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Abstract

Making use of water-soluble polymers as films, membranes, and coatings for aqueous applications has increased over the
years, owing to their environmentally benign nature and biodegradability. Interaction of solvent (i.e., water) with highly
polar polymers, i.e., water-soluble polymers, results in weakening of cohesive forces between the polymer molecules and
increase in the solvent—polymer interaction forces due to the formation of strong hydrogen bonds and polar—polar interactions.
This, in turn, leads to the formation of highly swollen polymer gels. The present work focuses on the preparation of water-
insoluble ionic thin films using water-soluble blends of poly(vinyl alcohol) (PVA) and poly(acrylic acid) (PAA), by adopting
an environment friendly approach. For this purpose, solutions containing varied PVA and PAA contents were prepared in
water, and the resulting clear solutions were cast to make films. The cross-linking of cast films were carried out at different
temperatures and cross-linking durations. With increasing the cross-linking temperature, properties of the thin films, such
as percentage swelling, molecular weight between cross-links, and mesh size, decreased, while cross-link density, gel con-
tent, thermal stability and 7, increased. The thin film obtained using solution containing 50% (by wt) of PAA and 50% (by
wt) of PVA, and cross-linked at 140 °C, showed optimum swelling properties. Further, cation exchange membranes and thin
film composite membranes were fabricated using ion exchange resin and polysulfone substrate membrane, respectively. The
composite membrane cross-linked at 140 °C exhibited 95.1% rejection of Na,SO,. Finally, PVA-PA A/polysulfone composite
nanofiltration membranes demonstrated Na,SO,/NaCl selectivity in the range of 2.14 to 2.6.
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Introduction

The water-soluble polymer, poly(vinyl alcohol) (PVA), has
found several applications over the years by virtue of its
biocompatibility and biodegradability [1, 2], hydrophilic-
ity, chemical resistance, gas and liquid barrier property, and
film forming ability [3, 4], adhesive properties and semi-
crystallinity [5, 6], as well as good thermal and mechani-
cal properties [7]. These characteristics allow their major
applications in packaging films [8], ionic membranes [9],
hydrogels [10], paper coatings [11], and for drug delivery,
wound dressing, fibers, and adhesives [12, 13]. However,
in applications involving the presence of water, PVA suf-
fers for its very high affinity toward water. Especially, when
considering films, fibers, and membranes applications, the
PVA must be essentially rendered insoluble [8, 14]. On
the other hand, the hydrophilic polymer poly(acrylic acid)
(PAA) is a super-absorbent that swells heavily upon absorp-
tion of water [7]. This high extent of swelling, although
advantageous for some applications, can serve as a major
drawback in other certain applications. It has been found
that the degree of swelling can be controlled by introduc-
ing cross-links within the chemical structure of PAA or by
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performing copolymerization [7]. In applications, PAA has
been primarily used as anti-scaling agent and for membrane
formation [15, 16], preparation of ion exchange resins [17],
disposable diapers [18], and controlled release devices [19].

Interaction of water with PVA invariably results in the
reduction of cohesive forces that exist between the poly-
mer molecules, as well as enhancement in interaction forces
between the solvent and the polymer. These observations
can be attributed to the formation of strong hydrogen bonds
[20], coupled with polar—polar interactions. As a result, for-
mation of a highly swollen polymer gel takes place. This
excessive swelling results in the gradual dissolution of the
polymer, which, thus, loses its network and dimensional sta-
bility. Therefore, water-soluble polymers essentially require
physicochemical modifications for the purpose of tailoring
their functional ability and dimensional stability, particularly
for aqueous applications. Techniques, like film formation,
grafting, cross-linking and inclusion of additives, are the
most prominent ways that have been employed to modify
the structure of the polymers for reduction of their swell-
ing tendencies [21]. Among the above-mentioned promi-
nent techniques, cross-linking has been found to be the most
effective in controlling the swelling of the polymers [8, 14].
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Also, cross-linking technique allows selection of different
cross-linkers as well as cross-linking conditions in order to
produce network polymers that exhibit mechanochemical
stability under certain environmental conditions. Usually,
optimization of the cross-linking of water-soluble polymers
involves mechanistic approaches to measure the various
swelling parameters and correlate them with the resulting
cross-linked polymer network [21].

PVA, PAA, and PVA-PAA films are characterized as
highly hydrophilic, non-toxic, and biocompatible. PVA—PAA
blends are known to form molecular level miscibility [7].
As already mentioned above, cross-linking of PVA-PAA is
crucial for its successful application as fibers, films, mem-
branes, electrochemical sensors, hydrogels for controlled
drug release, wound dressing, and other biomedical appli-
cations [22-24]. Until date, several researchers have tried to
prepare physically cross-linked PVA—PA A-based hydrogels
by employing different techniques, such as freeze thawing.
PVA-PAA film can also be transformed into chemically
cross-linked structures either by employing a cross-linking
agent or by heat treatment. Cross-linking of both PVA and
PAA has been reported to prevent dissolution of polymers
upon contact with aqueous solution, as well as to decrease
the extent of swelling [25-27]. Zhang et al. have noted that
the molecular level miscibility of PVA-PAA blend system is
due to the formation of strong interpolymer hydrogen bonds
between the -COOH- and the OH- groups [28]. During heat
treatment, these groups interact and form ester linkages by
elimination of water. In another study, Kumeta et al. cross-
linked PVA by neutralized PAA at 200 °C. However, it was
found that such high-temperature cross-linking generates
ketonic groups, which results in severe brittleness of the
cast film membranes [14]. Additionally, Lim et al. noted
that addition of PAA into PVA has resulted in high trans-
parency of the heat-induced cross-linked PVA-PAA film
membranes. Advantageously, these membranes also demon-
strated good thermal stability, water resistance, and barrier
toward oxygen [8]. Jose et al. observed that in a PVA-PAA
blend system, increase in the PAA content in the film led
to an increase in the extent of swelling in water, along with
a decrease in the blend-component-dissolution during the
period of equilibrium swelling [7]. Recently, a number of
published papers have emphasized on the applications of
PVA-PAA as eco-friendly food packaging film [29], strain
and temperature-sensing hydrogel [30], proton exchange
membrane for fuel cell and water electrolyzer [22], and eco-
friendly electrospun nanofibers for metal ion adsorption and
controlled drug release [31, 32].

A thorough literature survey has revealed that there is
a need of systematic study on the effect of temperature
and time of cross-linking on the swelling characteristics
of water-insoluble PVA—-PAA films that are made by eco-
friendly approach. In this direction, the present work reports

the preparation of PVA-PAA films, as well as composite
and ion exchange membranes, using water as the solvent.
The advantage of the blends of these polymers is to avoid
the use of any external cross-linking agent, and it has ena-
bled the fabrication of a membrane by a single step process,
which involved simple solution coating and casting tech-
nique without the requirement of any special experimental
conditions, such as humidity, inert atmosphere, and stringent
solvent purity. Further to understand the swelling proper-
ties of the fabricated films and membranes, this study first
focuses on the swelling parameters/properties, by taking
into account the various blend ratios of PVA/PAA toward
finding the volume fraction of polymer in swollen mass of
cross-linked thin film. Therefore, the main aim of this study
is to understand the effect of heat treatment on the swelling
and water-resistant properties of cross-linked PVA-PAA
thin films in cold (30 °C) and hot water (85 °C). For this
purpose, the PVA-PAA films were first cross-linked by heat
treatment. Here, heat treatment has been chosen for carrying
out the cross-linking as it eliminates the involvement of an
additional cross-linking agent. Percentage swelling, gel con-
tent, molecular weight between cross-links, mesh size, and
cross-link density of the films were calculated to realize the
effect of heat treatment. Finally, to demonstrate a potential
application of the PVA—PAA blend, cross-linked thin film
composite (TFC) membranes were fabricated by employing
a coating of PVA—PAA on a base polysulfone ultrafiltration
membrane to study their flux and rejection capabilities.

Experimental
Materials

Acrylic acid (AA) (AR grade) was purchased from Sigma
Aldrich. Potassium persulfate and metabisulfite (AR grades)
were procured from SD Fine Chemicals, India. PVA (M,,
86,000-98,000), with degree of hydrolysis of 99%, and PAA
were obtained from CSIR-IMMT (India) as test samples. A
commercial strong cation exchange resin, Indion 225, was
procured from ion exchange (India). This resin possessed a
particle size of — 300 to+400 mesh (or 39 pm) and an ion
exchange capacity (IEC) value of 4.2 meq.g~!. Milli-Q water
was used for the experiment.

Preparation of cross-linked thin films using water
as solvent

A 10% (w/w) solution, containing PVA and PAA, were pre-
pared separately in Milli-Q water. Blends of PVA-PAA [solu-
tion of 10% (w/w)] were prepared by mixing the PVA and
the PAA in the weight ratios: 70:30, 60:40, 50:50, 40:60, and
30:70, under continuous stirring. Following the mixing of PVA
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and PAA, entrapped air bubbles were allowed to escape from
the solutions. The obtained clear PVA-PAA solutions were
then cast on plastic sheets, and allowed to dry at room tem-
perature for a period of 48 h. This was followed by scraping
of the transparent PVA-PAA films from the plastic sheets.
The average thickness of these physically cross-linked films
was found to be 0.15+0.05 mm. Virgin PVA films were also
prepared by maintaining the same thickness. The obtained
PVA-PAA films were heat treated at temperatures of 90 to
160 °C for periods of 30 to 90 min.

Swelling studies

Immediately after the heat treatment, the PVA—PAA cross-
linked films were cut into pieces having a uniform dimension
of 1.7x1.7 cm?, followed by keeping immersed in water for a
period of 7 days for complete swelling. The changes occurring
in the areas of the films after swelling were measured. Also,
percentage swelling values of the films were measured in hot
water. For this purpose, the swollen films that were obtained
after keeping in water at room temperature for 7 days were
then kept immersed in hot water at a temperature of 85 °C for
7 h. Percentage swelling was calculated from the changes in
the areas of the swollen films, according to Eq. 1.

Aas — Ab 1
Swelling(%) = (Aas 5) X 00,
Abs

ey

where A, and A represent the areas of the films after and
before swelling, respectively. The percentage gel was cal-
culated as

(W1 = W2) x 100

Gel(%) = W1

@
where W1is the original weight of the sample and W, is the
dry weight of the sample after swelling. Molecular weight
between cross-links. The extent of swelling in a cross-linked
gel will depend upon the number of effective chains per unit
volume, V,, which can be expressed as

[n(1=v,) +V, + 1]

- %(Vp)]

where V,, is the volume fraction of the polymer in the swol-
len mass, V|, is the molar volume of the solvent, d, is the
density of the polymer measured by gravimetric method
(i.e., 1.33 g.cm™), and y is the polymer—solvent interaction
parameter (which is 0.494 for PVA and 0.500 for PAA) [33].
V, is related to Mc (in g/mol) as
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where 1\7In is the number average molecular weight of the
starting polymer (i.e., 38,856 and 179,160 for PVA and
PAA, respectively). Calculation of mesh size and cross-link
density of the network. Mesh size (§), as presented in Figure
S1, was calculated as follows:

1=

e=v, (%) )

1
where (73) *is the average end-to-end distance of the unper-

turbed (solvent-free) state, and can be calculated as

1 _ Lo
(73)2 - (2MC /M,>2C,§l ©6)
where [ is the C—C bond length (i.e., 1.54 A); M, is the
molecular weights of the repeating units of PVA (i.e., 44)
and PAA (i.e., 72). C, is the Flory characteristics ratio,

which for PVA is 8.9 and for PAA is 6.7 [34]. The cross-link
density of the IPN was calculated using Eq. 7 [35]:

1
Py = —,
L )
where v is the specific volume, which is 0.788 cm3g_l for

PVA and 0.951 cm®g~! for PAA.

Characterizations of thin films

The PVA-PAA thin cross-linked films were first subjected
to thermal analysis conducted with Mettler-Toledo instru-
ments (TGA/SDTA 851e, DSC 822° star®). The heating rate
employed for the thermogravimetric analysis (TGA) was
10 °C min~!. For differential scanning calorimetry (DSC),
the heating rate was maintained at 5 °C min™'. FTIR spec-
tra were recorded using a Perkin and Elmer Spectrum GX
spectrometer.

Eco-friendly methods for membranes preparation

Preparation of PVA-PAA cation exchange membranes
and evaluation of ion exchange capacity

Six grams of a strong cation exchange resin (Indion 225)
powder, having an average particle size of 17 um, was
dispersed in 100 mL of 4% (by wt) aqueous solution of
PVA—-PAA (containing 1:1 weight ratio of PVA:PAA) under
continuous stirring to make a dope solution that possess a
resin/binder weight ratio of 60/40. After thorough mixing
of this binder solution, containing dispersed resin, it was
cast onto a polypropylene sheet and allowed to dry at 25 °C
for 24 h. The dried films were cut into 5 cm X 5 c¢m size, and
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different samples were cross-linked in hot air oven at 120 °C
and 140 °C for 15, 30, 60, and 90 min. To examine the effect
of curing temperature and time, percentage swelling of the
film samples was calculated using Eq. 1.

For the evaluation of ion exchange capacities, cation
exchange membrane (CXM) specimens were kept in solu-
tion of 1 M HCI for 1 h to convert into H' form, then
washed with de-ionized water. Following this, the films were
immersed in 1 M NaCl solution for 1 h for conversion to Na*
form and subsequently were rinsed with de-ionized water.
This regeneration/degeneration cycle was repeated for three
times. Finally, CXMs in H* form were immersed in 0.1 M
NaCl solution for 24 h, and the amount of liberated HC] was
estimated by titrating against 0.1 M NaOH solution. The IEC
was determined using Eq. 8:

Vo XN
IEC (meq. g~') = —OH =~ NaOH o 10, (8)
WDM

where V), denotes the volume of NaOH consumed dur-
ing the titration (mL), Ny,,y represents the normality of
NaOH solution, and Wp,, indicates the dry weight of films

(2)-

Preparation of PVA-PAA/PSF composite membranes
and evaluation of desalination performance

PVA and PAA of known amounts were dissolved in de-ion-
ized water for the preparation of 0.15 and 0.05% (w/v) PVA/
PAA mixed solution, comprising of a PVA:PAA weight ratio
of 1:1. For thin film composite (TFC) membrane prepa-
ration, the top surface of the polysulfone ultrafiltration
membrane of 10 cm X 15 cm size was made to contact the
PVA-PAA solution for 3 min, following which the excess
solution was drained from the membrane surface. After
superficial drying, cross-linking of PVA-PAA active layer
was done by heat treatment in hot air oven at 140 °C and
90 °C to induce different cross-link densities.

TFC membranes were tested in a cross-flow cell; how-
ever, before testing, the membranes were immersed in water
for 12 h and then assembled into the cross-flow cell. Desali-
nation performance of the membranes was conducted by
using 2000 ppm NaCl and Na,SO, aqueous solution as feed.
After stabilizing the membrane at a set pressure for 1 h, the
permeate was collected and the membrane flux and rejection
were calculated using Eqs. 9 and 10, respectively:

\%
Flux (Im™*h™") = —£— 9)
Arpem!t
C'ee -C ermeate
Rejection (%) = feed permeare x 100 (10)
Cfeed

where V), indicates the permeate volume collected (in
L) after time ¢ (in h), and Ay, denotes membrane area
(in m?). Cloea a0d C,pponre TEPresent the feed and perme-
ate solution concentration, respectively, that was estimated
by measuring feed and permeate solution conductivities by
conductivity meter (ELICO®, CM 183EC-TDS Analyser).

Results and discussion
Characterizations of the cross-linked thin films

The proposed cross-linking reaction between PVA and PAA
is presented in Figure S2. FTIR was conducted on the cross-
linked PVA-PAA film samples in order to confirm the for-
mation of cross-links as well as the nature of the cross-links.
In the spectra presented in Fig. 1, the band between 3350
and 3600 cm™~! appeared due to the stretching frequency of
O-H groups present in PVA. In PVA-PAA cross-linked film,
the absorption band between 3350 and 3166 cm™! can be
attributed to the stretching frequency of the O—H present in
the carboxylic acid groups of PAA. While the C=0 stretch-
ing frequency of PAA at 1718 cm™! appeared at a higher
wavenumber, the C—O stretching vibration of pure PVA at
1241 cm™! was found to be gradually enhanced and broad-
ened with increase in the PAA content. These observations
indicate the increasing presence of carbonyl groups due to
the formation of ester cross-links. Moreover, the C—O-C
stretching vibrations appearing at 1032 cm™! and the C=0
stretching vibrations appearing at 1803 and 1759 cm™!
clearly indicate the formation of anhydrides [36]. Also, the
band corresponding to the O-H stretching vibration of pure
PVA film, appearing at 3350-3600 cm™, is weakened and
the C-O stretching vibration of PAA at 1090 cm™! is slightly
strengthened in case of PVA-PAA cross-linked film. This
is probably caused by the esterification reaction between
carboxylic acid groups in PAA and hydroxyl groups in PVA.

Figure 2 presents the temperature-dependent degrada-
tion of PVA-PAA cross-linked film, at varying PAA content
obtained by TGA analysis. Weight loss appearing during the
initial heating by ~ 130 °C is due to the removal of adsorbed
water. Further heating from 130 to 370 °C resulted in steady
decomposition by removal of side groups, i.e., -OH and
—COOH groups, attached to the polymer matrix. In addition,
decomposition of ester linkages, formed by cross-linking of
PVA-PAA, also occurred during this heating stage. Finally,
heating beyond 370 °C, maintaining the same heating rate,
resulted in enhanced weight loss owing to the expected rup-
ture of the polymer backbone [8, 37].

From the DSC curves, as shown in Fig. 3, the glass transi-
tion temperature (7,,) has been determined by employing the
midpoint technique, which indicates the temperature at the
midpoint of the step height. It can be readily realized that
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Fig.1 FTIR spectra of pure
PVA and PVA-PAA-based thin
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with increase in the PAA content of the cross-linked film, the
T, of the film increases. This increase in the 7, was found to
be more prominent at PAA content below 50% (by wt). How-
ever, beyond 50% (by wt) of PAA, the increase in Tg with
increase in the PAA content was negligible. Therefore, the
film composition of 50:50 PVA-PAA was chosen to be the
optimized one for the formation of free-standing films. The
obtained Tg of 119 °C, for the 50:50 cross-linked thin film,

gslppl @ Springer

Temperature (°C)

is much higher compared to those reported in the literature
for similar PVA-PAA compositions [38].

Swelling analyses of the cross-linked thin films.

Extent of swelling is an extremely important parameter
in several functional materials, such as ionic membranes,
and hydrogels. Swelling is required for facilitating uptake,
loading and transport; however, excessive swelling leads to
deterioration of the mechanical integrity of the material.
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Therefore, this parameter has been investigated in great
details in this work. Extent of swelling is dependent on the
availability of free volume within the film structure [39]. In
case of cross-linked films, the free volume depends on the
extent and density of cross-links. For cross-linked films of
water-soluble polymers, introduction of cross-links will first
lead to a transition from solubility to swelling. Now, in gen-
eral, as the number and density of cross-links increase, the
swelling extent decreases. Swelling also depends on the type
of polymers and the functional groups present. For example,
in the present case, PAA possesses higher affinity toward
water (by virtue of the presence of —-COOH groups) com-
pared to PVA (containing —OH groups); thus, increase in
PAA content shall lead to increase in the swelling extent of
the PVA-PAA cross-linked blend film. However, this extent
of swelling can be controlled by introduction of more num-
ber of cross-links within the film structure. In essence, to
understand the swellability of a cross-linked film, knowledge
on the type of polymer, cross-link density and molecular
weight between cross-links are essential.

Percentage swelling values of PVA-PAA cross-linked
films, cured at 90, 120 and 140 °C, each for 30, 60 and
90 min, have been determined in water at 30 and 85 °C. It
was found that the cross-linking time of 90 min produced
the minimum percentage swelling, compared to the 30- and
60-min cross-linked variants (Fig. 4 and Figure S3a—S3b).
It was further noted that 30-min cross-linking time was not
sufficient to introduce significant number of cross-links for
preventing solubility of the film in water at 85 °C (inset of
Fig. 4 and Figure S3a). On the other hand, the cross-linking
temperature of 140 °C produced the minimum percentage

Temperature (°C)

swelling, compared to 90 and 120 °C cross-linked variants
(Fig. 4 and Figure S3a—S3b). These two observations clearly
indicate that a cross-linking time of 90 min and a cross-link-
ing temperature of 140 °C represent the optimized condition
for PVA-PA A-based film cross-linking, in terms of swelling
in water. Content of PAA within the PVA-PAA blend film is
also an important factor in achieving the optimized swelling.
Most importantly, very high PAA content in the PVA-PAA
film is not suitable for fabrication of free-standing films. In
our study, it was observed that 50% (by wt) of PAA and 50%
(by wt) of PVA form the best composition in terms of film
formation and swelling (Fig. 4, trace III).

Comparing the swelling result in water at 30 °C to that
at 85 °C, it was observed that the percentage swelling was
increased significantly at higher temperature (inset of Fig. 4
and Figure S3a-S3b). This result can be compared with
that reported by Diken et al. [38]. The authors have shown
that a 50:50 PVA-PAA hydrogel produced a swelling of
466.22% + 48 at room temperature. It was further noted that
the increase in percentage swelling at higher temperature
was the least for the 50:50 PVA-PAA blend film, cured for
90 min at 140 °C. This further proves that this particular
blend is the most optimized one in terms of percentage
swelling. Again, the swelling ratio results plotted in Fig. 5
show a similar trend as that of the percentage swelling. Here
likewise, it was realized that 140 °C curing temperature and
90-min curing time are the optimized cross-linking condi-
tions for the 50:50 PVA-PAA films to achieve the desired
swelling results. Similar trends also observed for swelling
ratios of the films cross-linked at 120 °C and 90 °C, which
are shown in Figure S4a—S4b.
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The difference observed in the swelling of films in cold
and hot water may be due to the presence of crystalline
PVA at 30 °C. On the other hand, equilibrium swelling of
films in hot water (i.e., 85 °C) causes breaking of the crys-
talline structure. Therefore, swelling at high temperatures
depends upon the cross-link density, while, at the ambient
temperature, it depends upon both the cross-link density
and the crystalline structure [40]. This fact was validated
in our observation that the PVA film, heat treated at 140 °C

gslppl @ Springer

45 55 65 75
PAA % (by wt)

for 90 min, demonstrated some swelling in water at room
temperature; however, the same film, when immersed in
water for equilibrium swelling, was dissolved after some
time [21].

Molecular weight between cross-links of thin films

Number average molecular weight between cross-links Mc
can be used to acquire a reflection of the cross-link density
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as well as the available free volume within the cross-linked
structure. For aliphatic polymers that are devoid of highly
bulky side groups, higher MC signifies higher flexibility of
the polymeric chains. Higher flexibility shall, in turn, leads
to availability of larger free volume, which shall enable
accommodation of higher number of water molecules within
the structure (i.e., higher extent of swelling). Therefore, our
aim was to optimize an A_/IC, so that an optimized value of
swelling can be achieved. From Fig. 6a and Figure S5a-S5b,
it can be realized that with increase in the curing tempera-
ture from 90 to 140 °C, the A_/IL. value was decreased. This
is because increasing temperature led to the formation of
higher number of cross-links, leading to reduction in the Mc
value. Also, increase in the curing time from 30 to 90 min
led to decrease in Mc, owing to the increase in the number of
cross-links. These observations support the earlier realiza-
tions made during the swelling analysis, i.e., a curing time of
90 min and a curing temperature of 140 °C provide the opti-
mized results for the PVA/PAA 50/50 wt/wt blend composi-
tion. This implies that decrease in the A_/IC results in decrease
of both the percentage swelling and swelling ratio of the
PVA-PAA cross-linked film. Lastly, we have analyzed the
relationship between ML. and the V, (Fig. 6b). As expected
from Egs. 3 and 4, it was observed that these two param-
eters possessed an inverse relationship, with higher values
of Mc corresponding to lower V,, and vice versa. Further, it
was observed that for Vp values less than 0.1, the film ha_v—
ing PVA/PAA 30/70 composition exhibited the highest M,
value for a certain Vp value; and the 1\71C value demonstrated
a decrease with increase in the PVA content in the film.

Mesh size and cross-link density in thin films

Mesh size (&) of a polymeric thin film is de;&ndent on the
extent of swelling, cross-link density, and M_[41], along
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with the chemical structure of the involved polymers. In
the case of PVA-PAA cross-linked films, considering the
swelling results discussed above, it can be expected that
curing time of 90 min and curing temperature of 140 °C
should produce the lowest mesh size for the cross-linked
film having 50:50 PVA:PAA composition. It was gratify-
ing to obtain this expected observation, as presented in
Fig. 7a and Figure S6a-S6b. It is quite obvious that at
higher curing time and temperature, the number of cross-
links increases. This leads to reduction in the available
free volume, resulting in decreased swelling. As a direct
consequence of this reduced swelling, the mesh size also
decreases. In addition, we have also analyzed the rela-
tionship between & and V,, (Fig. 7b). In compliance with
Eq. 5, it was observed that an inverse relationship exists
between these two parameters, such that higher values of
¢ correspond to lower values of V, and vice versa. In addi-
tion, it was noted that this inverse relationship curve was
negligibly dependent on the weight ratio of PVA and PAA
in polymer films.

In order to further confirm the above observations,
we have carried out the cross-link density analysis of the
PVA-PAA cross-linked films. It was expected from the
results obtained so far that reduced swelling, A_/IC and £ must
be associated with lower available free volume within the
cross-linked blend film structure. Now, as already mentioned
above, in PVA-PAA-type cross-linked films, free volume is
mostly dependent on the number and density of cross-links.
Therefore, it follows that with increase in curing temperature
and time, the cross-link density must also increase. It was
satisfying to note that in our analyses a curing temperature
of 140 °C (Fig. 8) produced the highest cross-link density,
compared to the films cross-linked at 90 °C and 120 °C
(Figure S7a—S7b). Similarly, a curing time of 90 min pro-
duced the highest cross-link density, compared to the films

0 T T v —
0 0.1 0.2 0.3 0.4 0.5
Volume fraction of polymer in swollen thin film (Vp)

Fig.6 a Molecular weight between cross-links (A_/IL.), as a function of PAA content, of PVA-PAA cross-linked films, cross-linked at 140 °C, for
30, 60, and 90 min; and b M, as a function of volume fraction of polymers for different PVA-PAA weight percent ratios
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Fig.7 a Mesh size, as a function of PAA content, of PVA-PAA cross-linked films, cross-linked at 140 °C, for 30, 60, and 90 min, and b Mesh
size as a function of volume fraction of polymers for different PVA-PAA weight ratios

Fig.8 Cross-link density, as
a function of PAA content, of
PVA-PAA cross-linked films,
cross-linked at 40 °C, for 30,
60, and 90 min
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cross-linked for 30 and 60 min (Fig. 8 and Figure S7a—S7b).
This result further confirms that cross-links have played a
major role in the observed swelling behavior of PVA-PAA
thin films.

Gel content in cross-linked thin films
Gel content gives a measure of the extent of cross-linking

and cross-link density between the constituent polymers,
which in this case are PVA and PAA. Higher gel content of

gslppl @ Springer
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the cross-linked blend film indicates higher water resistance
and better mechanical strength of the film. From the results
presented in Fig. 9 and Figure S8a—S8b, it can be easily real-
ized that the gel content of the cross-linked film increases
with cross-linking temperature and time. This result can be
easily correlated with the above-mentioned observations
made for the swelling and cross-linking analyses.
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Properties of cation exchange membranes

Next, we were interested to see the possibility of using the
PVA/PAA 50/50 wt/wt blend composition as a binder to
form ionic membranes, in conjunction with a strong cation
exchange resin (Indion 225). For this purpose, a binder/resin
40/60 wt/wt ratio was utilized. Following the fabrication of
the membrane, we subjected it to two preliminary but essen-
tial tests, namely, percentage swelling versus curing time

PAA % (by wt)

and IEC versus curing time, at two different temperatures
of 120 °C and 140 °C as shown in Fig. 10.

It was enticing to realize that the percentage swelling of
the membrane decreased with increase in the curing time,
for both temperatures. Below the curing time of 60 min, the
membrane sample cured at 140 °C exhibited lower swelling.
However, above 60 min, the effect of curing temperature on
percentage swelling was found to be non-existent. The fact
that a membrane cured at 140 °C demonstrated the lowest
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60:40 resin:binder weight ratio Niag V4 1.96
(PAA:PVA in 50:50 weight ‘ = '
ratio used as binder) 25 + 1.94
S Cy
= 204 192 =
c [0}
= 1.90 &
© 15 + ~
O
u;) 1.88 <
10 T 1.86
1.84
5 4
1.82
0 T —t— — 1.80
10 30 50 70 0

Cross-link time (min)

gslppl @ Springer



1548

Iranian Polymer Journal (2022) 31:1537-1550

swelling which can be correlated to the earlier observations
that higher curing temperature produced higher cross-link
density and lower molecular weight between the cross-links.
This directly implies that the availability of free volume was
reduced at higher curing temperature, leading to lower extent
of swelling. In the case of IEC analysis, it was observed
that the highest IEC value was exhibited by the sample that
was cross-linked at 120 °C. This was achieved at a curing
time of ~55 min. The fact that higher IEC was obtained for
a membrane cured at lower temperature can be correlated
to the presence of fewer cross-links in such a membrane.
As a result, comparatively more number of sites within the
constituent polymers remain accessible for taking part in
ion exchange.

Preliminary performance study of PVA-PAA-based
TFC membranes for water treatment

PVA-PAA-based TFC membranes were fabricated to have
some preliminary understanding of their water treatment
ability. For this purpose, PVA/PAA of 50/50 weight ratio
was used to prepare 0.15 and 0.05% (w/v) aqueous solution,
and composite membranes were fabricated by applying a
thin layer of coating of this solution onto the polysulfone
ultrafiltration membrane (having molecular weight cut-off
of 20 kD). This study was conducted to examine the effect
of cross-linking temperature and solution concentration of
the PVA-PAA on the flux and rejection characteristics of
the resulting composite membranes. Table 1 lists the rejec-
tion and flux (average of three samples) of four composite
membranes obtained by cross-flow filtration cell operated at
1.03 MPa and 1.55 MPa pressure using 2000 ppm NaCl and
Na,SO, feed solutions, respectively.

The observed trend in the flux and rejection characteris-
tics indicate that the membranes prepared using dilute solu-
tion, i.e., 0.05% (by wt) PVA-PAA, and cross-linked at lower
temperature, i.e., 90 °C, produced higher water flux. This
may be due to the formation of thinner selective layer, hav-
ing low cross-link density and high mesh size. All the stud-
ied membranes exhibited flux and rejection characteristic in

the range of nanofiltration (NF) and Na,SO,/NaCl selectivity
in the range of 2.14-2.6. This high rejection of Na,SO, indi-
cates that the membrane surface possesses negative surface
charge due to the presence of carboxylic groups; hence, it
prominently repels the bigger sized negatively charged biva-
lent (SO,*) ions over the smaller sized negatively charged
monovalent (C17) ions. The obtained membrane flux-rejec-
tion characteristics of PVA-PA A-based TFC NF membranes
implies that the separation is expected to be governed by
size exclusion and Donnan exclusion, and such membranes
can be used for water softening applications, i.e., removal of
bivalent ions from brackish water or seawater.

Conclusion

PVA-PAA thin films have been prepared successfully by
a simple solution casting technique. Cross-linking of the
prepared films by heat treatment was carried out, using
varying curing time and temperature. It was realized that
the heat treatment-induced chemical cross-links takes place
within the blend film through esterification reaction, which
was confirmed by FTIR analysis. Overall, the cross-linking
led to improvement in the thermal stability and the T, of
the films. Increasing the curing time and temperature of the
films resulted in reduction of percentage swelling, swelling
ratio, molecular weight between cross-links, and mesh size;
and enhancement of cross-link density and gel content. All
these swelling properties can be tuned by proper selection
of PVA—-PAA ratio, curing time and curing temperature for a
given application. Insolubility of the cross-linked PVA-PAA
films in hot water demonstrates its great potential as a mem-
brane material for water treatment applications. Further, the
cross-linked TFC membranes fabricated using PVA-PAA
coating on polysulfone ultrafiltration matrix exhibited flux
and rejection characteristic in the range of nanofiltration
and Na,SO,/NaCl selectivity in the range of 2.14-2.6. In
future, these types of membranes can be further modified
by inclusions of functional nanomaterials for the purpose of

Table 1 Flux and rejection characteristic of PVA-PAA-based TFC membranes prepared onto polysulfone support (all data are average of three

samples)
TFC membrane PVA/PAA solu- Cross-link TMP: 1.03 MPa TMP:1.55 MPa

tion (w/v) % temperature

Ryucr (%) Ryaosos (%) Flux (LMH) Ryacr (%) Ryazsos (%) Flux (LMH)

PVA-A1 0.15 140 °C 44 94.3 16.4 44.3 95.1 20
PVA-A2 0.05 140 °C 39 85.66 16.1 39.8 86.2 22
PVA-A3 0.15 90 °C 41 90 65.7 42.1 91.7 74.3
PVA-A4 0.05 90 °C 32.35 84 429 33 84.9 64.3

TMP Operating pressure, i.e., transmembrane pressure, PVA/PAA solution contained 1:1 weight ratio of PVA and PAA, LMH liter per meter
square per hour (Lm™2 h™"), Ry, and Ryg04: Tejection of NaCl and Na,SO, respectively

gslppl @ Springer
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improving their ionic characteristics for prospective appli-
cations, such as proton/cation exchange membrane in fuel
cell/electrodialysis, as well as for improving the desalination
and antifouling characteristics of composite NF membrane.
The authors are currently exploring in details the prospect
of application of this type of ionic thin film membranes in
water treatment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13726-022-01096-y.
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