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Abstract—The increasing importance of products which are sustainable and eco-friendly drives the scientific commu-
nity to develop materials derived from bio-based and agricultural feedstock. With the same motivation, we have devel-
oped acrylated epoxidized soybean oil (AESO)-based composite with functionalized graphene or graphene oxide using
UV curing technique. Graphene and graphene oxide were chemically functionalized with 3-methacryloxypropyltrime-
thoxysilane and 4,4 -diphenylmethanediisocyanate/hydroxyl ethyl acrylate, respectively, and used as filler in the AESO
matrix. Infra-red and X-ray photoelectron spectroscopy confirmed the functionalization of graphene and graphene
oxide along with formation of polymer network in composite. Functionalization of graphene and graphene oxide was
found to be effective in enhancing homogeneous dispersion into the polymer matrix, which ultimately improved
mechanical properties of base polymer (~48% increase in tensile strength with 0.02% addition of functionalized graphene).
On the other hand, AESO composite with graphene and graphene oxide without functionalization exhibited lower ten-
sile strengths. The functionalization of graphene and graphene oxide and incorporation of the same in the polymer
network using UV curing technique provides a realistic and effective methodology to obtain high performance com-
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posite for several applications.
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INTRODUCTION

As the importance of sustainable and environmentally friendly
products increases to reduce dependence on petroleum, the scien-
tific community is developing materials derived from bio-based and
agricultural feedstocks [1]. Several bio-based polymers and polym-
erizable substances have received significant attention over the past
few decades. As a renewable resource, triglyceride plant oils such
as soybean oil have been utilized in the production of polymeric
materials. Soybean oil is potentially biodegradable, low in toxicity,
biocompatible, relatively cheap, and abundantly available world-
wide. Soybean oil contains double bond in its chemical structure
which can be epoxidized and reacted with acrylic acid resulting in
acrylated epoxidized soybean oil (AESO) [2,3]. Biomedical, cosmet-
ics, food industry, alternative fuels, agrochemicals, and polymer
industries are the broad areas where AESO is being utilized. AESO
has been used extensively in the production of polymers and copo-
lymers for a variety of applications [4,5]. Due to the inherent lim-
itations of relatively poor mechanical strength, the use of AESO is
hindered in several areas such as engineering applications [6].

Numerous techniques have been developed to improve the prop-
erties of AESO-based polymers such as copolymers [7], bio-com-
posite development [8], and crosslinking with other polymers [9].
The development of bio-composites with different fillers such as
natural fibers [10], lignin [11], and carbon materials [12-14] has
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been found to be an effective formulation for improving the prop-
erties of AESO-based polymers. For instance, microcrystalline cel-
lulose (MCC) was incorporated in AESO as a nanofiller [15]. Carbon
materials such as graphene, graphene oxide, carbon nanotube, and
carbon black are potential fillers for the development of bio-com-
posites.

Graphene, a two-dimensional layer of carbon atoms, has fasci-
nated the scientific community [16-18]. Due to its several unique
properties, it has been used as a filler for the fabrication of compos-
ites to improve the properties of polymers [19-21]. Although addi-
tion of graphene or graphene oxide into various polymer matrices
has remarkably improved polymer properties, homogeneous dis-
persion of graphene still requires detailed investigations [22-24]. It
has been found that graphene and graphene oxide are not homo-
geneously dispersed into the polymer matrix due to the 77 inter-
action and stacking by van der Waals interaction between graphene
or graphene oxide sheets [25]. Additionally; a strong bond between
the filler and the matrix is essential to obtain improved properties,
which is a major challenge [24]. There is a sufficient amount of lit-
erature to improve the dispersion of graphene into the polymer
matrix [26-30]. Chemical modification of graphene and graphene
oxide has been found to be an effective approach due to the pres-
ence of epoxy and hydroxyl functional groups on the molecular sur-
face for modification [31-36]. Achieving highly dispersed graphene
in polymer matrices often requires mechanical techniques and com-
plex surface chemistry such as covalent functionalization of graphene
by ester linkages [37] and amide linkages [36,38]. The modification
of graphene using chemical functionalization significantly weak-
ens intermolecular interactions and prevents agglomeration.
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To achieve good dispersion of graphene, Wang et al. [39] func-
tionalized graphene using 3-methacryloxypropyltrimethoxysilane
and covalently incorporated it into polyurethane acrylate matrix
using UV curing technology and found 16 °C increase in the ther-
mal degradation temperature. Similarly, Yu et al. [40] functional-
ized graphene oxide with acrylate active end-group followed by
covalently reinforcing into acrylated polyurethane using UV cur-
ing technique. Improved interfacial interaction between function-
alized graphene and polymer matrix was observed.

In this study, four types of soybean oil/graphene-based photo-
crosslinked polymer networks, AESO/graphene, AESO/graphene
oxide, AESO/functionalized graphene, and AESO/functionalized
graphene oxide, were prepared and characterized. Graphene was
produced by exfoliation of graphite using plant extract [41,42]. Func-
tionalized graphene and graphene oxide were prepared by intro-
ducing acrylate functionalities into the graphene and graphene oxide
using the reported procedures [39,40]. The effect of functionaliza-
tion on the properties of composite was investigated and compared
with graphene and graphene oxide without functionalization.

MATERIALS AND METHODS

1. Materials

Graphene oxide (GO) was procured from Standard Graphene
Corp. (Korea) and expanded graphite was purchased from Sam-
jung C&G (Korea). Acrylated epoxidized soybean oil (AESO),
3-methacryloxypropyltrimethoxysilane (MPTMS), hydroxylethylac-
rylate (HEA), 44"diphenylmethanediisocyanate (MDI), hydrazine
hydrate (80%), 4-methoxyphenol, and 2,2-dimethoxy-2-phenylac-
etophenone (DMPA) were purchased from Sigma-Aldrich (USA).
Hydrochloric acid, chloroform, and acetone were obtained from
Samchun Chemicals (Korea). N,N-dimethylformamide (DMF) was
obtained from Tedia Company Inc. (USA). All chemicals were used
as received without further purification and were of analytical grade
unless otherwise specified.

2. Preparation of Plant Extract

Plant extract was prepared using the procedure obtained else-
where [41], wherein 5g of Xanthium strumarium was added to
300 mL Erlenmeyer flask to which 100 mL of sterile distilled water
was added. The mixture was heated to 100 °C and allowed to boil
for 15 min. After heating, the plant extract was dissolved into the water
which was decanted and stored at 4 °C and used within a week.
3. Preparation of Graphene

Procedure for preparing graphene (GN) using plant extract was
adopted from elsewhere [42]. Briefly, 0.2 g of expanded graphite
was dispersed into 180 mL deionized water. 20 mL plant extract
(50 g/L) was added to the water/graphite dispersion. Low power
sonication approach was adopted to maintain the temperature at
60°C with continuous flow of water in a sonication bath. Sonication
was done for 24 h followed by centrifugation at 250 g for 45 min.
The stably dispersed supernatant was collected and freeze dried at
—50°C for 24 h and used for further study.
4. Preparation of Functionalized Graphene

Functionalized graphene (FGN) was prepared using the proce-
dure described by Wang et al. [39]. Briefly, GO is recognized as a
carbon monolayer with randomly distributed sp® and sp’ carbon
atoms containing epoxy, carboxyl, carbonyl, and hydroxyl func-
tional groups [43]. Presence of these functional groups could act
as active sites to react with MPTMS (Scheme 1). 50 mg of GO was
dispersed in 10 mL of MPTMS along with 2mL of HCl and diluted
with 250 mL of deionized water in a round bottomed flask. The
flask was kept in an ultrasonication bath for 1 h in order to make
a stable dispersion. Temperature of the flask was increased to 75 °C
for the hydrolysis of MPTMS and condensation of GO for 2 h. Addi-
tion of 1.5 mL of hydrazine solution to the suspension reduced GO,
which resulted in FGN. The final solution was filtered and washed
using deionized water repeatedly to get pH near 7 followed by freeze
drying at —50 °C under reduced pressure for 24 h.
5. Preparation of Functionalized Graphene Oxide

Functionalized graphene oxide (FGO) was prepared as men-
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Scheme 1. Schematic diagram for functionalization routes of GO and composite preparation.
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tioned in the literature [40]. For this, 600 mg of GO was added in
a flask containing 60 mL of DMF and kept in an ultrasonication
bath for 30 min for homogeneous dispersion. The suspension was
transferred into a 250 mL four-necked flask connected with nitro-
gen inlet, dropping funnel, reflux condenser, and mechanical stir-
rer. The flask was flushed with nitrogen gas to remove any oxygen
and moisture molecules present in the flask, and temperature was
increased to 70 °C. Thereafter, 14.28 g of MDI (solution in 10 mL
of DMF) was added dropwise using a dropping funnel and left for
3 h. The reaction mixture obtained was cooled to 50°C, and 0.1 g
of 4-methoxyphenol and 14.3 g of HEA were added and stirred
for 12 h. The resulting suspension was subjected to filtration unit
followed by washing using chloroform. The washed content was
collected as FGO and freeze dried at —50 °C under reduced pressure.
Schematic diagram for functionalization is shown in Scheme 1.
6. Preparation of Cross-linked Polymer

All UV-cured cross-linked polymer composites were prepared
using solution casting technique [44]. Predetermined amount of
GO, FGO, GN, or FGN powders was dispersed in a fixed volume
of DMF by sonication at room temperature. The fixed amount of
AESO was subsequently introduced into the dispersion and stirred
for 1 h. The cross-linking occurred by radical-initiated UV photopo-
lymerization after addition of 2 wt% initiator (0.1 g of DMPA in
1 mL of 1-vinylpyrrolidinone). The composite samples were devel-
oped as thin films of approximately 100 um where 0.5 mL of the
reaction mixture was employed between two glass plates (150 mmx
150 mm) and kept for polymerization under UV lamp (1.2kW) at
366 nm for 15min in air at room temperature. A series of UV-
cured AESO/GO (0%, 0.02%, 0.05%, 0.10%, 0.15%, 0.20%, 0.25%),
AESO/FGO (0%, 0.02%, 0.05%, 0.10%, 0.15%, 0.20%, 0.25%),
AESO/GN (0%, 0.02%, 0.05%, 0.10%, 0.15%), and AESO/FGN
(0%, 0.02%, 0.05%, 0.10%, 0.15%) cross-linked films were formed
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and named as AESO/GO-X, AESO/FGO-X, AESO/GN-X, and
AESO/FGN-X, respectively, where X is the percentage content of
filler.

7. Characterization

Fourier transform infrared (FTIR) spectra of the specimens was
obtained by transmittance mode in Nicolet IR 200 (Thermo, USA)
instrument in the range between wavenumber 4,000 cm™" and 750
cm™'. The pellets for characterization were prepared by mixing
samples with potassium bromide (KBr), followed by hydraulic press,
and the spectra were recorded against KBr as blank reference.

Thermal transitions of prepared composites were analyzed using
differential scanning calorimetry (DSC) (TA Instruments, DSC
Q2000). Samples (1-2 mg) were heated from 5 °C to 190 °C at con-
stant rate of 10 °C/min in nitrogen environment.

X-ray photoelectron spectroscopy (XPS) was used to analyze
elements and their state in the samples. The powder samples were
measured using an XPS system (PHI Quantera-II, Ulvac-PHI) with
a monochromatized Al Ko radiation X-ray at 1,486.6 eV and 20kV
argon gas cluster ion beam gun (VG Science, ESCALAB 210, UK).
Deconvolution of the XPS spectra was done by assuming that the
peaks were Gaussian.

Gel content was measured after 24 h of extraction in chloroform
in order to understand the fraction of cross-linked network in the
samples. After polymerization, the samples were dried under reduced
pressure for 24 h. The films were weighed (W) before extraction,
and the finally vacuum dried sample after extraction with chloro-
form weighed as W,. The gel content was calculated using Eq. (1).

w,
Gel content (%)=—"x100
W,

)

The tensile strength and percentage elongation at break of the
cross-linked films were evaluated as per ASTM D-882 standard using
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Fig. 1. FTIR spectra of (a) GO, GN, FGO, FGN, (b) AESO and AESO film.
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a universal testing machine (UTM) (LR-30K, LLOYD Instruments).
The analysis was conducted using 1 kN load cell with cross head
speed of 5mm/min in tensile mode. The dimensions of each speci-
men were kept as 15 mmx5 mmx0.1 mm (lengthxwidthxthickness).
An average value of at least eight tested specimens was reported
with standard error bar.

The fractured surfaces of the cross-linked films after tensile test
were examined using field emission scanning electron microscopy
(FE-SEM, LEO-1530, Carl Zeiss). Before analysis, the specimens
were gold coated using sputtering technique. The transparency of
the cross-linked films was evaluated by UV-Vis spectrophotome-
ter (UV mini-1240, Shimadzu, Japan). The analysis was recorded
in the transmission mode in the wavelength range from 200 to
800 nm with air as reference.

RESULTS AND DISCUSSION

1. Structural and Morphological Analysis

FTIR is a powerful tool for the molecular structural analysis of
compounds. The FTIR spectra of GO, GN, FGO, FGN, AESO,
and cured AESO film are shown in Fig. 1. As shown in Fig. 1(a),
the band representing graphene oxide is available at characteristic
absorption peaks, ie., 3,379cm ', 1,724cm™’, 1,623cm ™, 1,226
cm', and 1,043 cm ™" corresponding to -OH, C=0 carboxyl stretch-
ing vibration, C=C in aromatic ring, -COO-, and C-O-C in epox-
ide, respectively, which are in agreement with available literature
[45]. In case of FGO, new absorption peaks are found at around
2,924 and 2,854 cm™’, which are attributed to the symmetric and
asymmetric vibration of -CH,- groups after the GO functionaliza-
tion with HEA and MDI. Moreover, the stretching vibrations of
-NH- groups at 3,393 cm™" together with the carbonyl bands at
1,705 cm™" are found to appear due to the urethane bond forma-
tion. The characteristic peaks at 1,635 cm ™ and 811 cm™ correspond
to the C=C vibration, while the band at 1,412 cm ™" is allocated to
the bending vibration of C-H, representing the chemical bonding
of HEA on the molecular surface of graphene oxide layer through
the reaction between hydroxyl and carboxylic groups with isocya-
nate groups. The disappearance of the peak of the isocyanate group
of MDI at 2,264cm™" also confirms the chemical reaction. The
stretching vibration of acrylate attached with the surface of graphene
sheet can be confirmed by the increased intensity of C=O stretch-
ing band of FGN and peak at 1,633 cm ™' can be assigned to C=C
group in MPTMS. Due to the presence of Si-O-C or Si-O-Si vibra-
tion mode, a new band appears at around 1,100 cm™". In the spec-
tra of AESO, characteristic peaks are found at 3,400 cm ™' (-OH),
2,930cm™, 2,850 cm™ (-CH,-), 1,750 cm™ (C=0), and 1,633 cm™’
(C=C), respectively. Furthermore, the disappearance of peaks related
to C=C bond (Fig. 1(b)) suggests that these unsaturated bonds pres-
ent in AESO, FGO, and FGN were polymerized during the cur-
ing procedure.

Thermal transitions of the prepared composites (0.02% filler con-
tent) were analyzed using DSC (Fig. 2). It was found that devel-
oped crosslink network in composites hinder the polymer chains
to form crystallites and show no crystallization and melting enthalpy
in thermogram. The glass transition temperature of AESO was
found to be 33.5°C, which was enhanced to 42.3°C due to the
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Fig. 2. Representative thermogram of the AESO and prepared com-
posites (0.02% filler addition).

addition of the fillers. Glass transition was slightly improved due to
functionalization of the fillers, which suggests that presence of fill-
ers and its functionalization obstruct the polymer chains, requir-
ing more energy for vibration.

X-ray photoelectron spectroscopy was employed to further con-
firm the structure of GO, GN, FGO, and FGN and also evaluate
composition before and after functionalization. The analysis, Cj;
XPS spectra of GO, GN, FGO, and FGN and XPS spectra of GO,
GN, FGO, and FGN are shown in Fig. 3. The C,, XPS spectrum
of fillers can be deconvoluted into four peaks resultant to carbon
atoms in different functional groups. The characteristic peaks at
284.4, 286.5, 287.7, and 288.7 eV correspond to unoxidized carbon
(C-C), the C atoms in graphite hydroxyl and epoxy/ether groups
(C-0), carboxyl groups (C=0), and carboxylate groups (O-C=0),
respectively [46]. The C;; XPS spectrum of GN, FGO, and FGN
(Fig. 3(b), 3(c), 3(d)) also exhibits carbon functionality as graph-
ite. The peak intensity of oxygenated C in the epoxy/ether groups
in GN, FGO, and FGN is relatively lower than that in GO. Whereas,
the intensity of oxygenated C in C=0 groups is comparatively strong,
which originates due to the reaction of acrylate group in MPTMS
on FGN and in MDI/HEA on FGO. In Fig. 3(e), the XPS spec-
trum of FGN shows a signal for the Si,, peak and Si,, peak, which
represent the presence of silane group in the system, whereas FGO
shows N, peak corresponding to the isocyanate group in the mac-
romolecules. The presence of peaks related to Si and N suggests
the covalent functionalization of graphene.

Gel content analysis of the composites was done to examine
polymer network formation. The gel content of AESO film and its
composite films are condensed in Table 1. The gel content of all
samples was higher than 97%, which indicates that a highly cross-
linked polymer network was formed in the composite after UV cur-
ing treatment. This also suggests that 97% of the ingredients used
was consumed for the formation of polymer network.

2. Mechanical Property

The effect of fillers with and without functionalization on the

mechanical property of composites was examined using UTM
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Fig. 3. C,, magnified of XPS spectra of (a) GO, (b) GN, (¢) FGO, (d) FGN, and (e) XPS analysis of GO, GN, FGO, and FGN.

Table 1. Gel content of AESO and nano-composite films Whereas, the addition of 0.02% FGO leads to the same amount of

Filler Gel content (%) increment in tensile strength, and the increment is observed till
~30% after addition of 0.20% FGO (Fig. 4(b)). In case of AESO/GN
and AESO/FGN composites, the incorporation of 0.02% FGN leads

content (%) AESO/GO AESO/FGO AESO/GN AESO/FGN

0 97.15 97.15 97.15 97.15 to a ~48% increase in tensile strength (Fig. 4(d)). However, at the
0.02 99.58 98.98 98.25 99.12 same loading of GN (Fig. 4(c)), AESO composite only displays
0.05 98.15 97.85 97.36 98.15 ~8% increase, and the incorporation of 0.10% GN leads to ~30%
0.10 98.69 98.58 97.98 98.56 increase. Without functionalization of fillers, the composite fabri-
0.15 96.98 98.05 98.15 98.15 cated using GN shows higher tensile strength than GO composite.
0.20 97.95 98.58 - - Similarly, after functionalization, FGN composite exhibits higher
0.25 99.18 98.36 i _ improvement in the tensile strength than FGO. From the above

data, it can be concluded that the functionalization of GO and GN
significantly improves the dispersion of the fillers, which results in
(Fig. 4). It is observed that the incorporation of 0.05% GO leads to higher tensile strength even with lower content of fillers. Grafting of
~10% increase in tensile strength of AESO composite and there is organic molecules with GO or GN inhibits the stacking and agglom-
no increment with addition of further GO content (Fig. 4(a)). eration of the GO or GN sheets and helps to improve dispersion.

Korean J. Chem. Eng.(Vol. 36, No. 4)
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Table 2. Data for one-way analysis of variance (ANOVA) for comparison of mechanical properties
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Mechanical properties Sample name Source of variation SS DF MS F P value P critical
Between groups 2.031 6 0.338 0.738 0.627 2.847
GO Within groups 6.42 14 0.458
Total 8.451 20
Between groups 21.860 6 3.643 11.145 0.000 2.847
FGO Within groups 4.576 14 0.326
Total 26.436 20
Tensile strength
Between groups 23.699 4 5.924 17.800 0.000 3478
GN Within groups 3328 10 0.332
Total 27.028 14
Between groups 33.144 4 8.286 16.831 0.000 3.478
FGN Within groups 4.922 10 0.492
Total 38.067 14
Between groups 18.349 6 3.058 0.515 0.789 2.847
GO Within groups 83 14 5.928
Total 101.349 20
Between groups 101.329 6 16.888 5.254 0.005 2.847
FGO Within groups 44.993 14 3.213
Total 146.322 20
% Elongation
Between groups 33.496 4 8.374 1.560 0.258 3478
GN Within groups 53.660 10 5.366
Total 87.156 14
Between groups 295.907 4 73.976 7.578 0.004 3478
FGN Within groups 97.613 10 9.761
Total 393.520 14

SS: Sum of squares, DF: Degree of freedom, MS: Mean square
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Fig. 5. FE-SEM micrographs of fractured surface of (a) AESO/GO, (b) AESO/GN, (c) AESO/FGO, and (d) AESO/FGN composite films

(Scale bar: 10 pm).
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Fig. 6. UV-Vis spectra of (a) AESO/GO, (b) AESO/FGO, (c) AESO/GN, and (d) AESO/FGN composite films.
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The chemical bond formation between functionalized groups with
acrylate groups after UV curing leads to the formation of network
and contributes to the interfacial interaction resulting in higher
strength. For comparison of mechanical properties, data for one-
way analysis of variance (ANOVA) is shown in Table 2.

To understand the propagation of fracture in tensile direction,
the fractured surface of the composite films was observed by elec-
tron microscope and presented in Fig. 5. The analysis shows that
the AESO composites with GO and GN have fairly smooth surface
and the fractures may have propagated in a planar manner. Whereas,
the AESO composites with FGO and FGN show significantly uneven
surfaces, suggesting that the fractures may have been distorted by
FGO or FGN sheets and crack propagation would have been diffi-
cult, which may lead to the enhancement in tensile strength.

3. Optical Property

Optical property, ie., transmittance against wavelength of pre-
pared composites compared to AESO under UV-Vis light, is pre-
sented in Fig. 6 along with the digital pictures of the same. A
general trend can be seen from the figure that AESO film displays
higher transmittance in the visible light region and it is reduced
with increased filler content. This reduction can be due to the shield-
ing effect of filler [47]. However, it is also observed that the reduc-
tion of transmittance is less for AESO with FGO (from 80 to 64%
at 400 nm) in comparison to AESO with GO (from 80 to 31% at
400 nm). Functionalization leads to the homogeneous dispersion
of filler into polymer matrix, which results in improved optical
property even with higher filler content. Similar effects are observed
in case of AESO with GN (from 80 to 58% at 400 nm) and FGN
(from 80 to 69% at 400 nm), suggesting that the fillers are homo-
geneously dispersed in the polymer matrix. The physical inspec-
tion of the prepared composite films (shown as inset in the Fig. 6)
supports the same effect.

CONCLUSION

We have functionalized graphene and graphene oxide toward a
homogeneous dispersion in AESO and formed polymer networks
using UV curing technique. The spectroscopic analysis confirms
the functionalization of graphene and graphene oxide. Homoge-
neous dispersion of FGO and FGN leads to an enhancement in
the tensile strength of polymer by maximum ~48% even at very
low concentration (0.02% FGN content), as compared to that with-
out functionalized graphene composite. Electron microscopic analy-
sis showed fractured surface, and the diverse direction of fracture
confirmed the characteristic of toughening factor. The incorpora-
tion of functionalized graphene and graphene oxide reduced the
transmittance of the composite films; however, it was lower than
the non-functionalized fillers composite. Overall, the functional-
ization of graphene and graphene oxide and their incorporation
into the polymer network using UV curing technique provides a
realistic and effective methodology to obtain high performance
composite for several applications.
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