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Abstract

This work presents the preparation and investigation of blended nylon (N)/polyvinyl alcohol (PVA)-based polyelectrolytic
membranes that are modified with different concentrations of sulfuric acid (SA), chlorosulfonic acid (CSA), and sulfonated
activated carbon (SAC) as a filler. Scanning electron microscopy (SEM) micrographs illustrated good membrane homogeneity,
and no cracks or phase separation were detected. Chemical interaction between N, PVA, and other membrane components was
confirmed by Raman scattering spectroscopy and Fourier transform infrared (FTIR). In addition, the molecular structure is
verified by energy depressive X-ray (EDX). Furthermore, water and methanol uptake, gel fraction, and IEC were determined
as functions of varied membrane modification components. The results revealed that increasing the portion of SA, CSA and
SAC led to an increase in IEC and ionic conductivity values reached 2.12 meq/g—0.076 S/cm for (N/PVA-4.0% SA-4.0%
SACQ), respectively, and 2.71 meq/g—0.087 S/cm for (N/PVA-4.0% CSA-4.0% SAC), respectively, while the IEC and ionic
conductivity value for non-modified N/PVA membrane was 0.02 meq/g and zero, respectively. Such results enhance the

potential feasibility of modified N/PVA electrolytic membranes for fuel cell (FC) applications.
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1 Introduction

One of the important promising technologies for clean and
efficient power sources in the twenty-first century is the pro-
ton exchange membrane fuel cells (PEMFCs). Their impor-
tance is attributed to the capability of providing electricity
for a wide range of applications such as automotive trans-
portation, military, and portable electronics. The widespread
commercialization and uses limitation of these alternative
power sources due to fueling problems, lifetime, and instal-
lation cost [1, 2].
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PEMFC is an electrochemical cell that uses hydrogen as
fuel or hydrogen in rich materials such as methanol which is
oxidized at the anode to produce electrons and protons (H*) in
general. Protons are conducted to the cathode through a poly-
meric electrolyte which is an electrical insulator. On the other
hand, oxygen is reduced at the cathode and combined with H*
to produce water. The electrons passed in outer circuits to the
other providing electric current [3]. Due to significant effi-
ciency, lightness, and fuel viability, direct methanol fuel cells
(DMEFCs) have extreme potential in generating electricity.
However, some technical limitations restrict the commercial-
ization and dispreading of the DMFC [4], such as the high
methanol crossover through polymeric electrolyte membrane
and the slow oxidation kinetics of methanol in addition to the
high cost of membrane production [5].

Owing to the good thermal stability and good conductivity
of perfluorosulfonic acid (PFSA) group membranes, such as
Nafion have been commercially used in PEMFC applications
as an electrolyte membrane [6]. However, the high production
cost of Nafion limits its industrial applications [4]. The low-
proton conductivity at high temperatures, fast dehydration
[7], and high methanol crossover even at room temperature
is the key problem for the usage of Nafion in DMFC [8].
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PVA and polyamides such as nylon 6,6 polymers are
supported to use in wide applications such as selective
membranes and ion exchange membranes [9] due to these
polymers show good film-forming properties with chemical
and mechanical stability and high-density hydrophilic groups
allowing chemical modifications of the polymer chain by
crosslinking, grafting or sulfonation [10] rather than its non-
toxicity and cost-effectiveness [11]. The uses of PVA expose
some advantages such as ease of preparation, biocompati-
bility, good flexibility, high hydrophilic, and high abrasion
resistance [12]. Furthermore, PVA displayed very low ion
exchange capacity (IEC) rather than ionic conductivity com-
pared to Nafion owing to the absence of any negatively
charged ions, like sulfonic (-SO3H) or carboxylic acid (-
COOH) groups in their structure. Therefore, PVA membranes
can be utilized in a fuel cell if the groups that hold negative
ions are embedded in their structure to increase their conduc-
tivity [13, 14]. Regarding methanol crossover, the addition of
fillers such as SiO; [15], polyrotaxane [16], montmorillonite
[17], and graphene oxide (GO) [18] into the polymer matrix
contributes to mitigating this issue.

Sulfonated PVA prepared from 4-formylbenzene- 1,3-
disulfonic acid and crosslinked with 4,4-oxydiphthalic anhy-
dride andl1,3-bis(3-glycidyloxypropyl) tetramethyldisilox-
ane. These membranes presented good proton conductivity
(0.218 S cm™! at 70 °C) and low methanol permeability (at
around 1.25 x 107° ¢cm? s’]), then they can be served in
DMEC [19].

A series of sulfonated polyimides (SPIs) were prepared
using a different sulfonating agent as 4,4-diaminobiphenyl-
2,2-disulfonic acid and 2,5-diamino benzene sulfonic acid
[20]. The prepared membranes exhibit IEC values of about
1.6 mmol/g and appeared lower conductivities than Nafion®
1135 at 80 °C and all relative humidity (RH) levels [21]. In
DMFC measurements the membranes revealed similar per-
formance as Nafion® 117 at 80 °C with the methanol feed
concentration of 0.5 M [21, 22].

One of the ways that are used to improve ionic conduc-
tivity, mechanical and thermal stability is the introducing of
organic or inorganic materials into the polymer matrix to pre-
pare a composite membrane. One of the attractive materials
that have a great potential to produce composite membranes
is the activated carbon (AC) molecular sheet [18, 23, 24]. The
advantage of AC is attributed to its excellent thermal [25],
mechanical [26], transport [27], and gas barrier [28]. How-
ever, AC is difficult to exfoliate in a polymer matrix due to
its high cohesive force between them. Thus, AC is function-
alized with other groups such as (-SO3zH) to impart specific
features and interactions [29].

Therefore, the research is conducted to find an alterna-
tive membrane for the proton exchange membrane for fuel
cells based on sulfonated polyimides and PVA in this work.
We show that the blending of a polyamide such as nylon
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6,6 with PVA followed by sulfonation using SA or CSA
and sulfonated activated carbon (SAC) addition strategy are
important for blocking methanol crossover and improvement
of IEC and therefore, ionic transportation property of the
membrane with enhanced electrochemical performance.

2 Materials and Methods
2.1 Materials

Nylon 6,6 Mw > 226.14 g/mol, density = 1.47 g/ml at
25 °C, melting point 250-260 °C) was obtained from Merck,
Germany. PVA (typically average My = 124,000 g/mol,
95-96.5% hydrolyzed) was supplied from Fisher Scien-
tific, UK. Chlorosulfonic acid (Mw = 116.52 g/mol, purity
99%, density 1.753 g/mL at 25 °C) was received from
Merck, Germany. Formic acid M = 46.03 g/mol, purity
98-100%, density 1.22 g/ml) was bought from BDH chem-
icals Ltd, England. Activated carbon (Mw = 12.01 g/mol,
sulfur content 0.15%, acid solubility 2.0%) was purchased
from Uni-CHEM chemical reagents, South Korea.

2.2 Preparation of N/PVA-Based Polyelectrolytic
Membranes

10 wt% of Nylon 6,6 solution was prepared by dissolving
the pre-weighed amount of Nylon 6,6 in formic acid at room
temperature with stirring for 2 h till the solution becomes
homogenous. On the other hand, 10 wt% of PVA solution
was prepared in a similar way that was mentioned for Nylon
6,6. Both solutions of Nylon 6,6 and PVA were stored at
room temperature. The suggested reaction that takes place
between Nylon 6,6 and PVA is shown in Scheme 1.

Sulfonated activated carbon (SAC) was prepared accord-
ing to the method reported by Bermejo et al. [30] by mixing
10 g of pure activated carbon with 100 mL of sulfuric acid,
under stirring at 160 °C for 8 h. Then, the mixture was washed
several times with deionized water and allowed to dry at 60 °C
for 6 h. Finally, SAC was packed and stored at room temper-
ate for the next use.

The membrane was prepared by mixing 5 mL of Nylon
6,6 with the same amount of PVA solution. After that, the
mixture was vigorously stirred at 40 °C for 4 h. The pre-
vious steps were repeated to prepare 15 samples for use in
the next steps. First, the various amounts (v/v %) of sulfu-
ric acid (SA) and chlorosulfonic acid (CSA) (1%, 2%, 3%,
and 4%) each of them stepped wise added to four samples
during the stirring process, and the temperature was raised
to 65 °C for 4 h. Second, 4% of SA and CSA was added
slowly to three samples under stirring condition and temper-
ature within 65 °C for 4 h, then various amounts (w/v %)
of SAC (1%, 2%, and 4%) was added under the previous
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Scheme 1 a Illustrate the reaction route of Nylon 6,6 and PVA. b Ionic crosslinking mechanism of Nylon 6,6 and sulfonating agent

condition for extra 2 h. The remain sample is still without
any additives. All mixtures were cast onto a polypropylene
sheet. The solvent evaporated at room temperature for 12 h.
Then, the casted membranes were allowed to dry at 70 °C for
6 h. Finally, the dried membranes were subjected to different
characterization methods.

2.3 Characterization
2.3.1 Spectral Analysis

The chemical bonding and functional groups within the
N/PVA and modified N/PVA-based polyelectrolytic mem-
branes were evaluated using (Shimadzu FTIR-8400 S, Japan)
with a resolution of 4 cm™! and a wavenumber range of
400-4000 cm~! [31]. Additionally, a laser Raman scatter-
ing spectrometer (SENTERRA-Bruker, Germany) equipped
with a Leica microscope was also used to investigate the
chemical bonding and possible interactions inside the pre-
pared polymeric membranes [32].

2.3.2 Scanning Electron Microscopic (SEM)

Morphological features and microstructure of modified
N/PVA-based polyelectrolytic membranes were investigated
using SEM, (JEOL JSM-6360LA, Japan). SEM was in opera-
tion at an acceleration voltage of 15 kV. Magnification power
varied from 500 to 5000 [33, 34].

The elemental composition analysis of modified N/PVA-
based polyelectrolytic membranes was determined using an
energy dispersive X-ray spectrometer (EDX) attached to the
scanning electron microscope [35].

2.3.3 Mechanical Properties

Tensile strength and the elongation at break of modified
N/PVA-based polyelectrolytic membranes have been con-
ducted at ambient temperature using a universal Testing
Machine (Shimadzu UTM, Japan). Tensile and elongation
measurements were carried out with crosshead movement at
a constant speed of 3 mm/min for specimens of 30 x 10 mm
[34].
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2.3.4 Water and Methanol Uptake

Water and methanol uptake of modified N/PVA-based poly-
electrolytic membranes are usually defined in weight per-
cent with respect to the weight of the dried membrane.
To determine the swelling ability of N/PVA and modi-
fied N/PVA-based polyelectrolytic membranes, specimens of
these membranes were obtained by cutting specified mem-
brane samples into 3.0 x 3.0 cm pieces. The specimens were
dried for 6 h at 90 °C. After that, it was weighted (Wqy).
Then the dried samples were soaked in distilled water or
methanol for 12 h at room temperature to determine the water
and methanol uptake ratio, respectively. Afterward, swelled
samples were leached from those liquids and weighted again
(Wyet)- The swelling ratio is determined by Eq. (1) [34, 36].

Swellingdegree(%) = > %Y 100 )
Wary

where (Wgary) and (W) are the weights of dried mem-
brane samples before and after soaking, respectively, in
desired liquid.

2.3.5 Determination of Gel Fraction

The modified N/PVA-based polyelectrolytic membranes are
dried at room temperature to avoid any surface shrinking for
12 h and weighed (W), then immersed in distilled water for
another 24 h, up to an equilibrium swelling weight, to remove
the leachable or soluble components. The polyelectrolytic
membranes are then dried and weighed again (W»). The gel
fraction percent was carried out according to the method
reported by Fahmy et al. [37] and calculated by Eq. (2).

GelFraction (%) = b2 x 100 2)
w1

where (W1) and (W3) are the weights of dried membrane
samples before and after soaking, respectively.

2.3.6 Determination of lon Exchange Capacity

Ton exchange capacity (IEC) represents the total of active
sites or functional groups responsible for ion exchange in
N/PVA and modified N/PVA-based polyelectrolytic mem-
branes. In most cases, the IEC is determined using a stan-
dard acid-base titration technique. Weighed samples were
immersed in 20 cm? of a 2 M (NaCl) solution for 12 h at
25 °C. The solution was then titrated with a known concen-
tration of NaOH [38]. IEC (in Meq/g) is determined by using
Eq. (3):

N (mmol/cm3) X V(cm3)

IEC(Meq/g) = e

3
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where N, V, and W are the concentration of the NaOH solu-
tion, the titer of the NaOH solution, and the weight of the
sample, respectively.

2.3.7 Determination of lonic Conductivity

Proton conductivity of modified N/PVA-based polyelec-
trolytic membranes was performed using impedance spec-
troscopy using a Solartron 1260 gain phase analyzer, inter-
faced to a Solartron 1480 multistate. The protonic conduc-
tivity (o) of the membranes is calculated using Eq. (4) from
impedance data [39].

o(s/cm) =

RWD @

where L is the distance between electrodes, R is the mem-
brane resistance, and D and W are the thickness and width
of the membranes, respectively.

2.3.8 Determination of Electrical Conductivity

Electrical conductivity of the prepared membranes was per-
formed according to the method reported by Bazli et al. [40]
with modification. The membrane specimen with a thick-
ness of ca. 0.8 mm was immersed in a mixture of deionized
water and methanol in a (1:1) ratio for 2 h at ambient tem-
perature. Then, the membrane specimen is placed between
two flattened copper electrodes and an incremental alternat-
ing voltage of (5, 10, 20 and 40 V) was applied. Finally, the
tested specimen was notified to withstand the flow of current.

3 Results and Discussion

SA and CSA are used in the separate systems as modifying
agents to incorporate sulfonic (-SO3H) groups into carbon,
nitrogen, or oxygen atom of N/PVA chains through sulfona-
tion reaction [41]. The presence of the -SO3H group in the
N-PVA polymer matrix can be improving hydrophilicity, [EC
and ionic conductivity.

The role of SAC addition is not only to achieve materials
with better mechanical properties but to enhance a composite
material with good barrier properties for penetration of fuel
[23] in DMFC. In general, the mixing process of clay with
polymer hydrogel matrix yields a composite hydrogel with
could bear more external load than the pure hydrogel rather
than good barrier properties for penetration of fuel [24] as
shown in Scheme 2. However, pristine AC contains no sur-
face functional group and has very limited dispersibility in the
nylon matrix, seriously restricting its potential application in
the preparation of functional composites. Therefore, chemi-
cal modification is needed for AC to achieve a homogeneous
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(a)Tortuous Path

(b)Direct path

Scheme 2 Illustrate the pathway of material through the composite
membrane, a in the presence of SAC, and b in the absence of SAC
[42]

dispersion in the nylon matrix and optimize ionic conduc-
tivity [43]. An early experimental result from Hara’s group
[44] showed that heating AC in HySOy4 produced a carbon
material with a-SO3H group density of about 0.15 mmol-g !
[45]. Onda et al. reported the generation of sulfonated carbon
material with a -SO3H density of 0.44 mmol-g~! by treat-
ment of AC with concentrated H2SO4 [46]. The sulfonated
activated carbon SAC obtained, in this case, was quite stable
and showed evident catalytic activity [45]. Undoubtedly, it is
advantageous to prepare N/PVA-SAC composites with good
dispersibility and excellent properties.

3.1 FTIR Spectra of N/PVA and Modified
N/PVA-Based Polyelectrolytic Membranes

FTIR spectra of N-PVA membranes within the range of
500-4000 cm ™! wavenumber are shown in Fig. 1. FTIR spec-
trum of pristine N-PVA polyelectrolytic membrane is shown
in Fig. 1a. In this spectrum, a beak around 3300-3500 cm™!
was observed which was attributed to the stretching vibration
of the OH groups within the structure of PVA, where a weak
peak that was detected around 1400 cm ™! was related to O-H
deformation; thus, it might be related to bond formation [47].

The weak broad peak around 2900 cm™! is related to
the symmetric and asymmetric CH of the polymer back-
bone [48]. In addition, the peak which was recorded in the
range of 1500-1700 cm~! is an indication of the existence
of the C=0 group of the amide bond in Nylon 6,6 and the
O-C—-0O bond formed between N and PVA [36, 49, 50] shown
in Scheme. 1. Meanwhile, the spectrum of sulfonated N-PVA
membranes revealed two peaks (b) at 1139 cm™! for SA sul-
fonating agent and (c) at 1141 cm™! for CSA sulfonating
agent due to the S=O stretching of sulfonic groups. Strong
two peaks at around 1070 cm™! and 1065 cm~! appeared on
(d) and (e), respectively, due to the S=O stretching of sulfonic
groups [51] in the SAC or O-S=0 in the -SO3H group [52].
The band around 1190 cm~! is related to the S—O bond. Tt
was noticed that the intensity of the S=O peak increased as

Fig. 1 FTIR spectra of
N-PVA-based polyelectrolytic
membrane (A) pristine N-PVA
membrane. (B) N-PVA-(4%) SA.
(C) N-PVA-(4%) CSA. (D)
N-PVA-(4%) SA-(4%) SAC. (E)
N-PVA-(4%) CSA-(4%) SAC

Transmittance (%)

4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500

Wavenumber (cm=1)
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Fig. 2 Raman spectra of modified N-PVA-based polyelectrolytic mem-
branes: N/PVA-(1%) SA (A), N/PVA-(2%)SA (B), N/PVA-(3%) SA
(C), N/PVA-(4%) SA (D); b N/PVA-(1%) CSA (E), N/PVA-(2%)CSA
(F), N/PVA-(3%) CSA (G), N/PVA-(4%) CSA (H);c N/PVA-(4%)

the proportion of sulfonating agents increased [53]. As stated
above, the results obtained from FTIR confirmed the presence
of various functional groups such as —-OH, -COOH, -COO-,
—SO3H, and —CO, within the polymer blended structure.
Additionally, the side reactions of formic acid (solvent)
with amine groups in nylon 6,6 in the presence of sulfuric
acid may be eliminated CO, molecules that appeared in FTIR
spectra near 2400 cm™~!, and the intensity of this peak is
increased with increasing sulfuric acid molar ratio [54, 55].
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3.2 Raman Spectra

Raman scattering spectra of modified N/PVA-based poly-
electrolytic membranes are shown in Fig. 2. The spectrum of
SA- or CSA-based membrane revealed a strong valence band
at 1053 cm™! due to the stretching SO3 group, and the inten-
sity of this peak was increased as a portion of the acid in the
polymer blend was increased. This increase is attributed to an
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increase in the -SO3H group in the N-PVA-based membranes
[56].

Other signals that appeared at 1106 cm ™! and 1445 cm™!
correspond to the vibration of C—C and C-H bonds, respec-
tively, whereas Raman spectra of N-PVA-based membranes
exhibited three characteristic scattering peaks at 1423, 1208,
and 653 cm~! which were belonging to a stretching N-H
bond [31]. The spectrum showed a strong valence band at
1662 cm ™! due to the C=0 bond in the main chain of Nylon
[34, 57].

Springer

3.3 SEM Micrographs

The morphology of the surface and cross section of modified
N/PVA-based polyelectrolytic membranes was examined
using SEM compared to pure N/PVA as a blank. Figure 3A
shows typical SEM images of pristine N/PVA in comparison
with modified N/PVA membrane using SA (Fig. 3B) and
CSA (Fig. 3C). The sulfonated N/PVA-based membranes
revealed generally a quite homogenous surface compared
to non-modified N/PVA due to the sulfonic group insertion
causing tying and alignment of polymer chains. Cross-
sectional SEM micrographs of N/PVA and its sulfonated
form-based membranes micrographs exhibited clearly that
the microstructure of the cross section of the N/PVA-based
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membrane was wax-like (Fig. 3A cross section); this property
turned to spongy-like with the sulfonated N/PVA membrane.
The observed changes in the morphological surface and
cross section are an indication for the sulfonation process
which greatly affects the membrane structure and properties.
However, the microstructure of all sulfonated N/PVA-based
membranes was denser compared with the pristine N/PVA-
based membrane. These findings can be originated from
the hydrogen bonding between polymer chains bearing
hydrophilic groups [31, 50]. On the other hand, morpho-
logical features of N/PVA-SA and N/PVA-CSA membranes
that blended with SAC are shown in Fig. 3D, E, respectively.
These micrographs elucidated that these membranes have
a homogeneous and compact structure with a rougher sur-
face than pristine N/PVA membrane and no phase separation
where its surface was uniform and free from any cracks.
These characteristics might be related to good compatibil-
ity and strong interfacial interactions between N/PVA and
SAC platelets [47]. It is worth mentioning here that surface
pores also appeared on the surface of micrographs and not
extended across the membrane, and this may be leading to
the smooth transfer of protons through the membrane [49]
and preventing methanol crossover.

3.4 EDX Analysis

EDX microanalysis is a technique used for the identification
of the elemental composition of specimens. EDX is capa-
ble of generating a map of one or more chemical elements
of interest [52]. Analysis of N/PVA-based polyelectrolytic
membranes with an EDX spectrometer confirmed the pres-
ence of elemental C, N, O, and S. The carbon, oxygen, and
nitrogen in the examined samples are attributed to the matrix
of PVA and nylon as well as the addition of activated carbon.
Nitrogen does not appear in EDX analysis due to its minor
existence. As given in Fig. 4a, carbon and oxygen are the
main content of the blank sample. The sulfonated N/PVA
using the SA agent exhibited increase in the S element band
with an increase in SA molar ratio (Fig. 4b, ¢, d) indicat-
ing that the sulfonation process occurred successfully [53].
The behavior is in harmony with the increase in the SAC
molar ratio. These observations confirmed that SAC is not
affected by the preparation process as well as good compati-
bility between SAC and holder N/PVA matrix as explained in
the previous section (SEM). On the other hand, the amount
of S elemental increases to a higher percentage at the maxi-
mum loading of SAC (4%) in the N/PVA-SA polyelectrolytic
membrane (Supplementary 1). This behavior demonstrates
the success of the treatment process of activated carbon with
sulfonating agent [58]. Supplementary 2 exhibits the compar-
ison between two concentrations of SAC (1 and 2%) in the
N/PVA-CSA electrolytic membrane. As shown, the amount
of elemental S increased with an increase in the molar ratio

of SAC which, in turn, could be taken to indicate the success
of the insertion of SAC into the holder matrix and increasing
the number of polar groups such as -SO3H.

3.5 Elemental Analysis

Carbon, hydrogen, nitrogen, and sulfur content in the
modified N/PVA electrolytic membranes was evaluated by
(CHNS) analyzer. Results obtained from modified N/PVA-
based polyelectrolytic membranes with different ratios of SA
are presented in Table 1. The N/PVA membrane is rich in
carbon, hydrogen, nitrogen, and traces of sulfur elements
suggesting a small number of functional groups present in
the membrane that is attached to the main backbone of nylon
and PVA.

Sulfonation of N/PVA membrane with different amounts
of SA results in a slight loss of carbon and enrichment of the
samples in sulfur with an increase in SA content nearly of the
same percent. This behavior conducts to the success of the
preparation method for the sulfonation process of N/PVA
membranes, and there are no side reactions that affect the
polymer matrix causing degradation or fragmentations which
are also confirmed by C/N and C/H ratios [59, 60]. Conse-
quently, the result of the modified N/PVA membrane using
CSA is represented in Table 1. The results are in a signif-
icant similar behavior of SA; the amount of sulfur element
increased with the addition of CSA indicating more sulfonic
group attached to the N/PVA polymeric matrix.

The effect of SAC addition to N/PVA-4% SA and N/PVA-
4% CSA polyelectrolytic membranes, respectively, is pre-
sented in Table 1. As result, C/N and C/H ratios translate
the composition stability of membranes after the addition
of SAC, and there is no notified loss in the carbon of the
backbone. On the other hand, the C/S ratio decreased with
the increase in SAC content indicating a more polar group
(-SO3H) which shifts membranes to more ion exchange
capacity and exponential surface area [60]. These scenarios
were founded in more value in the case of sulfonation using
CSA at maximum loading of SAC.

3.6 Tensile Strength Measurements

The mechanical properties of N/PVA and modified N/PVA
electrolytic membranes are shown in Table 2. These findings
indicated that the tensile strength and elongation at break of
the pristine N/PVA membrane were found in low values equal
t0 26.3 MPa and 178.4%, respectively. These results are com-
patible with others obtained in gel fraction in Fig. 6a which
declared that the N/PVA membrane has lower crosslinking
density due to no further modification or crosslinking of two
polymeric matrices and the van der Walls forces worked
probably. Modified N/PVA polyelectrolytic membrane was
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Table 1 Elemental composition

of N/PVA electrolytic Sample Elemental Content

(0, 1, 2, 3, and 4%) membranes

and N/PVA-(4%) SA and CSA N/PVA 2.90 40.31 6.501 0.146 276.096 13.894 6.200

electrolytic membranes with N/PVA-1%SA 273 3325 6270  6.832 4867 12179 5303

different concentrations of SAC  \ypys HogA 257 2994 5915 7.448 4020 11649  5.062
N/PVA-3%SA 225 265 5525  8.196 3.233 11778  4.796
N/PVA-4%SA 219 2653 6110 8254 3214 12130 4342
N/PVA-1%CSA 332 4139 7456  3.809 10.866 12466  5.551
N/PVA-2%CSA 296  37.11 7.030  4.598 8.071 12537 5279
N/PVA-3%CSA 222 2649 5553  8.408 3.151 11932 4770
N/PVA-4%CSA 216 2638 5610 8224 3.259 12407 4777
N/PVA-4%SA 219 2653 6110 8254 3214 12130 4342
N/PVA-4%SA-19%SAC 236 2771 5700  8.587 3.227 11721 4.862
N/PVA-4%SA-2%SAC 229 2763 5479 8901 3.104 12072 5.043
N/PVA-4%SA-4%SAC 206 2561 5089 8819 2904 12443 5.032
N/PVA-4%CSA 216 2638 5610  8.224 3259 12407 4777
N/PVA-4%CSA-1%SAC 222 284 5.658  8.764 3240 12802  5.019
N/PVA-4%CSA-2%SAC 213 26.8 5540  9.117 2940 12587  4.839
N/PVA-4%CSA-4%SAC 190  25.8 5365  9.257 2.787 13.559  4.809

noticeably decreased in tensile strength with the sulfona-
tion process. Furthermore, this decline was more pronounced
with an increase in the degree of sulfonation resulting from
an increase in the molar concentration of SA or SAC used in
this process. Furthermore, the blending of SAC with sul-
fonated N/PVA membranes led to an increase in tensile
strength to a certain extent and then decreases again for those
membranes. This reduction was increased with increasing
the proportion of SAC in sulfonated N/PVA-based mem-
branes. On the contrary, elongation at break exhibits increase
with decreasing tensile strength in the sulfonated membrane
using SA or CSA and exposes similar behavior in line with
a tensile strength with an increase in SAC portion in sul-
fonated N/PVA electrolytic membranes. The above founding
can be explained on the basis that the potential interactions
between the blended components (N and PVA) were lower in
the case of pristine N/PVA membranes compared with that
in N/PVA-SA-, N/PVA-SA-SAC-, N/PVA-CSA- or N/PVA-
CSA-SAC-based electrolytic membranes. The addition of
SA or CSA improves the interaction between two polymer
components as shown in Scheme 1a which presents the chem-
ical interaction between N and PVA to form ether bond -O-
which is confirmed by FTIR. Scheme 2 also explains the
ionic crosslinking between N/PVA in the presence of SA or
CSA [31, 61]. The addition of SAC filler led to composing
of many SAC sheets held together by van der Waals forces to
form rigid platelets several hundred thick making it unable
to interact well with polymeric matrix [62] leading to dete-
rioration in mechanical properties.

S @ Springer

3.7 Water Uptake

Tonic or proton conductivity is highly dependent on the water
content retained by the membrane, where the hydration of
PEM is an influential factor to enhance their proton con-
ductivity and subsequently improve the performance of the
fuel cell [31]. Figure Sa displays the total water content in
N/PVA and modified N/PVA electrolytic membranes as a
function of the sulfonating agent added and SAC content.
The total water content in N-PVA increased progressively to
~ 225% and 251% when the SA and CSA content reached
the maximum loading content (4%), respectively. The water
content found in the lower value with the pristine N-PVA
was near 48%. In general, the swelling results exhibit a sig-
nificant swelling behavior change with different sulfonating
agent addition. This speculation is based on the polymer with
a high ionic group possessing high water imbibing and high
sorption capacity [63, 64] from which the amount of -SOzH
groups in N/PVA membrane sulfonated with CSA is more
than that sulfonated with SA. Thus, it possesses higher water
uptake. This result is consistent with the obtained data by
A.K. Sahu et al. [65]. In addition, Jimenez et al. [66] have
proved related results for PVA membranes, and they found
that the swelling ratio increased with the increment in the
degree of sulfonation.

The influence of SAC filler incorporation on water uptake
of sulfonated N/PVA-based composite membranes is shown
in Fig. 5a. The total water content in sulfonated N/PVA
membranes increased progressively until 318 and 410 for



Arabian Journal for Science and Engineering (2023) 48:8941-8956 8951

ks 450
P . | I N-PVA-SA a
g y 400 - Il N-PVA-CSA
E x 1 I N-PVA-4.0%SA-SAC
= g A350‘_ I N-PVA-4.0%CSA-SAC
Bl % =300
g s < 250
k] < a ]
E 23329 egs =200
< Bl ES8FTSTETFTEI 2 1
v < 150
O = ]
% 100 -
S | = 50
z & ]
E |2 0-
co = 0 1 2 4
2 %D Concentrations (%)
= |3
£ |z 8
2 Zl o =35 an oo 1 I N-PVA-SA b
B E| S FTSE RSB A& 77 N-PVA-CSA
4 1 N-PVA-4.0%SA-SAC
£ S 6 I N-PVA-4.0%CSA-SAC
< ~ 4q
% U QY 2
z < < < =
19 v v v =
S S e
g - QY =
& < < < << << =
[ v vn vn vn vn NN v 153
g OO0 00U O0UU U =
= 2 T e
k= g I S A )
| S| sgdfss55¢
: |2|5585555¢
_‘g 0 1 2 4
g Concentrations (%)
Q
2 = Fig.5 a Water uptake and b methanol uptake of N/PVA and modified
g s N/PVA electrolytic membranes with different amounts of SA, CSA, and
3 5 SAC
ik
<
> ey
& | 2
Z g
E 20 + 0 & — 0 A N N CSA and 4% SA, respectively, with the SAC content reach-
o o O O <t AN © . . .
g L% S o Q § Lol ing the maximum loading content of 4%. As seen, water
E uptake increased with increasing amount of SAC regard-
=] .
; less of the type of sulfonating agent (SA or CSA). These
E = results correlated to that obtained by Fei-Xue et al. [67] for
z E PVA/GO, and they found that the increase in the amount
S = of GO led to an increased swelling ratio. On the other
< an . . . .
£ 5 hand, varying sulfonating agents leads widely differences
& % in the amount of water uptake using N-PVA-SAC mem-
= ~ . ..
S Z|l o= <o wnan branes. Remarkably, the swelling ratio in N/PVA-SA-SAC
& El &8¢ 3T RE38 is greater than that of N/PVA-CSA-SAC. This behavior can
=} . . . . .
I be explained by the degree of crosslinking which increased
E in the N/PVA-CSA-SAC membrane and produced a more
=) 29 rigid and compacted polymer structure with lower water
E 2eg uptake. This result is consistent with that reported by Parhi
; < < < < 2 : ::.f [68]. In addition, Chang et al. [69] have proved related
& oI B o o B o 2 results; they found that less crosslinked hydrogels exhibited
S o TRy ey . . .

g T ey ¥YY a higher water uptake because highly crosslinked hydrogels
~N i) ST T S S S O P . C p .
2y | E E 2z E E Z Z E E could not sustain much imbibing water within their struc-
Sl 2122222222 ture.

@ Springer



8952

Arabian Journal for Science and Engineering (2023) 48:8941-8956

3.8 Methanol Uptake

In the case of DMFC, where methanol is used as a
source of hydrogen, methanol uptake of the polyelectrolytic
membrane must be lower to avoid fuel crossover [51].
Therefore, methanol uptake of pre-prepared N/PVA and
modified N/PVA electrolytic membranes was determined,
and the results are shown in Fig. 5b. These findings indi-
cated that the percentage of methanol uptake decreased
with an increase in the amount of SA, CSA, and SAC
where the methanol uptake values reached 3.74 and 2.91
for SA- and CSA-based membranes, respectively. Likewise,
blending SAC with sulfonated N/PVA-based membranes
leads to a decrease in the methanol uptake of the resul-
tant blend-based membranes reaching 2.76 and 2.03 for
4% SA-SAC and 4% CSA-SAC, respectively. This result
proved that the modification process of N/PVA membranes
has a more pronounced effect in decreasing the methanol
holding capacity of the obtained membranes than the other
non-modified N/PVA membranes consequently decreasing
methanol crossover. On the contrary, the prepared mem-
branes that possess higher water-holding capacity exhib-
ited lower methanol uptake [31]. This observation can be
attributed to the hydrophilic/hydrophobic behavior of poly-
mer matrixes.

3.9 Gel Fraction

Figure 6A shows the gel fraction percent of N/PVA and the
modified membranes. As seen, in the absence of SA (0% SA)
content, the gel fraction found in the minimum value was
about 65%, suggesting that N and PVA were not completely
crosslinked, and gel strength was relatively low compared
with others.

This behavior can be illustrated according to the strong
polar groups in the polymer that can promote the adhesion
of the polymer to many substrates through interactions with
other polar chemical groups, thus facilitating the reaction
between the polymer blends of PEM [70]. The interaction
between N and PVA blend is only intramolecular forces
which are relatively weak compared to other intermolecular
forces such as the ester bond that formed between -COOH
and -OH which founded in a small minor leading to low
gel strength. This result is consistent with the obtained data
by Alcéntara for PVA blends [71]. With an increase in the
amount of sulfonating agent in the polymer membrane from
1 to 3%, the gel fraction found in maximum value close to
92% and 95% for SA and CSA, respectively. This behavior
is attributed to sulfonating agent content in N-PVA polymer
membrane that afforded hydrogels with higher crosslinking
than those from their initial blends which increased with an
increase in the concentration of sulfonating agent to limit
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value at 3% SA. When the N-PVA are associated with -
SO3H groups, the dual role of SA and CSA as a secondary
crosslinker besides its basic role as a modifier agent was
observed. This behavior is in agreement with data reported
by Fei, et al. [72]. As shown in Scheme 1b, the acid makes
an ionic bridge between polymer chains which leads to more
crosslinking density as well as increasing gel fraction value.
These results coincide with that obtained by Xu et al. [61]. At
a high level of sulfonation (4%), the gel fraction of N-PVA
starts to decrease. This performance might be attributed to
the increase in acid to higher value leading to polymer chain
deterioration. These results coincided with results obtained
by Fahmy et al. for sulfonated PVA-HA hydrogel membrane
[36].

Gel fraction of sulfonated N-PVA membrane as a differ-
ent amount of SAC (0, 1, 2, and 4 wt %) addition is also
presented in Fig. 6a. As shown, higher values of gel frac-
tion were observed with the increase in SAC addition. The
addition of SAC leads to a more crosslinked structure under-
scoring no more gel soluble in the medium. Crosslinking is
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greatly affected by the insertion of solid particles or platelets
into a polymer matrix which leads to a highly dense struc-
ture, more interaction between polymer segments, and low
polymer fractions [43, 73]. This behavior was observed for
PI/SiO; [74].

3.10 lon Exchange Capacity (IEC)

It was suggested that the N/PVA modification with SA, CSA,
or SAC is regarded as the primary factor to generate and
improve IEC as well as proton conductivities [75, 76]. This
might be due to the SA or CSA being the donor and the
carrier of negatively charged groups (-SO3~H™") which are
responsible for IEC and proton conductivity presence. The
IEC measurements of N/PVA electrolytic membranes as a
function of different concentrations of SA or CSA (0, 1,
2, 3, and 4%) are presented in Fig. 6b. IEC values range
progressively from 0.12 to 1.72 and 0.12-2.03 Meq g/,
owing to the modification of N-PVA-based electrolytic mem-
branes with SA and CSA, respectively, from 0 to 4%. These
directories conclude that the IEC values increased with an
increase in the introduced negative charges (i.e., —SO3~
H*) of modifier agent [77] either SA or CSA within the
N/PVA polymer matrix, while the N-PVA modified with
CSA gave a relatively greater IEC than modified with SA
(2.03-1.72 Meq g~ !, respectively). The distinction of IEC
results related to the type of modifier agent of N-PVA and
the dependence of the electrochemical properties of mem-
branes on the acid modifier agent and type, as lately discussed
by Young et al. [78] and Fernandez et al. [79]. They found
that the ionic conductivity and IEC of fully hydrated PVA-
modified membranes increased significantly with the acid
content increased. The obtained results of proton conductiv-
ity are typically consistent with the reported results of Rhim
et al. [13]. They explored that the protonic conductivities
and IEC of modified PVA membranes with SSA improved
significantly, due to increasing number of charged negative
ions (-SO3~H™* groups) which were responsible for holding
and transporting protons (H*) through the polymeric mem-
brane. Figure 6b also exhibits the correlation between the
amount of SAC in sulfonated N/PVA membranes and IEC.
The N-PVA-SAC exhibits high IEC in meq/g with an incre-
ment in SAC reached to 2.12 and 2.71 meq/g with SA and
CSA, respectively, and found in lower value at 0% addi-
tion of SAC. This behavior can be illustrated in light of
the fact that the increase in ionic groups in the polymer
matrix leads to an increase in IEC [58]. Introducing SAC
sheets into the sulfonated N-PVA polymer matrix increases
the amount of —-SO3H groups attached to the polymer matrix
leading to more protons (H") attached and transferred by
the polyelectrolytic membrane. These results are close to
that obtained by Hu et al. for PI/GO membranes [80]; in

Table 3 Ionic conductivity of N/PVA electrolytic membranes as a func-
tion of different contents of SAC filler, all membranes were measured
at 50 °C

Membrane Tonic Membrane Tonic
Conductivity conductivity
(Scm™h) (Scm™h)
N/PVA 0 N/PVA 0
N/PVA-4% 0.054 N/PVA-4% 0.061
SA CSA
N/PVA-4% 0.059 N/ PVA-4% 0.066
SA-1% CSA-1%
SAC SAC
N/ PVA-4% 0.062 N/ PVA-4% 0.074
SA-2% CSA-2%
SAC SAC
N/ PVA-4% 0.076 N/ PVA-4% 0.087
SA-4% CSA-4%
SAC SAC

addition, Wang et al. [81] have provided related results for
GO/Nafion.

3.11 lonic Conductivity

Ionic conductivity or proton conductivity measurements of
N/PVA, N/PVA-(4%) SA, and N/PVA-(4%) CSA electrolytic
membranes as a function of different amounts of SAC (0,
1, 2, and 4%) are presented in Table 3. The N/PVA mem-
brane possesses no ionic conductivity due to the absence
of an ionic group attached to N or PVA polymeric chains
which can hold and transport ions. At N/PVA-(4%) SA and
N/PVA-(4%) CSA electrolytic membranes, the amount of
ionic conductivity reached 0.059 and 0.061 S cm™!, respec-
tively [39]. This performance is attributed to the insertion of
(=SO3~ H*) into N and PVA polymeric matrix during the
sulfonation process. Sulfonic groups (-SO3H) can hold and
facilitate proton transportation through the membrane due to
the presence of a negative charge that can attract protons.
With an increase in the amount of SAC from 0 to 4% in sul-
fonated N/PVA electrolytic membrane, the ionic conductivity
increased and reached 0.076 and 0.087 S cm™~! at N/ PVA-4%
SA-4% SAC and N/ PVA-4% CSA-4% SAC, respectively.
This trend in behavior was the same as that observed for the
IEC behavior (Fig. 6b) that increased with SAC concentra-
tion in N/PVA electrolytic membranes. The stated results are
in conformity with that obtained by Yun-Sheng [82] for PVA/
Graphene.

3.11.1 Electrical Conductivity

Electrical resistivity is an important property for polymer
electrolyte membrane fuel cell [83]. The prepared polymer
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electrolytic membranes do not possess any electrical con-
ductivity at different impedance voltages. This is because
the membranes are produced from poor conducting materials
(Nylon6,6 and PVA) except SAC which have a quite electrical
conductivity. The dispersion of SAC in a polymeric matrix
is the key in which each SAC platelet is completely lam-
inated by an electron-insulating polymeric matrix material
(Nylon6,6 and PVA) that opposes the flow of electric cur-
rent. In addition, the potential difference between two fuel
cell parts is not enough to break down voltage and allow the
electric current to pass through membranes [40]. This results
in agreement with that obtained for GO or CCNT [18].

4 Conclusion

The polymer electrolytic membrane based on Nylon 6,6 and
polyvinyl alcohol modified with sulfuric acid or chlorosul-
fonic acid and supported with sulfonated activated carbon
was successfully synthesized using the casting technique.
The structural and functional properties of prepared sul-
fonated N/PVA polyelectrolytic membranes and their blend-
based membranes were characterized. The flexibility and
stability are derived from the organic and inorganic compo-
nents in the polymer membrane, respectively. Modification
of pristine polymers using SA or CSA has achieved the pur-
pose of which used to induce —SO3H groups that converted
N-PVA as proton poor conductor into a good proton conduc-
tor and capacitor. The IEC value increased with the increase
in sulfonation level of N/PVA and the proportion of SAC
in the polymer blend. Ion exchange capacity and protonic
conductivity reached their maximum 2.71 meq/g and 0.087
S/cm in the case of N/PVA-(4%) CSA-(4%) SAC blend-
based membranes. It was thus noted that swelling behavior
has a great influence on N/PVA electrolytic membranes con-
ductivity; accordingly, certain water sorption facilitates and
accelerates conducting the protons through the membranes.
In addition, the incorporation of SAC fillers significantly
improved the membrane properties as mechanical stability
and lowered methanol uptake made the membrane have good
barrier properties to fuel crossover. It was demonstrated that
N-PVA-SAC membranes possess acceptable electrochemical
performance, e.g., IEC, ionic conductivity, and mechanical
stability values at ambient temperature. Finally, the novel
N/PVA-SAC polyelectrolytic membranes show high poten-
tial for further low-cost DMFC applications.
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