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ABSTRACT: The ultraviolet-induced graft copolymeriza-
tion of allyl methacrylate into poly(ethylene terephthalate)
films and the subsequent sulfonation of the grafted film
were performed to prepare a polymer electrolyte mem-
brane (PEM). The sulfonation reaction occurred at the
grafted chain under mild conditions; that is, the grafted
film was easily transformed into a PEM. The mechanical,
chemical, and thermal properties of the prepared PEM
(i.e., the ion-exchange capacity, water uptake, tensile
strengths at different water uptakes and temperatures, sta-
bility in hydrogen peroxide solutions, and proton conduc-
tivity) were measured with titrimetric and gravimetric

analyses; most were found to be better than those of
Nafion. The maximum ion-exchange capacity and proton
conductivity of the PEM were observed to be 0.072 mmol/
g and 0.0458 S/cm, respectively. Because this PEM is
inexpensive to prepare with available raw materials
and has the properties required for fuel cells, it could
be an attractive and suitable device for use in fuel-cell
technology. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 121:
2442–2449, 2011
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INTRODUCTION

Fuel cells are being developed as a new, renewable
source of energy because of the need to preserve the
environment, reduce the dependence on fossil fuels
as the main source of energy, and provide enough
energy for the world’s increasing population. Fuel-
cell technology is very attractive because of its
higher energy-conversion efficiency and cleanliness.
Among the different fuel-cell technologies presently
developed, polymer electrolyte membrane (PEM)
fuel cells are among the best fuel cells because of
their simplicity, which makes them interesting devi-
ces for vehicular transportation.1 The advantages
of PEM fuel cells are their lower operational
temperatures, nonuse of corrosive fuels, good
power-to-weight ratio, low sensitivity to orientation,
and ability to be compacted.2

Nafion is the most frequently used PEM because
of its good proton conductivity and excellent chemi-
cal stability.3 However, because of some disadvan-
tages associated with Nafion [e.g., its high cost, high
methanol (CH3OH) permeability, and lower stability
at higher temperatures], many approaches have
been developed to prepare membranes with better
performance and lower costs for fuel cells. Among
them, the radiation-grafting technique is a versatile
and potentially cost-effective method for preparing
cell membranes.4 Graft-type PEMs can be prepared
by radiation-induced graft polymerization and sub-
sequent chemical modifications of the grafted
chains.5–7 With the radiation-grafting process, the
active functional groups can be introduced into
inner polymer chains in films and can modify them
into desirable multifunctional materials. To date, dif-
ferent types of PEMs have been developed by the
radiation grafting of styrene derivatives (e.g., sty-
rene, vinyl toluene, and divinylbenzene8–10) and
non-styrene monomers (e.g., methyl acrylate11)
onto polymer films and then sulfonation with chlo-
rosulfonic acid (ClSO3H). Because of the limited
conditions of graft radical polymerization and the
subsequent sulfonation reaction of the grafts, few
non-styrene monomers have been radiation-grafted

*Present address: Department of Geography, University of
California Berkeley, Berkeley, CA 94720..

Correspondence to: M. A. H. Khan (anwar.khan@berkeley.
edu).

Journal of Applied Polymer Science, Vol. 121, 2442–2449 (2011)
VC 2011 Wiley Periodicals, Inc.



for PEMs until now. In this study, a poly(ethylene
terephthalate) (PET)-based PEM was prepared suc-
cessfully through the ultraviolet (UV)-radiation
grafting of an allyl methacrylate (AMA) monomer
onto PET films and then selective sulfonation by
ClSO3H. The effects of the monomer concentration
and sulfonation on this grafted membrane of PET
were observed in this study. The membrane was
characterized with different chemical and physical
parameters [e.g., water uptake, tensile strength, ion-
exchange capacity (IEC), oxidative stability, proton
conductivity, and Fourier transform infrared (FTIR)
spectroscopy] and then was compared with Nafion.
This PEM developed with new non-styrene, AMA
grafts under UV radiation could a graft-type PEM
used in fuel-cell technology.

EXPERIMENTAL

Materials

The base PET film was prepared from PET granules
(MITSUIPET Company, Thailand). The monomer
AMA and the photoinitiator Darocur 1173 were pur-
chased from Merck (Darmstadt, Germany). CH3OH
was used as a solvent for grafting and for the wash-
ing of the base film to remove impurities on its sur-
face before grafting. Toluene (C6H5CH3) was used to
remove the homopolymer after grafting. ClSO3H
was used for the sulfonation of the grafted mem-
brane. Dichloroethane (C2H5Cl2) was used as a dilu-
ent. CH3OH, C6H5CH3, and ClSO3H were purchased
from Merck. C2H5Cl2, hydrogen peroxide (H2O2),
and sulfuric acid (H2SO4) were provided by BDH,
Ltd. (Poole, England); sodium chloride (NaCl) and
sodium hydroxide (NaOH) were purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

Preparation

PET granules of different masses were heated at dif-
ferent temperatures and cooled under different pres-
sures with a heat-press machine and a cold-press
machine (Shimadzu Corp., Japan), respectively. The
homogeneous PET films were prepared with gran-
ules (4 g) at 490�F under 3500 psi of pressure for
8 min in each case. The PET films (thickness ¼ 0.18
mm) were cut into 1 cm � 6 cm rectangles and were
wiped with acetone for the removal of impurities on
the film surface.

After drying, the washed films were immersed for
graft copolymerization in 25-mL CH3OH solutions
with different concentrations of the AMA monomer
(21, 26, 32, 37, 42, and 47 vol %) and 2% photoinitiator
under UV radiation (Shimadzu) for different times (1,
2, 3, 4, 5, and 6 h). After graft copolymerization, the
grafted films were washed with a large amount of

C6H5CH3 to remove the homopolymers and residual
monomer by a Soxhlet extraction process.
The degree of grafting was calculated as follows:

Degree of grafting %ð Þ ¼ Wg �W0

� �
=W0 � 100 (1)

where W0 and Wg are the film weights before and
after graft copolymerization, respectively.
The grafted films were sulfonated by immersion

in different concentrations of ClSO3H (0.2, 0.15, 0.1,
0.08, 0.05, 0.02, and 0.01M) in C2H4Cl2 at different
temperatures for different times and were washed in
distilled water for the removal of unreacted ClSO3H
adhering to the films. The degree of sulfonation of
the dried sulfonated films was calculated as follows:

Degree of sulfonation %ð Þ¼ Ws �Wg

� �
=Wg � 100 (2)

where Ws and Wg are the weights of the sulfonated
and grafted films, respectively.

Characterization of the membranes

The IEC of the PEM was determined by titrimetric
analysis. The dried membrane in the protonic form
was immersed in a 0.1M NaCl aqueous solution for
24 h at room temperature (30�C). The solution was
titrated with a 0.05M NaOH solution. The IEC of the
membrane was calculated with the titration results
as follows:

IEC ¼ CNaOH � VNaOHð Þ=Wdry (3)

where CNaOH (mol/L) and VNaOH (mL) are the con-
centration and volume of the NaOH solution
required for neutralization of the residual solution,
respectively, and Wdry is the weight of the dry sulfo-
nated membrane in its protonic form.
The water uptake of the sulfonated membranes

was calculated as follows:

Water uptake %ð Þ ¼ 100� Wwet �Wdry

� �
=Wdry (4)

where Wwet is the weight of the PEM after the
immersion of the dry membrane in distilled water at
different temperatures for different times and Wdry

is the weight of the dried PEM.
The H2O2 tolerance of the sulfonated membranes

was calculated as follows:

H2O2 tolerance %ð Þ ¼ 100� Wwet �Wdry

� �
=Wdry (5)

where Wwet is the weight of the PEM after the
immersion of the dry sulfonated membrane in H2O2

solutions of different concentrations for different
times and Wdry is the weight of the dried PEM.

PROTON-EXCHANGE MEMBRANES 2443

Journal of Applied Polymer Science DOI 10.1002/app



The proton conductivity of the PEM was calcu-
lated as follows:

Proton conductivity S=cmð Þ ¼ l=R� S (6)

where R is the resistance of the membrane (X), l is
the thickness of the membrane (cm), and S is the
contact surface area of the electrode (cm2).

IR spectra of the original, grafted, and sulfonated
PET films in the range of 400–4000 cm�1 were meas-
ured with an FTIR spectrophotometer (Shimadzu). The
tensile strengths of the sulfonated films were deter-
mined with a tensile strength testing machine (Instron
Ltd., High Wycombe, Bucks, U.K.). For the measure-
ment of the resistance, the membrane was soaked in
water at 95�C for 36 h. Then, the hydrated PEM was
platinized with Pt/C (acting as an electrode) and was
connected with copper wire to an impedance analyzer
(Shimadzu). The membrane/electrode assembly was
placed in a thermal controlled-humidity chamber. The
resistance of the membrane was read from the imped-
ance analyzer at room temperature (30�C) and at a rel-
ative humidity of 70%.

RESULTS AND DISCUSSION

Graft copolymerization

The radiation-induced graft copolymerization of
AMA onto PET films was carried out with a simul-
taneous UV-radiation technique. During the radia-
tion-induced graft copolymerization, active sites
(radicals) were generated on the polymer backbone
with UV radiation. The irradiated PET polymer was
then allowed to react with the monomer AMA units,
which propagated to form side-chain grafts (Fig. 1).
After the grafting, the thickness of the grafted PET
films increased by 13–15%, and this indicated that
grafting occurred throughout the films. Furthermore,
the transparent PET films became opaque and white
after grafting, and this suggested the penetration of
the monomer (AMA) throughout the films.

Optimization of the grafting conditions

The degree of grafting of the AMA monomer onto
the PET films was studied as a function of the
monomer concentration (Fig. 2). With the monomer

Figure 1 Proposed reaction mechanism for the grafting of AMA onto the PET film under UV radiation and for the sulfo-
nation of the grafted film.
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concentration increasing, the degree of grafting
increased rapidly initially while the propagation
process dominated and then fell more slowly as ter-
mination became more frequent. In this study, the
degree of grafting reached a maximum of 13.2%
with a monomer concentration of 37 vol %. The
increase in the degree of grafting with the mono-
mer concentration increasing could be attributed to
the increases in the monomer diffusion and concen-
tration in the grafted PET films. As the monomer
concentration increased, homopolymer formation
was enhanced, and the diffusion of the monomer
was hindered.12

The influence of the radiation time on the degree
of grafting of AMA onto PET films with a 37 vol %
monomer concentration was also investigated (Fig. 2).
The grafting steadily increased initially and tended to
level off beyond 4 h; that is, after 4 h of radiation,
there was no significant change in the level of graft-
ing. A previous study also suggested that a grafting
time of 4 h was sufficient to achieve nearly the maxi-
mum degree of grafting of styrene onto PET films.13

The increase in the irradiation time led to the
enhancement of the homopolymerization effect.12

Therefore, the degree of grafting tended to level off
with higher irradiation times.

Sulfonation

The sulfonation was performed with ClSO3H;
ASO3H was added to the ethylenic carbon of the
grafted film to yield a new proton-conducting mem-
brane (Fig. 1). The degree of sulfonation is defined
as the molar ratio (%) of sulfonic acid to monomer
units of the grafted polymer chain (the SO3H ratio).
Increasing the ClSO3H concentration diminished the
time necessary for full sulfonation; however, the ten-
sile strength of the film decreased with increasing
concentration (Fig. 3). This may have been due to
side reactions (i.e., the formation of sulfonyl chloride
and crosslinking by sulfone formation) that made
the film more fragile.14,15 Homogeneous grafting and
sulfonation of the film surface produced a more
rigid structure with a higher tensile strength, so the
sulfonation of the grafted PET film was performed
under mild conditions (i.e., 0.05M ClSO3H). The
grafted PET film (grafting degree ¼ 13.2%) exhibited
a maximum sulfonation degree of 14.7%, and this
suggested that the degree of sulfonation was propor-
tional to the degree of grafting in the sulfonated
membrane.

Effects of the sulfonation condition

For determining the influence of the reaction condi-
tions on the properties of the membrane, the effects
of the reaction time and temperature were investi-
gated in ClSO3H solutions. Figure 4 shows the
effects of the temperatures (55–90�C) and reaction
times (100–160 min) on the maximum degree of sul-
fonation for each temperature and time. This study
suggests that at higher temperatures, the maximum
degree of sulfonation was obtained in a shorter reac-
tion time. An elevated temperature increased the
sulfonation reaction rate and thus facilitated maximi-
zation of the sulfonation reaction in a shorter reac-
tion time.15 Extending the sulfonation reaction time
beyond the time needed to reach full sulfonation did
not seem to have any effect. The sulfonation degrees

Figure 2 Degree of grafting of AMA on the PET film as a
function of the monomer concentration and radiation time.

Figure 3 Degree of sulfonation and tensile strength
with different concentrations of ClSO3H at room tempe-
rature (30�C).

Figure 4 Maximum degree of sulfonation of the grafted
film with different reaction times and temperatures.
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of the films—14, 15, and 18%—were reached after
140 min at 55, 70, and 90�C, respectively.

Characterization of the sulfonated films

IEC

The structural changes in AMA-grafted PET by sul-
fonation were identified by the quantitative determi-
nation of sulfonic acid in the membranes with titri-
metric analysis. The IEC is an important property
that governs the hydrophilicity and water content of
membranes to a large extent. The IEC of the mem-
branes was found to be progressively increased with
increasing sulfonation (Figure 5), due to increased
incorporation of sulfonic acid groups in the grafted
PET film.16 In this study, with a 14.7% degree of sul-
fonation, the IEC reached a maximum of 0.072
mmol/g; however, it was very low in comparison
with the Nafion membrane (IEC ¼ 0.91 mmol/g).
Because of the repulsion forces existing between the
condensed sulfonic acid groups at a high degree of
sulfonation,16 the IEC tended to level off in this
study.

Water uptake

Sufficient water content within a PEM is necessary
for adequate ionic conductivity in fuel cells. For an
ideal fuel-cell membrane, higher proton conductivity
with a lower water uptake is expected. The proton-
transport mechanism for a wet membrane is similar
to that for an aqueous solution.17 The water uptake
was measured as the percentage increase in the
weight of the dry membrane. The water uptake of
membranes with the soaking time at different tem-
peratures is presented in Figure 6. A remarkable
increase in the water uptake with soaking times up
to 8 h was observed for the membrane. After 8 h,
we observed no significant increase in the water
uptake. The overall water uptake of the film was
low (maximum ¼ 8%), but it was ideal for facilitat-
ing proton transport in the fuel cell. As the sulfonic
acid group was partly responsible for the high ion
exchange and water uptake in the sulfonated mem-

brane, the lower water uptake of the membrane was
observed because of the low degree of grafting and
sulfonation. The higher water uptake of the mem-
brane activated CH3OH crossover, which resulted in
a loss of fuel, reduced fuel efficiency, reduced cath-
ode voltage, and excess thermal load on the cell.18

We suggest that the low swelling (lower water
uptake) of the prepared PEM gives the membrane
excellent dimensional stability in the hydrated state,
makes the water management of the relevant PEM
fuel cell far easier, and prevents the activation of the
CH3OH crossover. In this study, the lower water
uptake of the PEM was also responsible for the
lower IEC of the membrane.
We observed higher swelling of the membrane at a

higher temperature. Park et al.19 also discovered that
the water uptake of PEMs increased with increasing
temperature at a constant relative humidity. The radi-
ation-grafted membrane can be assumed to have a
larger hydrophilic part with more dispersed water
channels at higher temperatures, which might facili-
tate water transport together with the protons.

Mechanical stability

The mechanical stability of the membranes was deter-
mined with a tensile test. The water uptake of the
membrane and the temperature of the environment
have a large impact on the mechanical properties, so
the tensile strengths of the membrane and Nafion
(for comparison) were determined for different water
uptakes at different temperatures (Fig. 7). In compari-
son with Nafion, the membrane had higher mechani-
cal stability for different water uptakes, and this con-
firmed the toughness of the membrane.
As the temperature increased, the tensile strength

of the membranes decreased (Fig. 7). For Nafion,
the temperature effect is more drastic, so Nafion
cannot be used in fuel cells that operate above
80�C. The characterization of the PEM by tensile
strength measurements demonstrated its good ther-
mal stability even above 100�C. The high thermal
stability of the membrane was due to the presenceFigure 5 IEC as a function of the degree of sulfonation (S).

Figure 6 Water uptake of PEM and Nafion with respect
to time at different temperatures.
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of an aromatic ring in the polymer and the electro-
lyte membrane.20

Hydrolytic stability

The tensile strength of the sulfonated film was also
observed as a function of the soaking time of PEMs
in aqueous media at 80�C for 9 days (Fig. 8). In this
study, the tensile strength slightly decreased from 27
to 23 MPa with the soaking time increasing from 1
to 6 days, and after 6 days of soaking, the tensile
strength remained constant; this confirmed the
hydrolytic stability of the PEM.

Oxidative stability

Several chemical and electrochemical degradations
of PEMs can occur under fuel-cell operating condi-
tions. Chemical attacks against PEMs are usually
attributed to OH, and OH2 radicals (precursors of

H2O2) can be formed on top of the platinum catalyst
surface in both the anode and the cathode.21 There-
fore, the oxidative stability of the membrane was
investigated with different concentrations of H2O2 at
30�C for 8 days. The degradation of the membrane
was evaluated by weight loss and by visual observa-
tion. No significant changes (maximum weight loss
¼ 1.2%) were observed in the membrane even after
treatment with 0.1M H2O2 for 8 days (Fig. 9); this
showed that no polymer degradation occurred and
supported the excellent oxidative stability of the
PEM. This study also showed that the oxidative sta-
bility of the PEM was slightly higher than that of
Nafion (Fig. 9).

Proton conductivity

For fuel-cell applications, a graft-type PEM has a ho-
mogeneous distribution of sulfonic acid in a direc-
tion perpendicular to the film surface and thus
exhibits higher proton conductivity between the two
electrodes in a fuel-cell device.14 In this study, the
proton conductivity of the membrane increased with
frequency, and this increase was drastic in the be-
ginning, tended to level off, and attained a magni-
tude of 3 � 10�2 S/cm (Fig. 10). For comparison, the
proton conductivity of Nafion was measured under
the same conditions. The proton conductivity of the
membrane was slightly lower than that of Nafion
but was better than that of a membrane previously
prepared with styrene monomer.13 The proton con-
ductivity was directly dependent on the degree of
sulfonation,22 so the AMA-grafted PEM with a low
degree of sulfonation had lower proton conductivity
than Nafion.

Figure 8 Tensile strength of the sulfonated film with dif-
ferent soaking times in water at 80�C.

Figure 7 Tensile strengths of PEM and Nafion with dif-
ferent water uptakes of the membranes and at different
temperatures.

Figure 9 Tolerance of the sulfonated film in H2O2 solu-
tions of different concentrations. Nafion is shown in a
0.1M H2O2 solution for comparison.
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In fuel-cell operations, the membranes should be
as thin as possible when they are acting as electro-
lytes for proton transport. However, at the same
time, they should be strong enough to avoid damage
during the fabrication of the membrane electrode as-
sembly and to act as barriers to provide effective

separation between the anode and the cathode. In
this study, the prepared PEM had considerably
higher mechanical strength than Nafion, although
the proton conductivity was slightly lower than that
of Nafion.

IR spectroscopy

The structural characterization of the sulfonated
membranes by titrimetric analysis was confirmed by
FTIR spectroscopy. The character of the PET spec-
trum was determined by the group contents: several
peaks in the range of 1500–1600 cm�1 for C¼¼C (aro-
matic ring), in the range of 1700–1800 cm�1 for C¼¼O
(ester), and in the range of 3000–3100 cm�1 for CAH
(aromatic ring). A comparison of the FTIR spectrum
of the starting PET film with the spectra of the
AMA-grafted PET and sulfonated AMA-grafted PET
(Fig. 11) showed that for the most part, a marked
change in the absorption bands took place in the

Figure 10 Proton conductivity of the sulfonated PET film
and Nafion versus different frequencies.

Figure 11 IR spectra of the original, grafted, and sulfonated PET films. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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1600–1700-cm�1 region. The absorption band at 1650
cm�1 was absent in the IR spectrum of the starting
PET; however, it was detected in the spectrum of
AMA-grafted PET. The presence of the band at 1650
cm�1, which was due to the stretching vibrations of
the C¼¼C (alkene) bond of the AMA monomer, con-
firmed that the monomer was grafted. In the FTIR
spectrum of the sulfonated membrane, the band of
the sulfonic acid group was confirmed by two peaks
at 1380 (asymmetrical stretching) and 1180 cm�1

(symmetrical stretching) for the sulfonic acid group.
The significant decrease in the band intensity at 1650
cm�1 for the sulfonated film also confirmed the sul-
fonation of the grafted film.

CONCLUSIONS

A PEM for fuel cells was successfully prepared by
UV-radiation grafting of AMA onto PET films and
subsequent selective sulfonation by ClSO3H. The
maximum degree of grafting was found with a 37%
monomer concentration after 4 h of UV radiation.
The irradiation, grafting, and sulfonation conditions
could easily be changed to obtain membranes with
different IECs and properties. The IEC of the PEM
was 0.072 mmol/g at its highest sulfonation. The
lower water uptake of the PEM in comparison with
Nafion gave dimensional stability to the membrane.
The water uptake and proton conductivity of the
PEM increased with increasing temperature. The
excellent thermal, mechanical, and chemical stability
of the prepared PEM suggests that it could be used
in fuel cells. The preparation method is very simple
and inexpensive, and this also makes the PEM more
attractive for use in fuel-cell technology.
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