
1. Introduction
Proton-conducting polymer electrolytes have been
given much attention due to their possible applica-
tions in electrochemical devices such as fuel cells,
humidity and gas sensors, capacitors, and electro-
chemical displays that work from subambient to
moderately high temperatures. Direct methanol fuel
cells (DMFCs), in particular, employing polymer
electrolyte membranes are one of the most attrac-
tive power sources for a variety of applications [1].
The most commonly-used polymer for electrolyte
membranes is the perfluorinated ionomer based
polymers known by its trade name, Nafion. Nafion
developed by DuPont evoked the greatest interest
because of its combined chemical, electrochemical,

and mechanical stabilities with high proton conduc-
tivity (~0.1 S·cm–1) at ambient temperature [2].
However, this still limits the wide applications due
to its high cost, high methanol permeability
(~10–6 cm2/s) and difficulty in synthesis and pro-
cessing [3, 4]. The high methanol permeability
allows the undesired transport of methanol from the
anode side of the fuel cell, through the membrane,
to the cathode side, a phenomenon known as
methanol crossover. As a consequence, excessive
methanol permeability of any polymer electrolyte
membrane (PEM) leads to an unacceptable decrease
in cell performance [4, 5]. To address the problem
of methanol crossover, numerous membranes as
alternatives to Nafion have been developed and
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studied. These studies include Nafion-based com-
posite membranes [6], sulfonated poly (ether ether)
ketone [7], sulfonated polyimide [8], polybenzimi-
dazole [9], and sulfonated polyposphazene [10] and
sulfonated poly(vinyl alcohol) (PVA) [4, 11]. Addi-
tionally, organic/inorganic hybrid membranes have
been investigated, motivated by the potential for
inorganic particles which can provide a physical
barrier against methanol crossover while simultane-
ously improving mechanical and thermal stability
[12, 13]. Among the materials investigated, poly
(vinyl alcohol) (PVA) is on the forefront due to its
good mechanical properties, chemical stability, low
cost, film forming ability, high hydrophilic behav-
ior [14, 15]. Cussler and co-workers [16] reported
that the PVA membranes employed in pervapora-
tion process were much better methanol barriers
than Nafion membrane. However, PVA membranes
are poor proton conductors as compared with Nafion
membrane because the PVA itself does not have any
negative charged ions, such as, carboxylic and sul-
fonic acid groups. Therefore, PVA has to be modi-
fied to induce proton conductivity. Shao et al. [17]
developed a membrane for DMFC by coating Nafion
with PVA. Methanol resistance of the membrane
increased at the expense of its proton conductivity.
In addition, interfacial adhesion between the two
polymeric phases has yet to be improved. Here, we
have taken the view that the PVA membranes could
be used as a PEM in fuel cell applications if the
negative ions are held within their structure.
In this work, we report a new proton-conducting
polymer membrane with poly (vinyl alcohol) and
diamine-containing organic molecules immobilized
to PVA to analyze the proton conductivity, methanol
permeability, and physical properties. The introduc-
tion of sulfonic acid group to polymer structure was
achieved by using a sulfonated diamine monomer,
4,4!-diaminodiphenyl ether-2,2!-disulfonic acid
(ODADS). Sulfonation degree could be precisely
controlled by regulating the weight ratio between
PVA and ODADS during polymerization process. It
is well-known that the control of sulfonation degree
is very important because high sulfonation degree
generally leads to high swelling degree or even dis-
solution of the membranes in water. On the other
hand, low sulfonation degree generally results in
poor proton conductivity, and therefore it seems
that improving membrane stability and enhancing

proton conductivity are contradictory to each other.
In this paper, a sulfonated diamine monomer, 4,4!-
diaminodiphenyl ether- 2,2!-disulfonic acid
(ODADS), was synthesized, and a series of poly-
mer blends were prepared. The introduction of neg-
ative charged ion group in the PVA membrane was
achieved by the immobilization of ODADS. We
compared diamine-immobilized PVA with the ones
reported in open literature. The resultant membranes
are thus capable of possessing all the required prop-
erties of a proton exchange membrane, namely, rea-
sonable swelling, good mechanical strength, and
low methanol permeability along with the high pro-
ton conductivity due to trapped ODADS chains in
the PVA network. Physical properties, proton con-
ductivity, and water stability of these membranes
were also investigated.

2. Experimental
2.1. Materials
Poly(vinyl alcohol) (PVA, 99.5% hydrolyzed, Mw =
72 000 g/mol) was supplied from Merck Co. Ltd.,
Hohenbrunn, Germany. 4,4!-diaminodiphenyl ether
(ODA) of 98.2% purity was purchased from the
Sigma-Aldrich Chemical Co. Ltd., St. Louis, USA
and used as received. ODA was converted into 4,4!-
diaminodiphenyl ether-2,2!-disulfonic acid (ODADS)
using concentrated sulfuric acid (%95, Sigma-
Aldrich Chemical Co. Ltd., Seelze, Germany) and
fuming sulfuric acid (SO3, 60%, Sigma-Aldrich
Chemical Co. Ltd., Seelze, Germany). For the syn-
thesis of sulfonated polymers, dimethylsulfoxide
(DMSO, Merck Co. Ltd., Hohenbrunn, Germany)
was used as solvent and used as received. Methanol
was an analytical-grade solvent obtained from
Sigma-Aldrich Chemical Co. Ltd., Seelze, Germany
and the distilled water was also used in this study.

2.2. Synthesis of 4,4!-diaminodiphenyl
ether-2,2!-disulfonic acid (ODADS)

A 100 ml three-neck flask equipped with a mechan-
ical stirring device was charged 2.00 g (10.0 mmol)
of 4,4!-diaminodiphenyl ether (ODA). The flask
was cooled in an ice bath, and then 2.5 ml of con-
centrated (95–97%) sulfuric acid was slowly added
while stirring. After ODA was completely dis-
solved, 3.5 ml of fuming (SO3 60%) sulfuric acid
was slowly added to the flask. The reaction mixture
was stirred at 0°C for 2 h and then slowly heated to
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80°C and kept at this temperature for 2 h. After
cooling to room temperature, the slurry was care-
fully poured into 30 g of crushed ice. The resulting
white precipitate was filtered off and then redis-
solved in a sodium hydroxide solution. The basic
solution was filtered, and the filtrate was acidified
with concentrated hydrochloric acid. The solid was
filtered off, washed with water and methanol suc-
cessively, and dried at 80°C in vacuo. Then 3.05 g
of white product was obtained giving a yield of
85%. Figure 1 and 2 show the reaction pathways of
ODADS and FTIR spectra of ODADS.
FTIR spectroscopy was used to confirm the pres-
ence of the pendant –SO3H group on the monomer
structure. Sulfonation of ODADS is confirmed by
the presence of two sharp peaks at 1104 and
1023 cm–1, which are due to the aromatic SO3H
symmetric and asymmetric stretching vibrations,

respectively. The absorption bands at 3540 cm–1 are
attributed to the stretching vibration of the hydroxyl
–OH group shown in Figures 2b. The presence of
the benzene rings in ODA is established by the =C–H
stretching vibration at 3050 cm–1 and in the region
of 1650–1400 cm–1. There are bands recognized as
vibrations in the plane of aromatic ring !CArCAr
(1467 cm–1) and antisymmetric and symmetric defor-
mation bands of NH2 group (1517 cm–1). The C–N
streching vibrations are located at 1365 cm–1. The
doublet of !CCN bands is observed at 914, 830 cm–1,
respectively [8, 18, 19].

2.3. Membrane preparation
10 wt% PVA solution was prepared by dissolving
the preweighed amount of PVA in DMSO at 90°C
for at least 6 h. PVA solutions were mixed with the
various amounts of ODADS by the weight ratios of
the PVA (5–30%) and then the mixtures were vigor-
ously stirred at 80°C for 24 h. Then, PVA solution
was cast onto a teflon sheet. The solvent was
removed by evaporation at room temperature for
24 h and then the cast membranes were allowed to
dry at 60°C for 24 h. Finally, the dry membranes
were subjected to thermal treatment at 120°C. Mem-
brane thickness was measured with probe using
magnetic induction principle. Measurements were
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Figure 1. Synthetic pathway of 4,4!-diaminodiphenyl ether-
2,2!-disulfonic acid (ODADS)

Figure 2. FTIR spectra of ODADS monomer a) at 2000–400 cm–1 region, b) at 4000–3000 cm–1 region

Table 1. Experimental conditions and maximum proton conductivities of polymers

Samples ODADS/PVA
[weight ratio]

% 5
W.L.

Residue %
[750°C]

Tg
[°C]

Maximum proton
conductivity

[mS/cm]

Methanol
permeability
[mol/(cm·s)]

Water uptake
[%]

PVA-ODADS (T1) 5 73 3.04 71 4.24 1.27·10–11 86.39
PVA-ODADS (T2) 10 69 8.15 89 8.25 7.70·10–10 98.65
PVA-ODADS (T3) 15 93 8.45 96 15.35 3.45·10–11 83.77
PVA-ODADS (T4) 20 116 15.15 95 16.53 7.65·10–11 69.94
PVA-ODADS (T5) 30 123 17.12 93 6.90 8.70·10–11 45.18
Nafion 117 – – – – 19.78 1.76·10–9 –



carried out with a Mega-Check FN coating thick-
ness gauge (0–2000 "m), List Magnetic, Echterdin-
gen, Germany. For each sample, at least 20 mea-
surements were taken from various regions and
average membrane thickness of 120±8 µm was
obtained. The membranes were stored in deionized
water after pretreatment in order to ensure equili-
bration prior to use in conductivity measurements.
The experimental conditions used to prepare the
polymer solutions and the nomenclatures used for
each sample are shown in Table 1. Transparent,
hygroscopic and free standing films (Figure 3) were
obtained in all the samples.

2.4. Membrane characterization
To demonstrate the presence of immobilized diamine-
containing organic molecules on the PVA mem-
brane, membranes were examined by the Fourier
transform infrared (FT-IR) spectra. IR spectra were
recorded on a Bruker Alpha-P ATR spectropho-
tometer with a resolution of 4 cm–1 in the range of
400–4000 cm–1.
Thermal degradation experiments were carried out
in Shimadzu TGA-50 Thermogravimetric Analyzer.
Thermal analyses were completed on thin films
having an average mass of 15 mg. The samples
(~10 mg) were heated from room temperature to
850°C under N2 atmosphere at a heating rate of
10°C/min.

Glass transition temperatures were determined with
Mettler-Toledo DSC 822. Test samples were heated
from 25 to 250°C at a rate of 10°C min–1 under
nitrogen atmosphere in the first DSC cycle and then
cooled from 250 to 25°C at the rate of 10°C·min–1,
and finally subjected to the same procedure in the
second cycle. The measurements were made under
nitrogen gas with a flow rate of 20 cm3·min–1, up to
250°C. Tg of the sample was determined as the mid-
point temperature of the transition region in the sec-
ond heating cycle.
Methanol permeability was measured using our
homemade test cell with a volume of 4 ml [20]. The
cell was filled with 2 ml of methanol. Methanol
vapor was in equilibrium with the liquid at the bot-
tom of the cell. Methanol vapor diffused through
the membrane, which was clamped between the
mouth of glass and the cap with a hole on. The cap
had a 0.84 cm diameter opening hole through which
the methanol diffused into surronding air. The weight
loss caused by the diffusion of methanol through
membrane was recorded as a function of time and
the data were used for permeability calculations.
Molar methanol flux (J) through a PVA-ODADS
membranes was calculated using Equation (1).
Nafion 112, with known permeability, was used as
a reference. The methanol permeability of compos-
ite membranes (P) was calculated using molar flux
(J) shown in Equation (2) [14]:

                                                    (1)

                                                        (2)

where J = flux, W = weight loss [g], l = thickness
[cm], A = area [cm2], t = time [s].
Thickness of the films does not change after adding
with ODADS groups leading the cancellation of the
thickness values (l) in Equation (2). Therefore, per-
meability is directly proportional to the molar flux.
Samples dried in vacuum oven at 40°C for 48 h cut
into 2 cm2 squares and then each sample being
weighed in the dry state before swelling in water at
room temperature (20°C). Afterwards, samples
were immersed in deionized water for at least 24 h,
dabbed for removal of surface water, and then
immediately weighed. Water uptake was calculated
by the Equation (3):
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Figure 3. Homogeneous, transparent PVA-ODADS mem-
brane



                           (3)

Proton conductivities of the modified PVA mem-
branes were measured by using a four-point probe
technique. The conductivity of the membranes was
measured by BT-1005 BekkTech Scanning DC
Software. The membrane was cut into a 1 cm#$#2 cm
strip and immersed in the deionized water for 12 h
prior to the measurement. For uniform water con-
tent in the membrane, the cell along with the sample
was immersed in deionized water.

3. Results and discussion
3.1. FT-IR study
Figures 4 shows FTIR spectra of PVA and PVA mod-
ified with ODADS, respectively. From Figure 4, a
broad peak at a wavenumber ranging between 3000
and 3400 cm–1, representing the hydroxyl group of
PVA, can be observed. In addition, a small sharp
peak at 1720 cm–1 was noted. This small sharp peak
is attributed to the presence of some residual vinyl
acetate repeating units in the 99.5% hydrolyzed
PVA molecules. After performing the sulfonation,
the peaks at 1011–1045 cm–1 attributed to symmet-
ric vibration of the sulfonic group [21]. Peaks at
1218–1270 cm–1 associate with the symmetric stretch-
ing vibration of the –SO3

– group. Also C–N strech-
ing vibrations are located at 1320 and 837 cm–1.
Membranes have a peak at 1640 cm–1 due to amine
NH2 bending vibration. Intensity of the N–H bond

increased with the ODADS content of the membrane.
Additionally, the absorption band at 1640 cm–1

indicates the protonated ODADS from the free-
nitrogen (unprotonated) side. These results suggest
that the –SO3H group deprotonates by doping with
ODADS and forms –SO3

% group. Our results also
demonstrated that the proton conduction occurs by
jumping of protons from a protonated ODADS to a
non-protonated one, to sulfonic acid functional
groups of PVA-ODADS [22]. These spectroscopi-
cally specific observations prove that ODADS par-
ticipated in the PVA network.

3.2. Thermal analysis
Differantial Scanning Calorimetry measurements
were carried out by a heating-cooling-heating cycle,
so-called the H–C–H procedure. The purpose of the
first heating cycle was to remove any thermal his-
tory of the PVA composite membrane. The glass
transition temperatures (Tg) of the PVA/ODADS
membranes with various ODADS compositions (5–
30 wt%) are listed in Table 1. The glass transition
temperature of the pure PVA was reported to be
near 85°C [23]. The immobilized membranes exhib-
ited glass transition temperature (Tg) at slightly
higher values than the pure PVA. For the samples
with different ODADS contents, the glass transition
temperature (Tg) appearing around 90°C, slightly
shifted to higher temperature for higher ODADS
content. The raise in Tg was possibly caused by the
hydrogen bonding of the ODADS units which sup-
pressed the segmental mobility of the polymers.
Also as it is seen on Table 1, the existence of single
Tg for all the samples indicates the homogenity of
the membranes.
In Figure 5, the thermal degradation profiles of
PVA–ODADS membranes illustrated changing the
ODADS contents and 5 wt% weight loss and the
residual ashes at 750°C were also listed in Table 1.
Here, it is found that the weight-loss profiles are
very similar to each other but the onset tempera-
tures of thermal degradation and the residual weight
[%] at 750°C are different in all materials. PVA-
ODADS membranes exhibited three weight loss
stages at 50–140, 230– 320 and 370– 460°C fol-
lowed by the final decomposition of the polymer
that began around 460°C. As seen in Figure 5, for
the PVA–ODADS membranes the first weight loss
region (occurring between temperatures of T = 50–

W 3, 4 5 Wwet 2 Wdry

Wdry
? 100W 3, 4 5 Wwet 2 Wdry

Wdry
? 100
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Figure 4. FT-IR spectra of a) PVA monomer, b) PVA-
ODADS-5% (T1), c) PVA-ODADS-10% (T2),
d) PVA-ODADS-15% (T3), e) PVA-ODADS-
20% (T4), and f) PVA-ODADS-30% (T5) series
polymers



140°C) corresponds to the loss of water in mem-
branes. The second weight loss region (occurring
between temperatures of T = 230–320°C) corre-
sponds to the loss of sulfonic acid due to the desul-
fonation of sulfosuccinic acid. In the third weight
loss region (at temperatures >#370°C) the polymer
residues were further degraded at T = 370°C, which
corresponds to the decomposition of the main chains
of the PVA. The temperature corresponding to a
5 wt% weight loss in the course of thermoxidative
degradation increased with increasing content of
ODADS. It was possible to state that ODADS addi-
tion increased thermal stability of the structure
about 50°C upwards. Additionally, as shown in Fig-
ure 5, an increase of the ODADS content leads to
an increase of the residual char remaining at the
final temperature (750°C). This indicates that the
immobilization of PVA by ODADS is partially attrib-
uted to the improvement of the thermal stability of
the PVA-ODADS membranes and, also in this study,
we found that these types of membranes are stable
up to 220°C without loosing their mechanical
strength and functional properties. TGA results did
not provide enough information about the microstruc-
ture of final membranes. However, we can expect
that the relative difference of weight loss observed
in Figure 5 may be due to uniform immobilization
of ODADS.

3.3. Methanol permeability
Methanol crossover is still an unresolved problem
in direct methanol fuel cells, especially for portable
applications where the current densities are already
relatively low. Fuel crossover at high methanol con-
centrations from anode side to the cathode side

causes polarization losses. In this study, methanol
permeability of the composite membranes was
measured by simple homemade test cell similar to
the study of Gasa et al. [24]. The cell is filled with
2 ml methanol and the mass flow is recorded as a
function of time (Figure 6). Figure 6 shows the
mass flow of methanol permeated through mem-
branes in the cell, as a function of time. Here, the
methanol permeation increased linearly with time.
In addition to their attractive proton conductivity
values, PVA-ODADS membranes also featured
attractive methanol barrier properties. Table 1 showed
methanol permeability values of blend membranes.
For a comparison, methanol permeability of Nafion
117 was measured under the same experimental
conditions, yielding a value of 1.76·10–9 mol/(cm s).
The methanol permeation value of blend mem-
branes was appreciably small compared to that of
Nafion 117. For PVA-ODADS membranes, the
methanol permeability increased with ODADS con-
tent, due to an increased number of hydrophilic sul-
fonic acid groups attached to ODADS. Thus,
ODADS content plays a key role in methanol per-
meability, indicating that the ODADS moieties may
interfere with methanol permeation in some man-
ner, while facilitating proton transport through the
sulfonic acid groups.

3.4. Water uptake (WU)
Figure 7 presents the WU of the PVA-ODADS mem-
branes plotted as a function of ODADS content in
the polymer blend, respectively. Water uptake val-
ues of the membranes modified with ODADS are
relatively high. This is probably due to the immobi-
lization of ODADS in PVA might lead to more rigid
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Figure 5. TG thermograms of PVA-ODADS membranes at
a heating rate of 10°C/min in inert atmosphere

Figure 6. Mass flow of methanol through PVA-ODADS
membranes



and compact polymer structure and resulted in a
decrease in the free volume capable of containing
water molecules. Also, some water-absorption sites
of PVA-ODADS membrane were blocked with 
–SO3H groups. The blocking effect could also be
attributed to the presence of SO3H/PVA interaction,
which reduces the swelling ability of PVA in water.

3.5. Conductivity
The proton conductivity measurements of the mem-
brane were carried out at a 100% RH as a function
of ODADS content by using a four-point probe
technique and the results are shown in Figure 8. The
proton conductivities of the membranes measured
at T = 30°C were in the range 10–3 to 10–2 S/cm. The
conductivity of Nafion 117 measured with our test
system is also included for comparison purposes.
The membranes made of PVA-ODADS exhibited
proton conductivities 4.24 and 16.53 mS/cm. The
proton conductivity of blend membranes increased
with the increase of ODADS content. The conductiv-
ities initially increased with the amount of ODADS,

up to the maximum value of 16.53 mS/cm. After
that, the proton conductivity of the PVA membranes
decreased again as the amount of ODADS used was
above 20%. The maximum poton conductivity value
herein is comparable to that of the Nafion 117 mem-
brane measured in this study (19.78 mS/cm). The
initial increase in proton conductivity of the mem-
brane can be ascribed to the greater content of sul-
fonic acid groups in the modified PVA molecules,
which is responsible for conducting protons. How-
ever, the proton conductivity of a membrane is not
only dependent on the degree of sulfonation of the
polymer, it also changes with water uptake of the
membrane. For example, it was reported [25] that
the proton conductivity of the Nafion membrane
decreased remarkably when the membrane was
operated at a temperature above the boiling point of
the water. This is because water molecules serve as
the ‘vehicles’ for the transportation of the protons
from anode to cathode [26]. In this study, the water
uptake values of the sulfonated PVA membranes
decreased with the amount of sulfonic acid added
(Table 1) and so a decrease in proton conductivity
with the amount of ODADS could be expected.
Therefore, there should be an optimum value of the
amount of ODADS used, in which the effect of the
degree of sulfonation and the effect of water uptake
on proton conductivities of the sulfonated PVA
membranes are compromised. In this study, the opti-
mum value of the amount of the ODADS is found
to be 20% by weight. Beyond this value, the water
uptake became the predominating factor affecting
the proton conductivities of the membrane in nega-
tive manner.
Even though the proton conductivity value of the
blend membranes was lower than that of Nafion.
PVA-ODADS membranes showed quite low values
of methanol permeability, it showed the high impact
in the application of DMFC.
In general, proton conductive mechanism through
these membranes is well known to occur by two
routes [26, 27]. The first route is hopping mecha-
nism, also known as the Grotthuss model, wherein a
proton is passed down a chain of water molecules.
The protons are transferred from one vehicle to the
other by hydrogen bonds (proton hopping). The
second route is a vehicle mechanism, wherein a
proton combines with solvent molecules, producing
a complex like H3O+ or CH3OH2

+. This complex
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Figure 7. Water uptake versus ODADS content of the
PVA/ODADS membrane

Figure 8. Proton conductivity as a function of ODADS con-
tent at 30°C



then diffuses intact. These two principal mecha-
nisms essentially reflect the difference in nature of
the hydrogen bond formed between the protonated
species and their environment. In membranes which
support strong hydrogen bonding, the Grotthuss
mechanism is preferred; the vehicle mechanism is
characteristic of species with weaker bonding [26].
The proton conductivity occurs by transport of
larger complexes such as H3O+, H5O2

+, H7O3
+ or

CH3OH2+ or some similar methanol containing
complex [27]. In addition, the protons of these com-
plexes are transferred from one vehicle to another.
Therefore, the proton conductive mechanism was
occurring by two simultaneous routes. 
Previously Seeponkai and Wootthikanokkhan [28]
prepared sulfonated PVA by reacting the PVA with
sulfoacetic acid and poly (acrylic acid). This PVA
membrane exhibited a maximum proton conductiv-
ity of 6.35 mS/cm at 15% sulfoacetic acid content
under hydrous condition. Kim et al. [29] prepared
PVA/PAA/sulfosuccinic acid/silica hybrid mem-
branes and reported that the maximum conductivity
reached was approximately 8.0 mS/cm for PVA/
PAA/SSA at 25°C. In this study, maximum proton
conductivity of 16.53 mS/cm at 30°C was obtained
for PVA-ODADS (T4) which is relatively better
than PVA based polymers synthesized in the litera-
ture.

4. Conclusions
In the present work, a new proton-conducting poly-
mer membrane with poly(vinyl alcohol) and diamine-
containing sulfonic acid group immobilized to PVA
was prepared and also evaluated as a potential poly-
mer electrolyte membrane in direct methanol fuel
cell applications. Especially, 4,4!-diaminodiphenyl
ether-2,2!-disulfonic acid was effectively intro-
duced as an immobilization agent and a donor of
negative charged ion (–SO3H) in the preparation of
the PVA-ODADS membranes. Thermal stabilities
of membranes were characterized by TGA and found
that PVA-ODADS membranes were thermally sta-
ble up to 220°C. From differential scanning calorime-
try Tg of the PVA membrane materials were found
to have increased with the increasing of ODADS
content. The proton conductivity of these materials
increased with ODADS content. The PVA-ODADS
materials exhibited maximum proton conductivity
of 16.53 mS/cm at 30°C. Compared to the other

membranes, the PVA-ODADS containing 20% of
ODADS showed high proton conductivity. The
membranes made from PVA-ODADS also appeared
to be good candidates for direct methanol fuel cells
because of their low methanol permeability. The
methanol permeability of values of membranes
were much lower than that of the Nafion mem-
brane.
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