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ABSTRACT

The use of agricultural by-product fibers as reinforcements in natural-based composites presents a promising
approach to addressing the limited availability, high cost, and inconsistent quality of traditional natural fibers such as
jute, flax, and hemp. This study evaluates the mechanical properties of Nata de Coco-derived bacterial cellulose
reinforced with an epoxy polymer at different loading fractions. The bacterial cellulose was extracted through a
fermentation process using Acetobactr xylinum, followed by chemical treatment and incorporation into an epoxy
matrix at weight fractions of 1%, 2%, and 3%. The composite samples were subjected to tensile, impact, and hardness
testing to assess the effects of bacterial cellulose reinforcement. Experimental results revealed that the inclusion of
bacterial cellulose significantly influenced the mechanical performance of the epoxy composites. The highest tensile
strength was observed in the Iwt% bacterial cellulose /epoxy composite, surpassing virgin epoxy by 22.73%.
However, as the bacterial cellulose content increased beyond Iwt%, tensile strength declined due to poor
dispersion and void formation, which weakened the material structure. Young’s modulus was highest for the 2wt%
bacterial cellulose /epoxy sample, demonstrating a 77.85% increase compared to virgin epoxy, indicating improved
stiffness. Conversely, an increase in BC content led to reduced hardness and impact resistance, making the
composite more brittle because the bacterial cellulose particles, likely in the 70-100 nm range, were not fully
dispersed in the matrix.
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INTRODUCTION nanoparticles, such as nanocrystals and nanofibers, can be
extracted from wood, cotton, and other plants using
chemical, mechanical, and enzymatic methods. These
nanoparticles are ideal for the biopolymer composites
sector, offering an alternative to petroleum-based polymers,
which are prone to degradation, contributing to energy
constraints and white pollution (Mokhena and John, 2020).
Compared to steel, cellulose nanoparticles exhibit stronger
mechanical strength and lower mass density. They also
have a very low thermal expansion coefficient. Additionally,
they are biocompatible and biodegradable. These properties
have made cellulose nanoparticles highly popular in both
academia and industry (Singh, G et al. 2024). The
commercial production and application of
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized,
carboxymethylated, and phosphorylated cellulose

Throughout history, cellulose-based materials from sources
like wood, cotton, and bamboo have been fundamental in
numerous industries, including paper, construction, energy,
textiles, and furniture. Despite their extensive use, current
cellulose utilization practices are insufficient to support
ongoing social development. Additionally, the pervasive
use of non- biodegradable petroleum-based plastics has
contributed to environmental pollution (Moshood et al.
2022). Thus, individuals and governments are increasingly
seeking renewable and degradable alternatives to
petroleum-based products. The enhancement and utilization
of cellulose-based goods are crucial for advancing
sustainable materials. In recent decades, cellulose
nanotechnology has made significant strides. Cellulose
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nanofibers have been successfully demonstrated (Akira
Isogai and Zhou 2019). Microbial cellulose can be
produced from plants, algae, fungi, and bacteria, alongside
cellulose nanoparticles. Some bacteria can produce
bacterial cellulose (BC) nanomaterials. While plant
cellulose nanoparticles are produced through top-down
methods, BC nanofibers are produced through bottom-up
methods. According to Keshk (2014), industrial
fermentation has successfully produced BC.

Plant and bacterial cellulose are chemically equivalent,
but BC is free from lignin, hemicellulose, pectin, and other
biogenic caused by non-biodegradable plastics, coupled
with the high toxicity of some synthetic polymers that
limits their use in packaging and medicine, underscore the
need for greener and more sustainable alternatives.

The rapid depletion of fossil fuel reserves, global
warming, and environmental issues caused by non-
biodegradable plastics, coupled with the high toxicity of
some synthetic polymers that limits their use in packaging
and medicine, underscore the need for greener and more
sustainable alternatives. The medical field, in particular,
demands advanced biocompatible and functional materials
for integration with living systems. Bacterial cellulose (BC)
exhibits remarkable properties and a wide range of
applications, positioning it as a promising biomaterial for
the future (Koreshkov et al. 2024). This review focuses on
the nanostructure-property connections in aliphatic
polyesters/BC nanocomposites. It also explores new
methods for producing aliphatic bio composites with
tailored mechanical properties and inherent biocompatibility.
Such investigations can unveil novel approaches for
creating bio composites for medical and other applications
(Panaitescu et al. 2016).

Bacterial cellulose (BC), particularly derived from
Nata de Coco, has garnered significant attention for its
exceptional purity, high crystallinity, and superior
mechanical properties, making it a promising candidate
for various composite applications. Recent studies have
explored the integration of Nata de Coco-derived BC into
different polymer matrices to enhance mechanical
performance. Le Hoang et al. (2018) investigated the
incorporation of BC from Nata de Coco into epoxy resin,
revealing that the BC content significantly influenced the
mechanical properties of the composites. Optimal BC
loading improved tensile strength and fracture toughness,
while higher concentrations led to agglomeration and void
formation, adversely affecting the material’s integrity.

In another study, Rubi et al. (2024) developed a
biocompatible composite by combining Nata de Coco-
derived BC with chitosan extracted from squid gladius.
The resulting material exhibited enhanced water-holding
capacity and tensile strength, with promising

biocompatibility indicated by hydroxyapatite crystal
formation in simulated body fluid. Furthermore, BC from
Nata de Coco has been explored as a bioscaffold for cell-
based meat production. Research demonstrated that BC
supports muscle cell attachment, proliferation, and
differentiation, highlighting its potential in cellular
agriculture applications.

These studies underscore the versatility of Nata de
Coco-derived bacterial cellulose in composite materials,
emphasizing the importance of optimizing BC content and
dispersion techniques to achieve desired mechanical and
functional properties.

The production of Nata de coco in Malaysia and other
Asian countries is a significant driver of this research.
Malaysia is a leading producer of Nata de coco in the
region. The abundant supply of coconuts in these countries
makes Nata de coco production both sustainable and
feasible. The thriving coconut industry in these areas
provides a steady source of coconut water, the primary
ingredient for Nata de coco. Therefore this study aims to
investigate the potential of Nata de Coco derived bacterial
cellulose (BC) as a sustainable material for advanced
biocomposite applications, with a focus on improving its
mechanical

METHODOLOGY

The Nata de coco cubes, which serve as the source of
bacterial cellulose, were manufactured by Hubei Qipu Food
Co., Ltd and purchased from Great Choice F&B Marketing
Sdn Bhd. These cubes are sold as a sweet product and come
stored in syrup with low sugar content and no added flavors.
According to previous research (Tiara Nur Elfiana et al.
2018), the tensile strength of bacterial cellulose from Nata
de coco is approximately 4.32 MPa. The food-grade epoxy
resin was acquired from ATKC eWarehouse and includes
two bottles: one containing clear epoxy (HL 310) and the
other containing a hardener. The hardener, which is used
to cure the epoxy resin, has a higher viscosity compared
to the epoxy itself and is mixed in a 3:1 ratio. Consequently,
the hardener will have an impact on the shape of the epoxy.
If a less amount of hardener is mixed with the epoxy, the
epoxy was in a gel form.

The epoxy resin food grade was purchased from ATKC
warehouse, the epoxy resin come in 2 bottles one for the
clear epoxy (HL 310) and hardener ratio 3:1, the hardener
working on hardening the epoxy resin and it possesses a
higher viscosity than the epoxy. Consequently, the hardener
will have an impact on the shape of the epoxy. If a less
amount of hardener is mixed with the epoxy, the epoxy
will be in a gel form.



Sodium hydroxide (NaOH), commonly referred to as
caustic soda or lye, is a corrosive substance that exists as
a white crystalline solid. It consists of the hydroxide anion
(OH-) and the sodium cation (Na+). Sodium hydroxide
(NaOH) is utilized as a bleaching agent, drain cleaner, in
the production of paper, soaps, and for cleaning plant fiber
surfaces. Sodium hydroxide (NaOH) was employed as a
chemical agent to treat Nata de coco cubes surface. The
sodium hydroxide was bought from R&W materials. The
ethanol was 75% worked as a cleaner for Nata de coco
removes any remaining sugar.

Surface treatment of natural fiber composites is crucial
for enhancing their potential. The objective of chemically
treating reinforcing fiber is to decrease its hydrophilicity,
thus enhancing its interfacial interaction with the matrix.
The Nata de coco cubes were washed by using distilled
water to remove any impurities and sugar as the cubes were
stored in sugar syrup (Pertiwi et al. 2023).

The bacterial cellulose from Nata de coco cubes was
extracted through a fermentation process using Acetobacter
xylinum. The Nata de coco is inoculated with Acetobacter
xylinum and left to ferment under static conditions at 25-
30°C for 7-14 days. During this period, the bacteria
metabolize the sugars in the Nata de coco and produce a
gel-like cellulose biofilm at the air-liquid interface.

After this the Nata de coco cubes were soaked in 2.5
M NaOH for 9 hours in room temperature condition, this
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chemical ratio from paper (Cuong Manh Vu and Bui Xuan
Kien, 2021), this process work on remove the dead or
inactive bacterial cells in addition to improve the
mechanical properties as proven in paper (Chen et al. 2021).
The PH was checked to make sure that the range are
between 5-7.

After 9 hours, the treated Nata de coco cubes were
rinsed again with distilled water and then blended using a
Kenwood food blender. The particle size of the blend was
between 70-100 nm, as reported by Cuong Manh Vu and
Bui Xuan Kien (2021). Following the blending process,
water was removed from the slurry using paper filters. The
slurry was then blended with ethanol, a step that helps
replace the water in the Nata de coco with ethanol and
enhance the bacterial cellulose content.

The drying process was carried out using an IKA Oven
125, which was employed to remove any residual water
and ethanol from the Nata de coco slurry. The slurry was
dried at 40°C for 6 hours, based on parameters from Vu
(2022). Prior to drying, the Nata de coco slurry weighed
240 grams.

After drying the dried Nata 76 g the ethanol and water
removed with paper filter (Cuong Manh Vu and Bui Xuan
Kien 2021) as the water include sugar will affect the
mechanical properties of the bacterial cellulose, the sugar
effect the crystallinity of the Nata de coco more crystallinity
means mechanical properties (Handika Dany Rahmayanti
et al. 2019).

Washed in distilled
water

Nata de coco
cubes

Bacterial
cellulose after

drying

Dry in oven at
40°C

Immersing in
NaOH for 9H

Blend with Ethanol

Blend with nata de

Check PH range (5-7)

FIGURE 1: The preparation process of Bacterial Cellulose for Composite Reinforcement
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This project will involve evaluating the tensile
strength, Charpy impact resistance, and hardness of a

composite material made from sunflower stalks and rice
husks. Various ASTM standards will be used to assess
different material properties through specific testing
methods. For example, ASTM A standards are typically
used for materials containing iron, while ASTM B
standards are used for those that do not. ASTM D638 is
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widely recognized for evaluating the tensile properties of
fiber-reinforced composites, as demonstrated in studies by
Saigal and Pochanard (2019), Chen, Xu, and Shivkumar
(2017), and Yeong and Kristanti (2021).

The four distinct ASTM standard molds were
fabricated using 3D printing technology. Furthermore, the
wooden board was precisely shaped to match the
dimensions of the 3D printed ASTM standard mold and
punctured with four holes measuring 9.5 mm in diameter,
this wooden board was utilized to compress the composite
in the mold and reduce the presence of air bubbles in the
mixture. The presence of bubbles and voids during the
production of composite materials is highly detrimental.
These bubbles can cause a significant decrease in the
overall properties of the materials and cause extensive
damage to the structure of composite samples. This damage
occurs due to the increased concentration of gas within the
bubbles (Hashemi and Mousavi 2016).

The tensile testing specimens followed ASTM D638-
10 Type I with a length of 150 mm and a thickness of 3.3
mm, the Charpy impact testing specimens adhered to
ASTM D6110-10 with a cross-sectional area of 12.70 mm
x 10 mm, a length of 125 mm, and a V-notch at the center,
while the hardness testing specimens conformed to ASTM
D2240-68 with a thickness of 6 mm.

The wood pallets were fabricated and attached to the
mold using screws for compression. The bacterial cellulose
was combined in various ratios. The BC ratio will be 1
wt%, 2 wt%, or 3 wt%, according to Saba (2017), Cuong
Manh Vu and Bui Xuan Kien (2021). Epoxy to hardener
ratio was 3:1, per manufacturer’s recommendation.

TABLE 1. Blend composition between epoxy, hardener and
bacterial cellulose

Material
No. Blend
Epoxy Hardener BC
1 Epoxy 75% 25% 0%
2 A 74.25% 24.75% 1%
3 B 73.5% 24.5% 2%
4 C 72.75% 24.25% 3%

The mixing process was made using mechanical drill
machine from marunaka at 2700 rpm for 30 minutes at
temperature 80°C until the mixing time to ensure that the
bacterial cellulose dissolve in the epoxy.

The tensile testing results, shown in Figure 2(a),
indicate that the tensile strength of the bacterial cellulose
epoxy composite ranges from 33 MPa to 15 MPa. Sample
A, which contains 1 wt% bacterial cellulose, 74.24% epoxy,
and 24.75% hardener, exhibited the highest tensile strength.
All samples underwent the same curing process and utilized
a release agent on the mold surface, with a 3:1 ratio of
epoxy to hardener. The bacterial cellulose content was

incrementally increased by 1% in each sample. Sample A
achieved the highest tensile strength, while Sample B, with
2 wt% bacterial cellulose, showed an 11% decrease in
tensile strength compared to Sample A but still had a tensile
strength 22.73% higher than that of the virgin epoxy.
Sample C, with 3 wt% bacterial cellulose, exhibited the
lowest tensile strength, 54.55% lower than Sample A, due
to incompatibility between the bacterial cellulose and
epoxy.

According to Saba (2017), the tensile strength of
bacterial cellulose from jack pine at 1 wt% was 23 MPa,
which is 30.30% lower than Sample A (1 wt% BC/epoxy).
Saba’s study also indicated that increasing the weight
percentage of bacterial cellulose reduces tensile strength.
In contrast, Mohan and K. Kanny (2020) found that 1 wt%
of nanocellulose achieved a tensile strength of 34.4 MPa,
similar to Sample A. Le Hoang Sinh et al. (2018) reported
even higher results, showing that samples with 2 wt% saline
coupling agent and varying bacterial cellulose contents
(0.1, 0.2, 0.3 wt%) exhibited improved mechanical
properties. Specifically, 0.1 wt% bacterial cellulose with
2 wt% saline coupling agent showed a 26.67% increase in
tensile strength. These findings suggest that while adding
more bacterial cellulose generally leads to a reduction in
composite strength, making the material more brittle and
prone to breakage under stress, the use of coupling agents
can enhance mechanical properties.
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FIGURE 2. (a) Tensile strength (b) Elongation (c) Young’s
Modulus of different blend composition bacterial cellulose
epoxy composite.

The elongation at break results, shown in Figure 2(b),
reveal a decrease in strain with increasing bacterial
cellulose loading. This reduction is attributed to the
potential uneven dispersion of nanofibers within the epoxy,
which can lead to agglomeration and create weak spots in
the composite that fail under stress, resulting in lower
elongation (Navya et al. 2022). Sample A (1 wt% BC/
epoxy) exhibited the highest elongation, while higher
bacterial cellulose loadings resulted in void formation
within the composite. These findings are consistent with
the studies by Mohan Turup Pandurangan and K. Kanny
(2020) and Le Hoang Sinh et al. (2018).

Figure 2(c) presents the Young’s modulus results for
virgin epoxy and bacterial cellulose-epoxy composites at
different loading fractions. Young’s modulus measures a
material’s resistance to length changes under tensile stress,
reflecting the ratio of tensile strength to tensile strain. The
results indicate that Sample B (2 wt% BC/epoxy) achieved
the highest Young’s modulus, 27.4% higher than Sample
A and 77.85% greater than that of the virgin epoxy.
Although increasing the bacterial cellulose content
generally leads to a decrease in Young’s modulus, the
values remain superior to those of the virgin epoxy.

This can be justified by more BC lead to insufficient
desperation of the bacterial cellulose in the matrix. Young’s
modulus is strictly proportional to hardness according to.
A higher young’s modulus means a more brittle material
in addition to the reason behind a lower tensile strength.
Similar results were observed from (Elsacker et al. 2021)
showing that epoxy having a lower young’s modulus than
the bacterial cellulose in different loading fractions.

The hardness test measures a material’s resistance to
deformation and was conducted using a Durometer (Shore
D). Higher hardness values indicate a tougher material,
while lower values suggest a softer and more brittle
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composite. The results revealed that adding bacterial
cellulose (BC) at various loading fractions led to lower
hardness compared to virgin epoxy, resulting in a weaker
composite. Sample A (1 wt% BC/epoxy) had the highest
hardness among the bacterial cellulose samples but was
still 9.48% lower than the virgin epoxy. Sample C (3 wt%
BC/epoxy) exhibited the lowest hardness, showing a
22.84% reduction compared to virgin epoxy. Sample A’s
hardness was 9.52% higher than Sample B and 14.86%
higher than Sample C. These findings indicate that
increased bacterial cellulose content results in a softer
material due to BC being softer than the matrix and
potential issues with adhesion between BC and the
polymer. The hardness results align with those reported by
Sun et al. (2018), which showed that epoxy hardness
increases with a higher bacteria cellulose content at
different loading fractions.
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FIGURE 3. Hardness Test of different blend composition
bacterial cellulose epoxy composite.

Impact testing measures the amount of energy a
material can absorb during fracture, assessing its toughness,
impact resistance, and impact strength. The results,
displayed in Figure 4, were obtained using the JBS-100
Charpy Pendulum Impact Testing Machine.

A study by Girard et al. (2024) observed that while
small additions of nanocellulose improved impact strength,
excessive amounts led to reduced energy at break,
indicating increased brittleness. This suggests that
overloading the matrix with nanofiller can negatively
impact the material’s toughness. The presence of BC
aggregates can act as stress concentrators, facilitating crack
initiation and propagation under impact loads. Research
by Martyna Roszowska-Jarosz et al. (2021), highlighted
that the incorporation of bacteria cellulose into mycelium
materials resulted in increased tensile strength up to a
certain point, beyond which the mechanical properties
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deteriorated due to the formation of stress concentration
sites.

Virgin epoxy showed a 24.12% reduction in impact
strength compared to Sample A. Sample A achieved the
highest impact strength, outperforming Sample B by 13%
and Sample C by 17.09%. The data indicates that increasing
bacterial cellulose content results in reduced impact
resistance. According to Le Hoang Sinh et al. (2018),
adding bacterial cellulose generally leads to lower impact
results. Their study found that the highest impact values
were achieved with 0.3 wt% bacteria cellulose and 2 wt%
saline coupling agents, suggesting that the saline coupling
agent had no significant effect on impact performance.
Additionally, the fracture toughness reported in that study
was lower than that of epoxy. The impact testing results in
this study were higher compared to those reported by
Martyna Roszowska-Jarosz et al. (2021).

& 12
E 9.33
2 10
= 7.08
W 8 .
2 6.16 5.87
s 6
@0
e 4
a
E 2

0

EPOXY A B c
Blend Composition

FIGURE 4. Impact Strength test of different blend composition
bacterial cellulose epoxy composite.

Figure 5 shows the microscopic comparison of
bacterial cellulose (BC) and carbon nanocellulose dispersed
in epoxy. Sample B (2 wt% BC/epoxy) highlights the
difference in dispersion quality. Red arrows in image A
indicate poorly dispersed BC, while the blue arrow shows
well-dispersed regions. Image B displays dark agglomerates
due to non-homogeneous dispersion from using only
ultrasonication. Image C shows improved dispersion with
fewer dark spots, achieved using a high-speed mechanical
stirrer (2000 rpm) combined with 2 hours of ultrasonication.
Image D used only a mechanical stirrer at 131 rpm,
resulting in less effective dispersion. These comparisons
emphasize the importance of mixing methods in achieving
uniform nanocellulose dispersion.

poorly dispersed
BC

Well dispersed
BC regions

FIGURE 5. SEM images of carbon nano fiber with sample B
2wt% BC epoxy (A) lower dispersion, (B) higher dispersion
(C) Improve dispersion (D) less effective dispersion

CONCLUSION

The study found that bacterial cellulose derived from Nata
de coco can serve as a sustainable alternative for food
packaging due to its high strength and ability to enhance
the mechanical properties of polymer composites. At lower
concentrations, bacterial cellulose improved tensile
strength and stiffness, although it also increased brittleness.
The reduction in elongation and hardness at higher loadings
was linked to poor dispersion and the presence of residual
moisture or solvents. While small amounts of bacterial
cellulose enhanced impact resistance, increasing the
content tended to weaken the material. Limitations included
particle agglomeration, void formation, and weak bonding
with the epoxy matrix. Future research should focus on
improving dispersion techniques, enhancing interfacial
adhesion, and exploring hybrid reinforcements to optimize
the overall performance of the composites.

The limitations of this study include poor dispersion
of bacterial cellulose at higher loadings, which led to
agglomeration, void formation, and reduced mechanical
performance, as well as the lack of a coupling agent, which
may have improved interfacial adhesion between bacteria
cellulose and the epoxy matrix. Future research should
focus on improving bacteria cellulose dispersion using
ultrasonic or chemical treatments, exploring compatibilizers
such as silane coupling agents, and investigating hybrid
reinforcements combining bacteria cellulose with other
nanofillers to optimize mechanical properties.
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