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1 | INTRODUCTION
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Abstract

Cross-linking of polyvinyl alcohol (PVA) and polyvinyl alcohol/Nafion
(PVA/Nafion) electrospun nanofibers with sulfosuccinic acid (SSA) was inves-
tigated to assess their characterization and the effects of cross-linking on the
methanol permeability performance of the nanofibrous membranes. SSA was
directly incorporated into the electrospinning polymer solution. The morphol-
ogy, chemical functional groups, thermal stability, water stability and water
swelling of the resulting nanofibers were examined. The effects of SSA concen-
tration on ion exchange capacity (IEC) and methanol permeability of the
nanofibrous membranes were discussed. Bead-free and smooth nanofibers
were produced for all SSA concentrations with a mean nanofiber diameter of
240-270 nm. It was shown that 15% SSA concentration was suitable for pre-
serving the morphology of PVA nanofibers against water, while the morphol-
ogy of PVA/Nafion nanofibers was preserved even without cross-linking. The
increase in SSA concentration led to increase in swelling in water. SSA cross-
linking was also shown to increase the thermal stability of the produced nano-
fibers. IEC increased by the increase in SSA concentration, while increase in
SSA concentration led to a decrease in methanol permeability.
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mechanical strength, making them highly desirable for a
range of technological applications. Nanofiber technology

Electrospun nanofibrous membranes represent a cutting-
edge advancement in the field of membrane technology,
offering several potential applications in various industries,
including energy storage,’ fuel cells,>* sensors,” filtration,>”’
water purification® and biomedical devices.”'° These
membranes, composed of polymer nanofibers, exhibit
unique characteristics such as high surface area-to-volume
ratio, tunable pore size distribution, and enhanced

offers several advantages, including the ease of production
through the electrospinning method, versatility in produc-
ing nanofibers from a diverse range of polymers, and the
convenience of functionalization.'*™® Regarding these
areas, recent research draws attention to the potential
use of electrospun nanofibrous membranes or their
composites as polymer electrolyte membranes in fuel
cells.>'*1°
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Today, the most commonly used membrane in poly-
mer electrolyte membrane fuel cells (PEMFCs) and direct
methanol fuel cells (DMFCs) is Nafion based film mem-
branes.'® Nafion is a brand name for a type of perfluori-
nated sulfonic acid polymer. It is a highly fluorinated
polymer made from tetrafluoroethylene and perfluoro-3,-
6-dioxa-4-methyl-7-octenesulfonic acid.'”” Like most
fluoropolymers, Nafion is known for its remarkable prop-
erties, including high thermal stability, excellent chemi-
cal resistance, and most importantly, its high proton
conductivity, which makes it suitable for fuel cells, elec-
trolyzers, batteries, and other electrochemical devices.
However, the drawbacks such as high price, poor water
management and high methanol permeability'® of Nafion
films have led the researchers to investigate alternative
membrane materials and structures. It has been demon-
strated that the use of a nanofibrous form contribute to
ionic alignment by supporting the orientation of the poly-
mer during electrospinning, which helps the formation
of long proton conduction channels within the
membrane.'**' Dong et al.** showed that when Nafion
was converted into a nanofiber structure, the proton con-
ductivity increased compared to the film membrane. In
addition, a decrease in methanol permeability is possible
by acting as a barrier against the passage of fuel (metha-
nol) owing to the entanglement of the nanofibrous
structure.”!

It is not possible to electrospun Nafion alone into
nanofiber due to the insufficient chain entanglements
arised from the aggregate formation by electrostatic
forces'’; therefore, a carrier polymer is needed during
electrospinning of Nafion nanofibers. It should be noted
that the carrier polymer should also have proton conduc-
tion property; therefore, it is required to use a polymer
that contains a sulfonic acid group or that can be subse-
quently sulfonated. Considering this issue, polyvinyl alco-
hol (PVA) is a suitable carrier polymer for Nafion
nanofibers because of its ease in preparing aqueous elec-
trospinning solutions and its ability to be sulfonated.
PVA was also reported to be effective for reducing the
fuel crossover and permeability because of the long-bond
chain polymeric matrix.*® The affinity of PVA for water is
higher than alcohols, which supports the reduction in
methanol diffusion through the membranes.** Therefore,
there have been a variety of studies on the use of PVA
and PVA/Nafion based nanofibers as polymer electrolyte
membranes.?>*° Despite all its advantages, an additional
chemical or physical stabilization process is required
since PVA is a water-soluble polymer. In addition, in
order to be used in fuel cells, it must undergo a further
sulfonating process. In this study, the use of sulfosuccinic
acid (SSA) for chemical stabilization was investigated.
Since SSA contains a sulfonic acid groups along with two

carboxylic acid groups, it is possible to obtain stabiliza-
tion and sulfonation simultaneously. There are numerous
studies on the use of SSA for PVA stabilization for film
membranes obtained by solution casting method**;
however, unlike film membranes, electrospun mem-
branes have a nanofibrous morphology and the preserva-
tion of the nanofibrous structure after stabilization
against water is of great importance. Therefore, informa-
tion obtained from film membrane research would not be
categorically valid for nanofibrous ones. When nanofiber
studies were examined, it was observed that the applica-
tion of SSA for PVA electrospun nanofibers was only
appeared in the study of Gil-Castell et al.*® In their study,
PVA nanofibers including graphene oxide were cross-
linked and sulfonated by SSA and their morphology and
proton conductivity were analyzed. However, the effects
of SSA concentration and methanol permeability of the
resultant nanofibrous membranes were not investigated.
Besides, no study was encountered on the SSA cross-
linked PVA/Nafion nanofibers. Therefore, in this study,
PVA and PVA/Nafion nanofibers were cross-linked with
SSA and the effects of SSA concentration on the mor-
phology, preservation of the nanofibrous structure, water
swelling and resulting methanol permeability were inves-
tigated for the first time to the best of the authors'
knowledge.

2 | EXPERIMENTAL

2.1 | Materials

PVA (Mowiol® 20-98, 125,000 g/mol), Nafion® 117 solu-
tion (~5% in a mixture of lower aliphatic alcohols and
water), sulfosuccinic acid (70 wt% in H,O) and sodium
hypophosphite monohydrate (NaH,PO,-H,0) were pur-
chased from Sigma Aldrich.

2.2 | Electrospinning

Stock solution of 10% PVA (w/v) was prepared by dissol-
ving of PVA polymer in distilled water by stirring at 80°C
for at least 3 h. After the solution was cooled down to
room temperature, 0.05 mL/gpoymer TWeen 80° was
added to reduce the surface tension. SSA with different
concentrations (5%, 10% and 15% by polymer weight) was
directly added into the PVA electrospinning solution with
sodium hypophosphite monohydrate as catalyst in ratio
of 2:1. SSA concentrations higher than 15% was not
selected because of the possibility of unstable jet stream
formation during electrospinning due to high conductiv-
ity’® and inhibition of the formation of continuous jets
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due to the protonation of PVA under highly acidic
conditions.®’

In order to prepare PVA/Nafion electrospinning solu-
tions, different amounts of SSA incorporated PVA
solutions were mixed with 5% Nafion solution with a
ratio of 1:1 by volume.

Nanofibers were produced using an electrospinning
device (Nanospinner, NS Plus, Inovenso), which includes
a high voltage power supply connected to the needle tips,
two feeding units and a collector unit that can function
as a rotating cylinder or flat metal. For nanofiber produc-
tion, 2.5 cm long and 22 gauge thick needles with blunt
ends were employed. Electrospinning was carried out at
a voltage of 18 kV, a polymer feeding rate of 0.7 mL/h
and a tip-to collector distance of 15 cm. The produced
nanofibers were collected on a stationary rectangular flat
metal collector covered with aluminum foil. Electro-
spinnning process was continued till the membranes
reached 0.12 mm thickness. Afterwards, nanofibrous
membranes were separated from aluminum foil and sub-
jected to heat treatment in an oven at 180°C for 15 min
to complete the crosslinking reaction of PVA and SSA. In
order to fully understand the effect of SSA, neat PVA and
PVA/Nafion nanofibers without SSA were also produced
with the same electrospinning and heat treatment
procedure.

2.3 | Tests and characterization

The viscosity of the electrospinning solutions was mea-
sured using a Brookfield DV III rheometer with a SC4-21
spindle at 30 rpm. The conductivity and pH of the solu-
tions were tested by a J.P. Selecta (CD-2004) conductivity
meter and a J.P. Selecta pH meter, respectively.

The morphology of the produced nanofibrous mem-
branes was investigated by scanning electron microscope
(SEM, Thermo Scientific Apreo S). Each sample was
coated with a thin film of gold using a Leica EM ACE600
ion sputtering device before SEM analysis. The diameters
of the produced nanofibers were measured by Image J
Imaging and Measurement Software using SEM images.
Fifty measurements were carried out on the different
parts of each sample.

Fourier transfer infrared spectroscopy (FTIR) analysis
was carried out to prove the esterification of PVA and
SSA and incorporation of sulfonic acid groups into the
structure using a PerkinElmer, Spectrum 100 FTIR
spectrometer.

The thermal behavior of PVA and PVA/Nafion
nanofibrous membranes crosslinked with SSA was
investigated by thermogravimetric analysis using SDT

Q600 thermogravimetric analysis (TGA) device (TA
Instruments) by heating samples from room temperature
to 600°C under continuous nitrogen flow with a heating
rate of 10°C/min.

In order to examine the durability of the membranes
in water, the membranes were tested against water at
room temperature and boiled water. The membranes
were immersed in water for 1 h, separately. Then, the
membranes were dried in an oven at 60°C for 24 h.
Weight loss of the samples were calculated according to
Equation (2), where M, is the initial dry weight of the
samples and M; the dry weight obtained after the test.
The weight loss in methanol solution test was carried out
by the same procedure, but with a 5 M methanol solution
at 80°C, and by using Equation (2).

My—M
Weight loss = =0 Tl
M,

100. (1)

To determine the swelling of the membranes in
water, they were immersed in distilled water at room
temperature for 24 h. After the treatment, their surface
water was removed with a piece of filter paper and the
weight of the swollen samples was measured. After that,
they were dried in an oven at 60°C for 24 h. The swelling
(%) was calculated using Equation (1), where M, is the
dry weight after drying, M, is the weight of swollen
samples.

M;—M
Swelling (%) = Tl x 100. (2)

1

The ion exchange capacity (IEC) and the methanol
permeability tests were applied to the membranes. For
this purpose, the samples were first immersed into 1 M
H,SO, solution and boiled for 1 h to activate the mem-
branes, followed by rinsing with boiling water for 15 min
and drying at room temperature. The IEC tests were car-
ried out according to titration method.’®>° The nanofi-
brous membranes were immersed into 2 M NacCl solution
for 48 h. The solution, then, was titrated with 0.01 M
NaOH solution using phenolphthalein as an indicator.
The IEC of the membranes was calculated according to
Equation (3), where Vya0g is the volume of NaOH con-
sumed during titration, Mya.og is the molarity and W, is
the initial dry membrane weight.

IEC = VNaOH X MNaOH/WO- (3)
In order to test the methanol permeability, first a

filler application was carried out to fill the pores of the
nanofibrous membranes. For this purpose, Nafion®
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117 solution (5%) was used as filler. The samples were
immersed in Nafion solution for 5 min and then removed
samples were dried in an oven at 80°C. This process was
repeated for three times to ensure a smooth coating.
Then the samples were subjected to a heat treatment at
125°C for 1 h. Before the methanol permeability test,
each sample was immersed into distilled water for 24 h
to obtain a fully swollen structure. Then the samples
were mounted between the cells of a diffusion side-
by-side cell (PermeGear). Each cell had a 50 mL volume
and 15 mm orifice diameter. After the sample membrane
was placed between the cell halves, a cell clamp is placed
around them. One cell was filled with 2 M methanol
solution, while the other was filled with distilled water.
In addition, stirring magnets were put in each cell. The
side-by-side cell assembly was placed onto magnetic stir-
rer and the liquids were stirred during the test to ensure
homogeneity. The test was conducted at a constant tem-
perature of 25°C inside a climate chamber. To determine
the amount of methanol passing to the distilled water cell
over time, 1.5 mL of water samples were extracted from
the distilled water cell at specific intervals (30, 60, 90, and
180 min). Extracted water samples were analyzed in a
GC-FID (Agilent Technologies 7820A) to determine the
methanol concentration, based on chromatogram area
values. Using the obtained methanol concentration data,
the methanol permeability was calculated according to
the following equation;

Cpy) =AV5'DKL™'Ca(t—to), (4)

where, DK (cm?/s) is the methanol permeability coeffi-
cient, C4 (mol/1) and Cg (mol/l) is the methanol concen-
tration in diffusion cells, A (m®) the membrane surface
area at the orifice, V}, (liter) the diffusion cell volume and
L (cm) the membrane thickness.**

To determine the statistical importance of the varia-
tions, analysis of variance (ANOVA) tests were applied.
Additionally, Duncan method was chosen for Post Hoc
evaluation. The results of the tests were a set of subsets of
means, where in each subset means was found to be
insignificantly different from one another. The results of
the statistical analysis were given in the Supplementary
Information file.

3 | RESULTS AND DISCUSSION

3.1 | Nanofiber production and
morphology

The properties of the electrospinning solutions and the
average nanofiber diameters of the resulting nanofibers

Applied Polymer_wiLEy-l <

TABLE 1
PVA/Nafion solutions and resulting nanofiber diameters.

Properties of polyvinyl alcohol (PVA) and

Average
nanofiber
Viscosity Conductivity diameter
Sample (cP) (pS/cm) pH + SD (nm)
PVA 266.7 338 5.87 330.0 +49.1
PVA + 5% 333.3 6230 1.56 279.6 + 58.9
SSA
PVA + 10% 266.7 12,240 1.28 277.9 + 68.7
SSA
PVA + 15% 266.7 14,850 1.23 269.6 + 47.6
SSA
PVA/Nafion 93.3 1052 2.05 239.7 +54.8
PVA/Nafion 133.3 2460 1.81 248.7 + 62.7
+5% SSA
PVA/Nafion 133.3 3400 1.69 271.6 + 59.7
+10% SSA
PVA/Nafion 133.3 4420 1.67 278.6 + 69.0
+15% SSA

were given in Table 1. Additionally, SEM images and
nanofiber diameter distribution histograms of nanofi-
bers were illustrated in Figure 1. It was observed that
PVA/Nafion solutions had lower viscosity compared to
PVA solution, as expected, due to the lower viscosity of
Nafion solution, which is the result of the inadequate
chain entanglement of Nafion polymers. The incorpora-
tion of SSA, however, did not cause a significant change
in the viscosity of the final solutions both for PVA and
PVA/Nafion. The conductivity of PVA/Nafion solution
was higher and the pH was lower compared to neat
PVA solution because of the sulfonic acid groups of
Nafion. The incorporation of SSA into the electrospin-
ning solutions and the increase in SSA concentration
led to an increase in the conductivity and decrease in
the pH because of the increase in sulfonic acid group
content.

When SEM images were examined, it was observed
that smooth bead-free nanofibers could be obtained for
PVA nanofibers at all SSA concentrations. It was shown
that when SSA was incorporated into PVA solution, thin-
ner nanofibers were obtained compared to neat PVA,
most likely because of the increased conductivity. Statisti-
cally, when compared with One-Way ANOVA as shown
in Table S1, there was a significant difference between
the mean nanofiber diameters of PVA and SSA cross-
linked PVA nanofibers (p < 0.05). On the other hand,
according to the Duncan post-hoc test (Table S2), SSA
cross-linked PVA nanofibers were found to be in the
same subset and their nanofiber diameters were not
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FIGURE 1

Scanning electron microscopic images and nanofiber diameter distribution histograms of neat and sulfosuccinic acid (SSA)

cross-linked polyvinyl alcohol (PVA) and PVA/Nafion nanofibers (50,000x magnification). [Color figure can be viewed at

wileyonlinelibrary.com]

significantly different from each other. Therefore, SSA
concentration had no effect on the average nanofiber
diameter of PVA nanofibers.

Occasional bead formation was observed for SSA
incorporated PVA/Nafion nanofibers, which was most
likely due to the deterioration of the jet stability by the
increased conductivity in addition to the low viscosity.
Statistically, a One-Way ANOVA, as shown in Table S3,
revealed a significant difference between the mean
diameters of PVA/Nafion nanofibers (p < 0.05).
According to Duncan post-hoc test (Table S4), PVA/
Nafion and PVA/Nafion+5% SSA were in the same sub-
set, and PVA/Nafion+15% SSA and PVA/Nafion+10%
SSA were in another subset. On the other hand, nanofi-
ber diameters of PVA/Nafion+10% SSA and PVA/
Nafion+5% SSA were not significantly different from
each other.

3.2 | FTIR analysis

In PVA nanofibers containing SSA, cross-linking was
expected to occur through the esterification reaction
between the carboxyl groups of SSA and the hydroxyl
groups of PVA after the heat treatment. In this way, not
only the stabilization of the PVA fraction was achieved,
but also the sulfonating of PVA could be provided with-
out the need for an additional post-sulfonating treatment.
To prove this, FTIR analysis of the samples was carried
out. FTIR transmittance spectra of PVA and PVA/Nafion
nanofibers cross-linked with SSA were shown in Figures 2
and 3, respectively. In the spectrum of PVA, the 3100-
3600 cm ! band corresponded to the O—H stretching of
intramolecular hydrogen bonds. It was observed that the
intensity of this peak decreased in the samples cross-
linked with SSA. This indicated that the hydroxyl groups
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FIGURE 2 Fourier transfer infrared
— — V) 0,
PVA PVA +15% S5A PVA + 5% SSA spectroscopy transmittance spectra of
polyvinyl alcohol (PVA) and PVA +
'\—/ sulfosuccinic acid (SSA) nanofibers.
1716~ [Color figure can be viewed at
wileyonlinelibrary.com]
1236
1040
1716/
1234~
RPNy
\1040
3100-3600
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Wavenumber, cm?

——PVA/Nafion PVA/Nafion + 5% SSA —— PVA/Nafion + 15% SSA FIGURE 3  Fourier transfer infrared
spectroscopy transmittance spectra of
polyvinyl alcohol (PVA)/Nafion and

\/,,A/\,— PVA/Nafion-+sulfosuccinic acid (SSA)
nanofibers. [Color figure can be viewed
at wileyonlinelibrary.com]
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of PVA decreased. The peaks appeared at 1716 cm™ ' in

PVA + SSA nanofibers were attributed to the C=0
stretching in the ester group.* These results categorically
proved that an esterification reaction occurred between
the carboxyl groups of SSA and hydroxyl groups of PVA
within nanofibers. In addition, in PVA + SSA nanofibers,

new peaks associated with asymmetric and symmetric
S=0 stretching of the —SO>- groups appeared at 1040
and 1234 cm™ !, respectively.*"** The presence of this
peak clearly showed the substitution of sulfonic acid
groups into the nanofiber structure while cross-linking
with SSA was carried out.
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Similar to the FTIR spectrum of PVA nanofibers, the
FTIR spectra of PVA/Nafion involves the 3100-3600 cm ™"
band corresponds to the O—H stretching of intramolecular
hydrogen bonds, but with a lower peak intensity. Also, the
O—H peak for PVA nanofibers at 3310 cm™ ' shifted to
higher wavenumber (3380 cm ') for PVA/Nafion nanofi-
bers, which was a result of the formation of additional
hydrogen bonds between —OH groups of PVA and —SO;H
groups of Nafion.** This shift was observed to increase to
higher wavenumbers (up to 3405 cm ') by the increase in
SSA concentration, which might confirm the increasingly
incorporation of —SOs;H groups into the nanofiber struc-
ture by SSA crosslinking. The same was also observed for
pure PVA nanofibers after SSA crosslinking. SSA cross-
linking of PVA fraction in PVA/Nafion nanofibers were
observed by the peaks attributed to the ester bonds
appeared at 1713 cm™'. However, since Nafion peaks are
dominant in the spectra (typical peaks at ~1200, 1143, and
980 cm ™! attributed to C—F bonds, at ~1050 cm ™ associ-
ated with the sulfonic acid groups)** the incorporation of
additional sulfonic acid groups by SSA crosslinking could
not be observed by the appearance of new peaks, due to
overlapping.

3.3 | Thermogravimetric analysis

TGA analysis was carried out to assess the thermal resis-
tance of PVA and PVA/Nafion nanofibers and their 15%

TG curves

100 -

80 -
X 60 A \
o
ey
.20
s ——PVA
= 40 -

PVA+15%SSA
20 - PVA/Nafion
———— PVA/Nafion+15
0 %SSA T T 1
0 200 400 600

Temperature, °C

SSA cross-linked forms. TG and differential thermogravi-
metry (DTG) curves were illustrated in Figure 4. Thermo-
gravimetric data derived from TG and DTG curves were
given in Table 2. All the membranes showed three dis-
tinct degradation steps. The first stage was associated
with the weight loss by the removal of unbound and
bound water up to around 100°C. For neat PVA nanofi-
bers, the second stage, started around 268°C, corre-
sponded to the elimination of mainly H,O by the loss of
side groups of the polymer chain, and the third stage,
started around 400°C, was attributed to the degradation
of the polymer backbone.*™*” It was observed that the
onset temperature and second stage peak degradation
temperature of PVA + SSA nanofibers decreased, which
was possibly because of the elimination of SSA based sul-
fonic acid groups in the second degradation stage. On the
other hand, cross-linking with SSA increased the third
stage peak degradation temperature, half decomposition
temperature and resulting char fraction.*** A similar
effect also applied to PVA/Nafion nanofibers. Due to
Nafion-derived sulfonic acid groups, the onset tempera-
ture and therefore the second stage peak degradation
temperature of PVA/Nafion nanofibers were lower than
PVA nanofibers. SSA cross-linking of PVA/Nafion nano-
fibers further decreased the onset temperature corre-
sponding to the increased sulfonic acid content, however,
increased the half decomposition temperature and char
fraction, which were also higher than PVA based samples
because of the higher thermal stability of Nafion results

1.2 - DTG curves
— PVA
1 PVA+15%SSA
-
Y )
< 08 - PVA/Nafion
=
Ty e PVA/Nafion+
2 06 - 15%SSA
(]
>
i
@©
E 0.4 A
(]
a
0.2 ~ \
0 —A, . .
0 200 400 600

Temperature, °C

FIGURE 4 Thermogravimetry and differential thermogravimetry curves of neat and sulfosuccinic acid (SSA) cross-linked polyvinyl
alcohol (PVA) and PVA/Nafion nanofibers. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 2 Thermogravimetric data of neat and sulfosuccinic acid (SSA) cross-linked polyvinyl alcohol (PVA) and PVA/Nafion
nanofibers.
Peak degradation
Onset temperature of Peak degradation
temperature, second step, temperature of third Half decomposition Char
T; °C) Trmaxz CC) step, Timaxs (°C) temperature, T, (°C) fraction (%)
PVA 268 293 429 309 5.3
PVA + 15% 224 250 443 378 17.8
SSA
PVA/Nafion 189 216 426 416 321
PVA/Nafion 175 266 450 451 36.9
+15% SSA
TABLE 3 Weight loss and swelling data of neat and sulfosuccinic acid (SSA) cross-linked polyvinyl alcohol (PVA) and PVA/Nafion
nanofibers.
Weight lost in water (%) . . L.
Weight loss in Swelling in
Sample At room temp. At 100°C methanol solution® (%) water® (%)
PVA 68.9 100.0 100 -
PVA + 5% SSA 6.7 18.3 14.9 355.7
PVA + 10% SSA 5.0 11.1 8.7 442.1
PVA + 15% SSA 4.8 11.1 9.3 454.5
PVA/Nafion 4.5 52 6.5 44.8
PVA/Nafion + 5% SSA 0.0 0.0 7.9 93.2
PVA/Nafion + 10% SSA 0.0 0.0 8.0 108.7
PVA/Nafion + 15% SSA 0.0 0.0 9.5 123.3
At 80°C.

At room temperature.

from its perfluorocarbon backbone.* In conclusion, the
thermal stability of PVA and PVA/Nafion nanofibrous
membranes was shown to be improved by SSA cross-
linking. Moreover, it should be mentioned that the ther-
mal stability of both PVA 4 SSA and PVA/Nafion+SSA
nanofibrous membranes met the requirements for the
use in DMFCs, since the normal operating temperature
of DMFCs is 80°C.*

3.4 | Weightloss and swelling in water

The swelling and weight loss in water and methanol
solution results were given in Table 3. Since PVA is
soluble in water, a large weight loss was observed in
water at room temperature and it was completely
dissolved in boiling water and methanol solution, as
expected. The stability of PVA nanofibers to water
was improved significantly as a result of the SSA
cross-linking. Whereas, although the samples cross-
linked with 5% SSA concentration showed higher

weight loss, when the SSA concentration was further
increased, the weight loss decreased, but the increas-
ing SSA concentration did not significantly affect the
weight loss.

The weight loss of neat PVA/Nafion nanofibers were
found to be quite low, although PVA constitutes approxi-
mately 67% of the structure without any further stabiliza-
tion. This was thought to be a clear indication of the
formation of additional hydrogen bonds between -OH
groups of PVA and -SO;zH groups of Nafion, as discussed
in the results of FT-IR analysis. With the additional SSA
cross-linking, the weight loss of PVA/Nafion nanofibers
was completely eliminated.

In water at room temperature, the difference in the
weight loss of PVA/Nafion, PVA + 15% SSA, PVA + 10%
SSA and PVA + 5% SSA was not statistically significant
at significance level of a = 0.05, while their weight losses
were significantly lower than PVA (Table S5). In boiling
water, PVA/Nafion nanofibers showed significantly lower
weight loss compared to PVA and SSA cross-linked PVA
nanofibers (Table S6).
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In the previous study,” PVA and PVA/Nafion nanofi-
bers were stabilized by physical stabilization by heat
treatment and chemical cross-linking by 1,2,3,4- butane-
tetracarboxylic acid (BTCA). Comparing the results of the
present study where SSA was used for chemical cross-
linking, similar weight loss was observed when PVA
nanofibers were cross-linked with BTCA or SSA. On the
other hand, PVA/Nafion nanofibers showed a certain
weight loss when cross-linked with BTCA, but no weight
loss was observed in the presence of SSA.

Swelling results showed that the increase in the SSA
concentration led to a statistically significant increase in
the swelling ratio for both PVA and PVA/Nafion nanofi-
bers (Table S7) in general. On the other hand, it was also
shown that no additional significant increase was
achieved by the increase in the SSA concentration from
10% to 15% for PVA nanofibers. In fact, as the SSA con-
centration increased, the degree of swelling was expected
to decrease because of the higher cross-linking density.
For example, Kim et al.** investigated that the increase
in the poly(styrene sulfonic acid-co-maleic acid) content
led to a decrease in the water content of the cross-linked
PVA film membrane. However, encountered exact oppo-
site effect in the present study was quite likely stem from
the higher solvation property of the sulfonic acid groups
compared to PVA,* which increased the water retention
and swelling ratio. A similar result was reported in the
study of Sriruangrungkamol and Chonkaew,* in which
nanocellulose film membrane was cross-linked with SSA.
They reported that at higher SSA concentrations (>3%),
the increase in the amount of SSA increased the water
uptake of the membrane. In another study, Rhim et al.**
showed that the increase in the SSA content decreased
the water content of cross-linked PVA film membranes
prepared at 120 and 125°C until the SSA content reached
15%; and above this concentration the total water content
of the membranes slightly increased because of the
increase in the amount of sulfonic acid group. Further,
Yoon et al.*! reported that the higher the SSA content the
higher the water retention of the polyvinyl alcohol film
membrane. In our case, it was revealed that the amount
of ionic groups was much more effective on the swelling
performance than the degree of cross-linking in the stabi-
lization of PVA and PVA/Nafion nanofibers with SSA. It
should also be added that the swelling degree of
PVA/Nafion nanofibers were significantly lower than
PVA nanofibers (Table S7), because of the hydrophobic
polytetrafluoroethylene backbone of the Nafion polymer.

According to weight loss results, it could be envisaged
that even lower SSA concentrations were suitable for the
stabilization of PVA and PVA/Nafion nanofibers against
water. However, since the preservation of the nanofi-
brous structure was required, the SEM images of the

samples after water treatments were investigated to ana-
lyze the resulting morphology changes, as shown in
Figure 5. Since the nanofibrous membrane structure of
neat PVA nanofibers was completely degraded in water,
no SEM image was taken for neat PVA after water treat-
ment. As a result of treatment with water (at room tem-
perature or at 100°C), the PVA nanofibers gained a
swollen, voluminous and partly fused structure, due to
high swelling behavior. At 5% SSA concentration, it was
observed that the dissolved PVA part filled the pores
between the nanofibers by forming a film layer. This
effect was also slightly observed for higher SSA concen-
trations. However, the nanofibrous structure was shown
to be largely preserved for 10 and 15% SSA cross-linked
PVA nanofibers and the degradation in the structure
visually determined to be decreased as the SSA concen-
tration increased. Therefore, although increasing the SSA
concentration from 10% to 15% did not made a significant
difference in terms of weight loss, it can be concluded
that the use of 15% of SSA would be more adequate for
preserving the nanofibrous structure of PVA nanofibers.
For PVA/Nafion nanofibers, the nanofibrous structure
were preserved even after the treatment with boiling
water without a need of an additional cross-linking,
which was due to the interaction between the hydroxyl
and sulfonic acid groups within the structure, as afore-
mentioned. Therefore, the treatment with SSA served the
purpose of the incorporation of sulfonic acid groups to
the PVA fraction rather than increasing the stability of
the structure of PVA/Nafion nanofibers. It should be
mentioned that partial bead formation was observed,
especially at low SSA concentrations.

When the swelling results were compared with the
previous study,” where crosslinking with BTCA and
physical stabilization with heat treatment were investi-
gated, it was seen that similar swelling results were
obtained in PVA nanofibers when SSA or BTCA was
used. On the other hand, lower swelling values were
obtained in PVA/Nafion nanofibers as a result of cross-
linking with SSA compared to BTCA. However, the
swelling value remained higher than that of thermal
stabilization.

Since the produced nanofibers were aimed to be used
as polymer electrolyte membranes, especially in DMFCs,
the nanofibrous structure was expected to be resistant to
methanol solution. For this purpose, the samples
immersed in 5M methanol solution at 80°C for 24 h
and the resulting weight loss and the change in the nanofi-
ber morphology were shown in Table 3 and Figure 5,
respectively. Again, neat PVA nanofibers were completely
dissolved after soaking in methanol solution. It was
observed that the samples cross-linked with SSA was
largely preserved and the weight loss of the samples were
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FIGURE 5 Scanning electron microscopic images of the samples after immersion into water and methanol solution (20,000 x

magnification). [Color figure can be viewed at wileyonlinelibrary.com]

shown to be similar regardless of nanofiber type and SSA
concentration, except 5% cross-linked PVA nanofibers
(Table S8) which showed higher weight lost due to

inadequate stabilization of the structure. Although SSA
cross-linked PVA/Nafion nanofibers showed no weight
loss under water environment, they possessed a certain
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weight loss in methanol solution due to the dissolution of
the hydrophobic backbone since methanol shows a higher
affinity with the ether groups of the side chains.”" A higher
deterioration in the nanofibrous structure were observed
for 5% and 10% SSA cross-linked PVA nanofibers com-
pared to water treatment. 15% SSA cross-linked PVA
nanofibers, on the other hand, became swollen and fused
but preserved their nanofibrous structure. The
PVA/Nafion nanofibers, neat or cross-linked, visually
shown to be quite stable to methanol solution treatment
in terms of nanofibrous structure except for partial bead
formation, as in water treatment tests.

3.5 | Ion exchange capacity and
methanol permeability

IEC is an important parameter for the characterization of
polymer electrolyte membranes which is related to the
amount of ion exchangeable groups and it affects
the ionic conductivity and water uptake of the mem-
branes.”> The IEC of SSA cross-linked PVA and
PVA/Nafion nanofibrous membranes was shown in
Figure 6a. It was observed that the IEC of cross-linked
PVA/Nafion nanofibers (1.46-3.98 mmol/g) was higher
than those of PVA (0.51-1.61 mmol/g), for the same SSA
concentration, and this difference was statistically signifi-
cant (Table S9). This difference indicated a higher num-
ber of sulfonic acid groups due to the presence of Nafion

—&— PVA+SSA
PVA/Nafion+SSA

IEC, mmol/g

0 T 1
5 10 15

SSA concentration, %

FIGURE 6

in the structure. The increase in the SSA concentration
led to an increase in the IEC in general, through the
incorporation of increasing amount of sulfonic acid
groups. It was thought that, also the unreacted carboxylic
acid groups of SSA might be the reason of the higher IEC
values. The IEC results were in a good agreement with
the swelling results. Again, for PVA nanofibers, no addi-
tional increase in the IEC was obtained by the increase in
the SSA concentration from 10% to 15%, thus their differ-
ence was statistically insignificant (Table S9).

Methanol diffusion through polymer electrolyte mem-
branes is undesirable because methanol crossover from
the anode to the cathode negatively affects fuel cell per-
formance. Therefore, the selection of membranes with
lower methanol permeability is of importance in DMFC
applications.”® Since nanofibrous membranes have a
highly porous structure, it will be beneficial to block the
pores with filler materials to prevent additional fuel per-
meation through the pores. Therefore, in this study, the
SSA cross-linked membranes were impregnated with
Nafion solution, before the methanol permeability tests.
However, for comparison, 15% SSA cross-linked PVA and
PVA/Nafion nanofibrous membranes without a further
Nafion impregnation was also tested. The results of the
methanol permeability tests were shown in Figure 6b. It
was shown that the unfilled membranes possessed higher
methanol permeation due to the diffusion of methanol
through the pores between the nanofibers. The filler
application contributed to the reduction in methanol

8 -
© —&— PVA+SSA with Nafion filler (b)
€ 71| @ PvAsssa
% PVA/Nafion+SSA with Nafion filler
: 6 - A PVA/Nafion+SSA A
= <o
£ 5 4
=
]
£ 4]
o
o 3
©
C
)
o ¢ —5
= 1 4
0 T 1
5 10 15

SSA concentration, %

(a) Ion exchange capacity and (b) methanol permeability of sulfosuccinic acid (SSA) cross-linked polyvinyl alcohol (PVA)

and PVA/Nafion nanofibers. [Color figure can be viewed at wileyonlinelibrary.com]
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crossover. The methanol permeability was highly corre-
lated with the increase of the SSA concentration. The
higher the SSA concentration, the lower the methanol
permeability. For a fully hydrated state, the methanol dif-
fusion through the membrane is affected by the degree of
swelling and microstructure of the membrane.* It was
interesting that the methanol permeability of the mem-
branes decreased although the water content of the cross-
linked PVA and PVA/Nafion nanofibers increased with
the increase in SSA content. In the study of Zhong
et al.,” the same effect has been observed in which
sulfonated polyether ether ketone (SPEEK) membranes
were coated with cross-linked chitosan (CS) and the
increase in the thickness of CS layer led to higher water
uptake but lower methanol diffusion. This was explained
by the smaller molecular size of water molecules com-
pared to methanol, therefore the increase in CS content
led to a preferential transport of small-sized water mole-
cules. Moreover, in the study of Zhang et al.,’® it was
reported that the molecule with stronger polarity has
higher flux for hydrophilic pores by citing Bhanushali
et al.,”” and showed that the flux for the transport diffu-
sion of water was higher than methanol. Therefore, the
lower polarity of methanol compared to water and
increased hydrophilic character of SSA crosslinked nano-
fibers might lead to a decrease in methanol diffusion. It
was also thought that the cross-linking network of the
membranes due to SSA crosslinking was more effective
in terms of the methanol permeability. The cross-linking
of PVA led to a more rigid and dense structure, therefore
the free volume which the methanol molecules could
penetrate reduced and thus the methanol migration
decreased.’*® However this relationship was not linear.
For both nanofiber types, the highest methanol perme-
ability was obtained in the samples cross-linked with 5%
SSA concentration. When the SSA concentration
increased to 10%, the methanol permeability decreased
significantly (36% reduction for PVA, 46% reduction for
PVA/Nafion). The further increase in the SSA concentra-
tion led to an additional decrease in the methanol perme-
ability but this decrease was much smaller. As a result, in
the light of the aforementioned explanations, the
decrease in methanol permeability by the increase in SSA
content was possibly arised from the synergistic effect of
the higher selective tendency of the membranes to water
than methanol and the cross-linked network that act as a
methanol barrier.

The methanol permeability of SSA cross-linked PVA
nanofibrous membranes were found to be lower com-
pared to those of PVA/Nafion, although they showed
higher water swelling. This could be due to the low meth-
anol diffusion property of PVA polymer than Nafion®’
and higher flux of methanol than that of water through
the hydrophobic pores®® The methanol permeability
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results obtained in Nafion filled PVA + 15% SSA and
PVA + 10% SSA membranes were found to be 1.5 x 10~°
and 1.6 x 10 ®cm?/s respectively, which were lower
than the commercial Nafion 115 membrane tested to be
2.4 x 10"° cm?/s>® and was found to be comparable to
that of commercial Nafion 117 membrane of
1.22 x 10°® cm?/5.%° Nafion filled PVA/Nafion+15% SSA
was shown to exhibit similar methanol permeability to
the commercial Nafion 155 membrane.

4 | CONCLUSIONS

PVA and PVA/Nafion based nanofibrous membranes
were cross-linked with SSA and their characterization
and performance properties such as stability in water and
methanol solution, water swelling, IEC and methanol
permeability were investigated.

Direct addition of SSA into the electrospinning solu-
tion did not significantly affect the nanofiber morphol-
ogy; bead-free and smooth nanofibers were fabricated.
Esterification of SSA with PVA and simultaneous inclu-
sion of -SOz;H groups into the nanofibrous structure were
proven by FTIR analyses. SSA cross-linking was also
shown to increase the thermal stability of both PVA and
PVA/Nafion nanofibrous membranes.

The water stability of the PVA nanofibrous mem-
branes was improved by SSA crosslinking to a great
extent. It was determined that PVA/Nafion nanofibers
had high stability against water even without stabiliza-
tion, and became completely stable against water after
SSA cross-linking. PVA nanofibers had much higher
water swelling compared to PVA/Nafion based ones. As
the concentration of SSA increased, the degree of swell-
ing increased. This showed that the number of ionic
groups was more effective for the swelling of nanofibers
compared to the cross-linking density. It was demon-
strated that a high SSA concentration was necessary for
PVA nanofibers in order to prevent the nanofibrous mor-
phology from deteriorating after treatment with water.
On the other hand the morphology of PVA/Nafion nano-
fibers were shown to be preserved even without cross-
linking, due to the interaction between PVA and Nafion.

The IEC values of SSA crosslinked PVA/Nafion nano-
fibrous membranes were higher than cross-linked PVA
nanofibers, and the IEC increased as the increase in SSA
concentration, in general. Methanol permeability was
investigated to be decreased by SSA crosslinking, attrib-
uted to the combined effect of the higher selective ten-
dency of the membranes to water than methanol and the
cross-linked network that act as a methanol barrier. Also,
methanol crossover was shown to be lower for cross-
linked PVA nanofibers compared to PVA/Nafion
nanofibers.
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It is worth noting that the mechanical properties and
proton conductivity of the membranes and fuel cell tests
under continuous operational conditions should be inves-
tigated in future studies.
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