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reca nut husk and water hyacinth
fibers into biodegradable plates for sustainable
packaging

Bedanta Rajbongshi, Akuleti Saikumar* and Laxmikant S. Badwaik *

This study investigates the development of biodegradable plates using cellulose fibers derived from areca

nut husk and water hyacinth, aiming to create an eco-friendly alternative to conventional plastic plates

and mitigate environmental concerns associated with non-degradable packaging. Raw fibers from both

sources were treated with an alkali solution to enhance surface properties. Alkali-treated fibers from

both sources were blended in various proportions, doped with starch as a binding agent, and processed

via thermo-expansion to develop biodegradable plates. Alkali treatment showed significant

improvements in the physical properties of both areca nut husk and water hyacinth fibers. Specifically,

for areca nut husk, the moisture content dropped from 13.19 ± 1.21% to 9.43 ± 0.97%, bulk density

increased from 0.137 ± 0.012 to 0.828 ± 0.030 g cm−3, and the water absorption index decreased from

8.59 ± 0.77 to 6.69 ± 0.32 g g−1. In parallel, water hyacinth fibers showed a reduction in moisture

content from 14.76 ± 0.86% to 10.54 ± 0.69%, an increase in bulk density from 0.159 ± 0.008 to 0.413

± 0.013 g cm−3, and a decline in the water absorption index from 10.34 ± 0.33 to 6.14 ± 0.41 g g−1.

Among the tested formulations, plates made from a 50 : 50 blend of alkali-treated areca nut husk and

water hyacinth fibers exhibited desirable properties like a thickness of 1.93 ± 0.06 mm, grammage of

1315.67 ± 20.55 g m−2, bulk density of 0.18 ± 0.02 g cm−3, moisture content of 10.27 ± 0.26%, water

absorptiveness of 481.33 ± 61.04 g m−2, and tensile strength of 3.99 ± 0.31 MPa. Furthermore, coating

with beeswax significantly improved the water resistance and overall properties of the plate.

Biodegradability tests revealed that plates exposed to soil exhibited nearly 70–75% mass loss within 6

weeks. This innovative approach not only offers a practical solution for sustainable packaging but also

addresses the environmental challenges posed by agricultural waste and invasive plant species.
Sustainability spotlight

The development of biodegradable plates using cellulose bers of areca nut husk and water hyacinth helps create eco-friendly alternatives to conventional
plastic plates and mitigate environmental concerns associated with non-degradable packaging. Alkali treatment enhances the overall properties of bers.
Beeswax coating signicantly improved the water resistance of plates and it is suitable for dry and low-moisture food packaging. Utilization of agricultural waste
and invasive plants for biodegradable plates is a sustainable approach. This innovative approach not only offers a practical solution for sustainable packaging
but also addresses the environmental challenges posed by agricultural waste and invasive plant species.
1. Introduction

The global packaged food market has achieved remarkable
growth in recent years. The ongoing growth of packaged food
can be attributed to the convenience, technological progress,
and advantages of packaging.1 However, there is growing
concern about the environmental impact of packaging, partic-
ularly when considering its effects across the entire lifecycle.
The current state of the packaging waste management sector
hnology, School of Engineering, Tezpur
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the Royal Society of Chemistry
falls short of achieving circularity because a signicant portion
of food packaging is intentionally designed for one-time use
and subsequently discarded within a brief time frame. Over the
past ve decades, plastics have been extensively employed in
producing packaging materials owing to their effectiveness and
ease of manufacturing. Nevertheless, their resistance to natural
decomposition has led to signicant detrimental impacts on
our planet's delicate environment.2 The food packaging
industry is experiencing signicant growth within the realm of
synthetic plastic packaging.3 In the pursuit of eco-friendly
alternatives to replace traditional plastic packaging, there has
been a signicant focus on developing biodegradable and
biomass-based solutions.
Sustainable Food Technol., 2026, 4, 561–577 | 561
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Biodegradable packaging materials, cutlery, and serving
items are gaining attention as sustainable alternatives because
they naturally break down in the soil through microbial activity,
resulting in reduced environmental pollution. Current research
in this eld focuses on utilizing agro-based polymers and
agricultural by-products to create these biodegradable prod-
ucts.4 While using by-products can help lower raw material
expenses, the additional manufacturing processes involved may
increase the nal price. Despite these challenges, the reuse of
agricultural by-products presents a promising avenue,
providing both economic and environmental benets by
promoting sustainable packaging production.5 Bio-based
materials, especially natural cellulosic bers, have gained
signicant interest due to their rapid decomposition, renew-
ability, and ability to address environmental and health
concerns. These bers are widely used as reinforcements in
composites to enhance key properties, such as moisture resis-
tance and tensile strength. Increasingly adopted for their
lightweight, biodegradable, carbon-neutral, and renewable
nature, natural bers support the creation of stronger, more
durable, and more sustainable packaging solutions.6–8

Despite several benets as reinforcement materials, natural
bers also have drawbacks, such as thermal instability, high
moisture absorption, and poor adhesion to hydrophobic poly-
mer matrices, which lead to dimensional instability and
reduced mechanical performance.9–11 The hydrophilic nature of
bers originates from hydroxyl (–OH) groups present in cellu-
lose, hemicellulose, and lignin, which readily form hydrogen
bonds with water molecules and prevent effective ber–matrix
interaction. This results in weak interfacial bonding, swelling,
and reduced composite durability.9,12,13 To overcome these
limitations, various effective chemical treatments for surface
modication of bers have been employed. Chemical treat-
ments, such as alkalization, bleaching, and acetylation, reduce
the number of hydroxyl groups, remove hemicellulose, lignin,
and other impurities, and expose puried cellulose, which
enhances ber reactivity and compatibility with the polymer
matrix.14–16 These treatments improve ber–matrix adhesion,
leading to better stress transfer and enhanced composite
performance. Studies have shown that alkali treatment with 5–
6% NaOH solution signicantly improves the mechanical and
thermal performance of ber composites by increasing adhe-
sion and removing hydrophilic components.9,15,16

In the present study, alkali-treated cellulose bers derived
from areca nut husk and water hyacinth were used to develop
biodegradable plates. Areca nut (also known as betel nut) is
cultivated in over 12 Asian nations, yielding approximately 2.28
million tonnes annually from around 1.31 million hectares of
farmland (FAOSTAT, 2023) and supporting the livelihoods of
more than 10 million farmers.17,18 India holds a prominent
position in the global production of areca nut, occupying the
position of the largest producer on a global scale. According to
2017 statistics from the Food and Agriculture Organization
(FAO), United Nations, India's output constituted a remarkable
54.07% of the world's total production. However, a substantial
issue arises with the byproduct of areca nut processing.19 Aer
kernels are extracted in small-scale facilities, the generated husk
562 | Sustainable Food Technol., 2026, 4, 561–577
(dry or green forms) is oen discarded in open areas. In India
alone, according to the National Horticulture Board (NHB), the
production of areca nut fruit in 2021–22 was recorded at 1 371
940 tonnes, and since the fruit contains around 40% husk, an
estimated 548 776 tonnes of husk are generated annually. The
primary constituents of areca nut husk include cellulose (35–
64.8%), with notable amounts of hemicellulose, lignin (13–26%),
and approximately 7% of pectin.20,21 These husks do not readily
decompose due to their lignocellulosic composition, leading to
environmental challenges as a large pile of husks accumulates
due to inadequate disposal methods.22

Water hyacinth stands out as one of the most pervasive
aquatic weeds globally, known for its rapid growth rate of up to
220 kg per ha per day.23–25 It can double its population within 5–
15 days, depending on site conditions.26 What makes it partic-
ularly troublesome is its exceptional ability to efficiently extract
nutrients from water and its high reproductive capacity.27

Agricultural nutrient runoff and excessive fertilization
contribute signicantly to its massive proliferation, causing the
swi degradation of aquatic ecosystems.28 The robust expan-
sion of water hyacinth mats has detrimental effects of reducing
dissolved oxygen levels and evapotranspiration, which causes
increased water loss.29,30 Moreover, water hyacinth tends to clog
irrigation canals and cause rapid silt accumulation, resulting in
inefficient ood control measures and lowering water quality
for productive water uses.31 Due to these issues, numerous
management strategies for tackling this weed have been
implemented, involving expensive methods like chemical,
physical, or biological controls. However, most of the existing
approaches have provided short-term reductions in biomass
and are cost-intensive and unsustainable.32 For example, heavy
machinery can remove infestations rapidly, but the weeds can
regrow within a few weeks in stagnant, nutrient-rich water.
Chemical herbicides may show impact in days but can harm
non-target aquatic species and pose ecological risks.33,34 Due to
these challenges, there is a growing need for more sustainable
solutions, such as converting this plant biomass into biode-
gradable materials through ber-based valorization. Water
hyacinth is a non-wood lignocellulosic material comprising
cellulose (65.07%), hemicellulose (15.17%), and lignin (11.38%)
as reported by Sumrith et al.35 Its higher cellulose and hemi-
cellulose content, along with lower lignin compared to both
woody and non-woody plants, make it ideal for pulp production.
This pulp can be utilized in diverse packaging applications due
to these unique composition characteristics.36

There has been a remarkable absence of research regarding
the prospect of producing biodegradable plates from cellulose
bers derived from areca nut husk and limited exploration of the
applicability of water hyacinth in this context. This research work
seeks to address two environmental challenges, the management
of areca nut husk waste and the proliferation of aquatic weed
water hyacinth, by pioneering the development of biodegradable
food plates from these sustainable sources. This work investi-
gates the synergistic use of areca nut husk and water hyacinth,
a combination that has not been previously explored for biode-
gradable plate fabrication. Blending different biomass bers has
been reported to improve composite properties by combining the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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strength of rigid bers with the exibility or network-forming
ability of soer ones (e.g., paddy straw with pine needles;
sugarcane bagasse with bamboo).37,38 Therefore, the proposed
research aims to utilize alkali-treated bers derived from areca
nut husk and water hyacinth in conjunction with natural starch-
based polymers to develop biodegradable plates with beeswax
coating to enhance mechanical strength and water barrier
properties. This integrated dual-ber and surface-modication
approach evaluates the structural, functional, and biodegrad-
ability characteristics of the plates for sustainable food packaging
or serving applications.

2. Materials and methods
2.1. Collection of raw materials

Husks of matured areca nuts were procured from local house-
holds in Napaam, Tezpur (26.6528° N, 92.7926° E), Assam,
India. Water hyacinth plants with stalks and leaves were
collected from the waterbodies near the Tezpur University
campus, Tezpur, Assam, India. Commercial food grade tapioca
starch was supplied by Kritavin Pvt. Ltd (New Delhi, India),
beeswax (solubility: 33.3 mg mL−1 of chloroform, melting
range: 61–65 °C, acid value: 5–15, ester value: 75–95, and
saponication value: 87–104) and guar gum (presence of starch,
acid insoluble matter # 7%, sulphated ash # 1.5%, protein #

10%, and galactomannans # 70%) were supplied by Hi-Media
Laboratories Private Ltd (Mumbai, India), glycerol was
procured from Merck Life Science Pvt. Ltd (New Delhi, India),
and sodium hydroxide was procured from Finar Chemical
Limited, Ahmedabad (India).

2.2. Preparation of areca nut husk and water hyacinth bers

Aer removing the roots, the stalk and leaves of the water
hyacinth were separated and cut into small pieces and washed
under tap water. The raw areca nut husk and water hyacinth
were then dried for 12 h at 70 °C and subsequently soaked
separately in 6%NaOH solution at room temperature (25–30 °C)
for 24 h and 12 h, respectively. The concentration of alkali
solution and soaking duration of bers were chosen based on
the preliminary trials and protocols reported in the literature
for treating natural bers.39–42 Aer discarding the NaOH solu-
tion, bers were immersed in distilled water for 2 h to remove
the residual NaOH and soaked again in distilled water con-
taining a small amount of 2% acetic acid. Finally, the bers
WSP=OSP
�
g g�1

� ¼ weight of swollen sediment after heating and centrifugationðgÞ
initial dry wight of fiberðgÞ (2)
were washed repeatedly 2–3 times to remove the last traces of
acid. The pH of each ber batch was measured and found to be
around neutral (7 ± 0.2). If the pH was not neutral, additional
washing was carried out to remove any remaining acidic resi-
dues, ensuring that the bers were properly cleaned and safe for
© 2026 The Author(s). Published by the Royal Society of Chemistry
further use. Alkali-treated bers were dried in an oven at 70 °C
for 24 h.39 The alkali-treated bers were pulverized and sieved
through a mesh with a size of BSS (410/1969)-52 for uniformity
(300 microns). The processed bers were then carefully stored
in distinct PVC airtight containers to maintain their integrity
and prevent environmental contamination.43

2.3. Characterization of bers

To check the effectiveness of the alkali treatment, the raw and
alkali-treated areca nut husk and water hyacinth bers were
analysed for their various properties, including physical prop-
erties, functional properties, FTIR, and thermal properties.

2.3.1. Physical properties of bers. The moisture content
(MC) of the ber was determined using the hot air ovenmethod,
where a measured weight of the ber was placed in a hot air
oven at 105 ± 2 °C for 4 h or until a constant weight was
observed.44 Bulk density (BD) was measured by placing 2 g of
ber into a 10 mL measuring cylinder, followed by vortex
vibration for 1 minute.45 True density (TD) was determined by
placing 2 g of ber in a 25 mL density bottle using distilled
water as the displacement uid, and the nal volume was used
to calculate TD.46 Porosity was calculated by subtracting the
ratio of BD and TD from one.

2.3.2. Functional properties of bers. The water absorption
index (WAI) and oil absorption index (OAI) were determined by
mixing 1 g of ber with 20 mL of distilled water for the WAI and
edible oil for the OAI in centrifuge tubes. The mixtures were
allowed to stand at 30 ± 2 °C for 30 min, agitated for 2 min, and
then centrifuged at 4000 rpm for 20 min. Aer centrifugation,
the supernatant was decanted, and the residue-containing
tubes were reweighed to calculate the WAI and OAI using eqn
(1).47,48 Similarly, water swelling power (WSP) and oil swelling
power (OSP) were measured by mixing 1 g of ber with 20 mL of
distilled water or edible oil in a conical ask and heating the
mixture at 90 °C in a water bath with continuous stirring for
30 min, followed by cooling and transferring it to pre-weighed
centrifuge tubes. These were centrifuged at 5000 rpm for
20min at room temperature, and the wet sediment was weighed
to calculate WSP and OSP using eqn (2).49

WAI=OAI
�
g g�1

� ¼ weight of residual after centrifugationðgÞ
initial dry weight of fiberðgÞ

(1)
2.3.3. FTIR analysis of bers. Fourier Transform Infrared
Spectroscopy (FTIR, Frontier MIR, PerkinElmer, USA) was used
from 400–4000 cm−1 with a resolution of 4 cm−1 to determine
the chemical structure of bers. FTIR spectra of the raw and
alkali-treated bers were recorded using the attenuated total
Sustainable Food Technol., 2026, 4, 561–577 | 563
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reection (ATR) technique. Using Origin soware, peak heights
were determined from the absorbance spectra.35

2.3.4. Thermal analysis of bers. Differential scanning
calorimetry (DSC) (DSC 214 Polyma, NETZSCH, Germany) was
used to investigate the thermal characteristics. Samples of raw
and alkali-treated areca nut husk and water hyacinth bers were
positioned on an aluminium pan within a nitrogen atmosphere.
The analysis was carried out from room temperature to
a maximum temperature of 400 °C at a heating rate of 10 °
C min−1 under a nitrogen ow of 50 mL min−1. The ber's
phase properties were depicted through a DSC thermogram.44
2.4. Preparation of biodegradable plates

For the development of the plate, a dough was formulated to
provide the structural matrix of the plate. This formulation
includes tapioca starch serving as the binding agent, guar gum
to prevent starch settling, and glycerol as a plasticizer to provide
exibility to the plate. The addition of guar gum improves
matrix uniformity and enhances the homogeneity and mold-
ability of the dough, whereas glycerol reduces intermolecular
forces between polymer chains, improves exibility, and
reduces cracking during molding and drying of the plates.50–57

In the rst step, a solution was prepared by adding 5 g of tapioca
starch, 3 g of guar gum, and 3 mL of glycerol as a plasticizer in
100 mL of distilled water. The resulting solution was homoge-
nized at 1000 rpm for 5 min and subsequently heated to the
gelatinization temperature (∼ 65 °C) of the starch.58,59 A dough
was prepared by adding 20 g of dried bers in different ratios
into the above solution and used for making plates (Table 1).
The total amount of ber was maintained constant at 20 g
across all the formulations.

The dough was heat-pressed manually, and the process was
carried out in a circular-shaped double heat pan press mold
(Mazoria, TCB-1, baking machine, India). It is powered by 230 V
AC and is equipped with temperature control. Before being
subjected to heat pressing, themold was preheated to 150 °C for
2 min to ensure uniform heating. The prepared dough was
placed on the bottom pan and pressed down manually with the
upper pan for 7 ± 2 min at 110 °C. The prepared plates were
stored for one week in a controlled environmental chamber at
50% RH and 25 °C. This step ensures moisture equilibration
and structural stabilization before testing physical and
mechanical properties.
Table 1 Proportions of fibers for the biodegradable plate

Plate composition
number

Areca nut husk
ber (%)

Water hyacinth
ber (%)

C1 100 0
C2 80 20
C3 60 40
C4 50 50
C5 40 60
C6 20 80
C7 0 100

564 | Sustainable Food Technol., 2026, 4, 561–577
2.5. Hydrophobic coating of biodegradable plates

The developed plates were selected for the coating to enhance
their water barrier properties and thereby facilitate their
application in food packaging or serving purposes. Beeswax was
chosen due to its natural abundance, safety for food contact,
and demonstrated effectiveness in previous studies and was
preferred over other biopolymers such as shellac or chitosan
due to its lower cost, easier processing, and higher moisture-
barrier properties.43,60,61 Beeswax, aer being liqueed, was
applied onto the plate surfaces. This was achieved by melting
the beeswax in a beaker within a hot water bath set at 70 °C. The
waterproof coating was applied using a dipping method,
ensuring a one-layer coating to enhance its barrier capability.62

Aer immersion in the molten beeswax, the plates were held
vertically to allow excess wax to drip off before cooling, ensuring
a uniform coating.
2.6. Properties of the biodegradable plate

2.6.1. Thickness and grammage. The thickness of the plate
samples was measured using a Vernier calliper. Measurements
were conducted at ve different positions on the plate, and the
average thickness was calculated. The plate's grammage was
determined following ISO 536 guidelines.63 Plate samples
measuring 0.01 m2 were weighed, and the grammage was
expressed in g m−2.64

2.6.2. Bulk density. The bulk density (BD) of the plates was
measured using the sand displacement method as described by
Kaisangsri et al.65 A sample of 20 × 20 mm was weighed and
placed in a 50 mL measuring cylinder, followed by the addition
of sand. Aer tapping the graduated cylinder for 1 min, the total
volume was recorded, and BD was calculated by dividing mass
(g) by the plate volume (mL).

2.6.3. Moisture content. The moisture content (MC) of the
plate was determined according to ASTM D 644-99 (2002)
standards.66 Plate samples of 20× 20mmwere taken from three
distinct pieces of the plates and stored at a RH of 75% for 24 h at
25 °C. The samples were dried in a hot air oven at 105 °C for 4 h,
or until no change in weight was observed in subsequent
readings. The percentage of MC in the plates was then calcu-
lated based on the weight loss percentage.65

2.6.4. Water absorptiveness. To evaluate the water
absorptiveness of the plates, the Cobb method was used
following ISO 535 guidelines.67 Initially, the samples were
weighed and then gradually immersed in 100 mL of water
within a cylinder, leaving a 10 mm headspace, with the timer
starting immediately for 60 s. Aer removal from the water, the
samples were blotted with absorbent paper to eliminate excess
water and weighed again. The absorption capacity of the paper
was calculated using eqn (3).

Water absorptiveness (g m−2) = (m2 − m1) × F (3)

where m2 represents the wet mass of the sample in grams, m1

represents the dry mass of the sample in grams, and F is
calculated as 10 000 per test area, with a typical apparatus
having a test area of 100 cm2.64
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.6.5. Absorbency. The absorbency test evaluates the rate at
which amaterial absorbs liquid using gravimetric principles. To
measure absorbency, the plate sample was positioned atop an
empty and dry beaker without central support. Using a micro-
pipette, precisely 10 mL of water was dropped onto the plate's
surface. A stopwatch was started immediately upon releasing
the water and stopped once the droplet had completely
dispersed through the material.64

2.6.6. Water solubility. To determine the water solubility,
plate samples (4 cm × 4 cm) were conditioned at ∼66% RH for
7 days, weighed, and immersed in 100 mL distilled water with
agitation for 1 h. Aer blotting, samples were dried at 50 °C for
6 h and reweighed. The solubility was then calculated using
eqn (4).

Water solubilityð%Þ ¼
�
W1 �W2

W1

� 100

�
(4)

where W1 and W2 represent the sample weight before and aer
immersion, respectively.43,68

2.6.7. Measurement of color. The L*, a*, and b* color
values were measured three times for each biodegradable plate
sample using a Hunter Lab colorimeter (Hunter Lab, Reston,
Virginia, USA). The overall color variation (DE) and the white-
ness index were calculated using eqn (5) and (6).5,69

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L*� L

0
*
�2 þ ða*� a

0
*Þ2 þ �

b*� b
0
*
�2q

(5)

Whiteness index ¼ 100�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð100� L*Þ2 þ a*2 þ b*2

q
(6)

where L0*, a0*, and b0* are the mean color values of the plate
with 100% areca nut husk ber (C1).

2.6.8. Mechanical properties. The tensile strength (TS) of
the plate samples was assessed according to ASTM D3039/
D3039M with some modications using a texture analyzer
(Stable Micro System, UK; Model: TA-XD Plus) equipped with
a 30 kg load cell.70 Samples of rectangular size 60 × 20 mm were
taken from three distinct portions of the plate. This sampling
approach (n = 3) was chosen to consider spatial heterogeneity
introduced during molding and beeswax coating (e.g., thickness
gradients, ber orientation, etc.). The grip separation was
initially set to 20 mm, with a crosshead speed xed at 2 mm s−1.
The TA was calculated using eqn (7).

Tensile strength (MPa) = F/A (7)

where F represents the maximum tensile force before rupture
and A is the cross-sectional area of the sample.65

2.6.9. Morphological analysis. The surface morphology of
plates containing areca nut husk and water hyacinth bers was
examined using Scanning Electron Microscopy (SEM) (JEOL
JSM-6390 LV; Japan), operating at an applied acceleration
voltage of 12 kV. The plate samples were dried at 40 °C for 24 h,
then fractured or cut into 3 mm fragments and affixed to
aluminium stubs with carbon double-sided tape. These frag-
ments were coated with a thin layer of platinum before SEM
analysis to enhance visualization.71
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.7. Biodegradability test

The test for the biodegradability of the plate samples was
carried out by an adapted qualitative test based on the meth-
odology proposed by Engel et al.71 A laboratory-scale soil burial
experiment was performed to study the biodegradability of the
samples. Vegetable compost (soil) and sand were separately
placed in containers, and plate samples (2.5 × 2.5 cm) were
buried completely at a depth of 10 cm. Soil was used to simulate
natural composting, while sand served as an inert control with
lower microbial content. The containers were kept under
aerobic conditions at room temperature, with water sprayed
daily to maintain soil moisture throughout the experiment. The
plate samples were retrieved every 7 days, photographed, and
monitored for degradation by measuring the reduction in
weight of the samples. The weight loss (% degradation) of the
plate samples was calculated using eqn (8).72

% degradation ¼ Wf �Wi

Wi

� 100 (8)

where Wi is the sample's initial weight (day 0) and Wf is its
weight aer removal from the soil (or sand).
2.8. Statistical analysis

All the experiments were carried out with three replications, and
the obtained data were reported as mean ± standard deviation
(SD). One-way ANOVA was applied to determine the critical
difference of mean and variance among the samples. The
Duncan test with equal variances was carried out with a P < 0.05
signicance level by using IBM SPSS version 23 soware.73
3. Results and discussion
3.1. Physical properties of bers

The physical properties of raw and alkali-treated areca nut husk
and water hyacinth bers were evaluated to assess their suit-
ability for developing biodegradable plates, and the data are
presented in Table 2. The MC, BD, TD, and porosity values were
signicantly different (p < 0.05) for the raw and alkali-treated
bers from both sources. The alkali treatment removes the
hydrophilic non-cellulosic components like hemicellulose,
lignin, and pectins from the ber surface, making it more
hydrophobic and reducing the MC.74 The lower MC improves
the compatibility of areca nut husk and water hyacinth bers
with polymer matrices in composites. The BD values for raw
areca bers and water hyacinth bers were 0.137 ± 0.012 and
0.159 ± 0.008 g cm−3, respectively, which increased to 0.828 ±

0.030 and 0.413 ± 0.013 g cm−3 aer alkali treatment. This
increase in BD suggests a reduction in void spaces between
bers due to the removal of impurities like waxes and hemi-
celluloses, resulting in a more compact ber structure.44 True
density, on the other hand, showed slight changes for raw areca
nut bers having values of 4.799 ± 0.018 g cm−3, which
increased to 6.308 ± 0.333 g cm−3 aer alkali treatment, while
there were no signicant changes for the water hyacinth bers.
In addition, the porosity of the bers decreased post-treatment,
with raw areca bers and water hyacinth bers initially showing
Sustainable Food Technol., 2026, 4, 561–577 | 565
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Table 2 Physical and functional properties of fibersa

Parameters
Raw areca nut
husk ber

Alkali-treated areca
nut husk ber

Raw water
hyacinth ber

Alkali-treated water
hyacinth ber

Moisture content (%) 13.191 � 1.21b 9.432 � 0.973a 14.760 � 0.861b 10.540 � 0.693a

Bulk density (g cm−3) 0.137 � 0.012a 0.828 � 0.030c 0.159 � 0.008a 0.413 � 0.013b

True density (g cm−3) 4.799 � 0.018b 6.308 � 0.333c 1.583 � 0.070a 1.813 � 0.060a

Porosity 0.972 � 0.002d 0.867 � 0.002b 0.899 � 0.004c 0.772 � 0.014a

Water absorption index (g g−1) 8.593 � 0.769b 6.690 � 0.324a 10.340 � 0.333c 6.143 � 0.409a

Oil absorption index (g g−1) 6.251 � 0.997d 3.237 � 0.997ab 4.523 � 0.140b 1.960 � 0.022a

Water swelling power (g g−1) 8.540 � 0.250b 7.070 � 0.421a 11.68 � 0.345c 8.097 � 0.471b

Oil swelling power (g g−1) 8.297 � 1.034c 7.471 � 1.563c 4.610 � 0.102b 2.000 � 0.095a

a Values are mean± standard deviation. Different lowercase letters in the same row indicate a statistically signicant (p < 0.05) difference (Duncan's
multiple range test).
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porosity values of 0.972 ± 0.002 and 0.899 ± 0.004, reducing to
0.867 ± 0.002 and 0.772 ± 0.014, respectively. This decrease in
porosity can be attributed to the removal of impurities and the
lling of gaps between bers, resulting in a more densely
packed ber structure.
Fig. 1 FTIR spectra of raw and alkali-treated fibers.
3.2. Functional properties of bers

The functional properties of areca nut husk and water hyacinth
bers, both in their raw form and aer alkali treatment, are
presented in Table 2. Alkali treatment enhances the ber's
hydrophobic nature by removing lignin and hemicellulose
components, thus increasing cellulose content, crystallinity,
and surface roughness.35 The water absorption index (WAI)
values for raw areca and water hyacinth bers were 8.593 ±

0.769 and 10.34 ± 0.333 (g g−1), respectively, whereas alkali
treatment reduced the WAI to 6.69 ± 0.324 and 6.143 ± 0.409 (g
g−1), respectively. The WAI was signicantly inuenced by the
alkali treatment (p < 0.05), and this decrease indicates a reduc-
tion in water uptake, attributed to the removal of hydrophilic
components. Furthermore, the reduction in water absorption
observed in the alkali-treated bers is consistent with the
results reported in studies on sisal bers by Sahai et al.75 and
Roystonea regia bers by Goud & Rao,76 indicating a common
trend in ber behaviour post-alkali treatment.

Similarly, the oil absorption index (OAI) decreased signi-
cantly (p < 0.05) aer alkali treatment, with raw areca and water
hyacinth bers having OAI values of 6.251 ± 0.997 and 4.523 ±

0.140 (g g−1), respectively, while alkali-treated bers showed
values of 3.237 ± 0.997 and 1.96 ± 0.022 (g g−1), respectively.
Lower OAI values post-treatment signify reduced oil absorption,
correlating with increased hydrophobicity.

Furthermore, the water swelling power (WSP) of both ber
types decreased signicantly aer treatment (p < 0.05), indi-
cating a reduced swelling capacity in water. For raw areca and
water hyacinth bers, the WSP values were 8.540 ± 0.250 and
11.68 ± 0.345 (g g−1), respectively, whereas alkali-treated bers
showed values of 7.07 ± 0.421 and 8.097 ± 0.471 (g g−1),
respectively. Similarly, oil swelling power (OSP) decreased
signicantly (p < 0.05) in alkali-treated water hyacinth bers,
reecting a reduced oil swelling capacity. However, the OSP of
566 | Sustainable Food Technol., 2026, 4, 561–577
areca nut bers didn't show a signicant change aer alkali
treatment.

Overall, these results demonstrate that alkali treatment
effectively modies the functional properties of the bers,
making them suitable for the development of lightweight, high-
performance polymer plates.

3.3. FTIR analysis of bers

The FTIR spectral analysis reveals signicant alterations in peak
positions and intensities between raw and alkali-treated areca
nut husk and water hyacinth bers, indicating the efficacy of
alkali treatment in modifying the ber composition. From
Fig. 1, in the raw bers, characteristic peaks at 3441 cm−1 and
2923 cm−1 are due to the stretching vibrations of O–H and C–H
bonds, respectively, indicating the presence of cellulose and
hemicellulose components. Peaks at 2128 cm−1 and 1737 cm−1

suggest the presence of lignin, while peaks at 1656 cm−1,
1462 cm−1, and 1020 cm−1 may indicate various functional
groups within the ber structure. However, aer alkali treat-
ment, a notable shi is observed in some peaks, such as the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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increase in intensity at 3470 cm−1, indicating an enhanced
presence of O–H stretching vibrations due to the removal of
hemicellulose. The peak at 2136 cm−1 suggests the partial
removal of lignin, corroborated by the decrease in intensity at
1660 cm−1, associated with lignin's aromatic skeletal vibra-
tions. The reduction in peak intensity at 1465 cm−1 further
supports lignin degradation, while the consistent intensity at
1021 cm−1 suggests minimal alteration in cellulose content.
The appearance of a new peak at 897 cm−1 in alkali-treated
bers may indicate the presence of alkali-insoluble compo-
nents, potentially residual lignin. Moreover, a peak at 612 cm−1

suggests changes in crystallinity or structural rearrangements
induced by alkali treatment.35

In the case of raw water hyacinth bers, characteristic peaks
at 3429 cm−1 and 2923 cm−1 correspond to O–H and C–H
stretching vibrations, respectively, indicative of cellulose and
hemicellulose components. Peaks at 1737 cm−1 and 1637 cm−1

suggest the presence of lignin and additional functional groups
within the ber structure. However, aer alkali treatment, slight
decreases in peak intensities are observed across several bands
while the peak positions remain largely unchanged. Specically,
the decrease in intensity at 1637 cm−1 suggests a reduction in
lignin content, indicating lignin removal or modication due to
alkali treatment. Similarly, the decrease in intensity at
1417 cm−1 also supports lignin degradation, albeit to a lesser
extent. Moreover, the small reductions in peak intensities at
1317 cm−1 and 782 cm−1 further suggest alterations in ber
composition, possibly reecting the removal or modication of
hemicellulose components. Interestingly, the peak intensity at
1033 cm−1 remains relatively constant, indicating minimal
changes in cellulose content post-alkali treatment. These nd-
ings suggest that alkali treatment induces partial removal or
modication of hemicellulose and lignin components in areca
nut husk and water hyacinth bers, leading to subtle alterations
in ber composition and potential improvements in ber
properties.48
Fig. 2 DSC curves of (a) raw and alkali-treated areca nut husk fibers
and (b) raw and alkali-treated water hyacinth fibers.
3.4. Thermal analysis of ber

The DSC analysis shows the impact of alkali treatment on the
thermal properties of areca nut husk and water hyacinth bers.
For raw areca nut husk bers, the DSC curve Fig. 2(a) reveals
a broad endothermic peak between 50 and 80 °C, which corre-
sponds to the evaporation of moisture within the bers. This is
followed by a smaller exothermic peak at around 340 to 360 °C
for raw bers, indicating the thermal degradation of hemi-
cellulose and lignin. The endothermic peak related to water
evaporation becomes less pronounced in alkali-treated bers,
reecting reduced moisture content. In contrast, the alkali-
treated ber displays a sharper exothermic transition begin-
ning near 250 °C, peaking more distinctly than the raw ber.
This is indicative of a more dened thermal degradation event,
primarily associated with cellulose breakdown and partial
removal of hemicellulose and lignin, which results in improved
ber crystallinity.77 Similarly, the DSC curve of water hyacinth
bers in Fig. 2(b) shows a prominent endothermic peak
between 50 and 100 °C, associated with moisture evaporation.
© 2026 The Author(s). Published by the Royal Society of Chemistry
However, the alkali-treated ber exhibits a sharper exothermic
peak at around 250 to 270 °C, suggesting the removal of surface
impurities.77 Similar ndings were reported by Lemita et al.,78

where the DSC analysis of Strelitzia reginae bers revealed
dehydration peaks below 100 °C and stability between 160 and
260 °C. Raw bers showed exothermic peaks at around 291.4 °C
due to hemicellulose degradation. NaOH treatment improved
thermal stability by reducing lignin and hemicellulose content.
3.5. Physical and functional properties of biodegradable
plates

3.5.1. Thickness and grammage. The thickness of the
biodegradable plates varied across different compositions of
areca nut husk ber and water hyacinth ber (Table 3), ranging
from 1.66 ± 0.19 mm to 2.05 ± 0.06 mm. The plate with 100%
areca nut husk ber (C1) exhibited the lowest thickness, while
Sustainable Food Technol., 2026, 4, 561–577 | 567
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Table 3 Properties of biodegradable platesa

Plate number
Thickness
(mm)

Grammage
(g m−2)

Bulk density
(g cm−3)

Moisture
content (%)

Water absorptiveness
(g m−2) Absorbency (s)

C1 1.66 � 0.19a 994.33 � 38.00a 0.127 � 0.019a 9.27 � 1.99a 248.00 � 50.46a 5507.00 � 202.07e

C2 1.68 � 0.04a 1090.00 � 13.45b 0.150 � 0.019b 10.62 � 0.25b 309.67 � 55.53ab 4632.00 � 281.91d

C3 1.82 � 0.05ab 1220.23 � 23.41c 0.146 � 0.006b 11.18 � 0.24bc 388.90 � 15.50bc 592.33 � 90.97c

C4 1.93 � 0.06bc 1315.67 � 20.55d 0.184 � 0.006c 10.27 � 0.26b 481.33 � 61.04c 408.00 � 17.09bc

C5 1.95 � 0.12bc 1276.00 � 28.16cd 0.193 � 0.004c 13.59 � 0.11d 811.67 � 45.65d 191.00 � 52.37ab

C6 1.98 � 0.04bc 1401.67 � 80.41e 0.196 � 0.003c 12.85 � 0.24d 1380.67 � 117.37e 181.67 � 14.05ab

C7 2.05 � 0.06d 1483.33 � 70.78f 0.204 � 0.005c 12.47 � 0.35cd 1934.67 � 113.57e 129.33 � 15.57a

Plate number

Color parameters

Tensile strength (MPa)L* a* b* DE Whiteness index

C1 53.05 � 0.18e 7.03 � 0.07bc 29.28 � 0.23e 0.00 44.22 � 0.06e 3.14 � 0.13b

C2 48.65 � 0.23d 7.88 � 0.10e 27.89 � 1.50e 5.04 � 0.29a 41.02 � 0.89d 3.25 � 0.12b

C3 45.09 � 1.37c 7.70 � 0.28de 24.16 � 1.43d 9.83 � 0.30b 39.52 � 1.85cd 3.31 � 0.09b

C4 43.93 � 0.82c 6.83 � 0.25b 21.37 � 1.38c 12.33 � 0.72c 39.60 � 1.17cd 3.99 � 0.31c

C5 41.59 � 1.39b 7.42 � 0.31cd 21.11 � 0.67c 14.32 � 0.94d 37.45 � 1.51bc 3.83 � 0.28c

C6 39.88 � 1.39b 7.14 � 0.15bc 17.73 � 0.78b 17.73 � 1.50e 36.91 � 1.15b 3.07 � 0.33b

C7 35.37 � 1.25a 6.17 � 0.34a 12.99 � 1.19a 24.30 � 0.67f 33.78 � 1.42a 2.53 � 0.14a

a Values are mean ± standard deviation. Different lowercase letters in the same column indicate a statistically signicant (p < 0.05) difference
(Duncan's multiple range test).
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the plate with 100% water hyacinth ber (C7) showed the
highest thickness. As the proportion of water hyacinth ber
increased in the plate, there was a trend of increasing thickness
and a signicant difference among the composites (p < 0.05).
This variation in thickness can be attributed to the differing
structural properties and binding capacities of the bers within
the plates. These ndings suggest that the composition of the
bers signicantly inuences the thickness of the resulting
plate material. Additionally, similar to the study by Machado
et al.,79 where foam thickness was signicantly affected by the
sesame residue concentration, the results underscore the role of
ber composition in determining the physical characteristics of
the plate material.

The grammage of the biodegradable plates exhibited varia-
tions corresponding to different compositions of areca nut husk
and water hyacinth bers (Table 3). The grammage values
ranged from 994.33 ± 38.00 g m−2 for plate C1 (100% areca nut
husk ber) to 1483.33 ± 70.78 g m−2 for plate C7 (100% water
hyacinth ber). These values represent a gradual increase in
mass per unit area as the proportion of water hyacinth ber in
the plate increased (p < 0.05). Such variations in grammage are
indicative of changes in the density and compactness of the
plate materials. As discussed by Iewkittayakorn et al.,64 varia-
tions in grammage can inuence the thickness of paper prod-
ucts, indicating potential implications for the thickness of these
biodegradable plates. Higher grammage increases trans-
portation weight, which leads to higher logistics costs and
reduced load capacity, along with more storage, handling, and
environmental impacts.3 The observed differences in grammage
among the plate formulations in this study may also reect
variations in plate thickness, alongside other physical
568 | Sustainable Food Technol., 2026, 4, 561–577
properties, inuenced by the composition of areca nut husk and
water hyacinth bers.

3.5.2. Bulk density. The bulk density (g cm−3) of the
biodegradable plates with varying ber ratios (C1 to C7) was
analyzed to understand the impact of ber composition on the
density of the resulting plates. The ndings (Table 3) reveal
a notable variation in BD across different compositions, ranging
from 0.127 ± 0.019 to 0.204 ± 0.005 g cm−3, but there was no
signicant difference observed in the values aer composition
C4 (p $ 0.05). The observed trend suggests that as the propor-
tion of water hyacinth ber increases relative to areca nut husk
ber, there is a tendency for the BD to increase. This may be due
to the addition of water hyacinth ber; the viscosity of the starch
batter has increased, consequently restraining the expansion of
steam bubbles while foaming.43 This led to the formation of
starch foams with reduced cell size and increased densities.
This trend can be attributed to the water hyacinth ber poten-
tially lling up the voids between the matrix of areca ber and
starch. This phenomenon represents the role of ber interac-
tions within the plate matrix in inuencing its density charac-
teristics. The densities observed in this study were lower
compared to those documented by Mello et al.80 for cassava
starch foams created using malt bagasse (ranging from 0.415 to
0.450 g cm−3). However, they were comparable, or marginally
higher in certain compositions, to the densities reported by
Kaisangsri et al.65 for foam trays fabricated from cassava starch
blended with natural ber and chitosan (0.120–0.140 g cm−3).

3.5.3. Moisture content. The moisture content (MC) of the
biodegradable plates varied signicantly (p < 0.05) with the
composition of areca nut husk ber and water hyacinth ber. As
illustrated in Table 3, the MC of the plates ranged from 9.27 ±
© 2026 The Author(s). Published by the Royal Society of Chemistry
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1.99 to 13.59 ± 0.11%. Specically, plates with higher propor-
tions of water hyacinth ber exhibited increased MC, with plate
C5 having the highest MC of 13.59 ± 0.11%, while plate C1 with
100% areca nut husk ber had the lowest MC of 9.27 ± 1.99%.
This trend suggests that the incorporation of water hyacinth
ber inuences moisture absorption in the plates. Previous
studies have indicated similar trends, where the addition of
llers reduced MC initially due to the optimum bers as llers
presented in the tortuous path for water molecules. However, at
higher loading levels of water hyacinth ber, the MC slightly
increased. This phenomenon is associated with the presence of
free –OH groups in agglomerations of water hyacinth ber
within the starch matrix, facilitating interactions with water
molecules.43 Structurally, a higher amount of water hyacinth
bers may create micro-voids or channels within the matrix,
allowing water to occupy these spaces and further enhancing
the moisture content of the plates.81

3.5.4. Water absorptiveness. The water absorptiveness of
the biodegradable plates developed using different composi-
tions of areca nut husk ber and water hyacinth ber (C1 to C7)
exhibited varying levels of water uptake (Table 3). The water
absorptiveness increased with higher proportions of water
hyacinth ber in the plate, and the values were signicantly
different from each other (p < 0.05). Specically, plates with
higher water hyacinth ber content, such as C6 and C7, di-
splayed signicantly higher water absorptiveness, 1380.67 ±

117.37 g m−2 and 1934.67 ± 113.57 g m−2, compared to those
with lower water hyacinth ber content. This suggests that
incorporating water hyacinth ber enhances the plate's water
absorption capacity, likely due to altered interaction with the
starch matrix beyond a certain threshold of the water hyacinth
ber concentration.82 However, high water absorptiveness can
negatively affect food applications by causing plates to soen,
lose mechanical strength, or allow leakage when holding moist
or oily foods.83,84

3.5.5. Absorbency. The water absorbency exhibited
a statistically signicant (p < 0.05) variation across the compo-
sitions (Table 3). The highest absorbency was observed in the C1

composition (5507.00 ± 202.07 s), followed by C2 (4632.00 ±

281.91 s), indicating a decreasing trend with the incorporation
of water hyacinth ber. The absorbency signicantly decreased
as the proportion of water hyacinth ber increased, with C7

showing the lowest absorbency (129.33 ± 15.57 s). This trend
suggests that the water absorbency of the plates is inuenced by
the ratio of areca to water hyacinth bers, with higher propor-
tions of areca ber leading to greater absorbency. Harikrishnan
et al.85 reported that the interaction of the composite with water
varies depending on the type of ber added. This variation
among samples may be due to compositional differences,
interactions between bers and other reinforcing or binding
agents, the porosity of the samples, and the structure of the
bers.

3.5.6. Measurement of color. Assessing the color of plates
is crucial not only for aesthetic reasons but also to detect any
potential degradation. The ndings reveal that the ber content
signicantly impacts the color of the plates (Table 3). Speci-
cally, the lightness (L*) and whiteness index decreased as the
© 2026 The Author(s). Published by the Royal Society of Chemistry
areca nut husk ber content decreased and the water hyacinth
ber content increased, ranging from 53.05 ± 0.18 to 35.37 ±

1.25 and 44.22 ± 0.06 to 33.78 ± 1.42, respectively. Plates with
higher water hyacinth content exhibited lower lightness and
were signicantly different (p < 0.05) for each composition. The
variation in the a* value was less, ranging from 6.17 ± 0.34 to
7.88 ± 0.10 across different ber concentrations, suggesting
a minimal inuence on the plates' redness by ber content.
Conversely, the b* value, reecting yellowness and blueness,
decreased from 29.28 ± 0.23 to 12.99 ± 1.19 with decreasing
areca nut husk ber content and increasing water hyacinth ber
content, suggesting a bluish effect on the plate, and there was
a signicant difference (p < 0.05) among the compositions. The
reduction in luminosity, combined with the increase in the
b* parameter, led to a statistically signicant (p < 0.05) higher
color total difference (DE) compared to plates with 100% areca
nut husk ber. These color variations may stem from the
inherent color of the added bers and the high temperatures
employed in the process, potentially associated with Maillard
reactions due to the high carbohydrate content in the raw
materials.79

3.5.7. Mechanical properties. According to Salgado et al.,86

the stress and strain values at the fracture point are key prop-
erties to assess the plates for their suitability in various appli-
cations. In the present study, the TS of biodegradable foam
plates prepared from various ber compositions is reported in
Table 3. The TS of the plates increased from the composition C1

to C4, rising from 3.14 ± 0.13 MPa to 3.99 ± 0.31 MPa.
Conversely, when the areca nut husk ber content was further
reduced and replaced with higher proportions of water hyacinth
(C5 to C7), the TS of the plates began to decline from 3.83 ±

0.28 MPa to 2.53 ± 0.14 MPa. Statistical analysis conrmed that
the differences in the TS among these compositions were
signicant (P < 0.05). Among the tested formulations, compo-
sition C4 (50% areca nut husk ber and 50% water hyacinth
ber) exhibited the highest TS. This improvement was due to
the moderate incorporation of water hyacinth ber enhancing
the mechanical strength up to a certain threshold; beyond
a certain threshold, excess ber disrupts the interaction of ber
and the other components of the matrix, thereby reducing
mechanical strength.65 In addition, the hydrogen bonding
interactions between hydroxyl groups of starch and cellulose
ber likely contributed to the improved matrix-ber adhesion
and mechanical strength.87 Furthermore, the variation in the TS
among various compositions may be associated with additional
factors such as surface polarity, mechanical interlocking, and
roughness, which inuence the interaction between the ber
and matrix.85 When compared with earlier studies, the foam
plates developed in the present study demonstrated remarkable
TS. For example, foams produced from cross-linked corn starch
reinforced with corn husk ber, kaolin, and beeswax exhibited
TS values between 1.06 MPa and 1.67 MPa, while commercial
expanded polystyrene (EPS) foams showed around 1.1 MPa. In
contrast, the TS values obtained in the present study were more
aligned with those in the previous study on starch-based foams
reinforced with banana bunch stalk bers (2.4 MPa to 3.7 MPa),
respectively.54
Sustainable Food Technol., 2026, 4, 561–577 | 569
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Fig. 3 SEM images of the plate surface (a) with 100% areca nut husk fiber, (b) with 50% fibers from areca nut husk and 50% fibers from water
hyacinth; SEM images of the cross-section of plates (c) with 100% areca nut husk, (d) with 50% fibers from areca nut husk and 50% fibers from
water hyacinth (magnifications: 100×).
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3.5.8. Morphological analysis. The morphology of the
surface and cross-sectional area of the biodegradable plates is
shown in Fig. 3. Notably, the composite surface exhibited
enhanced homogeneity aer incorporating both types of bers.
However, the plates with only areca ber showed void spaces
within the matrix, which may be lled by the water hyacinth
ber. Therefore, the water hyacinth ber also acts as a ller
within the matrix, enhancing properties such as physical and
mechanical strength. This indicates the good dispersion of both
areca nut husk and water hyacinth bers within the matrix.
3.6. Hydrophobic coating of the selected plate with optimal
composition

The optimal composition was chosen based on some key
desirability aspects, such as lower BD (to reduce material
handling costs), lower MC (to enhance product stability), and
acceptable thickness, water absorptiveness, absorbency, TS,
and visual appearance.61 According to the analysis of the
desirable parameters for biodegradable plates, the combination
C4 emerged as the optimal formulation for developing biode-
gradable composite plates. This specic blend was selected as
570 | Sustainable Food Technol., 2026, 4, 561–577
the best proportion of ber for applying a waterproof coating to
improve the resistance of the plate against moisture. Conse-
quently, the optimized biodegradable composite plate, coated
with beeswax, is illustrated in Fig. 4. The beeswax-coated plates
had a uniform, glossy nish and natural tone, which improves
their aesthetic and functional appeal for food contact
applications.

3.6.1. Properties of the coated plates. The application of
beeswax coating signicantly enhanced several properties of the
biodegradable plates, as illustrated in Table 4. Although there
was no statistically signicant difference in thickness and bulk
density (BD) between coated and uncoated samples (p $ 0.05),
a signicant (p < 0.05) increase in grammage was observed in
the coated plates (1537 ± 35.78 g m−2) compared to the
uncoated ones (1315.67 ± 20.55 g m−2), which indicates effec-
tive deposition of beeswax on the surface of the plates. There-
fore, the amount of coating applied on the plate surface was
∼221 g m−2 (difference in grammage aer and before coating).
The coating exhibited excellent hydrophobicity, as shown by
a signicant (p < 0.05) reduction in water absorptiveness from
481.33 ± 61.04 to 57 ± 9.07 g m−2 and water solubility from
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Visual appearance of the plate with final composition (C4) after coating. (a) Top view, (b) bottom view, and (c) side view.

Table 4 Properties of the selected plate after coatinga

Sample/parameters Without coating With coating

Thickness (mm) 1.93 � 0.06a 2.01 � 0.16a

Grammage (g m−2) 1315.67 � 20.55a 1537 � 35.78b

Bulk density (g cm−3) 0.184 � 0.01a 0.22 � 0.08a

Water absorptiveness (g m−2) 481.33 � 61.04a 57 � 9.07b

Absorbency (S) 408.00 � 17.09a >5000b

Water solubility (%) 25.43 � 3.11a 5.32 � 1.09b

Color parameters L* 43.93 � 0.82a 38.92 � 0.81b

a* 6.83 � 0.25a 6.76 � 0.05a

b* 21.37 � 1.38a 16.71 � 0.29b

DE 12.33 � 0.72a 14.14 � 0.67b

Whiteness index 39.60 � 1.17a 36.31 � 0.57a

Tensile strength (MPa) 3.99 � 0.31a 5.01 � 0.42b

a Values are mean ± standard deviation. Different lowercase letters in
the same row indicate a statistically signicant (p < 0.05) difference.
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25.43 ± 3.11% to 5.32 ± 1.09%. Additionally, absorbency was
markedly enhanced, increasing from 408.00 ± 17.09 s in the
uncoated plate to beyond 5000 s in the beeswax-coated plates,
signifying a substantial improvement in moisture barrier
performance. In terms of color properties, signicant (p < 0.05)
decreases were noted in lightness and yellowness, along with
a noticeable increase in total color difference (DE: 12.33 ± 0.72
to 14.14 ± 0.67), indicating perceptible visual changes due to
the natural tone of beeswax. No signicant differences (p $

0.05) were observed in a* values and the whiteness index.
Mechanically, the TS signicantly improved from 3.99 ±

0.31 MPa to 5.01 ± 0.42 MPa. Therefore, beeswax adds a rein-
forcing layer on the surface, reduces microcrack propagation,
© 2026 The Author(s). Published by the Royal Society of Chemistry
and improves stress distribution, thereby enhancing mechan-
ical integrity.43,60,61 Similar ndings were reported by Iewkit-
tayakorn et al.64 for the application of bio-coatings, which have
increased both the grammage and thickness of pineapple leaf
pulp paper, though this also led to a decrease in density
compared to uncoated paper. Among the tested coatings, the
beeswax–chitosan solution provided the best water resistance,
followed by alginate/gellan gum, chitosan, beeswax, and
shellac. Additionally, the beeswax–chitosan coating signi-
cantly improved the paper's TS, reaching up to 5.9 kN m−2.
Therefore, the hydrophobic coatings effectively enhance the
water resistance and mechanical strength of the biodegradable
plates, making them more suitable for food packaging or
serving applications.
3.7. Biodegradability test

The visual signs and the mass loss of the plates (with and
without coating) during the 6 weeks of biodegradation
progression are illustrated in Fig. 5 and 6, respectively. From
Fig. 6, it was observed that the overall mass loss of plates was
higher in soil compared to sand. In addition, non-coated plates
degraded more quickly than coated ones, which suggests that
coating the plates with beeswax served as a barrier. This barrier
restricts the contact of moisture, microbes, and other factors
(oxygen and enzymes) with the underlying components of the
plate matrix and delays the degradation process.

During the biodegradability study, the non-coated samples
showed a substantial mass loss of nearly 70% in soil and 60% in
sand within just four weeks. By the end of this period, the plates
had developed cracks and started disintegrating, making it
Sustainable Food Technol., 2026, 4, 561–577 | 571
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Fig. 5 Visual signs of biodegradation of the plate samples.

Fig. 6 Biodegradability analysis of coated and non-coated plates.
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impractical to continue measurements. As a result, testing of
non-coated plates was discontinued beyond the fourth week. In
contrast, the coated samples exhibited a relatively slower
degradation pattern. Over a six-week period, they showed mass
losses of about 75% in soil and 70% in sand, indicating that
although coating provided some delay, the material was still
signicantly biodegradable over time. The primary mechanism
for starch biodegradation involves the enzymatic hydrolysis of
the polymer chains, resulting in the cleavage of the a-1,4 bonds
in the linear chains of amylose and amylopectin.71
572 | Sustainable Food Technol., 2026, 4, 561–577
Furthermore, the atmospheric heat and activity of microor-
ganisms present in the soil contribute to the degradation process
by shortening and weakening the polymer chains of the starch.88

Biodegradation involves diverse microorganisms (such as cellu-
lolytic, hemicellulolytic, pectinolytic, and lignolytic types), which
break down biopolymers and convert their carbon into CO2 and
restore the carbon cycle.54,89 Additionally, daily spraying of water
may have interacted with the OH groups present in the starch,
due to which the chains got weakened and accelerated the
process of biodegradation. During this process, the molecular
interaction among the starch molecules was likely to be di-
srupted, resulting in the observable degradation of the polymer
matrix.90 Consequently, the study shows that the prepared plates
can easily be disposed of in gardens and owerbeds, offering an
environmentally friendly solution that reduces pollution from
plastic materials and lowers the processing costs from the waste
of their disposal, as observed by Sanhawong et al.91

A previous study examined the biodegradation behaviour of
corn starch-based foam plates reinforced with banana bunch
stalk bers when buried in both soil and sand for a period of ve
weeks. The results revealed that samples degraded more rapidly
in soil than in sand, as indicated by the higher mass loss in soil.
The effect of beeswax coating on the biodegradation process was
also reported. Specically, uncoated plates lost 51.7% of their
mass in soil and 43.54% in sand, whereas beeswax-coated plates
exhibited lower mass losses of 35.70% in soil and 18.81% in
sand.54 In parallel, another study on sugarcane bagasse-based
casings reported a similar trend, with approximately 50% mass
loss over ve weeks. In contrast, commercial expanded poly-
styrene (EPS) plates showed negligible changes in their mass
under the same conditions.92
© 2026 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

The study investigates the development of biodegradable plates
made from cellulose bers sourced from areca nut husk and
water hyacinth, bound with tapioca starch. Alkali treatment
improved the properties of the bers, such as physical, func-
tional, and thermal properties. A composite dough was formu-
lated using gelatinized tapioca starch, guar gum, and glycerol,
incorporating bers in various ratios. The optimal composition,
C4 (a 50 : 50 ratio of areca nut husk to water hyacinth ber),
exhibited favorable properties including thickness, density,
moisture content, water absorptiveness, and tensile strength.
Increasing water hyacinth content negatively impacted the
plate's hydrophilicity and mechanical strength. To improve the
susceptibility against moisture, the plate with optimal compo-
sition was coated with beeswax to make it suitable for foods
with low and intermediate moisture content. The coated plates
demonstrated superior water resistance, positioning them as
viable alternatives to expanded polystyrene (EPS) plates and
contributing to the reduction of plastic waste. Biodegradability
tests revealed that non-coated plates degraded rapidly in both
soil and sand environments, with a signicant mass loss
observed within weeks. Potential challenges in commercial
scaling of the plate may include ensuring long-term mold reuse
under repeated heating cycles, which could affect consistency
and production efficiency. Another concern is the relatively
higher cost of beeswax as a coating material when compared to
synthetic hydrophobic alternatives. Future work could explore
alternative low-cost coatings and the development of automated
and high-throughput molding processes to enhance economic
feasibility.
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