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Abstract

The development of biodegradable plastics from renewable resources has gained increasing attention as a strategy
to reduce dependence on petroleum-based materials. In this study, bioplastics were prepared using chitosan derived from
black soldier fly (BSF, Hermetia illucens) pupae and cellulose extracted from oil palm empty fruit bunches (OPEFB),
with citric acid (CA) incorporated as a network-modifying agent. The objective of this work was to evaluate the influence
of citric acid concentration on the structural, mechanical, physical, and biodegradation properties of the resulting
bioplastic films. Bioplastics were synthesized from BSF-derived chitosan (1.5% (w/v)), starch (3% (w/v)), and OPEFB
cellulose (0.06 g), with CA added at concentrations ranging from 0 to 10 wt% relative to total polymer content. The
results showed that CA addition significantly influenced film performance (p > 0.05). The tensile strength increased
significantly from 0.13 to 0.64 MPa at 2.5 wt% CA, indicating improved intermolecular interactions within the polymer
matrix. In contrast, elongation at break decreased with increasing CA concentration, suggesting reduced polymer chain
mobility. Physical characterization revealed that the incorporation of CA reduced moisture content and swelling degree,
with the lowest values observed at 2.5 wt% CA. FTIR analysis indicated that hydrogen-bond-mediated interaction
contributed significantly to the polymer network, although direct quantitative confirmation of the dominant interaction
mechanism was not performed. Morphological observations confirmed that moderate CA addition produced a more
compact and homogeneous structure, whereas excessive CA resulted in surface irregularities. Biodegradation tests further
demonstrated that citric acid affected degradation behavior by altering polymer network density and hydrophilicity.
Overall, the results suggest that controlled addition of citric acid plays an important role in tailoring the properties of
bioplastics derived from BSF pupae chitosan and OPEFB cellulose, highlighting the potential of integrating insect
biomass and agricultural residues for sustainable bioplastic production.
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bonding
Introduction

Plastic has become a mainstay of modern life due derived materials, such as polyethylene (PE),
to its lightweight, durable, and flexible properties [1]. polypropylene (PP), and polystyrene (PS). However,

Commercial plastics are produced from petroleum- these materials exhibit high resistance to natural
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degradation, allowing them to persist in the environment
for hundreds of years without decomposing, thereby
increasing environmental pollution [2]. In addition, the
degradation of conventional plastic can generate
microplastics that may threaten environmental and
health risks [1]. These concerns have intensified interest
in the development of environmentally friendly
alternatives such asbioplastic.

Bioplastics [3-5] are commonly derived from
renewable biological resources such as starch [2],
cellulose [2], chitosan [3], and proteins [6]. In recent
years, the demand for bioplastics has increased
substantially [7]; however, their production has been
predominantly reliant on food-based feedstocks,
including tapioca [8], cassava [9], and potato [10]. This
dependence raises environmental and agricultural
concerns, particularly related to competition with food
resources and the long-term sustainability of bioplastic
production systems. To address these challenges, the
utilization of non-food biomass as raw materials for
bioplastic production has gained increasing attention.
Agricultural residues and insect-derived waste represent
abundant, low-cost, and renewable resources that align
with circular economy principles. Nevertheless, the
application of insect-based and agricultural waste-
derived biopolymers for bioplastic development
remains limited and insufficiently explored. Therefore,
investigating alternative, waste-based biopolymer
sources is essential to support sustainable agricultural
practices and environmentally responsible material
development.

The Black Soldier Fly (BSF, Hermetia illucens) is
an insect widely recognized for its ability to bioconvert
organic waste into valuable insect biomass [11,12],
including pupae as one of its life stages [13-15]. BSF
pupae contain approximately 35% chitin [13], making
them a promising and novel source of chitosan [14,16].
Chitosan is a functional biopolymer that has been
extensively studied for its potential to enhance the
performance of bioplastics [3]. However, chitosan
derived from BSF exhibits distinct characteristics
compared to commercial chitosan, particularly in terms
of molecular weight and degree of deacetylation [17].
These differences significantly influence polymer—
polymer interactions, mechanical behavior, and the
degradation performance of the resulting bioplastics
[18]. Ianniciello et al. [19] reported that films produced

solely from BSF-derived chitosan tend to exhibit
relatively low tensile strength and elasticity. Therefore,
material modification or reinforcement strategies, such
as the incorporation of cellulose, are necessary to
improve the overall properties of BSF-based bioplastics.
Cellulose is a natural polysaccharide composed of long
chains of glucose units linked by B-1,4-glycosidic bonds
[20] and widely used as a reinforcing agent in bioplastic
systems due to its high stiffness and mechanical
strength. In particular, cellulose extracted from oil palm
empty fruit bunches (OPEFB), an abundant agro-
industrial residue, represents an attractive reinforcement
material [21]. Previous studies reported that OPEFB
consists of approximately 44% - 66% cellulose, 18% -
32% hemicellulose, and 14% - 36% lignin, highlighting
its potential as a biomass for bio-based material
applications [22].

Recent studies have explored various
biodegradable polymers, particularly chitosan and
cellulose, for sustainable bioplastic production.
Nevertheless, most previous studies have focused on
crustacean-derived chitosan, which remains dependent
on seasonal marine waste resources and may raise
allergen-related concerns. In contrast, chitosan derived
from BSF pupae represents a promising alternative due
to its sustainable biomass availability, rapid production
cycle, and potential for circular bioeconomy
applications. Despite this potential, the utilization of
BSF-derived Chitosan in
OPEFB Cellulose for bioplastic applications remains

combination with

limited. This study focuses on understanding the
structure-property  relationships  of  bioplastics
formulated from BSF-derived chitosan and OPEFB
cellulose. Citric acid (CA) is introduced as a network-
modifying agent to promote intermolecular interactions
[6,23-25], primarily through hydrogen bonding, and to
improve polymer cohesion within the bioplastic matrix
[5,8]. This approach is particularly relevant for the
development of bioplastics with reduced water
sensitivity, permeability, and component migration [25],
while emphasizing environmental sustainability and
functional tensile performance rather than high load-
bearing capacity. Currently, studies exploring
bioplastics derived from BSF pupae-based chitosan
reinforced with OPEFB-based cellulose remain limited.
Moreover, the influence of citric acid on the structural,

physical, and mechanical properties of such waste-based
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bioplastic systems has not been sufficiently elucidated.
Therefore, this study investigates the effect of citric acid
addition (0, 2.5, 7.5 and 10 wt%) based on total polymer
content) on the bioplastic properties. Chitosan-based
bioplastics and citric-acid-modified polysaccharide
films have been widely studied due to their
biodegradability and potential for sustainable packaging
applications. Previous studies have shown that citric
acid can improve the mechanical properties, structural
cohesion, and water resistance of polysaccharide-based
films by promoting intermolecular interactions within
the polymer matrix [10,23,24]. At the same time, black
soldier fly (BSF) biomass has gained increasing
attention as an alternative and sustainable source of
chitosan, offering advantages in terms of availability
and waste valorization [17,2]. In addition, cellulose
derived from oil palm empty fruit bunches (OPEFB) has
been reported to function effectively as a reinforcing
component, contributing to improved structural stability
and mechanical performance in biopolymer systems
[5,21]. Despite these advances, the use of chitosan
derived specifically from BSF pupae in combination
with OPEFB-derived cellulose for bioplastic production
has received limited attention. Furthermore, the role of
citric acid in influencing the structural characteristics
and resulting physical, mechanical, and biodegradation
behavior of such waste-derived polymer systems
remains insufficiently understood. Therefore, this study
investigates the effect of citric acid concentration on the
structural, mechanical, physical, and biodegradation
properties of bioplastics prepared from BSF pupae-
derived chitosan reinforced with OPEFB-derived

cellulose.

Materials and methods

Preparation of the BSF sample

In this study, pupae shells were collected from
single local breeder, where BSFL larvae were fed food
waste before developing into pupae. Before and during
transport to the laboratory, the sample was sealed in
plastic bags and stored at room temperature. BSFL were
cleaned and weighed, and then dried in an oven for 24 h
at 65 °C. The sample was ground using a grinder and
then sifted through a 35-mesh screen. The sample was
then saved for proximate analysis and chitosan

extraction.

Extraction of chitosan

The chitosan extraction was modified from El
Feky et al. [26]. Approximately 100 g of ground pupae,
respectively, were treated with n-hexane (1:5 (w/v)) for
24 h at room temperature to remove lipids. After 24 h,
the solution was removed from the sample, which was
then dried in an oven at 65 °C for 2 h. The sample was
deproteinized with 1 M NaOH (1:10 (w/v)) for 2 h at 80
°C, and it was stirred with a magnetic stirrer to remove
the protein. The sample was then washed with distilled
water, repeatedly rinsed until the pH became neutral,
and subsequently dried in an oven at 65 °C for 24 h. The
sample was demineralized by 1 M HCI (1:10 (w/v)) at
95 °C for 1 h to produce chitin. Chitin was then washed
with distilled water, repeatedly rinsed until the pH
became neutral, and subsequently dried in an oven at 65
°C for 24 h. Chitin was then treated with 3% H,O, (1:10
(w/v)) for 3 h at 90 °C, using a magnetic stirrer to
decolorize it further. During the process, the pH is
adjusted to 10 to optimize H,O,. The sample is then
washed with distilled water until the pH reaches neutral.
The chitin was then dried in an oven at 65 °C for 24 h.
To synthesize chitosan, the last process involves treating
chitin with 40% NaOH (1:10 (w/v)) for 3 hat 90 °C. The
sample was washed with distilled water to remove the
alkali until the pH reached a neutral level. The chitosan
was then dried in an oven at 65 °C for 24 h. After
extraction, the chitosan was ground and stored in airtight
containers in a desiccator at room temperature to prevent
moisture absorption prior to characterization and

bioplastic preparation.

Depigmentation of cellulose OPEFB

The unbleached cellulose from Empty fruit bunch
(EFB) was collected from PT CPKA in Pelaihari, South
Kalimantan, Indonesia. The unbleached cellulose was
treated with 3% H>O, (1:20 (w/v)) for 3 h at 90 °C (pH
adjusted to 10), using a magnetic stirrer to decolorize it
further. To remove H,O,, the sample was washed with
distilled water, repeatedly rinsed until the pH became
neutral, and then dried in an oven at 60 °C for 24 h.

Bioplastic synthesis

Bioplastic synthesis modified from Khadsai et al.
[24]. Chitosan from pupae (CS, 1.5% (w/v)) was
dissolved in 1% w/w glacial acetic acid and stirred at 75
°C for 50 min. The starch (tapioca flour) (S, 3% (w/v))
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and 0.06 g of cellulose were dissolved in distilled water
and stirred on a hot plate at 70 °C for 40 min. For
composite film preparation, 3 mL of glycerol was added,
and the mixture was magnetically stirred at 70 °C for 30
min approximately 500 rpm to ensure homogeneous
mixing. The blended chitosan/cellulose/starch (CS/C/S)
bioplastic was prepared at a 1:1 (w/w) ratio. Thereafter,
citric acid (CA, % (w/w)) (based on the total weight of
CS, C, and S) was added to the CS/C/S solution, together
with NaH>PO, (50% (w/w), based on the total weight of
CA) as the catalyst of the reaction. The solution was

Table 1 A base for the formulation of bioplastic composition.

further mixed for 30 min. Afterward, approximately 40
mL of bioplastic solution is poured into the strangle
mold casts and then dried overnight at 60 °C in an oven
to obtain the films. All the films were conditioned in a
desiccator and left for 48 h before analysis. A base for
formulating the bioplastic composition, as shown in
Table 1. Each formulation was prepared independently,
and all characterizations and mechanical testing was
performed in five replicates. The experimental design
was intended to ensure reproducibility and enable
statistical comparison of material properties.

Composition
Bioplastic types  Chitosan (CS)  Cellulose Glycerol Starch (S) Citric acid NaH:POq
(% (W/v)) ©) (@ (mL) (%o (w/v)) (%o (w/w)) (% (w/w))
CS/C/S 1.5 0.06 3 3 - -
CS/C/S/2,5CA 1.5 0.06 3 3 2.5 50
CS/C/S/5CA 1.5 0.06 3 3 5 50
CS/C/S/7,5CA 1.5 0.06 3 3 7.5 50
CS/C/S/10CA 1.5 0.06 3 3 10 50

Chitosan characterization

Chitosan Yield (CY)

The chitosan yield was calculated to evaluate the
effectiveness of the extraction process from BSF pupae.
This parameter reflects the amount of chitosan
successfully recovered relative to the initial dry weight
of the raw material. The yield was determined using the
following equation:
yield (%) = ZVT x 100 (1)
where Wi is the dry weight of the extracted chitosan (g),
and Wo is the initial dry weight of the BSF pupae powder
used for extraction (g). All measurements were

performed in triplicate, and the results are reported as

mean =+ standard deviation.

Degree of Deacetylation (DD %)

The acid-base titration method was adapted by El
Feky et al. [26] to determine the degree of deacetylation
(DD) of the derived chitosan. Briefly, 0.125 g of
chitosan was weighed and mixed with 30 mL of 0.1 M
HCI, then approximately 5 drops of methyl orange were

added as an indicator. The mixture was stirred for 30
min at room temperature until it became homogeneous.
It was then titrated with 0.1 M NaOH until the red
chitosan solution turned orange. Using Eq. (2), the DD%

of chitosan was determined.

C1V1 - C2V2

DD% =
Mx0.0994

x 0.016 x 100 2)
where C1 and C2 are concentrations of HCI and NaOH
(mol/L), V1 is the volume of 0.1 M HCI (mL), V2 is the
volume of 0.1 M NaOH (mL), and M is the weight of
chitosan (g). The mass of the NH: group in Il mL of | M
standard HCI, expressed in grams, serves as a reference
factor in Eq. (1). The corresponding weight ratio of NH2
groups in the resulting chitosan is 0.099433.

Solubility of chitosan

The filter paper was weighed before and after
filtration. Approximately 1 g of chitosan was dissolved
in 99 mL of distilled water containing 1% glacial acetic
acid using a magnetic stirrer for 30 min. The sample was
extracted, the residue was filtered through Whatman No.

1 filter paper, and the residue was weighed [26].



Trends Sci. 2026; 23(12): 13914

50f18

Cellulose characterization

Fourier-Transform Infrared (FTIR) spectros-
copy

FTIR in attenuated total reflection (ATR) mode,
utilizing 32 scans at a resolution of 4 cm™ within the
wavenumber range of 4,000 to 600 cm™! to characterize
the functional groups on the material surfaces.

X-Ray Diffraction (XRD)

X-ray powder diffraction (XRPD) patterns were
obtained using a AXS D8 ADVANCE diffractometer
(Bruker, Billerica, MA, USA) in reflection mode with
Bragg-Brentano geometry, using an interval of 5° - 40°
(20), operating with a radiation source of
monochromatic X-rays at Cu Ka (A = 1.5406 A), using
a LYNXEYE XE T detector, and applying 40 kV and
40 mA as the voltage and amperage, respectively.

Bioplastic characterization

Mechanical properties

The mechanical properties of the bioplastic
specimens (20x100 mm?) were evaluated using a tensile
testing machine (AGS-X, Shimadzu, Japan) in
accordance with ASTM D882. The initial gauge length
was set at 50 mm, and the crosshead speed was
maintained at 20 mm/min. Each formulation was tested
in 5 replicates to ensure data reliability.

Fourier-Transform Infrared (FTIR)
spectroscopy

Before drying for FTIR analysis, the specimens
were rinsed with distilled water for 4 min to eliminate
unreacted acid residues. FTIR spectrometer equipped
with ATR accessory (Bruker, USA), utilizing 32 scans
at a resolution of 4 cm™ within the wavenumber range
of 4,000 to 600cm™ to characterize the functional

groups on the material surfaces.

Scanning electron microscope

Microstructural analysis of the surface and cross-
sections of the synthesized biofilms was performed
using an SEM (JEOL JSM5410 (JEOL Ltd., Tokyo,
Japan). The biofilms were chopped into 5 A ~ 1 mm?
pieces, which were then placed on copper stubs. A 10
kV accelerating voltage was used to view samples

coated with gold. For surface morphology, the images

were taken at a magnification of A ~ 10,000, and for
their cross-section, at A ~ 25,000.

Moisture Content (MC), Swelling Degree (SD),
and Water Solubility (WS)

The bioplastic samples were cut into 3x3 cm?
squares and initially weighed (M1). They were then
dried in an oven at 100 °C for 4 h and reweighed (M2).
After drying, the samples were immersed in a beaker
containing 50 mL of distilled water at room temperature
for 24 h. Undissolved bioplastics fragments were
filtered out and weighed (M3) after gently removing
excess surface water. Finally, the samples were dried in
an oven at 105+2°C until a constant weight was
achieved (M4). The moisture content (MC% %),
swelling degree (SD% %), and water solubility
(WS% %) were calculated based on Egs. (3) - (5),
respectively [24].

MC % = "2 x 100 3)
SD% = =2 x 100 (4)
WS% = =12 x 100 (5)

Bioplastic thickness test

Bioplastic was measured using a digital
micrometer (Syntek MIC7B) with an accuracy of 0.001
mm. The sample was measured at five points, and its

thickness was determined by averaging the data.

Biodegradability test

Biodegradability was assessed using the burial
method described by Wronska et al. [7], with some
modifications. Firstly, the square-shaped bioplastic (3%x3
cm?) was weighed (WO0) and then buried on a laboratory
scale for 7 - 21 days (pH 5 and moisture 25% - 40%). At
the determined time, the weight of the buried samples
was measured (Wq), and the weight loss (WL) in % was
calculated using Eq. (6).

o/ — Wo-Wgq
WL % = —-

x 100 (6)
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Statistical analysis

Statistical analysis was performed using SPSS
software (version 29, IBM Corp., Armonk, NY, USA).
Data were expressed as mean + standard deviation. One-
way analysis of variance (ANOVA) followed by
Duncan’s multiple range test was used to evaluate the
effect of citric acid concentration at a significance level
of p < 0.05. The statistical interpretation in this study
was primarily based on significance testing, while
confidence intervals and effect size analyses were not
included and should be considered in future studies to

provide more comprehensive statistical validation.

Results and discussion

Chitosan characterization

BSFL pupae characterization

Chitosan is mainly derived from crustaceans, such
as shrimp and crab. This study isolated chitosan from
BSF pupae using a chemical extraction. Table 1
presents a proximate analysis comparing BSF pupae
with other chitosan sources. The results of the
comparison between raw materials and chitosan are

shown in Figure 1.

Table 1 The proximate analysis comparing BSF pupae and other chitosan sources.

Parameter
Sample Ref
Moisture (%) Ash (%) Protein (%) Fat (%) Carbohydrate (%)
Pupae BSFL 4.69£0.01 20.54+0.32  39.77+£0.13  11.13£0.24 23.86 +0.04 This study
Shrimp shells N/A 23.8+0.1 44.1£1.0 1.29+£0.04 N/A [27]
Red Shrimp 74.5+£0.7 2.0+0.1 21.4+0.2 0.1+0.1 N/A [28]
Chitosan yield This may be due to the defatting and deproteinization,

The chitosan yield from BSF pupae (Figure 1)
was 7.64%. This study is similar to Siddiqui ef al. [29],
which shows that the chitin content of BSF varies from
8% to 24%, whereas the Rodriguez et al. [30] study
shows a chitosan yield from BSFL cuticles ranging from
2% to 16%. However, this result is lower than the
studies reported by El Feky et al. [26] (18% chitosan
yield from Aristeus antennatus shells) and Abdulkarim
et al. [31] (15.14% chitosan yield from mussel shells).

which cause sample mass loss. Furthermore, defatting,
deproteinization, and demineralization of pupae resulted
in a mass loss of approximately 12.88%, 65.25%, and
41.19%, respectively. Additionally, mass losses reduced
yield due to the removal of acetyl groups, protein, and
lipids during extraction and washing. Furthermore, the
sequence of the chitosan extraction stages also

influences chitosan yield [30].

Figure 1 Sample BSF and Pupa’s chitosan.

Degree of Deacetylation (DD) value of chitosan
In addition to yield, one indication of successful
chitosan extraction is the degree of deacetylation (DD)

value. According to Rodriguez et al. [30], a characteris-
tic of chitosan is its entirely or partially deacetylated
amine groups (> 50%), which explains its solubility in
dilute acids and its bioactivity. In this study, the chitosan
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produced had a DD of 84.80%. The % DD was
determined by titration with methyl orange indicator,
which estimates the number of free amine groups in
chitosan. This value is quite high and meets the quality
standards for commercial chitosan, which range from
70% - 95% [32]. A high DD indicates that the
deacetylation process is optimal, with most acetyl
groups in chitin successfully converted into amine
groups. In addition, high DD is desirable when
degradability is required [33,34]. Furthermore, it
positively affects the functional properties of chitosan,
including increased solubility in weak acid solutions,
improved film-forming ability, and enhanced
antimicrobial and biocompatibility.

Solubility of chitosan

The solubility of chitosan derived from pupae is
approximately 50% or 5 g/L. This value is lower than
the solubility of chitosan obtained from Aristeus

antennatus shells (98.15%) [26] and commercial

Figure 2 Cellulose from OPEFB after depigmentation.

Figure 3 presents the FTIR spectra of OPEFB
cellulose. The absorption bands confirm the successful
extraction of cellulose. The absorption peak at 3,334.43
cm' corresponds to the hydroxyl group, indicating
intra- and intermolecular hydrogen bonding. Salim et al.
[37] also reported that the 3,000 - 3,750 cm™ region is
associated with hydroxyl group activities. The band at
2,897.89 cm™ is attributed to the aliphatic C-H
stretching of methyl and methylene groups present in
cellulose and hemicellulose. Fiore et al. [38] reported
similar findings. The absorption band at 1,586.64 cm™
is associated with water molecules bound to the
cellulose structure. The bands at 1,425.49 cm™ and

chitosan (99%) [35]. Chitosan solubility and degree of
deacetylation (DD) are usually positively correlated. In
contrast, the present study indicates an inverse
relationship. This phenomenon is attributed to excessive
protonation after deacetylation, which increases
hydrogen bonding and leads to a more crystalline, dense
chitosan structure. Such structural changes can inhibit
solvent penetration and reduce solubility [36].

Cellulose characterization

This study used cellulose from OPEFB as a
substrate filling for bioplastic production. Its addition
serves as a reinforcing material, improving mechanical
properties such as tensile strength, elastic modulus, and
thermal stability. By reducing porosity and increasing
homogeneity, cellulose further enhances film structure,
making the bioplastic stronger and more durable. The
results of cellulose from OPEFB after depigmentation

are shown in Figure 2.

1,334.29 cm™! correspond to the CH, and CH groups of
cellulose, respectively. According to Kostryukov ef al.
[39], the identification of cellulose was carried out using
the absorption band around 1,450 cm™ (integrated over
the range of 1,405 — 1,480 cm™), which primarily
corresponds to the scissoring motion of methylene (—
CH:-) groups and the in-plane bending vibrations of
hydroxyl (-OH) groups. The band at 1,159.44 cm™
indicates the C—O-C group of the glycosidic bond,
while the bands at 1,051.05 and 1,027.87 cm™! are
attributed to the C-O groups of secondary and primary
alcohols. The peak at 896.06 cm™ is characteristic of B-
1,4-glycosidic stretching, typical of cellulose.
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Figure 3 FTIR from OPEFB cellulose.

These findings are consistent with the XRD
analysis shown in Figure 4, where the diffraction peaks
at 20 = 15° - 16°, 22°, and 34° correspond to the typical
crystalline planes of cellulose 1. The presence of these
crystalline reflections confirms that the extracted
cellulose retained its native crystalline structure. The
relatively high crystallinity index (66%) is supported by
the strong hydrogen-bonding interactions observed in
the FTIR spectra, since hydrogen bonding contributes
significantly to the formation and stabilization of
crystalline regions in cellulose. The relatively high
crystallinity index (66%) of the cellulose is expected to
contribute positively to the structural reinforcement of
the bioplastic matrix. Crystalline regions generally
improve mechanical strength, thermal stability, and
resistance to molecular mobility due to their ordered

molecular arrangement and strong intermolecular
Crystallinity: 66.0%
Amorphous: 34.0%

3.000—{

2.000—

Counts

e T VA I e
10 20 W kL

2000 1500 1000 500

hydrogen bonding. In the present study, the semi-
crystalline structure of the cellulose likely contributed to
the compact morphology observed in the composite
films.

The FTIR and XRD results showed a strong
correlation in confirming the structural characteristics of
the cellulose. The broad hydroxyl absorption band
observed in the FTIR spectra indicated extensive intra-
and intermolecular hydrogen bonding, which
contributed to the ordered arrangement of cellulose
chains. This finding was supported by the XRD pattern,
which exhibited characteristic cellulose I diffraction
peaks and a relatively high crystallinity index. The
presence of crystalline regions suggests that the
hydrogen bonding interactions played an important role
in stabilizing the semi-crystalline structure of the

cellulose.

R R ] v T
50 &0 70

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 4 XRD from OPEFB cellulose.
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Bioplastic characterization

Mechanical properties

Figure 5 shows the mechanical properties of the
bioplastics. The tensile strength (TS) and elongation at
break (EAB) of CS/C/S bioplastic were 0.13 MPa and
9.58%, respectively. An improvement trend was
observed with the addition of CA, where the addition of
2.5 wt% CA resulted the highest TS of 0.64 MPa. This
value remains lower than those reported for chitosan-
based bioplastic prepared from commercial chitosan
[24]. Previous study lanniciello ef al. [19], reported that
films prepared from pure commercial chitosan exhibited
a TS of 1.09 MPa, while films derived from bleached
adult chitosan (BC-A), unbleached adult chitosan (UC-
A), bleached larval chitosan (BC-L), and bleached pupal
chitosan (BC-PE) showed lower TS values of 0.46, 0.63,
0.59, and 0.58 MPa, respectively. However, these values
are considerably lower than those obtained in the present
study, particularly for films prepared from bleached
BSFL chitosan. These findings indicate that films
prepared from BSFL chitosan exhibit relatively low TS.
The relatively low TS of the BSF-derived chitosan
bioplastics can be attributed to the intrinsic properties of
the raw material, particularly its lower degree of
deacetylation (DD) and molecular weight (MW)
resulting from bleaching process. Bleaching of BSFL
chitosan further reduces its mechanical performance,
potentially due to a decrease in molecular weight [19].
In addition, chitosan extracted from BSF pupae exhibits
a substantially lower MW (30.62 + 0.27 kDa) than
commercial crab-shell chitosan (~200 kDa) [17], which
further limits film strength. Previous studies have
consistently reported that higher MW and DD enhance
mechanical properties by promoting stronger

intermolecular interactions [18].

The addition of citric acid (CA) generally
increased the tensile strength (TS) of the bioplastics,
except at 7.5% CA, which may be associated with an
imbalance between intermolecular interactions and
matrix homogenity at low CA content. In contrast to TS,
the elongation at break (EAB) exhibited an opposite
trend, decreasing with increasing rigidity of the
bioplastics, which is consistent with previous reports by
Chen et al. [8]. The enhancement in TS can be attributed
to the increased density of intermolecular hydrogen
bonding within the bioplastic matrix induced by CA,
which promotes stronger interactions between cellulose
and chitosan (Figure 5). Enhanced hydrogen bonding
has been reported to induce structural reorganization of
polysaccharide chains, resulting in a more compact and
homogeneous polymer network [25]. This densification
restricts polymer chain mobility and improves
interfacial adhesion between polymer components,
enabling more efficient stress transfer under tensile
loading and consequently increasing TS. Conversely,
the reduction in EAB with increasing CA content is
attributed to the formation of a physically crosslinked,
hydrogen-bonded network that limits chain mobility and
increases material rigidity [8]. These findings indicate
that citric acid predominantly acts as a physical
crosslinking agent, enhancing hydrogen bond density
and stress transfer efficiency rather than forming
covalent ester linkages. Compared to commercial
chitosan-based bioplastics, the mechanical strength in
this study remains lower. However, the addition of citric
acid improved water resistance and intermolecular
interactions within the bioplastic matrix. The stress—
strain evaluation in this work was limited to tensile
strength and elongation at break; therefore, more
detailed mechanical analysis is recommended for future
studies.
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Figure 5 Tensile strength and elongation at break of bioplastic.

Physical properties
In this study, bioplastic was produced from pupae-
derived chitosan combined with EFB-derived cellulose,

using acetic acid. The results showed different visual

b

T
CSIC/SISCA

T
CS/C/SIT.5CA CS/C/S/M0CA

characteristics for each treatment, as depicted in Figure
6. In general, the bioplastic had a flat and compact
surface. The color of the bioplastic also tended to be a
transparent yellow, influenced by the BSF chitosan.

Figure 6 Bioplastic: (a) CS/C/S; (b) CS/C/S/2.5CA; (c) CS/C/S/5CA; (d) CS/C/S/7.5CA; (e) CS/C/S/10CA.

The bioplastics were physically analyzed, as
shown in Table 2. The results showed that adding CA
to CA/C/S bioplastics significantly affected moisture
content (MC) and swelling degree (SD). However, there
is no significant impact on water solubility (WS). MC
was calculated to evaluate the ability of bioplastics to
absorb water from the environment. As shown in Table
2, the MC value decreased significantly from 13.04% to
8.78% in the CS/C/S bioplastic when CA was added. A
similar result was also shown in the SD. When CA was
added, the SD significantly decreased from 75.07% to
33.675% in the CS/C/S bioplastic. Similar results were
reported by Yao et al. [40] and Khadsai et al. [24]. MC
and SD are highly sensitive to changes in surface
properties and film microstructure, such as the number
of free hydroxyl groups, and porosity. Adding CA
adjusts the proportion between hydrophilic and
hydrophobic groups, consequently impacting the film’s
capacity to absorb moisture and swell during soaking.
Among the samples tested, CS/C/S/2.5CA exhibited the

lowest MC and SD compared to CS/C/S/5CA,
CS/C/S/7.5CA, and CS/C/S/10CA. This behavior can be
attributed to the introduction of 2.5% citric acid, which
promotes the formation of a physically crosslinked
network through strong intermolecular hydrogen
bonding between the carboxyl (-COOH) groups of citric
acid and the hydroxyl (-OH) or amine (—NH2) groups
within the polymer matrix. The enhanced intermolecular
interactions reduce the availability of hydrophilic
functional groups and limit polymer chain mobility,
thereby decreasing water uptake and swelling. As a
result, a denser and more hydrophobic structure is
formed [40]. It results in a significant reduction in MC
and SD values compared to the control values. However,
the WS of bioplastics increases with increasing CA
concentration. This observation indicates that a portion
of the CA does not undergo complete reaction, resulting
in many free carboxylic (—COOH) groups. It contributes

to the film’s enhanced hydrophilic properties [10].
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Table 2 Effect of CA on physical properties of bioplastics.

. . Moisture Content Swelling Degree Water Solubility .
Bioplastic Thickness (mm)
(MC) (%) (SD) (%) (WS) (%)

CS/C/S 13.04¢ 75.07° 55.00* 0.294*
CS/C/S/2.5CA 8.78* 33.67* 33.70* 0.4352
CS/C/S/5CA 13.69¢ 39.78* 40.85* 0.298*
CS/C/S/71.5CA 11.64° 41.86° 44222 0.379°
CS/C/S/10CA 15.184 44.76° 44.76* 0.341°

Data in the same column with different superscripts are significantly different (p < 0.05). The crosslinking was conducted

with 0%, 2.5%, 5%, 7.5%, and 10%.

The WS of bioplastics is summarized in Table 2.
Among the samples, CS/C/S/2.5CA shows the lowest
WS at 33.70%. Notably, the water solubility of CS/C/S
with 5% - 10% CA is lower than that of CS/S without
CA. Similar findings were reported by Awadhiya et al.
[41], who found that adding CA can effectively reduce
water solubility. It implies reducing the number of
hydrophilic hydroxyl groups and increasing the number
of hydrophobic ester groups formed between chitosan,
cellulose, and CA. However, as the concentration of CA
increases, the solubility increases gradually. This
condition indicates an incomplete chemical reaction
between CA and the polymer chain. Most CA molecules
form only weak interactions with hydroxyl or amine
groups, which prevents the formation of ester bonds that
enhance hydrophobicity, leading to more hydrophilic
groups interacting with water molecules and reducing
the water resistance of bioplastics [10,40]. Yao et al.
[40] also identified a similar phenomenon. This finding
highlight that the ratio of CA to reactive groups in the
polymer is crucial for achieving a balanced set of
physical properties and optimal water resistance.

Table 2 demonstrates that the bioplastic produced
has a thickness ranging from 0.294 to 0.435 mm.
Thickness is an important factor that indicates the
quality and uniformity of the bioplastic [4]. However, in
this study, the addition of CA did not significantly
influence the thickness of the bioplastic. The small
amounts of CA incorporated into the bioplastic did not
significantly affect the total viscosity or the distribution
of solids in solution, indicating that the film's physical
volume remained relatively constant across treatments.
The observed variation in bioplastic thickness can be
explained by the relatively low DD and MW of BSFL

pupal chitosan. Low DD limits chitosan solubility in
dilute acetic acid, leading to a reduced effective polymer
concentration in the casting solution [17,42]. As a result,
thinner films were formed during solvent evaporation
[17], which is consistent with previous reports linking
chitosan solubility and molecular characteristics to film
thickness and morphology [41].

FTIR spectra
FTIR analysis is conducted to identify functional
chemical groups and molecular interactions involved in
bioplastic. As shown in Figure 7, the incorporation of
citric acid (CA) did not result in the appearance of a
distinct ester carbonyl band in the 1,720 - 1,750 cm™
region, which is typically associated with strong
covalent esterification [10,24]. This indicates that
extensive ester bond formation was not achieved.
Instead, subtle spectral changes were observed in the
1,050 - 1,150 cm ™ region, attributed to C—O stretching
vibrations, which may indicate changes in
intermolecular interactions within the polymer matrix.
In addition, a slight attenuation of the broad O-H
stretching band (3,200 - 3,600 cm™) was observed with
increasing CA content, suggesting enhanced hydrogen
bonding interactions between citric acid and the
polysaccharide chains. The shift and attenuation of the
—OH band suggest the formation of hydrogen bonding
between citric acid and the biopolymer matrix,
intermolecular
These

intermolecular interactions may contribute to the

suggesting improved compatibility

within the polymer matrix. strengthened

improved physical and mechanical properties of the
bioplastic.
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Figure 7 FTIR spectra of bioplastic made of chitosan-cellulose-starch (CS/C/S) with citric acid (CA).

The reduction in moisture content and swelling
degree observed in the CS/C/S/2.5CA formulation may
be associated with the enhanced intermolecular
interactions and reduced availability of free hydrophilic
groups within the matrix. However, the relatively low
tensile strength and moderate elongation values indicate
that the interactions formed were predominantly
physical rather than strong covalent crosslinking.
Therefore, citric acid likely functioned mainly as a
physical crosslinking agent through hydrogen bonding,
contributing primarily to improved water resistance and
structural compactness rather than substantial

mechanical reinforcement.

Bioplastic morphology

To investigate the effects of citric acid on surface
morphology and matrix homogeneity, Scanning
Electron Microscopy (SEM) analysis was conducted;
the results are presented in Figure 8. The micrographs
of CS/C/S bioplastics show a smooth surface devoid of
pores, indicating high compatibility between the
constituent materials. This observation aligns with the
findings of Wu ef al. [10], demonstrating significant
molecular miscibility between chitosan and starch.
However, significant variations were seen with different
concentrations of citric acid (CA). The addition of 2.5%
and 5% CA results in a denser surface morphology,
characterized by the absence of cracks, suggesting

strong intermolecular interactions within the bioplastic

matrix. In this study, CS/C/S/2.5CA film exhibited a
denser and more homogeneous surface structure
compared to the other formulations. The reduced
presence of pores and voids suggests improved
intermolecular interactions within the polymer matrix,
likely promoted by hydrogen bonding between citric
acid and the biopolymer components. This compact
morphology is consistent with the improved physical
and mechanical properties observed in the film. The
denser structure likely facilitated more effective stress
transfer throughout the matrix, resulting in higher tensile
strength compared to the other treatments. In addition,
the reduced free volume and lower porosity may have
limited water penetration into the film matrix,
contributing to the lower moisture content and swelling
degree observed in the CS/C/S/2.5CA sample.

In contrast, the incorporation of 7.5% and 10%
citric acid resulted in a rough and inhomogeneous
surface morphology characterized by the presence of
aggregates or lumps. This behavior may be attributed to
excessive citric acid content, which promotes uneven
intermolecular interactions and localized network
densification, leading to polymer phase aggregation and,
consequently, reduced flexibility and homogeneity. This
condition may increase hydrophilicity and reduce
structural integrity, leading to lower tensile strength and
increased water solubility. Wu ef al. [10] confirmed this
finding, similarly observing that the addition of 20% CA
yielded a bioplastic with a markedly rougher surface.
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Such findings underscore the critical role of citric acid
the

and

concentration in structural

influencing

oSS

functional properties of bioplastics synthesized from
chitosan and starch.

CS/IC/SI25CA CS/CISISCA

CS/ICIS/TSCA

CSICISNI0CA

Figure 8 SEM micrograph Bioplastic made of chitosan-cellulose-starch (CS/C/S) with citric acid (CA).

Bioplastic biodegradability

Biodegradation testing is essential to assess the
rate of bioplastic decomposition in the environment.
Figure 9 shows that bioplastics containing CA exhibited
a slower weight loss rate compared to the CS/C/S
control, indicating enhanced resistance to degradation.
This behavior suggests the formation of a more compact
intermolecular

polymer network promoted by

interactions between CA and the CS/C/S matrix. The

Ln (wt/wo)
0

s
y=-0,8453x + 0,1231

reduced degradation rate is mainly attributed to strong
intermolecular interactions, such as hydrogen bonding
between the carboxyl (~COOH) groups of CA and the
hydroxyl (—OH) and amino (—NH:) groups of chitosan
and cellulose, which result in a denser and less water-
permeable structure. This compact network limits water
penetration and microbial accessibility, thereby slowing
down the degradation process. Similar observations
have been reported by Awadhiya et al. [41].

5 6 il 3
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""""""" L R?=0,8691
 T— py
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Figure 9 Kinetics of CS/C/S bioplastic films with different citric acid concentrations.
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Figure 9 demonstrates that the CS/C/S/2.5CA
bioplastic exhibited the lowest degradation rate constant
(k = 0.1425 day!), indicating the slowest degradation
behavior and the highest structural stability among all
formulations. This finding is consistent with the SEM
observations, which revealed that the CS/C/S/2.5CA
film possessed a denser and more homogeneous
morphology compared to the other treatments. In
addition, this formulation exhibited improved physical
and mechanical properties. Furthermore, the
incorporation of 2.5% citric acid promoted enhanced
hydrogen-bonding interactions within the polymer
matrix, contributing to the formation of a more compact
and stable bioplastic structure.

Bioplastics formulated with high concentrations of
citric acid (CA) tended to degrade more rapidly by day
7 compared to the formulation containing 2.5% CA. The
presence of citric acid promoted the formation of a more
compact polymer network (Figure 10), which restricted
water diffusion and reduced the accessibility of polymer
chains to hydrolytic and biological agents. This

structural densification limited swelling and slowed

cs/cos

CS/C/S/2.5CA

CS/C/SISCA

CS/IC/S/7.5CA

CS/C/S/ITOCA

hydrolytic  degradation, resulting in a lower
biodegradation rate compared to bioplastics with a less
compact polymer structure. The reduced degradation
behavior is attributed to enhanced intermolecular
interactions induced by citric acid, which hinder water
penetration and microbial interaction with the polymer
matrix, as also reported by Awadhiya er al. [41].
However, an excess concentration of CA enhances the
hydrophilicity and porosity of the polymer matrix,
leading to the formation of microscopic holes that
facilitate increased porosity and water diffusion within
the material. Although the findings indicate a decrease
in weight loss, the bioplastic’s biodegradability is
controlled by the presence of hydroxyl groups (-OH),
which contribute to its susceptibility to degradation
[5,43]. This is further evidenced by visual color, weight,
and morphology changes, as illustrated in Figure 10.
However, although hydrogen bonding enhances the
material’s resistance to initial degradation, it does not
completely inhibit microbial activity responsible for

bioplastic decomposition.

Hari ke 6 Hari ke-7

N/A

;Q"‘m

Figure 10 Result of biodegradation of bioplastic made of chitosan-cellulose-starch (CS/C/S) with citric acid (CA).
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Conclusions

The incorporation of citric acid (CA) significantly
affected the mechanical and physical properties,
moisture content, swelling degree, water solubility, and
biodegradability of the CS/C/S bioplastics. Compared
with the films prepared without CA, the CA-containing
bioplastics exhibited improved tensile strength and
reduced moisture sensitivity. The tensile strength (TS)
increased with increasing CA concentration, while the
elongation at break (EAB) showed an opposite trend,
indicating reduced flexibility of the films. This behavior
may be attributed to enhanced intermolecular hydrogen
bonding between the carboxyl (-COOH) groups of CA
and the hydroxyl (-OH) and amino (—NH:) groups of
chitosan and cellulose, leading to the formation of a
more compact and cohesive polymer network. Among
all formulations, the CS/C/S film containing 2.5 wt%
CA exhibited the most balanced overall performance,
showing optimal mechanical properties alongside
reduced moisture content (8.78%), swelling degree
(33.67%), water solubility (33.67%) and the lowest
degradation rate constant ((k = 0.1425 day ™). The lower
(k) value indicates slower degradation behavior and
improved structural stability compared with the other
formulations. These findings were consistent with the
SEM observations, which revealed a denser and more
homogeneous morphology for the CS/C/S/2.5CA film.
Furthermore, FTIR analysis suggested enhanced
intermolecular hydrogen-bonding interactions within
the polymer matrix, which likely contributed to the
improved structural compactness, reduced water
penetration, and slower degradation rate of the
bioplastic film. Nevertheless, the mechanical strength of
the developed bioplastics remained relatively low
compared to previously reported chitosan-based
bioplastics derived from crustacean sources. Therefore,
the present findings should be interpreted within the
scope of the current formulation and processing
conditions. In addition, durability-related properties
such as long-term stability, barrier performance, thermal
aging resistance, and storage stability were not
evaluated in this study. Although FTIR analysis did not
reveal a distinct ester carbonyl peak in the 1,720 - 1,750
cm' region, indicating that extensive covalent
esterification was not achieved, future studies may focus

on optimizing the crosslinking process to promote

stronger covalent interactions within the polymer
matrix. Approaches such as extending thermal treatment
duration, controlling pH under mildly acidic conditions,
or employing dehydration catalysts and coupling agents
may facilitate thermally activated esterification between
citric acid and polysaccharides. Furthermore, advanced
characterization techniques, including solid-state NMR
and more sensitive spectroscopic analyses, are
recommended to provide more conclusive evidence of

ester bond formation and crosslinking mechanisms.
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  yield   ( % ) =     W ₁  W ₀ × 100


  DD % =     C 1 V 1   −   C 2 V 2  M × 0 . 0994 × 0 . 016   ×   100


  MC   % =     M 1   −   M 2  M 1 × 100


  SD % =     M 3   −   M 2  M 2 × 100


  WS % =     M 2   −   M 4  M 2 × 100


  WL   % =     Wo   −   Wq Wo × 100

