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ABSTRACT

This research investigated the development of sago starch (SS) film reinforced with velvet tamarind (Dialium cochinchinense) peels
for potential biopolymer film applications. SS was gelled at 80°C and plasticized with glycerol. After that, VT and treated VT (TVT)
fibers were incorporated with content of 1, 3, and 5 wt%. The SS, SS_VT, and SS_TVT biocomposites were systematically evaluated
for their transparency, water resistance and tensile properties. The addition of VT and TVT significantly improved ultraviolet
(UV) protection, although this improvement was accompanied by a decrease in visible light transparency. Water absorption
and water vapor transmission of the biocomposite films also decreased compared to neat SS. Moreover, the biocomposite films
exhibited substantially higher tensile strength (TS) and Young’s modulus (YM) than neat SS film. Notably, the composite film
containing 3 wt% VT demonstrated the highest TS and YM value. This confirmed the effective dispersion of 3 wt% of VT within
starch matrix and strong interface interaction between cellulose fibers and starch, as revealed by FTIR and SEM analysis. The
thermal degradation temperatures of biocomposite films containing 1 wt% VT and TVT were shifted to higher values compared
to that of the starch matrix. The incorporation of VT and TVT enhanced the tensile properties of the biocomposite films;
however, TVT-reinforced films showed relatively inferior performance compared to VT reinforced films, primarily due to increased
particle agglomeration, as observed by SEM. Totally, SS films reinforced with VT show strong potential for biopolymer packaging
applications, owing to their improved water resistance and mechanical properties.

| Introduction awareness, there is a strong emphasis on supporting a circular

Green and circular economy principles are reshaping industrial
approaches across various industries. Inspired by bioeconomy
ideas, the replacement of conventional materials derived from
natural resources with waste by-products from agriculture and
industry are currently investigation [1, 2]. As consumers prioritize
sustainability and demand eco-friendly packaging, alongside
growing product complexity and heightened environmental
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economy and reducing carbon emissions. In recent decades, there
has been significant progress in reducing the carbon footprint
of industrial products and innovations in packaging, such as
biodegradable and smart packaging [3, 4]. The trend toward
renewable and biodegradable materials is gaining momentum,
driven by increasing environmental awareness among the general
population, corporations, and governments. Therefore, develop-
ing polymers enhanced with natural polymers and fibers are
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an intriguing alternative [4-7]. These materials provide benefits
such as partial or full renewability, biodegradability, lower energy
consumption in production, and adequate mechanical properties
for a wide range of applications [6, 7]. One of the most important
uses of biodegradable polymers reinforced with natural fillers
is in the realm of food packaging, a focus shared by numerous
researchers [7-9]. Presently, starch is gaining attention from
the bioplastics industry. Because starch is an agricultural raw
material that can be grown as a replacement, it is cheap and easily
available from a variety of crops such as cassava, corn, sago palm,
and so fourth [10-12].

Sago palm is a valuable resource, especially in rural areas, because
of its wide range of uses, especially in the production of flour,
whether it be sago flour. The development of biodegradable
packaging materials has a great deal of promise for exploration.
However, the mechanical properties, gas and moisture (MS)
barriers of packaging films made from starch are insufficient
because of their high hydrophilic content. Their potential as
an essential raw material to produce biodegradable packaging
materials is so constrained. As a result, many studies have
been conducted to improve the properties of starch through
incorporating plasticizers and fillers [12-14].

Natural fibers exhibit desirable characteristics such as high spe-
cific strength, low density, recyclability, cost-effectiveness, and a
high modulus. Notably, they can be utilized as bio-fillers, offering
significant potential to reinforce and enhance the mechanical
performance of polymers [15-17]. Cellulose fiber is among the
most important representatives of natural fibers, recognized
for its abundance and desirable mechanical properties. As a
polysaccharide, it can be extracted from a variety of plants or
agricultural wastes, such as rice husk, walnut shell, oil palm fiber,
pineapple and banana leaf fiber, coffee grounds, and so forth [15,
18-22]. Since these plant fibers are mainly chemically composed
of cellulose, hemicellulose and lignin having a strong molecular
structure which can be used as reinforcing materials. These fillers
are crucial to the structure, serving as reinforcing agents that
enhance the mechanical properties by transferring the tension
from the matrix to the filler, and improving the water-barrier
properties of the composites through the tortuous pathway and
the inter- and intra-interactions between the filler and the matrix
[21-24]. Previous reports have shown that the addition of apricot
and walnut shell powders can improve the tensile properties
(modulus and tensile strength [TS]) of starch-based films [20].
Cellulose microfiber was extracted from the Musa saba’ banana
midrib residue using several chemical treatments, including
steam explosion, alkaline treatment, acid-chlorite treatment, and
acid hydrolysis. Incorporating 1 wt% of microfibers into a starch-
based biofilm increased mechanical properties, opacity, and
crystalline while elongation at break (EB) decreased as compared
to biofilm without cellulose microfibers [17, 22].

The velvet tamarind (VT) is a large evergreen tree, scientifically
known as Dialium cochinchinense, found in southern Thailand.
Its production generates significant annual income for farmers.
However, VT peels are a waste material generated by community
enterprise processing, which creates management problems and
environmental impacts. VT fruits are clustered, with black skin,
orange flesh, and a friable texture. The VT peel is expected to
be a potential filler, which has not been previously reported.

The utilization of natural fibers-reinforced composites has been
steadily increasing; however, the market remains relatively spe-
cialized, primarily due to challenges such as achieving strong
interfacial adhesion between the fibers and the matrices. Starch-
based composites are expected to offer several notable advantages,
including superior TS derived from the inherent chemical com-
patibility between cellulose and starch, high water resistance
resulting from the hydrophobic nature of the fibers, and complete
degradability coupled with long-term sustainability [16, 24].

Given these considerations, the objective of this study was to
incorporate cellulose extracted from VT (D. cochinchinense) peel
as a reinforcing filler within a starch matrix. The effects of VT
fiber type (FT) and filler loading on the physical and mechanical
properties of starch-based composite films were systematically
investigated. Target performance parameters, including water
resistance, mechanical strength, and thermal behavior, were
evaluated to assess the suitability of the composites for functional
applications. Furthermore, the interfacial interactions between
the starch matrix and VT or treated VT (TVT) fibers were exam-
ined using Fourier transform infrared spectroscopy (FTIR), x-ray
diffraction (XRD), and scanning electron microscopy (SEM).
These analyses were expected to elucidate the structure-property
relationships governing the observed physical, mechanical, and
thermal performance of the composite materials.

2 | Material and Methods

2.1 | Materials

Sago starch (SS) is the natural starch isolated from sago palms
(Metroxylon sagu Rottb.) in Pattani, Thailand. VT rind (D.
cochinchinense) was obtained from Dong Look Yee Community
Enterprise Group, Pattani, Thailand. Glycerol used as a plasticizer
was a product of Ajax Fine Chem. Pty Ltd. (Australia).

2.2 | Cellulose Microfiber Isolation and
Treatment From VT Peel
2.2.1 | VT Fiber Isolation

The VT peel was first cleaned to remove surface dirt and
impurities, followed by washing with distilled water and drying
in an oven at 60°C for 24 h. The dried VT peel was finely
ground by using a commercial herb grinder (WF-10B, Taiwan)
and subsequently dried in a hot air oven. As a result, VT fiber
retained their natural surface characteristics, including a high
content of hydroxyl (-OH) groups from cellulose, hemicellulose,
and residual lignin.

2.2.2 | Treatment of VT Fiber

The treatment of VT fiber was prepared according to Chan-
thavong et al. (2020) with some modification method [25]. The
VT fiber was treated with 6 wt% NaOH solution, heated at 80°C
for 2 h, followed by filtration and washing with distilled water
until neutrality was achieved. The alkali-TVT was subsequently
bleached with a 10 wt% H, 0, solution to obtain TVT microfibers,
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which was then dried in an oven for 24 h. The chemical
composition of the VT and TVT was determined, with lignin
content of 34.2% and 18.4%, and cellulose content of 85.2% and
93.9%, respectively.

2.3 | Preparation of Biocomposite Films

Starch-based composite films were prepared using the solution-
casting method, following the procedure described by Katong
et al. [26]. SS was dispersed in distilled water and continuously
stirred at 80°C for 15 min. The glycerol (30 wt% of starch) as
a plasticizer was then added to starch solution and mixed with
VT and TVT particles in varying amounts of 1, 3, and 5 wt%
of starch. The resulting mixture was homogenized and poured
into a polyethylene casting mold. The biocomposite films were
dried in an oven at 50°C for 48 h. After drying, the starch-based
composite film was removed from the casting plate and stored in
a MS-controlled cabinet for further characterization.

2.4 | Biocomposite Film Characterization

2.4.1 | Morphology

The microstructure of VT, TVT, and biocomposite films was
examined using a scanning electron microscope (Hitachi SU3500,
Japan) operated at an accelerating voltage of 10 kV. Composite
films were cryo-fractured in liquid nitrogen to reveal cross-section
morphology. Subsequently, the samples were sputter-coated with
a thin gold layer and observed at magnifications of 500X and
1000X.

2.4.2 | UV-Visible Transmission of Biocomposite Films

The UV-visible transmission of the biocomposite films was
evaluated following the method described by Wahab et al. (2023)
[22]. Rectangular film specimens (1 x 2 cm?) were analyzed over
a wavelength range of 200-800 nm using a Lambda 35 UV-
visible spectrophotometer (PerkinElmer, United States). For each
specimen, the light absorption values were recorded in triplicate.

2.4.3 | Moisture (MS) Content Test

The standard method for determining MS content in starch films
involves drying the film and measuring the resulting weight loss,
following ASTM D644-99. Starch-based composite films were cut
into 2 cm X 2 cm specimens and weighed to obtain the initial
weight (W;). The specimens were then dried at 105 °C for 2 h
until a constant weight (W;) was reached. The MS content was
calculated according to Equation (1).

W, - W,
MS content (%) = 'Tf x 100 )

i

2.4.4 | Water Absorption (WA) Test

Specimens measuring 2 cm X 2 cm were weighed and dried in an
air-circulating oven at 105 + 2°C for 24 h to eliminate any MS. All
samples were immersed in water at room temperature (25 + 2°C)

for 24 h, after that weighed again. The percentage of WA content
was calculated using the following Equation (2).

Was — W,
WA content (%) = —=_"2 % 100 2

W,
where W, is weight prior to absorption test, and Wy, is WA
sample weight after testing, respectively. These measurements
were performed in five replicates.

2.4.5 | Water Solubility (WS) Test

WS was measured as the percentage of dry film material that
dissolved after 24 h of soaking in distilled water. The film spec-
imens (2 cm X 2 cm) were weighed before the test (W) and then
immersed in distilled water at room temperature for 3 months.
After this period, the undissolved and dissolved portions were
separated through filtration. The undissolved portion was then
dried at 110°C for 6 h and weighed to record the results. The
weight change of WS test was calculated following Equation (3).

W, -W,
WS content (%) = % x 100 3)

1

where W; is sample weight before WS test, and W, is weight of
undissolved samples.

2.4.6 | Water Vapor Transmission (WVT) Test

The water vapor transmission rate (WVTR) was determined
following the ASTM DE9600 method, as described by Ruam-
charoen et al. [12]. Glass bottles were filled with 10 g of silica
gel, and biocomposite films were cut into circular specimens with
a diameter of 3.6 cm. Each film was placed over the mouth of
a bottle and weighed to obtain the initial weight. The bottles
were then placed in a desiccator maintained at 75% relative
humidity (RH). The sample films were weighed at 6 h intervals
until a constant weight was reached. The WVTR was calculated
according to Equation (4).

Am
WVTR = —— A @

where Am is the weight change gained WVT (g), A is the WVT
area (cm?), and ¢ is the interval time for WVT (h).

2.4.7 | Tensile Property Measurement

The tensile properties of the biopolymer films were evaluated
using a Narin Universal Testing Machine (NRI-TS500-30B)
equipped with a1kN load cell at a temperature of 25+ 2°C and RH
of 50% + 5% according to ASTM D882 method. Five biocomposite
films were cut into specimens measuring 10 cm X 1.2 cm. Each
specimen was clamped between grips with an initial gauge length
of 30 mm, and tests were performed at a crosshead speed of
50 mm.min~!. The TS, elastic modulus, and percentage EB were
recorded.
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2.4.8 | Fourier Transform Infrared Spectroscopy

FTIR was employed to analyze the chemical structure and
functional groups of VT, TVT, and biocomposite films. Measure-
ments were conducted using a Bruker Tensor 27 spectrometer
(United States), with samples exposed to infrared radiation over a
wavenumber range of 400-4000 cm ™, a resolution of 4 cm™, and
a total of 16 scans.

2.4.9 | X-Ray Diffractometry

XRD analysis was conducted using an X'Pert Pro Diffrac-
tometer (Panalytical) in reflection mode with Cu-K, radiation
(1 = 0.154 nm). The samples were analyzed at 30 kV and 15 mA,
covering a 26 range of 5°-50°, with a scanning step of 0.02°/min
and a step time of 10 s.

2.4.10 | Thermogravimetric Analysis (TGA)

Thermal stability of VT, TVT, and biocomposite film were
investigated by using a Perkin Elmer TGA 8000 apparatus to
assess weight changes within a temperature range of 50°C-600°C.
This analysis was performed in a nitrogen gas atmosphere with a
heating rate of 10°C/min.

2.4.11 | Statistical Analysis

All experiments were conducted in five replicates, and the results
are presented as mean + standard deviation (S.D.). Analysis
of variance (ANOVA) using a quadratic model was performed
to evaluate the significance of the independent variables and
their interactions on the response variables (SAA and TLA). The
analysis was performed using the “statsmodels” library in Python
[27]. Two independent variables were considered: FT with two
levels (VT and TVT) and fiber percentage (FP) with three levels
(1, 3, and 5 wt%), respectively.

3 | Results and Discussion

3.1 | Appearance Characteristic of VT and TV
Figure 1 illustrates the photograph and SEM images of VT and
I'VT subjected to the chemical treatment.

It can be observed that the inner surface of VT peel is flaky
and brown while the outer surface is black and velvet-like as
shown in Figure 1a. When the VT peel was ground into brown
powder and sieved through a 100 um sieve (Figure 1b), treated
with alkaline solution and bleached, the TVT appeared to be
yellow color. From SEM images (Figure 1d,e), it was found that
VT has a smooth surface, irregular shape, and becomes rougher
after alkaline treatment and bleaching processes. Because some
impurities and noncellulosic materials were removed from VT
as previously mentioned [28-30]. However, TVT particles were
larger than that of raw VT. As considered by SEM images, it
was found that TVT particles agglomerated into bundles resulting
in the increment diameter of TVT particles. This observation

indicates that the alkali treatment and H,O, beaching could
effectively remove some noncellulosic components and enhance
the hydrogen bonding between cellulose chains [28, 30, 31].

3.2 | Visual Appearances and Light Transmittance
of Biocomposite Films

Figure 2 displays the visual appearance and light transmittance
of starch-based composite films. All biocomposite films were
transparent, as the text on the paper was clearly visible. Upon
observation, the neat starch film was completely transparent,
whereas the biocomposite films became semi-transparent with
the addition of VT and TVT. Increasing the VT and TVT content
in the starch matrix, therefore, reduced the transparency of the
biocomposite films.

The optical property of the composite film is of foremost impor-
tance when considering its use in food packaging. This property
specifies the protection of food from exposure to light. Specifi-
cally, food deterioration is caused by ultraviolet (UV) radiation.
Film transparency was investigated using the percentage of light
transmittance [26, 32]. The VT particles addition reduced the
transmittance in the UV regions (200-400 nm), compared with
the neat starch film. Moreover, the transmission of biocomposite
films also decreased with an increase in VT content as shown in
Figure 2b. This effect can be attributed to the present microscale
fibers, which exhibit low transparency and reflect more light,
thereby enhancing the UV-shielding capacity of the starch-
based films due to the reduced band gap energy [32, 33]. When
comparing the biocomposites, films containing TVT were found
to be more translucent than those containing VT. Increasing the
VT and TVT content from 1 to 5 wt% significantly improved
the shielding effectiveness for both UVB (280-315 nm) and UVA
(315-400 nm) but also decreased visible light transparency. In
comparison with SS_VT films, SS_TVT films exhibit lower trans-
mittance primarily as a result of fiber surface treatment, which
enhanced cellulose purity, crystallinity, dispersion and interfacial
adhesion within the starch matrix. This can be advantageous for
food packaging, especially for light-sensitive foods, as it helps
prevent light-induced lipid oxidation [32].

3.3 | Water Resistance Characteristics

The water resistance of starch-based composite films is a crucial
parameter that can substantially influence their physical prop-
erties and functional performance [34]. Table 1 presents water
resistance characteristics of neat starch and biocomposite films
reinforced with VT and TVT. The MS content of SS_VT was lower
than that of SS and SS_TVT films. This may be due to untreated
VT contain noncellulosic components such as waxes, lignin and
other organic substances which are less hydrophilic, resulting in a
lower water content in the SS_VT film structure than the SS_TVT.
Another aspect is that after treatment, more hydroxyl groups
appear, leading to increased MS absorption through hydrogen
bonding [34-36].

WA can compromise the barrier properties of starch-based films,
especially when used in packaging applications. The WA of
biocomposite film is the amount of water which can be absorbed
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FIGURE 1 | Photographs of velvet tamarind peel (a), VT (b), and TVT (c): SEM images of VT (d) and TVT (e).

TABLE 1 | Water resistance properties of starch and biocomposite films reinforced with VT and TVT.

Biocomposite films MS (%) WA (%) WS at 3 months (%) WVT (g/cm?.h)

SS 15.57 + 0.26 95.43 +5.14 34.04 +0.22 0.00134 + 8.72x107°
SS_VT1 13.41 +0.21 80.17 + 1.34 33.52+0.36 0.00102 + 7.53x1075
SS_VT3 14.59 + 0.33 77.9 +2.03 30.45 + 1.68 0.00106 + 6.71x107°
SS_VT5 14.46 + 0.22 83.6 + 3.88 29.32 + 0.61 0.00073 + 5.90x1073
SS_TVT1 17.10 + 0.77 76.97 + 3.32 30.47 +0.32 0.00092 + 7.18x107>
SS_TVT3 17.97 + 0.09 71.54 +1.96 29.74 +1.22 0.00102 + 4.57x107°
SS_TVT5 17.42 + 0.46 76.01 +1.95 45.14 + 4.70 0.00105 + 1.25x10~*

under specific conditions. The presence of cellulose fibers in
biocomposites decreased the amount of WA [35]. As considered
in Table 1, the biocomposites with TVT showed the reduction
of WA comparing with SS_VT biocomposites. This is owing to
fiber treatment typically removes noncellulosic components such
as hemicellulose, lignin, pectin, waxes, and other extractives
from VT fibers. The elimination of these amorphous constituents
reduces capability of free hydroxy groups to interact with water
molecules. In addition, SS_TVT biocomposite films, which have
more cellulose content giving more crystalline, showed a lower
water binding capacity. Moreover, the incorporation of cellulose
fibers significantly reduced the WA of thermoplastic starch (TPS),

which can be attributed to more interfacial interaction between
cellulose fibers on the starch matrix [38, 39].

The WS is a crucial property of starch-based biocomposite films.
For certain applications, water insolubility may be necessary to
improve product integrity and extend shelf life [38]. The WS of
the neat starch film was about 34%, while the WS of biocomposite
films with VT slightly decreased with amount of VT. In the case
of TVT, it was found that the WS of biocomposites with 1% and 3%
by weight of TVT declined. The reduced solubility suggested that
intermolecular interactions occurred between starch and VT in
the starch-based composites. The hydroxyl groups on the glucose
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units in the cellulose chains can form strong hydrogen bonds
with hydroxyl groups on starch, enhancing molecular interac-
tions, improving the cohesiveness of the biopolymer matrix, and
reducing WS [40]. When the fiber content reached 5 wt%, an
increase in WA was observed. This is due to agglomerate of fiber,
resulting in poor dispersion in the starch.

WVT indicates the ability of a film to allow water vapor to pass
through, making it a critical property for food packaging applica-
tions [37]. The SS film exhibited higher WVT compared to starch
films reinforced with VT and TVT. This reduction in WVT can be
attributed to the interaction between cellulose and starch, which
promotes the formation of hydrogen bonds and increases the
compactness of the network structure. As a result, the mobility of
polymer chains within the starch matrix was restricted, creating a
more tortuous pathway for water molecules and thereby limiting
their diffusion. Additionally, cellulose possesses a high-water
retention capacity, allowing it to trap a substantial amount of
water molecules within the starch matrix [41]. When VT was
incorporated up to 5 wt%, WVT significantly decreased, due to
the presence of hydrophobic lignocellulosic components, which
act as an effective water vapor barrier. Water molecules encounter
difficulty penetrating the crystalline regions of cellulose within
the film, a phenomenon attributed to increased tortuosity and the
reduced availability of hydrophilic sites, thereby limiting water
diffusion through the biocomposite films [4, 42]. In contrast, the
WVT of SS_TVT composites slightly increased with rising TVT
content, which can be explained by the formation of structural
irregularities and voids between cellulose particles and the starch
matrix. These microscopic gaps provide additional pathways for
water vapor, resulting in a modest increase in WVT [41].

ANOVA results of all dependent variables for water resistance
characteristics are shown in Table 2. For MS content, the ANOVA
results indicate that both FT and FP have significant effects,
with p values less than 0.01 and 0.05, respectively. However, the
interaction between FT does not significantly affect MS content,
as indicated by a p value of 0.494, which is greater than 0.05.

UvVC El'\'B UVA (b)
200280 g0 315 315-400
nm nm

nm

—SS - =SS_VT1
-=-SS_VT3 = =SS_VT5
——SS_TVT1 ——SS_TVT3
300 400 500 600 700
Wavelength (nm)

(a) Visual appearances and (b) % transmittance of SS and biocomposite films reinforced with VT and TVT.

TABLE 2 | ANOVA results (p value) of all dependent variables for
water resistance properties.

Variable MS content WA content WVT
FT < 0.001** < 0.001** 0.193
FP 0.016* 0.013* 0.035*
FT:FP 0.494 0.344 0.002**
CV% 11.6 5.64 14.3
Adjusted 0.918 0.655 0.611
R-squared

*Significant at 95% confidence level.
**Significant at 99% confidence level.

A similar trend was observed for WA content, where FT and
FP exhibit significant effects with p values below 0.01 and 0.05,
respectively, while the interaction term (FT) shows no significant
influence (p = 0.344). For WVT, FP significantly affects WVT
(p < 0.05), and the FT is also significant at the 99% confidence
level (p < 0.01), indicating a meaningful interplay between these
factors. However, FT alone does not significantly affect WVT, with
a p value of 0.193, suggesting that the effects of FP and FT are
independent of FT in this research.

3.4 | Tensile Properties

The stress-strain relationship graph of TPS and starch composite
materials containing VT and TVT in amounts of 1, 3, and 5 wt%
is shown in Figure 3. The tensile properties of SS_VT composite
films are more prone to fracture than that of SS_TVT composites.

Figure 4 illustrates the TS, Young’s modulus (YM), and EB of
SS_VT, and SS_TVT biocomposite films. The results indicate
that both TS and YM of SS composites increased noticeably
with VT and TVT content up to 3 wt%. The TS and YM of the
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FIGURE 3 | Stress-strain curves for SS and biocomposites reinforced with 1, 3, and 5 wt% of VT (a) and TVT (b).
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FIGURE 4 | Tensile strength (a), modulus (b), and elongation at break (c).

biocomposites improved as VT was incorporated into the starch
matrix, reaching a maximum at 3 wt% VT. The enhancement
is attributed to strong interfacial interactions between starch
and VT particles, which facilitate effective stress transfer [36].
This is also due to interaction between starch and the lignin or
hemicellulose insisting on untreated VT [43]. Additionally, the
formation of a rigid percolation network of VT particles, resulting
from intra- and intermolecular hydrogen bonding among VT and
starch matrix, likely contributes to the observed increases in TS
and modulus [17, 20, 33]. However, the tensile properties of SS_VT

decreased when VT content increased to 5 wt%. This is due to less
interaction of both VT and TVT fibers with starch matrix.

It is evident that biocomposite films reinforced with VT exhibited
significantly superior mechanical properties than those rein-
forced with TVT, as demonstrated by the remarkable increase in
TS and YM. This enhancement was attributed to the small size
and good dispersion of VT in the matrix, which promotes strong
interfacial interactions between starch and cellulose, primarily
via hydrogen bonding [44]. For SS_TVT composite films, it might
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TABLE 3 | ANOVA results (p value) of all dependent variables for tensile properties.

Tensile strength Elongation at break Modulus
FT < 0.001** < 0.001** < 0.001**
FP < 0.001** < 0.001** < 0.001**
FT: FP 0.871 0.004** 0.334
CV% 21.6 42.2 17.5
Adjusted R-squared 0.870 0.910 0.900

*Significant at 95% confidence level.
**Significant at 99% confidence level.

be expected that an intermolecular hydrogen bonds of cellulose
chain of TVT lead to agglomerate resulting in less dispersion
starch matrix [14, 17]. In contrast, the significant decrease in
strain at break from approximately 100%-38% for VT and 45%
for TVT was primarily due to the entanglement of particles
within the matrix, which led to a reduction in the ductility of the
biocomposites.

The ANOVA results for TS revealed that both FT and FP
significantly affect TS at a significant level of 99% as presented
in Table 3.

FT: FP represents the interaction effect between the two inde-
pendent variables, FT and FP. This interaction effect indicates
whether the impact of FT on the dependent variable (TS) depends
on the level of FP. In simpler terms, it assesses if the combined
influence of FT and FP on the dependent variable is different from
what would be expected by considering their individual effects
alone. For the TS, the interaction between FT and FP does not
have a significant effect on TS at the 95% confidence level, with a
p value of 0.871, which exceeds the 0.05 threshold. For EB, both
FT and FP, as well as their interaction (FT: FP), demonstrate
significant effects at the 99% confidence level. This suggests that
both factors and their interplay contribute meaningfully to the
variation in EB. In the case of modulus, FT and FP crucially affect
the modulus at a 99% significance level. However, similar to the
results for TS, the interaction between these two independent
variables (FT: FP) does not have a notable impact on the modulus
at the 95% confidence level, as the p value of 0.334 exceeds 0.05.
This indicates that the effects of FT and FP on modulus are
independent on each other. In other words, the influence of FP on
the modulus remains unchanged regardless of the type of fiber.

3.5 | FTIR Analysis

The infrared spectra of neat starch and biocomposite films
are shown in Figure 5. As considered in Figure 5a, the VT
spectrum showed the broad peak at 3309 cm™ relating to the
axial deformation of the O—H bond and small peaks around 2914
and 2848 cm™!, corresponding to symmetric and asymmetric CH,
stretching, which are primarily associated with the presence of
cellulose, lignin and other components [31]. Additionally, the
peak at 1728 cm™! observed in the VT spectrum was attributed to
the C=0 stretching vibration mode. This peak can be explained
by the formation of carboxylic group due to the presence of
organic acid in the VT peel. The small peaks at 1604, 1508, and

1433 cm™!, assigned to aromatic skeletal vibration modes, revealed
the characteristic lignocellulosic structure of VT. After treatment
of VT, the lignin-related peaks decreased, indicating the removal
of lignocellulose [45-48]. The spectra of the biocomposite films
exhibited similar features to the neat starch film, with some
changes due to interaction with VT and TVT. Notably, the absorp-
tion band corresponding to hydroxyl group (—OH) vibration of
the polysaccharide chains shifted slightly compared to the SS
starch matrixand VT, as observed in the region 0of 3000-3400 cm !
[41]. This shift may be attributed to the gelatinization process
and the alteration of intra- and intermolecular hydrogen-bonding
networks between starch molecules in the presence of VT and
TVT. In the biocomposite film spectra, the peak at 1641 cm™!
corresponded to bound water in the starch film, and the peak
at 1409 and 1330 cm™ were associated with —CH, scissoring
and wagging modes, while the peak at 1149, 1074, and 995 cm™
were assigned to C—O—H and C—O—C stretching vibrations in
the anhydroglucose units of the starch, respectively [21]. For
SS_VT film spectra, within the wavenumber range of 1030-
990 cm™!, two adjacent peaks are distinctly observed at 1014 and
995 cm™!. The appearance of the two peaks in the composites
indicated an overlap of signals from starch and VT fiber, with
hydrogen bond formation causing changes in the peak positions
and sharpness. This phenomenon reflects alterations in the short-
range order and the crystalline level of the starch matrix [17,
41]. For SS_TVT film spectra (Figure 5b), broad peak centered at
995 cm™! was detected, which was attributed to the overlapping
C—O—C stretching vibration of anhydroglucose units in starch
and the cellulose fraction of TVT. The broadening of this peak,
further influenced by hydrogen bond formation and changes in
crystallinity, provides evidence of the coexistence and molecular
interaction between TVT and starch.

3.6 | XRD Analysis

XRD is a technique employed to study the crystallographic
structure of materials. Cellulose fiber exhibits characteristic peak
in the XRD pattern due to their crystalline structure. The effect
of incorporation of VT and TVT on the crystalline structure of
biocomposite films was also characterized via XRD as shown in
Figure 6.

The broad peaks for VT were observed at 26 around 17.4° and
22.6° corresponding to the (101) and (002) crystallographic planes,
respectively. After treatment and beaching, a higher intensity
of peak at 26 = 22.6° was presented [48, 49]. For SS film, the
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FIGURE 6 | XRD patterns of starch-based composites (a) SS_VT and (b) SS_TVT.

XRD pattern typically showed peak at around 26 = 17.4° corre-
sponding to the A-type crystalline structure of starch. Notably,
the diffraction peaks at 20 = 19.8° and 22.2° correspond to
the (200), and (002) crystallographic planes, respectively, within
the starch molecules, indicating alterations in the crystalline
structure due to glycerol plasticization [50]. In the XRD pattern
of starch-based composites, a combination of peaks from both
cellulose and starch indicated the presence of both components
in the starch-based composites. In addition, the peak intensity
at 20 = 17.4° of starch composites adding both VT and TVT
gradually increased when compared to starch film. This indicates
that polysaccharide chain in starch has a more crystallinity
and regularly repeat structures within the SS_TVT composites
owing to more hydrogen bonding between starch and cellulose
[51]. For SS_VT composites, it was assumed that lignocellulose
induced the hydrogen bonding between starch and VT particle.
This phenomenon leads to the improvement of physical and
mechanical properties of biocomposite films.

3.7 | Thermal Stability

TGA and first-derivative thermogravimetric (DTG) curves of the
biocomposites are shown in Figure 7. As shown in Figure 7a,

glycosidic bonds in VT cellulose were disrupted because of
hemicellulose depolymerization in the temperature range of
220°C-300°C. The remarkable weight loss observed between
220°C and 400°C was attributed to the degradation of cellulose,
while lignin degradation took place between 450°C and 700°C
[52]. The biocomposites were observed to degrade in three stages
throughout heating from 40°C to 600°C. The first stage, occurring
between 40°C and 150°C, showed a slight weight loss due to
MS evaporation [11]. The second stage, with weight loss between
150°C and 260°C, is attributed to the decomposition of glycerol
[53]. The third stage, which took place between 280°C and
400°C, is linked to the degradation of starch and cellulose in the
biocomposite film. In this stage, the initial thermal decomposi-
tion temperature of the composites gradually decreased to lower
temperatures as the VT content increased. Thermal degradation
temperature of biocomposite films reinforced with 1 wt% of VT
and TVT shifted to a temperature higher than that of the starch
matrix. It is particularly noteworthy that the incorporation of VT
into starch results in a shift of the onset degradation temperature
to higher temperatures. Considering the weight loss of samples at
a temperature of 150°C, it was found that the biocomposite films
added with 1 wt% of VT and TVT had the highest weight loss
value. When more VT content was added, the weight loss tended
to unchanged, but the onset temperature slightly increased
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with VT and TVT content. When the temperature increased to
350°C, the weight loss of biocomposite films increased with the
increment VT, which is the temperature range where both the
starch and the cellulose fiber, decomposition occurred. This can
be attributed to the higher thermal stability of the fibers compared
to starch, as well as the excellent compatibility between the
two polysaccharides. Weight loss behavior is a critical parameter
reflecting the thermal stability of starch based composite films.
Reduced weight loss, delayed degradation onset, and increased
char residue resulting from strong interfacial interactions and
enhanced crystalline directly support their future application in
thermally demanding, sustainable and biodegradable material
systems. Future packaging must withstand heat-sealing processes
(>150°C) without significant degradation or weight loss that
could compromise structural integrity or release odors.

3.8 | Morphological Study

All specimens revealed microstructure changes and the compat-
ibility between VT or TVT and SS matrix in the cross-sections of
the samples as shown in Figure 8. Figure 8a showed the cross-
sectional image of the SS film, where a smooth surface was
observed with only a few irregularities and no large imperfec-
tions. This characteristic can be attributed to the presence of
the plasticizer used in film formation. The incorporation of VT
(Figure 8b-d) and TVT (Figure 8e-g) in the SS matrix changed
their structures with heterogeneity modification of the SS film.
The rugosity of the film increased when the increment of VT and

(a) Thermogravimetric (TG) and (b) derivative thermogravimetric (DTG) profiles of SS, VT, TVT, and biocomposite films.

TVT content. However, SEM images revealed that the VT parti-
cles on the film surface were smaller in size and more uniformly
distributed compared to those of TVT. Figure 8d,g presented the
biocomposite film morphology with larger imperfections and a
rough surface. It was evident that the poor dispersion of VT and
TVT in the starch matrix at 5 wt% fiber was due to the aggregation
of fillers [54]. More heterogeneous biocomposite films, leading to
a brittle film that exhibited a reduced distance at break compared
to the starch and the formulations containing 1% and 3% by weight
of VT and TVT.

4 | Conclusions

The present study demonstrated the successful development
of starch-based composite films reinforced with VT and TVT
particles using the solution casting method. The water resistance
and tensile properties of SS, SS_VT, and SS_TVT films were
investigated. Results revealed that the MS content decreased
in SS_VT films but increased in SS_TVT biocomposite films,
while both VT and TVT reinforced starch films exhibited lower
WA compared to neat SS. Furthermore, the incorporation of VT
and TVT enhanced the tensile properties of the biocomposite
films, although TVT-reinforced films displayed inferior perfor-
mance relative to VT due to greater particle agglomeration, as
confirmed by SEM observation. Among the formulations, the
SS_VT film with 3 wt% of VT exhibited superior mechanical and
physical properties. These findings suggest that VT serves as a
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FIGURE 8 | SEM images of cross-sectional view of the control film, biocomposite films; (a) SS, (b) SS_VTI, (c) SS_VT3, (d) SS_VTS5, (¢) SS_TVTI,

(f) SS_TVT3, and (g) SS_TVTS5.

promising filler for starch-based films, offering potential as an
environmentally friendly and sustainable packaging material.
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