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INTRODUCTION

Graphene oxide (GO) is a precursor in graphene synthesis
has been widely used as a reinforcing material in various
composite polymers. The reinforced nanocomposite polymers
containing nano-sized carbon substances such as carbon
nanotubes (CNTs) and graphene have been studied intensively
in recent years [1]. Graphene and its derivatives have been
used to form nanocomposites with various polymeric materials
such as poly(vinyl alcohol) [2], chitosan [3], polyacrylamide
[4], epoxy [5], poly (sodium acrylate) [6] and nanocellulose
[7].

Bacterial cellulose (BC) has a unique physical and chemical
properties that are different from plants cellulose such as high
tensile strength, high water holding capacity, high crystallinity,
fine fibers, good fiber network structure, transparent, fiber
binding ability, bio-campatible, biodegradation and moldability
[8-11]. The size of graphene oxide single layer thickness is
experimentally estimated to be 1 nm approximately [12].

Although the mechanical strength of graphene oxide was
reported to be lower than graphene, it has large Young Modulus
(207.06 GPa) [13]. Graphene oxide is an insulator with Rs of
10-12 €/Sq due to the interference of the electron 7t delocalization
which is conjugated with the C-O sp’ bond [ 14]. Since graphene
oxide is easily dispersed in organic solvents, water and matrix
sharing due to the presence of a functional group containing
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Graphene oxide/bacterial cellulose (GO/BC) nanocomposite has been successfully carried out with in sifu process in agitated culture. |
During the in situ process, graphene oxide was partially reduced. Interaction between bacterial cellulose and graphene oxide was investigated |
by FTIR. The addition of graphene oxide improved the thermal and mechanical properties of nanocomposite. This is indicated by
increasing residual mass from 29.41 % of GO/BC 0.04 wt % to 33.91 % of GO/BC 0.1 wt %. When compared to pristine bacterial |
cellulose, GO/BC 0.1 wt % nanocomposite increased in tensile strength from 50.5 MPa to 102.7 MPa and Young’s modulus from 2.0 GPa |
to 8.3 GPa. The morphology of nanocomposite films is presented that graphene oxide is well dispersed in the network of bacterial |
cellulose, but the agitation method is significantly enlarged the pores between fibril and also minimized the sizes of fibril, in which the |
average size of bacterial cellulose fibril dan pores are 68 nm and 440 nm, respectively. |
|
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oxygen, it gives an advantage to mix graphene oxide with a
polymeric material to improve its electrical, mechanical and
thermal properties. Moreover, as the number of hydroxyl groups
in bacterial cellulose is larger, the effective interaction between
bacterial cellulose and graphene oxide, electrostatic interactions
and hydrogen bonds are potentially achievable [15].

The research reported the preparation of graphene deri-
vation-based nanocomposite (graphene oxide) and bacterial
cellulose by ex situ method [16]. The results showed that the
ex situ method produced nanocomposites with bacterial
cellulosic structures that have been damaged in 3D and the
interaction between layers of graphene oxide easily produced an
agglomeration in the matrix. Preparation of poly(vinyl alcohol)
(PVA)/bacterial cellulose in situ produces composites with
better mechanical and optical properties due to more effective
and homogeneous mixing of components [17]. The preparation
of bacterial cellulose/Mater-Bi bionanocomposite showed a
significant increase in thermal and mechanical properties with
the addition of bacterial cellulose to Mater-Bi [18]. Moreover,
the preparation of GO/BC nanocomposites in sifu with static
culture media showed a decreasing degrees of crystallinity of
bacterial cellulose and some graphene oxide are reduced during
the biosynthesis process. Finally, the presence of graphene
oxide can increase tensile strength and modulus compared to
pure bacterial cellulose due to disperse uniformity and inter-
action between graphene oxide and bacterial cellulose [15].
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To sum up, the researcher is interested to conduct a research
to prepare GO/BC nanocomposite via in situ with agitation
culture media. This research is intended to ensure the unifor-
mity of the spread of graphene oxide in the cellulose matrix
of bacteria without damaging its nanocomposite structre and
to enchance its mechanical and thermal properties.

EXPERIMENTAL

Graphite, HzSO4, NaNO;, KMHO4, HzOz, NaOH, CH}COOH,
sucrose and urea were purchased from Aldrich Merck Sigma.
Coconut water was purchased from Medan traditional market.
The bacterial strain of Acetobacter xylinum was obtained from
Microbiology Laboratorium, University of Sumatera Utara.
Graphene oxide was prepared via a modified Hummers Method
through an acid oxidation towards the graphite [14-19].

General procedure: GO/BC nanocomposite was made
with the help of the bacterial strain of Acetobacter xylinum.
The culture medium was consisted of 50 mL coconut water,
0.5 g of urea, 0.25 g of sucrose and addition of CH;COOH to
reach the pH of 4.5.

Graphene oxide 1 % (w/v) colloidal suspension with varia-
tions of 2, 4 and 6 mL in volumes were added to the culture
medium and autoclaved for 15 min at 121 °C. Then, it was stirred
for 30 min and continued to ultrasonification process for 1 h
to improve the dispersed graphene oxide in culture media.
After that, the solution was autoclaved for 5 min to eliminate
the possible contaminants. After the culture medium reached
room temperature, as many as 5 mL of Acetobacter xylinum
bacteria was inoculated in incubator at 28 °C for 7 days at a
speed of 100 rpm. Then, GO/BC nanocomposite was soaked
with 2.5 % NaOH for 1 night, washed with aquadest to reach
neutral pH. Furthermore, GO/BC nanocomposite was pressed
using a hot-press with wire mesh at 115 °C for 10 min. Finally,
it was characterized by SEM, TGA, FTIR and tensile strength
test. The resulted GO/BC nanocomposites possessed a graphene
oxide levels of 0.04, 0.07 and 0.1 wt %, respectively.

Detection method: The GO/BC nanocomposites were
characterized by scanning electron microscope (SEM EDX
EVO MA 10 carl Zeiss Bruker operating at 20 kV). Samples
were recorded at a magnification between 1000 to 10000x
their original sizes. Fourier transform infrared (FTIR) spectra
were recorded with Shimadzu IR Prestige-21 spectrometer with
a disc of KBr. All FTIR spectra were recorded in the transmi-
ttance mode in the range of 4000-400 cm™. Thermogravimetric
analysis (TGA) was carried out by using TGA SDT Q600 V20.
The samples were heated from 35-600 °C with heating rate of
10 °C/min under nitrogen atmosphere. X-ray diffraction (XRD)
pattern were taken by Shimadzu XRD-6100 diffractometer
using Cu-K, radiation (A = 0.154 nm) at scanning rate of 2 °/min,
a voltage of 40 kV and a current of 200 mA. The diffraction
angle (20) range from 5° to 30° with a step size of 0.02°. Tensile
strength test were performed on a tensile strength machine
graphene oxideTECH AL 7000 M with a 1 kN static load cell.
The rectangular specimen (40 mm x 10 mm X ~1 mm) were
used for tensile tests under ambient conditions (with humidity
65 %) and at a speed of 1 mm/min. All measurements were
performed for at least three samples and the average value
was recorded.

RESULTS AND DISCUSSION

X-ray diffraction analysis: The XRD patterns of graphite
and graphene oxide are shown in Fig. 1. The characteristic 20
of graphite was appeared at 26.369° with d-spacing of 3.37721
A [20]. Afteroxidation process, thepeak shifts to 20 =9.0715°
with d-spacing of 9.74063 A which indicatedthat graphene
oxide has been formed. A broad peak caused by the oxygen
rich groups (-OH, C-O-C, C=0) and water molecules trapped
on both sides of the sheets of graphene oxide [21].
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Fig. 1. XRD pattern of graphite and grapheme oxide

FTIR analysis: The FTIR spectra of graphite, graphene
oxide, bacterial cellulose, GO/BC nanocomposites are dis-
played in Fig. 2. The characterization by FTIR was performed
to confirm the changes of functional group before and after
oxidation process in graphene oxide preparation and also to
confirm the interaction that occur between graphene oxide and
bacterial cellulose as a component in nanocomposite. In case
of the graphite, the FTIR spectrum was typical and the domi-
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Fig. 2. FTIR spectra of graphite, grapheme oxide, bacterial cellulose,
grapheme oxide/bacterial cellulose (GO/BC) nanocomposites
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nating signal was at 1635 cm™, corresponding to the skeletal 120
vibration of aromatic C=C bond [22]. = BC
The broad and intense peak at 3425 cm™of graphene oxide = GO/BC 0.04 wt %
= GO/BC 0.07 Wt %

is assigned as the O-H stretching vibrations and the peak at
1720 cm™ corresponded to the stretching vibrations of C=0
carboxylic moieties. The intense peak at 1627 cm™ was attributed
to skeletal vibration of aromatic C=C bond or the deformation
vibrations of the O-H band of intercalated water molecules
[23]. Other peaks at 1396, 1203 and 1050 cm™' can be attributed
to the deformation vibration of tertiary alcohol C-OH, the
epoxy C-O stretching vibration and the alkoxy C-O stretching
vibration, respectively [24].

In the spectrum of bacterial cellulose, the dominating
signal was at 3410 cm™, corresponding to the intermolecular
hydrogen bond for 30---H-O5 [25]. In the stretching vibration
region, the peak at 1157, 1111, 1061 and 1033 cm™ are assigned
to the asymmetric bridge stretching of C1-O-C4, C2-O2H,
C1-O-C5 pyranose ring skeletal stretching and C6H2-O6H,
respectively [26]. The peak at 1427 cm™ corresponds to bending
of HCH, HCO and the intense peak at 1635 cm™ attributed to
—OH of water molecules trapped on network of bacterial cellu-
lose [25].

The characteristic vibrations in the spectra of GO/BC
nanocomposites are same as bacterial cellulose with small
difference. Compared with spectrum of graphene oxide, the
disappearance of the peak of C=0 at 1720 cm™ in nanocompo-
sites spectra indicated that graphene oxide was partially
reduced during the biosynthesis process [23]. The broadened
peak at 3371 cm and the relative intensity changes of the
C-O stretching vibration in GO/BC nanocomposites implied
the hydrogen bonds in bacterial cellulose were disturbed.
Effective interaction such as hydrogen bonding between the
oxygen group on graphene oxide and the hydroxyl groups in
the bacterial cellulose unit is potentially achievable [16]. This
is indicated by decreasing absorption of stretching vibration
of C-O epoxy, C-O alkoxy and bending OH to 1234, 1026
and 1419 cm’, respectively [23].

Mechanical properties: To evaluate the reinforcing effect
of graphene oxide in GO/BC nanocomposites, tensile strength
test of pure bacterial cellulose and three GO/BC film with a
graphene oxide content of 0.04, 0.07 and 0.1 wt %, respectively
was conducted. The representative stress-strain curves are
shown in Fig. 3 and mechanical properties of the film are
summarized in Table-1. Tensile strength of bacterial cellulose
from agitation process was significantly decreased comparing
bacterial cellulose from static process. The agitation process
caused a decreasing of the hydrogen bond between the fibrils
and affected the length of fibrils formed. Decreasing of hydrogen
bonds lead to lower the crystallinity index so that tensile
strength of bacterial cellulose was also decreased [27].

Mechanical properties of the GO/BC nanocomposite films
are not only depend on fibril modulus but also interaction
between bacterial cellulose and graphene oxide. Mechanical
properties of GO/BC nanocomposites have improved with the
increasing of graphene oxide loadings. Incorporation of 0.1
wt %, graphene oxide dramatically improved the mechanical
properties of bacterial cellulose. Young Modulus and tensile
strength of the GO/BC nanocomposites with 0.1 wt % graphene
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Fig. 3. Stress-strain curves of grapheme oxide/bacterial cellulose (GO/BC)

nanocomposite films with a grapheme oxide content of 0.04, 0.07
and 0.1 wt %

TABLE-1
MECHANICAL PROPERTIES OF BACTERIAL
CELLULOSE AND GRAPHENE OXIDE/ BACTERIAL
CELLULOSE (GO/BC) NANOCOMPOSITE FILMS WITH
DIFFERENT GRAPHENE OXIDE CONTENTS

Young Ll Elongation at
Sample Modulus strength break (%)
(GPa) (MPa)
Bacterial cellulose 2.0 50.5 3.43
GO/BC 0.04 wt % 4.8 69.9 221
GO/BC 0.07 wt % 6.3 83.8 1.71
GO/BC 0.10 wt % 8.3 102.7 1.34

oxide were measured to be 8.3 GPa and 102.7 MPa respec-
tively. The improvement of 76 and 30 % higher than pure
bacterial cellulose film, indicating that dispersion of graphene
oxide nanosheet on the molecular scale in bacterial cellulose
matix and also the interaction between graphene oxide and
bacterial cellulose made a great contribution to the mechanical
enhancement. The oxygen containing groups on graphene
oxide can interact with OH on bacterial cellulose through
hydrogen bonding both intra and intermolecularly. The
elongation at break decreased from 3.43 % (bacterial cellulose)
to 1.34 % (bacterial cellulose/0.1 wt %) due to the brittle nature
of the graphene oxide nanosheet.

Thermal properties: Thermogravimetric curves of GO/
BC film with a graphene oxide content of 0.04, 0.07 and 0.1
wt % are shown in Fig. 4. Also, the corresponding data are
listed in Table-2. Thermogravimetric analysis can be used to
characterize any material based on the measurement of weight
change by increasing temperature and to detect the phase change
due to a decomposition processes. The three samples of GO/BC
films showed almost the same curve with three stages of weight
loss. The initial weight loss occurred around 50-110 °C, which
was attributed to water evaporation. Physically absorbed and
hydrogen bond linked water molecules were lost at this first
stages [28]. The second weight loss occurred between 110-
350 °C can be assigned to the thermal degradation and decompo-
sition of bacterial cellulose, which involved the formation of
levo-glucose, frans-glycosylation and free radical reaction,



Vol. 30, No. 7 (2018)

Preparation of Graphene Oxide/Bacterial Cellulose Nanocomposite 1567

100
—— GO/BC 0.04 wt %
—— GO/BC 0.07 wt %
——— GO/BC 0.10 wt %
80
<
@
o
S 60
]
=
40
T T T T T
0 100 200 300 400 500 600

Temperature (°C)

Fig. 4. TGA curves of grapheme oxide/bacterial cellulose (GO/BC) film
with a grapheme oxide content of 0.04, 0.07 and 0.1 wt %

TABLE-2
RESIDUAL MASS (%) AND T,,, (°C) OF GRAPHENE OXIDE/
BACTERIAL CELLULOSE (GO/BC) NANOCOMPOSITE FILMS
WITH DIFFERENT GRAPHENE OXIDE CONTENTS

Sample Residual Mass (%) T, (°C)
GO/BC 0.04 wt % 29.41 350.6
GO/BC 0.07 wt % 31.75 348.7
GO/BC 0.10 wt % 33.19 351.0

followed by generation of C, CO, CO,, H,O and combustible
volatiles [29]. The decomposition temperature of graphene
oxide was around 310 °C, which was related to the decompo-
sition of the oxygen functional groups in graphene oxide [30].
The third weight loss occurred around 350-600 °C, which was
attributed to carbonization process of GO/BC nanocomposite
films. The increasing of graphene oxide concentration improved
the thermal degradation resistance of GO/BC nanocomposites
film which was characterized by the increasing of residual
mass from 29.41 % for GO/BC 0.04 wt % to 33.19 % for GO/
BC 0.1 wt %.

Morphology of GO/BC nanocomposites: SEM was
performed to investigate the surface morphology of GO/BC
nanocomposite films with magnification between 1000 and
10000x (Fig. 5). It indicated that graphene oxide nanosheet
were dispersed uniformly within the bacterial cellulose matrix.
The continuous agitation caused the cellulose fibrils and
graphene oxide entangled with each other and created a more
compact structure of GO/BC nanocomposites. Fig. 5¢c-d showed
the bacterial cellulose morphology consisting of an ultrafine
network structure made of random assembly of ribbon-shaped
cellulose fibrils. The agitation method was significantly enlarged
the pores between fibril and also minimized the sizes of fibril
[31], in which the average size of bacterial cellulose fibril dan
pores are 68 and 440 nm, respectively. The strong adhesion
between graphene oxide nanosheet and bacterial cellulose

s

Fig. 5. SEM images of grapheme oxide/bacterial cellulose (GO/BC) nanocomposites with magnitude (a) 1000x, (b) 2500x, (c) 5000x and (d)
10000x
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fibrils was beneficial to improve the mechanical properties of
GO/BC nanocomposites. Fig. 6 shows the optical photograph
film of bacterial cellulose (a), GO/BC 0.04 % wt (b), GO/BC
0.07 % wt (c), GO/BC 0.1 % wt (d).

d

Fig. 6. Film of bacterial cellulose (a), grapheme oxide/bacterial cellulose
(GO/BC) 0.04 % wt (b), GO/BC 0.07 % wt (c), GO/BC 0.1 % wt (d)

Conclusion

In this work, graphene oxide/bacterial cellulose (GO/BC)
nanocomposite was prepared by in sifu process in agitated
culture. During in situ process, graphene oxide was partially
reduced because yeast extract containing many amino acid,
which is ideal as reducing agent. The characterization by FTIR,
SEM and TGA confirmed the existences of graphene oxide
nanosheet in bacterial cellulose matrix. The integration of 0.1
wt % graphene oxide resulted in 76 % and 30 % increased in
Young Modulus and tensile strength of the GO/BC nanocom-
posite films compared with pure bacterial cellulose. The
interactions between graphene oxide and bacterial cellulose
such as hydrogen bonding and the unidirectional uniform
dispersion of graphene oxide nanosheet in bacterial cellulose
matrix play important roles in the mechanical properties.
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