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Abstract: The aim of this study was to understand the effect of crosslinking temperature on the spectroscopic, thermal,
and mechanical properties of poly(vinyl alcohol) (PVA)/zeolite composites. The PVA nanocomposite films were prepared
using the solvent casting method with tartaric acid as the crosslinker. The changes in the structures of pure PVA film
and powder clinoptilolite (CL) and nanocomposite films were analyzed by means of ATR-FTIR spectroscopy. The
effect of both crosslinking temperature and CL on the composite films prepared by the addition of constant CL to the
polymer matrix at different crosslinking temperatures (series I1) and pure PVA films prepared with different crosslinking
temperatures (series I1I films) shows that the tensile strengths increase with increasing crosslinking temperature, while the
elongation at break of films decreases due to the crosslinking temperature and CL. The differential scanning calorimetry
results show that the crosslinking temperature leads to an increase in the glass transition (7j) of nanocomposites.
According to the results of this study, both zeolite and crosslinking temperature affect the thermal and mechanical

properties of the material. These results may be used for membrane technology.

Key words: Poly(vinyl alcohol), crosslinking temperature, differential scanning calorimetry, mechanical properties,

microstructure

1. Introduction
Poly(vinyl alcohol) (PVA) is a typical hydrophilic and hydroxyl-rich polymer obtained by polymerization of
vinyl alcohol. PVA has good film-forming properties, mechanical properties, nontoxicity, biocompatibility, and
chemical stability due to the abundance of hydroxyl groups [1]. It has vast areas of application such as excellent
membrane materials [2], medical materials [3], and food packaging materials [4].

In recent years, zeolites have gained attention due to their high melting points (above 1000 °C) and high
resistance under pressure. In addition, they do not dissolve in water or inorganic solvents and do not undergo

oxidation in air. Zeolites are represented by the following formula:
M3/, O - Al203 - . Si02 -, H204 - 0,

where (x) and (y) are the stoichiometric coefficients of the Si** and Al®* in the tetrahedra and M is the
exchangeable cation of valence n [5]. There are different types of zeolite minerals: natural (clinoptilolite (CL),
chabazite, and modernite) and synthetic zeolites (zeolite A; zeolites X and Y) [6]. Among them, CL, which is

the member of the heulandite (HEU) family of zeolites having a Si/Al ratio greater than 4, is the most common
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and abundant natural zeolite in the world. It possesses plates or laths with tabular form structure [7]. Moreover,
total zeolite reserves are estimated to be around 50 billion tons in Turkey [8].

As PVA is soluble in water due to its high hydrophilic nature, its application areas are limited [9,10].
For this reason, crosslinking agent and different nanosized fillers (sodium montmorillonite, zeolite 4A, NaX,
NaY, silicalite-1, and ZSM-5 zeolite) are used to improve the water resistance and separation efficiency of PVA,
respectively [11-18]. Furthermore, the crosslinking agent and crosslinking temperature are known to have a
significant effect on the hydrophilic structure of polymers [18,19]. Recent studies have shown a strong relation
between heat treatment and the crosslinking agent [9,20]. Research on the crosslinking agent is broad [21,22],
but there is little research on both crosslinking temperature [23,24] and zeolite [13,25] on PVA at the same
time. In a previous study, the optimum temperature and time for crosslinking of PVA with the maleic acid
agent were found [26]. Studies in the literature relate to crosslinking temperature and its effect on the PDMS
polymer [27,28]. There is no report regarding the effect of crosslinking temperatures on the microstructure or
mechanical or thermal properties of PVA/CL composite.

The main aim of the present study was to investigate the effect of different crosslinking temperatures
(100, 120, and 140 °C) on PVA/zeolite composites. The composites were characterized for microstructure
composition using Fourier transform infrared (FTIR)/attenuated total reflectance (ATR) spectroscopy and
field emission scanning electron microscope (FE-SEM) and EDX analysis. Mechanical tests were carried out on
a Lloyd tensile testing machine, while thermal properties were determined by differential scanning calorimetry
(DSC).

2. Experimental
2.1. Materials and sample preparation

The PVA and CL ((NagsKa5) (CaioMgos)(AlgSiszg)Ore.24Ho O, Gordes, Turkey) were supplied by Sigma-
Aldrich and Incal Mineral Co, respectively. Samples were prepared in two different stages. In the first step,
zeolite was added to the polymer matrix and crosslinking temperature was applied. In the second step, the
crosslinking temperature was also applied to pure PVA film without the addition of zeolite. PVA was dissolved
in distilled water at low mixing speed at 90 °C for 3 h in order to produce a 15 wt.% solution. The amount
(5 wt.%) of constant CL was incorporated into the solution during the preparation of the PVA solution. The
tartaric acid (TA) solution of 157wt % was prepared by mixing for 1 h at room temperature. The calculated
amounts of the two solutions [(PVA + CL) + TA] were mixed together at room temperature for 1?h. The
prepared solution was cast onto Plexiglas plates as thin films to dry at 50 °C in the oven for a day. Then the
composites were crosslinked at different temperatures (100, 120, and 140 °C) in the oven for 45 min. All samples
were kept in pure water for the removal of unreacted crosslinker, monomer, and impurities at room temperature
overnight. After that the membranes were dried at 105 °C for 27h. The thicknesses of all the samples measured
were in the range of 100-2927pm. Three different serial samples were prepared for investigation: (1) Series 1,
pure PVA film, powder CL, and pure PVA + CL (PC) film are shown. (2) Series 2, samples 4-6 belonging
to composite films prepared by the addition of the constant CL to the polymer matrix at different crosslinking
temperatures (100, 120, and 140 °C) are shown. (3) Series 3 (samples 7-9) shows pure PVA films prepared with
different crosslinking temperatures (100, 120, and 140 °C).
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2.2. FTIR/ATR spectroscopic method

The structural changes in samples were recorded by an Agilent Technologies Cary 630 FTIR apparatus at room
temperature. Spectra of all samples were recorded in the 600-4000?7cm ~! range at a resolution of 47cm ! with

32 scans for each measurement.

2.3. FE-SEM and EDX analysis

The surface and cross-sectional morphology of the powder CL, pure PVA film, and PC film was observed by
FE-SEM (FEI Quanta 450 scanning electron microscope (SEM)), with an accelerating voltage of 15 kV and
high pressure. The powder CL, pure PVA film, and PC film were examined by X-ray spectroscopy (EDX); the
operating voltage used was 30 kV.

2.4. Tensile testing measurements

The stress-strain curves of sample films were determined by a Lloyd tensile testing machine (AMETEK, Lloyd
Instruments, Bognor Regis, UK) with a crosshead speed of 10 mm/min at 20 °C and a relative humidity of 65%.
The films had dimensions of length 25 mm x width 6 mm. The average value of the six experimental samples

was analyzed.

2.5. Thermal analysis

The DSC measurements of the PVA/clino membranes were carried out using a PerkinElmer DSC-7. Pieces cut
from the polymer film to a mass of approximately 5 mg for DSC measurements were loaded into aluminum pans
and crimped. Temperature ranges were selected between 30 °C and 300 °C with a heating rate of 10 °C/min
for DSC measurements. The DSC instrument was calibrated with the standard indium. The glass transition

(Ty) and the melting temperature (7,,) were determined from the second scan curves of DSC.

3. Results
3.1. FTIR/ATR spectral analysis

The microstructural changes in all samples were examined with the FTIR spectroscopic method and are given
in Figure 1. For the pure PVA film, the strong and broad band at 3690-2996 cm~! was related to the
O-H stretching frequencies of PVA’s wide distribution of hydrogen bonding among the hydroxyl groups from
molecular water (Figure 1a). Asshown in Figure 1b, changes in the intensity and position of this peak for samples
4—6 were representative of the interactions between the PVA and CL after treatment at different crosslinking
temperatures [29,30]. After modification of zeolite with PVA at 140 °C, the OH stretching frequency of the
PVA shifted from 3309 to 3250 cm ~!, which indicates the formation of crosslinking between PVA, TA, and CL
to form a solid compound through the hydrogen bonding mechanism [31-34]. The specific peaks at 2922 ¢cm ~!
and 1319 cm~! were related to the presence of the C-H stretching and bending of PVA chains, respectively.

I corresponds to the allotropic phase of SiO4 or the Si-O bonds, which are

In the wavenumber range 782 cm ~
the result of the SiO4 tetrahedral in the CL framework [35-37]. The vibrational small peak at 834 cm ! is
attributed to the C—H rocking of pure PVA [38]. It can be seen from Figure la that the sharp peak around
1021 em ! region was related to internal bonding in the CL framework and Si-O stretching [30,36]. The peaks

at 1640 cm~! and 1528 cm ~! are assigned to the presence of bending vibration of molecular water in the CL
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framework and vibration of the bond Si-O [36,37,39]. The two small peaks at 3615 cm ~! and 3734 cm ! are
associated with two different Brgnsted sites and as well as 3678 cm ~! (Si-OH) and 3743 cm ! (Al-OH) [19].
As shown in Figure 1c, the specific peaks of series 3 do not show any significant change after the treatment at
different crosslinking temperatures. However, after treatment with crosslinking temperature and zeolite effect,
there was a change in the intensity of the films in series 2. This result can be said to be due to the CL filler

having a greater effect than the crosslinking temperature on the polymer matrix.
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Figure 1. FTIR spectra of (a) samples 1-3 (samples series 1, pure PVA film, PC film), (b) 4-6 (series 2), and (c) 7-9

(series 3).

3.2. Morphological analysis

The surface and cross-sectional morphology of the pure PVA film, PC film, and powder CL was observed by FE-
SEM (Figure 2). As seen from Figure 2a, the zeolite particles have an average grain size of about 15-50 nm. The

SEM images taken from the cross-sections of the pure PVA shown in Figure 2b did not show zeolite particles.
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When tartaric acid enters the polymer matrix as a crosslinking agent, it exhibits a crystalline structure in the
structure formed (Figure 2¢). TA is known to have a crystalline structure [40,41]. However, no effect of TA on
the surface morphology of PVA polymer matrix composites has been reported in the literature. The FE-SEM
surface and cross-section micrographs of the pure PVA + CL (PC) film indicate that the zeolite particles are
uniformly distributed on the PVA matrix (Figures 2d and 2e) and no aggregation of zeolite particles is observed.
These results suggested that when the value of T, increases with the introduction of zeolite into a polymer
matrix, it can be concluded that the interaction between the polymer matrix and zeolite did indeed take place.
EDX mapping was performed to confirm the homogeneous distribution of zeolite in the membrane and zeolite
was found to contain aluminum and silicon. Figure 3 shows the SEM of a typical portion of the surface of
the powder CL particles and the PC film for receiving the EDX map of the same area. The zeolite appears to
contain silicon, aluminum, potassium, and calcium. Then the image revealed that the silicon distribution was

the same across the surface of the sample.

3.3. Mechanical properties

The curves of stress (o, MPa) versus strain (% ¢) during the tension of the pure PVA film, PPC, series 2, and
series 3 are given in Figure 4 at room temperature. The results for mechanical properties obtained from the
stress-strain curves are given in Table 1. The tensile strength, elongation at break, and work to break for pure
PVA film are 52.141 MPa, 323.66%, and 1576.67 Nmm, respectively (Figure 4). As shown in Table 1, there is

a statistically significant difference between the pure PVA film and series 2 and series 3.

Table 1. Mechanical test results of pure PVA film, P 4+ PC film, samples 46 (series 2), and samples 7-9 (series 3).

Tensile stress | Elongation | Work to
Samples at break at break break
(MPa) (mm/mm) | (N mm)
Pure PVA 52.141 323.66 1576.67
PC 49.415 300.66 1333.30
100 °C | 56.984 239.36 917.75
Series 2 | 120 °C | 51.115 186.33 877.25
140 °C | 63.374 100.09 546.73
100 °C | 43.751 233.49 1192.13
Series 3 | 120 °C | 37.831 103.96 480.51
140 °C | 45.693 32.84 172.15

As seen from Table 2, since the glass transition (7,) of pure PVA is higher than room temperature, it
has more amorphous phase [42]. The tensile strength of series 2 increased with the increase in crosslinking
temperatures except for pure PVA membrane (in Table 1). It is thought that zeolite particles in the polymer
matrix can behave as physical crosslinkers or the intermolecular interactions between polymer matrix and
zeolite lead to stronger film structure and improved mechanical properties [43-45]. When we compare series
3 with pure PVA, it is seen from Figure 4b that the shape of the stress-strain curve changed at crosslinking
temperatures above Ty . It is known that PVA is a semicrystalline polymer and the reduction in tensile strength

with increasing temperature was noticeably small [42,46].
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zeolite particles

(e)
Figure 2. FE-SEM of a randomly selected area on the (a) powder CL particles, (b) cross-section of pure PVA film, (c)
surface of pure PVA film, (d) surface of pure PC film, and (e) surface and cross-section of PC film.
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(b)
Figure 3. EDX analysis of (a) powder CL and (b) PC film.
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Figure 4. The stress-strain curves for samples: (a) pure PVA film, PC film, and series 2 and (b) pure PVA film and
series 3.

As shown in Table 1, the elongation at break of series 2 and series 3 samples decreased significantly with
increasing crosslinking temperature, while in the PC film it remained almost unchanged. This result indicates
that series 2 and series 3 films became somewhat more brittle compared to the pure PVA film. However, the
PC film exhibits elastic behavior.

For all samples, work to break, which is the required energy per volume to break, was determined from
the area under the stress-strain trace and the results are given in Table 1. The work to break of series 2 and
series 3 samples decreased with increasing crosslinking temperature, which may be ascribed to the increased
frequency of localized clusters or aggregations [47]. For instance, the work to break of the series 3 sample was

approximately 1/3 of that of the series 2 sample at 140 °C.
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Table 2. Thermal properties from DSC of pure PVA film, PC film, series 2, and series 3.

Sample T4 (°C) | T (°C)
Pure PVA film 63.55 234.90
PC film 147.03 | 234.39

(°C) | 146.78 | 234.54
(°C) | 146.22 | 234.53
(°C) | 147.10 | 234.35
100 (°C) | 141.99 | 235.03
(°C)
(°C)

Series 2 | 120

Series 3 | 120 137.03 | 234.48
140.84 | 234.36

3.4. Thermal properties of composite films
The thermal properties of the samples were investigated using DSC. Figure 5 illustrates the DSC thermograms
during the second heating for all samples and the onset, T;,, and Ty, given in Table 2.

The pure PVA film (Figure 5a) has an endothermic reaction at 63.55 °C, which is attributed to the glass
transition temperature (7,) [48]. When compared to the pure PVA, studies show a noticeable increase in T}, of
the samples (series 2 and series 3) based on crosslinking temperature as shown in Table 2. This result indicates
that the segmental motion of the polymer chains due to both addition of the CL filler and the crosslinking effect
on the polymer matrix is prevented [49,50]. Then T, of the series 2 samples shifted to higher temperatures
due to the effect of the CL filler in the PVA matrix (Table 2). From Figure 5a it can be seen that the small
endothermic peak at 234.90 °C (the first peak) for pure PVA film was related to the crystalline phases of PVA
[61-53]. However, the DSC thermograms show that the second melting peak is virtually unchanged with both
CL and rising crosslinking temperatures. This result shows also that the crosslinking and CL filler affected the

amorphous region of the PVA matrix [54].

4. Conclusions

In this work, PVA /zeolite composites were successfully prepared. The pure PVA membrane and PVA /zeolite
composites were crosslinked at different temperatures (100, 120, and 140 °C). The morphologies and microstruc-
tures of the PVA /zeolite composites were characterized and assessed using FE-SEM and EDX, ATR-FTIR

spectral analysis, and thermal characteristic (DSC) and mechanical properties.

1. FTIR/ATR spectral results indicate that the CL filler has a greater effect than the crosslinking temperature

on the polymer matrix.

2. As seen from Table 2, since the glass transition (7,) of pure PVA is higher than room temperature, it
has more amorphous phase. This shows that pure PVA membrane has higher extensibility than series
2 and series 3, whereas in series 2 it causes a stronger and harder film structure due to intermolecular
interactions between the polymer matrix and zeolite particles [42]. It is clearly shown that pure PVA is
a mechanical sensitive material due to varying crosslinking temperature [55]. The effect of crosslinking
temperature on the mechanical properties of PVA is remarkable at 100 °C. Crosslinking is observed as

the elongation of the material decreases.

203



DENKTAS/Turk J Phys

20.6 T T T T 22,5 T T T T

20.4 22.04
§ 20.2 A R 21.5-
= 200 | % rﬂ_//ﬁ//_
\3’ Z 21.04
-[_% 19.8 1 pure PVA E
ki —— PC 1 £ 2054 —100°C 1
2 19.6 g ——120°C

20.04 ——140°C

19.4

19.2 A 19.5

19.0 T T T T T T T T 19.0 T T T T T

60 90 120 150 180 210 240 270 300 40 80 120 160 200 240 280
Temperature (°C) Temperature (°C)
(a) (b)

Heat Flow (mW)

20 T T T T T
40 80 120 160 200 240 280
Temperature (°C)
(c)

Figure 5. DSC thermograms of (a) pure PVA film and PC film, (b) samples 4-6 (series 2), and (c) samples 7-9 (series 3).

3. As a result of DSC analyses, a significant increase of approximately 200% was observed in the T, of
P + PC film, series 2, and series 3 samples, while the melting temperature (7},) remained almost
unchanged. From the results in Table 2, when compared to the pure polymer, the increase in the glass

transition temperature for crosslinking temperature and PVA treated with zeolite indicates no effect on
the crystalline regions of the polymer.

4. In general, this study is part of an ongoing study, and in future research the sorption properties for the
ethanol/water mixture using PVA doped with different zeolites will be studied.
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