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Several recent studies demonstrated highly selective ion transport through multilayer
polyelectrolyte membranes. This paper examines the transport of neutral molecules through
multilayer polyelectrolyte films and shows significant size-based discrimination among
organic analytes. Simple 7-bilayer poly(styrene sulfonate) (PSS)/poly(allylamine hydrochlo-
ride) (PAH) films deposited on porous alumina exhibit a glucose/sucrose selectivity of ∼150
in both diffusion dialysis and nanofiltration. However, selectivity among smaller solutes is
fairly low (methanol/glycerol ≈ 2 and glycerol/glucose ≈ 8). Because inorganic ions are
generally smaller than glycerol, these results suggest that size-based selectivity in ion
transport through PSS/PAH films is minimal. High selectivity in nanofiltration by PSS/
PAH membranes is accompanied by relatively high solute rejections. For example, 7-bilayer
PSS/PAH membranes exhibit a methanol rejection of 70% and a sucrose rejection of >99.9%.
Although such high rejections will preclude the use of these membranes in sugar separations,
they will allow removal of organic pollutants from water. The high water flux through PSS/
PAH films (0.9 m3m-2d-1 at 4.8 bar) would also be important in water purification. Capping
PSS/PAH films with a few bilayers of poly(acrylic acid) (PAA)/PAH increases glycerol/glucose
diffusion-dialysis selectivity from 8 to 75. Thus, controlling film composition allows tailoring
of membrane properties. Simulations of nanofiltration and diffusion dialysis data for 7-bilayer
PSS/PAH membranes suggest that these films have pores with radii of 0.4-0.5 nm.

Introduction

Nanofiltration (NF) is becoming increasingly impor-
tant for separations in areas such as water purification,
treatment of pulp and paper mill effluents, fractionation/
purification of protein, cheese-whey desalting, and
sulfate removal from oil-well injection water.1 The
separation mechanism in NF can involve both steric
(sieving) and electrical (Donnan) effects, and the ad-
vantage of NF over reverse osmosis (RO) is operation
at moderate pressure with a relatively high flux.
However, analytes separated by NF are generally larger
than those separated by RO.

The key to further enhancing the utility of NF is the
development of membranes that exhibit high flux and
selectivity as well as durability and resistance to foul-
ing.2,3 Synthesis of such membranes typically requires
formation of an ultrathin, defect-free film on a highly
permeable support.4-8 The support affords mechanical

stability while the dense membrane “skin” provides
selectivity. Although the skin is much less permeable
than the support, its minimal thickness still allows high
flux.

Several recent studies suggest that alternating ad-
sorption of polycations and polyanions is a promising
method for fabrication of selective, ultrathin membrane
skins on porous supports.9-16 The films prepared by this
method are attractive materials for membrane skins for
several reasons. First, their minimal thickness should
allow high fluxes.17 Film thickness can be controlled on
the nanometer scale simply by varying the number of
deposited bilayers. Second, nearly any polyelectrolyte
can form these films, and thus one can easily tune a
separation through proper selection of film con-
stituents.18-25 In addition, variation of deposition condi-
tions such as solution pH 26-28 and supporting electro-
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lyte concentration 29-32 also allows optimization of film
properties. Finally, recent studies suggest that some
polyelectrolyte films resist cell growth and protein
adhesion and thus may be somewhat resistant to
fouling.33-37

Multilayer polyelectrolyte membranes (MPMs) are
especially attractive for separating ions with different
valences.13,14,38 Krasemann and Tieke demonstrated Cl-/
SO4

2- selectivity as high as 45 using poly(allylamine
hydrochloride) (PAH)/poly(styrene sulfonate) (PSS) films
and suggested that selectivity is due to greater Donnan
exclusion of the divalent SO4

2-.13 Farhat and Schlenoff
showed that diffusion through multilayer polyelectrolyte
films on electrodes depends on analyte charge,39,40 and
we recently reported enhancement of the ion-transport
selectivity of MPMs through cross-linking, hybridiza-
tion, and control over charge density.41-44 Preliminary
simulations suggest that both selective diffusion and
Donnan exclusion play a role in effecting selectivity.

The main objective of this work is to better under-
stand transport through multilayered polyelectrolyte
films by studying the movement of various neutral
molecules across MPMs. The use of neutral analytes
eliminates Donnan effects and allows us to focus exclu-
sively on size-based selectivity. In addition to providing
fundamental insight, neutral molecule studies will be
important for potential applications of MPMs such as
controlled release,45-50 water purification,51,52 and salt/

sugar separations.53,54 We chose to investigate transport
of methanol, glycerol, glucose, and sucrose because these
molecules differ in size (Table 1) and yet have similar
functional groups and hydrophilicities.55,56 Diffusion
dialysis studies with these molecules show that MPMs
can exhibit very high size-based selectivities (glucose/
sucrose selectivity reaches 150) that depend on mem-
brane composition. Selectivities are maintained in high-
flux NF, but rejections are also high. Even with the
smallest molecule, methanol, rejection by PSS/PAH
films is 70%, i.e., the permeate concentration is 30% of
that in the feed. These high rejections suggest that PSS/
PAH membranes may be useful in removal of organic
pollutants from water.

Experimental Section

Materials. Poly(styrene sulfonate) (PSS, Aldrich, Mw )
70 000), poly(allylamine hydrochloride) (PAH, Aldrich, Mw )
70 000), poly(acrylic acid) (PAA, Mw ) 90 000, 25 wt % solution,
Alfa Aesar), MnCl2 (Mallinckrodt), NaBr (Aldrich), NaCl
(Mallinckrodt), methanol (CCI, ACS grade, anhydrous), glyc-
erol (CCI, ACS grade, anhydrous), glucose (Aldrich), and
sucrose (Aldrich) were used as received. The porous alumina
supports (Anodisc 0.02-µm membrane filters) were purchased
from Whatman and subjected to UV/O3 cleaning (Boekel UV-
Clean model 135500) for 15 min before film deposition.
Deionized water (Milli-Q, 18.2 ΜΩcm) was used for rinsing
and preparation of the polyelectrolyte solutions. The pH of
polyelectrolyte solutions was adjusted with dilute NaOH or
HCl.

Film Deposition. A cleaned porous alumina support was
first placed in an O-ring holder so that only the top of the
substrate would be exposed to polyelectrolyte solutions. Poly-
electrolyte deposition began with immersion of the alumina
support in 0.02 M PSS (pH 2.1, 0.5 M MnCl2) for 2 min
(polymer concentrations are always given with respect to the
repeating unit.) The substrate was rinsed with deionized water
for 1 min before a 5-min immersion in 0.02 M PAH (pH 2.3,
0.5 M NaBr for PSS/PAH layers and pH 4.5, 0.5 M NaCl for
PAA/PAH layers) and subsequent rinsing. Additional bilayers
were deposited similarly. Supporting electrolytes and pH
values were chosen to follow literature procedures.28,58 Capped
films were synthesized through deposition of a 5-bilayer PSS/
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Table 1. Molecular Weights, Diffusion Coefficients (D),
and Stokes’ Radii (rs) of Several Neutral Solutes55,57

solute MW D (m2s-1 × 10-9) rs (nm)

methanol 32 1.56 0.157
glycerol 92 0.95 0.260
glucose 180 0.69 0.355
sucrose 342 0.52 0.471

352 Chem. Mater., Vol. 16, No. 2, 2004 Liu and Bruening



PAH film followed by deposition of PAA/PAH. The PAA
deposition step involved a 5-min immersion in 0.02 M PAA
(pH 4.5, 0.5 M NaCl). Films were dried with N2 only after
deposition of all layers.

Transport Studies. A home-built dialysis apparatus was
used to study the transport of neutral molecules. The ap-
paratus consisted of two glass cells (100 mL) connected by a
2.5-cm-long neck in which the membrane was sandwiched
between the feed and permeate sides. The exposed membrane
area was 2.3 cm2, and both feed and permeate sides were
stirred vigorously to minimize concentration polarization at
the membrane interface. (Increasing the stirring speed does
not enhance transport, suggesting that boundary layers in
solution do not significantly affect flux. This probably stems
from the fact that the porous alumina support is 60 µm thick,
so resistance to mass transport in the support is much larger
than that in the boundary layers.) The permeate side was
initially filled with deionized water, and the feed side contained
0.2 M methanol and 0.005 M glycerol, 0.005 M glycerol and
0.005 M glucose, or 0.005 M glucose and 0.05 M sucrose. Feed
concentrations were chosen on the basis of fluxes and analysis
limitations for each analyte. (Experiments with uncoated
porous alumina employed lower analyte concentrations to
avoid dilution prior to analysis: 0.1 M methanol, 0.0005 M
glycerol, 0.0005 M glucose, and 0.0005 M sucrose.) Flux values
were normalized by dividing them by the concentration in the
feed side.

NF was performed using a cross-flow apparatus described
previously.59 The system was pressurized with Ar to 70 psi,
and a centrifugal pump circulated the analyte solution through
the system and across the membrane. The volume of the feed
solution (2 L) was about 30× greater than that of the total
permeate, so the feed composition (0.002 M methanol and
0.0001 M glycerol; or 0.0001 M glycerol, 0.0002 M glucose, and
0.005 M sucrose; or 0.0001 M glycerol, 0.0002 M glucose, and
0.025 M sucrose) was essentially constant. To avoid concentra-
tion polarization, the flow rate across the membrane was kept
at 18 mL/min and monitored by a flowmeter located between
the pump and membrane cell. The membrane area exposed
to the analyte solution was 1.5 cm2, and permeate was collected
with a graduated cylinder after a 10-h equilibration period.
Aliquots were taken at 30-min intervals for 1.5 h after the
equilibration period, and no significant change in permeate
composition was observed after an additional 6 h of NF.

Methanol was analyzed by gas chromatography (Shimadzu,
GC-17A, Version 3) using a 30-m-long capillary column
(Restek, RTX-BAC1, i.d. 0.53 mm, film thickness 3 µm).
Glycerol, glucose, and sucrose were analyzed by liquid chro-
matography (Dionex, DX-600, CarbonPac PA-10 column, 100
mM NaOH eluent) coupled with integrated amperometric
detection (Dionex, ED-50).

Results and Discussion

Diffusion Dialysis through PSS/PAH Membranes.
To examine the selectivity of PSS/PAH films, we initially
employed diffusion dialysis. In these experiments, a
porous alumina substrate separates a permeate phase
(initially deionized water) from an aqueous source phase
that contains the analytes of interest. By monitoring
analyte concentrations in the permeate phase as a
function of time, one can measure the rate of transport
across the membrane. Because analyte concentrations
in the permeate phase are negligible compared to those
in the source phase, the concentration gradients across
the membrane are essentially constant, and permeate-
phase concentrations increase linearly with time.

Figure 1 shows permeate-phase concentration as a
function of time for the diffusion of glycerol, glucose, and
sucrose through porous alumina coated with a 7-bilayer
PSS/PAH film. Glycerol transport is about 8 times faster
than glucose transport, and, remarkably, the flux of
glucose across the membrane is 150-fold greater than
that of sucrose (see Table 2). Corresponding selectivities
for bare porous alumina are <1.5. As all of these
analytes are neutral and hydrophilic, selectivity must
be based primarily on size.

In ion transport through PSS/PAH films, terminating
a membrane with PAH rather than PSS gives a 2-fold
increase in the flux of SO4

2- and Ni(CN)4
2- but has little

effect on Cl- transport.14 In contrast, the flux of sucrose
decreases 2-fold on going from a 6.5-bilayer ([PSS/
PAH]6PSS) to a 7-bilayer ([PSS/PAH]7) film (Table 2),
and the fluxes of glycerol and glucose also decrease
slightly (∼20%). The significant decrease in sucrose flux
probably results from a tighter surface packing when
the top layer is PAH.59 Recent NMR studies also show
that the composition of the top layer of a polyelectrolyte
film affects the mobility of water within the film.60

Polymer packing should have little effect on the trans-
port of SO4

2- and Ni(CN)4
2- because the Stokes’ radii

of these molecules are less than that of glycerol.61 Thus,
in the transport of divalent anions, changes in Donnan
exclusion are the primary result of changing the surface
layer to a polycation, and flux increases when terminat-
ing films with PAH. In contrast, with neutral molecules
Donnan exclusion is not operative, and addition of a
PAH layer yields a decrease in flux due to tighter
packing and/or a thicker membrane.

Diffusion Dialysis through Hybrid PSS/PAH/
PAA Membranes. Simple PSS/PAH membranes are
highly selective for glucose over sucrose, but the selec-
tivity for glycerol over glucose is fairly low. Our previous
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2- should have a similar radius.41

Figure 1. Normalized permeate-phase concentrations of
glycerol (squares), glucose (triangles), and sucrose (diamonds)
as a function of time in diffusion dialysis through a 7-bilayer
PSS/PAH membrane. The inset shows an expanded view for
glucose and sucrose. Concentrations were normalized by
dividing by the source-phase concentration, and data are from
experiments using feed solutions containing 0.005 M glycerol
and 0.005 M glucose or 0.005 M glucose and 0.05 M sucrose.
Glucose flux was similar for both feed solutions.
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work showed that capping of a 5-bilayer PSS/PAH
precursor film with 1.5 bilayers of PAA/PAH yields
dramatic increases in Cl-/SO4

2-selectivity without greatly
hindering Cl- flux, so we attempted to use this strategy
to enhance selectivity in neutral molecule transport. The
flux of glycerol through 5 bilayers of PSS/PAH capped
with 1.5 bilayers of PAA/PAH is about one-third of that
through 6.5-bilayer PSS/PAH films, but glucose flux is
30-fold lower through the capped films. Thus, the overall
glycerol/glucose selectivity increases from 6.4 to 75 when
using the capping layers (Table 2). With films capped
with 1.5 bilayers of PAA/PAH, the concentration of
sucrose in the permeate is below the detection limit of
our analysis (∼2 × 10-7 M), and thus, we can only
establish a minimum glucose/sucrose selectivity, which
is 200.

Methanol/glycerol selectivity with [PSS/PAH]5 [PAA/
PAH]PAA films (3.5) is significantly less than that for
glycerol over glucose, indicating that the pores in capped
membranes are still too large to effectively separate
small molecules. This again suggests that the high
selectivity in previous ion-transport studies was prima-
rily due to electrostatic effects. The Cl-/SO4

2- selectivity
of [PSS/PAH]5[PAA/PAH]PAA films is 70,41 even though
SO4

2- has a smaller Stokes’ radius (0.23 nm) than
glycerol.

The selectivity of capped membranes decreases dra-
matically when the polyelectrolyte films terminate in
PAH rather than PAA (Table 2). Upon going from a 1.5-
bilayer to a 2-bilayer PAA/PAH cap, glycerol/glucose
selectivity decreases from 75 to 10, and methanol/
glycerol selectivity decreases from 3.5 to 2.4. Presum-
ably, the film with PAA as the terminal layer has a
tighter structure than the film with PAH as the top
layer. (This trend is opposite to that for PAH and PSS

and may reflect the fact that carboxylates are less
hydrated than sulfonates.62) Although selectivity among
small molecules decreases when capped films terminate
with PAH, such membranes still exhibit a selectivity of
130 for glucose over sucrose, and glucose flux through
[PSS/PAH]5[PAA/PAH]2 films is 15-fold greater than
that with a 1.5-bilayer PAA/PAH capping layer. Such
wide variations in transport properties should be ben-
eficial for developing membranes for specific applica-
tions.

Nanofiltration with PSS/PAH Membranes. Table
3 shows percent rejection values, selectivities, and water
fluxes (in m3m-2d-1) from NF experiments with 6.5- and
7-bilayer PSS/PAH membranes and solutions containing
several neutral molecules. Percent rejection is defined
by eq 1

where Cfeed is the concentration in the feed and Cperm is
the concentration in the permeate.

Water flux through these films is 20-60% lower than
that in our previously published results with 4.5- or
5-bilayer PSS/PAH membranes,59 presumably because
of the greater thickness of 6.5- and 7-bilayer films.
However, water fluxes are still similar to those of
commercial NF membranes.63,64

PSS/PAH membranes show impressive NF selectivi-
ties that correlate well with results from diffusion
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Table 2. Normalized Fluxes (mol cm-2 s-1/M) and Selectivities in Diffusion Dialysis through Bare Porous Alumina and
Alumina Coated with Polyelectrolyte Filmsa

film composition methanol flux glycerol flux glucose flux sucrose flux
methanol/
glycerol

glycerol/
glucose

glucose/
sucrose

bare 3.6 × 10-7 2.6 × 10-7 1.8 × 10-7 1.3 × 10-7 1.36 1.45b 1.35
(6 × 10-9) (8 × 10-9) (1 × 10-8) (1 × 10-8) (0.05) (0.11) (0.02)

[PSS/PAH]6PSS 3.5 × 10-7 2.1 × 10-7 2.7 × 10-8 3.4 × 10-10 1.96 6.4 80
(4 × 10-8) (5 × 10-9) (2 × 10-9) (5 × 10-11) (0.05) (0.4) (7)

[PSS/PAH]7 3.0 × 10-7 1.7 × 10-7 2.2 × 10-8 1.5 × 10-10 2.0 7.8 150
(1 × 10-8) (5 × 10-9) (2 × 10-9) (4 × 10-11) (0.1) (0.9) (40)

[PSS/PAH]5 2.4 × 10-7 7.3 × 10-8 9.1 × 10-10 <4.5 × 10-12 3.5 75 >200
[PAA/PAH]PAA (2 × 10-8) (6 × 10-9) (3 × 10-11) (0.6) (20)

[PSS/PAH]5 2.8 × 10-7 1.3 × 10-7 1.4 × 10-8 1.0 × 10-10 2.35 10.2 133
[PAA/PAH]2 (5 × 10-9) (2 × 10-8) (7 × 10-10) (6 × 10-12) (0.03) (0.3) (6)

a The values in parentheses represent the standard deviations of at least three measurements. b In this case, the selectivity was obtained
by dividing the flux of glycerol (from the experiment with methanol/glycerol as the feed solution) by the flux of glucose (from the experiment
with glucose and sucrose as the feed solution). In all other cases, analytes were examined competitively in the same solution, and selectivity
values are an average of the selectivities in three experiments.

Table 3. Percent Rejections, Water Fluxes (in m3m-2d-1), and Selectivities from NF Experiments with Multilayer
Polyelectrolyte Membranes and Solutions Containing Several Neutral Molecules

film composition methanol glycerol glucose sucrose water flux glycerol/glucose glucose/sucrose

[PSS/PAH]6PSS 90.7 ( 0.4a 97.4 ( 0.6a 99.96 ( 0.01a 0.89 ( 0.05a 3.7 ( 0.7a 68 ( 5a

[PSS/PAH]7 87 ( 3a 98.3 ( 0.2a >99.99a 0.90 ( 0.08a 7.7 ( 0.9a >100a

97.4 ( 0.4b 99.1 ( 0.2b 99.99 ( 0.01b 0.70 ( 0b 2.8 ( 0.4b 144 ( 31b

70 ( 5c 88 ( 2c 0.9 ( 0.1c

a Experiment conducted with a feed solution containing 0.0001 M glycerol, 0.0002 M glucose, and 0.005 M sucrose. With 7-bilayer
films, sucrose concentration in the permeate was near the instrument detection limit. b Experiment conducted with a feed solution containing
0.0001 M glycerol, 0.0002 M glucose, and 0.025 M sucrose. c Experiment conducted with a feed solution containing 0.002 M methanol and
0.0001 M glycerol. Methanol/glycerol selectivity was 2.6 ( 0.9.

% rejection ) (1 -
Cperm

Cfeed
) × 100% (1)
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dialysis. In NF, selectivities are calculated according to
eq 2

where R1 and R2 represent percent rejections of two
different compounds. Glucose/sucrose selectivities for
6.5-bilayer and 7-bilayer PSS/PAH membranes are 70
and 140, respectively, and the corresponding values in
diffusion dialysis are 80 and 150. Methanol/glycerol and
glycerol/glucose selectivities are also similar to those
determined in diffusion dialysis. Compared to 7-bilayer
PSS/PAH, 6.5-bilayer PSS/PAH membranes exhibit
lower selectivities for both glycerol/glucose and glucose/
sucrose. However, water fluxes through 7-bilayer and
6.5-bilayer films are about the same. If the higher
selectivities of 7-bilayer films were due to tighter surface
packing, we would expect to see a slightly lower water
flux with these films. A small difference in water flux
could, however, be obscured by the experimental error
in our measurements.

Despite high selectivities, PSS/PAH membranes will
probably not be useful for the separation of small
organic molecules because of their high rejection values.
As shown in Table 3, with 7-bilayer PSS/PAH mem-
branes, methanol, glycerol, glucose and sucrose rejec-
tions are 70, 88, 98.3, and 99.99%, respectively. Never-
theless, these high rejections could be very beneficial
in salt/sugar separations or removal of organic pollut-
ants from water.54 In the former case, rejection of sugars
and high passage of salts should allow selective con-
centration of oligosaccharides.

The high rejection of sucrose resulted in permeate
concentrations near the detection limit of our chromato-
graph. Because of this, we performed NF with a glycerol/
glucose/sucrose solution that contained 0.025 M sucrose
rather than 0.005 M sucrose (Table 3). Rejection of both
glycerol and glucose increased with the higher sucrose
concentration, presumably because sucrose blocked
pores at the membrane surface. A decrease in water flux
also suggests the presence of adsorbed sucrose, although
increased osmotic pressure (9 psi) due to the higher
sucrose concentration probably accounts for much of the
flux reduction. Sucrose rejection was similar for 0.025
and 0.005 M feed solutions, but rejection was very high
in both cases.

Theory for Modeling of Transport. Figure 2 shows
schematically the concentration profile of a solute
diffusing through a multilayer polyelectrolyte/porous
alumina membrane. To model diffusion dialysis through
such a membrane, we utilized Fick’s first law (eq 3) in
both the alumina and the polyelectrolyte film.

In this equation, ji represents solute flux, Di is the solute
diffusion coefficient in a particular medium, and dci/
dx is the concentration gradient. Because flux is at
steady state (see Figure 1 for evidence of steady-state
transport), Fick’s law can be rewritten as

where ∆x is the thickness of either the porous alumina
or the polyelectrolyte film and ∆ci represents the total
drop in concentration within either layer. There are also
concentration changes at the alumina/polyelectrolyte
and polyelectrolyte/feed interfaces due to partitioning
into the MPM. (Because the pores in the alumina are
large (20-200 nm), there should be no concentration
change at the alumina/permeate interface.) With the
assumption that the polyelectrolyte film behaves like
an assembly of small cylindrical pores,65-68 eq 5 de-
scribes the relationship between the concentration at
the surface of the polyelectrolyte film, c4, and the
concentration in the feed, c5 (Figure 2). The partition
coefficient, Φ, is a function of λ, the ratio of Stokes’
radius to pore radius. A similar relationship should exist
at the polyelectrolyte/alumina (c3/c2) interface.

Assuming that the concentration in the permeate phase,
c1, is negligible compared to c2, we can calculate c2 from
the experimental flux value using eq 6. We obtained D1,
the diffusion coefficient in the porous alumina, from
diffusion dialysis data with a bare porous alumina
support, and ∆x1 is thickness of the alumina (∼60 µm).

For transport through the polyelectrolyte film, sub-
stitution of eqs 5 and 6 into eq 4, plus rearrangement,
yields the expression for flux in eq 7.

However, D2, the diffusion coefficient in the MPM, is a

Figure 2. Schematic diagram of the analyte concentration
profile in a membrane composed of a polyelectrolyte film on a
porous alumina support: ∆x1, thickness of the porous support;
∆x2, thickness of the polyelectrolyte film; c1, analyte concentra-
tion in the permeate; c2, analyte concentration in the alumina
support at the support-film interface; c3, analyte concentration
in the film at the support-film interface; c4, analyte concen-
tration in the film at the film-solution interface; c5, analyte
concentration in the feed.
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function of the hindrance factor for diffusion in small
pores, Ki,d, the film porosity, ε, and the diffusion coef-
ficient in free solution, Dinf, as shown in eq 8.55

Using correlations for Ki,d as a function of λ (see
below), one can write the flux ji through the MPM in
terms of two variables, λ and ε. To estimate film
porosity, we utilized measurements of water flux in NF.
Assuming that all the pores in a film have the same
radii, volume flux in NF can be described by eq 9

where Jv is the volume flux, r is the pore radius, ∆P is
the pressure drop across the film, η is the solvent
viscosity, and τ is the pore tortuosity. (For straight
cylindrical pores, the tortuosity is equal to unity.) With
water-flux data from NF and solute-flux data from
diffusion dialysis, eqs 7 (with substitution of eq 8) and
9 can be solved iteratively for r and ε if the radius of
the solute is known. In our actual calculation of r, we
first assumed a value of r and calculated ε from eq 9
and D2 from eq 8 and the correlations given below for
Ki,d. Finally, we calculated flux from eq 7. We optimized
the value assumed for r to minimize the sum of least
squares of percent error in the fluxes of methanol,
glycerol, glucose, and sucrose.

In the case of NF, the expression for solute flux
contains both diffusive and convective terms. The treat-
ment that we followed to simulate transport is similar
to that developed by Bowen et al.55 Addition of convec-
tion to Fick’s law yields eq 10, where Jv is the volume
flux of the solvent.

The hindered nature of convection and diffusion inside
membrane pores is accounted for by Ki,c, the hindrance
factor for convection, and Ki,d (eq 8 for D2), the hindrance
factor for diffusion, which are functions of λ. If one
assumes a homogeneous velocity across very small
membrane pores, Ki,d and Ki,c are respectively equivalent
to K-1(λ,0), the enhanced drag coefficient, and G(λ,0),
the lag coefficient.55,67 Bungay and Brenner fitted the
enhanced drag and lag coefficients to eqs 11 and 12.69,70

Other correlations for drag and lag coefficients gave
similar results in our simulations.55,69

Integration of eq 10 over the polyelectrolyte film with
the boundary conditions listed in eq 13 (ci,f and ci,p are
the solute concentrations in the feed and permeate,
respectively) yields the expression for rejection, R, in
eq 14. In this equation, the Peclet number, Pem is
defined as shown in eq 15.

Eqs 14 and 15 provide an expression for rejection as a
function of λ and ε.

In the actual procedure for determining the porosity
and pore radius from NF data, we first assumed a value
for pore size and calculated porosity from eq 8 and the
hindrance factors for both diffusion and convection using
eqs 10 and 11. Subsequently, we calculated rejection
with eq 13. Iterations on this procedure yielded a best-
fit pore radius through minimization of the sum of least
squares for the percent error in (1 - rejection) for
methanol, glycerol, and glucose.

We note that for cross-flow NF, we assumed partition
equilibrium only at the feed-side interface. The poly-
electrolyte/alumina interface is not stirred so we as-
sumed that the concentration on the alumina side of
this interface is the same as the concentration in the
polyelectrolyte. We also neglected mass-transport re-
sistance due to the alumina support. This is an ap-
propriate assumption in NF because water flux through
bare alumina is >100 times larger than flux through
PSS/PAH-coated alumina. In diffusion dialysis, how-
ever, the alumina support provides a significant resis-
tance to mass transport.

Determination of Effective Pore Sizes. The mod-
els described above allow estimation of effective pore
sizes in polyelectrolyte films, and these parameters will
be important for prediction of selectivity and flux in
specific separations. Table 4 shows simulated fluxes for
diffusion dialysis and the important variables used to
calculate these fluxes. Minimization of the percent error
in the fluxes of the different solutes gave an effective
pore radius of 0.53 nm and a porosity of 1.8%. (Note
that porosity is low because we assumed a tortuosity of
1, and calculated porosity is directly proportional to the
value assumed for tortuosity. Neutron reflectivity ex-
periments suggest that multilayer polyelectrolyte films
contain 40% water, so we would expect a much higher
porosity.31) Calculated fluxes of all four solutes were
within at least 32% of the measured values. However,
effective pore size depends greatly on the value of Dinf
chosen for the calculation. We utilized the effective

(65) Wang, X. L.; Tsuru, T.; Togou, M.; Nakao, S.; Kimura, S. J.
Chem. Eng. Jpn. 1995, 28, 186-192.

(66) Wang, X. L.; Tsuru, T.; Togou, M.; Nakao, S.; Kimura, S. J.
Membr. Sci. 1997, 135, 19-32.

(67) Bowen, W. R.; Mukhtar, H. J. Membr. Sci. 1996, 112, 263-
274.

(68) Nakao, S.; Kimura, S. J. Chem. Eng. Jpn 1982, 15, 200-205.
(69) Deen, W. M. AIChE J. 1987, 33, 1409-1425.
(70) Bungay, P. M.; Brenner, H. Int. J. Multiphase Flow 1973, 1,

25-56.
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diffusion coefficient (uncorrected for porosity) in porous
alumina as the value of Dinf. If we correct this value for
the alumina porosity determined from NF experiments
(21%), the calculated pore size in the polyelectrolyte film
decreases to 0.45 nm and porosity increases to 2.5%.71

We utilized the uncorrected value for the diffusion
coefficient because we thought that diffusion through
the film would not occur to nonporous areas of the
alumina surface. (This assumption implies that lateral
diffusion at the polyelectrolyte/alumina interface is
insignificant.) The calculated diffusion coefficient, D2,
for sucrose (MW ) 342) is similar to that measured by
Ibarz et al. for fluorescein (MW ) 332) diffusion through
annealed polyelectrolyte capsules.72

Simulation of NF (Table 5) resulted in a pore size of
0.42 nm and a porosity of 2.8%. Calculated rejections
were within 12% of measured values, which is fairly
remarkable considering the simplicity of the transport
model. The simulations assume a uniform pore size,
while, in fact, there is certainly a distribution of pore
sizes that results from the complicated packing of the
polymers. Additionally, pores need not be cylindrical,
and the radius of a single pore may not be homogeneous.
Thus, effective pore sizes are only rough approxima-
tions. This may explain why a small amount of sucrose
passes through the membrane even though its Stokes’
radius is larger than the effective pore radius. Still, the
simulations model the data well, and the agreement
between nanofiltration and diffusion dialysis simula-
tions is quite good. Additionally, the effective pore sizes
should allow estimation of the rejections of other solutes.
The calculated pore size in NF is only 0.1 nm less than
the value from diffusion dialysis, and this small differ-
ence may reflect the approximate nature of the simula-

tions or the choice of diffusion coefficient in the diffusion
dialysis calculation. Compaction due to the pressure
applied in NF could also decrease pore sizes.

Effective pore sizes are consistent with the fact that
the approximate molecular weight cutoff (90% rejection
in NF) of these membranes is around 92, the molecular
weight of glycerol. The Stokes’ radius of glycerol is 0.26
nm, and molecules larger than this should be highly
rejected from the membrane, primarily due to the
partition coefficient, which is a function of the ratio of
Stokes’ radius to pore radius (eq 5). In fact, the NF
model suggests that partitioning is the primary factor
behind selectivity with the molecules examined, al-
though there is a small effect from hindered convection.
(Diffusion is not a major source of transport in the
nanofiltration studies, so differences in diffusion co-
efficients have little effect on selectivity.)

One of the reasons for performing this work was to
determine if there was a size-based selectivity in ion
separations, e.g., Cl- and SO4

2-. Because the Stokes’
radii of these ions are significantly less than the pore
radius, size selectivity should be <2 with PSS/PAH
membranes. However, other polyelectrolyte systems
may pack more tightly and allow for size discrimination
among small ions. Additionally, electrostatic interac-
tions between ions and polyelectrolytes can result in
selective diffusion, as shown by Farhat and Schle-
noff.39,40 Our future work aims at controlling pore size
in MPMs by carefully selecting constituent polyelectro-
lytes.

Conclusions

MPMs are highly selective for neutral molecules in
both diffusion dialysis and NF. These membranes
demonstrate glucose/sucrose selectivities as high as 150,
and size exclusion is the main factor behind such
selectivities. Modeling of solute and solvent fluxes as
well as rejection values suggests that PSS/PAH mem-
branes contain pores with radii of 0.4-0.5 nm. The high
rejections of glucose and sucrose by PSS/PAH mem-
branes along with a high water flux suggest that these
materials may be applicable in salt/sugar separations
or removal of organic pollutants from water. In contrast
to neutral molecules, however, selective transport of
small ions such as Cl- and SO4

2- through PSS/PAH
films should not be based on size because the Stokes’
radii of these ions are significantly smaller than film
pores.
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Table 4. Parameters and Fluxes (mol cm-2 s-1) Relevant to the Simulation of Diffusion Dialysis through a 7-Bilayer
PSS/PAH Membrane Assuming r ) 5.28 × 10-8 cma

λ (1 - λ)2 Dinf(cm2s-1) D2(cm2s-1) J calculated J measured

methanol 0.3 0.49 2.14 × 10-6 1.60 × 10-8 6.3 × 10-8 6.0 × 10-8

glycerol 0.49 0.26 1.57 × 10-6 4.84 × 10-9 8.0 × 10-10 8.7 × 10-10

glucose 0.67 0.11 1.08 × 10-6 9.87 × 10-10 1.5 × 10-10 1.1 × 10-10

sucrose 0.89 0.012 7.98 × 10-7 3.70 × 10-11 7.2 × 10-12 7.3 × 10-12

a A porosity of 1.8% was calculated from eq 8 using nanofiltration data at 70 psi that yielded a water flux of 0.001 cm3 cm-2 s-1. The
polyelectrolyte film thickness was assumed to be 30 nm based on ellipsometric measurements.

Table 5. Parameters and Rejections Calculated in the
Simulation of Nanofiltration with a 7-Bilayer PSS/PAH

Membrane Assuming r ) 4.2 × 10-8 cma

λ (1 - λ)2 K-1 Ki,c

calculated
% rejection

measured
% rejection

methanol 0.374 0.392 0.31 0.89 61.4 70 ( 5
glycerol 0.619 0.145 0.078 0.76 87.5 88 ( 2
glucose 0.845 0.024 0.0067 0.60 98.5 98.3 ( 0.2
sucrose >1 100 99.99 ( 0.01

a A porosity of 2.8% was calculated from eq 8 using nanofiltra-
tion data at 70 psi that yielded a water flux of 0.001 cm3cm-2s-1.
The polyelectrolyte film thickness was assumed to be 30 nm.
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