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Plastics are ubiquitous in our daily life. However, the use of petrochemical-based plastic as packaging materials causes the depletion
of non-renewable resources, thereby leading to an increase in oil prices and economic crises. Moreover, these petrochemical plastics
raise the issue of environmental pollution due to their non-biodegradability. Owing to this, there is a need to develop an alternative
biodegradable and eco-friendly packing material. Agar, which is extracted from seaweeds, is one of the abundantly available
polymers. However, moderate tensile strength and thermal stability restrict its application. As a step forward, agar/reduced
graphene oxide (RGO) composites were prepared by in situ reduction of GO in the polymer matrix. The tensile strength of the
composite was found to increase by 55% at 2% RGO loading. The electrical conductivity and thermal properties of the composite
were also improved. The presence of conductivity suggested that apart from packaging, agar/RGO composites can also have
potential applications as capacitor plates creating a supercapacitor and as electric field-induced wound healing material.

1. Introduction

The use of petro-chemical based plastics as packaging mate-
rials increases the issue of environmental pollution, global
warming, and ecological problems owing to their non-
biodegradability. This demands the need to develop biode-
gradable plastic materials. Bioplastics have been developed
as alternatives to petrochemicals based plastics [1-5]. These
materials have the advantage of biodegradability, ecological
responsibility, and sustainability [5, 6]. However, many of
the biodegradable plastics heavily depend on forest reserves
and some even may affect food stock for their production.
Agar is a natural and biodegradable polymer that neither
causes deforestation nor effect the food supply [7]. It is a
polysaccharide that is obtained from algae, which is found
in seaweed [8]. Many researchers reported its potential
application, such as packaging materials [7, 9-12]. Though
agar is found abundantly in nature and does not cause defor-
estation and scarcity of food resources, its application is
restricted by moderate mechanical strength and thermal stabil-
ity. Different reinforcements have been attempted to improve

the tensile strength of agar [7, 9-11]. Nevertheless, not much
improvement in tensile strength was observed due to poor
interfacial bonding between the agar and the filler. For this rea-
son, graphene/agar composites were developed by in situ
reduction of graphene oxide (GO) in the polymer matrix. A
similar method was used in Refs. [13, 14].

Graphene, a two-dimensional planar sheet of sp” bonded
single layer carbon atoms in honeycomb crystal lattice has
remarkable properties, such as superior mechanical proper-
ties [15], high electron mobility [16-18], surface area [19],
and thermal conductivity [20]. These properties make gra-
phene an attractive filler for polymer composites. To harness
the extraordinary properties of graphene in a composite, its
layers must be fully exfoliated and homogeneously dispersed
into the polymer matrix. In addition, good interfacial bond-
ing between the graphene and polymer matrix is desired.
However, the dispersion of pristine graphene in a polymer
matrix is not individual and homogenous because of the
high Van der Waals force among graphene sheets and with
low compatibility of pristine graphene with most polymers.
On the other hand, GO, unlike pristine graphene has highly
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decorated oxygen-bearing functional groups [21-24], and
hence can be dispersed and exfoliated in water [25], and
proved good interfacial bonding with the matrix.

The preparation and characterization of reduced GO
(RGO) by a separate reduction of GO and dispersing the
RGO with chemicals has been reported in the previous
work [26].

In this work, graphene—agar composites were developed
simply by incorporating GO in the agar matrix with subse-
quent reduction of GO sheets in the polymer matrix. The
role of graphene on tensile strength, thermal stability, and
electrical conductivity was studied.

2. Materials and Methods

Graphite flake was purchased from Sigma-Aldrich (USA),
whereas HNO,, HCI, and H,SO, were purchased from Avan-
tor Performance Materials India Limited (Haryana, India).
H,PO, was purchased from LOBA Chemie, meanwhile,
30% H,O, (w/v) was purchased from Fisher Scientific (India).
Agar (gelling temperature 34°C-36"C, pH 6.0-7.0, dissolution
in water at 85°C) was purchased from Hi Media, India,
whereas KMnO, and Polyvinyl alcohol (PVA) (MW
85,000-124,000 g/mol, at 85% degree of hydrolysis) was
obtained from S D FINE-CHEM LIMITED (India).

2.1. Preparation of GO. GO was prepared by the synthesis of
GO [27]. Its preparation and characterization were reported
in our previous paper publication [26]. The procedure, in
brief, is given below.

2.2. Preparation of RGO/Agar Composites. One gram of agar
was dissolved in the required amount of distilled water (DI)
water at 90°C under constant stirring. 5% (w/w) of PVA con-
cerning agar was added as a plasticizer and kept under stir-
ring for half an hour. GO suspension was added as per the
required percentage and ultrasonicated for 5 minutes. The
solution was heated to 100°C. Then, hydrazine hydrate
weighing 70% of the GO was added followed by the addition
of liquor ammonia to increase the pH to 10 to increase the
charge density [28]. Thermogravimetric analysis (TGA)
was performed under nitrogen flow from 30°C to 600°C at
a 10°C/minutes scanning rate using PerkinElmer STA 800.
The reaction mixture was stirred at the same temperature
for 5 hours. The solution was cooled to 60°C. The films were
cast in a 140 mm Petri dish and dried at 40°C. 1%, 2%, 5%,
and 10% RGO/agar (w/w) films were prepared by in situ
reduction of GO.

2.3. Study for Degradation Behavior Test. Degradation in 5%
formic acid was performed for 2% RGO and agar films at
room temperature in polypropylene tubes for 20 hours.
After 20 hours, the films were removed from formic acid
and washed with DI water, dried in an oven at 60°C, and
weighed. The amount of degradation (%D) was calculated by

W, - W
%DonfXIOO, (1)
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where W, is the initial weight of the sample and W; is the
final weight of the sample.

The test was performed for three samples of each
category.

2.4. Characterization. Fourier transform infrared (FTIR)
spectra were performed within a frequency range of 400-
4000cm™" using PerkinElmer Spectrum Version 10.03.06.
Samples were prepared by grinding 20 mg of composite with
80 mg of KBr. X-ray diffraction (XRD) measurement was per-
formed using a Bruker (D8 focus) X-ray diffractometer with Cu
Ko radiation. The thickness of the samples was measured with
digital micrometers, and tensile testing was performed with an
Instron 3369-U2075 universal testing machine equipped with a
load cell of 100N following an ASTM method D 1708-59T, the
test was done for a minimum of six samples for each composi-
tion. The swelling study was conducted by measuring the initial
weight of the dried sample using a digital microbalance and
immersing 20 mm x 20 mm pieces of films in DI water for 24
hours. The films were then removed and wiped with tissue
paper, and the final weight of the film was measured. The water
absorption or swelling ratio (SR) was determined by the follow-
ing equation.

SR(%) = 1Yo

x 100, (2)

w,

where w; and w, represent the weight of the sample after and
before immersion, respectively. TGA was performed under
nitrogen flow at the temperature range of 30°C-600°C with a
scanning rate of 10°C/minutes using PerkinElmer STA 800.
The electrical conductivity was measured with the Keithley
instrument using four probe techniques. The electrical resis-
tance was obtained from the reciprocal of the slope of the I-
V curve, and the conductivity of the sample was calculated
using the equation

1
9% 45aRT’

(3)

where R and T are the resistance and thickness of the samples.

3. Result and Discussion

3.1. Formation, Reduction, and Exfoliation of GO. The for-
mation and exfoliation of GO were confirmed by X-ray dif-
fraction (XRD) (Figure 1). The XRD peak from graphite
appeared at 20=26.6°, which corresponds to an interplanar
spacing of 0.35nm as shown in Figure 1. This peak shifted
to a lower angle of 20=9.22°, which leads to a larger interpla-
nar spacing of 0.96nm confirming an efficient oxidation.
This large increase in the interplanar spacing was because
of the good intercalation of oxygen between the layers,
causing displacement of the planes. This peak disappeared
in the composite, which confirmed the complete reduction
and exfoliation of GO in the matrix [29]. In addition, the
brown color of GO was turned into dark black after the addi-
tion of liquor ammonia, and hydrazine hydrate suggesting
that deoxygenation of GO took place [30]. The formation
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Ficure 2: FTIR of graphite, exfoliated graphite, GO, graphene,
agar, and grapheme/agar composite.

of GO, its exfoliation, and reduction were further character-
ized by FTIR, Raman spectroscopy, UV-Vis spectroscopy,
TGA, Atomic Force Microscopy (AFM), and Transimision
Electron Microcope (TEM), which was reported in our pre-
vious paper publication [26]. In addition, FTIR (Figure 2)
was also used to confirm the interaction of the filler with
the matrix. The —~OH of agar at 3,431 cm™" was shifted to a
lower wave number 3,424 cm™" in graphene/agar compos-
ites suggesting the existence of hydrogen bonding between
the filler and the matrix [31].

3.2. Tensile Testing. The aim of incorporating RGO in a
polymer matrix was to improve tensile strength and thermal
stability. The addition of graphene in the polymer matrix has
a significant effect on the tensile strength of polymers [30,
32, 33]. 1%, 2%, and 5% of RGO were used for tensile test-
ing. However, 10% RGO/agar composites were not used
for testing as the sample was brittle. The tensile strength
of agar was 35.6 + 4.7 MPa (Table 1) and (Figure 3). The
incorporation of 2% by weight graphene increases the
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FiGURk 3: Effect of graphene content on tensile strength of agar.
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FIGURE 4: Effect of graphene content on SR of agar.

tensile strength of agar by 55%. This significant enhance-
ment in tensile strength of the agar composite was due to
the high aspect ratio [19], superior strength [15], homo-
geneous dispersion of graphene in the agar matrix [34],
and strong interaction between the filler and the matrix.
At a concentration higher than 2% the exfoliated graphene
sheets could be well dispersed in the polymer matrix, lead-
ing to a significant enhancement in tensile strength. The
decrease in tensile strength after 2% by weight RGO could
be attributed to the decrease in the dispersion of the fillers
at higher loading. When the critical concentration was
reached and as the distance between the sheets became so
small due to the strong Van der Waals force, the graphene
sheets could be stacked together. Hence, at a concentration
higher than 2% by weight, the nanosheets might stack
together, decreasing the efficiency of the tensile strength
improvement.

3.3. Water Absorption. Since 2% RGO and 10% RGO compos-
ites showed the highest and lowest strength. Swelling study was
studied for 2% RGO and 10% RGO for comparison. The SR
(Figure 4) showed that the incorporation of RGO reduces the
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water absorption of agar. Pure agar showed high SR (635%),
whereas 2% RGO showed low water absorption (335%). The
decrease in water absorption of agar by the incorporation of
RGO could be due to the formation of hydrogen bonding by
the residual hydroxyl group of the RGO and the hydroxyl
group of the agar matrix thereby reducing the hydrophilicity
of the polymer. Though the water absorption of agar was found
to decrease at 2% RGO, it was found to increase at 10% RGO.
The increase in water absorption at 10% RGO could be due to
the agglomeration of RGO at higher loading creating poor
interfacial bonding and void space, which could accommodate
more water in it.

3.4. Thermal Stability. TGA was done for selectively for pure
agar, 2% RGO and 5% RGO samples only. In the thermal
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stability study, a sharp weight loss of 20% in agar and 15%
in RGO/agar composites was observed in the service temper-
ature ranging from 20°C to 200°C. This could be due to the
liberation of unbound and bound water in the samples
[35]. No weight loss was observed from 200°C to 230°C.
Nevertheless, another sharp weight loss was observed from
temperatures ranging from 230°C to 380°C. This could be
due to the change in the physical and chemical properties
of the materials [7].

The thermal stability (Figure 5) of RGO/agar composites
had been improved to some extent with a service tempera-
ture ranging from 20°C to 200°C. This improvement might
be ascribed to the stability of the hydrogen bond between
the fillers and agar. However, not much change in the ther-
mal stability of the composite was observed due to the
absence of covalent bonding between RGO and agar. More-
over, since the concentration of graphene was low, it was not
able to restrict the mobility of the polymer chain. Hence, no
thermal stability was observed.

3.5. Electrical Conductivity. 0%, 1%, 2%, 5%, and 10%
reduced oxide/agar films were used for electrical conductiv-
ity study. The electrical conductivity of agar and 1% RGO/
agar (Figure 6) was below the detection limit of the instru-
ment. Upon incorporation of graphene, the conductivity of
the composite increased with the highest conductivity of
2.46 x 107 S/m at 10% by weight (mass fraction) graphene.
Such improvement in electrical conductivity could be due
to the large specific surface area and well dispersion of gra-
phene in the matrix. The conductivity of the composite
increased sharply at a concentration of 2% RGO due to
the formation of a percolation threshold conductive net-
work [36].

3.6. Observation of Degradation. The biodegradability of
agar is available in the literature [7]. To study whether gra-
phene affects the biodegradability of agar or not, a biodegra-
dation behavior test was performed.

Since the tensile strength was maximum at 2% RGO. A
degradation test was performed for 2% RGO and pure agar
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TaBLE 1: Summary of tensile strength and elongation at the break
of graphene/agar.

Concentration of Tensile strength Elongation at the

RGO (%) (MPa) break (%)
0 35+4.7 12.3+£4.33
1 42+4.2 7+3.32
2 54.6 +2 13+4.43
5 44729 5+£3.92

Note. The tensile strength values are means of tensile strength + standard
deviations (MPa) and the elongations (%).

to study the effect of graphene on the degradability of agar
(Figure 7). It was observed that both agar and 2% reduced
graphene composite were degradable, and the degradation
behavior of agar was not affected much by the addition of
graphene.

4. Conclusion

Graphene/agar composites were successfully synthesized by
the incorporation of GO into agar matrix with subsequent
reduction of GO to graphene sheets. The composite exhib-
ited a significant improvement in tensile strength. The ten-
sile strength of agar was improved by 55%, whereas its
thermal stability also improved to some extent.
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