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Abstract: Vinyltriethoxysilane (VTES) was covalently bonded onto graphene oxide. Several methods, including
X-ray photoelectron spectroscopy, Fourier transform infrared spectroscopy, and X-ray diffraction, were used
to demonstrate the presence of VTES on the surface of graphene oxide and the creation of this covalent link.
Following that, different quantities of the resultant vinyltriethoxysilane functionalized graphene oxide
(VTESFGO) were mixed with polyvinyl alcohol (PVA) to form VITESFGO/PVA nanocomposite films (NCFs)
with a 3-dimensional network structure. The creation of these NCFs and the presence of a three-dimensional
network were confirmed by Fourier transform infrared spectroscopy. The three-dimensional network structure
provided these NCFs extraordinary characteristics. The mechanical and thermal stability, oxygen transfer rate
(OTR), and water resistance pressure (WRP) of the NCFs were investigated. The nanocomposite film (NCF)
with the highest weight percentage of VTESFGO (3.0 wt.%) was 47.5% more thermally stable than pure PVA,
with an oxygen transmission rate of 0.3 cm3/m2 per day and a water resistance pressure of 780 mm/cm?2.
However, as the weight percentage of VTESFGO increased, the mechanical strength of the NCFs decreased as
a result of silanol self-condensation, resulting in particulate formation, as confirmed by scanning electron
microscopy.

Keywords: Poly(vinyl alcohol) (PVA); Vinyltriethoxysilane Functionalized Graphene Oxide
(VTESFGO); Nanocomposite Films (NCFs); Oxygen Transmission Rate (OTR); water resistance
pressure

1. Introduction

Plastic films are a commonly utilized material that has substantially assisted human growth [1-
3]. The popularity of these films has grown in lockstep with scientific and technical developments
and the beginning of industrialization. Despite their widespread usage, these films constitute a severe
concern since they degrade over hundreds of years and generate “white pollution” that harms the
ecology [4-9]. Biodegradable films, which undergo decomposition by bacteria and enzymes, might
provide a solution to this problem.

Poly (vinyl alcohol) (PVA) is a noteworthy example of a biodegradable vinyl polymer; it has
been observed to degrade by 75% in as little as 46 days [10]. It is translucent, nontoxic, and has a great
affinity for water. However, because it negatively affects its mechanical and barrier qualities in the
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wet state, its hydrophilicity restricts the applications that may be made of it [11-15]. Several studies
have been conducted to improve PVA’s mechanical strength and water resistance. These studies have
explored a wide range of approaches, including the use of crosslinked networks, silane-coupling
agents, clay, graphene nanocomposites and blends of polymers [16-21]. Mechanical stability of PVA
may be improved by establishing a three-dimensional network, as well as its water resistance. One
approach is to combine multifunctional chemicals, such as silane coupling agents or clay, with the
hydroxyl groups in each PVA repeating unit [22,23]

However, the most significant challenge is avoiding aggregation, which may be overcome by
PV A-based organic-inorganic hybrid films produced by reinforcing PVA with silane-functionalized
nanomaterials. The interaction of organic and inorganic phases of these hybrid films impacts the
quality of these films. By fostering strong interfacial adhesion between the two phases, hybrid
materials can achieve a stable homogenous nanophase and improved material properties [24-27].

Graphene oxide (GO) is a nanomaterial possessing oxygenated surfaces on both the basal planes
(epoxy and hydroxyl) and the edges (carboxylic acids) [28], This property of GO allows it to be readily
functionalized, making it extremely desired. Furthermore, GO is biocompatible, amphiphilic, and
may be readily exfoliated via sonication [29] Because of these qualities, it is the perfect choice to
improve the mechanical and barrier properties of polymers, potentially contributing to a variety of
applications.

Utilizing an organic-inorganic hybrid methodology, we have produced hybrid NCFs, wherein
the organic constituent is PVA and the inorganic precursor is VTES functionalized graphene oxide
(VTESFGO). A three-dimensional network has formed in NCFs as a result of the establishment of
covalent connection between PVA and VTESFGO. It is anticipated that this three-dimensional
network would produce NCFs with remarkable characteristics.

2. Materials and Methods

Sulfuric acid (H2504, 99.9%), sodium nitrate (NaNO3, >99.5%), graphite, vinyltriethoxysilane
(VTES, 98%), triethylamine (TEA, 99.5%), hydrochloric acid (HCl, 98 %), N, N-dimethylformamide
(DMF, 99%) and poly (vinyl alcohol) with an average molecular weight in the range of 146,000-
186,000 were also purchased from Sigma-Aldrich, USA.

2.1. Synthesis of VTESFGO

Graphene oxide (GO) was synthesized by following the Hummer’'s method. 0.3 mL of
triethylamine (TEA) and 1.2 g of vinyltriethoxysilane (VTES) were added to this GO dispersion in
DMF and it was then stirred for 30 minutes. This mixture was then refluxed at 70°C for 24 hours
under a controlled, inert atmosphere. It was then treated with 100 mL of methanol to remove residual
silane. The solid product obtained after filtration was washed sequentially with methanol and water
repeatedly, later it was dried for 12 hours at 60°C [30] showed in Scheme 1.

1) 0.3 mL triethylamine
OH 2)  Stirring for 30 minutes
OH 3)  Refluxfor 24 hrsat 50 °C
0 OH 0 0 4) 100 mL methanol
5)  Filtration & washing with
methanol & water
6) Dryingat60° C for 12 hrs
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Scheme 1. Reaction mechanism during the functionalization of GO using VTES.

2.2. Synthesis of NCFs
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Dispersions containing varying amounts of VITESFGO in DMF (0.2 to 3.0 wt%) were added
separately to a 1 wt% aqueous PVA solution. 1.0 mL of HCl was added to this mixture, which was
stirred and sonicated for 3 hours. It was then transferred to a petri plate and heated at 50°C to enable
the formation of VTESFGO/PVA NCFs with varying VITESFGO concentrations. After carefully
removing the NCFs from the petri plate, they were dried at 80°C for 24 hours. The whole process is
presented in Scheme 2.
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Scheme 2. The condensation reaction between the VTESFGO and PVA during formation of
VTESFGO/PV A nanocomposite film.

2.3. Material Characterization

XPS spectra were obtained using a VG Scientific ESCA Lab 2201-XL. The X-ray diffractograms
were generated using a Rigaku D/A X-ray diffractometer with a scanning rate of 2° min'. A Nicolet
Avatar 320 FT-IR spectrometer with a spectral resolution of 4 cm™ was used to acquire FTIR spectra
in the 500-4000 cm range. The scanning electron micrographs (SEM) were taken using a LEO 1530
VP field emission scanning electron microscope. The tensile properties of the NCFs were determined
using the Instron 5565 electronic universal tensile strength tester. Five specimens for each sample
were evaluated and average tensile characteristics were determined.

Additionally, using TA 2000 (TA Instruments, Inc., USA), NCF thermal stability was examined
in a nitrogen atmosphere at a heating rate of 10 °C/min, throughout a temperature range of 25 to 600
°C.

The rate of oxygen transmission was measured using an oxygen permeability tester (OTR 8001)
at 25 °Cin a dry environment.

The water resistance pressure was measured by adding water drop by drop to a thin graduated
tube, one end of which was sealed with NCF. Because of the continuous water permeability, there
was variations in the height of the water column in the tube, and these variations were noted from
these variations water resistance pressure was calculated [31].

3. Results and Discussion
3.1. Characterization VTESFGO
3.1.1. XPS analysis of VTESFGO

To confirm the presence of VTES on the GO surface, the XPS survey scan of pure GO was
compared with that of VTESFGO in Figure 1a. The appearance of two new peaks, Si2s and Si2p, in
the VTESFGO survey scan supports VTES’s existence on the GO surface [32,33]. Comparing the Cl1s
spectra of GO and VTESFGO in Figure 1b compares the Cls spectrum of GO with VTESFGO, to
explore the functionalization reveals the functionalization process that results in the creation of
VTESFGO. The magnitude of the OH peak at 285.6 eV in the Cls spectra of VTESFGO is reduced,
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and two new peaks appear at 283.7 eV and 285.4 eV, indicating the formation of C-Si and C-O-5i
bonds.
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Figure 1. (a) XPS survey scan and (b) C1s spectrum curve for GO and VTESFGO showing the induced
functional groups on GO sheets.

3.1.2. XRD Analysis of VTESFGO

XRD analysis was used to validate GO functionalization with VTES and the findings are
displayed in Figure 2, along with the XRD analysis of NCFs. Functionalization with VTES reduced
GO'’s diffraction angle (20) from 12.5° to 9.0° and increased interlayer spacing, perhaps due to VIES
on the surface. Diffractogram of VTESFGO shows no peak at 20 = 9.0°, indicating effective GO
functionalization with VTES [34,35].
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Figure 2. XRD spectrum showing the characteristic peaks for GO, VTESFGO, PVA, and synthesized
VTESFGO/PV A nanocomposite films.

3.1.3. FT-IR Analysis of VTESFGO

The chemical composition of the VTESFGO was evaluated by comparing its FTIR spectrum with
those of GO as shown in Figure 3 along with spectra of PVA and NCFs. The FTIR spectrum of
VTESFGO shows peaks owing to the wagging of the -CH: group of Si-CH=CH2 at 957 cm, stretching
of Si-O-C at 971 cm!, Si-O-Si network construction at 1,012 cm-!, Si-OH termination of this network
at 3750 cm™, C=C group of VTES at 1,595 cm™, and vinyl’s CH stretching at 2,974 cm, respectively
[36-38]. FTIR Spectrum shows peaks owing to C-OH stretching at 1224 cm!, C=C stretching at 1660
cm!, C=0 stretching at 1720 cm!, asymmetric and symmetric stretching of CHz at 2849 and 2827 cm-
1 respectively. Band at 3300 cmis due to presence of OH groups on the surface of GO. The intensity
of this band decreases when GO is functionalized with VTES indicating the involvement of OH group
of GO in attachment of VTES on the surface of GO. These findings are in accordance with the results
of XPS presented in Figure 1.
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Figure 3. FTIR spectra for GO, VTESFGO, PVA and NCFs with 3 wt.% of VTESFGO.

3.2. Characterization of Nanocomposite Films (NCFs)
3.2.1. XRD Analysis of NCFs

The XRD results for the pure PVA, VTESFGO and NCFs are all presented in Figure 2. The peak
at 20 = 9° represents the VTESFGO, as discussed previously. PVA, due to its semi-crystalline nature,
shows its peak at 20 = 19.76°. The peak at 20 = 18.34° represents the VTESFGO/PV A nanocomposites,
and its intensity shows a continuous rise with the increase in the concentration of VTESFGO. The
NCFs show the individual characteristic peaks neither for the VTESFGO (26 = 9°) nor for the pure
PVA (20 =19.76°), indicating the homogenous distribution of VTESFGO in the PVA matrix during
the fabrication of VTESFGO/PV A nanocomposite.

3.2.2. FT-IR Analysis of NCFs

The chemical composition of NCFs was verified by comparing its FTIR spectrum with those of
PVA and VTESFGO, as shown in Figure 3. The FTIR spectrum of pure PVA film exhibits peaks
representing C—C stretching vibration at 842 cm!, C-O stretching at 1089 cm™, O-H bending at 1425
cm!, C=C stretching at 1561 and 1633 cm!, asymmetric -CHz group stretching vibration at 2925 cm,
and stretching vibration of the hydroxyl group by a band at 3300 cm-'. On the other hand, the FTIR
of NCFs with 3 wt% VTESFGO shows peaks corresponding to both VTESFGO and PVA. The intensity
of the band at 3300 cm! and the peak at 3750 cm! decreases in the case of NCFs with 3wt% VTESFGO,
indicating the formation of a bond between the Si-OH group of VTESFGO and the C-OH group of
PVA. This bond between the nanofiller (VTESFGO) and the matrix (PVA) leads to strong interfacial
adhesion, which results in extraordinary properties of the NCFs.
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3.2.3. Mechanical Analysis of NCFs

The results of a mechanical examination of NCFs with various VTESFGO compositions are
displayed in Table 1. This table shows that when VITESFGO quantities are increased to 0.8 weight
percent, tensile strength and Young’'s modulus first increase (88.26% and 93.64%, respectively) in
relation to PVA before dropping. Elongation at break rises with the addition of 0.2 weight percent
VTESFGO and then falls. Particulate matter might be the cause of the decrease in mechanical property
values at high filler content, as can be observed in the SEM pictures in Figure 4b,c.

Table 1. Mechanical Analysis of NCFs with varying contents of VTESFGO.

Sample Tensile Strength | Young’'s Modulus Elongation

(MPa) (MPa) at Break
Poly (vinyl alcohol) (PVA) 61.90 +0.05 1.10+0.03 54.92 +0.01
NCF with 0.2 wt % VTESFGO 252.20 +0.02 4.35+0.01 57.95 +0.02
NCF with 0.8 wt % VTESFGO 530.00 + 0.02 17.69 + 0.02 29.90 +0.01
NCF with 3wt % VTESFGO 451.00 £ 0.01 15.86 £ 0.03 26.70 +0.03

3.2.4. Scanning Electron Microscopic Analysis of NCFs

Scanning electron microscopic analysis as used to study the surface morphology of NCFS. For
this purpose SEM image of NCFs was compared with SEM image of PVA. The SEM image of pure
PVA in Figure 4a shows a smooth and homogeneous surface, but the SEM images of the cracked
surfaces of NCFs containing 3 weight percent VTESFGO in Figure 4b,c shows some particulates
which might be the consequence of silanol condensation on its own.

Figure 4. SEM analysis of PVA and NCFs with 3wt%VTESFGO.
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3.2.5. Thermogravimetric Analysis (TGA) of NCFs

TGA was used to evaluate the thermal stability of NCFs, and the results are shown in Figure 5,
revealing that NCFs outperform PVA in terms of thermal stability, which increases with increasing
VTESFGO concentration. The temperatures required to achieve 5% weight loss of NCFs with 0.2, 0.8,
and 3.0% VTESFGO are 30.5, 75.0, and 105.5 oC higher than pure PVA, respectively. It also seems
from this figure that the residual weight percentage at 600 °C increases with the increase in the
VTESFGO levels and for NCF with 3.0% VTESFGO residual weight percentage is 47.5% greater
compared to pure PVA, indicating a slower rate of breakdown and hence increased thermal stability,
which might be related to the presence of VTESFGO, which slows the segmental movements of
polymer chains by creating a network in the matrix [39].
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Figure 5. TGA curves for PVA and NCFs with varying VTESFGO content (0.2, 0.8, 3.0 wt.%).

3.2.6. Oxygen Transmission Rate Analysis of NCFs

The oxygen transmission rate (OTR) of pure PVA and NCFs with varying VIESFGO
concentrations was examined, and the findings are shown in Figure 6, indicating that the addition of
VTESFGO significantly lowers the permeance of oxygen for NCFs when compared to pure PVA. The
OTR for NCFs with 0.2 wt.% VTESFGO is 5.4 cm3/m2 per day, which decreases to 0.3 cm3/m2 per
day for 3 wt.% VTESFGO, compared to 6.12 cm3/m2 per day for pure PVA. This decrease in OTR
may be related to the existence of a Si-O-5i network in NCFs [40].
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Figure 6. The effect on oxygen transmission rate (OTR) with increase in VTESFGO in the
composites.

3.2.7. Water Resistance Pressure (WRP) Analysis of NCFs

Water resistance pressure (WRP) for NCFs was measured, and the findings are shown in Figure
7, indicating that adding VTESFGO increases water resistance pressure. NCFs with 3.0 weight
percent VTESFGO improves by 212%, with a value of 780 mm/cm2, perhaps due to the creation of a
5i-O-Si network in NCFs, which improves the structural integrity and morphology of NCFs.
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Figure 7. The effect on water resistance pressure (WRP) with increase in VTESFGO in the
composites.


https://doi.org/10.20944/preprints202405.1543.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 May 2024 doi:10.20944/preprints202405.1543.v1

10

5. Conclusions

The present study reports successful functionalization of GO with VTES. Varying concentrations
(0.2 to 3 wt. %) of VTES functionalized graphene oxide (VTESFGO) were utilized to reinforce PVA
for enhanced oxygen transmission resistance and water pressure resistance. The study revealed that
the nanocomposite films (NCFs) developed a three-dimensional Si-O-Si network through the
interactions between the hydroxyl groups of PVA and the hydroxyl groups of silanols present in
VTESFGO, which resulted in a homogeneous and dense composite system. Moreover, the thermal
stability of these NCFs improved significantly, with a residual amount of 47.5 wt. % remaining for
NCF with 3.0 wt. % VTESFGO. The NCF reinforced with 3.0 wt. % VTESFGO exhibited a remarkable
96.73% increase in oxygen transmission rate and a 212% improvement in water resistance pressure
compared to pure PVA film, making these NCFs a promising candidate for various coatings, films,
and packaging applications.
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