diffusion coefficient values were
successfully interpreted using a model that includes van der
Waals attractive interactions between the solute and the pore
wall. Results indicated that there was negligible adsorption
of dextran and PEG to the pore wall, as well as insignificant
electrostatic interactions between solute and the pore wall.

In this article, we report the results of an experimental ex-
amination of the effect of solute concentration on hindered
diffusion of dextran and PEG. Results are interpreted using
a model that incorporates a first-order virial expansion in
concentration for both the equilibrium partition coefficient
and the intrapore diffusivity. Measured virial coefficients are
compared to those predicted by previously developed theo-
retical models for the effect of concentration on partitioning
and on bulk phase diffusion.

Experimental Studies
Track-etched Nuclepore polycarbonate membranes with

nominal pore radii of 0.1, 0.05, and 0.03 mm were obtained
Žfrom Corning Separation Division Corning Costar, Acton,

.MA . The pore density and pore length were determined from
Ž .scanning electron microscopy SEM images collected using a

JEOL JSM-6300 scanning electron microscope. The pore ra-
dius of each membrane was determined by measuring the hy-

Ž .draulic water permeability of each membrane before and
after a diffusion experiment. The measured pore length and
pore density of membranes used in this study are summa-
rized in Table 1. Details of the membrane characterization

Ž .methods are reported elsewhere Shao, 2000 .
For both polymers, all solutions were prepared using water

which was distilled and filtered through a 0.1 mm membrane.
Ž .Polyethylene glycol PEG with weight-average molecular

weight of 10890 was obtained from Pressure Chemical Co.
Ž .Pittsburgh, PA . The manufacturer reported that polydisper-
sity of this sample was 1.19. This polymer was used as re-
ceived without further fractionation.

Dextran T40 with weight-average molecular weight of ap-
proximately 40000 and dextran T70 with weight-average
molecular weight of approximately 70000 were obtained from

Ž .Pharmacia Piscataway, NJ . The polydispersity index of these
materials is about 1.5. Because hindered diffusion rates are
sensitive to solute size, the polydispersity of the polymer sam-
ple can have a significant effect on measured diffusion coeffi-
cients. For our experiments performed under infinite dilution
conditions, dextran fractions with a narrow molecular weight
distribution were obtained from these materials using prepar-

Ž .ative gel permeation chromatography Shao and Baltus, 2000 .
However, it would be very time-consuming and not practical
to use the same approach for this study because it would be
necessary to collect a significant amount of fractionated poly-
mer. Therefore, an alternative approach was developed to
measure diffusion rates of narrow size range dextran frac-
tions and a description of this approach follows.

Solutions were prepared using T40 and T70 dextrans as
received and each diffusion experiment was actually a multi-
component diffusion experiment. In order to identify the dif-
fusion coefficient of an approximately monodisperse fraction,
the collected dextran samples were analyzed using analytical

Ž .scale gel permeation chromatography GPC to obtain the
molecular weight distribution of each sample. This was done
using a system comprised of a Waters model 600E HPLC

Figure 1. Molecular size distribution for T40 and T70
Dextrans obtained using GPC on Shodex
KB-80M column.
Ž . Ž .F 1 and F 2 refer to the two narrow size distribution frac-

tions identified for diffusion measurements.
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Table 2. Properties of Dextran Fractions and PEG

‡M Dw r`, 0 s
2 7Ž . Ž .Solute M M cm rs=10 nmMw n n

Dextran
U U †Ž .T40:F 1 27,300 23,300 1.17 5.3 4.6
U U †Ž .T40:F 2 50,600 43,800 1.16 4.0 6.1
U U †Ž .T70:F 1 59,000 51,500 1.15 3.7 6.6
U U †Ž .T70:F 2 107,500 93,900 1.14 2.8 8.7
UU UU § ‡PEG 10,890 9,150 1.19 8.2 3.0

UDetermined by gel permeation chromatography analysis using ASTM
Ž .standard method D3536-91 Shao, 1999 .

UUReported by Pressure Chemical Corporation
†Obtained from light scattering measurements performed at Clarkson

University.
‡Stokes-Einstein radius determined from D and Eq. 1.`, 0§ Ž .Using expression derived by Singh et al. 1998 from intrinsic viscosity
relationship.

solvent delivery system, a Waters model 410 refractive index
Ždetector and a Shodex Ohpak KB-80M gel column 8 mm

.ID=300 mm . The voltage signal from the detector was sent
via a data acquisition system to a personal computer using a
Basic program.

The GPC column was calibrated using monodisperse dex-
Ž .tran standards Waters with peak molecular weight 196,000,

124,000, 43,500, 21,400, 9,900, and 4,400. A good straight line
calibration was achieved when a semilog plot of dextran
molecular weight vs. retention volume was prepared. The op-
erating conditions for the GPC analysis of the dextran sam-
ples collected from the diffusion experiments were the same
as those used for the column calibration.

The chromatograms obtained from a GPC analysis of the
T40 and T70 dextrans are shown in Figure 1. In each chro-
matogram, two fractions were identified and are labeled as
Ž . Ž .F 1 and F 2 in Figure 1. Values of M and M of eachw n

fraction were determined using the calibration prepared us-
ing the monodisperse dextrans and ASTM standard method
D3536-91. The properties of each fraction are listed in Table
2. The polydispersity of each fraction was smaller than 1.2.

Dextran and PEG diffusion experiments at finite concen-
trations were performed using a glass diaphragm diffusion

Ž .cell that is described in detail elsewhere Shao, 2000 . It con-
sists of two half-cells, one with a volume of 12.64 cm3, and
the other with a volume of 15.87 cm3. The membrane, sup-
ported by a stainless steel screen support, was sandwiched
between the two half cells. The cell was stirred internally by
Teflon coated bar magnets which were acted upon by a mag-
net external to the cell. The diffusion cell was jacketed for

Žwater circulation to maintain a constant temperature 25.0"
.0.18C .

The procedure used for the diffusion experiments is shown
in Figure 2. Initially, one reservoir was filled with a high con-
centration solution while the opposite chamber was filled with
distilled and filtered water. In order to simplify the analysis
of the experimental data, the solute concentration in the high
concentration reservoir was kept constant by continuously
feeding this reservoir with fresh polymer solution at a flow
rate of about 12 mLrh. The solute concentration in the low
concentration reservoir was monitored by removing samples
at discrete intervals during the course of the experiment. This
was done by injecting water into one port and collecting a
sample from the effluent from another port. The sampling

Figure 2. Experimental system used for diffusion exper-
iments.
Diffusion cell was constructed of glass and was jacketed to
allow for circulation of constant temperature water.

flow rate was set at about 0.9 mLrmin and samples were col-
lected for one minute. Valves were closed in the low concen-
tration reservoir between sampling. The collected sample was
weighed to determine its volume and analyzed using gel per-
meation chromatography. At least five samples were col-
lected during each diffusion experiment. The concentration
of each fraction in the low concentration reservoir at the start
of each sample collection period was related to the measured
sample concentration by a mass balance on the sampling pro-
cess, assuming ideal stirred reservoir behavior

Vm y1C sC 1yexp yV rV 5w x Ž .Ž .L, t m m LVL

where C is the solute concentration of the fraction of in-L, t
terest in the reservoir at the beginning of the sampling
Ž . Ž .mgrmL , C is the volume averaged measured concentra-m

Ž .tion of that fraction for a sample mgrmL with volume Vm
Ž .and V is the volume mL of the low concentration reser-L

voir. Two samples were removed from the high concentration
cell, one at the start and one at the end of each experiment,
to determine C and to ensure that it was constant duringH
the experiment.

The absolute concentration of each fraction in each col-
lected sample was not determined because only the relative
concentration f rf o was needed for our analysis. ResultsL H
from preliminary experiments showed that the refractive in-
dex of dextran and PEG solutions are proportional to solute
concentration up to the maximum solution concentration used
for these experiments. Therefore, for each fraction, the ratio
f rf o was assumed to be equal to the ratio of the areasL H
under respective GPC elution profiles, with limits for each
fraction as shown in Figure 1.

In order to check the validity of this method for sample
analysis, several dextran diffusion experiments were con-
ducted under infinite dilution conditions and the results were
compared to those obtained with fractionated dextrans with
polydispersity index smaller than the 1.2 obtained from
preparative gel permeation chromatography. The effective
diffusion coefficients obtained from the partial peak area
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concentration analysis were found to be in good agreement
Ž .with values obtained using fractionated dextrans Shao, 2000 .

This confirms that this procedure and analysis method are
valid for determining the diffusion coefficients of narrow size
range dextran fractions.

For experiments at finite concentration, a material balance
on solute in the low concentration reservoir yields

np r 2df K fpL L LV sy D f df 6Ž .Ž .HL p p pdt ll K fH H

where f is the intrapore volume fraction of solute, f is thep L
volume fraction of solute in the low concentration cell, f isH
the volume fraction of solute in the high concentration cell,
and K and K are the equilibrium partition coefficients atL H
each side of the membrane. When deriving Eq. 6, it was as-
sumed that there were no boundary layer resistances external
to the membrane, an assumption that was confirmed with in-

Ž .dependent measurements Shao, 2000 . The concentration
dependence of the intrapore diffusivity is assumed to follow a
virial expansion in fp

2D s D 1q b f q b f q . . . 7Ž .p p , o 1 p 2 p

where D is the intrapore diffusivity at infinite dilutionp, o
Ž 2 .conditions cm rs . The concentration dependence of K andL

K are assumed to follow a virial expansion in bulk solutionH
concentration

2K s K 1q a f q a f q . . . 8Ž .L eq , o 1 L 2 L

2K s K 1q a f q a f q . . . 9Ž .H eq , o 1 H 2 H

A substitution of Eqs. 7, 8, and 9 into Eq. 6 and setting fH
s f 0 yieldsH

2np r K Ddf p eq , o p , oL 2o o 2w xV s f yf q f yfŽ .L H L H Ldt ll

b K1 eq, o 3o 3= a q q f yfŽ .1 H Lž /2

2b K2 eq, o 4o 4= a b K q a q qO f yf 10Ž .Ž .1 1 eq, o 2 H Lž /3

Ž 4.where terms of O f and higher were neglected. All the
parameters in Eq. 10 were known except the virial coeffi-
cients. The membrane parameters n, r , and ll were knownp
from membrane characterization measurements. The hin-
dered diffusion coefficient D and the equilibrium partitionp, o
coefficient K were obtained using the model that was de-eq, o
veloped from results obtained at infinite dilution that incor-
porates attractive van der Waals interactions between the so-

Ž .lute and the pore wall Shao, 2000; Shao and Baltus, 2000 .
In order to determine values for the first-order coefficients
a and b , it was assumed that a q b K 2 r 3 s 0. The1 1 2 2 eq, o
validity of this assumption is discussed later in this article.

For each fraction, best fit values for a and b were de-1 1
termined using a least-squares fitting procedure. This data

fitting procedure involved minimization of the function
Ž .2Ý f yf where the summation was performedL, pred L, meas

over the data collected for one diffusion experiment. Here,
f is the sample concentration predicted from a numeri-L, pred
cal integration of Eq. 10 and f is the measured sampleL, meas
concentration of the fraction of interest. The data fitting was
carried out using a program written in Maple V.

The units of concentration used in Eqs. 6]10 are solute
volume fractions, because this is the convenient concentra-
tion unit used in theoretical predictions of a . In order to1
convert the convenient experimental concentration units of
mgrmL into volume fraction, the specific volume of the
solute must be known. For each solute, the specific volume
was estimated from the bulk phase diffusivity using the

Ž .Stokes-Einstein equation Eq. 1 . For dextran, the bulk-phase
diffusion coefficient was determined in water at 258C using
dynamic light scattering. A power law relationship between
D and the weight average molecular weight was developed,`, o
and this relationship was then used with Eq. 1 to develop a
relationship between the effective hydrodynamic radius and

Ž .the weight average molecular weight Shao, 2000 . The spe-
cific volume was then estimated from r using the definitions
of n 2

4 NA3n s p r 11Ž .2 s3 M

In their study of dextran partitioning, Brannon and Ander-
Ž .son 1982 were able to relate volume fraction and mass frac-

tion concentrations using the second osmotic virial coeffi-
cient, which was determined from osmotic pressure measure-
ments. The specific volume of dextran calculated using Eq.
11 is in reasonable agreement with the volume derived from
the osmotic virial coefficient values reported by Brannon and
Anderson, indicating that dextran is not swollen by solvent to
an appreciable extent under the conditions of these measure-
ments.

For PEG, the bulk-phase diffusivity was determined from a
Ž .power law relationship developed by Singh et al. 1998 from

Ž .a relationship for intrinsic viscosity Shao, 2000 . The specific
volume was then determined from this relationship and Eqs.
1 and 11.

Results
Dextran

Dextran T70 diffusion experiments were conducted using
solutions with dextran concentrations of 19.9 mgrmL, 42.2
mgrmL, and 59.6 mgrmL in 0.1 mm and 0.05 mm pore-size
membranes. Dextran T40 diffusion experiments were per-
formed using solutions with a concentration of 42.2 mgrmL
in 0.1 mm and 0.05 mm membranes.

The values of a and b determined by a data fit of the1 1
dextran concentration vs. time data are summarized in Table
3. The relationship between the first virial coefficient for the

Ž .equilibrium partition coefficient a and the dimensionless1
Ž .solute size r rr s l is shown in Figure 3. The first virials p

Ž .coefficient for the intrapore diffusivity b is plotted as a1
function of l in Figure 4. In presenting these results, the
Stokes-Einstein radius is used to describe the solute size.
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Table 3. Measured Values of a and b for Dextrans in 0.11 1
mm and 0.05 mm Membranes

UConc. rp, avg
Ž . Ž .mgrmL mm Dextran ls r rr a bs p, avg 1 1

Ž .0.0911 T70:F 1 0.072 0.28 0.28
Ž .T70:F 2 0.096 0.39 0.3619.89
Ž .0.0521 T70:F 1 0.127 0.52 0.46
Ž .T70:F 2 0.168 0.75 1.08
Ž .0.0921 T70:F 1 0.072 0.27 0.26
Ž .T70:F 2 0.095 0.37 0.30
Ž .0.0526 T70:F 1 0.125 0.50 0.45
Ž .T70:F 2 0.166 0.81 0.92
Ž .0.0526 T70:F 1 0.125 0.59 0.51
Ž .42.19 T70:F 2 0.166 0.72 1.01
Ž .0.0868 T40:F 1 0.053 0.17 0.25
Ž .T40:F 2 0.070 0.36 0.31
Ž .0.0505 T40:F 1 0.091 0.39 0.33
Ž .T40:F 2 0.121 0.47 0.47
Ž .0.0894 T70:F 1 0.074 0.27 0.26
Ž .T70:F 2 0.098 0.42 0.3059.64
Ž .0.0507 T70:F 1 0.130 0.55 0.43
Ž .T70:F 2 0.173 0.73 0.95

UAverage of pore radius determined from water permeability measure-
ments performed before and after the diffusion experiment.

For dextran, all values of a and b were found to be1 1
positive, indicating that the effective diffusion coefficient in-
creases with bulk solution concentration. The experimental
results for both a and b show internal consistency with1 1
different solution concentrations and molecular weight frac-
tions. Note, for example, the close agreement in both a and1

Ž .b values determined for the T70 F 2 fraction in the small-1
Ž .est pore membrane ls0.17 for experiments conducted at

each of the concentration levels. This internal consistency is
also illustrated by the close agreement between a and b1 1

Ž . Ž .values determined for the T70 F 1 fraction, and the T40 F 2
Ž . Ž .fraction for ls0.125 and the T70 F 2 and T40 F 1 frac-

tions with ls0.1. This consistency confirms the assumption

Figure 3. First virial coefficient for equilibrium partition-
ing for Dextran as a function of dimensionless
solute size.

Figure 4. First virial coefficient for the intrapore diffu-
sivity for Dextran as a function of dimension-
less solute size.

that the concentration dependence of both the equilibrium
partition coefficient and the intrapore diffusivity can be de-
scribed using a virial expansion in solution concentration and
supports our assumption that a q b K 2 r 3 s 0.2 2 eq, o

Polyethylene-Glycol
Diffusion experiments were conducted using PEG solu-

tions with concentrations of 18.6 mgrmL and 40.0 mgrmL
using 0.03 mm pore-size membranes. For each experiment,
a and b values were obtained by a data fit of the concen-1 1
tration vs. time data and the values are listed in Table 4.

All the values for a and b were found to be negative.1 1
Experimental values of a and b were reasonably close with1 1
different solute concentrations, although more scatter was
observed with the PEG results than was observed with the
results found for dextran.

Discussion
Dextran

In Figure 3, experimental values of a are compared to1
Ž .values predicted by Anderson and Brannon 1981 for a

hard-sphere solute with only steric solute-solute and solute-
pore wall interactions considered. It is clear that the experi-
mental values of a are smaller than those predicted by An-1
derson and Brannon for the same l. Brannon and Anderson
Ž .1982 also experimentally investigated the effect of concen-
tration on the equilibrium partition coefficient of dextran in
porous glass using a batch mass balance technique. It was
found that the measured partition coefficient increased with
bulk-phase concentration and the relationship appeared to
be linear up to 50 mgrmL. In their experiments, T40, T70,
and T500 dextrans were used, yielding systems with ls0.2
to 2.0. These dimensionless solute sizes are larger than those
used for our measurements, making it impossible to directly
compare our results to theirs. However, their measured val-
ues of a were also much smaller than the hard-sphere the-1
ory predictions. The polydispersity of the dextran samples
ranged from 1.5 to 2.7, and it was proposed that this polydis-
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Table 4. Measured Values of a and b for the PEG1 1
( ) ( )M s10,890 in 0.03 mm Membrane ls0.094w

Conc.
Ž .mgrmL a b1 1

18.6 y0.40 y0.38
40.0 y0.33 y0.35

persity was responsible for the difference between their mea-
sured values of a and those predicted for hard spheres. In1
our study, the polydispersity of the dextran and PEG was less
than 1.2. Therefore, the effects of solute polydispersity are
not expected to be significant.

Results from our previously reported study of dextran dif-
fusion at infinite dilution conditions showed that a model in-
corporating attractive van der Waals interactions between a
spherical solute and the pore wall was needed to explain the

Ž .experimental results Shao, 2000; Shao and Baltus, 2000 . In
an attempt to explain our experimental observations for a , a1
model was developed to relate a to l which includes attrac-1
tive van der Waals interactions between the solute and the
pore wall.

Following the approach presented by Anderson and Bran-
Ž .non 1981 , the model development begins with a virial ex-

pansion in bulk concentration for the single-particle distribu-
tion function in a restricted environment where the effect of
the porous medium is represented by a position-dependent
potential energy acting on each macromolecule. The key to
explaining the concentration effect on the distribution func-
tion is to appreciate the coupling between solute-solute and
solute-pore wall interactions that occurs in the relevant con-
figurational integrals appearing in an activity expansion of the
grand partition function.

One considers a system containing solute particles with ra-
dius r , which are free to exchange between the bulk ands
pore regions. The partition coefficient K is defined aseq

fp
K ' 12Ž .eq f` eq

where f is the average particle volume fraction in the porep
based on the volume accessible to the solvent, and f is the`

particle volume fraction in the bulk solution. The distribution
coefficient may be related to the single particle distribution,
also known as the time-averaged local particle volume frac-

Ž .tion within the pore f x by

f x dxŽ .H
VK s 13Ž .eq f`

where V is the volume of the pore. Positions in the pore are
denoted by x and dx is the corresponding volume element.

The single particle distribution function can be written in
Ž .virial form using configurational integrals McQuarrie, 1976

Ž .and relates f x to the potential energies in the system

f xŽ .
2sexp y E x rk T 1q b x f qO f 14w xŽ . Ž . Ž .Ž .B 1 ` `f`

The interaction energy between a single particle whose cen-
Ž . Ž .ter is at x and the pore wall is E x and the function b x1

represents the simultaneous particle-particle and particle-
Ž .pore wall interactions. The function b x can be written as1

w xb x s f f dx 15Ž . Ž .H1 1P 10 1
V

f sexp yU N xy x N rk T y1w xŽ .10 1 B

f sexp y E x rk T y1w xŽ .1P 1 B

Ž .where U N xy x N is the pair potential acting between two1
particles, one located at position x and the other at x .1

The interaction energies can have both steric and long-
range components

r ) r y rp s` steric exclusionŽ .
Es 16Ž .E r½ Ž . r - r y rp s

x -2 r` i j ssteric exclusionŽ .
Us 17Ž .U xŽ .½ x )2 ri j i j s

where x is the center-to-center distance between two parti-i j
Ž .cles and E r is the van der Waals attractive interaction en-

ergy between a particle at radial position r and the pore wall.
Ž .Bhattacharjee and Sharma 1995 have reported semi-analyti-

cal results for the van der Waals interactions between a
spherical particle and a cylindrical pore. Their results show
that, when l-0.2, the interaction energy between a sphere
and the wall of a cylindrical pore can be reasonably approxi-
mated by an expression for a sphere interacting with a flat
plate. Since l was less than 0.2 in this study, we have used
the simpler expression for a sphere interacting with a plate

Ž .that was given by Hamaker 1937

A 1 1 g
E x s q q2 ln 18Ž . Ž .½ 512 g g q1 g q1

1y b y l
g s

2l

Ž .where A is the Hamaker constant J which characterizes the
interaction between the solute and the polycarbonate mem-
brane in water and b is the dimensionless radial position of
the solute in the pore rrr . When particles are inside the pore,p
the mean particle-particle spacing is larger than in the bulk
solution. Therefore, the average long-range particle-particle
interaction energy was assumed to be much smaller than the

Ž .long-range particle-pore wall interaction energy and U xi j
was assumed to equal 0 when performing the calculation for
b .1

Ž . Ž .The function b x Eq. 15 can be separated into a steric1
contribution bŽS ., plus a long-range contribution bŽL R.

1 1

b s bŽS .q bŽL R. 19Ž .1 1 1

r ) r y r1 p sŽS .b s r dr du dz 20Ž .HHH1 1 1 1 1ž /x -2 r10 s
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r - r y r1 p sŽL R.b sy exp y E r rk T y1w x� 4Ž .HHH1 Bž /x -2 r10 s

= r dr du dz 21Ž .1 1 1 1

Ž Ž . . ŽL R.If the interactions are only steric E r s 0 , then b s0.1
Determination of bŽS . from Eq. 20 involves finding the inter-1

Žsection of a sphere of radius r centered at r the position ofs
. Ž .the base particle with a long cylinder of radius r y r cm .p s

Ž .That is, the test particle subscript 1 is moved around a large
volume V of the system, and only the volume that is simulta-
neously excluded by the base particle and the pore wall is
counted. Our calculated values of bŽS . agree with those re-1

Ž .ported by Anderson and Brannon 1981 . The long-range
contribution bŽL R. was determined by integrating Eq. 21 us-1

Ž . y21ing Eq. 18 for E r with As5.0=10 J. This value for the
Hamaker constant was determined from an appropriate aver-
age of the literature values for the individual materials in

Ž .vacuum Hiemenz and Rajagopalan, 1997; Shao, 2000 . This
value for A also provided excellent agreement between the-
ory and experiments for the dextran and PEG diffusion coef-

Žficients measured at infinite dilution conditions Shao and
.Baltus, 2000 . Values for b were then calculated using Eq.1

19.
Comparing Eq. 12 and Eq. 14, one obtains

y1 ² :a s K b x exp y E x rk T 21w xŽ . Ž . Ž .1 eq, o 1 B

where the angular bracket denotes an average over the pore
Ž .volume V. Values of b x were integrated over the pore vol-1

ume to obtain a for various values of l. The numerical in-1
tegration was performed using a Newton-Cotes algorithm,
which is an internal function in Maple V. Table 5 summa-
rizes the values of a calculated with only steric interactions1
and with long-range van der Waals attractive interactions be-
tween the solute and the pore wall. Calculated values of a1
for these two cases are also plotted in Figure 3. It is clear
that the theoretical values of a calculated with solute and1
pore wall van der Waals interactions fit the experimental data
very well.

The basic principle underlying the effect of bulk solution
concentration on the local distribution coefficient is that the
lack of spherical symmetry inside the pore, due to interac-
tions between the solute and the pore wall, causes the mean
spacing, and hence, the mean interactions between particles
within the pore to be different than in the bulk solution. Be-

Table 5. Calculated Values for a 1

a1
a Long-Range Interact.1

y21l Steric Interact. with As5.0=10 J

0.04 0.257 0.185
0.06 0.388 0.241
0.08 0.526 0.284
0.10 0.670 0.443
0.12 0.820 0.562
0.14 0.976 0.632
0.16 1.141 0.744
0.18 1.310 0.830
0.20 1.462 0.864

cause of the effect of the pore wall, the mean particle-par-
ticle spacing inside the pore is much larger than in bulk solu-
tion and, hence, the mean particle-particle interactions inside
the pore are weaker than in the bulk solution. Particle-par-
ticle interactions in the bulk solution tend to enhance the
distribution of particles towards the pore solution leading to

Ž .an increase in K as concentration increases that is, a )0 .eq 1
Long-range attractive interactions between the particle and
the pore wall tend to decrease the mean particle-particle in-
trapore spacing, leading to a values which are smaller than1
those predicted with only steric interactions.

As discussed earlier, Batchelor separated the effect of sol-
ute concentration on bulk-phase diffusion into excluded vol-

Ž .ume thermodynamic and hydrodynamic contributions. When
solutes are inside the pore, interactions between the solutes
are more complicated than in bulk solution because of the
effect of the pore wall. A comparison of the results in Figures
3 and 4 shows that the measured values of b are similar in1
value to the measured values for the thermodynamic coeffi-
cients a . This is emphasized in Figure 4 where the experi-1
mentally determined values of b are compared to the theo-1
retical predictions for a . The virial coefficient a accounts1 1
for excluded volume effects and is therefore analogous to the
thermodynamic contribution described in Batchelor’s analysis
of the effect of solute-solute interactions on bulk-phase diffu-

Ž .sion which has a value of 8 in an unbounded fluid . The fact
that our measured values of b are close in value to the mea-1
sured and predicted values of a appears to indicate that the1
excluded volume effects dominate the effect of solute con-
centration on the intrapore diffusivity. However, the situation
is clearly more complicated than this because it is obvious
that the relationship between b and l is qualitatively differ-1
ent than the dependence of a on l. A more complete and1
quantitative interpretation of our data will need to wait for
new theoretical developments which include solute-solute hy-
drodynamic interactions in small pores.

Polyethylene glycol
Negative values of a and b indicate that the effective1 1

diffusion coefficient of PEG decreases as solution concentra-
Ž .tion increases. Johansson et al. 1991 studied the diffusion of
Ž .monodisperse fractions of PEG 300- M -4,000 at differ-w

ent concentrations in k-carrageenan and also found that ef-
fective diffusion coefficients decreased with increasing PEG
concentration. The negative values of a and b may be ex-1 1
plained by considering changes in the conformation of PEG
that occur as concentration increases, a phenomenon that has
been observed by others performing different types of mea-
surements with PEG. From volumetric properties, Lepori and

Ž .Mollico 1978 indicated that the most realistic picture of the
PEG molecule in aqueous solutions is an ‘‘expanded’’ random

Ž .coil of hydrated polymer. Israelachvili 1997 found that the
properties of PEG depend on molecular weight and concen-
tration. By measuring the intrinsic viscosity of PEG in water,

Ž .Bailey and Callard 1959 concluded that the PEG polymer
chains become entangled when the PEG concentration
reached several wt. %. The PEG concentration of solutions
used in this study ranged from 2 to 5 wt. %. From light scat-
tering measurements of polyethylene oxide solutions pre-
pared using carefully purified water, Devanand and Selser
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Ž .1990 found no evidence of aggregation and argue that the
aggregation observed by others can be attributed to the effect
of low concentrations of organic impurities on the thermody-
namics of these solutions. In our experiments, the water used
in preparing our solutions was distilled and filtered through a
0.1 mm membrane. However, no efforts were made to purify
the polymer and it is quite possible that organic impurities
may have been introduced into our solutions from the poly-
mer samples. Whatever the driving force, it appears that ag-
gregation was a factor in our PEG systems, leading to an
increase in the effective Stokes-Einstein radius of the poly-
mer as solution concentration was increased. If the mean di-
mensions of PEG increase as concentration increases, the
steric limitations imposed by the pore wall also increase. This
increase in the excluded volume near the pore wall can result
in a decrease in the equilibrium partition coefficient as con-

Ž .centration increases that is, a -0 . The intrapore diffusion1
coefficient is also expected to decrease as the PEG solute
size increases, yielding negative values of b . These confor-1
mational changes can explain the apparent decrease in the
effective diffusion coefficient of PEG as concentration in-
creases.

It is important to emphasize here that the measured diffu-
sion coefficients of dextran and PEG were found to be quite
similar when measured under infinite dilution conditions
Ž .Shao, 2000; Shao and Baltus, 2000 . The fact that the con-
centration dependence of the hindered diffusion of these two
polymers is so clearly different indicates that the conforma-
tion of these two polymers is different and that this differ-
ence leads to drastically different responses to increases in
solution concentration. This comparison illustrates that one
must be cautious when predicting the behavior of one poly-
mer from measurements on another.

As noted earlier, it was assumed that a b K q a q1 1 eq, o 2
b K 2 r 3s a b K when determining values for the2 eq, o 1 1 eq, o
two first-order coefficients, a and b using Eq. 10. To jus-1 1
tify this assumption, we rely on estimates for a and b gar-2 2
nered from the literature. Values for a were estimated us-2

Ž .ing approximations presented by Post and Glandt 1985 for
a rigid, noninteracting spherical solute, values of which are
predicted to be negative. A value for b was estimated using2
the bulk solution prediction presented by Beenakker and

Ž . Ž .Mazur 1982 b s0.91 . These calculations predict that2
a b K ) a q b K 2 r3, primarily because the negative1 1 eq, o 2 2 eq, o
values of a are cancelled by the positive prediction for2
b K 2 r3. Although these predictions for a and b are un-2 eq, o 2 2
likely to be valid for our system, it is reasonable to expect
that a should be negative and b positive, leading to some2 2
level of cancellation between a and b K 2 r3. The fact2 2 eq, o
that the values for a and b show internal consistency with1 1
solutions of different concentration also provides support for
our assumption that a q b K 2 r3s0.2 2 eq, o

Conclusions
The diffusion rates of dextran and polyethylene glycol in

track-etched polycarbonate membranes were experimentally
investigated using solutions with sufficiently high concentra-
tion so that intermolecular interactions are expected to be
important. A model that expresses the concentration de-
pendence of both the equilibrium partition coefficient and

the intrapore diffusivity with a first virial expansion in con-
centration was proposed to interpret the data. For each so-
lute, experimental values of the first virial coefficient for par-
titioning and the first virial coefficient for intrapore diffusiv-
ity were found to be internally consistent with different solu-
tion concentrations and, for dextran, with molecular weight
fractions.

For dextran, measured effective diffusion coefficients were
observed to increase as solute concentration increases. Mea-
sured values of the first-order virial coefficient for equilib-
rium partitioning are smaller than those predicted for hard
spheres subject only to steric interactions with each other and
with the pore wall, but are in excellent agreement with values
predicted when attractive van der Waals interaction between
a hard sphere and the pore wall are included. The Hamaker
constant used in the calculation of the van der Waals attrac-
tive interaction was determined from literature values for the
individual materials and was consistent with the value found
to explain diffusion coefficients measured at infinite dilution
limits. The measured virial coefficient for the intrapore diffu-
sivity of dextran was similar in magnitude to the virial coeffi-
cient for equilibrium partitioning, indicating that excluded
volume effects appear to be a dominant factor on the effect
of solute concentration on intrapore transport.

For the PEG, measured effective diffusion coefficients were
observed to decrease as solute concentration increases. A
possible explanation for this observation is that at high con-
centration, there is chain entanglement resulting in an in-
crease in the effective molecular size and, hence, a decrease
in the observed diffusion coefficient.
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Notation
b sfirst interaction coefficient defined in Eq. 151

bŽS .sfirst interaction coefficient for only steric interaction de-1
fined in Eq. 20

bŽL R .sfirst interaction coefficient for long-range attractive in-1
teraction between solute and the pore wall defined in
Eq. 21

D seffective diffusion coefficient of solute in membraneeff
Ž 2 .cm rs

Ž .Esinteraction energy between solute and the pore wall J
Ž .ll slength of pore cm

nsnumber of pores
Ž .Uspair potential acting between two particles J

b sfirst virial coefficient for intrapore diffusivity defined in1
Eq. 7

Ž .b sdimensionless radial position of solute rrrp
Ž .lssolute-to-pore size ratio r rrs p

f stime-averaged local particle volume fraction in the pore
f o sinitial volume fraction of solute in the high concentra-H

tion cell
f smeasured volume fraction of each collected sampleL, meas
f svolume fraction of each collected sample predicted usingL, pred

Eq. 10
Ž .n sspecific volume of solute mLrg2
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