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Effect of the presence of partially sulfonated
polyaniline on the proton and methanol transport
behavior of partially sulfonated PVdF membrane

Kingshuk Dutta, Suparna Das and Patit P Kundu

Poly(vinylidene fluoride) (PVdF) and polyaniline (PAni) were partially sulfonated using chlorosulfonic acid (CSA) as the

sulfonating agent. Partially sulfonated PVdF (SPVdF) having a degree of sulfonation (DS) of ~ 22% and partially sulfonated PAni

(SPAni) having a DS of ~29% were blended at constituent wt% ratios of SPVdF:SPAni=95:5, 90:10, 85:15 and 80:20 to

fabricate different blend membranes. These blend membranes exhibited extremely low methanol uptake and methanol

permeability, as well as high membrane selectivity ratios (especially at high methanol concentrations). The blend membranes

also exhibited superior water uptake capacity, water swellability, ion-exchange capacity (IEC) and proton conductivity compared

with pristine PVdF and SPVdF membranes. The SPVdF:SPAni (80:20) blend membrane was found to produce the lowest

methanol permeability values of 1.50×10−9 cm2 s−1 (at 2 M methanol) and 6.30×10−9 cm2 s−1 (at 8 M methanol) and the

highest membrane selectivity values of 3.27×106 Ss cm−3 (at 2 M methanol) and 7.78×105 Ss cm−3 (at 8 M methanol).

However, the introduction of Nafion to the SPVdF/SPAni blend membrane to form a ternary blend membrane (that is, SPVdF:

Nafion:SPAni=50:30:20) resulted in much improved IEC and proton conductivity.
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INTRODUCTION

The fabrication of membranes with low methanol permeability has
been of considerable interest for several years now, especially for
application as a polymer electrolyte in direct methanol fuel cells
(DMFCs).1–9 Two different approaches have been adopted for such
fabrications, that is, (a) the utilization of inherently methanophobic
materials as membrane co-constituents and (b) the reduction/blocking
of methanol flow channels by the introduction of a second
co-constituent (primarily hydrophilic and proton conducting) within
the base polymer by means of blending, grafting and coating.10–18

Blending two or more different polymers, of which one polymer
(which is the main constituent by weight) is methanophobic and the
other(s) is hydrophilic and proton conducting, has been the most
favored route for fabricating highly methanol-resistant and selective
membranes.19–25 In addition, the costs of the membrane materials and
the membrane fabrication process should be maintained as low as
possible in order to enhance the commercial viability of these
membranes.
A number of such potential materials has been reported by the

authors of this work, such as pure and partially sulfonated poly
(vinylidene fluoride) (SPVdF) and its copolymer, pure and partially
sulfonated polyaniline (PAni and SPAni), polybenzimidazole and
sulfonated polystyrene. Utilization of the abovementioned polymers
has led to the fabrication of blended, coated and composite

membranes exhibiting low methanol permeabilities and high
membrane selectivities.26–32 The promising results obtained thus far
have provided sufficient motivation to venture into the fabrication of
other potential low-cost and methanol-resistant membranes. Blend
membranes composed of SPVdF and Nafion have also exhibited
highly methanol-resistant and proton-conducting properties.32

In this work, the fabrication of highly methanol-resistant blend
membranes composed of SPVdF and SPAni was demonstrated. The
fabricated blend membranes were also analyzed for their water uptake
(WU) capacity, water swelling ratio (SR), methanol uptake (MU)
capacity, ion-exchange capacity (IEC), proton conductivity and
membrane selectivity. The obtained results were compared with those
of pristine PVdF and SPVdF membranes. In addition, it was realized
that the introduction of Nafion to the SPVdF/SPAni blend membrane,
thereby forming a ternary blend membrane (that is, SPVdF:Nafion:
SPAni= 50:30:20), resulted in much improved IEC and proton
conductivity.

EXPERIMENTAL PROCEDURE

Materials and instruments
Aniline (Ani), ammonium persulfate, PVdF (Mw: 530 000) and Nafion resin
(5 wt% solution in a mixture of lower aliphatic alcohols and water, density:
0.924 kgm− 3) were purchased from Sigma-Aldrich (Sigma-Aldrich Corpora-
tion, St Louis, MO, USA). Reagent-grade HCl was purchased from Loba
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Chemie (Loba Chemie Pvt. Ltd, Mumbai, India). Chlorosulfonic acid (CSA),
methanol, acetone, 1,2-dichloroethane and NMP (N-methyl-2-pyrrolidone)
were obtained from Merck Millipore India (Merck Life Science Pvt. Ltd,
Bangalore, India). All chemicals were used as received. De-ionized water was
used for all experiments. Fourier transform infrared spectroscopic (FT-IR)
characterization of the prepared blend membranes was performed using a
Bruker Alpha (Bruker Corporation, Billerica, MA, USA) FT-IR spectrophot-
ometer (Model: Alpha E) at 20 °C. The wavenumber window employed was
from 500 cm− 1 to 4500 cm− 1. X-ray diffraction (XRD) analyses of the
membranes were conducted using a goniometer by applying (a) an angle of
2θ, (b) a range of 0–50° and (c) a fixed scan rate of 1°min− 1. Percentage of
crystallinity values of the membranes were calculated following the procedure
as reported previously.27A Gamry (Gamry Instruments Inc., Warminster, PA,
USA) Potentiostat-600 was used to determine the proton conductivities of the
membranes. An applied potential of 10mV and a frequency range of 1–105 Hz
were employed for this purpose. An Optizen (Mecasys Co. Ltd, Ramsey, MN,
USA) UV-Vis spectrophotometer was employed to analyze the methanol
permeabilities of the membranes. The morphologies of the fabricated mem-
branes were investigated by employing a ZEISS (Carl Zeiss AG, Oberkochen,
Germany) scanning electron microscope. A universal tensile testing machine
(Nexygen plus, Lloyd Instruments Ltd, West Sussex, UK) was used to determine
the tensile strengths of the membrane samples. ASTM D 882-02 procedure
was adopted for this purpose. A 5-T tensiometer at a crosshead speed of
5 mmmin− 1 and at a temperature of 25 °C was employed.

Polymerization and partial sulfonation procedures
A total of 0.1 M Ani was oxidatively polymerized to PAni in an acidified aqueous
solution using 0.1 M ammonium persulfate as an oxidant. The obtained
polymer was filtered and vacuum-dried.33 These vacuum-dried PAni granules
were sulfonated by CSA at 80 °C for 5 h with constant stirring. This solution
was then added drop-wise to 200ml of methanol maintained at 0–5 °C,
followed by the addition of 100ml of acetone. The resulting green powder
precipitate was filtered, washed and vacuum-dried.28–30,34

PVdF granules were first vacuum-dried for a period of 12 h at a temperature of
60 °C. The sulfonation reaction was carried out in a round-bottom flask
containing CSA and PVdF under continuous stirring for 2 h at 50 °C. The
obtained black pellets were then collected, washed sequentially with
1,2-dichloroethane, 100% methanol and water and finally vacuum-dried at 60 °C.

Preparation of the blend membranes and their pretreatments
The SPVdF/SPAni binary blend membranes were fabricated using constituent
wt% ratios of SPVdF:SPAni= 95:5, 90:10, 85:15 and 80:20. The SPVdF/Nafion/
SPAni ternary blend membrane was fabricated with a constituent wt% ratio of
SPVdF:Nafion:SPAni= 50:30:20. The abovementioned polymer blends were
separately dissolved in NMP (under stirring) at 60 °C.28–30 The resulting blend
solutions were then cast onto flat glass plates and kept at 80 °C for drying. It
should be noted that an increase in SPAni content beyond 20 wt% resulted in
rapid deterioration of the mechanical strength of the corresponding blend
membrane.
The binary blend membranes were treated by immersion into 5 M H2O2

solutions, followed by treatment with a mixture of water and H2SO4 (7:3) for
2 h under continuous stirring. The treated membranes were then washed with
de-ionized water until a neutral pH was obtained. They were then kept in an
oven at a constant temperature of 60 °C.35

WU, SR, MU, IEC, methanol permeability and proton conductivity
WU, SR and MU analyses were performed by utilizing cut vacuum-dried pieces
of different membrane samples having areas of 2× 2 cm2. The dried pieces were
first weighed, and then their thicknesses were measured. They were then
immersed in de-ionized water/aqueous methanol solution for 24 h. The wet
pieces were then taken out, wiped to remove unabsorbed water/aqueous
methanol solution and subjected to weighing and thickness measurements. The
WU and the SR of the membrane samples were measured at four different
temperatures, that is, 20, 40, 60 and 80 °C. For the determination of MU
capacities of the membrane samples, four different molar concentrations (that
is, 2, 4, 6 and 8 M) of methanol in water were used. Liquid uptakes (that is, WU

and MU) and SRs were measured (in percentage (%)) using Equations (1) and
(2).

Liquid uptake %ð Þ ¼ Wwet �Wdry

� �
´ 100=Wdry ð1Þ

where Wdry and Wwet represent the weights of the dry and wet membrane
samples, respectively.
The swelling ratio was calculated both in terms of changes in the thicknesses

and areas of the membranes.
In terms of change in thickness:

SR %ð Þ ¼ Twet � Tdry

� �
´ 100=Tdry ð2Þ

where Tdry and Twet represent the thicknesses of the dry and wet membrane
samples, respectively.
In terms of change in area:

SR %ð Þ ¼ Awet � Adry

� �
´ 100=Adry ð3Þ

where Adry and Awet represent the areas of the dry and wet membrane samples,
respectively.
The IECs of the membranes were determined by employing the conventional

titration technique.26–32 In this method, 2× 2 cm2 pieces of each membrane
were soaked in a large volume of 1 M H2SO4 solution for 24 h. This was
followed by repeated washing of the membrane samples with distilled water to
remove excess H2SO4. The samples were then placed in 1 M NaCl solution
(50ml), heated to 40 °C and equilibrated for 24 h to replace the protons with
sodium (Na+) ions. Finally, the remaining solutions were titrated with aqueous
NaOH solution (0.01 N), using a phenolphthalein indicator. The experimentally
determined IEC values (in meq g− 1) were calculated using the following
equation:

IECð Þm ¼ VNaOH ´ SNaOH=Wdry ð4Þ
where (IEC)m is the experimentally measured IEC value and VNaOH and SNaOH
are, respectively, the volume and strength of the NaOH solution used in the
titration.
The theoretical IEC values of the individual components of the blend

membranes were calculated from their respective percentage of degree of
sulfonation (%DS) values using the following equation36,37:
For SPVdF,

IEC1ð Þcal ¼ DS1 ´ 1000= M1 þ 81 ´DS1ð Þ ð5Þ
For SPAni,

IEC2ð Þcal ¼ DS2 ´ 1000= M2 þ 81 ´DS2ð Þ ð6Þ
The theoretical IEC values of the different blend membranes were calculated
from the IEC values of the individual components using the following equation:

IECð Þcal ¼ ½ IEC1ð Þcal ´W1 þ IEC2ð Þcal ´W2�=100 ð7Þ
where the subscript ‘1’ represents the SPVdF component, the subscript ‘2’
stands for the SPAni component, M is the molecular weight of the repeating
unit of the respective polymer, 81 is the molecular weight of the –SO3H group
and W stands for the wt% of the respective polymer within the blend.
Methanol permeability analyses were carried out using four different molar

concentrations of methanol in aqueous solutions, that is, 2, 4, 6 and 8 M. A
conventional two-compartment glass diffusion cell was used for this purpose,
where compartment ‘a’ was filled with the aqueous methanol solutions and
compartment ‘b’ was filled with pure water.26 SNP (that is, a mixture of sodium
nitroprusside (5 g in 50ml water), potassium ferrocyanide (5 g in 50ml water)
and NaOH (2.5 g in 50ml water) prepared at 4 °C) was utilized as the
chromogenic reagent. The methanol permeability values, as determined by the
UV-Vis spectroscopic method, were calculated by employing the following
equation:29

�ln 1� 2Cb=Cað Þ ¼ 2ADK t � t0ð Þ=lVb ð8Þ
where Ca and Cb are concentrations of aqueous methanol solutions in
compartments a and b, respectively; D, K and DK represent the methanol
diffusivity, partition coefficient and permeability of the membrane, respectively;
A is the area of the membrane available for methanol permeation; l is the
thickness of the membrane; t0 and t represent, respectively, the initial time and
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the times when aliquots were withdrawn for analysis; and Vb is the volume of
compartment ‘b’.
The proton conductivity (σ) values of the membranes were calculated from

their respective impedance results by employing the following relation:

s ¼ T=RA ð9Þ
where T and A represent the thickness and the cross-sectional area of the
membrane sample and R is the resistance derived from the low intersect of the
high frequency semi-circle on a complex impedance plane with the real
(Zʹ) axis.

RESULTS AND DISCUSSION

FT-IR analysis and determination of the DS
The structural identities of the SPVdF granules were characterized by
employing FT-IR spectroscopy (Figure 1). The peak obtained at
1161 cm− 1 has been assigned to the symmetric stretching of the
constituent S=O bonds of the sulfonic acid group, and the sharp peak
obtained at 1399 cm− 1 is due to the asymmetric stretching of the
S=O bonds. The peak at 3743 cm− 1 corresponds to the stretching of
O–H bonds present in the –SO3H groups. The new absorption peak
that appeared at 1161 cm− 1 for the SPVdF granules confirms the
successful introduction of –SO3H groups to the polymer structure.32

The area of this particular peak was calculated for the SPVdF sample
(X) and compared with the area obtained for the pure PVdF sample
(Y). From the ratio X:Y, the %DS of the SPVdF granules was
calculated to be approximately 22%. It should be noted that
sulfonation of PVdF beyond 22% DS led to deterioration of the
mechanical strength of the polymer.
The SPAni used in this work possessed a %DS value of approxi-

mately 29%. The FT-IR spectra of pure and partially sulfonated PAni
is presented in Supplementary Figure S1.28

Determination of percentage of crystallinity and inter-chain
separation of SPVdF
From the XRD patterns of pure and partially sulfonated PVdF, as
shown in Figure 2, it can be observed that upon the introduction of –
SO3H groups, the crystallinity of PVdF decreases. The %crystallinity of
the pure and the partially sulfonated PVdF samples was calculated
using the following equation:

%Crystallinity ¼ Ac ´ 100ð Þ=At ð10Þ
where Ac and At represent the area of the crystalline regions and the
total area under the peak, respectively.
It was found that, whereas pure PVdF possessed a %crystallinity

value of 35.7, SPVdF exhibited a decreased %crystallinity value of 31.5.
A closer look at the spectra reveals that pure PVdF exhibited
amorphous peaks in the region of 13.92–20.11°, with a corresponding

peak of 17.81°; however, for SPVdF, the peak shifted toward slightly
higher values of 2θ (that is, 18.06°), with an accompanying decrease in
peak intensity. On a similar note, the inter-chain separation (R) values
were calculated for the PVdF and SPVdF samples from the following
equation, which revealed that, whereas the former possessed an R
value of 0.210 nm, the latter exhibited a slightly increased R value of
0.215 nm.32

R ¼ 5l=8siny ð11Þ

where λ is the wavelength, and θ is the Bragg angle.
The XRD spectra of PAni and SPAni are presented in

Supplementary Figure S2.28 In addition, the %crystallinity and the
inter-chain separation values of PAni and SPAni are presented in
Supplementary Table S1.28

Analysis of the %WUs and the %SRs of the membranes
The WU behavior of a polymer is a function of its hydrophilicity/
hydrophobicity, and this property is often correlated with the proton
conductivity of that polymer.38,39 Again, swellability of a polymer in
water is directly proportional to its %WU capacity. PVdF is a
hydrophobic polymer27,40–43—a property that is reflected in its
extremely low %WU capacity and %SR (Figures 3 and 4). The
introduction of hydrophilic –SO3H groups within the chemical
structure of PVdF induced an enhancement of its %WU capacity
and %SR. Further increments in these two properties were brought
about by the incorporation of SPAni (DS: approximately 29%) within
the SPVdF polymer (DS: approximately 22%), which yielded SPVdF/
SPAni blends. PAni (in its emeraldine salt form) possesses a
hydrophilic character,44–47 which is further increased upon the
introduction of hydrophilic –SO3H groups within its chemical
structure;48,49 therefore, the %WU and %SR values of the SPVdF/
SPAni blend increased with increasing wt% of the incorporated SPAni
(Figures 3 and 4). These SPAni-induced enhancements of the %WU
and %SR values of the polymer electrolyte membranes (PEMs) have
also been reported for sulfonated SPVdF copolymer/SPAni and
Nafion/SPAni membranes.28–30 It can also be seen from Figure 4 that
the %SRs, both in terms of the change in the thickness (Figure 4a) and
the area (Figure 4b) of the membrane samples, followed the same
trend as expected.

Figure 1 FT-IR spectra of PVdF and SPVdF corresponding to a reaction
temperature of 50 °C and a reaction duration of 2 h. A full color version of
this figure is available at the Polymer Journal online.

Figure 2 XRD spectra of PVdF and SPVdF obtained at a reaction
temperature of 50 °C for a reaction duration of 2 h.32 A full color version of
this figure is available at the Polymer Journal online.
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Analysis of the IECs and the proton conductivities of the
membranes
IEC is a function of the number of available ion-exchange sites present
within the membrane structure. Within the SPVdF/SPAni blend
membrane, the presence of –SO3H groups in both SPVdF and SPAni
and lone pair of electrons on N-atoms, which are present in each
repeating unit of SPAni, contribute to its proton exchange capacity.50

As a result, the blend membranes exhibited higher exchange capacities
compared with the pristine PVdF (having negligible IEC) and SPVdF
(that is, 0.15meq g− 1) membranes. Because the SPAni component
possesses a higher DS (compared with SPVdF), as well as a lone pair of
electrons, the IEC of the blend membrane was found to increase with
increasing SPAni content up to a value of 0.31meq g− 1 for the
SPVdF/SPAni (80/20) blend membrane (Figure 5). The calculated IEC
values of the blend membranes are also presented in Figure 5. It can
be seen from the figure that the experimentally determined IEC value
for the pristine SPVdF membrane agrees satisfactorily with the
theoretically calculated value. However, with the incorporation and
subsequent increase in the content of SPAni within the blend
membrane, the (IEC)m values of the membranes increased above
those of the (IEC)cal values. These increases are due to the contribu-
tion of the lone pair of electrons on the N-atoms present in each
repeating unit of SPAni to the IEC of the blend membranes.
Although the pristine Nafion-117 membrane exhibits a high enough

IEC value, 0.8 meq g− 1,26 membranes based on pure PVdF and its
copolymer are known to produce lower IEC values, even in the
presence of Nafion as a co-constituent. For example, an IEC value of
0.21meq g− 1 has been reported for a PVdF/Nafion (70/30 w/w) blend
membrane.32 Again, it has been reported that, whereas the pure PVdF
copolymer exhibited a negligible IEC value, a 31% sulfonated PVdF
copolymer membrane produced an IEC value of 0.42meq g− 1.27

However, in our earlier works, the incorporation of SPAni was shown
to increase the IEC values of the blend and coated membranes with a
sulfonated PVdF copolymer and Nafion as co-constituents.28–30 The
same trend was also followed in this work, as the incorporation of
SPAni induced an enhancement in the IEC values of the blend
membranes constituting SPVdF as a co-constituent.
With the objective of achieving a high IEC value to obtain a

membrane with high proton conductivity, Nafion was introduced
within the SPVdF/SPAni blend membrane. It was pleasing to observe

Figure 4 %SRs of the membranes at 20, 40, 60 and 80 °C: (a) in terms of
thickness change and (b) in terms of area change. A full color version of this
figure is available at the Polymer Journal online.

Figure 5 Measured and calculated IEC values of the different membranes at
20 °C. A full color version of this figure is available at the Polymer Journal
online.

Figure 3 %WUs of the membranes at 20, 40, 60 and 80 °C. A full color
version of this figure is available at the Polymer Journal online.
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that the resulting ternary blend membrane, with a constituent wt%
ratio of SPVdF:Nafion:SPAni= 50:30:20, exhibited a drastically
improved IEC value of 0.72meq g− 1 (Figure 5). This drastic improve-
ment in IEC can be attributed to the co-presence of Nafion and SPAni
and can be correlated with the previously obtained high IEC values for
the Nafion/SPAni blend membranes.30

The proton-conducting ability of a membrane, in most instances,
depends on its IEC because the factors that determine the latter often
contribute to the former.51 The proton conductivity results plotted in
Figure 6 convey the abovementioned justification. Whereas the
pristine PVdF membrane produced a negligible proton conductivity
value, the incorporation of –SO3H groups led to an enhanced
conductivity value of 1.2 × 10− 3 S cm− 1. Again, the introduction of
SPAni to SPVdF resulted in a further increase of the conductivity value
up to 4.9 × 10− 3 S cm− 1 for the SPVdF/SPAni (80/20) blend
membrane.
As mentioned above for the IECs, the proton conductivity values

reported for pure PVdF and its copolymer were significantly lower
than that of pristine Nafion-117 (that is, 3 × 10− 2 S cm− 1). Das et al.27

reported a proton conductivity value of 3.75× 10− 3 S cm− 1 for a 31%
sulfonated PVdF copolymer membrane. Cho et al.52 obtained a
conductivity value of 9.8 × 10− 6 S cm− 1 for a PVdF copolymer/Nafion
(80/20 w/w) blend membrane. Kumar et al.12 reported a conductivity
value of 1 × 10− 3 S cm− 1 for a PVdF copolymer/Nafion/AlO(OH)
(51 wt%: 41 wt%: 8 wt%) composite membrane. Similarly, a
compatibilized styrene-(ethylene-butylene)-styrene block copolymer/
PVdF blend membrane produced a proton conductivity value of
5.5 × 10− 3 S cm− 1.19 Likewise, a PVdF copolymer/recast Nafion
(80/20 w/w) blend membrane exhibited a conductivity value of
5.5 × 10− 3 S cm− 1.10 However, the incorporation of SPAni with pure
and partially sulfonated PVdF copolymers has been shown to increase
the proton conductivity values of the resulting membranes over those
of the pristine membranes.28–30 For example, a sulfonated PVdF
copolymer/SPAni (60/40 w/w) blend membrane produced a proton
conductivity value of 6.78× 10− 3 S cm− 1, which contrasted the value
of 3.75× 10− 3 S cm− 1 observed for the pristine sulfonated PVdF
copolymer membrane.28 Following the same trend, this work also
indicated that the presence of SPAni induced increased proton
conductivity in the SPVdF/SPAni blend membranes.

Furthermore, as was observed for the IEC analysis, the SPVdF/
Nafion/SPAni (50:30:20) ternary blend membrane exhibited a much
improved proton conductivity value of 1.01× 10− 2 S cm− 1 (Figure 6).
This obtained result was comparable with the conductivity values of
the pristine Nafion-117 membrane (that is, 3 × 10− 2 S cm− 1)
and the SPVdF/Nafion (70/30 w/w) blend membrane (that is,
~ 1.7× 10− 2 S cm− 1).32

Analysis of the %MUs and the methanol permeabilities of the
membranes
The %MU capacity of a polymeric membrane in an aqueous methanol
solution depends on its affinity for both water and methanol,53 as well
as on the space present within the membrane structure available for
liquid uptake. As expected, the pristine PVdF exhibited the lowest %
MU value among the membranes studied in this work by virtue of it
possessing both hydrophobic and methanophobic characteristics
(Figure 7).40 However, the pristine SPVdF membrane showed a
considerably enhanced %MU capacity owing to the presence of
hydrophilic and methanophilic –SO3H groups within the chemical
structure of PVdF. The effect of available space within the membrane
structure on the %MU capacity was realized upon incorporation of
SPAni into SPVdF. Although SPAni is more hydrophilic than SPVdF,
its ability to block pores and methanol channels present within the
base SPVdF polymer resulted in a reduction of the space available
within SPVdF.7,28–31,54 As a result, the %MU value of the blend
membrane progressively decreased with increasing SPAni content
(Figure 7). This observation is similar to that observed for Nafion/
SPAni and sulfonated PVdF copolymer/SPAni blend membranes.28,30

However, the SPVdF/Nafion/SPAni (50:30:20) ternary blend mem-
brane produced increased %MU values at all studied methanol
concentrations compared with those obtained for the SPVdF/SPAni
(80:20) binary blend membrane owing to the presence of Nafion,
which is known to possess a high affinity for methanol.28,30,55

Using the same justification for the observed %MU results, the
methanol permeability values presented in Table 1 can be explained. It
can be clearly observed from the table that the trend obtained for the
%MU capacity of the different membranes studied is similar to the
trend observed for their methanol permeability values. In addition, the
phenomenon of methanol permeability involves the movement of
molecules across the membrane thickness; therefore, the size of the
transported molecules should also be considered when analyzing the
methanol permeability results. Methanol, being larger than water, is

Figure 6 Proton conductivities of the different membranes at 20 °C. A full
color version of this figure is available at the Polymer Journal online.

Figure 7 %MUs of the membranes at concentrations of 2, 4, 6 and 8 M

aqueous methanol. A full color version of this figure is available at the
Polymer Journal online.

Transport behavior of blend membranes
K Dutta et al

305

Polymer Journal



more prone to obstruction by space constraints within the membrane
structure compared with water molecules. Another factor that
determines the methanol permeability of a membrane is the methanol
affinity of its constituent materials. In this regard, SPVdF and its
copolymer, as indicated by their %MU capacities, are known to
possess very low methanol affinity.28–30,32 These two factors con-
tributed to the very low methanol permeability values of the studied
blend membranes. Therefore, although the %WU of the PEMs
increased with increasing SPAni content, both the %MU and
the methanol permeability values of the PEMs decreased with
increasing amounts of SPAni. Similar results have also been reported
previously for Nafion/SPAni blend and SPVdF copolymer/SPAni

blend and coated membranes.28–30 For example, a Nafion/SPAni
(70/30 w/w) blend membrane exhibited a permeability value of
9.12× 10− 8 cm2 s− 1, which was significantly lower than the value of
1.22× 10− 6 cm2 s− 1 observed for pristine Nafion-117.30 Similarly, a
sulfonated PVdF copolymer/SPAni (60/40 w/w) blend membrane
exhibited a lower permeability value of 1.16× 10− 8 cm2 s− 1 compared
with the value of 2.51× 10− 7 cm2 s− 1 produced by a pristine
sulfonated PVdF copolymer.28 However, the ternary blend membrane
exhibited increased methanol permeability values compared with those
obtained for the SPVdF/SPAni (80/20) binary blend membrane for all
studied methanol concentrations, which was due to the presence of
Nafion within the blend.28,30,55 Scanning electron microscopic images

Table 1 Methanol permeability values of the different membranes at methanol concentrations of 2, 4, 6 and 8 M and 20 °C

Methanol permeability (cm2 s−1) Methanol permeability after 48 h treatment (cm2 s−1)

Membrane compositions 2 M 4 M 6 M 8 M 2 M 4 M 6 M 8 M

Pristine PVdF 1.60×10−10 3.20×10−10 8.91×10−10 2.59×10−9 4.01×10−10 5.98×10−10 1.12×10−9 6.39×10−9

Pristine SPVdF 8.11×10−9 1.50×10−8 3.19×10−8 4.90×10−8 2.23×10−8 5.49×10−8 7.23×10−8 9.79×10−8

SPVdF/SPAni (95/05) blend 7.60×10−9 9.21×10−9 1.70×10−8 3.09×10−8 1.10×10−8 3.89×10−8 6.45×10−8 9.23×10−8

SPVdF/SPAni (90/10) blend 6.21×10−9 7.39×10−9 9.90×10−9 1.52×10−8 9.66×10−9 1.19×10−8 5.48×10−8 7.67×10−8

SPVdF/SPAni (85/15) blend 4.28×10−9 5.21×10−9 7.49×10−9 9.70×10−9 7.79×10−9 9.09×10−9 2.58×10−8 5.86×10−8

SPVdF/SPAni (80/20) blend 1.50×10−9 3.11×10−9 4.89×10−9 6.30×10−9 5.62×10−9 7.58×10−9 1.27×10−8 3.90×10−8

SPVdF/Nafion/SPAni ternary blend 6.99×10−9 8.65×10−9 1.26×10−8 3.57×10−8 1.33×10−8 3.24×10−8 6.39×10−8 1.56×10−7

Abbreviations: SPAni, partially sulfonated polyaniline; SPVdF, partially sulfonated poly(vinylidene fluoride).

Figure 8 SEM images of (a) the pristine SPVdF, (b) the SPVdF/SPAni (80/20) binary blend and (c) the SPVdF/Nafion/SPAni (50:30:20) ternary blend
membranes (magnification: ×5000).
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of the pristine SPVdF, the SPVdF/SPAni (80/20) binary blend and the
SPVdF/Nafion/SPAni ternary blend membranes studied in this work
are presented in Figure 8. The micrographs clearly reveal that the
pristine SPVdF membrane contains a larger number of pores than the
binary blend membrane. However, the ternary blend membrane
displayed few pores owing to the presence of Nafion. The cumulative
effect of all of these factors led to the results presented in Table 1.
Methanol permeability analyses were also conducted on PEMs that

were kept immersed in aqueous methanol solutions for 48 h prior to
analyses. The obtained results are presented in Table 1. It can be
observed that the permeability values of the PEMs after this treatment
were increased compared with the earlier sample PEMs. However, the
trend observed for both sets of PEMs was similar, that is, the PEMs
exhibited decreased methanol permeability values with increasing
SPAni content. Similarly, the treated ternary blend membrane
produced increased methanol permeability values compared with
those obtained for the SPVdF/SPAni (80/20) binary blend membrane
at all studied methanol concentrations.

Determination of the selectivity ratios of the membranes
The extent to which a membrane is able to suppress the flow of
methanol across its thickness while allowing the conduction of protons
determines its selectivity potential. In other words, the membrane
selectivity ratio is the ratio of proton conductivity to methanol
permeability exhibited by a membrane. Composite membranes, which
consist of a proton conductive dispersed phase and a methanophobic
continuous phase, often exhibit high membrane selectivity
ratios.4,28–31,54 The blend membranes studied in this work also
consisted of a proton conductive SPAni phase and a methanophobic
PVdF phase (having proton conductive –SO3H groups). As a result,
membrane selectivity ratios as high as 3.27× 106 Ss cm− 3 (while using
a 2 M aqueous methanol solution) and 7.78× 105 Ss cm− 3 (while using
an 8 M aqueous methanol solution) were obtained with the SPVdF/
SPAni (80/20) blend membrane (Table 2). In addition, this particular
blend membrane exhibited higher selectivity ratios compared with the
pristine SPVdF membrane at all studied methanol concentrations
(Table 2). Moreover, it can be observed from the table that the
selectivity ratio of the blend membranes increased with increasing
SPAni content, which is attributed to the increase in proton
conductivity along with the simultaneous decrease in methanol
permeability. In the case of the ternary blend membrane, the
selectivity ratio values were found to decrease from the SPVdF/SPAni
(80/20) blend membrane at all methanol concentrations studied. This
result is due to the higher methanol permeability values exhibited by
the ternary blend membrane compared with the SPVdF/SPAni (80/20)
binary blend membrane. However, the selectivity values exhibited by

the ternary blend membrane were found to be higher than the pristine
SPVdF membrane at all methanol concentrations studied.
Furthermore, the selectivity ratios for the PEMs that were kept

immersed in the aqueous methanol solutions for 48 h prior to analysis
also exhibited a similar trend (that is, an increasing selectivity ratio
with increasing SPAni content) (Table 2). Similarly, as observed above,
the ternary blend membrane exhibited lower selectivity values at all
methanol concentrations studied compared with the SPVdF/SPAni
(80/20) binary blend membrane.

Analysis of the tensile strengths of the membranes
The mechanical integrity of the proposed blend membranes was
determined by a tensile strength analysis. The results obtained are
plotted in Figure 9. It was found that the blend membranes exhibited
lower tensile strengths compared with both the pristine PVdF (that is,
12.32MPa) and the SPVdF (that is, 9.96MPa) membranes. This is due
to the incorporation of SPAni, which is known to possess low
mechanical strength.28–30 As a result, the tensile strength of the blend
membrane was found to decrease with increasing SPAni content.
Nevertheless, the tensile strength exhibited by the SPVdF/SPAni
(80/20) blend membrane (that is, 9.01MPa) was satisfactory con-
sidering its potential applications in devices, such as fuel cells.
However, the tensile strength exhibited by the ternary blend mem-
brane (that is, 10.54MPa) was found to be higher than that exhibited
by the pristine SPVdF membrane (Figure 9), which was the result of
the presence of Nafion within the blend membrane.

Table 2 Selectivity ratios of the different membranes at methanol concentrations 2, 4, 6 and 8 M and 20 °C

Membrane selectivity ratios (Ss cm−3) Membrane selectivity ratios after 48 h treatment (Ss cm−3)

Membrane compositions 2 M 4 M 6 M 8 M 2 M 4 M 6 M 8 M

Pristine SPVdF 1.48×105 8.01×104 3.75×104 2.45×104 5.38×104 2.19×104 1.66×104 1.23×104

SPVdF/SPAni (95/05) blend 2.50×105 2.06×105 1.12×105 6.15×104 1.73×105 4.88×104 2.95×104 2.06×104

SPVdF/SPAni (90/10) blend 4.51×105 3.79×105 2.83×105 1.84×105 2.90×105 2.35×105 5.11×104 3.65×104

SPVdF/SPAni (85/15) blend 9.11×105 7.49×105 5.21×105 4.02×105 5.01×105 4.29×105 1.51×105 6.66×104

SPVdF/SPAni (80/20) blend 3.27×106 1.58×106 1.01×106 7.78×105 8.72×105 6.46×105 3.86×105 1.26×105

SPVdF/Nafion/SPAni ternary blend 1.44×106 1.17×106 8.02×105 2.83×105 7.59×105 3.12×105 1.58×105 6.47×104

Abbreviations: SPAni, partially sulfonated polyaniline; SPVdF, partially sulfonated poly(vinylidene fluoride).

Figure 9 Tensile strengths of the different membranes at 20 °C.
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CONCLUSIONS

The incorporation of SPAni within the SPVdF matrix, to form SPVdF/
SPAni blend membranes, resulted in increasing the %WU, the %SR,
the IEC and the proton conductivity of the base SPVdF membrane. In
addition, the %MUs and the methanol permeability values of the
blend membranes were found to be considerably lower than those
exhibited by the pristine SPVdF membrane. In addition, the proton
conductivity values of the blend membranes were higher, and the
methanol permeability values were lower than those of the pristine
SPVdF membrane; therefore, the blend membrane selectivity values
were much higher than those exhibited by the pristine SPVdF
membrane. The effects of the incorporation of SPAni on the different
membrane properties were clearly illustrated with varying SPAni
content. The SPVdF/SPAni (80/20) blend membrane was found to
produce the lowest methanol permeability values of 1.50× 10− 9

cm2 s− 1 (at 2 M methanol) and 6.30× 10− 9 cm2 s− 1 (at 8 M methanol)
and the highest membrane selectivity values of 3.27× 106 Ss cm− 3

(at 2 M methanol) and 7.78×105 Ss cm− 3 (at 8 M methanol). However,
the introduction of Nafion to the SPVdF/SPAni blend membrane,
which formed a ternary blend membrane (that is, SPVdF:Nafion:
SPAni= 50:30:20), resulted in much improved IEC (that is,
0.72meq g− 1) and proton conductivity (that is, 1.01× 10− 2 S cm− 1).
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