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Abstract
In this paper, 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTCA), which is an organic phosphonic acids (OPA), is selected as the
protic media to prepare phosphonated proton exchange membranes based on polyvinyl alcohol (PVA) by solution casting technique.
The obtained PVA membranes were characterized using fourier transform infrared (FT-IR) spectroscopy, thermogravimetric analysis
(TGA), and wide angle X-ray diffraction (WAXD). The proton conductivities and the methanol permeabilities through the membranes
were investigated in terms of various OPA content. The proton conductivity of the PVAmembrane measured at room temperature was
close to that of the nafion-117 membrane measured under the same test conditions (1.02 × 10−3 S·cm−1). But in the low relative
humidity (50%), the proton conductivity of the phosphonic proton exchangemembrane has a conductivity of up to 8.17 × 10−5 S·cm−1,
which was significantly higher than that of the sulfonate proton exchange membrane. The methanol permeabilities of the PVA
membranes were in the range of 10−7 to 10−6 cm2/s in the room temperature, depending on the OPD content. The thermal stability
of the composite membrane was enhanced with incorporating of PBTCA by presenting high initial decomposition temperature.
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Introduction

With the rapid development of the world economy, the demand
for energy is also increasing rapidly. With energy shortage and
environmental pollution becoming more and more serious, more
andmore countries urgently need to develop new energy sources
[1–3]. Proton exchange membrane fuel cell (PEMFC) attracts
more and more researchers’ attention because of its excellent
performance of high energy density, low temperature start-up,
small volume and no noise [4, 5]. The limitations of fuel cells
today largely depend on the performance and durability of the
proton exchange membranes. The function of the proton ex-
change membranes is basically to efficiently conduct protons
and separate the anode and the cathode sides [6]. The proton

conducting membranes employed in the fuel cells are typically
based on hydrated sulfonated polymers in their protonated form.
Sulfonic acid, as a kind of strong acid, has prominent proton
dissociation ability and high proton conduction ability under
the condition of complete hydration. However, the binding pro-
ton ability of sulfonate is very weak and cannot be completely
dissociated at low humidity and low temperature. On the other
hand, the proton conduction process of sulfonic acid group is
strongly dependent on the participation of water [7]. Those result
in the decrease of its proton conductivity under high temperature
and low humidity condition.

Perfluorosulfonic acid (PFSA) membranes, such as Nafion,
are deemed as the state-of-art PEMmaterial because of its excel-
lent chemical, mechanical, and thermal stability, as well as its
relatively high proton conductivity when fully hydrated [8–10].
However, chemical destruction and conductivity degradation of
the Nafion membrane are frequently observed in fuels cells that
have been operated for a long term. High methanol permeability
and high production cost also limit its application and promotion.
Therefore, it is urgent to develop a new proton exchange mem-
brane with low price, low methanol permeability and no exces-
sive dependence on water content [11–13]. Apart from sulfonate,
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phosphate can also be used as a proton transfer site in proton
exchange membranes. Phosphoric acid is amphoteric (acidic and
basic) which can function as both a proton donor and a proton
receptor. This property of phosphoric acid makes it possible to
form a dynamic hydrogen bond network in themembrane,which
is helpful to proton conductivity. At the same time, phosphoric
acid has higher thermal stability and oxidation resistance than
sulfonic acid. Phosphate group can dissociate itself even in the
absence of water and the free energy barrier for proton transfer
between phosphate groups is low. However, little effort has been
geared toward the area of phosphonatedmembranes for fuel cells
[14, 15].

Polyvinyl alcohol (PVA) was chosen as the main material
of proton exchange membrane due to its splendid hydrophi-
licity and mechanical properties. There are a large number of
hydroxyls in the molecular chain, giving rise to the easy for-
mation of hydrogen bonds between molecules. Compared
with Nafion membrane, PVA membrane can effectively re-
duce the methanol permeability, and the price is also very
cheap. As a result, PVA membrane has been widely used in
the preparation of proton exchange membrane [16, 17].
Meanwhile, butane phosphonate-1,2,4-tricarboxylic acid
(PBTCA), a kind of poly-phosphatic hydrocarbon, was used
as the main proton transfer medium. Its molecular structure
contains phosphoric acid groups which are directly linked to
carbon atoms and may also contain-OH, -CH2, -COOH and
other groups. There are C-P bonds in the molecular structure,
and this bond is much stronger than the C-O-P bond.
Composite membranes obtained in this way possess more
remarkable chemical stability and high temperature resistance.
The content of its high phosphate group indicates that it can be
used as proton conductor in polymer membrane.
Glutaraldehyde was used as a crosslinking agent, and
PBTCAwas doped into PVA matrix by solution casting tech-
nique. The phosphate group was immobilized by the esterifi-
cation between -COOH on PBTCA and -OH on PVA. At the
same time, sulfonated succinic acid (SSA), which is a typical
sulfonated reagent, was selected as a proton transfer media to
prepare sulfonated proton exchange membrane. FTIR, XRD,
TGA and AC Impedance were operated to explore the differ-
ent structure and properties of two composite membrane. It is
hoped that the proton conductingmembranes with high proton
conductivity, favorable methanol barrier ability and low cost
can be obtained through phosphonated polymers.

Experimental section

Materials

Fully hydrolyzed poly(vinyl alcohol) (PVA, a polymerization
degree of 2400) was supplied by Sichuan vinylon factory of
Sinopec (Chongqing, China). Sulfosuccinic acid (SSA,

70 wt.% solution in water) were purchased from Sigma-
Aldrich Co. and 2-phosphonobutane-1,2,4-tricarboxylic acid
(PBTCA) were purchased from Shandong Taihe water treat-
ment technology co., LTD (Shandong, China). Methanol
(MeOH) was analytical grade from Aldrich Co. and the dis-
tilled water was used in this study.

Preparation of PVA proton exchange membranes

PVA–PBTCAmembranes were fabricated by solution casting
technique. To be specific, 30 mL of 5 wt% PVA aqueous
solution was prepared by dissolving required amount of
PVA in water at 363 K followed by its stirring in order to
make it dissolved completely until a homogeneous PVA solu-
tion was obtained. Then the obtained solution was doped with
SSA and PBTCA in proportion respectively and continue to
stir for 1 h to mix well followed by its cooling to indoor
temperature (∼298 K). The resulting solution was casted into
a membrane on a polyfluortetraethylene plate and then dried
in an oven at 50 °C to obtain a dry membrane followed by its
further heat treatment under 100 °C for complete reaction
[18]. The reaction process of PBTCA, SSA and PVA is shown
in Fig. 1.

For simplicity, the obtained PVA complex membranes with
different amounts of proton transfer medium are denoted as
PVA-X-Y, where X represents the mass percentage of the
added proton transfer medium and PVA, and Y represents
SSA or PBTCA.

Experimental operation process is shown in Fig. 2.

Characterizations

Fourier transform infrared spectroscopy (FT-IR)

The infrared spectrum of the membranes were recorded on a
Nicolet iS50 Fourier infrared tester (Nicolet, USA) through
the Fourier attenuation total reflection method with a wave
number of 500~4000 cm−1. Before the test, the composite
membranes were dried in a 50 °C oven to reduce the influence
of residual moisture in the specimen on the infrared spectrum.

X-ray diffractometer(XRD)

The crystallization state of proton exchange membranes was
analyzed on an X-ray diffractometer (tall Ultima IV, Rigaku
Japanese company) at a voltage of 40 kVand a tube current of
40 ma, and scanning speed is 10 ° / min. The proton exchange
membrane need to be dried in 50 °C oven before the test. The
dried proton exchange membrane sample was cut into appro-
priate size, and then glued to the glass sample frame by tapes
for following testing.
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Thermogravimetric analysis(TGA)

The thermal stability of the membranes was studied on a
Synchronized TG209F1 type thermal analyzer (Germany
Netzsch companies) at a temperature range of 30 ~ 600 °C
and a heating rate of 10 °C/min in a nitrogen atmosphere.
Before the test, membrane samples should be dried in a vac-
uum oven at 50 °C for 2 h.

Testing mechanical properties

The mechanical properties of the membranes were measured
by CMT6104 microcomputer controlled electronic universal
testing machine (MTS) with a test speed of 10 mm/min at
room temperature (25 °C). The samplemembrane was cut into

small splines of 40 mm× 10 mm in size, and the digital dis-
play spiral micrometer instrument was used to measure the
average thickness of samples. The tensile strength and elon-
gation at break of the membranes were finally obtained
through stress-strain curves. Five samples were tested for each
sample, and their average value was taken as the final data.

Swelling degree

The dimensional stability of the membranes was characterized
by the swelling degree. The membrane was cut into a regular
shape, and then immersed in a beaker containing deionized
water for 24 h at room temperature (25 °C). After sufficiently
swollen with deionized water, the membranes were taken out
and wiped with a filter paper. The length and the width of the

(a)

(b)

Fig. 1 Possible reaction
mechanism of PVAwith SSA (a)
and PBTCA (b)

Fig. 2 Flow chart of experimental
operation
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membranes were immediately measure and the area of the
membranes was marked as Aw. Then the membrane was dried
in a blast drying oven at 50 °C until its weight did not change.
The length and width of the dried membrane were recorded
and the area of the dried membrane was marked as Ad. [19]
The swelling degree of the membrane can be characterized by
the percentage of the change in the area of the membranes
were calculated by the eq. (1):

Swelling degree %ð Þ ¼ Aw−Ad

Ad
*100% ð1Þ

Proton conductivity testing

The membrane was placed in two stainless steel electrodes to
form a blocking electrode. The resistance of the membranes
was measured by AC impedance method using the CHI600E
electrochemical workstation (Shanghai Chenhua Instrument
co. LTD, China) at a scanning frequency range of 0.1–
106 Hz and a voltage amplitude of 5 mVat room temperature.
The proton conductivity of the membranes was calculated
according to the resistance obtained by the test, as shown in
the following formula (2):

σ ¼ L
AR

ð2Þ

where σ is the proton conductivity (S/cm); L is the thickness
of the membrane (cm); A is the effective contact area of the
membrane during the test (cm2); R is the resistance of the
membrane sample (Ω).

The membrane sample was cut into a circle with a diameter
of 2 cm, and then soaked in water for 24 h until fully absorbed.
The thickness of the membrane was measured by a digital
spiral micrometer. Resistance R was obtained from the ac
impedance spectra (Fig. 3) measured by the electrochemical
workstation. In the ac impedance spectrum, the value corre-
sponding to the intersection point of the line and the x-
coordinate is the measured resistance value R of the

membrane, as shown in Fig. 3. Above operation was repeated
for three times [6].

Using the same test device, the membrane was cut into a
circle with a diameter of 2 cm. The membrane was allowed to
place in the air at room temperature for 24 h to achieve the in-
membrane humidity balance and the indoor humidity was
kept at 50%. The proton conductivity at 50%RH at room
temperature was measured by the same test method.

Methanol permeability test

The methanol permeability was measured via a self-made di-
aphragm diffusion cell. As shown in Fig. 4, the diaphragm
diffusion cell consists of two identical glass chambers with
an inner diameter of approximately 19 mm and a volume of
approximately 250 ml. The membrane was made into a square
sample with size of 2 × 2 cm2 before testing and soaked in
deionized water for 24 h to allow it to fully absorb water.
The surface water was removed by a filter paper, and the
thickness of the membrane was measured with a Digital dis-
play screw micrometer. Then the resultant membrane was
sandwiched between two rubber sealing gaskets followed by
its fixation between the two glass chambers. At the same time,
250 mL of deionized water was added to Room B, and
250 mL of 2 M aqueous methanol solution was added to
Room A. Turn on the magnetic stirrer, and start timing.
1 mL sample was taken from the A half chamber with a pipette
every 30 min, and 4 points were taken for each membrane to
be tested. The concentration of the sample was measured with
a gas chromatograph (Agilent 7820A). The time was chosen
as the abscissa and the methanol concentration in the A half
chamber was chosen as the ordinate. In this way, the curve of
methanol concentration over time was obtained, and the slope
S was calculated by straight line fitting.

According to the principle of dissolution-diffusion, the
transport process of methanol molecules in the proton ex-
change membrane can be divided into three steps: the adsorp-
tion process on the anode side of the membrane, the diffusion
process in the membrane under the action of concentration
difference and chemical gradient, and the desorption process
on the cathode side of the membrane. It is assumed that the
penetration process conformed to Fick law, and the concentra-
tion of methanol on the left feed side marked as CAwas much

Fig. 4 The schematic depictions of testing facility for methanol
permeability measurementFig. 3 Typical impedance plot of the membrane sample
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higher than that on the right marked as CB, so the relationship
between the concentration of the methanol and time is as
shown in eq. (3) [20]:

CB tð Þ ¼ ADK

VBL
CA t−t0ð Þ ð3Þ

where D is the diffusion coefficient of methanol set to a con-
stant, and K is the partition coefficient independent of the
concentration. DK is the permeability P of methanol, and t0
is the lag time, so the methanol permeability of the membrane
(Methanol permeability, P, cm2·s −1) can be expressed as:

P ¼ S VB L
A CA

ð4Þ

where S is the linear fitting slope of the curve of methanol con-
centration over time in the B half chamber; VB is the volume of
the solution in the cell B, 30 mL; L is the thickness of the mem-
brane (cm); A is the effective area of the membrane (cm2); CA is
the initial concentration of methanol in the cell A, 2 mol·L−1.

Results and discussion

FTIR analysis of PVA composite membrane

The infrared spectrums of the pure PVA membrane, the PVA-
PBTCA-33 membrane and the PVA-SSA-33 membrane were
shown in Fig. 5. It can be seen that 915 cm−1 and 1005 cm−1

are P-OH stretching vibration absorption peaks.Moreover, the
absorption bands at 1030 and 1140 cm−1 indicate the presence
of sulfonic acid group by the introduction of SSA. The C=O
absorption peak of the ester bond-COO- at 1710 cm−1 and the
C-O-C asymmetric absorption peak at 1205 cm−1 indicate that
both SSA and PBTCA are successfully grafted onto the PVA

backbone by the esterification between –OH in PVA and –
COOH in SSA and PBTCA.

XRD measurements

Figure 6 shows the X-ray diffraction pattern of pure PVA
membrane, PVA-SSA membranes and PVA-PBTCA

10 20 30 40 50

PVA-7-SSA

PVA-20-SSA

PVA-33-SSA

PVA-47-SSA

PVA-67-SSA

PVA

(a)

10 20 30 40 50

PVA-67-PBTCA

PVA-47-PBTCA

PVA-33-PBTCA

PVA-20-PBTCA

PVA-7-PBTCA

PVA

(b)
Fig. 6 XRD spectra of pure PVA and PVA-SSA (a) and PVA-PBTCA (b)
membranes with different content

Fig. 5 FTIR spectra of pure PVA, PVA-33-SSA and PVA-33-PBTCA
membranes

Table 1 The degree of
crystallinity of PVA-SSA
membranes with differ-
ent content

Membrane degree of crystallinity

PVA 55.32%

PVA-7-SSA 50.98%

PVA-20-SSA 41.33%

PVA-33-SSA 30.79%

PVA-47-SSA 21.67%

PVA-67-SSA 13.45%
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membranes, respectively. It can be seen that the strong
crystallization peak appearing at 2θ = 19.8° is the charac-
teristic diffraction peak of PVA. With the increase of the
SSA and PBTCA contents, the diffraction peak of PVA-
SSA membranes and PVA-PBTCA membranes shows a
similar change trend that the shape of the peak gradually
widens and the intensity of the peak gradually decreases.
The degree of crystallinity of PVA-SSA and PVA-PBTCA
membranes with different content is listed in Table 1 and
Table 2, respectively. It can be seen that the crystallinity of
two membranes gradually decreases with the increase of
SSA and PBTCA content. This is because that the addition
of PBTCA and SSA destroys the ordered structure of PVA
molecule by esterification reaction with the hydroxyl
group in the main chain. The intermolecular interaction
between the PVA molecules after esterification decreases.
The molecular spacing and free volume also increase.
Comparing Fig. 6(a) and (b), it is found that the intensity
of diffraction peak of PVA-PBTCA membrane is larger
than that of PVA-SSA membrane. This is because
PBTCA is less acidic than SSA, and the catalysis of
PBTCA on esterification reaction with PVA is weaker than
that of SSA. The degree of esterification of PBTCA and
PVA is relatively low, and the less hydrogen bond in PVA
is damaged. As the content of PBTCA increases, the con-
tent of phosphate groups increases, and a dynamic hydro-
gen bond network can be formed in the membrane. It is
advantageous for stabilizing the crystal structure, and thus
the degree of crystallinity is higher than the PVA-SSA
membrane when the PBTCA content is 67%.

TGA analysis

Figure 7 shows the thermogravimetric curves of pure PVA
membrane, PVA-SSA and PVA-PBTCAmembranes with dif-
ferent content of SSA and PBTCA. It can be seen from the
figure that the pure PVA membrane has better thermal stabil-
ity, while the first stage of its thermal weight loss is between
80 °C and 120 °C. Because of the water-absorbing quality of
the hydroxyl group, the first weightless platform is mainly
caused by the evaporation of water in the PVA membrane.
The second stage of thermal weight loss occurs between
280 °C and 400 °C, mainly due to the loss of mass caused
by the degradation of the hydroxyl group on the main chain.
The third stage of thermal weight loss occurs above 400 °C, it
is the degradation of the backbone of PVA molecular.

Compared with the PVAmembrane, the thermal stability of
PVA-SSA membranes and PVA-PBTCA membranes after es-
terification and cross-linking is reduced. This is because the
esterification reaction destroys the hydrogen bonding of PVA,
which gives rise to the decline of crystallinity and thermal
stability. The weight loss process of PVA-SSA membrane is
divided into three stages. The first stage is between 100 °C and
160 v, and the mass loss of the membrane is about 30%, which
corresponds to the by-product water produced from the further
esterification in PVA-SSA membrane and bound water in the
membrane. The second stage is between 180 °C and 260 °C,
where the mass loss of the membrane increases from 5 to 20%
with the increase of SSA content, corresponding to the frac-
ture of the sulfonic acid group and ester bond in the PVA-SSA
membrane. The third stage is above 400 °C, which represents
the degradation of the PVA molecular backbone.

The weight loss process of PVA-PBTCAmembrane is also
divided into three stages, which is similar to that of PVA-SSA
membrane. The first stage is between 100 °C and 150 °C,
which is mainly the evaporation of the bound water and he
by-product water produced from the further esterification in
the membrane. The second stage is between 190 °C and
330 °C, where the dehydration condensation reaction of the
partial hydroxy between the phosphoric acid groups and the
fracture of the ester group occur. The higher the content of
PBTCA is, the greater the damage to the hydrogen bonds of

Fig. 7 Thermogravimetric analysis of PVA, PVA-SSAc (a) and PVA-PBTCA (b) membranes

Table 2 The degree of crystallinity of PVA-PBTCA membranes with
different content

Membrane degree of crystallinity

PVA-7-PBTCA 44.77%

PVA-20-PBTCA 39.52%

PVA-33- PBTCA 35.14%

PVA-47- PBTCA 31.26%

PVA-67- PBTCA 24.55%
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PVA is. Meanwhile, the more the crystallinity of the mem-
brane decreases, the lower the thermal decomposition temper-
ature of the membrane is. The third phase is between 370 °C
and 600 °C, which is the degradation of the PVA polymer
molecular backbone. By comparing the TG curves of the
two membranes, it can be found that the thermal decomposi-
tion temperature of the PVA-PBTCAmembrane in the second
weight loss phase is higher than that of the PVA-SSA mem-
brane. This is because of the presence of the phosphate group,
making the PVA-PBTCA membrane easy to form hydrogen
bond structure. On the other hand, PVA-PBTCA membranes
can maintain more than 95% of the components below
150 °C. PVA-PBTCA membrane has the higher crystallinity
and the thermal stability of PVA-PBTCA membrane is better
than that of PVA-SSA membrane.

Swelling degree

It is well known that membranes based on sulfonated poly-
mers rely critically on water for the proton conductivity. Good
water absorption of the membrane can guarantee a certain
proton conductivity, and its good dimensional stability is also
a prerequisite for ensuring the use of the membrane. The
swelling degree of the membrane is generally used to charac-
terize the dimensional stability of the membrane. The swelling
degree of the membrane at room temperature is shown in
Fig. 8. It can be seen from the figure that when the amount
of SSA and PBTCA is increasing, the swelling degree of the
PVA-SSA and PVA-PBTCAmembranes gradually decreases.
The increase of SSA and PBTCA content enhances the inter-
action between the sulfonic acid group and the phosphonic
acid group with the hydroxyl group of PVA, and destroys
hydrogen bond network in the PVA membrane. As a result,
the crystallinity of the PVA-SSA and PVA-PBTCA mem-
branes decreases and the swelling degree of the membranes

increases. At the same time, it is found that the crosslinking
degree of the membranes gradually increases with the further
increase of the SSA and PBTCA content, as shown in Table 3
and Table 4. This is mainly due to the increase of esterification
reaction and the cross-linking structure in the membrane. The
increase of crosslinking degree of the membranes will limits
the movement of the PVA molecular chain. Therefore, the
anti-swelling property of the membrane is enhanced and the
dimensional stability is improved.

Mechanical properties of PVA-PBTCA and PVA-SSA
membranes

The mechanical properties of PVA-PBTCA and PVA-SSA
membranes were shown in Figs. 9 and 10, respectively. It
can be seen from Fig. 9 that compared with the pure PVA
membrane, the addition of SSA causes the decrease the tensile
strength of the PVA-SSA membranes and the increase of the
elongation at break. Moreover, with the increase of the SSA
content, the tensile strength decreases first and then increases,
and the elongation at break gradually decreases. This is be-
cause the addition of SSA destroys the hydrogen-bond inter-
action in the PVA molecular chain, which reduces the crystal-
linity and tensile strength in the membrane. With the content
of SSA further increase, the degree of esterification and the
cross-linked structure increase, which leading to the improve-
ment of the tensile strength. On the other hand, the increase of
the cross-linked structure in the membrane weakens the mo-
tion activity of molecular chain, therefore the elongation at
break of the membrane is further reduced.

Figure 10 is the stress-strain curves of PVA-PBTCA mem-
branes with different amounts of PBTCA. As shown in
Fig. 10, the increase of PBTCA content also causes the de-
crease in the tensile strength of the PVA-PBTCA membranes.
With the increase of the content of PBTCA, the tensile
strength of the PVA membranes decreases first and then in-
creases, and the elongation at break gradually decreases.
Similar to the PVA-SSA membrane, the addition of PBTCA
destroys the intermolecular forces in the PVA membranes,
resulting in the decrease of crystallinity and tensile strength.
As the content of PBTCA continues to increase, the cross-
linked structure of the membrane increases, and the tensile
strength of the membrane also increases. However, the tensile

Fig. 8 The change of swelling degree in the PVA-SSA and PVA-PBTCA
membranes depending on the content of SSA and PBTCA

Table 3 The degree of
crosslinking of PVA-
SSA membranes with
different content

Membrane Degree of crosslinking

PVA-7-SSA 6%

PVA-20-SSA 15%

PVA-33-SSA 30%

PVA-47-SSA 33%

PVA-67-SSA 39%
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strength of the PVA-PBTCA membrane is larger than that of
the PVA-SSA membrane, and the elongation at break of the
PVA-PBTCA membrane is smaller than that of the PVA-SSA
membrane. This is because the acidity of PBTCA is weaker
than that of SSA, and the catalytic effect on the esterification
reaction with PVA is less than that of SSA. Therefore, the
damage of PBTCA to hydrogen bond of PVA molecules is
smaller. When the PBTCA increases, the content of phosphate
groups also increases, which is favorable to the formation of
hydrogen bond network in the PVA-PBTCA membrane. At
the same time, the increase of hydrogen bond can enhance the
strength of the membrane, the PVA-PBTCA membrane
increases.

Proton conductivity

The vertical conductivity of the membrane was tested by AC
impedance method. The conductivity of pure PVA membrane
is 0.4 × 10−4 S/cm, which is far less than that of PVA-SSA and
PVA-PBTCA membranes. This is because pure PVA does not
contain any ion exchange group, and it needs to be added other
proton conductors to obtain the ideal conductivity. It can be
seen from Fig. 11 that as the content of the proton transfer
medium increases, the proton conductivity of PVA-SSA

membrane and PVA-PBTCA membrane gradually increase.
To be specific, when the content of proton transfer medium
is 33%, the proton conductivity of the two above-mentioned
membranes reaches their highest value,which is 1.51 × 10−3 S·
cm−1 and 1.3 × 10−3 S·cm−1, respectively.When the content of
SSA and PBTCA content is relatively low, there is less ester-
ification in themembrane. Therefore, the cross-linking density
of the membrane is low and the free volume is large. At the
same time, the increase in water absorption rate of the mem-
brane is conducive to the transfer of protons between water
molecules and proton transfer sites. Because the -SO3H group
has stronger proton dissociation capacity when the hydration
degree of the membrane is higher, the conductivity of PVA-
SSAmembrane is higher than that of PVA-PBTCAmembrane
when the content of SSA and PBTCAcontent is relatively low.
On the other hand, when the content of SSA increased further,
the number of ester bonds and the degree of crosslinking of the
membrane increased. The water absorption and swelling de-
gree decreased, and themotion ofmolecular chainwas limited,
so the conductivity of PVA-SSAmembranes began to decline.

When the content of PBTCA further increase, the degree
of crosslinking of the PVA-PBTCA membrane increases,
and the water absorption and swelling degree in the mem-
brane decreased, leading to the decline of the proton con-
ductivity of the membrane to some extent. Due to the am-
photeric characteristic of -PO3H2, a dynamic hydrogen
bond network can be fabricated in the membrane, which
facilitated the transfer of protons along hydrogen bonds in
the membrane. Therefore, the proton conductivity of PVA-
PBTCA membrane decreased less than that of PVA-SSA
membrane.

To further investigate the effect of sulfonic acid groups and
phosphate groups on the proton conductivity of the mem-
branes, the proton conductivity of the PVA-SSA membrane
and the PVA-PBTCA membrane were tested at low humidity.
The indoor relative humidity was kept at about 50%, and the

Fig. 9 Stress-strain curves of PVA and PVA-SSA membranes with dif-
ferent SSA content

Fig. 10 Stress-strain curves of PVA and PVA-PBTCA membranes with
different PBTCA content

Table 4 The degree of crosslinking of PVA-PBTCA membranes with
different content

Membrane Degree of crosslinking

PVA-7-PBTCA 8%

PVA-20- PBTCA 14%

PVA-33- PBTCA 35%

PVA-47- PBTCA 40%

PVA-67- PBTCA 44%
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membranes were placed in the air at room temperature for 24 h
to achieve humidity balance inside the membrane. The proton
conductivity of PVA-SSAmembrane and PVA-PBTCAmem-
brane were tested by the same method, and the corresponding
results were shown in Fig. 12. It can be seen from the figure
that at room temperature and low humidity, the proton con-
ductivity of the membrane changed slightly with the increase
of the content SSA and PBTCA. The PVA-PBTCA mem-
brane has a higher proton conductivity of 8.17 × 10−5 S/cm
while the proton conductivity of PVA-SSAmembrane reaches
a peak only at 4.09 × 10−5 S/cm, which is lower than that of
the PVA-PBTCA membrane. This is because, under the con-
dition of low humidity, the proton transfer process is dominat-
ed by the “jumping mechanism”. [22] In this way, protons are
transported jumping from one proton transfer site to another.
The sulfonic acid group has weaker binding ability to protons,
and the proton transport cannot be completed efficiently.
However, the phosphate group can be used as both a proton
donor and a proton acceptor, making it easy to form a dynamic
hydrogen bond network in the PVA-PBTCA membrane,
which is conducive to proton transfer. On the other hand, the
free energy barrier for transferring protons between phosphate
groups is lower, and the transfer of protons is easier.
Therefore, the proton conductivity of PVA-PBTCA mem-
brane at room temperature and 50% RH is higher than that
of PVA-SSA membrane.

Methanol permeability

The methanol permeability of the membrane is also an
extremely important parameter for proton exchange mem-
brane fuel cells, especially direct methanol fuel cells.
Figure 13 shows that methanol permeability of the differ-
ent PVA membranes at room temperature. It can be seen
that when the content of SSA and PBTCA is 7%, the
methanol permeability of PVA-SSA membrane and PVA-

PBTCA membrane respectively were 1.21 × 10−6 cm2·s−1

and 1.32 × 10−6 cm2·s−1, which was higher than that of
nafion-117 membrane tested under the same conditions.
When the content of SSA and PBTCA increased gradual-
ly, the cross-linking structure in the membrane increased
and the water absorption rate decreased. Therefore, the
methanol permeability of the membranes also decreased.
When the content of SSA and PBTCA was 67%, the
methanol permeability of PVA-SSA membrane and PVA-
PBTCA membrane were 0.82 × 10−6 cm2·s−1 and 0.94 ×
10−6 cm2·s−1. The methanol transmittance of pure PVA is
very low. When the content of SSA and PBTCA reaches
67%, the methanol permeability of the membrane is close
to the pure PVA membrane.

Conclusion

In the present work, PBTCA and SSAwere used as a proton
source and a cross-linking agent to prepare the crosslinked

Fig. 11 Proton conductivity with different content for PVA-SSA and
PVA-PBTCA membranes

Fig. 12 Proton conductivity with different content for dried PVA-SSA
and PVA-PBTCA membranes content

Fig. 13 Methanol permeability of the membranes at room temperature

J Polym Res (2019) 26: 200 Page 9 of 10 200



PVA membranes for a potential polymer electrolyte mem-
brane in fuel cell applications. The -COOH of the proton
transfer medium is esterified with the -OH of PVA to form a
cross-linked structure. The TGA curve shows that the thermal
stability of the PVA-PBTCA phosphorylated proton exchange
membrane is better than that of the PVA-SSA sulfonated pro-
ton exchange membrane, indicating that the phosphate group
is superior to the sulfonic acid group in terms of the thermal
stability. When the content of SSA and PBTCA is 33%, PVA-
SSAmembrane and PVA-PBTCAmembrane with the highest
proton conductivity were 1.51 × 10−3 S·cm−1 and 1.3 × 10−3

S·cm−1, respectively. Under the condition of low humidity, the
PVA-PBTCA membrane has a proton conductivity of 8.17 ×
10−5 S·cm−1, which is twice than that of the PVA-SSA mem-
brane, indicating that phosphated proton exchange membrane
is not very dependent on the water content for proton transfer
and can be used under high temperature and low humidity.
The methanol permeability of the membrane decreased with
the increase of the content of SSA and PBTCA. When the
content of SSA and PBTCA was 67%, the methanol perme-
ability is 0.82 × 10−6 cm2·s−1 and 0.94 × 10−6 cm2·s−1, which
was lower than that of Nafion-117 membrane.
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