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ABSTRACT: Selective permeation, driven by ionic attrac-
tion, is one of the most important properties of polyelec-
trolyte membranes. In this study, selective permeation
behaviors of different polyelectrolytes, poly(2-acrylamido-
2-methyl-1-propanesulfonic acid) (PAMPS), poly(styrene
sulfonic acid) (PSS), and poly(methacrylic acid) (PMA),
were studied via solution-diffusion mechanism. Among
these three polyelectrolytes, PSS membranes showed the
highest permeabilities for both water and dimethyl meth-
ylphophonate vapors due to their high diffusion coeffi-
cients caused by the high flexibility of PSS chains. It was
also found that the cross-linking of polymer chains

increased membrane permeabilities by weakening the
physical network formed by ionic attraction. However, the
type and cross-linking of polyelectrolytes did not have sig-
nificant effect on the membrane selectivities. Nonwoven
fabric was employed to control the selective permeation of
polyelectrolyte membranes. It was found that filling the
nonwoven fabric with polyelectrolytes led to composite
membranes with reduced permeabilities and increased
selectivities. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 123:
227–233, 2012
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INTRODUCTION

Polyelectrolytes are polymers containing ionic
groups, which can dissociate into charged moieties
in the presence of polar solvents such as water. Poly-
sulfonate and polyacrylic acid are examples of well-
known polyelectrolytes. The presence of ionic
groups such as sulfonic acid or carboxylic acid
causes the high hydrophilic nature of polyelectro-
lytes, which leads to preferential permeation of
water molecules. Therefore, polyelectrolyte mem-
branes show selective permeation behavior, i.e.,
allowing the transport of water while blocking the
permeation of organic molecules.

Selective permeation behavior is one of the impor-
tant requirements for membrane-based separation
processes, such as gas separation1–3 and chemical
protection applications.4–6 To understand the perme-
ation process of polyelectrolyte membranes, solu-
tion-diffusion mechanism has been used in the liter-
ature.7–9 In this mechanism, permeation is
determined by sorption, which is the amount of per-
meant dissolved in the membrane matrix, and diffu-
sion, which is the rate for the permeant to diffuse
through the membrane matrix. One of the important

factors to determine sorption behavior is the interac-
tion between the polymer chains and the permeant
molecules. On the other hand, diffusion is deter-
mined by the activation energy of diffusion, which
generally increases with increases in the size of per-
meant molecules and the stiffness of polymer
chains.10

In this study, three different polyelectrolyte mem-
branes were prepared and their selective permeation
behaviors were investigated. The effect of polymer
structure on membrane permeation and selectivity
was studied via solution-diffusion mechanism. In
addition, polyelectrolytes were filled into nonwoven
fabric to obtain composite membranes with control-
lable permeation behavior.

EXPERIMENTAL

Materials

Monomers, 2-acrylamido-2-methyl-1-propanesulfonic
acid (AMPS), sodium 4-vinylbenzenesulfonate
(NaVS) and methacrylic acid (MA), initiators, 2,20-
azobis(2-methylpropionitrile) (AIBN), and potassium
peroxydisulfate (KPS), and crosslinking agents, eth-
ylene glycol diacrylate (EGD) and divinyl benzene
(DVB), were purchased from 1-Aldrich. The solvent,
dimethylsulfoxide (DMSO), and the permeant, di-
methyl methylphophonate (DMMP), were also
obtained from 1-Aldrich. PP nonwoven was pro-
vided by FiberVisionsV

R

. The base weight, density,

Correspondence to: X. Zhang (xiangwu_zhang@ncsu.edu).

Journal of Applied Polymer Science, Vol. 123, 227–233 (2012)
VC 2011 Wiley Periodicals, Inc.



and thickness of PP nonwoven are 2.2 dpf, 40 g/m2,
and 0.36 mm, respectively.

Preparation and characterization of membranes

Polyelectrolyte membranes, poly(2-acrylamido-2-
methyl-1-propanesulfonic acid) (PAMPS), poly(sty-
rene sulfonic acid) (PSS), and poly(methacrylic acid)
(PMA), were synthesized and crosslinked via free
radical polymerization. Table I shows the types and
concentrations of monomers, initiators, crosslinkers,
and solvents used for the synthesis of PAMPS, PSS,
and PMA membranes. Monomers, initiators, and
crosslinkers were first added to solvents (DMSO for
PAMPS and PSS, and water for PMA) and stirred
for 3 h at room temperature. The solutions were
then placed between Teflon plates and heated. The
heating time and temperature were 60�C and 6 h for
PAMPS, 60�C and 12 h for PSS, and 90�C and 6 h
for PMA, respectively. The as-prepared poly(sodium
4-vinylbenzenesulfonate) was protonated in 0.1M
HCl for 12 h and washed with distilled water to
form PSS membranes. Polyelectrolyte-filled nonwo-
ven membranes were also prepared by soaking non-
wovens in reacting solutions, followed by the same
polymerization procedure.

All membrane samples were immersed in acetone
to remove unreacted substances, followed by drying
in vacuum at 60�C for 24 h. The glass transition tem-
peratures (Tg) of crosslinked PAMPS, PSS, and PMA
were observed using differential scanning calorime-
try (DSC). To remove the thermal history, the heat-
ing thermograms were recorded twice for each sam-
ple at 20�C/min heating rate between �10 and
350�C on a PerkinElmer Diamond DSC and the sec-
ond heating curve was evaluated. The Tg values of
crosslinked PAMPS, PSS, and PMA were measured
to be 190, 80, and 250�C, respectively. The morphol-
ogy of polyelectrolyte and polyelectrolyte-filled non-
woven membranes was examined using Hitachi S-
3200 Scanning Electron Microscope (SEM) after gold
sputtering.

Permeation behavior measurements of membranes

The vapor permeabilities of polyelectrolyte mem-
branes were measured using the modified method
based on the American Society for Testing and Mate-
rials (ASTM) E96-95 procedure. Permeation cells
were prepared by placing membranes between the
open-top caps and glass vials, which were filled with
permeants, and placed in an environment chamber
(35�C and 10 RH %). The weights of permeation cells
were recorded until the weight losses became con-
stant. Vapor permeabilities (P, mol/m/s/mmHg)

were then obtained by P ¼ DG�l
t�A�DP, where DG is the

weight loss at the steady state, l the membrane
thickness, t the time, A the membrane area exposed
to vapor, and Dp the vapor pressure differential
across the membranes. The selectivities (a), i.e., the
ratios of water permeabilities over DMMP perme-

abilities, were calculated by a ¼ Pwater

PDMMP
. Membranes

were weighed before and after the permeation test-
ing to evaluate the vapor sorption. Sorption coeffi-
cients (S, mol/m3/mmHg), the concentrations of
vapors in polymer matrix at equilibrium, were calcu-

lated using S ¼ Gs

V�DP, where Gs is the weight of per-

meation absorbed in membranes, V the volume of
membranes, and Dp the vapor pressure differential
across the membranes.8 The diffusion coefficients (D,
m2/s) of permeants across the membranes were cal-
culated based on the membrane permeabilities and
sorption coefficients using P ¼ D � S. Reproducibility
of data was assessed by conducting the measure-
ments on at least five specimens for each membrane.

RESULTS AND DISCUSSION

Vapor permeabilities and selectivities of
polyelectrolyte membranes

Due to the presence of hydrophilic groups such as
sulfonic acid or carboxyl acid, polyelectrolytes tend
to be dissoluble in water. Many attempts have been
reported to prevent the solubility of polyelectrolytes,

TABLE I
Chemical Structures and Materials Used for the Synthesis of PAMPS, PSS, and PMA

Membranes

PAMPS PSS PMA

Chemical structure

Monomer 3 mol/L AMPS 1 mol/L NaVS 10 mol/L MA
Initiator 0.3 mol/L AIBN 0.1 mol/L AIBN 1 mol/L KPS
Cross-linker 0.3 mol/L EGD 0.1 mol/L DVB 1 mol/L EGD
Solvent DMSO DMSO Water
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including crosslinking, copolymerization, and blend-
ing.11–14 In this work, all polyelectrolytes were cross-
linked and the crosslinking degree, i.e., the molar
percentage of crosslinker in monomer, is typically 10
mol %.

Two permeants, water and dimethyl methyl-
phosphonate (DMMP), were used to observe the
permeation behavior of polyelectrolyte membranes.
DMMP is one of organophosphorus compounds and
is often used as the simulant of nerve agent, Sarin
(GB). The blocking of nerve agent is of critical im-
portance for chemical and biological protection
application. In this study, permeabilities of PAMPS,
PSS, and PMA membranes were measured using
these two permeants and the results are shown in
Table II. Among these three polyelectrolyte mem-
branes, PSS membrane has the highest permeabilities
for both water and DMMP.

To understand the permeation behavior of polye-
lectrolyte membranes, their sorption and diffusion
coefficients were also measured and are shown in
Table II. PSS membrane shows the lowest sorption
coefficients for both water and DMMP although it
has the highest permeabilities. This may be due to
the presence of hydrophobic benzene rings in PSS.
From Table II, it is also seen that PSS membrane has
the highest water and DMMP diffusion coefficients,
which are probably the main reason for PSS mem-
brane to have the highest permeabilities among all
three membranes. Diffusion is highly influenced by
polymer chain flexibility. The Tg of PSS (80�C) is
lower than those of PAMPS (190�C) and PMA
(250�C), indicating that the PSS chains are more flex-
ible than PAMPS and PMA chains. Therefore, the
high chain flexibility of PSS may cause the high dif-
fusion coefficients and eventually the high perme-
abilities of PSS membrane, as shown Table II.

Figure 1 shows selectivities of water over DMMP
for PAMPS, PSS, and PMA membranes. All three
polyelectrolyte membranes show preferential perme-
ation of water compared to DMMP. Both sulfonic
acid and carboxylic acid form hydrophilic regions
through ionic attraction and hydrogen bonding,
which lead to high water sorption of polyelectrolyte

membranes (Table II). In addition, DMMP has larger
molecular size than water and the diffusion process
is affected by the size of the permeant.10,15 The pene-
tration of the larger molecule, DMMP, takes a longer
diffusion time, which results in lower DMMP diffu-
sion than water diffusion, as shown in Table II.
Therefore, the high selectivities of polyelectrolyte
membranes are the consequence of high water sorp-
tion and diffusion. However, three polyelectrolyte
membranes show similar selectivities, which are not
significantly affected by the chain flexibility of poly-
electrolytes. More study is needed to completely
understand the mechanism.

Effect of crosslinking degree

Crosslinking of polyelectrolytes is an important
route for the formation of three-dimensional chemi-
cal network by connecting linear polymer chains
through covalent bonding. The main goal of cross-
linking is to modify polymer properties, such as
chemical stability, chain stiffness, and crystallinity.16

In addition, crosslinking often improves the mechan-
ical properties and thermal properties of polymers.17

In this research, crosslinking was employed to pre-
vent the water solubility of polyelectrolytes and
adjust their permeation behavior.

TABLE II
Permeation, Sorption and Diffusion Coefficients of PAMPS, PSS, and PMA

Membranes

Permeant Membrane
P � 108

(mol/m/s/mmHg) S (mol/m3/mmHg)
D � 1011

(m2/s)

Water PAMPS 2.6 400 6.5
PSS 3.5 320 10.9
PMA 3.1 620 5.0

DMMP PAMPS 0.21 230 0.9
PSS 0.28 220 1.3
PMA 0.27 370 0.7

Figure 1 Selectivities of PAMPS, PSS, and PMA
membranes.

SELECTIVE PERMEATION BEHAVIOR OF PAMPS, PSS, AND PMA 229

Journal of Applied Polymer Science DOI 10.1002/app



Figure 2 Permeabilities of PSS membranes as a function
of crosslinking degree. Figure 3 Selectivity of PSS membrane as a function of

crosslinking degree.

Figure 4 SEM images of (a) PP nonwoven, (b) PAMPS-filled nonwoven, (c) PSS-filled nonwoven, and (d) PMA-filled
nonwoven membranes.
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To investigate the effect of crosslinking degree on
the permeation behavior of polyelectrolyte mem-
branes, PSS membranes with three different cross-
linking degrees, i.e., 0, 10, and 20%, were prepared
and their permeabilities and selectivities were meas-
ured. Figure 2 shows the effect of crosslinking
degree on the water and DMMP permeabilities of
PSS membranes. It has been reported that the cross-
linking process can decreases the permeabilities of
some polymer membranes.18,19 However, from Fig-
ure 2, it is seen that both water and DMMP perme-
abilities increase as the crosslinking degree of PSS
increases. In un-crosslinked polyelectrolytes, signifi-
cant physical networks are formed due to the ionic
attraction between the ionic groups (such as sulfonic
acids of PSS) on neighboring polymer chains.20–22

The physical networks restrict the mobility of polye-
lectrolyte chains. When the chemical crosslinking is
introduced to the polyelectrolyte system, physical
networks are weakened, which causes increased dif-
fusion rate. This might be the main reason for PSS
membranes to have increasing permeabilities with

increasing crosslinking degree. Krumova et al. also
showed that Tg can decrease as the crosslinking
degree of poly(vinyl alcohol) (PVA) increases, espe-
cially at relatively low crosslinking degrees.21 This is
because the crosslinking weakened the intermolecu-
lar interactions between PVA chains, which comply-
ing with our result, i.e., the crosslinking of polyelec-
trolytes, weakened the physical interaction caused
by ionic attraction.
Selectivities of PSS membranes as a function of the

crosslinking degree are shown in Figure 3. It is seen
that that the membrane selectivity does not have
apparent change when the crosslinking degree
increases. This means that both water permeation
and DMMP permeation are comparably affected by
the crosslinking of polyelectrolytes.

Permeabilities and selectivities of
polyelectrolyte-filled nonwoven membranes

In addition to the type and crosslinking of polyelec-
trolytes, the introduction of a secondary component is
also an effective means to control the permeation
behavior of polyelectrolyte membranes.23–26 In this
study, nonwoven, a web of randomly oriented fibers
through interlocking or bonding, was used to host
polyelectrolytes. Polyelectrolyte-filled nonwoven
membranes were prepared by synthesizing polyelec-
trolytes in the presence of nonwovens and the open
pores of nonwovens were filled with polyelectrolytes.
The weight fraction of nonwovens in polyelectrolyte-
filled nonwovens is about 33 wt % and the total mem-
brane thickness is about 0.4 mm. Figure 4 shows the
surface of PP nonwoven and polyelectrolytes-filled
nonwoven membranes. It is seen that the nonwoven
surface is completely covered by PAMPS [Fig. 4(b)],
PSS [Fig. 4(c)], and PMA [Fig. 4(d)], respectively.
Figures 5 and 6 show the permeabilities and selec-

tivities of PAMPS-, PSS-, and PMA-filled nonwoven

Figure 5 (a) Water and (b) DMMP permeabilities of poly-
electrolyte-filled nonwoven membranes.

Figure 6 Selectivities of polyelectrolyte-filled nonwoven
membranes.
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membranes, respectively. As shown in Figure 5,
both water and DMMP permeabilities of polyelectro-
lyte-filled nonwoven membranes are lower than
those of the corresponding polyelectrolyte mem-
branes. At the same time, the selectivities of polye-
lectrolyte-filled nonwoven membranes are greater
than those of corresponding polyelectrolyte mem-
branes (Fig. 6). In addition, PAMPS-filled nonwoven
has higher selectivity than all other membranes.
More work is needed to understand the mechanism.

Table III compares the sorption and diffusion coef-
ficients of PSS and PSS-filled nonwoven membranes.
It is seen that the introduction of PP nonwoven
reduces both the sorption and diffusion coefficients,
and hence the membrane permeabilities decease for
both water and DMMP. In addition, PP nonwoven is
hydrophobic, and hence the presence of nonwoven
in PSS membrane reduces the water sorption by
20%, but decreases the DMMP sorption by only 5%.
However, the effect of nonwoven on the diffusion
coefficient is different. As shown in Table III, with
the introduction of nonwoven, the DMMP diffusion
decreases by 60% while the water diffusion only
decreases by 10%. The introduction of nonwoven
leads to higher tortuosity, and hence the permeant
experiences lengthened and tortuous pathways
while penetrating through the membrane. DMMP
has a large molecular size than water, and the pene-
tration of the larger molecule is more interrupted by
the tortuosity caused by the nonwoven. Therefore,
DMMP permeation is more affected by the presence
of nonwoven compared to water permeation and
this causes the higher selectivities of polyelectrolyte-
filled nonwoven membranes, as shown in Figure 6.

CONCLUSIONS

Polyelectrolyte membranes, PAMPS, PSS, and PMA,
were prepared and their permeation behavior was
investigated. Among all three polyelectrolytes, PSS
membrane showed the highest permeabilities for
both water and DMMP due to the high diffusion
coefficients of PSS caused by its high polymer chain
flexibility. All three polyelectrolyte membranes
showed selective permeation of water over DMMP

because of the high hydrophilicity of polyelectrolyte
and the molecular size discrimination between water
and DMMP. In addition, it was found that mem-
brane permeability increased as the crosslinking
degree of polyelectrolyte increased because of the
weakened ionic attraction between polymer chains.
While the permeation behavior of polyelectrolyte
membranes was obviously affected by their chemical
structure, the membrane selectivity did not change
apparently. Polyelectrolyte-filled nonwoven mem-
branes were also prepared and it was found that the
presence of nonwoven enhanced the selective per-
meation behavior due to the generation of tortuous
pathways for diffusion.

The financial support of this research was provided by Non-
wovens Cooperative Research Center (NCRC) at the North
Carolina State University.
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