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Abstract

Conventional plastic has become an essential element in the manufacturing of nearly all consumer products.
However, it has emerged as a major contributor to environmental pollution and is difficult to biodegrade. This
research therefore synthesizes composite films from jackfruit seed (JSF) reinforced with bacterial cellulose (BC)
for a sustainable alternative. The structural, physical, chemical, and mechanical properties of Jackfruit Seed
Starch-based composite films (JSF/BC) were investigated. The incorporation of BC fiber into the JSF composite
film matrix significantly enhanced the water resistance, UV blocking, and thermal stability. By loading BC at
40 wt.%, the mechanical properties, such as tensile strength and elongation, were 0.74 MPa and 10.21%,
respectively. JSF/BC composite films had a thermal stability at temperatures up to approximately 270 °C.
JSF/BC composite films also exhibited a biodegradability of 72.1 - 100% within 15 days. The experimental
results indicate that the composite film offers a green, high-performing alternative to conventional plastics,

suitable for packaging and other short-term plastic products.
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1 Introduction

The increased usage of plastics is the main contributor
to environmental pollution concerns because it is
produced from non-renewable resources and exhibits
slow degradation [1]-[3], leading to the production
and development of biodegradable plastics from
renewable resources [4]-[6]. The bioplastic composite
material is an interesting product because it has
biodegradability, naturality, reduced reliance on fossil
sources, and a low carbon footprint [7], [8]. Numerous
studies have explored the production of novel
composites from biomass resources [9]-[12]. The most
suitable sources for composite production are waste-
derived agricultural crops. It offers a renewable,
sustainable, cost-effective and highly accessible
alternative [8], [13]. To meet the growing demands for
sustainable and multifunctional composite materials,
recent engineering developments have explored

diverse combinations of biopolymer matrices, natural
fibers, and functional particulate fillers. Recent studies
have demonstrated significant mechanical and
physical  property enhancements in  matrix-
reinforcement systems, such as natural fiber-
reinforced polymer composites [14], polymer
networks integrated with natural gums [15], discarded
tube light particle-reinforced epoxy matrices [16],
ultrafine bio-based fillers like coconut shell powder in
epoxy networks [17], vinyl ester hybrid composites
reinforced with smoked cigarette filter fibers, silane-
treated palm fibers, and duck eggshell bio-fillers [18],
as well as PLA-based hybrid biocomposites
incorporating flax fibers and agricultural waste bio-
fillers [19].

Among different types of waste-derived
agricultural crops, jackfruit seed is one of the
interesting biomasses for composite production due to
its high starch content (about 30% of fresh seed
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weight) [20]. In many Asian countries, especially
Thailand, the jackfruit seed can be obtained in large
quantities and at low cost or even free compared to
alternatives such as corn or rice starch because it is
normally discarded as waste from the food and
agriculture industries. Nguyen et al., [20] successfully
synthesized a composite from jackfruit seed starch.
Due to its environmental friendliness and high value-
added potential, it is a strong candidate for future
materials. However, the jackfruit seed-based
composite film (JSF) has poor mechanical properties.
Therefore, the mechanical properties necessitate the
development of fillers and composites.

To improve the mechanical properties of
composites, bacterial cellulose (BC) is a noticeable
new material for reinforcing materials. BC is a major
biopolymer and renewable material of high
availability in Southeast Asia. BC is a cellulosic
biomaterial that has come to the forefront as a
promising renewable and sustainable material [21]-
[23]. It is synthesized by bacteria, such as Acetobacter
xylinum and Komagataeibacter nataicola [24], [25].
Compared to other bio-based fillers such as plant-
derived cellulose nanocrystals (CNCs), lignin, and
chitosan, BC exhibits distinct structural and functional
superiorities [26]. While plant fibers require harsh
acid hydrolysis or organosolv extraction to eliminate
lignin and hemicellulose, resulting in environmental
pollution and structural damage, BC is synthesized via
microbial fermentation as a chemically pure cellulose
hydrogel. The high density of accessible surface
hydroxyl groups on the ultrafine BC nanofibrils
facilitates robust interfacial hydrogen bonding with
the amylose/amylopectin chains of JSF, establishing a
highly effective reinforcement network superior to
rigid isolated rod-like CNCs or particulate lignin
fillers [26]. BC has a nanocellulose fiber matrix with
distinctive properties, including its high degree of
crystallinity, high tensile strength,  high
biocompatibility, and resistance to organic solvents
[271-[30]. BC is also recognized for its high purity,
excellent mechanical properties, and ability to form
3D nanostructured networks [31]. In our previous
work, we demonstrated the successful reinforcement
of natural rubber with BC nanofibers [32]. These
results indicated that BC is effective as a reinforcing
additive. Based on these findings, incorporating BC
nanofibers into a starch matrix could enable the
development of the chemical, physical, and
mechanical properties of the composite, such as water
resistance, thermal stability, tensile strength, and
biodegradability.

The scientific novelty of combining JSF and BC
lies in exploiting their complementary molecular
structures. The high density of surface hydroxyl
groups on BC nanofibrils forms strong interfacial
hydrogen bonds with the gelatinized JSF polymeric
chains, creating a reinforced 3D interpenetrating
network [33]. This synergistic interaction effectively
compensates for the mechanical fragility and moisture
vulnerability of JSF, offering a fully biodegradable,
high-performance biocomposite derived entirely from
agricultural byproducts and microbial synthesis.

Although starch-based and cellulosic films have
been individually investigated, the primary novelty of
this work lies in the formulation and comprehensive
multi-scale characterization of green biocomposite
films derived from JSF reinforced with BC
nanofibrils. While jackfruit seed starch serves as an
abundant, underutilized agro-industrial byproduct
[34], its inherent brittleness and high moisture
sensitivity severely restrict its application [35]. To
overcome these limitations, this study provides the
first systematic evaluation of how high-aspect-ratio
BC nanofibrils systematically tailor the physical,
quantitative  crystallinity, —multi-stage  thermal
degradation, and UV-blocking performance of JSF
matrices. The findings demonstrate a sustainable, fully
bio-based strategy to convert agricultural waste into
high-performance, UV-shielding biocomposite films
suitable for sustainable food packaging applications.
In order to exploit food and agricultural wastes and
improve composite properties, this research therefore
produces composite films from jackfruit seed starch
reinforced with BC in the range of 10 — 50 wt.% (wet
basis). After the composite films were fabricated, the
properties of the films were characterized to evaluate
their suitability for future applications.

2 Materials and Methods

2.1 Preparation of bacterial cellulose

Bacterial cellulose (BC) was synthesized by A.
xylinum strain AGR 60 using coconut water as the
main medium. Then, 5.0% w/v sucrose, 0.05% w/v
ammonium sulfate, and 1.0% v/v acetic acid were
added as supplements. The 5% v/v A. xylinum AGR
60 was added to the medium and incubated at
30+2 °C for 7 days. To eliminate the bacterial cells
from the BC hydrogel structure, the BC hydrogel was
immersed in 1% w/v sodium hydroxide for 24 h, and
then it was treated with deionized (DI) water until pH
was natural (Figure 1). Finally, BC was blended and
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Figure 1: Image of BC.

homogenized thoroughly using a high-shear mixer at
5,000 rpm for 10 min at room temperature. The BC
slurry had a measured solid content of 1.20 £ 0.15
wt.% (determined by drying a known wet mass at 110
°C until constant weight). The BC slurry was stored at
4 °C for future use.

2.2 Extraction of jackfruit seed starch

Jackfruit seeds, a food processing waste, were
provided from a local Thai market. The seed outer skin
was peeled off, then the peeled jackfruit seeds were
washed with water to remove fruit flesh residue. After
that, peeled jackfruit seeds were placed at65 °C for 48
h to remove the moisture, then the dried jackfruit seeds
were mashed into a fine powder (100 mesh). The
jackfruit seed powder was boiled in DI water at a
temperature of 100 °C for 40 min to extract starch. The
slurry was centrifuged at 5,000 rpm for 30 min to
separate the jackfruit seed residual, then the
supernatant was deposited at 4 °C for 24 h until the
starch settled perfectly. Jackfruit seed starch sediment
was separated using Whatman filter paper No. 1 to
obtain wet starch. Next, the wet jackfruit seed starch
was dried in a hot air oven (UF110, Memmert,
Germany) at 65 °C for 48 h, and then the dried
jackfruit seed starch was sieved with a strainer (AS
200, Retsch, USA) with a 100 mesh.

2.3 Composite film preparation

The 10 g of jackfruit seed starch was mixed with 5 mL
of acetic acid, 10 mL of glycerol, and 100 mL of DI
water, then the mixture was heated at 100 °C for 30

min using a hotplate (C-MAG HS 7, IKA, Germany)
under stirring at 200 rpm. After 20 min, BC was added
in variations of 10, 20, 30, 40, and 50 wt.% (wet basis).
in the mixture. After 25 min, the mixture was poured
into a mold having 16 x 24 cm?, set at room
temperature for 3 h, and dried in a hot air oven at 35
°C for 24 h. Then, the jackfruit seed film (JSF) was
stored at room temperature for further use and named
JSF/BC-x, where x was the percent of BC loading.

2.4 Characterization

The morphologies were observed by scanning electron
microscopy (SEM) (QUANTA 450, FEI, USA). The
film specimens were mounted onto aluminum stubs
using conductive double-sided carbon tape and
subsequently sputter-coated with a thin layer of gold
under vacuum to provide electrical conductivity and
prevent charge accumulation. The SEM micrographs
were acquired at an accelerating voltage of 15 kV
under high-vacuum conditions.

The surface functional groups were identified by
Fourier transform infrared (FT-IR) (Spectrum 3TM,
PerkinElmer, USA) spectroscopy equipped with an
attenuated total reflectance (ATR) technique. Spectra
were recorded in the wavenumber range of 4000 - 650
cm! with a spectral resolution of 2 ¢m™ and an
accumulation of 32 scans per sample at room
temperature.

The mechanical properties were evaluated by a
universal testing machine (UTM) (QC-506M1,
Cometech, Taiwan). Prior to testing, all film
specimens were cut into rectangular strips (15 mm x
100 mm). The film thickness was measured at five
random positions along the specimen length using a
digital micrometer (precision 0.001mm) to determine
the average cross-sectional area. The UTM was
operated with an initial grip distance (gauge length) of
100 mm and a crosshead speed of 5 mm/min at room
temperature. All mechanical tests were performed in
quintuplicate, and the average values with standard
deviations were recorded.

The thermal stability and mass loss were
demonstrated by thermogravimetric analysis (TGA)
(TGA/DSC1, Mettler Toledo, Switzerland). The
samples of approximately 7.3 £ 0.6 mg were placed in
standard alumina pans. The analysis was conducted
under a high-purity nitrogen atmosphere at a flow rate
of 50 mL/min from 40 °C to 900 °C at a constant
heating rate of 10 °C/min. The onset decomposition
temperature (Tonset), peak degradation temperature
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(Tmax), mass-loss percentages per stage, and final
residual char at 800 °C were quantitatively
determined.

The bulk crystal structure was observed by X-
ray diffraction (XRD) (SmartLab, RIGAKU, Japan).
The instrument was operated with Cu-Ka radiation (A
= 1.5418 A) equipped with a nickel filter. Diffraction
patterns were recorded in the 26 range of 10° to 50°
with a step size of 0.02° and a scan speed of 1° per min
at room temperature. The relative crystallinity index
(Crl) of the samples was quantitatively calculated after
baseline subtraction and peak deconvolution using
Equation (1) [36]:

110" Tam

I
Crl (%)= === x100 (1)

110

where ;19 is the maximum intensity of the crystalline
peak (at 20 = 22.5° for cellulose I) and Il.n is the
intensity of the amorphous diffraction background (at
20 = 18.0°.

2.5 Moisture content

The 2.0 cm? films were weighed accurately. The films
were dried at 110 °C until a fixed dry weight was
acquired [37]. The weight of the film at the initial and
the dry weight at the final were recorded, and the
percentage of moisture content was evaluated as
follows Equation (2):

Wo-We

Moisture content (%)= %100 (2)

0

where W is the weight at the beginning, and W is the
weight at the final

2.6 Water solubility analysis

The dried square films of 2.0 cm? were precisely
weighed and recorded. The films were soaked in DI
water of 100 mL under stirring at 180 rpm for 6 h at 25
°C [38]. After 6 h, the remaining portions of the film
were separated and then dried at 110 °C until constant
weight was achieved. The percentage of water
solubility was determined as follows Equation (3):

Water solubility (%)=

WieWe 100 3)
W

1

where W; is the weight at the initial stage and Wris the
weight at the final stage.

2.7 Ultraviolet and visible light transmission

UV-visible light transmission properties of the films
were investigated using a UV-Vis spectrophotometer
(UV-1280, SHIMADZU, Japan). The film was cut
into 4.0 x 1.2 cm? and placed directly inside the
cuvette holder of the spectrophotometer. The
transmittance was measured at the wavelength range
of 200 - 800 nm. The blocking of UV radiation was
calculated as follows Equation (4) [39]:

UV-Blocking (%)= 100 - Tyy “)

where Tuv is the average transmittance in the
corresponding spectral UV region.

2.8 Biodegradation study

The film was evaluated using the soil burial test
method according to established protocols [40].
Biodegradation of films in soil was carried out for 15
days. Each sample was cut into 2.5 x 2.5 cm? and was
buried to a depth of 10 cm in a soil-filled pot under
natural conditions. The test was conducted under
controlled laboratory environmental conditions:
ambient temperature of 30 °C, relative humidity of 65
%, and soil moisture maintained between 40-50 % by
spraying distilled water at regular 24-hour intervals.
The pH of the soil matrix was measured at 6.8. The
samples were weighed after 2 days. To determine the
percentage of biodegradation, the samples were gently
removed from the pot and rinsed with DI water. Then,
the samples were dried at 50 °C for 24 h and weighed.
The percentage of biodegradation was calculated as
follows Equation (5):

. ) W,-W,
Biodegradation (%)= W x100 %)
1

where W is the dry weight at the initial, and W is the
residue dry weight after biodegradation.

2.9 Statistical analysis

Experimental measurements were performed in
multiple replicates: five specimens (n = 5) were tested
for mechanical properties, while three specimens (n =
3) were evaluated for moisture content, water
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solubility, and light transmission properties. Data are
expressed as the mean + standard deviation (SD).
Statistical evaluation was conducted using one-way
Analysis of Variance (ANOVA) followed by Tukey’s
Honestly Significant Difference (HSD) post-hoc test
to determine significant differences between
experimental groups. Prior to ANOVA, the normality
of data distribution and homogeneity of variances
were verified using the Shapiro—Wilk test and
Levene’s test, respectively. All statistical analyses
were executed in SPSS version 26.0. Differences were
considered statistically significant at p-value < 0.05.

3 Results and Discussion

3.1 Surface morphology

The surface and cross-section morphology of
composite films are shown in Figure 2. JSF composite
film surface without reinforced BC exhibited
roughness, coarseness, irregular patterns, and cracks,
whereas  JSF/BC-10, JSF/BC-20, JSF/BC-30,
JSF/BC-40, and JSF/BC-50 films, which contained
BC loading, showed a smooth outer surface without
cracks compared with that of the JSF composite film.
BC fibers had a uniform dispersion in the starch matrix
with no detectable extensive aggregation and
agglomeration for the JSF/BC-10, JSF/BC-20,
JSF/BC-30, and JSF/BC-40 composite films.
However, at 50 wt.% of the BC loading, the JSF/BC-
50 revealed aggregation and agglomeration on the
surface. This may be attributed to a high cellulose fiber
loading, leading to poor dispersion of the cellulose
fibers in the starch matrix [41], [42]. The SEM images
of the cross-sectional views also showed a uniform
incorporation of BC fibers in the starch matrix.
Incorporating BC enhances the structural uniformity
of the starch layer [43]. Owing to their high
compatibility, these BC fibers serve as effective
reinforcing agents, facilitating the formation of a
continuous matrix without cracks [44]-[46].

3.2 FT-IR analysis

The chemical characteristics of the films are shown in
Figure 3. The FTIR spectra of all samples show a
broad band at around 3272 cm™', which is attributed to
the O-H stretching vibration of the hydroxyl group.
The presence of C-H stretching was also found at 2943
and 2885 cm !, The increase in the intensity of these

JSF/BC-30

JSE/BC-40

a =
(a) Aggregaed ISF/BC-50

Figure 2: SEM images of top (a, x100) and cross-
section (b, x2,000) views of films.

bands of the JSF/BC composite films can be due to
inter- and intra-molecular hydrogen bonding of JSF

and BC reinforced into the composite film matrix [47].
The band at 1617 cm™! is attributed to C=0 [48]. The
adsorption peak at 1000 cm™ can be associated with
C-0O-C asymmetric stretching of cellulose [49] and

starch [50]. It is transformed into two peaks at around
1000 and 995 cm™!. This may be because the effect of
plasticization by glycerol is associated with
the weakening of intramolecular and intermolecular
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Figure 3: FT-IR spectra of films.

hydrogen bonds between the starch chains [51]. It can
be seen that this peak becomes more intense after the JSF
composite film is reinforced with BC. This peak can be
due to the increase in cellulose. The shoulder peaks at
1086and 925 cm™! are attributed to the stretching of the
glucose ring [49]. Additionally, the broad and weak bands
appear in the range of 850-700 c¢cm'. This may be
associated with out-of-plane bending of bound O-H and C-
H deformation frequencies [48]. The observed FTIR
patterns indicate the successful preparation of JSF/BC
composite film.

3.3 XRD analysis

The XRD profiles of JSF/BC films are shown in Figure 4.
The XRD peaks at 14.1°, 16.1°, and 22.4° are characteristic
of the cellulose structure in BC [42], [52]-[54]. The XRD
profiles of JSF, JSF/BC-10, JSE/BC-20, JSF/BC-30,
JSE/BC-40, and JSF/BC-50 films showed peaks that were
located similarly to those of BC. Compared with the XRD
profiles of JSF, JSF/BC-10, JSF/BC-20, JSF/BC-30,
JSF/BC-40, and JSF/BC-50 films, the peaks of BC were
sharp. This indicated that the increase in the amount of BC
fiber in the composite film matrix led to an increase in the
crystallinity of the composite films [55].

BC
JSF/BC-50

Intensity

M ISE/BC-40

JSE/BC-20

JSF/BC-10
JSE

10 15 20 25 30 3s 40 45 50
Degree of 2-theta

Figure 4: XRD pattern of the films.

Table 1: Crystallinity index of the films.

Film Crystallinity Index (CrI, %)
BC 82.4
JSF 18.5
JSF/BC-10 23.8
JSF/BC-20 29.1
JSF/BC-30 34.5
JSF/BC-40 38.6
JSEF/BC-50 42.1

Incorporating highly crystalline fibers in the
amorphous phase of films may introduce localized
strains, subsequently facilitating regional
crystallization [45], [56]. Quantitative analysis via
peak deconvolution demonstrated a progressive
increase in the Crl as a function of BC content (Table
1). The Crl increased significantly from 18.5% for
pure JSF film to 24.2%, 31.0%, 36.5%, 39.8%, and
42.1% for films loaded with 10, 20, 30, 40, and 50
wt.% BC, respectively. This quantitative rise in Crl
confirms the effective integration of highly crystalline
BC nanofibrils into the amorphous starch matrix,
which directly accounts for the improved mechanical
rigidity of the biocomposites.

3.4 Mechanical properties

The mechanical properties of the composite films are
shown in Figure 5. The tensile strength (Figure 5(a)) and
elongation (Figure 5(b)) properties of reinforced
composite films proved to be superior compared to the
non-reinforced composite film. The JSF reinforced with
BC was relatively brittle, rigid, and fragile. On the other
hand, the tensile strength and elongation of the composite
increased with increasing the amount of BC loading,
which indicated that the tensile and elongation properties
of the composite films reinforced with BC were
improved. Statistical analysis using one-way ANOVA
with Tukey's HSD post-hoc test (p-value < 0.05)
confirmed a significant progressive increase in tensile
strength and elongation as BC loading increased from 0
to 40 wt.%, peaking at 0.74 MPa and 10.21% at 40 wt.%
BC (p-value < 0.05). This finding was probably due to
the uniform dispersion of cellulose fiber in the film
matrix and the formation of intramolecular and
intermolecular hydrogen bonding between the cellulose
and starch molecules [57]. However, tensile and
elongation properties decreased with the amount of BC
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loading of 50 wt. % (p-value > 0.05), which could be
because a higher amount of BC loading of 50 wt.% was
not a uniform BC fiber dispersion and distribution, which
could lead to an increase in the aggregation and
agglomeration, thus decreasing the tensile strength and
elongation properties of the films. This result correlates
with the SEM observations for the 50 wt.% BC sample,
which clearly displayed BC nanofibril bundle
aggregation, localized voids, and interfacial phase
discontinuities. Excessive BC concentration induces self-
entanglement of nanofibrils via strong inter-particle
hydrogen bonding, exceeding the wetting capacity of the
JSF matrix [58]. These aggregated fiber clusters act as
internal stress concentration sites that facilitate premature
crack initiation under mechanical load, explaining the
observed drop in tensile strength and film ductility [58].
The result suggested that the BC enhanced the
mechanical properties of composite films. The JSF/BC-
40 with the BC loading of 40 wt.% exhibited the highest
tensile strength and elongation of 0.74 MPa and 10.21%,
respectively.

1
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0.8
w
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Figure 5: a) Tensile strength and b) elongation properties of
films.

Although this represents a notable enhancement
compared to the unreinforced JSF film, the maximum TS
of 0.74 MPa remains significantly lower than that of
conventional petro-based packaging plastics, such as
low-density polyethylene (LDPE, 10-30 MPa) [59] or
polypropylene (PP, 25-40 MPa) [60], as well as high-
performance starch biocomposites reported in the
literature [51], [61]. This difference in mechanical
resistance is primarily attributed to the hydrophilic nature
of starch and the absence of strong covalent crosslinking
within the matrix [62]. Consequently, the prepared
JSF/BC films are not intended to replace synthetic
polymers in heavy-duty structural packaging or high-
load applications.

Nevertheless, a tensile strength of 0.74 MPa,
combined with the inherent flexibility imparted by
glycerol, falls within an acceptable range for specific
light-duty, short-term, and single-use eco-packaging
applications [63]. Potential target applications include
biodegradable food overwraps for dry products,
agricultural mulch films, disposable lining sheets, or
inner protective sachets where rapid environmental
degradation and compostability are prioritized over high
load-bearing capacity [63], [64]. Future work may focus
on incorporating bio-based crosslinking agents or surface
chemical modifications to further boost the interfacial
bonding and mechanical performance to meet broader
commercial packaging requirements.

3.5 Thermal stability

The mass loss profile during thermal gravimetric
analysis of composite films is shown in Figure 6 and
Table 2. The profiles show that the trends of the TGA
patterns of all composite films are similar. The initial
mass loss at temperatures around 50 °C up to 110 °C
could be described as the elimination of moisture in the
composite film structure, which was approximately 5%
of the initial weight. The mass loss at temperatures
around 110 °C up to 280 °C was associated with the
volatilization and thermal degradation of the glycerol
plasticizer and initial starch depolymerization [65]. BC
showed a decomposition temperature range between
300 and 380 °C while the JSF composite film had a
decomposition temperature range between 200 and 350
°C. The result showed that the BC had higher thermal
stability than the JSF composite film. This is because
the BC had high crystallinity. The decomposition of the
JSF/BC composite films showed a decomposition
temperature range from 280 to 380 °C. It slightly shifted
to a higher decomposition temperature compared with
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Figure 6: TGA thermograms of films.

that of JSF composite films. The incorporation of BC
nanofibrils progressively shifted Tonset from 265 °C
(pure JSF) to 288 °C (50 wt.% BC). Similarly, the main
decomposition peak (Tmax2) increased from 315 °C to
340 °C, demonstrating enhanced thermal stability
imparted by the highly crystalline BC nanofiber
network [66]. The final residual mass at 800 °C also
increased from 12.1% to 22.4% with higher BC loading
due to higher carbonization of cellulose fibers [66].
The thermal stability of JSF/BC composite films
follows the order: JSF/BC-50 > JSF/BC-40 > JSF/BC-
30 > JSF/BC-20 > JSF/BC-10, which could indicate
that the increase in the amount of BC in the JSF/BC
composite films enhances the thermal stability. This
thermal enhancement can be primarily attributed to
two complementary mechanisms: (1) interfacial
molecular immobilization, in which extensive
hydrogen bonding between the hydroxyl groups of BC
and the hydroxyl-rich chains of gelatinized JSF
restricts polymer-chain mobility and enhances
interfacial cohesion; and (2) the highly ordered
crystalline structure of BC, which contributes to its
intrinsic thermal stability and consequently improves

the resistance of the composite matrix to thermal
degradation [67]-[69].

Previous studies have demonstrated that the
incorporation of BC or nanocellulose into starch-
based matrices can improve thermal stability through
strong polymer and cellulose interactions and the
formation of dense cellulose networks [67], [68].
Nunes et al., reported that the thermal stability of
JSF/BC biocomposites was strongly influenced by
composition and attributed the relatively high thermal
stability of BC to its high crystallinity and purity,
while the addition of BC to starch was associated with
improved thermal stability arising from the high
thermal stability of cellulose and the compatibility
between starch and cellulose [67]. Similarly, recent
work on JSF/BC biocomposite films demonstrated
that increasing nanocellulose loading enhanced
thermal stability, together with increased hydrogen
bonding and crystallinity within the composite matrix
[68], [69]. The thermal stability of BC itself has also
been associated with its crystalline structure,
molecular characteristics, and hydrogen-bonded
network [69]. Accordingly, the TGA results obtained
in the present study indicate that the incorporation of
BC enhanced the thermal resistance of the JSF/BC
films. However, the upper processing temperature
should be selected below the onset of significant
thermal degradation rather than being defined solely
by the nominal temperature range of the TGA profile.

3.6 Moisture content and water solubility

The water-resistant properties are presented in Figure
7. The JSF without BC reinforcement had the highest
water uptake. The moisture uptake (Figure 7(a))

decreased with the increase in the BC loading, which

Table 2: Thermal degradation parameters, degradation stages, and mass loss percentages of films.

Mass-loss stages (%)

Sample Tomset  Tmax Tmez 20 110 110280 280380 Final residue
O O O at 800 °C (%)
oC oC oC
BC 305 — 348 41 — 715 24.4
JSF 265 215 315 8.2 25 57.2 12.1
JSF/BC-10 271 218 322 7.8 21.0 56.7 14.5
JSF/BC-20 276 21 328 7.1 19.8 56.3 16.8
JSF/BC-30 280 223 334 6.5 18.2 56.4 18.9
JSF/BC-40 285 225 338 5.9 17.0 56.4 20.7
JSE/BC-50 288 226 342 5.4 15.8 56.4 22.4

A. Khamkeaw et al., “Valorization of Jackfruit Seed Waste for Composite Film Preparation: Property Enhancement via Bacterial

Cellulose Reinforcement.”



Applied Science and Engineering Progress, Vol. 20, No. 4, 2027, 8376

follows the order: 25.7%, 19.6%, 17.5%, 13.3%,
11.9%, and 8.5% for JSF, JSF/BC-10, JSF/BC-20,
JSF/BC-30, JSF/BC-40, and  JSF/BC-50,
respectively. Similarly, the addition of BC to the
JSF matrix also contributed to reducing water
solubility (Figure 7(b)), following the order: 32.1%,
26.6%, 23.0%, 17.8%, 16.6%, and 10.9% for JSF,
JSF/BC-10, JSF/BC-20, JSF/BC-30, JSF/BC-40,
and JSF/BC-50, respectively. These can be
described as the formation of a starch/BC network
by hydrogen bonding between the BC and the
hydroxyl groups of the starch matrix, which
interacts between cellulose and starch chains,
leading to restricted entry of water molecules [49],
[50]. The result suggested that the reinforcement of
JSF composite film with BC can enhance moisture
resistance and water solubility.
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Figure 7: Moisture content a) and water solubility b)
of the composite films.

3.7 Ultraviolet and visible light transmission

To observe the effective UV-shielding capacity, the
transmission of UV-visible light through the composite
films was studied as shown in Figure 8(a). All composite
films exhibited total blockage of UV light up to 340 nm.
However, the JSF exhibited the highest UV light
transmission compared to other composite films,
indicating low UV-shielding capability. Meanwhile,
the JSF/BC composite films showed a lower UV-Vis
light transmission compared with JSF. A reduction in
transmittance corresponds to increased opacity,
effectively serving as an excellent barrier to light-
induced lipid oxidation [70]. From transmittance
spectra in the range of 200-340 nm, the UV radiation
blocking was calculated as shown in Figure 8(b). The
UV radiation blocking ability of composite films
increased with increasing the amount of BC loading,
which was 65.8%, 68.8%, 76.6%, 83.7%, 88.1%, and
91.1% for JSF, JSF/BC-10, JSF/BC-20, JSF/BC-30,
JSF/BC-40, and JSF/BC-50, respectively. The result
confirmed that the increase in BC loading significantly
enhanced the UV radiation blocking ability, possibly
by increasing the density and viscosity of the
composite films [71].

3.8 Biodegradation study

The tests resemble actual conditions by embedding
composite films in soil, facilitating the gradual
decomposition of the material by soil microorganisms
[72]. The weight loss during biodegradation of
composite films is shown in Figure 9. The degradation
rates of all samples rapidly increased in the initial (0 —
3 days), and then the degradation rates slowly
decreased. This is because the surface layer of the
composite films was predominantly decomposed by
microorganisms in the soil [73]. The starch and other
organic  substances were inhibited by the
microorganisms, resulting in a fast decomposition rate
in the early phase within 3 days. Overall, more than
70% of the composite films were biodegradable within
15 days. The JSF and JSF/BC-10 achieved the highest
decomposition of 100% within 5 and 11 days,
respectively. Meanwhile, decompositions of JSF/BC-
20, JSF/BC-30, JSF/BC-40, and JSF/BC-50 were
98.8%, 89.2%, 81.0%, and 72.1% within 15 days,
respectively. The results showed that the
decomposition decreased with an increase in the BC
loading.
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The reason might be that the increase in the BC
loading enhances the composite film structure, which
takes longer time to decompose. All composite films
developed in this study showed significantly high

biodegradability, environmental friendliness, and
sustainability.
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Figure 9: Biodegradability of the composite films.

3.9 Comparative evaluation and applications

To comprehensively benchmark the performance of
the JSF/BC composite film against a broader range of
commercial and research packaging materials, Table 3
provides an expanded comparative overview
encompassing conventional petro-based plastics
(LDPE, PP, and PET), biodegradable synthetic
polymers and their blends (PLA and PBAT/starch),
and  modified biopolymer  systems  (corn
starch/chitosan and cassava starch/BC). Conventional
petro-based plastics generally exhibit substantially
higher mechanical strength and lower moisture
sensitivity than starch-based films, while PLA- and
PBAT-based materials provide improved mechanical
and barrier performance compared with unmodified
starch films [74], [75].

As shown in Table 3, the JSF/BC-40 film
exhibited a maximum tensile strength of 0.74 MPa and
an elongation at break of 10.21%, indicating a balance
between flexibility and structural integrity suitable for
low-stress packaging applications. In comparison,
starch—chitosan films have demonstrated improved
mechanical and UV-barrier properties through
polymer—polymer interactions, while cassava
starch/bacterial cellulose bioplastics have shown
increased tensile strength with increasing BC content
[76], [77]. The relatively lower tensile strength of
JSF/BC-40 may therefore reflect the inherently
hydrophilic and relatively weakly interacting nature of
the starch-rich matrix, despite the reinforcing
contribution of the BC network.

Importantly, the incorporation of BC provides
functional advantages beyond mechanical
reinforcement. Bacterial cellulose possesses a highly
interconnected nanofibrous network and has
demonstrated excellent UV-barrier properties, making
BC-containing films particularly attractive for
packaging applications where protection against light-
induced deterioration is required [78]. The JSF/BC-40
film exhibited 88.1% UV shielding and thermal
stability up to approximately 270 °C, suggesting that
the BC network contributed to both optical shielding
and thermal resistance. Similar improvements in
functional and barrier properties have been reported
for cellulose-reinforced biopolymer films, including
starch—bacterial cellulose and other polysaccharide-
based packaging systems [77]-[79].

Therefore, although the tensile strength of
JSF/BC-40 remains substantially lower than that of
conventional petro-based packaging plastics and high-
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Table 3: Comparative property overview of JSF/BC biocomposite film against conventional synthetic
plastics and various reported biopolymer packaging films.

Tensile . .
. Elongation at UV-Blocking . -
Film Strength Break (%) Capability (%) Biodegradability Ref.
(MPa)
JSF/BC-40 0.74 10.21 88.1 72.1-100% This study
LDPE 10-30 100-600 Low Non-biodegradable [74]
PP 25-40 200600 Low Non-biodegradable [74]
PET 50-80 50-300 Moderate Non-biodegradable [74]
PLA 40-70 2-10 Moderate Industrial 71 1951
composting
PBAT 15-40 400-700 Low-moderate Biodegradable [741,[75]
Corn starch/chitosan ~2-10 ~10-30 High Biodegradable [76]
Cassava starch/BC 2.34 — — Biodegradable [77]
Thermoplastic .
starch/BNC ~23-39 — — Biodegradable [78]
Potato starch‘ 53.6 — High Biodegradable [79]
nanocomposite
performance biodegradable polymer films, its Compared to conventional petroleum-based

combination of biodegradability, UV shielding, and
thermal resistance provides potential for light-duty
and short-term packaging applications, particularly for
dry-food packaging, inner liners, protective wraps,
and secondary agricultural packaging. The present
material should therefore be regarded as a functional
biodegradable packaging candidate rather than a direct
replacement for high-strength structural packaging
plastics.

3.10 Environmental significance and sustainability
outlook

Beyond its structural and functional properties, the
JSF/BC biocomposite system holds substantial
environmental significance. Jackfruit seed flour (JSF),
an underutilized starch-rich agricultural byproduct,
serves as a low-cost, renewable matrix, aligning
directly with agricultural waste valorization principles
[80]. The integration of microbial bacterial cellulose
(BC) further enhances material performance without
relying on synthetic chemical additives. From a
circular economy perspective, converting tropical fruit
waste into functional bio-packaging reduces agro-
industrial disposal burdens and reliance on fossil
resources [78], [80].

packaging plastics such as Low-Density Polyethylene
(LDPE) and Polypropylene (PP). JSF/BC
biocomposite films offer complete biodegradability
and carbon neutrality [78], [81]. These ecological
attributes render JSF/BC biocomposite films a
promising, sustainable alternative for single-use
flexible inner food wraps, supporting global initiatives
to replace non-biodegradable synthetic plastics with
eco-friendly bio-based materials.

4 Conclusion

This study successfully developed and characterized
JSF/BC composite films reinforced with BC. SEM
analysis exhibited that BC fibers in slurry form at 10 -
50 wt.% (wet basis) loading contents were uniformly
dispersed and distributed within the starch matrix,
which revealed that the JSF/BC-40 at a BC loading of
40 wt.% achieved optimal dispersion. Structural
analysis through FT-IR and XRD also verified the
interaction of BC within the starch matrix,
contributing to improved film integrity. Mechanical
analysis revealed that the BC improved tensile
strength and elongation. The JSF/BC-40 had the
highest tensile strength of 0.74 MPa and elongation of
10.21%. Furthermore, TGA analysis also shows that
the incorporation of BC in the starch matrix enhances
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the thermal properties. All JSF/BC composite films had
thermal stability at temperatures up to approximately
270 °C. The moisture content and water content
decreased with the increase in BC loading. UV-Visible
analysis revealed that the JSF/BC composite films
enhanced UV-protection ability by 65.8 - 91.1%.
Additionally, the biodegradability of the JSF/BC
composite films was 72.1 - 100%, and it was achieved
in 15 days. Because of its excellent properties, the
JSF/BC composite films are expected to have high
potential uses as packaging and short-term packaging.
These findings demonstrate that the developed
composite film has a high potential for sustainable
packaging, highlighting the potential of agricultural
waste for high performance, which aligns with circular
economy principles. While this study establishes the
structural and mechanical optimization of JSF/BC
biocomposite films, current limitations include the lack
of direct oxygen permeability profiling and real-time
food shelf-life storage trials, which are designated as
key priorities for future applied packaging evaluations.
Future work will focus on evaluation of oxygen
permeability, water vapor permeability, contact angle,
transparency, and food storage performance.
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  Biodegradation   ( % ) =     W 1 -  W 2   W 1 ×100                        (5)


  UV-Blocking   ( % ) = 100 -   T  UV                                      (4)


  Water solubility   ( % ) =     W i -  W f   W i ×100                         (3)


  Moisture content   ( % ) =     W 0 -  W f   W 0 ×100                      (2)
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