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Abstract: In this work, we report separator membranes from crosslinking of two polymers,
such as poly vinyl alcohol (PVA) with an ionic polymer poly(methyl vinyl ether-alt-maleic
anhydride) (PMVE-MA). Such interpolymer-networked systems were extensively used for
biomedical and desalination applications but they were not examined for their potential use
as membranes or separators for batteries. Therefore, the chemical interactions between
these two polymers and the influence of such crosslinking on physicochemical properties
of the membrane are systematically investigated through rheology and by critical gel point
study. The hydrogen bonding and the chemical interaction between PMVE-MA and PVA
resulted in highly cross-linked membranes. Effect of the molecular weight of PVA on the
membrane properties was also examined. The developed membranes were extensively
characterized by studying their physicochemical properties (water uptake, swelling ratio,
and conductivity), thermal and electrochemical properties using differential scanning
calorimetry (DSC), dynamic mechanical analysis (DMA), thermo-gravimetric analysis
(TGA) and electrochemical impedance spectroscopy (EIS). The DSC study shows the
presence of a single Ty in the membranes indicating compatibility of the two polymers in
flexible and transparent films. The membranes show good stability and ion conductivity
suitable for separator applications.

Keywords: poly vinyl alcohol; separator membrane; ionic polymer; interpolymer-networked
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1. Introduction

A separator is a membrane, whose main function is to keep the positive and negative electrodes
apart to prevent electrical short circuits and, at the same time, allow rapid transport of ionic charge
carriers by intrinsic ionic conductor [1,2]. It should minimize any processes that adversely affect the
electrochemical energy efficiency of the batteries. A variety of separators have been used in batteries
over the years. Separators have been manufactured from cellulosic papers and cellophane to nonwoven
fabrics, foams, ion exchange membranes, and microporous flat sheet membranes made from polymeric
materials. A separator has significant role in all battery systems. The thin membrane performs both as
a medium to transport ions during electrochemical reactions and also prevents/isolates the positive and
negative electrode from short circuits. They should be chemically and electrochemically inert and
should exhibit high mechanical integrity against the electrolyte and electrode materials during cell
operation. Current and primary demands on the separator membrane are ion conductivity, excellent
mechanical strength, dimensional stability, chemical stability towards oxidation, reduction and
hydrolysis, and low cost [2]. For example, to fabricate the separator for a lithium-based battery, the
following criteria should be satisfied: (a) electronic insulator; (b) minimal electrolyte resistance
(<2 Q €m?); (c) dimensional stability (shrinkage: <5%); (d) mechanical strength enough to allow the
assembly process; (e) chemical stability against degradation by electrolyte or electrode reactants
(should be stable for long cycle life); (f) effective prevention of the migration of particles or soluble
species between the electrodes; (g) good wettability in electrolyte solution (should be wet completely
in liquid electrolytes); (h) uniform thickness and pore distribution (thickness: <25 um; pore size:
<1 um; porosity: ~40%); increased ionic conductivity, good wettability, and excellent interfacial
adhesion between the electrodes and the separators [2]. As batteries have become more sophisticated, the
separator function has also become more demanding and complex. Very little work is directed toward
developing and characterizing new separators for flow batteries, which can be made readily and
scalable. Thus, in this work, we aim to develop a facile route for the fabrication of separators for redox
flow batteries, e.g., zinc-bromine.

Amongst a variety of different approaches to synthesize new separator membranes, acid-base
polymer blends can offer a potential route to designing improved separator materials due to the
interaction between polymers. In multi-component polymer systems, the interfacial interaction
between component phases can be effectively utilized to enhance homogeneous processing and
achieve unique performance. Such interactions between the component phases can be brought about by
either chemical and/or specific interaction between the components or by adding block copolymer of
component phases. Amongst various types of specific interactions, hydrogen bonding is an effective
route to complexation of two polymers in their blends to result in unique properties. Despite a number
of different strategies having been used for membrane development, research on inter polymer ion
exchange membranes, prepared from compatible casting solutions of two water soluble polymers
IS scanty.

A variety of approaches, including thermal cross-linking [3-6], electrospinning [7—11], chemical
cross-linking [12-14] are being applied to synthesize new membranes. Although chemical
cross-linking is a versatile method to tune polymer microstructure and physical properties; however, to
avoid the use of toxic chemicals, environmentally benign routes are gaining importance in membrane
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fabrication. Among them the acid-base polymer blends have become one of the most facile approach
in the design of improved membrane materials due to the interaction (ionically cross-linked) between
the polymers.

A series of different polymer blends, such as sulfonated poly(ether ether ketone) (SPEEK) blended
with poly(ether imide) (PEI), poly(amide imide) (PAI), and poly(benzimidazole) (PBI), have been
reported in the literature [15-17] for such a use. In most of the previous studies [3,4], these membranes
were used for the desalination of aqueous salt solutions, for various potential in biomedical
applications and also for their oxygen barrier properties [18]. It has been observed that the association
of a polyacid with polybase can significantly reduce the swelling and the methanol permeability of
membranes [19,20] due to stabilization of interpolymer complexes through hydrogen bonding [21]. In
addition, unique properties of these complexes include increased impact and tensile strength, which are
useful in a wide range of applications.

In this work, poly(vinyl alcohol) (PVA) has been selected as base polymer matrix in view of its
film-forming characteristics, hydrophilic properties, and high density of reactive chemical functions
that are favorable for cross-linking using thermal treatments [5]. It also exhibits interaction ability with
complimentary polymers [22,23]. Several cross-linking methods have been published for different
uses. As a rule, all multifunctional compounds capable of reacting with hydroxyl groups can be used to
obtain three-dimensional networks in PVA [24]. Poly(methyl vinyl ether-alt-maleic anhydride)
(PMVE-MA) was selected due to its very high hydrophilicity and also because it can act as a
cross-linking agent for PVA due to the presence of maleic acid groups in its repeating units.

Here we report the preparation of cross-linked membranes, based on PVA and PMVE-MA, and
investigate the cross linking process in detail. We also establish the influences of the interaction on the
membrane properties including dimensional stability, water uptake, ionic conductivity with increasing
PMVE-MA ratios in the blends.

2. Experimental Section
2.1. Materials

Poly vinyl alcohol (PVA) (98% hydrolyzed, average Mw = 13,000-26,000 g mol ™), (99% hydrolyzed,
average Mw = 89,000-98,000 g mol™?) and (99% hydrolyzed, average Mw = 146,000-186,000 g ol ™)
and Poly(methyl vinyl ether-alt-maleic anhydride) (PMVE-MA) average Mw = 1,080,000 g mol™)
were procured from Aldrich and were used as received. Hydrochloric acid (98%) from Aldrich was
used as esterification catalyst. High-purity Milli-Q water was used throughout the study (resistivity
~18.2 M Q €m).

2.2. Blend Membranes

Three different molecular weight PVA samples have been chosen for crosslinking study. The
cross-linked PVA/PMVE-MA membranes were prepared using the following two-step procedure.
First, aqueous 10 wt% PVA (Table 1) solution was prepared by dissolving a pre-weighed amount
polymer at 90 <C for 6 h. Aqueous 10 wt% PMVE-MA solution was prepared by dissolving
pre-weighted quantities of dry PMVE-MA in Milli-Q-water at room temperature. Finally, PVA
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solution was mixed together with PMVE-MA solution at a fixed ratio (Table 1) for 5 h at room
temperature until a homogeneous solution was formed. The mixed solution was poured onto a petri
dish, and dried at room temperature to prepare the film. The cast polymer solutions were allowed to
dry in a vacuum oven at 30 <C for 24 h. The dried membranes were peeled off the Petri dish, and then
heated in an oven at 120 <C for 2 h to induce the cross-linking reaction. Insolubilization of the polymer
blend films was accomplished via formation of interchain ester crosslinks during heat treatment. The
samples were then characterized using spectroscopic, thermal and rheological studies. For all the
spectroscopic and thermal studies, we have used blend samples of PVA with a molecular weight 89 K.

Table 1. Water uptake and dimensional change of cross-linked PVA/PMVE-MA blend
membranes for different molecular weight PVA with various blend ratios. Values are

means x=SD.
Effect of molecular weight of PVA
Sample No. Mw-13,000-23,000 Mw-89,000-98,000 Mw-124,000-186,000
SPMVE-MAPVA Water Dimensional Water Dimensional Water Dimensional
uptake (%)  change (%) uptake (%) change (%) uptake (%) change (%)
S10:90 36 35 42 47 49 50
S20:80 19 23 24 25 32 21
Sz0:70 22 26 27 30 39 42
S40:60 34 29 37 32 44 41
S50:50 40 39 45 42 51 58

3. Characterization
3.1. Water Uptake and Dimensional Stability

The weight change of the samples was monitored to investigate the water uptake by the membranes.
In a typical experiment 10 mm diameter discs were punched out from each sample and the weight of
the pre-dried samples was measured (Wdi). The samples were then immersed in de-ionized water at
25 <C for 24 h, and then surface-attached water on the membranes was removed using a Kim wipe.
Then, the wet sample weight (Wwet) was determined as quickly as possible. The weight of dry sample
was measured after completely drying the hydrated membranes at 60 T (Wdz) for 24 h. The weight
change of the membranes was calculated as follow:

Weight change (%) = [(Wd1 — Wd2)/Wd1] <100 (@D)]

The total water uptake (%) was determined by
Total water uptake (%) = [(Wwet — Wary)/Wary] %100 2
Dimensional change (%) = [(Dwet — Ddry)/Ddry] %100 3)

where Wuwet, Dwet and Wary, Dary are the wet and dried sample weight and dimensions after immersing
in water, respectively. The water uptake measurement was done in triplicate and the average values
are reported.
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3.2. Spectroscopic Analysis

In order to examine the nature of interaction photo-acoustic fourier transform infrared spectroscopy
(PA-FTIR) study was performed on a Nicolet Magna-IR Spectrometer 750 (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with an MTEC model 300 photoacoustic cell under helium purge with
carbon black as the reference. IR spectra were recorded with a wave number resolution of 8 cm™ and
526 scans were performed in the range of 450-4000 cm™. Samples in the form of thin films were
placed into the sample holder and placed in the Photo acoustic cell. Carbon black was employed as a
background reference.

3.3. Cross-Linking of PVA/PMVE-MA by Rheological Measurements

Cross linking kinetics and gel point measurement of PVA/PMVE-MA blend systems were
examined using dynamic rheological measurement using a cone-plate geometry (40 mm 2 “steel cone)
at different temperature range from 30 <C to 45 <C using AR 1000-N Rheometer (TA Instruments,
New Castle, DE, USA) and at a single frequency of 1 Hz.

3.4. Thermal Analyses

Thermogravimetric analysis (TGA) was done on a TA 2950 Thermal Analyzer (TA Instruments).
Samples were dried in an oven at 80 <C prior to analysis and the experiment was performed on
approximately 5 mg of the sample under nitrogen with a temperature ramp of 10 <T minL. Differential
scanning calorimetric measurements were done using (DSC) Q2000 (TA Instruments). Each sample
was heated from 30 <C to 250 <TC at a heating rate of 10 <T min! under nitrogen. Then, it was cooled
down to 30 <C at the same rate. A second heating was carried out in the same conditions as the first
one. The glass transition temperature (Tg) was determined from the second heating scan. The thermal
stability of the samples was evaluated in a TA Instrument’s thermogravimetric analyzer at 30600 C
and 10 < min! under nitrogen/oxygen atmosphere at a flow rate of 50 mL mint. The degradation
temperatures were determined. Dynamic-mechanical analyses (DMA) were performed using a TA
Q800 (TA Instruments). It was employed to determine the thermal transitions of the membranes. Scans
were carried out at a heating rate of 2 < min* and a frequency of 1 Hz. The loss modulus E' (viscous
component) and the storage modulus E" (elastic component) of the membranes were obtained from the
analysis. The Tgs were obtained from the peak of Tan & (E'/E") versus temperature data.

3.5. Conductivity Measurement

The ionic conductivity measurements were carried out at ambient temperature after equilibrating the
membrane in de-ionized water for one day. A normal two-point probe technique at relative humidity
95% was used where the membrane sample was sandwiched between the platinum electrodes. Each
sample was cut in 4 <1 cm? prior to mounting on the cell. The impedance spectral measurement of the
membrane was carried out using a Solartron Frequency Response Analyzer 1260 A connected to an
Electrochemical Interface 1287 (Solartron Metrology, Cambridge, UK). The impedance analyzer
worked in galvanostatic mode with AC current amplitude of 0.1 mA over frequency range from
100 kHz to 0.1 Hz. The ionic conductivity (o) was obtained as follows:
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where o is the ionic conductivity (in S/cm); L is the distance between the electrodes used to measure
the potential (cm); R is the impedance of the membrane (in Q); and S is the surface area for ion to
penetrate the membrane (in cm?).

4. Results and Discussion
4.1. Interactions Study by PA-FTIR

FTIR is a powerful tool to investigate specific interaction between polymers. Chemical
investigation of the interfacial interaction was performed using PA-FTIR, for all the composition, to
gain insight into the degree of inter-polymer complexation that can take place due to hydrogen bonding
between carbonyl (C=0) groups of the PMVE-MA and the hydroxyl (—OH) groups of the PVA.
Figure 1 represents the FTIR spectra for pristine PVA, PMVE-MA, and PMVE-MA/PVA blend
membranes. The spectrum of PMVE-MA shows the presence of a band at 1107 cm™ due to C-O-C
group. All the blends show band in the region of 1650-1800 cm™ arising from —C=0 group. In
pristine PVA, intra-molecular and inter-molecular hydrogen bonds are expected to occur among PVA
chains due to high hydrophilic force [25]. The —OH group of pristine PVA (3345 cm™) progressively
increases in height after incorporation of PMVE-MA in the blend membranes. This change is caused
due to strong interaction between hydroxyl groups on PVA and carboxyl groups on PMVE-MA, and
weakening of the hydrogen bonds between PVA chains. Hence, intermolecular interactions are
preferred with increasing PMVE-MA ratio, leading to a more effective mixing of both constituents.
This observation indicates that the cross linking reaction occurred between PVA and PMVE-MA by
creating new covalent bonds and weakening hydrogen bonds between PVA chains. The band in the
1800-1700 cm™* region arises from C=0 group vibrations [26]. As seen from Figure 1 (highlighted
portion), the bands for —-COOH groups show shifting and increase in the intensity after cross-linking
when PMVE-MA was initially mixed with PVA, and resulted in the formation of a peak around
1718 cm! characteristic of COOH group vibration with a gradual increase in the shoulder of the peak
which is quite evident from the graph as the PMVE-MA content is increased. The PVA/IPMVE-MA
blend films show a new absorption band around 1615 cm™ for (C=0) stretching, whereas around
1237 cm* for (C-O) stretch mode of ester group in sample Sio:00. The absorption peaks for sample
S3o:70 was around 1610 cm™, 1235 cm™, around 1608 cm™, 1196 cm™ for S0 and around
1603 cm?, 1204 cm™ for Sso:s0, are assigned as peaks for (C=0) and (C-O) ester group stretching,
respectively, and showed shift towards lower wavenumber as we increase the PMVE-MA
content [26] due to the formation of ester bonds (C—O-C) between alcohol group of PVA and carboxyl
group of PMVE-MA.
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Figure 1. Fourier transform infrared spectroscopy (FTIR) spectra of poly vinyl alcohol
(PVA), poly(methyl vinyl ether-alt-maleic anhydride) (PMVE-MA) and cross-linked
PMVE-MA/PVA blends. The highlighted area represents the ester bonds formed during
cross linking.

4.2. Kinetics of Cross-Linking of PVA/PMVE-MA Solutions

As the strength of interpolymer complexation interactions are strongly determined by the
stoichiometric ratios of the component polymers; therefore, optimization of blend ratio is critical. One
of the rapid ways of determining the optimum blend ratio and the strength of interactions is through
evaluation of blend viscosities. Figure 2 compares the viscosity of each blend with different molecular
weight PVA and compares it to the calculated (rule of additivity) value in order to highlight deviations.
As observed from the graph, an increase in PMVE-MA content in the blend led to a decrease in blend
viscosity due to the dissociation of the carboxylic acid groups. When PVA with Mw-13 K and 89 K
was used, a positive deviation in viscosity from linear mixing values for all blend compositions was
observed, with a maximum positive deviation of about 0.05 Pa s and 0.5 Pa s respectively at 40 wt%
PMVE-MA indicating favorable interaction. However, at 10 wt% PMVE-MA resulted in negative
deviation from calculated values for PVA Mw-89 K due to decrease in the viscosity of solution.
However, further addition of PMVE-MA content leads to positive deviation again. An identical trend
was observed with PVA Mw-124 K with the only difference being that the maximum positive
deviation was seen ~30 wt% PMVE-MA and, unlike the other two molecular weight PVAs, further
addition of PMVE-MA content led to decrease in viscosity until a negative deviation occurred around
60-100 wt% PMVE-MA (positive negative deviation behavior-PNDB). The PNDB phenomenon can
be related to concentration-dependent interaction and explained by partial miscibility at low
concentration and a concentration-dependent change of the flow mechanism in the resultant blend. The
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reduction in viscosity and broadening of the peak with a decrease in viscosity can be attributed to
higher intramolecular hydrogen-bonding within PMVE-MA, and the inter-polymer interaction is
reduced, leading to a reduction in viscosity. The broadening of the peak is probably due to a larger
number of possible hydrogen-bonding interactions that can occur at similar energy levels [27].

3.5
——PVA Mw -13K

3 ——PVA Mw -89K

—=—PVA Mw- 124K

= N
Ul ) Ul

Solution Viscosity (Pa.s)
-

PMVE-MA content (%0)

Figure 2. Viscosity of PVA/PMVE-MA blends for different molecular weight PVA as a
function of PMVE-MA content by weight, compared to the linear additive viscosity values
(dotted lines). Values are means £SD.

Various rheological methods have been widely used to determine the gel point of polymer gels.
One of the methods involves the use of the peak maximum in tangent angle of mechanical loss
(tand)max. However, the commonly used method is the crossover point to determine the gel point, in
part, due to the ease of measurement. Here we have used the later approach for determining the
occurrence of the gelation point during crosslinking of PVA/PMVE-MA. The crossover point of G'-t
and G"-t curves was studied, i.e., when the system shows the same level of elastic and viscous
behavior, meaning that the same quantity of energy is stored and dissipated. In some cases, the
intersection point appeared even before the reaction commenced and it is impossible to apply the
crossover point of G' and G", so the peak maximum in tang, i.e., where there is maximum difference
between the elastic and viscous behavior, is taken as the gel time [28].

In this system, upon addition of PMVE-MA to PVA solution, the anhydride group first gets
hydrolyzed and then reacts with PVA. Figure 3 shows the effect of mixing PVA with PMVE-MA on
the elastic modulus (G') and viscous modulus (G") of a solution blend. For PVA/PMVE-MA solution
in sample Szo:80 (Figure 3) and at certain temperature the loss modulus G", is above the elastic modulus
G', which demonstrates the relative fluidity of the system, whereas, at the cross over point; G'
approaches G" and almost overlaps. The crossing over point of G' and G" is the gel time of the sample
and after cross over point the G' becomes higher than G" and is also parallel to G', hence, formation of
gel due to the cross linking between PVA and PMVE-MA.
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Figure 3. Elastic modulus (G') and viscous modulus (G") of sample Szo:80 (representative
for all ratios) as a function of frequency.

This trend was observed to be identical for all the samples with different gel times depending on
the composition and temperature. Figure 4 represents the effect of temperature and PMVE-MA
concentration on the gel time of the blends. Sample Sas0:60 at room temperature took 0.38 h to gel,
whereas it took less than 20 min to gel at a high temperature. This trend was identical with all the
blends at high temperature regardless of the PMVE-MA content; however, at room temperature, a
difference in gelling time has been observed. The blends at both far ends, i.e., high PVA or high
PMVE-MA ratio took more time to form gel as compared to blends with PMVE-MA/PVA ratio
in between.
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Figure 4. Gelation time versus (1000/T), where temperature T is expressed in Kelvin.
Comparisons of all PMVE-MA/PVA blend solutions. Values are means +=SD.

The expected cross-linking between the two polymers primarily occurs from the chemical reactions
and hydrogen bonding between the hydroxyl groups of PVA with carboxyl groups and ether groups
from PMVE-MA. Scheme 1 represents the various proposed reactions occurring during mixing of
PVA and PMVE-MA. The anhydride ring of PMVE-MA undergoes hydrolysis in aqueous solution to
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form free carboxylic acid groups, which further reacts with the PVA. PVA has been reported to
crosslink by esterification with di/polyacids, radiation induced chemical reactions. In the present study,
the cross-linking reaction has been carried out at a higher temperature for all the samples. The
expected cross-linking between the polymers comes from the chemical reactions between hydroxyl
groups in PVA with either maleic anhydride groups directly (a) or carboxyl groups (b) from
PMVE-MA and also hydrogen bonding between the ether group and hydroxyl groups.
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Scheme 1. Reaction during mixing of PVA and PMVE-MA (a) PMVE-MA with water;
(b) PVA with partially hydrolyzed PMVE-MA,; (c) esterification reaction.

4.3. Membrane Characterization by Water Uptake and Dimensional Stability

Table 1 gives the comparison of water uptake and dimensional stability of cross-linked
PVA/PMVE-MA blend membranes for different molecular weight PVAs. The presence of water in the
membrane facilitates channel for ion transport and increases the mobility of ionic charge carrier. From
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the table it can be observed that the data reveals a parabolic trend, i.e., the minimum is indicated by the
blend ratio Sso:70 for all molecular weight PVAs. It can be explained by the fact that incorporation of
20%—-40% PMVE-MA in the blend is leading to optimum water uptake, whereas below and above this
ratio it causes excessive swelling, indicating that 60%-80% PVA is needed in order to attain maximum
interaction between PVA and PMVE-MA, which leads to controlled water uptake and dimensional
stability. Then, at low concentrations of PMVE-MA; PVA intermolecular interactions are preferred
and only when the PVA concentration is sufficiently high does the intermolecular interaction becomes
prominent [29]. As can be observed from Table 1, the water uptake behavior of the films was affected
by the ratio of PVA to PMVE-MA content in the blends. When the ratio of PMVE-MA is high
compared to PVA it leads to highly water swollen membranes. For each molecular weight a similar
trend was observed, which reveals better interaction of low molecular weight PVA compared to high
molecular weight PVA. This can be due to PMVE-MA moiety being much larger than the PVA and
introduction of the PMVE-MA moieties increases the interchain space within the PVA matrix.

Therefore, more free volume is available for the sorbed water molecules. In addition, dimensionally
stable membranes resulted at optimum ratios of PVA/PMVE-MA in the blends regardless of the PVA
molecular weight as more —COOH groups are available for the cross linking with —OH groups of
PVA and increased hydrogen bonding results in reducing the mobility of the polymer chains,
hence better stability also evident from the FTIR data. However, it was also observed that if a higher
ratio of PMVE-MA was used than that of PVA; it increases the brittleness of the membrane, even in
the water swollen membranes [4]. From Table 1 it is clear that PVA with Mw-13 K has most
efficiently cross-linked with PMVE-MA followed by PVA Mw-89 K and PVA Mw-124 K, i.e., the
smaller the molecular weight of PVA the more stable it is. This observation can be explained in that
with smaller molecular volume, a relatively easily accessible hydroxyl groups per unit mass favoring
the complexation. Therefore, the low molecular-weight PVA may have diffused into, and interacted
more effectively with, the PMVE-MA chains resulting in restricting their mobility and reducing the
swelling of the polymer matrix. Furthermore, it is clear that lower molecular weight PVA has
increased miscibility with the PMVE-MA polymer molecules, which may have resulted in a further
increase in cross-linking efficiency as observed with other polyalcohol [30,31].

4.4. Thermal Properties

Figure 5 shows the TGA thermograms of the PVA/PMVE-MA interpolymer membranes with
various PMVE-MA ratios. TGA curves of the PVA/PMVE-MA polymer films revealed three main
weight loss regions. The first region, at a temperature of 100-200 <C (Tp1 at 124 <C), degradation of
PVA polymer chains; the weight loss of the membrane was about 2.0-3.0 wt%. The second
transitional region, at around 210-300 <C (Tp2 at 240 <C), appeared to be due to the degradation of the
side-chain of the PMVE-MA polymer membrane; the total weight loss corresponding to this stage was
about 11-12 wt%. The peak of the third stage at 295 <C (Tp,3 at 295 <C) occurred due to the cleavage
of ester groups of PVA/PMVE-MA composite polymer membrane with a total weight loss at about
90 wt% at 600 <C. The degradation peaks of the cross-linked PVA/PMVE-MA composite polymer
samples were less intense and shifted towards higher temperatures. The weight loss results of the
samples are recorded at various temperatures in Table 2. It could, therefore, be concluded that the
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thermal stability was improved due to addition of PMVE-MA and the chemical crosslinking reaction
between the —OH groups on the PVA and the —COOH group on the PMVE-MA.

PVA, PMVE-MA, and PVA/PMVE-MA samples were also analyzed by differential scanning
calorimetry. The DSC measurements were carried out by a heating-cooling-heating cycle. The purpose
of the first heating cycle was to remove any thermal history of the PVA composite polymer membrane.
The DSC curves for the pure PVA polymer and the PVA/PMVE-MA membranes with various
PMVE-MA compositions are shown in Figure 6.
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Figure 5. TGA thermograms of the PVA/PMVE-MA interpolymer membranes.
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Figure 6. DSC thermograms of PMVE-MA/PVA blends.
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Table 2. TGA results of weight loss of the PVA/PMVE-MA blend polymer membranes at
various temperatures.

SPMVE-MA-PVA Weight Loss (%) at different temperature
Blends 200 <C 300 € 400 C 500 C 600 T
S10:90 4.31 16.57 52.70 88.93 92.10
S20:80 5.23 21.98 51.76 86.65 90.23
S30:70 6.18 25.29 52.28 84.26 88.24
S40:60 7.64 30.07 49.38 78.60 84.26
Ss0:50 9.92 30.69 55.81 85.51 88.83

The Ty of a polymer represents the amorphous regions of a polymer and is, therefore, useful to
reflect changes that occur in these regions. From Table 3, it was observed that only one Tg is found in
the dry samples, indicating miscibility over entire composition. It had been reported that the Tm and T of
the pure PVA polymer with 98%-99% hydrolysis degree are at 226 <C and 81.59 <C, respectively [32].
It was found that the glass transition temperature (Tg) and the melting temperature Tm, decreased from
81.59 to 40.46 <C, and from 226 <C to 199 <TC, respectively, in sample Sio:90, and increased again with
increasing PMVE-MA content in the samples. A change of Tg and Tm of PVA/PMVE-MA composite
polymer membrane indicated a change between a semi-crystalline phase and an amorphous phase and
the decrease in Tg and Tm is due to plasticization effect at this lower ratio (S10:90).

Table 3. DSC results of PVA and PMVE-MA blends.

Blend membranes

Temperature (C) PVA PMVE-MA

Si:00 Soo:80 S0 Saoe0 Sso:s0
Ty 81 77 40 42 44 47 49
Tm 226 163 199 199 204 204 209
AH 57 406 154 141 189 164 216

4.5. Conductivity

To use a polymer membrane separator it is necessary to provide a facilitated channel for ion
transport by providing ionic exchange sites, such as carboxylic acid. During the thermal treatment the
hydrogen bonds between —OH of PVA and —-COOH of PMVE-MA are formed due to the proximity of
the polymer chains [15]. This physical interaction between the functional groups results in the
formation of hydrophilic ionic channels or micro-domains by the arrangement of hydrophilic
polymeric groups. Figure 7 represents the effect on the conductivity of the membrane as the
PMVE-MA ratio is increased. Since the conductivity under the conditions used (room temperature and
100% humidity) are largely ascribed to the movement of free water within the material, a systematic
trend in conductivity is expected with blend interactions and water uptake behavior. When the ratio of
PMVE-MA in the system is increased, a gradual increase in the conductivity of the membrane was
observed. This trend is identical with different molecular weights of PVA used. This increase is due to
the presence of several ion acceptor site contained in each PMVE-MA unit compared to the one ion
donor of the PVA repeat unit. As the ionic conductivity is dependent on the state of hydration of the
membrane, as in a water-swollen membrane, the ions are solvated and enabled to transport through the



Nanomaterials 2015, 5 411

membrane, which can be easily seen from Figure 7. The crosslinked samples with high molecular
weight PVA show two times higher (~4.5 mS/cm) conductivity values as compared to highly
cross-linked blends with low molecular weight PVA due to excellent strength of interaction and
reasonable amount of water sorption.

5 APVAMw-13K
45 | OPVA Mw-89K
4 % OPVAMw-124K
: 5 ¢
a 3.5 @
15
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> 5
5 25
E 3
-
s 8
Q
1.5
1 T T T T T 1
0 10 20 30 40 50 60

PMVE-MA ratio in blends (%)

Figure 7. Effect of PMVE-MA ratio and PVA molecular weight on the conductivity of the
blend membranes. Values are means +SD.

5. Conclusions

This study confirmss that both PVA and PMVE-MA are able to form excellent membranes from
homogenous and miscible solutions as a result of inter-polymer complexation that takes place between
the carboxylic acid groups of PMVE-MA and the hydroxyl groups of PVA. The carboxylic acid
(i.e., hydrolyzed PMVE-MA\) in this work served two purposes: to provide effective cross-linking and,
at the same time, to impart a fixed charge character to the cross-linked membranes. The charge
character results from the presence of carboxylate groups of the hydrolyzed but unesterified
PMVE-MA. This was first evidenced by insolubility and dimensional stability of the blend films in
water. FTIR results confirm the presence of these hydrogen bonding interactions by the appearance of
two new bands at ~1600 and ~1200 cm™* characteristic of the ester groups arising from the C=0 and
C-O groups, respectively. The appearance of a single Tq for each of the blends by DSC proves that
miscible blends were formed, resulting from the hydrogen bonding. The chemical interaction between
the functional groups results in the formation of hydrophilic ionic channels or micro domains by the
arrangement of hydrophilic polymeric groups leading to an increase in ionic conductivity in
membranes. The optimized membranes from PVA and PMVE-MA show good ion conductivity
making them suitable for separator applications.

Acknowledgments

The authors would like to thank the Australian Research Council-ARC Linkage Grant for funding
this research.



Nanomaterials 2015, 5 412

Author Contributions

Namita Roy Choudhury conceived the idea and the plan, Naba K. Dutta designed the rheology

experiment, Charu Vasisth Rohatgi did the experimental work, and Namita Roy Choudhury and
Naba K. Dutta finalized the manuscript.

Conflicts of Interest

The authors declare that there is no competing interest in this work.

References

10.

11.

12.

Linden, D.; Reddy, T.B. Handbook of Batteries, 3rd ed.; McGraw-Hill: New York, NY, USA, 2002.
Arora, P.; Zhang, Z. Battery separators. Chem. Rev. 2004, 104, 4419-4462.

Immelman, E.; Sanderson, R.D.; Jacobs, E.P.; van Reenen, A.J. Poly(vinyl alcohol) gel sub-layers
for reverse osmosis membranes Il. Insolubilization by crosslinking with poly(methyl vinyl
ether-alt-maleic anhydride). Desalination 1993, 94, 37-54.

Guo, X.; Deng, F.; Li, L.; Prud’homme, R.K. Synthesis of biocompatible polymeric hydrogels
with tunable adhesion to both hydrophobic and hydrophilic surfaces. Biomacromolecules 2008, 9,
1637-1642.

Rhim, J.-W.; Park, H.B.; Lee, C.-S.; Jun, J.-H.; Kim, D.S.; Lee, Y.M. Crosslinked poly(vinyl
alcohol) membranes containing sulfonic acid group: Proton and methanol transport through
membranes. J. Membr. Sci. 2004, 238, 143-151.

Kim, D.S.; Park, H.B.; Rhim, J.-W.; Lee, Y.M. Preparation and characterization of crosslinked
PVA/SIO2 hybrid membranes containing sulfonic acid groups for direct methanol fuel cell
applications. J. Membr. Sci. 2004, 240, 37-48.

Lebrun, L.; Silva, E.D.; Metayer, M. Elaboration of ion-exchange membranes with
semi-interpenetrating polymer networks containing poly(vinyl alcohol) as polymer matrix.
J. Appl. Polym. Sci. 2002, 84, 1572-1580.

Li, X.; Cheruvally, G.; Kim, J.-K.; Choi, J.-W.; Ahn, J.-H.; Kim, K.-W.; Ahn, H.-J. Polymer
electrolytes based on an electrospun poly(vinylidene fluoride-co-hexafluoropropylene) membrane
for lithium batteries. J. Power Sources 2007, 167, 491-498.

Cho, T.H.; Sakai, T.; Tanase, S.; Kimura, K.; Kondo, Y.; Tarao, T.; Tanaki, M. Electrochemical
performances of polyacrylonitrile nanofiber-based nonwoven separator for lithium-ion battery.
Electrochem. Solid State Lett. 2007, 10, A159-A162.

Gao, K.; Hu, X.; Dai, C.; Yi, T. Crystal structures of electrospun PVDF membranes and its
separator application for rechargeable lithium metal cells. Mater. Sci. Eng. 2006, B131, 100-105.
Lee, S.W.; Choi, SW.; Jo, S.M.; Chin, B.D.; Kim, D.Y.; Lee, K.Y. Electrochemical properties
and cycle performance of electrospun poly(vinylidene fluoride)-based fibrous membrane
electrolytes for Li-ion polymer battery. J. Power Sources 2006, 163, 41-46.

Kim, J.R.; Choi, SW.; Jo, S.M.; Lee, W.S.; Kim, B.C. Characterization and properties of
P(VdF-HFP)-based fibrous polymer electrolyte membrane prepared by electrospinning.
J. Electrochem. Soc. 2005, 152, A295-A300.



Nanomaterials 2015, 5 413

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Chen, J.; Asano, M.; Maekawa, Y.; Yoshida, M. Polymer electrolyte hybrid membranes prepared
by radiation grafting of p-styryltrimethoxysilane into poly(ethylene-co-tetrafluoroethylene) films.
J. Membr. Sci. 2007, 296, 77-82.

Kuo, P.L.; Chen, W.F.; Liang, W.J. Proton transportation in an organic-inorganic hybrid polymer
electrolyte based on a polysiloxane/poly(allylamine) network. J. Polym. Sci. A 2005, 43,
3359-3367.

Smitha, B.; Sridhar, S.; Khan, A.A. Polyelectrolyte complexes of chitosan and poly(acrylic acid)
as proton exchange membranes for fuel cells. Macromolecules 2004, 37, 2233-2239.

Kerres, J.; Ullrich, A.; Meier, F.; Haring, T. Synthesis and characterization of novel acid-base
polymer blends for application in membrane fuel cells. Solid State lon. 1999, 125, 243-249.

Wu, H.-L.; Ma, C.-C.M.; Li, C.-H.; Lee, T.-M.; Chen, C.-Y.; Chiang, C.-L.; Wu, C. Sulfonated
poly(ether ether ketone)/poly(amide imide) polymer blends for proton conducting membrane.
J. Membr. Sci. 2006, 280, 501-508.

Chen, J.; Asano, M.; Yamaki, T.; Yoshida, M. Effect of crosslinkers on the preparation and
properties of ETFE-based radiation-grafted polymer electrolyte membranes. J. Appl. Polym. Sci.
2006, 100, 4565-4574.

Labuschagne, P.W.; Germishuizen, W.A.; Verryn, S.M.C.; Moolman, F.S. Improved oxygen
barrier performance of poly(vinyl alcohol) films through hydrogen bond complex with
poly(methyl vinyl ether-co-maleic acid). Eur. Polym. J. 2006, 44, 2146-2152.

Walker, M.; Baumgéatner, K.-M.; Kaiser, M.; Kerres, J.; Ullrich, A.; Rauchle, E. Proton-conducting
polymers with reduced methanol permeation. J. Appl. Polym. Sci. 1999, 74, 67-73.

Kerres, J. Development of ionomer membranes for fuel cells. J. Membr. Sci. 2001, 185, 3-27.
Zaidi, S.M.J. Preparation and characterization of composite membranes using blends of
SPEEK/PBI with boron phosphate. Electrochim. Acta 2005, 50, 4771-4777.

Nurkeeva, Z.S.; Mun, G.A.; Dubolazov, A.V.; Khutoryanskiy, V.V. pH effects on the complexation,
miscibility and radiation-induced crosslinking in poly(acrylic acid)-poly(vinyl alcohol) blends.
Macromol. Biosci. 2005, 5, 424-432.

Kitano, S.; Koyama, Y.; Kataoka, K.; Okano, T.; Sakurai, Y. A novel drug delivery
system utilizing a glucose responsive polymer complex between poly(vinyl alcohol) and
poly(N-vinyl-2-pyrrolidone) with a phenylboronic acid moiety. J Control. Release 1992, 19,
161-170.

Mansur, H.S.; Ordice, R.L.; Mansur, A.AP. Characterization of poly(vinyl
alcohol)/poly(ethylene glycol) hydrogels and PVVA-derived hybrids by small-angle X-ray scattering
and FTIR spectroscopy. Polymer 2004, 45, 7193-7202.

Lin, C.W.; Huang, Y.F.; Kannan, A.M. Semi-interpenetrating network based on cross-linked
poly(vinyl alcohol) and poly(styrene sulfonic acid-co-maleic anhydride) as proton exchange fuel
cell membranes. J. Power Sources 2007, 164, 449-456.

Markovic, S.; Dunjic, B.; Zlatanic, A.; Djonlagic, J. Dynamic mechanical analysis study of the
curing of phenol-formaldehyde novolac resins. J. Appl. Polym. Sci. 2001, 81, 1902-1913.
Mooman, F.S.; Meunier, M.; Labuschagne, P.W.; Truter, P.A. Compatibility of polyvinyl alcohol
and poly(methyl vinyl ether-co-maleic acid) blends estimated by molecular dynamics. Polymer
2005, 46, 6192-6200.


http://www.sciencedirect.com/science/journal/01672738

Nanomaterials 2015, 5 414

29. Krumova, M.; Lopez, D.; Benavente, R.; Mijangos, C.; Perena, J.M. Effect of crosslinking on the
mechanical and thermal properties of poly(vinyl alcohol). Polymer 2000, 41, 9265-9272.

30. Qussi, B.; Suess, W.G. The influence of different plasticizers and polymers on the mechanical and
thermal properties, porosity and drug permeability of free shellac films. Drug Dev. Ind. Pharm.
2006, 32, 403-412.

31. Repka, M.A.; Gerding, T.G.; Repka, S.L.; McGinity, W. Influence of plasticizers and drugs on the
physical-mechanical properties of hydroxypropylcellulose films prepared by hot melt extrusion.
Drug Dev. Ind. Pharm. 1999, 25, 625-633.

32. Xu, W.; Liu, C.; Xue, X.; Su, Y.; Lv, Y.; Xing, W.; Lu, T. New proton exchange membranes
based on poly(vinyl alcohol) for DMFCs. Solid State lon. 2004, 171, 121-127.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



