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ABSTRACT: A simple theoretical model describing the effects of pH and salt concentration on the
permeability and counterion transport number of variable permeability membranes has been presented
and validated experimentally for the case of poly(vinylidene fluoride) membranes graft modified with
poly(acrylic acid) chains by radiation-induced grafting. The model incorporates explicitly the statistical
conformations of a polyacid chain grafted onto the pore surface. The electrostatic interactions between
the bound charges in the chains are screened according to the Debye-Hückel theory. The charged
capillary model for porous membranes is then used to evaluate the permeability and counterion transport
number of the membrane. This theoretical approach is able to describe the experimental trends observed
for a range of KCl concentrations and pH values when the grafting ratios are low. In particular, the fact
that the membrane permeability changes by several orders of magnitude when the properties of the
external solution are varied can be rationalized in terms of very simple physical principles.

I. Introduction

Recent interest in chemomechanical systems1-5 and
chemical valves2,6-8 has increased significantly the
number of studies on the electromechanical properties
of polymers and polymer composites. Chemical valves
are membranes whose permeability is very sensitive to
the electrochemical environment and can thus be con-
trolled by external chemical and physical factors such
as the pH, the salt concentration, and the applied
electric field.8-13 This behavior enables the control of
water permeability and selectivity with respect to
charged species. The membranes have potential bio-
medical interest because of their biocompatibility, high
water permeability, and variable permeability to drug
molecules, which could make them suitable for implants
and controlled drug release systems. Though most of
the studies have dealt with uncharged hydrogels, such
as those used in soft contact lenses, polyelectrolyte gels
and membranes currently offer very promising
applications.11,14-16

A convenient way of preparing a variable permeability
membrane (VPM) is to modify a porous membrane by
grafting monomers possessing functional groups onto
the pore surface. The variable permeability can arise,
e.g., from the reversible protonation and deprotonation
of suitable groups of a polyacid in the membrane, which
in turn leads to the reversible contraction and extension
of the polyacid chains with the concomitant opening or
closing of the pores, as shown in Figure 1. In a previous
paper, a complete experimental characterization of poly-
(vinylidene fluoride) (PVDF) hydrophobic membranes
that were graft modified with poly(acrylic acid) (PAA)
by radiation-induced grafting was presented.17 The
resulting PVDF/PAA membranes showed a convective
permeability which changed significantly with the pH
and/or the salt concentration of the bathing aqueous
solutions. Gravimetrically determined grafting ratios
up to 85% were considered. The morphology of the
membranes was characterized with scanning electron

microscopy and the membrane electrochemical proper-
ties studied were the counterion transport number, the
ion-exchange capacity, and the electrical conductivity.17

The main purpose of this article is to propose a
theoretical model for the permeability of PVDF/PAA
membranes with low grafting ratios based on the
experimental information now available. The model is
very simple and could be applied to other VPM possess-
ing polyacid chains on their pore surface. It is developed
for a one-dimensional polyacid chain and incorporates
explicitly the entropic and energetic contributions to the
chain conformation. The electrostatic interactions be-
tween the bound charges in the PAA chains are screened
according to the Debye-Hückel theory. The charged
capillary model for porous membranes18 is used to
evaluate the permeability and counterion transport
number of the PVDF/PAA membrane. The theory can
explain most of the experimental trends observed for
the membranes with low grafting ratios when the pH
and salt concentration of the external solution are
changed.

II. Experimental Results

Part of the following experimental results were given
in ref 17. Details on the membrane preparation and
characterization as well as on the experimental proce-
dures can be found there. Here we will present new
data corresponding to the 9% grafting ratio measure-
ments and discuss all the experimental results obtained
for the membrane permeability and transport number.
Figures 2 and 3 show the dependence of the membrane
permeability on the pH and KCl concentration, respec-
tively, for different grafting ratios.17 The ionic strength
was fixed to 100 mM in Figure 2. No HCl was added to
the bathing solutions when the measurements in Figure
3 were carried out, so that the pH is ca. 5.8 due to the
equilibrium with atmospheric carbon dioxide. Fig-
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Figure 1. Schematic diagram explaining how expansion of
the PAA chains causes the pores to become smaller.
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ures 4 and 5 show the dependence of the counterion
(potassium) transport number of the PVDF/PAA mem-
branes on the KCl concentration (for no added HCl, i.e.,
pH ≈ 5.8) and grafting ratio, respectively.
It is well-known that the pKa value of PAA is about

4.19 For pH < 4, many of the carboxyl groups are not
dissociated and the PAA chains grafted onto the pore

surface collapse to increase their entropy.20 The perme-
ability is then very large and almost independent of the
pH (see Figure 2). For pH > 4, most of the carboxyl
groups are dissociated and the electrostatic repulsions
between the negative charges bound to the PAA chains
(presumably between charges along the same chain if
the grafting ratio is not too high) are very important.
The electrostatic energy can overcome now the entropic
contribution to the free energy, which leads to an
extension of the chain. This extension causes a blocking
of the membrane pores and the concomitant reduction
of the permeability (see Figures 1 and 2). When the
PAA chains are in the extended form, the salt effect is
very pronounced, since a high ionic strength solution
screens the repulsive electrostatic interactions which
causes the entropic contribution to prevail again. The
permeability then increases with the salt concentration
(see Figure 3). The final conformation of a polyacid
chain lies now somewhere between the fully extended
limit (corresponding to low salt concentration and high
pH values) and the uncharged chain (corresponding to
low pH values), so that the permeability for a given
grafting ratio should remain lower than in the low pH
case. In dilute solutions the less grafted membranes
show the higher permeabilities, but this trend is not
observed at high enough electrolyte concentrations
because the hydrophobicity of the original, ungrafted
PVDF membrane becomes more significant the more
concentrated is the solution and the less grafted is the
membrane.17 This is clearly shown in Figure 3. Except
for this effect, the grafting ratio generally influences the
permeability in the trivial way; i.e., the permeability
decreases when the grafting ratio increases.
From the above results it is clear that the charge

density in the membrane should increase with the pH
and salt concentration. However, for a fixed pH, the
charge density increases less than the salt concentration
does and this implies that the counterion transport
number decreases with the salt concentration. This
effect is shown in Figure 4. The influence of the grafting
ratio on the counterion transport number is not so clear
(see Figure 5). Increasing the grafting ratio should
increase the charge density inside the membrane (and
then the counterion transport number). However, ion-
exchange capacity measurements17 show clearly that
only a fraction of the fixed acid groups can effectively
contribute to the ion-exchange process. Although the
grafting ratios studied are relatively low, the electro-
static interactions between charges1,21,22 could be im-

Figure 2. Membrane permeability at constant ionic strength
of 100 mM as a function of pH for the grafting ratios 9% (O),
16% (0), and 38% (4).

Figure 3. Membrane permeability as a function of KCl
concentration with no added HCl (i.e., pH ≈ 5.8) for the
grafting ratio 9% (O), 16% (0), and 38% (4).

Figure 4. Potassium ion transport number as a function of
KCl concentration for different grafting ratios and no added
HCl: 8% (b); 12% (9); and 36% (2).

Figure 5. Potassium ion transport number as a function of
grafting ratio for different KCl concentrations and no added
HCl: 20 mM (b); 50 mM (9); 100 mM (2).
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portant, especially for those fixed groups adjacent to the
hydrophobic PVDF surface. (Note that this surface is
expected to have a very low electrical permittivity.) This
saturation effect in the fixed charge density, together
with a possible decrease of the ionic mobility with the
grafting ratio, could explain why the counterion trans-
port number first increases with the grafting ratio but
reaches finally a nearly constant value at high enough
(ca. 40%) grafting ratios.
Cooperative phenomena23 between the units compos-

ing a polyacid chain can also be important here. At low
charge density, the entropic contribution dominates and
the chain adopts a random coil conformation. Increas-
ing the charge density leads to an increase in the chain
length due to electrostatic repulsion and the effect of
the solvent (i.e., hydration of the chain increases when
the acid groups are charged). Eventually, a minor
increase in charge density will lead to a significant
extension of the chain because electrostatic repulsion
makes it difficult to accommodate additional charged
groups in the random coiled form. Having a few
charged units in the extended form can force a number
of other units in the chain to change also to the extended
form. The theory presented in the next section accounts
for this cooperative phenomenon and explains the
trends observed experimentally in membranes with low
grafting ratios. However, important questions like the
possibility of gel formation17 and phase transitions24 as
well as the hysteresis properties of the chain length19
have been left out of the theory. In particular, the
minimum observed in the permeability with changing
pH at higher grafting values (see Figure 2 here as well
as Figure 5 of ref 17) cannot be properly explained at
this preliminary stage. This minimum might be due
to two opposite trends. On the one hand, an increase
in the pH values causes a decrease in the membrane
permeability due to the expansion of the PAA chains.
On the other hand, the PAA chains can bind water
molecules when ionized, which renders the membrane
pore more hydrophilic. This latter effect acts to increase
the permeability and is more noticeable for the higher
grafting ratios, since in this case the PAA chains fill
almost all of the pore. Note, finally, that the minimum
is very marked for the higher grafting ratios (see Figure
5 of ref 17), which could suggest that interactions
between the PAA chains grafted onto the pore surface
become important in this case.17

III. Theory

III.1. Random Coiling and Stretching of a Single
PAAChain. We present here a simple model to explain
the experimental trends observed. The model is based
on the random coiling and stretching of a single PAA
chain and does not include explicitly the effect of the
grafting ratio. Accordingly, the first problem we exam-
ine is the evaluation of the chain length of a one-
dimensional polyacid consisting of N units. Each unit
carries a functional group and can be in one of the three
following states: an uncharged state 0 corresponding
to the (shortest) length l0, a “short” charged state 1 of
length l1 > l0, and a “long” charged state 2 of length l2
> l1. The first two states are preferred for entropic
reasons: the short length in this one-dimensional model
corresponds to a random coiled unit in the three-
dimensional case, and random coiling arises because the
configurational entropy of a polymer chain with a small
end-to-end distance is much greater than that of the
same chain with a large end-to-end distance.20 The

difference between l0 and l1 is assumed to be due to the
higher hydration of the charged unit. It has been found
that the degree of ionization is a principal factor in
determining the hydration of PAA networks.25 The long
state 2 is the less favorable one from the point of view
of entropy, but it could be preferred to the short state 1
when the electrostatic repulsion effects become domi-
nant, since a larger distance between charges in the
chain reduces its electrostatic energy. Note that it is
the extension of the individual PAA chains rather than
the swelling17,26 of the PVDFmatrix supporting the PAA
chains which is assumed to be responsible for the
behavior observed experimentally. Likewise, we con-
sider that it is the pore-filling PAA chains, and not those
chains grafted on the outer membrane surfaces, which
dictate the membrane properties, at least for not too
high grafting ratios. The PVDF matrix has a high
porosity (ca. 75%), which facilitates diffusion of the
acrylic acid and grafting of the membrane along the
pore.17
In order to keep the model reasonably simple, we

consider the partition function27 q(T) of a unit in state
0 to be equal to that of state 1 but greater than that of
state 2, q2(T). Also, we take q2 as the reference value
(q2 ) 1). This accounts properly for the entropic
contribution.27 Next, we use a mean-field approxima-
tion21,27 for the electrostatic interaction between nearest-
neighbor charged units. And, finally, the number of
configurations composed of charged units in states 1 and
2 is taken as the number of configurations possible for
n0 uncharged units out of the total number N of units
composing the chain. The one-dimensional partition
function Q of the chain takes then the form

where ni is the number of units in state i, ωij is the
interaction energy between neighboring charged units
in states i and j, k is the Boltzmann constant, and T is
the absolute temperature. Note that N ) n0 + n1 + n2.
The interaction energies are modeled as in the

Debye-Hückel theory, where the ratio of screened
electrostatic energy to the thermal energy is given
by21,22,28

where e is the electron charge, ε0 is the vacuum
permittivity, εr is the dielectric constant of the solvent
(εr ) 79 in the case of water), aij is the effective distance
for interaction between units in states i and j, and

is the Debye length of the electrolyte solution. In eq 3,
NA is Avogadro’s number and c is the molar concentra-
tion of the electrolyte in the solution. The distances a11
and a22 in eq 2 are equal to the lengths l1 and l2 defined
previously, respectively, while a12 ≈ (a11 + a22)/2.
The equilibrium conformational state of the one-

dimensional polyacid chain will now be obtained for the
following cases: (i) low pH, where the number of

Q ) N!
n0!(N - n0)!

qn0+n1 ×

exp{-
ω11n1

2 + 2ω12n1n2 + ω22n2
2

NkT } (1)

ωij

kT
) e2

4πε0εrkTaij
e-aij/LD

1 + aij/LD
(2)

LD ) ( ε0εrkT2e2NAc)
1/2

(3)
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charged units is so small that entropic effects prevail
and no unit is in state 2; (ii) high pH and low concentra-
tions, where the dominant electrostatic repulsion forces
all the charged units to be in state 2; and, finally, (iii)
the general case where the three states are populated.
Case i, n2 ) 0. The chain partition function simplifies

now to

and the equilibrium number of uncharged units n0 is
determined by equating the chemical potential of the
hydrogen ions in the -COOH groups of the chain

to the chemical potential of these ions in the membrane
solution

where µH+
0 is the standard chemical potential of hydro-

gen ions in the membrane solution, [H3O+] is the
concentration of the ions in this solution, and φD is the
Donnan potential.29,30 Note that φD ) φ(solution) -
φ(membrane) is positive because the membrane is
negatively charged and the electric potential φ has been
set equal to zero in the membrane phase. Stirling’s
approximation27 has been used in eq 5. From eqs 5 and
6, n0 is given by the implicit equation

where Ka ≡ exp( - µH+
0 /kT). Equation 7 constitutes a

mass action law corrected for the interaction between
charged units (ω11 * 0), as well as for the difference in
pH between the bathing solution and the membrane
solution (φD * 0). However, this latter correction (i.e.,
the factor eeφD/kT on the left hand side of eq 7) is small
here. Indeed, bearing in mind that most of the results
in Figure 5 correspond to a membrane fixed charge
concentration close to the external solution concentra-
tion, i.e., of the order of 0.1 M, it can easily be proved28
that the pH in the membrane phase is smaller than the
pH in the bathing solution by eφD/(2.303kT) ≈ 0.2 units,
an effect that can be neglected except for the case of
very dilute external solutions where φD can take higher
values.
In eq 7, the acidity constant Ka of the polyacid is

defined as exp( - µH+
0 /kT) because this standard

chemical potential has been defined with reference to
the state of the hydrogen in the chain. Thus, n0
increases with decreasing pH and increasing electro-
static repulsion energy ω11. Note that there are no
entropic effects in this case because states 0 and 1 are
equally preferred from the point of view of entropy.
Case ii, n1 ) 0. The chain partition function reduces

now to

and the equilibrium number of uncharged units is given
by

which is again a mass action law corrected now for the
interaction between charged units as well as for the
entropic preference for the uncharged states (q > 1).
Case iii, n1 * 0 and n2 * 0. The equilibrium number

of charged units in short and long states is now obtained
by equating the chemical potential of the units in these
two states

which, after use of eq 1, gives

Since a11 < a12 < a22 and ω11 > ω12 > ω22 (see eq 2), the
coefficients of n1 and n2 in eq 11 are positive.
The chemical potential of the hydrogen ions in the

-COOH groups is now calculated as

where ∆ω ≡ ω11 + ω22 - 2ω12 and the partial derivative
is constrained by the restriction of eq 11 and the
condition N ) n0 + n1 + n2. The equilibrium number
of uncharged units is then given by

which reduces to eqs 7 and 9 in the limiting cases ω11
) ω12 and ω12 ) ω22, respectively.
The method used to solve the above equations is as

follows. First, we assume that equilibrium between the
two charged states has been attained (i.e., that eq 11 is
satisfied). We then solve eq 13 for the fraction of
uncharged units n0/N and introduce the result in the
condition N ) n0 + n1 + n2, which can finally be used
together with eq 11 to evaluate the fractions of charged
units n1/N and n2/N. If any of these two fractions is
negative, this means that the initial assumption of
equilibrium between the charged states was wrong and
only one of these two states was occupied. In this case,
we evaluate again n0/N, using now either eq 7 (if n2/N
was negative) or eq 9 (if n1/N was negative). The length
of the PAA chain is finally given by

whereN remains to be evaluated from the grafting ratio.
Note that, according to previous experimental results,
the model assumes that the principal factor dictating
the configuration of the grafted chains is the electro-
static force among the dissociated carboxyl groups.17,26,30

Q ) N!
n0!(N - n0)!

qN exp{-
ω11(N - n0)

2

NkT } (4)

µH+(-COOH) ) -kT∂ln Q
∂n0

≈

kT(ln n0
N - n0

- 2
ω11(N - n0)

NkT ) (5)

µH+(H3O
+) ) µH+

0 + kT ln [H3O
+] + eφD (6)

[H3O
+]eeφD/kT

Ka
)

n0
N - n0

exp{-
2ω11(N - n0)

NkT } (7)

Q ) N!
n0!(N - n0)!

qn0 exp{-
ω22(N - n0)

2

NkT } (8)

[H3O
+]

Ka
)

n0
N - n0

1
q
exp{-

2ω22(N - n0)
NkT } (9)

µ1 ) -kT∂ ln Q
∂n1

) -kT∂ ln Q
∂n2

) µ2 (10)

(ω11 - ω12)n1 + (ω12-ω22)n2 ) NkT
2

ln q (11)

µH+(-COOH) ) -kT∂ ln Q
∂n0

≈ kT(ln n0
N - n0

-

ω11 - ω12

∆ω
ln q -

2(N - n0)(ω11ω22 - ω12
2)

NkT∆ω ) (12)

[H3O
+]

Ka
)

n0
N - n0

q-(ω11-ω12)/∆ω ×

exp{-
2(N - n0)(ω11ω22 - ω12

2)
NkT∆ω } (13)

lPAA ) N(n0Nl0 +
n1
N
l1 +

n2
N
l2) (14)
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III.2. Permeability of the PVDF/PAA Mem-
brane. Wemodel the membrane as a parallel assembly
of cylindrical capillaries of radius r.18 According to the
Hagen-Poiseuille law, the volume flow through the
membrane when a pressure difference ∆p is applied
externally is given by12,31

where d is the membrane thickness (i.e., the length of
the capillaries), η is the solvent viscosity (η ) 1.0 mPa‚s
in the case of water), and Np is the number of pores in
the membrane. We define the membrane permeability
as

where Ag is the exposed geometrical area of the mem-
brane and ε ≡Npπr2/Ag is the porosity of the membrane.
Porosity and water permeability measurements of un-
grafted PVDF membranes allow the evaluation of the
density of poresNp/Ag and the effective capillary radius
for water permeability, rPVDF. We assume that the
grafting of the membrane leads to a decrease of this
capillary radius from r ) rPVDF to r ) rPVDF - lPAA, where
lPAA is given by eq 14, and therefore to a decrease in
the permeability according to eq 16. This assumption
is motivated by previous SEM micrographs,17 which
showed that while the pore size is reduced when the
grafting ratio increases, the grafted PAA chains do not
totally block the pores.
III.3. Predictions of the Model. Let us analyze

first the trends predicted by the model and the influence
of the different parameters. This will be done by
evaluating most of the parameters from the present
experimental results and giving approximate values to
the other parameters in the theory.
The original porosity of the PVDF membrane17,32 is

about 75% (i.e., ε ) 0.75) and its water permeability is
P ) 7.0 × 10-7 cm2 Pa-1 s-1, as calculated from the
manufacturer’s data.32 Equation 16 gives then the
effective capillary radius for water permeability as rPVDF
) 0.86 µm and the effective density of pores as Np/Ag )
3.2 × 107 cm-2. The effective capillary radius is about
one-third of the nominal pore radius, which should be
ascribed to the capillary membrane model used here:
6,18 the tortuous path of the water molecules through
the hydrophobic membrane is simulated in this model
by an effective radius smaller than the nominal one.
According to eq 16, the permeability of the PVDF/PAA

membranes will then be given by

where lPAA (µm) is calculated from eq 14. Figure 6
shows a plot of P against pH for an ionic strength of
100 mM (the same as in Figure 2) and different values
of the entropy parameter q. The other parameters in
the theory have tentatively been taken as pKa ) 3.5, l0
) 3 Å, l1 ) a11 ) 3.5 Å, l2 ) a22 ) 6 Å, a12 ) 4.75 Å, and
N ) 1300. The pKa value of PAA is about 4.19 Model
networks26 of PAA indicate, however, that the degree
of ionization reaches its half-maximum value in the
vicinity of pH 5. Another study33 has reported that the
most pH-sensitive change of water permeability was
observed at pH ca. 3 with PAA-grafted porous mem-

branes. The difference between the solution and the
membrane pKa values is probably due to the locally high
charge density inside the grafted pore.34 The values for
l0, l1, and l2 were estimated by using a simple molecular
modeling software package (Alchemy III): it must be
realized that these are not exact values but represent
only reasonable approximations. The value forN should
be regarded as the “effective” number of units in a chain.
Figure 7 shows a plot of P against c for different values
of parameter q. The pH has been set to 5.8 (as in Figure
3), and the other parameters are those used for Figure
6. When comparing Figures 6 and 7 to Figures 2 and
3, we see that the model is capable of reproducing the
experimental trends observed for a particular choice of
the adjustable parameters. In particular, we have
rationalized theoretically the experimental fact that the
membrane permeability can increase by several orders
of magnitude by changing the external pH and salt
concentration. We cannot, however, give an explanation
for the minimum observed in Figure 2 and Figure 5 of
ref 17 since this effect is partly due to interactions
between different PAA chains, and we have only con-
sidered the conformation of a single PAA chain here.
The model is not thus suitable for membranes having
high grafting ratios.

V4 ) Np
πr4∆p
8ηd

(15)

P ≡
V4 d
Ag∆p

) εr2

8η
(16)

P ) 1.3 × 10-6(0.86 - lPAA)
4 cm2 Pa-1 s-1 (17)

Figure 6. Membrane permeability at constant ionic strength
of 100 mM as a function of pH for the values of the entropy
parameter q ) 1.6 (‚‚‚), 1.7 (---), 1.8 (- - -), 1.9 (s s s), and
∞ (s).

Figure 7. Membrane permeability as a function of salt
concentration for pH ) 5.8 and the values of the entropy
parameter q ) 1.6 (‚‚‚), 1.7 (---), 1.8 (- - -), 1.9 (s s s) and
∞ (s).
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The entropy parameter q is related to the random
coiling of the PAA chain: an increase in q corresponds
to a more coiled chain conformation and, therefore, to
an increase in the membrane permeability at given pH
and concentration values. As could be anticipated, the
sensitivity of the permeability to pH and concentration
changes decreases with q.
The anomalous dependence of the permeability on the

grafting ratio observed for concentrated solutions (see
Figure 3) and also the minimum of Figure 2 might be
quantitatively described by eqs 15-17 if we were to
introduce a membrane partition coefficient18 accounting
for the hydrophilicity of the ionized PAA chains. This
effect should be more pronounced the higher the graft-
ing ratio is, and thus the permeabilities of Figure 3
reach similar values in the high-concentration range
despite the very different grafting ratios of the mem-
branes. In this range, many of the PAA chains adopt
the random coiled form, and thus it is the hydrophilic
nature of the ionized chains rather than the chain
length which dictates the permeability. However, since
the model should not be applied to high grafting ratios,
we will not attempt any modeling of this effect here. In
addition, it is likely that the PAA chains grafted on the
outer membrane surfaces (and not only those grafted
on the pore surface) influence the transport through the
membrane at high grafting ratios, and these layers have
been omitted in our model.
Figure 8 shows the potassium transport number vs

KCl concentration c in the bathing solution (see Figure
4 for comparison). The transport numbers in Figure 8
have been evaluated by assuming D+ ≈ D-, where the
subscripts refer to the potassium (+) and chloride (-)
ions, and using the Donnan equilibrium theory31 for the
ion concentrations c+ and c- in the membrane, which
leads to

In eq 18, X is the membrane-fixed charge concentration,
which has been estimated here as

where XM represents the maximum fixed charge con-
centration and n1 and n2 are evaluated from the equa-
tions in the preceding section. It has been found that
n1 + n2 is not very sensitive to q, and therefore only
the curves corresponding to q f ∞ are shown in Figure
8. Also, the parameter XM has been given the tentative
values 50, 100, and 200 mM. In principle, XM should
increase with the grafting ratio17 though the actual
dependence is unknown.
Figure 9 gives the empirical function X vs G which

results from the fitting of t+ (eq 18) to the results in
Figure 5. As anticipated previously (see Figure 5), the
saturation effect observed in Figure 9 could indicate that
only the fraction of the fixed charge groups far from the
hydrophobic, low electrical permittivity PVDF surface
are responsible for the ion-exchange characteristics of
the membrane. We see from Figure 9 that when G g
30% the membrane is grafted throughout, and a further
increase of the G values causes no increase in X. A
previous study34 has also found a leveling-off tendency
of the X vs G curve at high grafting ratios, though no
saturation effect was observed there. This tendency was
explained in terms of the grafts located on the outer
membrane surfaces:34 for the fraction of grafts located
on these surfaces an increase in the number of ion-
exchange groups could be offset by an increase in
volume due to swelling. We see again that our omission
of a PAA layer on the outer membrane surface might
not be justified for high values of G.

IV. Conclusions
A very simple theoretical model describing the effects

of pH and salt concentration on the permeability and
counterion transport number of a VPM has been pre-
sented and tested experimentally for the case of graft-
modified PVDF/PAA membranes with low grafting
ratios. The theory assumes the random coiling and
stretching of a single PAA chain to be the main
mechanism responsible for the membrane behavior:
studying the statistical conformations of a polyacid chain
grafted onto the membrane pore surface leads to an
explanation for most of the observed experimental
trends on a semiquantitative basis. In particular, the
fact that the membrane permeability changes by several
orders of magnitude when the pH and salt concentration
of the external solution are varied can be rationalized
in terms of very simple physical principles. For the case
of membranes with high grafting ratios, however, it

Figure 8. Potassium transport number as a function of KCl
concentration for pH ) 5.8 and the values of XM ) 50 mM
(s), 100 mM (---) and 200 mM (‚‚‚).

Figure 9. Membrane fixed charge concentration as a function
of percent grafting for different KCl concentrations and no
added HCl: 20 mM (b); 50 mM (9); 100 mM (2).

t+ )
D+c+

D+c+ + D-c-
≈ c+

c+ + c-
)

1
2{1 + 1

[1 + (2c/X)2]1/2} (18)

X ) XM(n1N +
n2
N) (19)
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seems that not only the conformation of a single chain
but also the interaction among chains17 as well as the
possibility of having PAA layers on the outer membrane
surfaces34 must be considered in order to explain the
experimental data. In this context, future work should
address the question of the location of the graft poly-
electrolyte in the porous membrane when high grafting
ratios17,34 are employed.
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(21) Mafé, S.; Manzanares, J. A.; Reiss, H. J. Chem. Phys. 1993,
98, 2325.

(22) Nishio, T. Biophys. Chem. 1991, 40, 19.
(23) Engel, J. In Biophysics; Hoppe, W., Lohmann, W., Markl, H.,

Ziegler, H., Eds.; Springer-Verlag: Berlin, 1983; pp 233-43.
(24) Tanaka, T. In Polyelectrolyte Gels; Harland, R. S., Prud’homme,

R. K., Eds.; ACS Symposium Series 480; American Chemical
Society: Washington, DC, 1992; Chapter 1. Tanaka, T.;
Fillmore, D.; Sun, S.-T.; Nishio, I.; Swislow, G.; Shah, A. Phys.
Rev. Lett. 1980, 45, 1636. Ohmine, I.; Tanaka, T. J. Chem.
Phys. 1982, 77, 5725.

(25) Oppermann, W. In Polyelectrolyte Gels; Harland, R. S.,
Prud’homme, R. K., Eds.; ACS Symposium Series 480;
American Chemical Society: Washington, DC, 1992; Chapter
10.

(26) Shefer, A.; Grodzinsky, A. J.; Prime, K. L.; Busnel, J. P.
Macromolecules 1993, 26, 5009.

(27) Hill, T. L. An Introduction to Statistical Thermodynamics;
Dover: New York, 1986; Chapter 14.

(28) Minakata, A.; Matsamura, K.; Sasaki, S.; Ohmuna, H.
Macromolecules 1980, 13, 1549. Cleland, R. L. Macromol-
ecules 1984, 17, 634. Zhang, L.; Takematsu, T.; Norisuye,
T. Macromolecules 1987, 20, 2882.

(29) Reiss, H. J. Phys. Chem. 1988, 92, 3657. Chartier, P.; Mattes,
B.; Reiss, H. J. Phys. Chem. 1992, 96, 3556. Mafé, S.;
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