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ABSTRACT: Layered silicate nanocomposite membranes
to be used as electrolyte polymeric membranes in a direct
methanol fuel cell were prepared through the mixing of
poly(vinyl alcohol) (PVA) with various amounts (2, 4, and
5% w/w) of sodium montmorillonite layered silicate nano-
clay. The proton conductivity of the polymer was induced
by the reaction of the polymer with sulfosuccinic acid. Af-
ter that, a solution of the sulfonated PVA–layered silicate
nanocomposite was cast into membranes. The proton con-
ductivity and methanol permeability of the membranes
were determined with a four-point probe technique and a
gas chromatography technique, respectively. In addition,
structures of the nanocomposite membranes were charac-
terized with X-ray diffraction, differential scanning calo-
rimetry, and Fourier transform infrared techniques. The

mechanical properties of the nanocomposite membranes
were also determined with a universal testing machine.
From the results, it was found that the water uptake, pro-
ton conductivity, and methanol permeability of the mem-
branes initially decreased after a 2% (w/w) concentration
of the layered silicate was added. Above this nanoclay
loading, the water uptake of the membranes increased
again. The results were examined in the light of the
interaction between the clay and sulfonated polymer,
and the steric effect provided the exfoliation of the
nanoclay. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci 109:
452–458, 2008
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INTRODUCTION

There has been considerable interest in the develop-
ment of new electrolyte polymeric membranes to be
used as replacements for the commercial Nafion
membrane in direct methanol fuel cells (DMFCs).
This is because the price of the Nafion membrane is
considerable and the methanol resistance of the
membrane is rather poor. In this respect, various
types of polymeric membranes have been developed,
and these can be divided into three main categories,
that is, perfluorinated polymeric membranes,1 par-
tially fluorinated polymeric membranes,2 and hydro-
carbon polymeric membranes.3 Our current research
interest in this field concerns the development of
proton-exchange membranes for DMFCs from hydro-
carbon polymers such as poly(vinyl alcohol) (PVA).
The development of a PVA membrane for DMFC
applications is of interest because the polymer is

inexpensive and has been used to separate alcohol
from water in a pervaporization process.4 Further-
more, proton conductivity in PVA membranes can
be induced by modification of the chemical structure
of the polymer through sulfonation.5 In our earlier
studies,6,7 however, it was found that the methanol
permeability and mechanical properties of sulfo-
nated PVA membranes needed to be improved. This
was partly attributed to the quite high water uptake
values of sulfonated PVA membranes.

In this respect, we believed that by the addition of
some nanofillers such as layered silicates into the
membranes, some improvements in the methanol
permeability and mechanical properties of the nano-
composite membranes could be expected. In fact, the
effects of layered silicate nanoclay on methanol per-
meability in some other polymeric membranes have
been studied. For example, by the addition of only
1% sodium montmorillonite nanoclay to Nafion, it
was found that methanol crossover through the
membrane decreased.8 Similarly, properties of PVA–
phosphotungstic acid (PWA) composite membranes
filled with sodium montmorillonite (CloisiteNa)
were studied.9 In this case, PWA, which is a kind of
heteropolyacid, was used to induce proton conduc-
tivity in PVA membranes. CloisiteNa was also added
to enhance the methanol resistance of the mem-
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branes. The CloisiteNa nanoclay was mixed with
PVA without conversion of the layered silicate into
an organic clay because both materials are highly
hydrophilic and tend to be compatible. Therefore, an
intercalation of the layered silicate in PVA might be
expected. The results from that study showed that
methanol crossover through the membranes de-
creased remarkably at the expense of the proton
conductivity. The optimum CloisiteNa content corre-
sponding to the maximum proton conductivity/
methanol permeability (C/P) ratio for the aforemen-
tioned membrane system was 7%. In this respect, an
improvement in the methanol resistance of the lay-
ered silicate nanocomposite membranes was explained
in the light of the formation of a tortuous pathway
(Fig. 1), which provided an exfoliation structure of
the nanocomposite.

This research work concerns the development of
DMFC membranes from PVA–layered silicate nano-
composites. In this study, rather than mixing the
polymer with some solid acids, we induced proton
conductivity in PVA membranes by modifying the
molecular structure of the polymer via sulfonation.
The objective of this research work was to investi-
gate the effects of the layered silicate content on the
methanol permeability, water uptake, proton con-
ductivity, and mechanical properties of the mem-
branes. Moreover, rather than using fully hydrolyzed
PVA (99.5% degree of hydrolysis) to prepare the
membranes, this study employed partially hydro-
lyzed PVA (88% hydrolysis and 12% vinyl acetate).
It was believed that by the use of PVA with a lower
degree of hydrolysis, the hydrophilicity of the poly-
mer would be reduced, and thus the mechanical
properties of the hydrate membrane would be
better.

EXPERIMENTAL

Chemicals

Partially hydrolyzed atactic PVA (88% hydrolysis,
weight-average molecular weight 5 72,000 g/mol)
was obtained from Fluka. Sodium montmorillonite
nanoclay (CloisiteNa) was supplied by Southern Clay
Products (Gonzales, TX). Sulfosuccinic acid (70% so-
lution; Aldrich, Steinheim, Germany), NaOH (analyt-
ical-reagent grade; LabScan, Gliwice, Poland), so-
dium chloride (analytical-reagent grade; Carlo Erba
Reagenti, Rodano, Italy), and methanol (analytical-
reagent grade; Fisher, Loughborough, UK) were
used as received.

Sulfonation of PVA and preparation of the
sulfonated PVA membranes

A given amount of layered silicate (CloisiteNa) was
dissolved in deionized water and then mixed with
an aqueous PVA solution (10% w/w). The Cloisite-
Na contents used in this study were 2, 4, and 5 wt %
with respect to the polymer. The mixture was stirred
and refluxed at 908C for 6 h to obtain a homogene-
ous solution. Sulfonation of PVA was carried out by
the addition of sulfosuccinic acid (20% w/w with
respect to PVA) to the solution, and then the mixture
was stirred at room temperature for 24 h. Of note, a
sulfonated PVA membrane with a higher degree
of sulfonation could be prepared by the use of
more sulfosuccinic acid, but the obtained polymer
would be very brittle and useless for membrane
applications. Therefore, partially sulfonated PVA
prepared with 20% sulfosuccinic acid was used in
this study.

After the sulfonation was carried out for a given
time, the solution was cast onto acrylic sheets (5 3 5
cm2) and then dried in a thermostat oven at 608C for
12 h. Finally, the dried membranes were further
heated at 1208C for 1 h to complete the sulfonation
and crosslinking reaction. Next, the membranes
were peeled off from the acrylic sheets, and then
the membranes were rinsed with deionized water
to remove some residual acid. Finally, the compo-
site membranes were stored in deionized water
before being tested with respect to their ion-
exchange capacity (IEC), conductivity, and methanol
permeability.

Characterization

Changes in the chemical structure of PVA after the
sulfonation were followed with the Fourier trans-
form infrared (FTIR) spectrometer technique with a
PerkinElmer (Waltham, MA) Spectrum One instru-
ment. The sample was prepared in the form of a
thin film. The spectrum was recorded over wave
numbers ranging from 4000 to 650 cm21.

Figure 1 Schematic view of the tortuous pathway. d0 is
the actual distance that a penetrant must travel, d is the
shortest distance that it would have traveled in the ab-
sence of the filler, and L and W are the length and thick-
ness of the silicate layers, respectively. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

DMFC MEMBRANES 453

Journal of Applied Polymer Science DOI 10.1002/app



Intercalation and exfoliation of the nanoclay in the
PVA membrane were investigated with an X-ray dif-
fraction (XRD) technique with a D8 Discover diffrac-
tometer from Bruker (Madison, WI) Axis. The opera-
tion was in the y–y geometry. The instrument used
radiation from a copper target tube (Cu Ka radiation
wavelength 5 1.541 Å). The XRD data were collected
between 2 and 608 in steps of 0.028 with an X-ray
generator.

The thermal properties of the membranes were
examined with the differential scanning calorimetry
(DSC) technique. The DSC experiment was carried
out with a Netzsch (Bavaria, Germany) DSC 240F1
instrument under a nitrogen atmosphere at a scan-
ning rate of 108C/min over temperatures ranging
from 10 to 3508C.

Water uptake

Water uptake values of various membranes were
measured by the immersion of the membranes in
deionized water at 258C for 24 h. After that, the
water-swollen membranes were taken out, wiped
with tissue paper, and immediately weighed. The
water uptake (W) was then calculated with the fol-
lowing equation:

Wð%Þ ¼ ½ðWwet �WdryÞ=Wdry� 3 100 (1)

where Wdry and Wwet are the weights of the dry and
water-swollen membranes, respectively.

IEC

IEC of the membrane was measured with a titration
technique. About 0.3–0.5 g of the sample was
immersed in a 0.1M NaCl solution for 24 h to allow
the exchange process between protons and sodium
cations. After that, the solution was titrated with an
aqueous NaOH solution (0.1M) to determine the
amount of HCl generated by the exchange process.
From the titration, the IEC value was then calculated
with the following equation:

IEC ¼ MNaOH=Wdry (2)

where MNaOH is the molar equivalent (mequiv) of
NaOH and Wdry is the weight of the dry membrane.

Proton conductivity

Proton conductivities of the composite sulfonated
PVA membranes were measured with a four-point
probe technique (Fig. 2). The impedance of the mem-
brane was measured with an impedance analyzer
(PGSTAT 30, Autolab, Westbury, NY) at a frequency
of 10 kHz. The membrane was cut into a 3 3 3 cm2

square and immersed in deionized water for 12 h

before the measurement. The hydrated membrane
was mounted onto the cell, and an alternating cur-
rent of 0.35 mA was applied to the cell. The conduct-
ance of the sample was obtained from the alternat-
ing-current potential difference between the two
inner electrodes. The conductivity was calculated
with the following equation:

r ¼ l=RS (3)

where r is the proton conductivity (S/cm), R is the
bulk resistance of the membrane, S is the cross-sec-
tional area of the membrane (cm2), and l is the dis-
tance between the counter electrode and the working
electrode (cm).

Methanol permeability

Resistance to methanol crossover of the membranes
was evaluated by the measurement of the methanol
permeability in the membranes with a diffusion cell
and a gas chromatography (GC) technique. The
membrane was placed between the two compart-
ments in the diffusion cell (Fig. 3) and then clamped.
After that, 20 mL of a methanol solution (2M) and
20 mL of deionized water were placed in compart-
ments A and B of the cell, respectively. Both com-
partments were magnetically stirred at room temper-
ature during the permeation experiments. The con-
centration of methanol in compartment B was
measured as a function of the diffusion time with a
GC technique (GC-9A containing a BX-10 column,
Shimadzu, Haverhill, MA). The injection tempera-
ture, column temperature, and detection temperature
used for the GC experiment were 120, 85, and 1508C,
respectively. The area under the methanol peak from
each GC chromatogram was used in combination

Figure 2 Schematic view of the four-point probe cell used
for the measurement of the proton conductivity. WE is the
working electrode, CE is the counter electrode, S is the
ground, and RF is the reference electrode. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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with a calibration curve to determine the methanol
concentration. Finally, the methanol permeability
was calculated from the slope of the plot between
the methanol concentration and diffusion time with
the following equation:

CBðtÞ ¼ AðDKÞCAðt� t0Þ=VBL (4)

where CA and CB are the concentrations of methanol
in compartments A and B, t is diffusion times, t0 is
zero diffusion time (at beginning), and VA and VB

are the volumes of liquids in compartments A and
B, respectively. A and L are the area and thickness
of the membrane, and D and K are the methanol dif-
fusivity and partition coefficient, respectively. The
product of DK is the membrane permeability.

Tensile testing

Mechanical properties of the various membranes
were determined from their tensile properties. Sam-
ples for the tensile test were prepared by the mem-
branes being cut into dumbbell-shape specimens in
accordance with ASTM D 882-02. The tensile test
was performed with a 5-ton tensiometer (universal
tensile testing machine, PerkinElmer) at a crosshead
speed of 10 mm/min at room temperature (258C). At
least five specimens were tested for each sample,
and the average values of the tensile strength and
tensile elongation at break were reported.

RESULTS AND DISCUSSION

Characterization

Figure 4 shows overlaid FTIR spectra of the pure
PVA membranes both before and after the sulfona-
tion. Some new absorption peaks occurred after the
chemical reaction, including the peaks at 1216 and
1034 cm21. These peaks could be ascribed to the
S¼¼O (symmetric stretching) bonds and S¼¼O (asym-

metric stretching) bonds, respectively. The results
suggest that PVA was sulfonated. Figure 5 shows
overlaid XRD patterns of various membranes includ-
ing the pure PVA, the nanoclay (CloisiteNa), and the
nanocomposite membranes with a variety of clay
contents (2, 4, and 5% w/w). The XRD pattern of
CloisiteNa shows a peak at 2y 5 7.5 Å correspond-
ing to a basal spacing of 1.18 for the nanoclay.9

This peak disappeared after CloisiteNa was mixed
with the polymer, regardless of the nanoclay content.
These results suggest that the layered silicates are
exfoliated in the nanocomposite membrane. In addi-
tion, a small peak at 2y 5 2.92 Å, which corresponds
to a spacing of about 3.02 nm, can be observed in all
XRD patterns of the nanocomposite membranes.
This result implies that intercalation also occurred in
the composite membranes.

Properties of the membranes

Figure 6 shows the effect of the CloisiteNa content
on the water uptake of the sulfonated PVA mem-

Figure 3 Schematic view of a diffusion cell used for the
measurement of methanol permeability in a membrane.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 4 Overlaid FTIR spectra of PVA before and after
sulfonation. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 5 XRD patterns of the sulfonated PVA membranes
filled with various contents of CloisiteNa. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

DMFC MEMBRANES 455

Journal of Applied Polymer Science DOI 10.1002/app



branes. The relationship between the nanoclay con-
tent and the water uptake is not a linear function.
When 2% (w/w) CloisiteNa clay was added, the
water uptake of the membrane initially decreased. A
similar effect was also observed in PVA–PWA com-
posite membranes filled with 3–7% CloisiteNa.9 We
concluded that this effect could be partly attributed
to a weaker affinity for water of CloisiteNa versus
that of sulfonated PVA. In addition, it was believed
that oxygen atoms and hydroxyl groups of the Cloi-
siteNa nanoclay might have been capable of interact-
ing with the hydroxyl-functional groups in the PVA
molecules. A similar interaction was observed by
Wang et al.10 for a chitosan–montmorillonite nano-
composite. As a result of the aforementioned polar–
polar interaction, the mobility of the sulfonated PVA

molecules was restricted, and the amount of water
uptake within the membrane could be reduced.

In contrast, as the CloisiteNa content was further
increased from 2 to 4 and 5% (w/w), the water
uptake value tended to increase again. This could be
related to the changes in the degree of crystallinity
of PVA with the Cloisite content. DSC thermograms
of various membranes (Fig. 7) show that the area
under an endothermic peak at 1958C, corresponding
to the melting transition of the polymer, tended to
decrease with the CloisiteNa content. This trend sug-
gests that the degree of crystallinity of PVA
decreased with the clay content. A similar effect was
also observed by Strawhecker and Manias11 in a
study on PVA–montmorillonite nanocomposites.

Figure 8 shows that the IEC values of the nano-
composite membranes hardly changed with the
amount of CloisiteNa when standard deviation val-
ues were taken into account. This could be due to
the fact that the ion-exchange groups are the sulfonic
acids that reside in the polymer molecule and
remain constant, regardless of the layered silicate
nanoclay content. It is noteworthy that the IEC val-
ues of these nanocomposite membranes are consider-
ably lower than that of the Nafion membrane
reported in the literature (0.91 mmol/g).12 The dif-
ferences are attributed to the fact that our PVA
membranes were only partially sulfonated as a com-
promise between the mechanical properties and pro-
ton conductivity of the membranes.

Figure 9 shows that the proton conductivity of the
sulfonated PVA membranes initially decreased when
a 2% (w/w) loading of the CloisiteNa nanoclay was
added. Above a 2% (w/w) CloisiteNa loading, the
proton conductivity of the membranes did not fur-
ther decrease but tended to increase with the clay
concentration. In this respect, the changes in the pro-
ton conductivity of the membranes with the nano-

Figure 6 Changes in the water uptake values of the nano-
composite membranes with the CloisiteNa content.

Figure 7 DSC curves of the sulfonated PVA membranes
filled with various amounts of CloisiteNa. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 8 IEC values of the sulfonated PVA membranes
filled with various contents of CloisiteNa.
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clay content could be related to the changes in the
water uptake values. This is because the water mole-
cules serve as vehicles, promoting the transportation
of protons through the membrane.13 Therefore, the
higher the water content is, the greater the proton
conductivity is of the membrane. It is worth men-
tioning that proton conductivity values of the afore-
mentioned nanocomposite membranes are compara-
ble to that of the commercial Nafion 115 membrane
(10 3 1023 S/cm) when measured with the same
instrument and under the same conditions.

In terms of the methanol resistance of the mem-
branes, it was found that methanol permeability
through the nanocomposite membranes rapidly
decreased by 1 order of magnitude after a 2% (w/w)
concentration of the layered silicate nanoclay (Cloi-
siteNa) was added (Fig. 10). However, when the
layered silicate content was further increased above
2% (w/w), the methanol permeability values did not

decrease but tended to increase. In this respect, the
changes in the methanol permeability of the mem-
branes could be attributed to many factors, including
the changes in the water uptake of the membranes
and a steric effect provided by the layered silicate
nanoclay (see Fig. 1). The change in the methanol
permeability in the membrane is in good agreement
with the changes in the water uptake with the Cloisi-
teNa content (Fig. 6). This is due to the fact that the
methanol solution used for the diffusion test is a
kind of aqueous solution. Therefore, the higher the
water uptake is, the greater the methanol solubility
is in the membrane. Consequently, methanol perme-
ability, which is the product of methanol solubility
and methanol diffusability, decreased with the Cloi-
siteNa content. Furthermore, the effect of the layered
silicate nanoclay on the tortuosity and diffusion path
of methanol through the nanocomposite membranes
should also be taken into account. In this study, it
was possible for the tortuous pathway of methanol
diffusion in the membrane to be obtained after 2%
(w/w) CloisiteNa was added. As a result, methanol
permeability in the membrane decreased. However,
as the CloisiteNa content in the membrane was fur-
ther increased, it could be observed by the naked
eye that the nanoclay was agglomerated. Therefore,
the layered silicate nanoclay might not be well dis-
persed in the membrane, and the tortuous pathway
might not be evenly dispersed throughout the mem-
brane. In this respect, a further decrease in methanol
crossover with the CloisiteNa content should not be
expected.

From the aforementioned proton conductivity and
methanol permeability values, the C/P ratios of the
various nanocomposite membranes were evaluated
(Fig. 11). The best membrane with respect to the
maximum C/P ratio obtained from this study is that
containing 2% (w/w) CloisiteNa nanoclay. The C/P

Figure 9 Changes in the proton conductivity values of
the nanocomposite membranes with the CloisiteNa
content.

Figure 10 Changes in the methanol permeability values
of the nanocomposite membranes with the CloisiteNa
content.

Figure 11 C/P ratios of various nanocomposite mem-
branes.
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ratio of this membrane (100.79 3 103) is also higher
than that of the commercial Nafion 115 membrane
(29.49 3 103), whereas the proton conductivity val-
ues of the two membranes are comparable. These
results suggest that the nanocomposite membrane
with 2% (w/w) CloisiteNa might be used as a
replacement for the Nafion membrane in DMFC
applications.

Finally, the mechanical properties of the aforemen-
tioned nanocomposite membranes deserve consider-
ation. Table I compares the tensile properties of the
nanocomposite membranes (2 and 4% w/w Cloisi-
teNa) with those of the pure sulfonated PVA mem-
brane. No further attempt was made to determine
the mechanical properties of the membrane contain-
ing 5% (w/w) nanoclay because of the relatively low
C/P ratio of the material. From Table I, it was found
that the tensile strength of the membrane increased
remarkably after the nanoclay was added. This
might have been due to a strong interaction between
CloisiteNa and the sulfonated PVA, which led to the
reinforcing effect. The elongation value of the mem-
branes also increased with the clay content, and that
could be related to the decrease in the crystallinity
of the polymer with the layered silicate (Fig. 7).
Again, from the aforementioned C/P ratio and the
tensile properties, it seems that the best nanocompo-
site membrane from this study is that obtained
through the mixing of sulfonated PVA with 2% (w/
w) sodium montmorillonite nanoclay (CloisiteNa).

CONCLUSIONS

The incorporation of the sodium montmorillonite
nanoclay into sulfonated PVA strongly affected the
properties of the nanocomposite membranes. The

water uptake, proton conductivity, and methanol
permeability of the membranes initially decreased
with the nanoclay loading and then increased again
upon further addition of the nanoclay. The results
might be related to the interaction between sodium
montmorillonite and PVA, exfoliation of the nano-
clay in the polymer composite, and changes in the
degree of crystallinity of the polymer with the nano-
clay content. The optimum level of layered silicate
sodium montmorillonite at which the maximum C/P
ratio of the nanocomposite membrane was obtained
was 2% (w/w).
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