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ABSTRACT

Waste is the main problem for the environment. Handling waste for various useful applications has a benefit for
the future. This work has been studied for handling pineapple peel waste to make composite film bacterial cellu-
lose nanocomposite membrane (BCNM) with addition graphite nanoplatelet (GNP). The concentration of GNP
in the membrane influence the membrane properties. The bacterial cellulose (BC) pellicle was synthesized by
using media from pineapple peel waste extract. BC pellicle is cleaned with water and NaOH solution to be free
from impactors. BCNM is synthesized through the mechanical disintegration stage. The results of disintegration
using high pressure homogenizer at 150 bar and five cycles. BCNM/GNP is synthesized with varying addition of
GNP of 2.5, 5.0, 10 and 100 wt% of dry bacterial nanocellulose (BNC). The BC and GNP solution were dried in an
oven for 14 h at 80°C. BCNM morphology was observed using SEM. GNP is dispersed and distributed in the BC
matrix as reinforcement. FTIR analysis shows many peaks of BNC less pronounced with increasing of GNP. The
higher concentration of GNP, the rougher of BCNM. The optimum tensile strength of BCNM was achieved after
addition GNP of 2.5 wt%.
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1 Introduction

Cellulose is the most abundant natural polymer that has properties of high strength, semicrystalline,
renewable, and biodegradable [1]. It is produced in trillion tons per year to supply the textile and paper
industry [2]. Bacterial cellulose (BC) is cellulose material synthesized by bacteria of Acetobacter xylinum
or Gluconobacter xylinus [3]. It is a hydrogel constructed from a network of three-dimensional cellulose
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fibrils [4]. BC has the same properties as cellulose in plants, but it has a different degree of polymerization,
three-dimensional structure, and physicochemical characteristics [5]. High crystallinity (60–80%), good
mechanical characteristics, and in situ tunability are all attributes of BC cellulose chains [6]. BC has been
processed as electrodes material for batteries and supercapacitors [4]. In hybrid nanocomposites, BC is
also utilized as a reinforcement agent, transparent film, and binder [7]. As a result, there is a lot of
promise for using bacterial nanocellulose (BNC) as a binder in energy storage devices like Li-ion battery
electrodes [8,9].

Graphite nano-platelet (GNP) is carbon material which having nano-structure in the form of platelet
(two-dimension material) [10] that have been used to alter electrochemical process [11], mechanical
properties [2], electrical properties [12], and thermal properties [13] in BC composite [14]. The nano
graphite has been used as a filling material in BC. Erbas Kiziltas et al. [15] have synthesized BC/nano-
graphite composite membranes, where BC formed a continuous network throughout the BC matrix, and
nano-graphite is perfectly dispersed. However, the study uses HS culture media as a fermentation medium
to produce BC. Kiziltas et al. [15] also synthesis membrane of nanocellulose from kraft pulp fiber with
reinforcement nano graphite and presence of carboxymethyl cellulose additive. However, the membrane
source is cellulose from the plant where in the future it can cause a problem for the environment. This
study used an extract of pineapple peel waste as source medium fermentation to produce BC as a way to
handle pineapple peel waste and explore the properties of bacterial cellulose nanocomposite membrane
(BCNM) reinforced by GNP.

2 Material and Methods

2.1 Materials
This experiment uses Acetobacter xylinum bacteria, and pineapple peel waste sources were collected

from the people’s plantation at Blitar, East Java, Indonesia. Additional chemical reagents were NaOH,
urea, and glucose (C6H12O6) supplied by Sigma-Aldridge, Singapore. GNP supplied by SkySpring
Nanomaterials, Inc., Houston, USA.

2.2 Production of BC Pellicle
Production of BC pellicle was referred to Suryanto et al. [16]. Initially, the pineapple peels waste (300 g)

was cleaned and put into a blender chamber. Add water up to a volume of 1 L, then crushed by a blender at
26,000 rpm for 1.5 min. Then add more water until the volume is 2 L and in the blender for 1 min. After that,
the solution is filtered to get pineapple peels waste extract. The pineapple peel extract was boiled for
sterilization. At boiling process, solution was added with 7.5% (w/v) glucose and 0.5% (w/v) urea, then
chilled. The culture medium was adjusted to a pH of 4.5 using acetic acid solution (Sigma-Aldrich,
Singapore). A bacterial starter, Acetobacter xylinum of 1% (v/v), was added into the culture medium, and
then it was fermented at 30°C. After 10–14 days, the fermentation process formed pellicles that floated
on the surface of the culture medium. The pellicles were taken and washed using distilled water. To
remove the impurities from bacteria and the growth medium, pellicle then boiled using a solution of
NaOH 1% (Sigma-Aldrich, Singapore) at 90oC for 2 h and extensively washed with distilled water at
25°C until the pH of the water was about 7.0 (neutral). Boiling with dilute alkaline solution has a limited
influence on the microstructure and mechanical properties [17].

2.3 Homogenization Process
The cleaned pellicles were cut into smaller sizes and crushed using a high-speed blender (Fomac, ICH-

DS7 model, China) at 26000 rpm for five minutes. BC pulp was diluted distilled water until concentration of
0.5% (w/v). The homogenization process was conducted in High-Pressure Homogenizer equipment (Berkley
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Scientific, AH−100D model, China) with five cycles at 150 bar pressure. Nanocellulose results were put in a
beaker glass and saved in a refrigerator champer at 4°C for the next process.

2.4 Production of BNC
The BNC production was conducted according to previously published methods [18]. Fifty grams of BC

pellicle were put into blender chamber containing distilled water of 300 mL then crushed for 1.5 min with a
blender at 26,000 rpm. While in a blender, added distilled water of 700 mL and crushed for 2 min. Solution
of produced BC was homogenized in high-pressure homogenizer with five cycles at a pressure of 150 bars.
BNC obtained after filtering process of solution using a vacuum filter.

2.5 Synthesis of BNC/GNP Nanocomposite Membrane
Ten grams of BNC reinforced by GNP with variations of 0.0, 2.5, 5.0, 10 and 100 wt% of dry BNC were

diluted in 200 mL of purified water. The solution was stirred for 45 min. After that, the solution was
sonicated for 20 min using an ultrasonic homogenizer. The sonication results were put on an aluminium-
paper-coated glass mold and dried in an oven for 14 h at 80°C [19].

2.6 Surface Morphology Analysis
Microscope (SEM) (FEI, Inspect-S50, Japan) with an operating voltage of 30.00 kV was used for

surface observation. Specimen’s surface was treated by gold coating (SC7−620 Emitech sputter coater,
UK) before observation. ImageJ 1.52a software was used to analyse SEM photograph images to obtain
BNC fiber diameters. The measurement of fiber diameter was performed 25 times at random fiber in the
SEM photograph.

2.7 FTIR Analysis
The function group was analyzed using the FTIR Shimadzu IR Prestige-21 Spectrum. 0.1 mg BCNM

samples were ground into powder, mixed with 1 mg KBr powder, and pressed to become a pellet. FTIR
spectra were recorded with a step of 2 cm−1 in the wavenumber of 400–4000 cm−1.

2.8 XRD Analysis
The BCNM structure was analyzed by XRD (PANalytical XPert PRO, USA). The scanning of BCNM

was done with a diffraction angle from 10o to 70o with CuKα radiation (λ = 1.54 Å) at 30 mA and 40 kV. The
crystallite size of BCNM was calculated using the Scherrer formula.

2.9 Mechanical Properties Test
The tensile strength and elongation at breaks were analysed using tensile test equipment (Techno Lab.,

Indonesia) with a rate of 0.025 mm.s–1. The sample dimension referred to ASTM D638-V standard Tensile
test, and testing was performed three times.

2.10 Surface Roughness Test
The BCNM surface was observed using a portable surface tester (Surftest SJ-301 type, Mitutoyo Co.,

Japan) with 0.75 mN gauge precision and 0.8 mm λc profile filter. The roughness average (Ra) was
measured with the rate of 5.0 μm.cm−1 in a vertical direction, 200.0 μm.cm−1 in a horizontal direction
and 4 mm of total measurement length. Measurement was conducted in three repetitions.

3 Result and Discussion

3.1 Morphology Observation
The surface observations of BC membrane and BCNM are shown in Figs. 1 and 2, respectively. BNC

membrane is synthesized through the fibrillation process in HPH that results in nano-sized cellulose. Fig. 1
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shows the morphology of the BNC membrane observed using SEM at a magnification of 20,000 times. BC
membrane has fiber diameter of 61.7 ± 36.98, and after fibrillation process using HPH with five cycles at
150 bar, BNC membrane has fiber diameter of 53.24 ± 27.05 nm. Reducing the diameter of BC through
the process of fibrillation and homogenization makes the increasing surface area of BNC so having high
interaction possibility between BNC and GNP to get a good nanocomposite membrane.

An SEM micrograph of a BCNM sample is shown in Fig. 2. The BNC matrix contains GNP, which
functions as a scattered filler. GNP tends to clump when dispersed in a water-based solution and forms a
thicker layer on the interface [20]. The larger the amount of GNP, the larger the GNP clumping. As
shown in Fig. 2A, a small addition of GNP into BCN indicate a little GNP agglomerate. Almost of GNP
merge with BCN results smoother surface. Increasing the addition of GNP shows that BNC fibers can not
combine well, so GNP starts to embed on the surface of BCNM (Figs. 6B–6D) to form the GNP
agglomerate. The highest concentration of GNP shows many GNP agglomerate on the BCNM surface
(Figs. 6E–6F). It indicates that overconcentration of GNP make agglomeration in BNC.

3.2 FTIR Analysis
The IR spectrum of the BCNP reinforced by GNP is presented in Fig. 3. There is some difference

between control and BCNM. In the region of 3200–3400 cm−1, the O–H group, which is a hydroxyl
group, is engaged in intramolecular and intermolecular hydrogen bonding. The amount of O–H bonds
observed in the region of 3400 cm−1 decreases as the proportion of GNP increases. Due to the existence
of CH and CH2 groups in cellulose, there is a peak at 2895 cm−1 that corresponds to the C–H stretch. At
1605 cm−1, a peak corresponding to the C=C bond emerges, suggesting that GNP has entered the
composite film [21]. This peak becomes less pronounced as the percentage of GNP in composite films
increases. The C–O group in the wavenumber of 1043 cm−1 decrease and shift slightly when the GNP
concentration is increased.

Figure 1: SEM micrographs from pure BNC membrane
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Figure 2: SEM observations of BCNM morphology with the addition GNP of (A) 2.5 wt%; (B) 5 wt%;
(C) 7.5 wt%; (D) 10 wt%; (E) 50 wt%, (F) 100 wt% of dry BNC
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GNP tends to clump when dispersed in a water-based solution and form a thicker layer on the interface
[22]. The high surface energy of hydroxyl groups on nanocellulose’s surface causes inadequate wetting and
poor interface adhesion with hydrophobic polymers [23]. This situation shows that there is no covalent or
strong connection between GNP and BNC. However, incorporating GNP into BNC matrix can transform
BCNM structure into a conductive membrane.

3.3 XRD Analysis
The X-ray diffractogram of the BCNM sample is shown in Fig. 4. The peak of BC is indicated at 2θ of

14.5°, 22.5°, 26.5°, and 54.6°. The peak of 2θ at 14.5°, 22.5° are corresponding to the cellulose crystalline
plane of 110, and 002 [24]. The presence of a graphite structure is indicated by the peak 2θ at 26.5°, and
54.6°. The higher GNP content results in higher peak intensity of GNP into the BNC matrix. The
crystalline size of the composite films for control, GNP concentration of 2.5, 5.0, 7.5, 10.0, 50, and
100 wt% are 17.2, 17.1, 14.7, 10.3, 10.3, 17.2, and 41.2 nm, respectively. Smaller crystallite sizes
indicate that BC was capable of dispersing GNP particles. At high concentrations, the BCNM with high
content of GNP when analyzed by XRD, the crystallite size was considered to be dominated by GNP.

Figure 3: IR spectra of BCNM with addition GNP (wt% of dry BCN)
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At low content of GNP, the crystallites size was influenced by BC. It was confirmed by the surface
morphology of BCNP at concentrations of 10 to 100 wt%, as presented in Fig. 2. The previously
published study also indicate that nano-graphite and graphite have the same diffraction pattern in the
region 2θ = 26.67° [10]. The BNC/GNP composite films also have the same peak because of GNP
existence. Similar results have also been reported by Aritonang et al. [10].

3.4 Surface Roughness
The surface roughness profile of nanocomposite membrane with different content of GNP is shown in

Fig. 5. Measurement quantitatively of surface roughness are shown in Fig. 6. The surface profile indicates
that the addition of GNP changes the surface morphology. It can be observed that nanocomposite
membrane has a different roughness and after addition to GNP. The average roughness (Ra) of BCNM
with GNP concentration of 0, 2.5, 5.0, 7.5, 10, 50, and 100 wt% are 1.14 ± 0.15 μm, 1.52 ± 0.13 μm,
1.26 ± 0.16 μm, 1.06 ± 0.15 μm, 1.32 ± 0.04 μm, 1.69 ± 0.25 μm, and 2.48 ± 0.38 μm, respectively (Fig. 6).

The Ra for the BCNM without GNP is 1.14 ± 0.15 μm with a surface profile smoother (Fig. 5A).
After the GNP addition of 2.5 wt%, the surface profile of BCNM is rougher (Fig. 5B) with Ra value of
1.52 ± 0.13 μm. Increasing GNP of 5.0 wt% cause membrane surface profile to be smooth (Fig. 5C). The
surface profile of 7.5 wt% GNP is the best surface profile with the lowest roughness (Fig. 5D) with Ra of
1.06 ± 0.15 μm. This result is in accord with morphology results that indicate the pore of BC is covered
by GNP (Fig. 2C). Higher content GNP 10 wt% of the BCNM cause surface profile rougher with Ra of

Figure 4: X-ray diffractogram of BCNMwith addition of GNP of 0 (control), 2.5, 5, 7.5, 10, 50, and 100 wt%
of dry BNC
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1.32 ± 0.04 μm (Fig. 5E). Addition GNP 50 wt% and 100 wt% results in Ra of 1.69 ± 0.25 μm and 2.48 ±
0.38 μm (Figs. 5F, 5G), respectively. When the mass concentration of GNP is high, the surface pore size
and pore density are covered with GNP. GNP’s high content makes BCNM unable to accommodate all
GNP, so GNP is deposited abundantly on the BCNM surface (Fig. 2F).

The properties of BCNM obtained from suspension largely depend on the dispersion of GNP in the
suspension. The prepared BCNM showed different roughness due to the randomly arranged GNP
structure caused by rearrangement and self-assembly of the concentrated nanocellulose, thus resulting in
different morphology. This finding is corroborated by the opinion of Trace et al. [25] where the

Figure 5: Surface roughness profile of BCNM with addition GNP of (A) 0 wt%, (B) 2.5 wt%, (C) 5.0 wt%,
(D) 7.5 wt%, (E) 10 wt%, (F) 50 wt%, and (G) 100 wt% of dry BNC
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morphology product of nanocellulose depend on the possible pre- or post-treatments like drying condition
and humidification as well as processing conditions [25,26].

3.5 Mechanical Properties
The tensile strength and elongation at break of BCNM are shown in Fig. 7. It shows that the

concentration of GNP changes the tensile strength of the membrane. The highest tensile strength
(121.04 MPa) was obtained at 2.5wt% of GNP. After that, increased GNP concentration reduced the
tensile strength of BCNM. Compared with BC membrane, with the addition GNP of 2.5 wt%, the tensile
strength of BCNM rises about 300%. The same trend also occurs in the value of elongation at break.
Elongation at break shows the highest value (3.72%) at the addition of 2.5wt% of GNP.

Figure 6: Surface roughness average (Ra) of BCNM with addition GNP of 0, 2.5, 5.0, 7.5, 10, 50, and
100 wt% of dry BNC

Figure 7: Mechanical properties of BCNM with addition GNP of 0, 2.5, 5.0, 7.5, 10, 50, and 100 wt% of
dry BNC
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At low concentrations, BNC is able to enter among GNP platelets so that GNP is intercalated, but at
higher concentrations, GNP is slightly intercalated because BCN cannot enter to all of GNP platelets.
Intercalated GNP has function as reinforcement of BCNM on mechanical strength. Higher concentration
of GNP, the strength of BCNM is reduced, and the lowest strength is the highest concentration of GNP. A
previously reported study indicates that the addition of higher GNP gradually induced cellulose
crystalline conformation, affecting the swelling ability and mechanical properties [10,27].

4 Conclusion

The BCNM reinforced by GNP has been successfully produced. GNP is dispersed and distributed in the
BC matrix. FTIR analysis shows many peaks of BNC less pronounced with increasing of GNP. The higher
concentration of GNP, the rougher of BCNM. The maximum tensile strength of BCNMwas achieved in GNP
presence of 2.5 wt% with a value of 121.04 MPa. The higher of GNP content, the reducer of tensile strength.
The BCNM surface profile with 7.5 wt% GNP is the best surface profile with the lowest roughness with Ra of
1.06 ± 0.15 μm. This result is in accord with morphology results that indicate the pore of BC is covered by
GNP. In the future, BCNM material will develop as a conductive electrode for flexible energy devices.
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