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ABSTRACT: Novel poly(glycidyl methacrylate)-grafted
Nafion–phosphoric acid membranes for direct-oxidation
methanol fuel cells were prepared with a potassium persul-
fate chemical initiation system for the first time. The intro-
duced epoxy groups were converted to amine groups
through a reaction with ethylenediamine, which conse-
quently doped with phosphoric acid (APO3H) groups. The
latter significantly contributed to enhancing the ion-
exchange capacity, mechanical properties, and thermal sta-
bility. Factors affecting the modification steps were studied.
Changes in the chemical and morphological structure were
verified through Fourier transform infrared spectroscopy,
TGA, and scanning electron microscopy characterization.
Various grafting percentages (GP%’s) up to 32.31% were
obtained. As a result, the thickness of the grafted mem-

branes increased. Furthermore, the methanol permeability
of the modified membranes was reduced with increasing
grafted polymer content compared with that of the Nafion
membrane. An 83.64% reduction in the methanol perme-
ability was obtained with a polymer grafted content of
18.27%. Finally, the efficiency factor for all of the modified
Nafion membranes was enhanced compared with that of
Nafion. A fourfold improvement was obtained with mem-
branes with a GP% of 18.27% as a maximum value. Such
promising results nominate the used technique as a one for
the improvement of Nafion membrane efficiency. VC 2010
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INTRODUCTION

The principle of the fuel cell dates back to well
before the advent of the internal combustion engine.
In other words, whereas water can be split into its
constituent components, hydrogen and oxygen,
through the application of an electric current, the
idea behind a fuel cell is essentially the reverse of
this process.1 The fuel cell designs by Francis T.
Bacon2 were eventually chosen by NASA for power-
ing its Apollo mission and the space shuttle orbiters.
Although fuel cells were used in the 1950s and
1960s as part of NASA’s space program, more prac-
tical applications of this process were abandoned by
some major companies because the cost of the tech-

nology is higher than those of conventional power-
generation technologies. The development of fuel
cells since the 1970s has been characterized by the
elimination of diffusion limitations in electrode
structures and improvements in lifetime. The cost
per kilowatt of energy produced in a fuel cell has
come down by a factor of 10 over the past 5 years,
and specific power outputs of fuel cells have
increased dramatically in 20 years. The leading fuel
cell companies have reached a point in their
advancement of the technology when they have
begun to say that fuel cells could soon match the
cost of existing technology.3 Important characteristics
enable fuel cells to become a revolutionary technol-
ogy that could replace the existing technology.
According to the application of the fuel cell, the
desired number of unit cells, consisting of a mem-
brane electrode assembly and bipolar plate, consti-
tute a fuel cell stack. Thus, the fuel cell system can
be made to order to customer specifications with
ease. Direct-oxidation methanol fuel cell (DMFC)
systems, based on a solid polymer electrolyte in the
form of a polymer electrolyte membrane fuel cell,
offer a simple and compact design as the methanol
is fed directly into the fuel cell as the fuel. The
DMFC system is thought to be an attractive power
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source for a range of applications, including trans-
portation and a portable power source.4 The struc-
ture of the DMFC is the composite of two porous
electrocatalytic electrodes on either side of a solid
polymer electrolyte membrane, and methanol refor-
mation and electrochemical reactions occur simulta-
neously in the cell.5 One of the main components in
DMFCs is the electrolyte membrane. DuPont Nafion
or other perfluorinated sulfonic acid membranes are
widely acknowledged to be good electrolyte mem-
branes because of their high proton conductivity and
chemical stability. However, Nafion membranes
have some drawbacks:6–8

1. Nafion is expensive and difficult to process.
2. There is a strong dependence on the relative

humidity in maintaining the proton conductiv-
ity of Nafion membranes. This is the reason the
proton conductivity decreases with dehydra-
tion at high temperatures.

3. It is thermally unstable at high temperatures.
This property causes the membrane to physically
shrink during high-temperature operation, with
subsequent poor contact and proton conductivity
between the membrane and the electrodes.

4. It has a high methanol permeability, which not
only wastes fuel but also reduces cell perform-
ance for application in DMFCs.

A number of researchers have dealt with such prob-
lem using different strategies to block the channels
through the pores of the membranes by some metha-
nol repealing species.9–17 The grafting of Nafion with
selected polymers has been presented as one of theses
strategies.9,10 Sauk et al.9 grafted styrene onto Nafion
115. The Nafion-grafted polystyrene was sulfonated
in concentrated sulfuric acid (98% H2SO4). The
grafted membranes were characterized by the mea-
surement of their ion-exchange capacities (IECs), ion
conductivity, and methanol permeation. The Nafion-
grafted poly(styrene sulfonic acid) exhibited a higher
ion conductivity and lower methanol permeability
than that of Nafion 115. On the other hand, Bae et al.10

grafted polystyrene molecules onto the surface of a
Nafion 117 membrane via the plasma-induced poly-
merization technique to reduce its methanol perme-
ability in applications involving DMFCs. The cross-
linked poly(styrene sulfonic acid) layers that were
grafted reduced the methanol permeability of the
membranes considerably.

In this article, the grafting of Nafion membranes
with a simple chemical initiation system is presented
for the first time. We studied the grafting of Nafion
membranes with poly(glycidyl methacrylate) (PGMA)
with a potassium persulfate (KPS) initiation system by
exploring the effects of different factors, such as mono-
mer and initiator concentration, on the grafting process.

Three parameters, namely, the grafting percentage
(GP%), grafting efficiency (GE%), and weight conver-
sion (WC%), were monitored. Different GP%’s were
obtained and controlled as a result of the variation of
the grafting conditions. The introduced epoxy groups
of PGMA were subsequently converted into amine
groups by the amination process with ethylenediamine
(EDA). The amination conditions, such as EDA concen-
tration, reaction time, and temperature were investi-
gated. The phosphorization of the produced amine
groups to induce ionic conductivity to overcome some
of the original lost as a result of the grafting process
was conducted as a last step of the modification pro-
cess of the Nafion membranes. The phosphorization
conditions, such as ortho-phosphoric acid concentra-
tion, reaction time, and temperature, were investigated
to determine the optimum modification conditions. To
follow up changes resulting from the modification pro-
cess, different characteristics and measurements were
evaluated, namely, the water uptake, methanol uptake,
dimensional changes, tensile strength (TS) of the mem-
brane, membrane thickness changes, IEC, methanol
permeability, membrane efficiency, Fourier transform
infrared (FTIR) analysis, TGA, and scanning electron
microscopy (SEM) analysis.

EXPERIMENTAL

Materials

Glycidyl methacrylate (GMA; purity ¼ 97%) was
obtained from Sigma-Aldrich Chemicals (Switzer-
land). Nafion 117 was purchased from DuPont. KPS
(purity ¼ 99%, molecular weight ¼ 270.31) was
obtained from Sigma-Aldrich Chemicals, Ltd.
(Germany). Ethyl alcohol absolute (purity ¼ 99.9%)
was obtained from El-Nasr Pharmaceutical Co. for
Chemicals (Egypt). Sulfuric acid (purity ¼ 95–97%)
was obtained from Sigma-Aldrich Chemicals, Ltd.
(Germany). Methanol (purity 99.8%) was obtained
from Sigma-Aldrich Chemicals, Ltd. (Germany).
ortho-Phosphoric acid (purity ¼ 85%, extrapure) was
obtained from Sigma-Aldrich Chemicals, Ltd.
(Germany). EDA (purity ¼ 99%) was obtained Loba
Chemie (India). Hydrochloric acid (purity ¼
30–34%) was obtained from El-Nasr Pharmaceutical
Co. for Chemicals. Sodium chloride (purity ¼ 99.5%,
molecular weight ¼ 58.44) was obtained from
Sigma-Aldrich Chemicals, Ltd. (Germany). Hydro-
gen peroxide (purity ¼ 35%) was obtained from
El-Nasr Pharmaceutical Co. for Chemicals.

Methods

Membrane preparation

Membrane treatment. Commercial Nafion 117 mem-
branes (DuPont) were treated according to standard
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Scheme 1 Mechanism of the Nafion grafting.

Scheme 2 Mechanism of the PGMA-g-Nafion membrane amination process.

membrane cleaning procedures.18 Briefly, the Nafion
117 membranes were boiled at 80�C for 1 h in a 5%
H2O2 solution, deionized water, a 0.5M H2SO4 solu-
tion, and again in deionized water. Finally, the
membranes were air-dried in an air oven at 30�C.
Grafting process. Grafting was carried out with dif-

ferent monomer concentrations (8–20% v/v) dis-

solved in KPS solutions (0.004–0.012M) with differ-

ent composition of ethanol–water. The grafting
process was conducted at different temperatures
(35–65�C) in a water bath for different reaction
times (1–5 h; Scheme 1). The grafting process was
monitored through the evaluation of different graft-
ing parameters, namely, GP%, GE%, and WC%.
These parameters were calculated with the follow-
ing equations:19

GP% ¼ Weight of the grafted membrane after extraction�Weight of the original membrane

Weight of the original membrane
� 100 (1)

GE% ¼ Weight of the grafted membrane�Weight of the original membrane

Weight of the grafted polymersþWeight of the homopolymer
� 100 (2)

WC% ¼ Weight of the grafted polymerþWeight of the homopolymer

Weight of the used monomer
� 100 (3)

Amination process. The epoxy groups of the PGMA
chains were reacted with EDA at different concen-
trations (1–6% v/v) in water at different tempera-
tures (25–65�C) in a water bath and for different
time intervals (2–10 h; Scheme 2).

Phosphorization process. Phosphorization was carried
out with different ortho-phosphoric acid concentra-
tions (1.5–7.5% v/v) dissolved in water at different
temperatures (25–65�C) in a water bath for different

time intervals (2–10 h); this was followed by mem-
brane washing with distilled water.

Membrane characterization

Water uptake (W%). For membrane previously
immersed in distilled water at room temperature for
24 h, the surface was dried by wiping with filter pa-
per and weighing. The obtained results were the av-
erage of three samples:20

WH2O% ¼ Weight of the membrane ðgÞ �Weight of the dry membrane ðgÞ
Weight of the dry membrane ðgÞ � 100 (4)
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Methanol uptake (W%). For membrane previously
immersed in pure methanol at room temperature for
24 h, the surface was dried by wiping with filter

paper and weighing. The obtained results were the
average of three samples:20

Scheme 3 Glass diffusion cell for the methanol perme-
ability measurements.

WMeOH% ¼ Weight of the membrane ðgÞ �Weight of the dry membrane ðgÞ
Weight of the dry membrane ðgÞ � 100 (5)

IR spectrophotometric analysis. Analysis of IR spectro-
scopic charts to investigate the chemical structure of
the ungrafted and modified membranes having dif-
ferent GP%’s was carried out with an FTIR spectro-
photometer (Shimadzu FTIR-8400 S, Japan).

Thermogravimetric analysis (TGA). TGA of the un-
grafted and modified membranes having different
GP%’s was carried out with a thermogravimetric an-
alyzer (Shimadzu TGA-50).

SEM analysis. Scanning of the ungrafted and modi-
fied membranes was carried out with energy-disper-
sive X-ray analysis (JEOL JSM 6360LA, Japan).

IEC. The IEC of the membranes was determined
with acid–base titration. Weighed samples were
immersed in 20 cm3 of a 2M NaCl solution for at
least 12 h at room temperature. The solution was
then titrated with a NaOH solution of known con-
centration. IEC was calculated as follows:

IECðmequiv=gÞ ¼ nðmmol=cm3Þ � vðcm3Þ=wðgÞ (6)

where n, v, and w are the concentration of the
NaOH solution, the titer of the NaOH solution, and
the weight of the sample, respectively.21

Methanol permeability. Methanol permeability meas-
urements were carried out with a homemade glass
diffusion cell that consisted of two cylindrical glass
compartments (compartment A for the feed and
compartment B for the permeate) separated by a
membrane. A schematic representation of the
methanol diffusion cell is presented in Scheme 3.
Compartment A was filled with 15 wt % methanol
(volume of compartment A ¼ 125 mL), and com-
partment B was filled with deionized water [vol-
ume of the water compartment (VB) ¼ 120 mL].
Both the feed and the permeate solutions were
kept under continuous stirring conditions by mag-
netic stirrers. To determine the methanol perme-
ability of each membrane, liquid samples of
100 lL were taken from the permeate with a
syringe at prescribed time intervals. The liquid
samples were analyzed with a calibrated gas chro-
matograph (GC-17 A, Shimadzu).

Methanol permeability calculations. The methanol per-
meability (P) was determined for each membrane
sample as follows: Methanol diffusion was estab-
lished across the membrane due to a concentration
gradient. The concentration of methanol in the

permeate compartment is given by eq. (7), as stated
elsewhere:22

VBdCB

dt
¼ A

DK

L
CA (7)

where CB is the concentration of methanol in the
permeate (water) compartment at time t, CA is the
concentration of methanol in the feed compartment,
A is the membrane cross-sectional area, L is the
membrane thickness, D is the methanol diffusivity,
and K is the partition coefficient. Equation (8) can be
solved to give

CBðtÞ ¼ A

VB

DK

L
CAðt� t0Þ (8)

where t0 is the time lag, which is explicitly related to
D (t0 ¼ L2/6D). Because the methanol permeability
is defined as the product of D through the mem-
brane and the partition coefficient, that is, P ¼ DK,
eq. (9) can be rewritten as follows:

CBðtÞ ¼ A

VB

P

L
CAðt� t0Þ (9)

The methanol permeability is calculated from the
linear relationship of the concentration change
of CB versus time according to the following
expression:
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P ¼ a
VB

A

L

CA
(10)

where a is the slope of the linear plot of CB versus
time.
Calculation of the membrane efficiency. Because DMFC
application requires membrane quality that
attains a high proton conductivity and methanol
impermeability, the membrane performance eval-
uation can be obtained with the following
expression:22

U ¼ r
P

(11)

where U is a parameter that evaluates the overall
membrane performance in terms of the ratio of the
ionic conductivity (r) to the methanol permeabil-
ity. However, in this work, the IEC was an indica-
tor for ionic conductivity, and we compared the
efficiency modified of the composite membranes in
respect to the virgin membrane by IEC to the
methanol permeability ratio according to the fol-
lowing equation:

U ¼ IEC

P
(12)

where U is the efficiency factor.
TS measurement. TS is a measure of the resistance of
a sample to direct tension. It is defined as the force
required to break a strip of sample that has a speci-
fied length and a width of 10 mm. A Lloyd Instru-
ments LR 10K was used for TS measurements:

Breaking length ðmÞ ¼ TS ðkgÞ�
Length of the strip ðmÞ=Weight of the strip ðkgÞ

where 1 kg/15 mm ¼ 3.73 lb/in. and

Zero� span breaking length ¼ Breaking load ðkgÞ�
200; 000=½Basis weight=in:2 � 3�

where the sample size is 1 � 5 cm2.
Dimensional changes (DA%). After the membranes
were immersed into deionized water or pure metha-
nol at room temperature for 24 h, DA% was calcu-
lated from following equation:

DA% ¼ A� A0

A0
� 100 (13)

where A0 and A are the areas of membrane before
and after the soaking treatment, respectively.

RESULTS AND DISCUSSION

Membrane preparation

Grafting process

Effect of the monomer concentration. The diffusability
of the monomers into the polymer matrix had a
great influence on the grafting process. The effect of
the monomer concentration on GP%’s, GE%, and
total WC% was investigated. Figure 1 shows that an
increase in the monomer concentration clearly
increased GP% and GE%. The maximum GP% and
GE% were obtained with a 20% GMA solution,
whereas the WC% reached maximum value at 16%
GMA and then tended to decrease slightly with fur-
ther increasing GMA. These observations were
attributed to the following explanations. Increases in
the monomer concentration up to 20% facilitated the
diffusability of the monomer toward the initiated
sites on the chains of the Nafion membranes, which
consequently increased the grafting yield.
Effect of the initiator concentration. Figure 2 shows the
effect of the variation of KPS concentration on the

Figure 1 Effect of the monomer concentration on GP%,
GE%, and WC% (conditions: 0.01M KPS, 1 : 1 ethanol–
water ratio, 55�C, and 4 h).

Figure 2 Effect of the initiator concentration on GP%,
GE%, and WC%. (conditions: 12% GMA, 1 : 1 ethanol–
water ratio, 55�C, and 4 h).
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studied grafting parameters. It was clear that
increases in the initiator concentration from 0.004 to
0.012M were accompanied by a significant increase
in GP%. This may have been due to an increase in
the number of the formed free radicals, as a result of
the increase in the initiator concentration, which
resulted in an increase of the diffusive numbers of
the formed free radicals inside the membranes in
benefit of GP%. GE% of the system followed a rela-
tively similar trend, despite its low value. On the
other hand, WC% practically increased with increas-
ing initiator concentration up to 0.008M. Beyond
0.008M, the conversion of the monomer dropped
sharply to reach a minimum value of 33%. This
behavior was explained by the favoring of the termi-
nation process in this range of initiator
concentrations.
Effect of the grafting temperature. The effect of the var-
iation of the polymerization temperature on the
grafting parameters is illustrated in Figure 3. Sub-
stantial increases in GP% and GE% were observed
with variation of the temperature from 35 to 55�C.
This enhancement in the grafting of GMA onto the
Nafion membranes with increasing polymerization
temperature might have been due to the following
favorable effects of temperature on

1. The diffusion of GMA from the solution phase
to the swellable Nafion phase.

2. Increasing the solubility of the monomer.
3. Increasing the rate of thermal dissociation of

KPS and, hence, the GMA rate of free-radical
formation on the membrane backbone.

4. Formation and propagation of grafted chains.

The net effect of all such factors led to a high
grafting yield with increasing polymerization tem-
perature. Further increases in the polymerization
temperature beyond 55�C resulted in a decrease in
both GP% and GE%. This could have been due to

the inhibition of polymer formation, as was clear
from the depression of WC%. The termination of the
formed free radicals was the reasonable cause.
Effect of the grafting time. The effect of the variation
of grafting time on the grafting parameters is illus-
trated in Figure 4. The results reveal that increasing
the grafting time from 1 to 5 h increased GP% and
GE% in the same manner to reach maximum values
after 4 h of grafting time. This kind of behavior may
have been due to the combination of two processes.
The first was an increase the number of formed free
radicals in both the monomer solution phase and the
polymer solid phase. Simultaneously, in parallel, the
amount of diffused monomer in to the polymer
phase increased during postgrafting time. The com-
bination of the two processes led finally to increases
in both GP% and GE%. On the other hand, further
increases in the reaction time to 5 h negatively
affected both GP% and GE%. This could be
explained by the favoring of homopolymer forma-
tion over the grafting process. A diffusion barrier
against monomer diffusion into the polymer matrix
was created because of the hydrophobic nature of
the precipitated homopolymer onto the surface of
the membrane. This directly affected the values of
both GP% and GE% during the postgrafting time.
Effect of the solvent composition. Data illustrating the
effects of various solvent compositions on the graft-
ing parameters are shown in Figure 5. GP% and
GE% increased linearly with ethanol content to reach
maximum values in a 50% ethanol aqueous solution
and then tended to decrease. This could be
explained by the increasing solubility of GMA,
which in turn, facilitated its diffusion into the poly-
mer matrix. In addition, ethanol acted as reducing
agent, which facilitated the process of KPS oxidation
to form free radicals. The drop in all grafting param-
eters with a solvent composition of ethanol over 50%
may have been due to a reduction of KPS solubility,

Figure 3 Effect of the grafting temperature on GP%,
GE%, and WC%. (conditions: 12% GMA, 1 : 1 ethanol–
water ratio, 0.01M KPS, and 4 h).

Figure 4 Effect of the grafting time on GP%, GE%, and
WC% (conditions: 12% GMA, 1 : 1 ethanol–water ratio,
0.01M KPS, and 55�C).
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which in turn, reduced the number of formed free
radicals.

Amination process

Effect of the EDA concentration. The effects of various
EDA concentration on IEC are shown in Figure 6. The
figure shows that there was a small increment of IEC
with increasing EDA concentration from 1 to 6%. This
may have been due to the fact to that most of the ep-
oxy groups were aminated with 1% EDA, so a further
increase in EDA had no significant effect.
Effect of the reaction temperature. The effects of various
aminoalkylation temperatures of IEC are shown in
Figure 7. As shown in Figure 7, IEC decreased slowly
with increasing temperature from 25 to 65�C. This is
may be explained on the basis of the hydrophilic na-
ture of the Nafion membrane and its very small thick-
ness, which eliminated the enhancing effect of EDA
diffusion because of temperature elevation.
Effect of the reaction time. The effects of various
aminoalkylation reaction times on IEC are shown in

Figure 8. As shown in Figure 8, IEC increased with
increasing time of reaction up to 4 h. Further
increases in the amination time had no significant
effect. Here again, the hydrophilicity and small
thickness of membrane may have caused the
described results, in addition to the fact that almost
all of the epoxy groups had reacted by 4 h.

Phosphorization process

Effect of the ortho-phosphoric acid concentration. The
effects of various ortho-phosphoric acid concentra-
tions on IEC are shown in Figure 9.As shown in
Figure 9, there was an increase in IEC with increas-
ing ortho-phosphoric acid concentration. The maxi-
mum IEC was obtained at 6% ortho-phosphoric acid
and then tended to level off.
Effect of the reaction temperature. The effects of vari-
ous temperatures on the phosphorization process are
shown in Figure 10. As shown in Figure 10, the IEC
decreased slowly with increasing temperature from
25 to 65�C. The nonsignificant effect of the reaction

Figure 6 Effect of the variation of EDA concentration on
IEC (conditions: GP% ¼ 18%, 8 h, and 25�C).

Figure 7 Effect of the variation of temperature on IEC
(conditions: GP% ¼ 18%, 5% EDA, and 8 h).

Figure 8 Effect of the variation of time on IEC (GP% ¼
18%, 5% EDA, and 25�C).

Figure 5 Effect of the variation of solvent composition on
GP%, GE%, and WC% (conditions: 12% GMA, 4 h, 0.01M
KPS, and 55�C).
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temperature could be attributed to the hydrophilicity
and small thickness of the Nafion membranes, which
eliminated the diffusive enhancement effect of eleva-
tion temperature.
Effect of the time. The effects of various reaction
times on IEC are shown in Figure 11. As shown in
Figure 11, IEC increased with increasing reaction
time to reach its maximum value after 8 h. The rela-
tively long time needed to reach the maximum IEC,
8 h, may have resulted from the bulk nature of the
ortho-phosphoric acid groups, which formed clouds
on the surface of the membrane and retarded further
diffusion of ortho-phosphoric acid to reach the termi-
nal amine groups in the polymer bulk.

Membrane characterization

Water and methanol uptakes. The water content in
polymer electrolyte membrane is one of the features
of proton transport.23 Water and methanol uptakes
of polymer membranes are directly related to its

electrochemical properties for application in DMFCs.
The data of the water and methanol uptakes of vari-
ous grafted Nafion membranes together with that of
the ungrafted membrane are presented in Tables I
and II.
Its clear from the data tabulated in Tables I and II

that the water uptake for the grafted membranes
was greater than that of virgin Nafion, and this was
not expected from the hydrophobic nature of
PGMA. This may have been due to the hydrolysis of
the epoxy ring in PGMA with the formation of a-
glycol groups due to acid catalyzed hydrolysis by
action of HCl used for the regeneration of the modi-
fied membranes to their acid form. After the grafting
process, the epoxy ring was reactive for hydrolysis
under these conditions,24 and therefore, a high per-
centage of the epoxy groups were consumed with
the formation of excellent hydrophilic groups
(hydroxyl groups), which were responsible for the
higher water uptake and higher number of sorbed
water molecules.
Also, for the aminated and phosphorizated mem-

branes, the amination of the remaining epoxy
groups resulted in the formation of amine groups
and hydroxyl groups, and they were excellent

Figure 10 Effect of the variation of temperature on IEC.
(GP% ¼ 18% and 5% EDA, 25�C, and 8 h or 6% ortho-
phosphoric acid and 10 h).

Figure 11 Effect of the variation of time on IEC (GP% ¼
18% and 5%EDA, 25�C, and 8 h or 6% ortho-phosphoric
acid and 25�C).

TABLE I
Water Uptake Values of the Ungrafted, Grafted,

Aminated, and Phosphorizated Membranes

GP%

Water uptake
of the grafted
membrane (%)

Water uptake
of the aminated
membrane (%)

Water
uptake of the

phosphorizated
membrane (%)

0 18.94 — —
5.27 24.32 17.125 21.01

11.08 24 19.25 22.43
18.27 27.78 23.64 28.82
23.308 38.49 27.71 34.8
32.18 40.16 33.09 37.01

Figure 9 Effect of the variation of ortho-phosphoric acid
concentration on IEC (conditions: GP% ¼ 18% and 5%
EDA, 25�C, and 8 h or 10 h and 25�C).
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hydrophilic groups, which were responsible for the
high water uptake and higher number of sorbed
water molecules.25 The attachment of phosphoric
acid groups was confirmed by the IEC measure-
ments for the membranes, which are discussed later.

However, the water uptake for both aminated and
grafted membranes was higher than that of virgin
Nafion membranes. The increase in methanol uptake
for all of the membranes was significant. This was
attributed to the hydrogen bonding between the
membrane matrix and the methanol molecules.26

Dimensional changes. The effects of the modification
process on the dimensional changes of the modified
membranes in methanol and water were tested for
all of the modified membranes after they were swol-
len in water and methanol separately for 24 h. The
results show that the dimensional changes of
the modified membranes after swelling in methanol
or water were significant in comparison with
the unmodified membrane. This confirmed that the
modification process had an impact effect on the
dimensional changes of the modified membranes
(Table III and IV).
Mechanical characterization. TS and elongation at
break were measured on rectangular strips. TS indi-
cates the maximum stress developed in a film
during a tensile testing, and elongation at break
indicates the capacity of the film to stretch.27 The

tensile properties of the ungrafted and different per-
centage grafted membranes were measured and are
recorded in Table V. These were determined from
the critical breaking point of the stretching test
pieces.
The effect of the force on the elongation of the

membrane was observed as a positive result because
the elongation of the membrane increased as a result
of phosphorization. This means that phosphorization
of the membrane induced more elasticity compared
with the ungrafted Nafion membrane. In general, an
improvement in the mechanical properties of the
modified Nafion membranes was obtained.
Membrane thickness changes. Because of the grafting
of the PGMA onto the Nafion membranes, the thick-
ness of the membranes was changed. Figure 12
shows the change in the membranes thickness as
measured by a micrometer against the grafting per-
cents. It was clear from the graph that the thickness
of the grafted membranes increased with increasing
GP%. This may have been due to the incorporation
of the PGMA chains onto the matrix of the Nafion
membrane.
IR spectrophotometric analysis. Figure 13 illustrates the
FTIR spectra for the ungrafted, grafted, aminated,
and phosphorizated Nafion membranes. The appear-
ance of the characteristic absorption band for AC¼¼O
at 1724 cm�1 and three characteristic bands for
epoxy rings at 1238–1255, 840, and 750 cm�1

[Fig. 13(b)] provided evidence for the occurrence of
the grafting process of PGMA.28 The opening of the
epoxy rings through the amination process was pro-
ven through the appearance of characteristic bands

TABLE III
Dimensional Changes in Water for the Ungrafted,

Grafted, Aminated, and Phosphorizated Membranes

GP%

Dimensional
changes

of the grafted
membrane (%)

Dimensional
changes

of aminated
membrane (%)

Dimensional
changes
of the

phosphorizated
membrane (%)

0 15 — —
5.27 20.37 15 20

11.08 21.25 16.66 22.22
18.27 33.58 19.736 30.26
23.308 36.11 29.192 34.16
32.18 30.5 37.09 35

TABLE V
TS and Elongation of the Ungrafted Nafion Membrane

and Phosphorizated Nafion Membrane

GP% TS (N) Elongation (mm)

0 18.125 12.218
18.27 46.25 16.412
23.08 56.09 20.05

TABLE II
Methanol Uptake Values of the Ungrafted, Grafted,

Aminated, and Phosphorizated Membranes

GP%

Methanol
uptake
of the
grafted

membrane (%)

Methanol
uptake
of the

aminated
membrane (%)

Methanol
uptake of the

phosphorizated
membrane (%)

0 22 — —
5.27 34.31 27.87 37.5

11.08 32.04 27.1 36.53
18.27 42.16 30.956 48.03
23.308 50.66 35.518 51.96
32.18 53.126 40.50 60.78

TABLE IV
Dimensional Changes in Methanol for the Ungrafted,
Grafted, Aminated, and Phosphorizated Membranes

GP%

Dimensional
changes
of the
grafted

membrane
(%)

Dimensional
changes
of the

amination
membrane

(%)

Dimensional
changes
of the

phosphorizated
membrane (%)

0 35 — —
5.27 45.15 34.056 36.9

11.08 40.30 33.4921 46.66
18.27 53.78 46.762 51.31
23.308 54.16 45.285 62.11
32.18 56 49.31 66.43
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for the NH2 group at 3357 cm�1. The remaining
characteristic bands for epoxy rings were indicated
in the complete amination reaction [Fig. 13(c)].
When phosphoric acid was added, a very broad

absorption band complex appeared in the wave-
number range 2500 to 3000 cm�1.28

TGA. Thermal analysis of the PGMA grafted and
ungrafted Nafion membranes were carried out by a
thermogravimetric analyzer in a nitrogen atmos-
phere at a heating rate of 20�C/min (Fig. 14). It was
abstracted from TGA that PGMA had two consecu-
tive weight loss steps due to the thermal decomposi-
tion of PGMA. The first was in the temperature
range 160–320�C, and the second was in the temper-
ature range 360–460�C.29 Two decomposition steps
for the virgin Nafion were observed. The initial
decomposition step was at 40–100�C, and this was
attributed to water loss in the membrane. The sec-
ond decomposition step happened at 340–550�C
because of the thermal decomposition of groups
present in the Nafion matrix.30 Data obtained from
TGA provided us with proof of the occurrences of
the grafting, amination, and phosphorization proc-
esses. At 450�C, the virgin Nafion membrane lost
50% of its weight, whereas the grafted, aminated,
and phosphorizated membranes lost 14, 35, and 35%
of their weights, respectively, at this temperature.

Figure 12 Effect of GP% on the thickness of the grafted
membranes.

Figure 13 FTIR spectrum of the (A) original Nafion mem-
brane, (B) grafted membrane, (C) aminated Nafion mem-
brane, and (D) phosphorizated Nafion membrane.

Figure 14 TGA thermographs of the (A) original Nafion
membrane, (B) grafted membrane (18.27%), (C) aminated
membrane, and (D) phosphorizated membrane.

TABLE VI
Weight Loss Percentage at 550�C of the Ungrafted,
Grafted, Aminated, and Phosphorizated Membranes

GP%

Weight
loss

for the
grafted

membranes
(%)

Weight
loss

for the
aminated

membranes
(%)

Weight
loss

for the
phosphorizated
membranes

(%)

Original Nafion 95 — —
5.27 89.33 86.49 85.42
11.08 86.87 80.48 78.96
18.27 87.27 79.52 77.12
23.08 85.80 76.87 75.40
32.18 81.86 73.31 67.62
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Following up the effect of graft content on the ther-
mal stability of the modified membranes at different
steps of modification, we estimated the weight loss

at 550�C for membranes with different graft contents
where the Nafion membrane lost almost all of its
weight (Table VI).

Figure 15 (a,b) SEM micrographs of the (A) original Nafion membrane, (B) grafted membrane (23.08%), (C) aminated
membrane, (D) and phosphorizated membrane.
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It was clear from the data tabulated that the
weight loss percentages for all of the modified mem-
branes were less than that of the original Nafion;
this indicated that the modified membranes were
more thermally stable than the Nafion membrane. In
general, the incorporation of PGMA into the Nafion
membrane increased its thermal stability.
SEM analysis. Figure 15 displays SEM pictures for
both the cross sections and surfaces of the ungrafted
Nafion, grafted, aminated, and phosphorizated
membranes. It was clear from the cross-sectional fig-
ures that no phase separation was observed because
of the modification process [Fig. 15(A)]. It was clear
from surface observation that the changes in the
structure were a result of the grafting and subse-
quent amination and phosphorization processes
[Fig. 15(B)].
IEC. IEC indicates the density of ionizable hydro-
philic groups in the membrane matrix; these were
responsible for the ionic conductivity of the mem-
branes and, thus, were an indirect approximation of
the proton conductivity.31 This is one of the main
requirements for the application of proton-exchange
membranes in DMFC applications. Table VII dis-
plays the IEC values for the ungrafted and grafted
membranes as determined from the acid–base titra-
tion method with respect to GP%. For comparison,
IEC for the original Nafion (ungrafted) membrane
was determined by the same method and under the
same conditions.

From the tabulated data, it was clear that IEC of
the grafted membranes was less than that of the
Nafion membrane (0.9 mequiv/g) as determined in
this study. IEC decreased slightly with increasing
grafting extent. This may have been due to the con-
sumption of part of the sulfonic groups as sites for
initiation of the grafting process. This result was in
accordance with other obtained data.9

Methanol permeability measurements. Low methanol
permeability with high ionic conductivity is an
important requirement for proton-exchange mem-
branes in DMFCs. The methanol permeability for the
phosphorizated membranes in comparison with that
of the Nafion membrane was determined with a dif-
fusion cell in which the membrane was clamped
between two reservoirs of 2M methanol and distilled

water. The concentration of methanol in the water
reservoir was followed with gas chromatographic
analysis to estimate the methanol permeability for
all of the membranes under investigation. The
changes in the methanol concentration in the water
compartment against the permeation time for all
of the membranes are represented graphically in
Figure 16.
As shown in Figure 16, it was clear that the meth-

anol concentration in the water compartment for the
modified membranes was lower than that for
the Nafion membrane. This may have been due to
the incorporation of PGMA layers, which could have
acted as barriers for methanol crossover into the
polymer matrix of the Nafion membrane. The meth-
anol permeability was calculated from the slope of
the linear line of methanol concentration versus per-
meation time. An attempt to establish whether there
was a correlation with the amount of PGMA content
in the phosphorizated modified membranes was
made. The results are represented graphically in
Figure 17.
As shown in Figure 17, we observed that the

Nafion membrane displayed a methanol permeabil-
ity of 3.39 � 10�6 cm2/s, which was quite close to
that reported by other authors.32 Also, the methanol
permeability of the modified membranes was lower
than that of the Nafion membrane, and it decreased
with increasing grafted polymer content.
The results show that the methanol permeability

decreased by about 66.43%, with respect to the vir-
gin Nafion value, with a grafted polymer content of
11.08%. Consequently, the value of methanol perme-
ability decreased with increasing grafted polymer
content until it was reduced by 83.64% with a poly-
mer grafted content of 18.27%. On the other hand,

TABLE VII
IEC for the Ungrafted and Grafted Nafion Membranes

GP% IEC (mequiv/g)

0 0.90
5.27 0.61
11.08 0.57
18.27 0.55
23.08 0.50
32.18 0.50

Figure 16 Variation of the methanol concentration for the
modified membranes with different GP% values in com-
parison with the virgin Nafion as a function of the perme-
ation time.
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we found that there was no significant reduction in
the methanol permeability with grafted polymer
contents higher than 18.27%. From the results repre-
sented here, the reduction in the methanol perme-
ability may have been due to the incorporation of
PGMA into the Nafion matrix, which led to a
decrease in the ion channels of the modified mem-
brane compared to those of the virgin Nafion and,
therefore, overcame the methanol crossover draw-
back. The results were in agreement with many pub-
lished data.9,10

Membrane efficiency. To evaluate the efficiency of the
modified membranes, we compared their character-
istic factor, which was the ratio between IEC and
methanol permeability as an indicator of membrane
performance in DMFC33,34 according to eq. (12). The
efficiency factor of the modified membranes in com-
parison with the virgin Nafion membrane is repre-
sented graphically as function of the grafted poly-
mer content in Figure 18. As shown in Figure 18, the
efficiency factor for all of the modified membranes
was higher than that of ungrafted Nafion. The maxi-
mum value was obtained with a GP% of 18.27%.
This made the modified Nafion more attractive for
application in DMFCs because its efficiency
increased by a factor of 4 with a GP% of 18.27%.

CONCLUSIONS

Modified Nafion membranes for DMFCs were pre-
pared and characterized. Through the membrane
preparation process, we functionalized Nafion mem-
branes through grafting with PGMA using a persul-
fate initiation system. The effects of different factors,
such as the monomer, initiator concentration, time,
temperature, and solvent ratio, on the grafting
parameters were studied. The grafting process was
controlled through variation of the grafting condi-
tions, and as a result, different GP%’s were obtained.

The occurrence of grafting was proven by FTIR spec-
troscopy, TGA, and SEM. The introduced epoxy
groups of PGMA were subsequently converted into
amine groups by the amination process with EDA.
Doping phosphoric acid (APO3H) groups to the
amino side chains of the grafted membranes signifi-
cantly contributed to the enhancement of the ther-
mal stability and the mechanical properties of the
Nafion modified membranes. The thickness of the
grafted membranes increased with increasing GP%.
The methanol permeability of modified membranes
decreased with increasing grafted polymer content
by about 84% compared to the virgin Nafion. As a
result, the efficiency factor for all of the modified
membranes was higher than that of ungrafted
Nafion. The maximum value was obtained with a
GP% of 18.27%. The combination of the obtained
results makes the modified Nafion more attractive
for application in DMFCs.
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