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This research endeavors to craft an innovative biocomposite by incorporating varying weight percentages

of water hyacinth short fibers as a bio-filler within thermoplastic starch. Notably, composites with a 2 wt%

loading of water hyacinth exhibited remarkable enhancements in mechanical properties, showcasing

a 113% increment in tensile strength and a 98% rise in flexural strength as compared to virgin

thermoplastic starch. Furthermore, this optimized composite exhibited an impact strength of 8.3 kJ m−2

and a hardness value of 9.8, underscoring its mechanical robustness. The intricate interplay between the

starch matrix and the bio-filler was meticulously analyzed through FTIR spectral analysis. Moisture

sorption properties of the produced composites were evaluated under two distinct ambient humidity

conditions, focusing on thermoplastic starch. The thermal stability of the optimized composite was

rigorously tested, revealing stability up to 320 °C. Furthermore, a soil burial degradation assessment

demonstrated the biodegradable nature of these composites, with a significant 65% reduction in original

mass after 60 days in compost conditions. Cytotoxicity testing of the optimized composite confirmed its

safety, solidifying the potential of water hyacinth in crafting eco-friendly, biodegradable composites as

a sustainable alternative to conventional thermoplastic-based materials.
Sustainability spotlight

The global shi towards sustainability calls for the creation of materials that harmoniously blend environmental responsibility with high-performance capa-
bilities. This research responds to the pressing demand for alternatives to petroleum-based plastics by innovating water hyacinth-reinforced thermoplastic
starch biocomposites. By utilizing an invasive aquatic species as a bio-ller, this study aligns with promoting responsible consumption and mitigating envi-
ronmental harm. The integration of water hyacinth not only transforms a problematic aquatic weed into a valuable resource but also enhances mechanical
strength and biodegradability, offering an innovative solution for sustainable production. The eco-friendly nature of this approach ensures that these bio-
composites, aer their lifecycle, reintegrate into the environment, safely contributing to the protection of life on land sustainably. This research exemplies the
potential for turning ecological challenges into sustainable opportunities, hence fostering a greener future.
1. Introduction

The growing environmental crisis caused by conventional
plastics, particularly their persistence in ecosystems and
contribution to pollution, has emphasized the urgent need for
sustainable alternatives in single-use products. Annually, over
300 million tons of plastic are produced worldwide, with
a signicant portion being single-use items that oen end up in
landlls or as marine debris, taking centuries to decompose.1,2

This has led to critical challenges such as microplastic
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contamination, threats to wildlife, and increasing greenhouse
gas emissions associated with their production and disposal.
The development of eco-friendly materials derived from
renewable and biodegradable resources has emerged as
a promising strategy to mitigate these issues.3,4 Such materials
not only address environmental concerns but also align with
global sustainability goals by reducing plastic waste and
promoting resource efficiency.5,6

In this symphony between innovation and nature, the water
hyacinth (WH) emerges as a symbol of beauty and resilience.
Introduced to India by Warren Hastings as a gi for Lady
Hastings, this plant (once cherished for its ornamental allure)
soon revealed its dual nature. Across continents, from the
serene waters of Asia to the bustling rivers of the United States,
the water hyacinth spread its tendrils, becoming an invasive
force by the early 1900s.7 Yet, the plant that once threatened
RSC Sustainability, 2025, 3, 1807–1818 | 1807
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ecosystems now offers a new narrative of redemption and utility
showcasing its untapped potential. WH contains almost 69%
cellulose, 11% hemicelluloses, 7% lignin, 5% pectin, and 8%
ash content.8 By harnessing the robust bers of the WH, we
transform a challenge into an opportunity, through sustainable
biocomposite fabrication. Its ability to reproduce both sexually
and asexually, makes it accessible in almost all kinds of water
bodies, be it freshwater or stagnant polluted water, helping in
environmental remediation.9 When woven into the fabric of
biocomposites, the WH bers tell a story of renewal, turning
a once-feared invader into a champion of ecological balance
and resource efficiency.10,11

However, despite the abundant research on water hyacinth's
use as a dye/heavy metal adsorbent, there has been limited
exploration of its potential as a ller in biocomposites.9,12,13

Sulardjaka et al., (2022) studied the mechanical as well as
physical properties of unidirectional water hyacinth ber (WHF)
reinforced epoxy resin composites with varying ber content (0,
15, 25, and 35 wt%). They found that porosity in the composites
increased almost linearly from 0.35% to 13.82% with a 35%
ber addition. The tensile strength decreased slightly with an
increase from 0 to 15% ber content. Further, it declined by 11–
13% for every additional 10% of ber up to 35%, due to
improper ber-matrix adhesion and porosity.10 Sari et al., (2023)
explored a water hyacinth/rice husk powder composite for
tissue engineering. They found that adding WH powder
reduced the composite's tensile strength, possibly due to poor
interfacial bonding and increased voids as reported through
SEM images. However, the highest tensile strength (32.72 MPa)
was achieved with 5% WH powder, and the elastic modulus
increased with more WH powder.11

In the ever-evolving symphony of sustainable materials,
thermoplastic starch (TPS) represents a blend of tradition and
innovation, aiming to replace conventional plastics with eco-
friendly alternatives.14–16 Derived from natural grains, TPS
exemplies circular economy principles by transforming waste
into valuable resources. This combination enhances the
mechanical properties and ecological responsibility of bio-
composites.14 Zhang et al., (2023) found that TPS paired with
sugarcane cellulose showed superior compatibility, resulting in
strong hydrogen bonds, high surface hydrophobicity (contact
angle of 68.44°), and maximum tensile strength of 3.75 MPa.
The TPS/cornstalk cellulose lm also demonstrated the highest
degradation temperature of 325 °C.15 Behera et al., (2022)
prepared TPS/soy pulp composites with changing composi-
tions, revealing optimal tensile and exural strength with
10 wt% cellulose and soy waste. Their study showed that water
absorption increased signicantly from 6.2% to 42.3% with the
incorporation of 0 to 25 wt% cellulose ller in the TPS resin.16

Despite TPS's potential as a biodegradable polymer, its
inherent brittleness, low tensile strength, and susceptibility to
moisture absorption limit its broader application in the
industrial and packaging sectors. Improving these mechanical
and barrier properties is essential to meet the usage require-
ments for demanding applications such as single-use pack-
aging, disposable cutlery, and agricultural lms. Incorporating
llers, such as natural bers, offers a viable route to overcoming
1808 | RSC Sustainability, 2025, 3, 1807–1818
these limitations, as they can enhance TPS's tensile strength,
exural modulus, and thermal stability. However, challenges
such as achieving uniform dispersion, mitigating ller
agglomeration, and ensuring strong interfacial bonding
between the matrix and the llers must be addressed to realize
these improvements.17,18

The inclusion of compatibilizers like glyoxal and glycerol
plays a critical role in enhancing the interfacial adhesion and
exibility of TPS composites. Glyoxal, as a cross-linking agent,
contributes to improved dimensional stability and reduced
water absorption, while glycerol acts as a plasticizer, improving
processability and reducing brittleness. This study explores the
unexplored potential of WHF as a natural ller in TPS-based
composites. By leveraging the mechanical strength, biode-
gradability, and sustainability of WHF, combined with the
exibility and eco-friendliness of TPS, this research aims to
develop biocomposites capable of replacing conventional ther-
moplastics. The TPS/WHF composites hold signicant promise
for single-use packaging applications, where biodegradability is
critical to addressing the global challenge of persistent plastic
waste and solid waste management.
2. Experimental sections
2.1. Materials

The thermoplastic starch was supplied by Eco Chem., Tech-
nology Pvt. Ltd, India. Water hyacinth stems were obtained
from water hyacinth plants present at the Utkal University
campus, Bhubaneswar, India. Sodium hydroxide (NaOH), from
SRL India, was used for surface treatment of WHF. To prepare
the resin, glycerol (C3H6O), and glyoxal (OCHCHO), (Merck,
India) were utilized as a plasticizer and crosslinking agent,
respectively.
2.2. Fabrication of water hyacinth reinforced thermoplastic
starch composites

Water hyacinth plants were collected from ponds situated at the
Utkal University campus, Bhubaneswar. Water hyacinth llers
were prepared from the stem of the WH plants. Aer collection
from ponds, these stem parts were dried under sunlight for 1
week. Then, the dried stems were alkali (NaOH) treated (2 wt%)
for 2 h and further dried at 50 °C for 2 h.1 Their upper layers like
soluble lignin, wax, and pectins were removed. The dried water
hyacinth bers were ground using a mixer grinder and sieved
through a 500-micron sieve to obtain their powdered form.11

To produce thermoplastic starch (TPS), the process began by
melting and mixing it at 100 °C with a speed of 60 rpm for 5
minutes using a double-screw extruder in a Brabender mixing
chamber to ensure uniform mixing and consistency.19,20 The
llers (WHF), glyoxal, and glycerol were added during the
compounding process in the Brabender mixer to achieve better
dispersion. Specically, WHF was added in amounts ranging
from 0% to 5% of the solid weight of TPS, while glyoxal and
glycerol were each added at 10% of the TPS solid weight.19

Glyoxal acts as a cross-linker, enhancing the structure of the
composite, and glycerol serves as a plasticizer to improve the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A schematic presentation of the fabrication of TPS–WHF composites.
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exibility and processing of the TPS. These TPS blends with
varying loading of WHF, were then placed into a hot press,
where they were compressed at 105 °C under a pressure of 6
megapascals (MPa) for 10 min.16,19 This process formed the
TPS–WHF (TW) composites. Each composite, depending on the
amount of WHF used, is labeled as TW0, TW1, TW2, TW3, TW4,
or TW5, corresponding to the 0% to 5% WHF content respec-
tively. Fig. 1 shows a diagrammatic presentation of the fabri-
cation of TW composites.
2.3. Procedures of characterizations

2.3.1. Tensile and exural investigation. The tensile
strength of the composites was evaluated by a universal testing
machine (HOUNSFIELD H10KS UTM) according to ASTM D638-
03, with a cross-head speed of 5 mm min−1. Test specimens
measuring 64 × 12.7 × 3.2 mm3 were used for this purpose.
Each test was conducted on ten samples, and the average values
were reported. Similarly, the exural strength was assessed by
the same testing machine, following ASTM D790-03, with
a cross-head speed of 2 mm min−1. Before testing, all samples
are conditioned at 50% RH. Ten samples were tested for each
composite, and the average results were presented.21

2.3.2. Impact strength analysis. The impact durability of all
TW composites was assessed using an Izod impact testing
apparatus (S. C. Dey & Co., India) under controlled conditions at
30± 2 °C, following the ASTMD256-97 standard [ASTM, (1997)].
The impact values were averaged from ve samples per
formulation for each composite, and the observations were
recorded accordingly.16

2.3.3. Micro-hardness measurement. The microhardness
of all TW composites was evaluated at room temperature (30± 2
°C) using a Vickers hardness tester (UHL VMHT, Germany). A
100 g load and a dwell time of 12 seconds were applied, as
© 2025 The Author(s). Published by the Royal Society of Chemistry
determined by preliminary testing, to minimize the indentation
size effect (ISE) and peak-load dependency. This load was
chosen to achieve stable hardness measurements with minimal
ISE inuence. Five indentations were made at different points
on each sample to ensure accuracy and consistency, and the
average values were calculated.21

2.3.4. Fourier transform infrared (FTIR) spectroscopic
analysis. To understand the interactions between the composite
components, samples were analyzed using a Thermo Nicolet
Nexus 870 IR spectrometer with KBr pellets. The infrared
spectra were measured within the range of 400 to 4000 cm−1.
Prior to preparing the KBr pellets, the sample powders were
vacuum-dried at 100 ± 2 °C for 1 h.22

2.3.5. Moisture take-up by composite. Moisture absorption
tests were conducted following ASTM-D5229, under conditions
of 75% and 90% relative humidity at 30 (±2) °C for a period of
10 days. The humidity levels were controlled within a sealed
desiccator using saturated solutions of NaCl and KNO3 (from
SRL, India). Composite samples, cut into 3 × 3 cm2 strips, were
tested in triplicate, with their edges sealed using paralm strips
to prevent moisture from entering through any voids or cracks
caused by ber breakage. Moisture uptake at different time
intervals was calculated using eqn (1).23

Moisture absorption ð%Þ ¼ 100�
�
Wf �Wi

�
Wi

(1)

Wf represents the total weight of the samples aer moisture
absorption, while Wi refers to their initial dry weight before the
experiment began. The results from three separate tests were
averaged to obtain a nal value. The moisture absorption
behavior in polymer composites was analyzed using Fick's
second law of diffusion, which is typically applied to conven-
tional non-biodegradable materials. The diffusion coefficient
(D) was determined using eqn (2).24
RSC Sustainability, 2025, 3, 1807–1818 | 1809
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D ¼ p

�
h

4Me

�2�
M2 �M1ffiffiffiffi
t2

p � ffiffiffiffi
t1

p
�2

(2)

where ‘h’ denotes the width, ‘Me’ stands for the effective equi-

librium moisture content and
�

M2 �M1ffiffiffiffi
t2

p � ffiffiffiffi
t1

p
�2

represents the

slope of the linear section of the graph relating moisture
absorption to Ot.

2.3.6. Thermal analysis. The thermal stability, particularly
the initial degradation temperature, of the TW0 and TW2
composites, was evaluated using TG/DTG analysis with a TGA-
209F instrument (Netzsch, Germany). Before the tests, the
samples were dried at approximately 90–100 °C overnight. The
analysis was performed from 35 °C to 500 °C at a constant
heating rate of 10 °C per min in a nitrogen atmosphere.1

2.3.7. Soil-burial degradation analysis. The BIS1623-92
standard conducted a soil burial test to evaluate the biode-
gradability of different samples. The sample weights were
measured and documented before the test began. The compost
used in the soil burial tests was composed by mixing garden
soil, sand, andmanure in a weight ratio of 2 : 1 : 1. The soil bed's
moisture content was maintained at 30%. The samples, each
measuring 5 × 5 cm2, were placed in a covered container and
kept at 32 °C for 60 days.16 At regular intermissions (15, 30, 45,
and 60 days), the samples were removed, rinsed with deionized
water, and dried in an oven at 50 °C for 2 h. Aer drying, they
were weighed, and the composites' weight loss percentage was
calculated using eqn (3) as shown below.19

Weight lossð%Þ ¼ 100� W0 �W1

W0

(3)

whereW0 andW1 are the weights of the samples before and aer
the soil burial test.

2.3.8. Field emission scanning electron microscopic anal-
ysis. The microstructures of TW0 and TW2 composites were
examined both before and aer the soil burial biodegradation
process using a Field Emission Scanning Electron Microscope
(FESEM) (ZEISS, SUPRA-55, Germany) to study the degradation
characteristics. The imaging was conducted with an acceler-
ating voltage of 5 kV and a magnication ranging from
approximately 1.5 to 2 kx. A thin gold coating was applied to the
samples to reduce electrical charging and enhance image
clarity.5

2.3.9. Cytotoxicity analysis. The human embryonic kidney
(HEK-293) cell line, provided commercially by the National
Centre for Cell Science (NCCS) in Pune, was cultured in DMEM
supplemented with 10% FBS, 1% L-glutamine, and 1%
penicillin-streptomycin. The cells were maintained in an
Eppendorf Galaxy 170R incubator with 5% CO2 at 37 °C. In
brief, HEK cells were seeded at a density of 5000 cells per well in
96-well plates from Nest (India) and allowed to adhere for 24 h
at 37 °C in growth media. Aer this period, the cells were
incubated for 24 and 72 h with varying concentrations of the
WHF–TPS composite to assess cell viability using the MTT
assay. Control cells were exposed only to the growth medium.
Aer treatment, the medium was exchanged, and 10 mL of MTT
solution (5 mgmL−1, Sigma, St. Louis, MO) was added, followed
1810 | RSC Sustainability, 2025, 3, 1807–1818
by a 4 h incubation. The resulting formazan crystals were dis-
solved in DMSO, and their absorbance was read at 570 nm with
a microplate reader (BioTek Instruments Inc., USA). The
percentage of viable cells was determined using eqn (4).25

Cell viability (%) = [absorbance of sample/absorbance of control]

×100 (4)

2.3.10. Statistical analysis. Statistical and variance analyses
were conducted using SPSS soware (v19, IBM). A one-way
ANOVA was employed to assess whether signicant differ-
ences existed among the results, followed by a Tukey HSD test
for more in-depth comparisons. Statistical signicance was
established at a 95% condence level (p < 0.05). The signicance
level was evaluated for mechanical properties, including tensile
and exural strength, moduli, impact resistance, and micro-
hardness.1
3. Results and discussion
3.1. Effect of alkali treatment on WHF

3.1.1. FTIR analysis. The FTIR analysis of untreated and
alkali-treated WHF (Fig. 2(a)) reveals signicant structural
changes induced by the alkali treatment. Both untreated and
alkali-treated WHF exhibit a distinct OH stretching peak in the
range of 3250–3580 cm−1.19 This peak becomes more dened in
alkali-treated WHF due to the breakdown of bonds between
cellulosic and non-cellulosic components, exposing additional
free-OH groups. The alkali treatment also disrupts lignin
hydrogen bonds in the cellulose, shiing the peak position in
the 1520–1680 cm−1 range. In untreated WHF, characteristic
peaks include OH stretching at 3280 cm−1, C–H stretching at
2954 cm−1, and C–O–C stretching at 1075 cm−1. These peaks
show increased intensity in alkali-treated WHF, indicating an
enhanced exposure of cellulose and structural modications
due to the removal of non-cellulosic materials. Similar types of
FTIR analysis of alkali modication of natural ber were re-
ported by Behera et al., (2024).26

3.1.2. FESEM analysis. Fig. 2(b and c) presents scanning
electron micrographs of untreated and alkali-treated WHF,
illustrating the separation of bers into brils and the devel-
opment of a more granulated surface following the removal of
lignin, hemicellulose, and other carbohydrates. A comparison
of Fig. 2(b) and (c) highlight the increased surface area of the
bers aer treatment. Untreated WHF displays a smooth,
multicellular structure, whereas alkali treatment results in
greater surface roughness and ber fragmentation.26 The WHF
has a brous-like structure having an average dimensional
length of 200 mm,making it suitable for composite applications.
The microsize of the ller, along with the roughened surface
from alkali treatment, improves ber-matrix bonding in
composites. Cosse et al., (2023) similarly explained through
FESEM analysis of alkali-treated and untreated wood bers that
treated bers tend to exhibit surface roughness, which
strengthens the interfacial bonding with the polymer matrix.21

EDAX analysis in Fig. 2(d) and (e) show that untreated WHF
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00803k


Fig. 2 (a) FTIR spectra of WHF (i) untreated and (ii) alkali-treated; (b and c) FESEM image of untreated and alkali-treated WHF, respectively; and (d
and e) EDAX analysis of untreated and alkali-treated WHF, respectively.
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primarily contains carbon and oxygen, while alkali-treatedWHF
also includes a small amount of sodium in addition to carbon
and oxygen.
3.2. Tensile and exural analysis of TW composites

Table 1 displays the mechanical properties of the TW compos-
ites. As the ller content increased from 0 to 2 wt%, both the
tensile strength and modulus of the composites improved.
Notably, the composite with 2 wt% WHF showed a 113%
increase in tensile strength and a 55% rise in tensile modulus.
This enhancement in the tensile properties of the TW2
composite is attributed to better interfacial bonding between
WHF and TPS.16,27 The improved interfacial bonding is likely
due to the formation of chemical interactions between the
Table 1 Mechanical properties of TPS–WHF compositesa

Sample WHF (wt%) TS � SD (MPa) TM � SD (MP

TW0 0 3.29 � 0.02 52.3 � 4.24
TW1 1 4.24 � 0.04 66.7 � 4.44
TW2 2 7.01 � 0.03 81.5 � 4.63
TW3 3 4.90 � 0.03 59.0 � 4.39
TW4 4 3.66 � 0.04 48.5 � 4.46
TW5 5 2.02 � 0.05 43.6 � 4.67

a WHF: water hyacinth ller, TS: tensile strength, TM: tensile modulus, E
standard deviation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
hydroxyl groups of the ller and the matrix, and strengthened
by compatibilizers.28 However, when the WHF content
surpasses 2 wt%, the composites tend to become brittle. This
brittleness leads to a signicant drop in both the tensile
strength and modulus of the TW composites.19 A similar trend
was observed by Behera et al., (2022) in TPS-soy pulp compos-
ites, where the mechanical strength increased with the addition
of ller up to an optimal level but decreased signicantly
beyond this point due to higher ller content.16 The reduction
in mechanical strength at higher ller loadings was attributed
to ller agglomeration, which caused stress concentration and
weakened the matrix–ller interaction. This behavior mirrors
the performance of TW composites, where exceeding the opti-
mized WHF content results in diminished mechanical proper-
ties due to brittleness and structural discontinuities.
a) EB � SD (%) FS � SD (MPa) FM � SD (MPa)

8.57 � 0.15 3.21 � 0.04 52.1 � 4.24
7.03 � 0.21 4.01 � 0.04 64.5 � 4.31
6.61 � 0.23 6.38 � 0.03 74.2 � 4.45
5.68 � 0.26 3.76 � 0.05 56.1 � 4.35
5.12 � 0.23 2.55 � 0.04 44.7 � 4.28
4.77 � 0.14 1.82 � 0.05 40.4 � 4.21

B: elongation at break, FS: exural strength, FM: exural modulus, SD:
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The reduction in tensile modulus with increasing WHF
content (beyond 2 wt%) is attributed to the aggregation of WHF
particles within the matrix and increased pore formation, as
seen from SEM images (Fig. S1, ESI le†).10,11,19 The elongation
at break (EB) value reects the material's exibility, with higher
EB values indicating greater exibility and lower EB values
signifying reduced exibility.25 For TW0, the EB value was the
highest, but it decreased progressively as the ller content
increased, indicating increased brittleness in the TW compos-
ites. With ller content rising from 0 to 2 wt%, the exural
strength and modulus of the TW composites improved by 98%
and 42%, respectively (Table 1). However, adding a higher ller
load to it, led to a sharp decline in both strength and modulus
due to poor dispersion and reduced interaction of ller particles
within the TPS matrix.24 Statistical analyses (p < 0.05) showed
a signicant varying ller loading on the mechanical properties
of the composites. The Tukey HSD post hoc test revealed that
the TW2 composite, with 2 wt% ller, exhibited signicantly
superior mechanical properties compared to the other TW
composites. As a result, TW2 was identied as the most effective
composite, demonstrating the highest mechanical strength.
This optimized formulation highlights the critical role of llers
like WHF in overcoming the inherent limitations of TPS, such
as low tensile strength and brittleness. By signicantly
enhancing the mechanical properties, TW2 broadens the
applicability of TPS, making it a viable candidate for replacing
single-use plastics in applications such as biodegradable
packaging, disposable cutlery, and lightweight agricultural
lms, where strength and environmental sustainability are
paramount.
3.3. FTIR analysis of WHF, TPS, and TW composite

Fig. 3 displays the infrared spectra for WHF, TPS, and the
optimized TW composite (TW2). Broadband around 3422 cm−1

indicates –OH stretching from free, inter-, and intra-molecular
Fig. 3 FTIR spectrum for (a) WHF, (b) TPS, and (c) TW2 composite.

1812 | RSC Sustainability, 2025, 3, 1807–1818
hydrogen-bonded hydroxyl groups in the TPS spectrum.29 The
peaks at 2921 cm−1 and 1463 cm−1 correspond to C–H (–CH3)
stretching and bending, respectively, while the band at
1625 cm−1 is attributed to –OH bending of water.30 The peak
near 1724 cm−1 is associated with the >C]O bond stretching
from ester groups in thermoplastic starch.16 For treated WHF,
a broad peak at 3286 cm−1 is due to –OH stretching, primarily
from the hydroxyl groups in cellulose and hemicellulose.11

Peaks at approximately 2925 cm−1 and 1744 cm−1 correspond to
–CH stretching and –OH bending of water, respectively, char-
acteristic of lignocellulosic components such as cellulose,
hemicellulose, and lignin.16

In the TW2 composite, notable shis in peak positions were
observed compared to the spectra of both TPS and WHF, indi-
cating chemical interactions between the two components. For
example, the –OH stretching peak shied from 3422 cm−1 in
TPS and 3286 cm−1 in WHF to 3418 cm−1 in the composite. This
shi suggests the formation of new hydrogen bonds between
the hydroxyl groups in TPS and those in WHF.19 During the
extrusion process, the thermal and mechanical energy dis-
rupted the original hydrogen bonds in TPS, enabling the reac-
tive hydroxyl groups to interact with the hydroxyl groups present
inWHF. Furthermore, the band at 1724 cm−1 in TPS, associated
with –O–H bending, also exhibited a minor shi in the TW2
composite. This shi may result from dipole–dipole interac-
tions occurring between the functional groups in TPS and
WHF.5 Similarly, the –CH stretching peaks at 2921 cm−1 (TPS)
and 2925 cm−1 (WHF) showed slight intensity variations and
position changes in TW2, further supporting the occurrence of
chemical interactions.16 These shis and variations in peak
intensities highlight the compatibility and chemical interaction
between the ller (WHF) and the matrix (TPS). The strong
interaction, primarily through hydrogen bonding, enhances the
composite's integrity by creating a more cohesive interface
between the components. This observation represents the role
of FTIR in conrming the chemical interactions in the TW2
composite, demonstrating the successful blending of WHF and
TPS into a single, well-bonded material.19 Fig. 4 illustrates
a possible chemical interaction between WHF and TPS.
3.4. Impact strength analysis

Impact strength reects a material's capacity to resist sudden
deformation and withstand rapid loads, making it vital for the
practical application of composites. This property is inuenced
by ller type, size, matrix material, interfacial bonding, and
specimen condition (notched or unnotched). As shown in
Fig. 5(a), the study demonstrates varying impact strengths for
TPS composites reinforced with water hyacinth ber (WHF).
Neat TPS (TW0) exhibits an impact strength of 3.28 kJ m−2,
while the addition of 2 wt%WHF (TW2) signicantly boosts the
impact strength to 8.4 kJ m−2, attributed to strong ller-matrix
bonding, conrmed by a p-value of less than 0.05 from a Tukey
HSD test. However, further increases in WHF content reduce
the impact strength, with the TW5 composite dropping to 4.1 kJ
m−2, likely due to ller agglomeration, void formation, and
increased brittleness.16 A similar trend in impact strength was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 A plausible chemical interaction between WHF and TPS.
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reported by Cosse et al. (2023) for PLA-wood ber composites,
where excessive ller content led to reduced impact resistance.
This was attributed to the aggregation of ller particles, which
created stress concentration points and disrupted the matrix's
ability to absorb and dissipate energy effectively. These obser-
vations align with the behavior of TW composites at higher
WHF loadings.21
3.5. Hardness number analysis

The Vickers hardness values for TW composites are shown in
Fig. 5(b), which measures a material's resistance to surface
indentation, scratching, and localized plastic deformation.
Hardness testing in composites helps evaluate the quality and
uniformity of the matrix and is critical in determining the
material's suitability for specic applications, optimizing its
structural integrity. The TW2 composite recorded a hardness
value of 9.8, likely due to strong crosslinking between WHF and
the TPS matrix, while neat TPS (TW0) had the lowest value of
6.1. Other composites measured as follows: TW1 at 8.2, TW3 at
8.4, TW4 at 7.6, and TW5 at 7. The lower hardness value of TW0
indicates its surface is less resistant to localized deformation,
Fig. 5 (a) Impact strength and (b) hardness number of TPS–WHF comp

© 2025 The Author(s). Published by the Royal Society of Chemistry
which is also a feature of typical thermoplastic material. As
WHF content increases beyond 2%, increased porosity reduces
hardness.21 Statistical analysis (p < 0.05) conrmed a signicant
effect of varying ller loadings on themicrohardness properties,
with the Tukey HSD post-hoc test showing that TW2 had
signicantly better hardness compared to other TW
composites.29
3.6. Moisture absorption experiment

Fig. 6 shows the moisture absorption behavior of TW0 and TW2
composites over time. At 75% RH, the average maximum
moisture uptake is 6.25% for TW0 and 7.54% for TW2, while at
90% RH, it increases to 13.01% and 15.30%, respectively. The
hydrophilic nature of both WHF and the TPS matrix contributes
to the increased moisture absorption, with TW2 exhibiting
higher uptake due to the greater number of hydroxyl (–OH)
groups, which enhance hydrophilicity. The increase in WHF
content also leads to ller agglomeration and increased
porosity, resulting in more voids within the composite.10,23

These voids, along with the composite's surface characteristics,
as observed under the scanning electron microscope in Fig. S1
osites.
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Fig. 6 Moisture levels in TW0 and TW2 composites at (a) 75% RH, and (b) 90% RH.
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(ESI le),† further explain the higher moisture absorption in
TW2. A similar type of hygroscopic behavior was reported by
Zhang et al., (2023) for TPS composites, where the presence of
voids and surface irregularities facilitated moisture uptake.15

This indicates that the structural features of the composite play
a critical role in determining its moisture absorption capacity,
aligning with the observed behavior in TW2. During the initial
phase of absorption, moisture uptake increases proportionally
with the square root of time (t1/2). Subsequently, this increase
slows down and eventually stabilizes around the 4th or 5th day,
indicating that the moisture uptake has reached equilibrium.
The observed results consistently align with the predicted
outcomes, as shown in Table 2, indicating that the materials
follow Fickian diffusion behavior.24

The TW2 composite displayed a higher diffusion coefficient
under both experimental conditions, suggesting that moisture
penetrated this composite more easily. This implies that TW2
absorbed moisture more signicantly compared to TW0.24

3.7. Thermal analysis

In the thermal analysis (Fig. 7), TPS generally exhibited weight
loss in distinct stages. The initial stage, observed at 120 °C, was
attributed to moisture evaporation. The subsequent stage,
beginning at 298 °C, was linked to the thermal degradation of
the starch polymer, where substantial weight loss occurred due
to the breakdown of the starch backbone (Fig. 7(a)). The DTG
curve for pure TPS corresponded to the primary degradation
Table 2 Observed diffusion coefficient and equilibrium moisture
content for the TW0 and TW2 composites at different RHa

Sample

75% RH 90% RH

Me (%) D (10−6 mm2 s−1) Me (%) D (10−6 mm2 s−1)

TW0 7.54 1.16 15.30 1.55
TW2 6.25 0.51 13.01 1.08

a Me = equilibrium moisture content, D = diffusion coefficient.

1814 | RSC Sustainability, 2025, 3, 1807–1818
temperature of starch at 298 °C (Fig. 7(d)).31 The TG and DTG
curves of WHF (Fig. 7(b and e)) provided additional insight into
its thermal behavior. WHF exhibited a distinct degradation
stage at 248 °C, attributed to the decomposition of its primary
organic components, such as hemicellulose and cellulose.5 This
intermediate degradation temperature suggests that WHF
partially degraded before the starch matrix. The presence of this
degradation peak highlights the thermal behavior of WHF as
a reinforcement material, which inuences the overall thermal
stability of the composite. When TPS was reinforced with 2 wt%
WHF, notable shis in the thermal decomposition tempera-
tures were observed. The TG curve for the TW2 composite
revealed enhanced thermal stability compared to pure TPS, with
an increased decomposition temperature at 320 °C (Fig. 7(c)).
This improvement suggests that the interaction between WHF
and the starch matrix contributed to greater stability by forming
a protective barrier, thereby delaying the degradation process. A
similar enhancement in thermal stability was observed by
Behera et al. (2022), where the addition of cellulose and soy pulp
improved the thermal stability of neat TPS.16 In the case of the
Fig. 7 TG thermograms of (a) TPS, (b) WHF, (c) TW2, and DTG ther-
mograms of (d) TPS, (e) WHF, (f) TW2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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TW2 composite, the DTG curve further validated this by con-
rming the primary degradation temperature of starch at 320 °C
(Fig. 7(f)).32
3.8. Biodegradation analysis of TW composites

3.8.1. Weight loss of biocomposites. The soil burial test for
TW composites over 60 days revealed signicant differences in
degradation behavior among the samples, as shown in Fig. 8.
During the initial 15 days, weight loss was relatively low for most
samples, with TW5 showing a higher reduction of 23.2%,
attributed to its increased hydrophilicWHF content. Over the full
60 days, TW5 exhibited the greatest weight loss (65.1%),
compared to TW1 (45.6%), highlighting the role of WHF content
in inuencing the degradation process. The reduced hygroscop-
icity observed at lower wt% WHF is due to improved interfacial
bonding between WHF and TPS, which forms a denser network,
limiting water penetration and microbial attack. However, at
5 wt% WHF, the higher content of hydrophilic cellulose and
hemicellulose increases the composite's ability to absorb mois-
ture, enhancing hygroscopicity and creating a favorable envi-
ronment for microbial activity. In addition to increased
hygroscopicity, the intrinsic biodegradability of WHF, composed
of cellulose and hemicellulose, plays a critical role in promoting
degradation.16 These components are highly susceptible to
enzymatic attack by microorganisms, which accelerates the
breakdown process. At higher WHF concentrations, weaker
bonding between WHF and TPS, caused by limited matrix
encapsulation, exposes more ber surfaces and provides active
sites for microbial degradation. Pattnaik et al., (2023) showed
a similar soil-burial degradation trend in vetiver-soy composites,
where higher ber loading led to faster degradation.23 This
combination of factors such as greater water absorption and the
inherent degradability of WHF, accounts for the higher weight
loss observed in TW5. Conversely, lower WHF concentrations
result in less weight loss due to improved bonding betweenWHF
and TPS. Strong interactions, such as hydrogen bonds, form
Fig. 8 Weight loss of TPS–WHF composites after different biodeg-
radation periods.

© 2025 The Author(s). Published by the Royal Society of Chemistry
a physical network within the composite, restricting water
penetration and thereby reducing degradation.5

3.8.2. FTIR analysis. Fig. 9 displays the FTIR spectra of TW0
and TW2 composites both before and aer biodegradation.
Initially, a broad peak around 3420 cm−1, due to –OH stretching,
was observed.16 Aer biodeterioration, this peak became sharper
and less intense for all samples. The peak around 2921 cm−1,
associated with C–H stretching, also diminished in intensity aer
biodegradation, indicating the loss of cellulosic material.1 Addi-
tionally, the characteristic peaks for C]O stretching and
bending, which are related to the ester groups in the hemi-
cellulose of WHF, disappeared aer 60 days of composting,
indicating that soil bacteria have degraded the hemicellulose.5

3.8.3. FE-SEM analysis. Fig. 10 displays the SEM photo-
graphs of TPS and TW5 composites. Initially, both TPS and TW5
composites had smooth surfaces, as shown in Fig. 10(a) and (b),
with WHF particles, well-integrated into the TPS matrix
(Fig. 10(b)). Aer 60 days of degradation, the TW5 composite
surface exhibited signicant damage, including channel-like
cavities, pits, and grooves. The circled regions in Fig. 10(c)
and (d) highlight these features, showing areas where WHF
particles were removed, leaving voids and irregularities. This
degradation is attributed to the expansion and leaching of WHF
due to moisture absorption from the soil, leading to surface
roughness and material loss.5 In contrast, the TPS surface
remained relatively intact, as indicated in the circled regions,
demonstrating less susceptibility to degradation.16 The TPS
surface experienced less degradation compared to TW5, likely
due to its hydrophobic properties.19 The observed weight loss
and SEM images of the degraded composites conrm that
biodegradation occurred aer 60 days in the soil, demon-
strating that the composite is both eco-friendly and biode-
gradable in soil environments.14
3.9. Cytotoxicity analysis

Cytotoxicity tests were performed on both neat TPS (TW0) and
the 2 wt% water hyacinth ber-reinforced composite (TW2),
Fig. 9 FTIR spectra of (a) TPS, (b) degraded TPS, (c) TW2, (d) degraded
TW2 composites.
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Fig. 10 SEM micrographs of (a) TPS, (b) TW5, (c) degraded TPS, and (d) degraded TW5.

Fig. 11 Cytotoxic analysis of TW0 and TW2 composites.
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with the results shown in Fig. 11. Over 24 hours of cell culture,
both composites exhibited nearly 100% cell viability at all tested
concentrations, indicating that neither material adversely
affected cell health. Even at the highest concentration of 100 mg
mL−1, cell viability remained high, slightly reducing to 98%
aer 48 hours. This minor decrease suggests minimal cytotox-
icity, likely due to the use of compatibilizers.33 In addition, cell
morphology was observed to remain intact throughout the
culture period, with no signicant signs of morphological
alterations or cytotoxic effects (Fig. S2, ESI le†). The fact that
both composites maintained nearly complete cell viability aer
24 hours strongly indicates that neither poses a signicant toxic
1816 | RSC Sustainability, 2025, 3, 1807–1818
threat, supporting their safety for use in applications where
biocompatibility is critical, such as in disposable products or
food packaging materials.23,34
4. Conclusion

This investigation aimed to fabricate sophisticated bio-
composites from thermoplastic starch, ingeniously incorpo-
rating water hyacinth short ber as a bio-ller. The resulting
composites, enhanced with a 2 wt% loading of water hyacinth
ber, demonstrated a remarkable 113% increment in tensile
strength and a 98% augmentation in exural strength. Also, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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impact strength and hardness values followed the same trend.
These substantial improvements are attributed to the enhanced
interactions between the starch matrix and the ller, facilitated
by hydrogen bonding, as veried through FTIR spectral anal-
ysis. The thermal resilience of the composites was affirmed via
thermogravimetric analysis. Additionally, an escalation in WHF
loading correspondingly heightened the moisture sorption
capacity of the composites. Soil burial degradation studies
underscored the eco-friendly nature of the developed compos-
ites. Also, cytotoxicity testing indicated that these composites
are safe for use in disposable products and packagingmaterials,
emphasizing their versatility and environmental sustainability.
Despite these promising results, future research could explore
the impact of higher ller loadings on mechanical and thermal
performance, investigate alternative compatibilizers to further
enhance matrix–ller interactions, and examine the scalability
of these composites for industrial production, particularly in
disposable cutlery.
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