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Abstract

Starch-based biodegradable straws offer a sustainable alternative to petroleum-based plastics, yet their practical application is
limited due to poor water resistance and insufficient mechanical strength. In the present study, drinking straws made of corn
starch, rice husk, carboxymethyl cellulose, and water were prepared using a twin-screw extrusion process. To systematically
evaluate different chemical pathways, candelilla wax, glycerol, and citric acid were introduced separately to investigate the
effect of hydrophobic modification, plasticization, and crosslinking under identical processing conditions. The resulting
drinking straws underwent comprehensive physicochemical characterization, encompassing water uptake behavior,
mechanical flexural performance, FTIR spectroscopy analysis, and thermogravimetric (TGA) profiling, followed by soil burial
biodegradation. The candelilla wax formulation exhibited the lowest water absorption (53.90 £ 2.99%) and the highest flexural
strength (16.54 + 1.86 MPa), whereas the citric acid formulation achieved the lowest strength (9.33 + 1.38 MPa), indicating
increased brittleness. All formulations demonstrated biodegradability, with the control showing a degradation rate of 76.45 +
8.27% after 28 days, while the modified formulations showed lower degradation due to limited moisture diffusion. Overall,
hydrophobic modification via candelilla wax was the most balanced in performance by improving moisture resistance and
mechanical stability while maintaining biodegradability.
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Introduction waste management systems [4,5]. In addition, large

The extensive use of synthetic plastics in modern
applications is largely due to their durability,
versatility, and low production costs, especially in
packaging and single-use products [1,2]. However, the
persistence of petroleum-based plastics in natural
environments has raised serious environmental
concerns. As of 2015, the global cumulative amount
of plastics produced was approximately 8.3 billion
tonnes, with most of the materials ending up as waste
due to low recycling capacity [3]. Recycling rates are
also low globally, with only about 9% of plastic waste
recycled, and the rest is either landfilled, incinerated,
or discharged into the environment due to inadequate

amounts of plastic waste continue to enter marine
environments each year, leading to long-term
ecological pollution and the production of
microplastics [6,7]. These concerns have led to an
increased development of biodegradable materials as
sustainable alternatives. Starch-based biocomposites
have emerged as a prominent sustainable material due
to their renewability, cost-effectiveness, and excellent
processability via thermoplastic techniques, making
them highly suitable for single-use applications such
as drinking straws.

Agricultural residues are increasingly used as



Malays. J. Anal. Sci. Volume 30 Number 2 (2026): 1718

reinforcing agents in biodegradable polymer systems.
Rice husk is a major lignocellulosic by-product of rice
milling, and global production generates substantial
quantities each year. Estimates indicate that
approximately 148 million tonnes of rice husk are
produced globally each year [8,9]. In Malaysia, rice
husk is a valuable biomass resource with great
potential for utilization. Its composition, which is
mainly cellulose, hemicellulose, lignin, and a
relatively high silica content, contributes to structural
rigidity and makes it suitable as a reinforcing filler in
polymer composites [10,11]. When used in a starch
matrix, rice husk can improve stiffness and
dimensional  stability. However, starch-based
materials are intrinsically hydrophilic due to
numerous hydroxyl groups, leading to poor water
resistance and mechanical performance under humid
conditions [12,13]. To overcome these limitations,

several modification strategies have been investigated.

Hydrophobic additives (e.g., natural waxes) reduce
moisture sensitivity by forming disperse hydrophobic
domains that limit water diffusion [14]. Plasticizers
such as glycerol increase polymer chain mobility by
weakening intermolecular hydrogen bonds, thereby
improving flexibility and processability [15].
Crosslinking agents, such as citric acid, form covalent
ester bonds with starch chains, resulting in a more
compact network with enhanced water resistance and
mechanical stability [16].

Despite these improvements, most reported studies
use these modification strategies independently or
require additional pre- or post-extrusion processing
steps. Crosslinking is often carried out after extrusion
by chemical treatment or retrogradation, which
increases processing complexity and production time
[17]. Similarly, hydrophobic modification is often
accomplished using post-forming coating techniques,
such as wax immersion, which add extra
manufacturing steps and are difficult to scale up.
Similarly, hydrophobic modification is often
accomplished using post-forming coating techniques,
such as wax immersion, which introduce additional
manufacturing steps and are difficult to scale up [18].
Furthermore, the fundamental interactions underlying
crosslinking, plasticization, and hydrophobic phase
formation in a single starch-based system are not well
understood. Additionally, the specific mechanisms by
which these modifications influence polymer chain
mobility, structural integrity, and the moisture
diffusion pathway under consistent extrusion
parameters remain poorly understood. Consequently,
the relative contributions of  crosslinking,
plasticization, and hydrophobic modification to the

functional performance of starch-based straws require
further investigation under controlled formulation and
processing conditions.

In this study, citric acid, glycerol, and candelilla wax
were directly incorporated into the rice husk-starch
formulation before extrusion, allowing simultaneous
interaction with the polymer matrix during extrusion
without additional processing steps. The objective is
to assess the impact of these additives on the
mechanical,  physicochemical, = and  thermal
characteristics of biodegradable straws. It is
hypothesized that citric acid would increase network
stiffness and water resistance via ester-based covalent
crosslinking, thereby reducing polymer chain mobility
and increasing structural integrity. Glycerol is
expected to exert a plasticizing effect by breaking
intermolecular hydrogen bonds, increasing free
volume and segmental mobility in the starch matrix,
and enhancing flexibility. In contrast, candelilla wax
is expected to limit water intake by forming dispersed
hydrophobic domains that restrict the diffusion
pathways for moisture in the heterogeneous composite
matrix. This comparative approach enables systematic
evaluation of structure-property relationships in
additive-matrix interactions and offers a simplified,
scalable strategy for biodegradable straw production.

Materials and Methods

Materials

Corn starch, carboxymethyl cellulose (CMC), citric
acid, glycerol, and candelilla wax were purchased
from a local food-grade supplier in Perlis, Malaysia,
and used as received. Rice husk was acquired from a
local rice milling plant in Perlis, Malaysia. The soil for
biodegradation experiments consisted of palm sludge,
black soil, commercial biochar, and probiotic
additives, obtained from a local nursery in Perlis,
Malaysia.

Preparation of biodegradable drinking straws
Biodegradable drinking straws were prepared using a
starch-based formulation expressed in parts per
hundred resin (phr), where corn starch was defined as
the reference component (100 phr). Rice husk powder
and carboxymethyl cellulose (CMC) were
incorporated at 7.86 phr and 2.14 phr, respectively,
while distilled water was added at 32.86 phr to
facilitate gelatinization and extrusion processability.
Candelilla wax, glycerol, and citric acid were
separately incorporated at 2.14 phr by partially
replacing starch. The formulation codes are
summarized in Table 1.
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Table 1. Formulation codes and composition (phr) of biodegradable straws

Formulation Starch Rice Husk CMC Water Additive Additive Type
Code (phr) (phr) (phr) (phr) (phr)

FS-CTRL 100 7.86 2.14 32.86 - Control (No Additive)
FS-CW 100 7.86 2.14 32.86 2.14 Candellila Wax
FS-GLY 100 7.86 2.14 32.86 2.14 Glycerol
FS-CA 100 7.86 2.14 32.86 2.14 Citric Acid

Notes: phr = parts per hundred resin, where corn starch is defined as 100 phr.

All components were premixed using a laboratory
mixer to ensure uniform distribution, followed by the
gradual addition of water to obtain a homogeneous
mixture suitable for extrusion. The mixture was
processed in a pilot-scale twin-screw extruder with a
tubular die. The extrusion parameters were adapted
from previously reported starch-based drinking straw
production [17]. The barrel temperature profile was
set at 50 °C, 70 °C, and 105 °C, with a screw speed of
120 rpm and a feed rate of 7 kg/h. The die dimensions
were 4.1 mm (inner diameter) and 7.5 mm (outer
diameter), which yielded straws with an average wall
thickness of 1.7 mm. The residence time was
estimated to be 45-90 seconds. Extruded tubes were
cut into 200 mm lengths, dried at 50 °C for 4 hours
until constant weight, and stored in a desiccator prior
to characterization.

Water absorption test

The water absorption behavior was evaluated by
immersion at 4 °C and 25 °C. Samples were oven-
dried at 70 °C for 24 hours to obtain a constant initial
weight (W;) and cut into 60 mm segments. Samples
were immersed in 100 mL of distilled water at the
respective temperatures, and weight was recorded at
15, 30, 60, 120, and 240 minutes [19]. At each interval,
samples were removed, blotted, and weighed (Wy).
Measurements were performed in five replicates.
Water absorption (Wa, %) was calculated according to
the following equation, Eq. (1):

W, —W, Eq. 1
W, (%) =%x 100% (Eq. 1)

4

Flexural strength test

The flexural strength was determined using a three-
point bending test based on ISO 178:2019, with
modifications for hollow cylindrical specimens.
Before testing, samples were conditioned at 23 +2 °C
and 50 + 5% relative humidity for 24 hours and cut
into 80 mm segments. The test was conducted using a
texture analyzer (Stable Micro Systems, UK) with a

support span of 52 mm and a crosshead speed of 0.5
mm/s, as reported by Zhang et al. [19]. The span
length was selected to provide stable loading of the
hollow specimens. The maximum load at fracture (F)
was recorded and used to calculate the flexural
strength (or) based on the bending stress equation for
hollow circular beams, as shown in Eq. (2):

8FLD,
m(Dy — D)

of(MPa) = (Eq- 2)

where F is the maximum load, L is the span length, D,
is the outer diameter, and D; is the inner diameter. All
measurements were carried out in five replicates.

Functional group analysis

Functional group analysis was performed by Fourier
transform infrared (FTIR) spectroscopy (PerkinElmer,
USA). Powdered samples were mixed with anhydrous
potassium bromide (KBr) at a 1:10 (w/w) ratio and
pressed into pellets. Spectra were captured over 450-
4000 cm™ at 4 cm ™ resolution with 16 scans [20].

Thermal stability analysis

Thermogravimetric analysis was conducted using a
thermogravimetric analyzer (TGA) (Perkin Elmer,
USA). Approximately 10 mg of sample was placed in
an aluminum sample pan and heated from 30 °C to
600 °C at 20 °C/min under nitrogen flow (20 mL/min)
[17]. Weight loss was measured as a function of
temperature.

Soil burial degradation test

Biodegradability was assessed using a soil burial
method under natural conditions. Samples (60 mm)
were oven-dried at 70 °C for 24 hours to obtain the
initial weight (W;) and buried at a depth of 40 mm in
prepared soil. Soil pH ranged from 5.0 to 5.8, and
moisture content was maintained at 25-35%. Samples
were retrieved at 0, 7, 14, 21, 28, 35, and 42 days,
briefly rinsed with distilled water, and oven-dried at
70 °C for 24 hours to obtain the final weight (Wr) [21].

3
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Measurements were performed in five replicates.
Weight loss (Wi, %) was calculated using Eq. (3):

W, (%) = 2L x 100% 3)

Statistical analysis

All experimental results are expressed as mean +
standard deviation (SD). Statistical analysis was
conducted using Minitab 22.3.1 (Minitab Inc., USA).
Significant differences among samples were analyzed
using one-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc test at a significance
level of p <0.05.

Results and Discussion

Water absorption behavior

Water absorption behavior is a key indicator of the
durability of starch-based drinking straws, as moisture
uptake can promote swelling of the polymer matrix
and gradually weaken structural integrity during
beverage exposure. The absorption profiles of the
drinking straws were therefore evaluated at 4 °C and
25 °C, representing refrigerated and ambient beverage
temperatures. The absorption profiles illustrated in
Figure 1 indicate that all formulations exhibited a
similar pattern, characterized by a rapid initial uptake
during the first 60 minutes, followed by a slower
increase towards equilibrium between 120 and 240
minutes. Such behavior is typical of hydrophilic
starch-based polymers. The initial stage is associated
with the adsorption of water molecules onto hydroxyl-
rich starch surfaces and capillary penetration into
microvoids within the polymer structure. As
immersion continues, the diffusion within the polymer
network becomes dominant. It is accompanied by

gradual swelling until equilibrium is established
between absorbed moisture and the elastic resistance
of the polymer structure. Comparable diffusion-
controlled moisture-uptake behavior has been
reported for starch-based biopolymer materials in
aqueous environments [22-25].

Temperature clearly influenced the equilibrium
absorption behavior of the straws. For example, at
25 °C, water absorption values after 240 minutes
ranged from 53.90 +2.99% to 62.46 + 3.01%, with the
control formulation showing 55.80 + 0.42%, whereas
lower values between 48.68 + 2.51% and 55.55 +
2.46% were obtained at 4 °C, where the control
sample exhibited 50.71 £ 1.89%. Statistical evaluation
using one-way ANOVA indicated that the additive
composition significantly influenced absorption at
25 °C (F =4.36, p = 0.043). Post hoc Tukey analysis
revealed that the glycerol formulation, FS-GLY, had
significantly higher water absorption than the
candelilla wax formulation, FS-CW (p < 0.05). In
contrast, the citric acid formulation, FS-CA, and the
control formulation, FS-CTRL, were not significantly
different from either group. In contrast, no statistically
significant difference among formulations was
observed at 4 °C (F = 3.70, p = 0.062). The higher
absorption observed at elevated temperatures is
probably due to increased molecular kinetic energy,
which enhances polymer chain mobility and facilitates
the diffusion of water molecules within the matrix. On
the other hand, reduced molecular motion at lower
temperatures limits polymer relaxation and swelling
of the hydrophilic starch phase. Similar temperature-
dependent moisture interactions have been reported in
thermoplastic starch materials where polymer
mobility controls water diffusion behavior [26].
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Figure 1. Water absorption of biodegradable straw formulations under different temperature conditions: a) 25 °C
and b) 4 °C. Notes: Values are expressed as mean + SD (n =5).
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Differences between formulations are primarily
associated with the structural role of the additives
within the composite matrix. FS-CTRL represents the
baseline hydrophilic starch system, where abundant
hydroxyl groups facilitate water sorption through
hydrogen bonding. FS-CW consistently exhibited the
lowest absorption values, reaching 53.90 + 2.99% at
25 °C and 48.68 + 2.51% at 4 °C. This behavior is
likely attributed to the formation of hydrophobic wax
domains within the starch matrix, which reduce the
accessibility of hydrophilic sorption sites and increase
the tortuosity of diffusion pathways, thereby limiting
water transport. Comparable moisture-barrier effects
have been documented in wax-modified starch
composites, where wax incorporation improves
dimensional stability during water exposure [18,27].
In contrast, FS-GLY exhibited the highest water
absorption, reaching 62.46 +3.01% at 25 °C and 55.55
+ 2.46% at 4 °C. This behavior is associated with
plasticization, in which glycerol increases free volume
and enhances polymer chain mobility within the starch
network, thereby facilitating the diffusion of water
molecules through the matrix. This trend is consistent
with observations reported for glycerol-plasticized
thermoplastic starch systems [28—30].

FS-CA exhibited intermediate water absorption values
0f59.14 + 4.59% at 25 °C and 50.34 £ 3.50% at 4 °C.
Citric acid reacts with hydroxyl groups of starch
molecules to form ester linkages, introducing covalent
crosslinks within the polymer network. This
esterification decreases the number of available
hydrophilic sorption sites and restricts polymer chain
expansion, which would be expected to limit water
uptake. However, the present results suggest that the
degree of crosslinking achieved only moderately
attenuated moisture diffusion through the composite
matrix. This effect is likely influenced by increased
polymer chain mobility at higher temperatures, which
can partially offset the restrictive effect of
crosslinking and allow continued water diffusion.
Such behavior has been observed in citric-acid-
modified starch systems, where the effectiveness of
crosslinking depends strongly on crosslink density
and processing conditions [31]. Overall, the
equilibrium absorption values obtained in this study
(48—62%) fall within the range commonly reported for
starch-based biodegradable drinking straws, typically

around 45-80% depending on formulation and testing
conditions [21]. From a functional perspective,
formulations with lower moisture uptake, particularly
the wax-based system, are expected to retain structural
integrity for extended periods during beverage
exposure.

Flexural strength performance

Flexural strength represents the maximum bending
stress before fracture and reflects the mechanical
stability of the drinking straws. The measured values
ranged from 9.33 to 16.54 MPa (Table 2), indicating
variability among the formulations. The candelilla
wax formulation, FS-CW, exhibited the highest mean
value of 16.54 + 1.86 MPa, whereas the citric acid
formulation, FS-CA, showed the lowest value of 9.33
+ 1.38 MPa. The glycerol formulation, FS-GLY, and
the control formulation, FS-CTRL, recorded
intermediate values of 15.40 + 2.09 MPa and 13.78 +
0.71 MPa, respectively.

This behavior is owing to the presence of dispersed
hydrophobic wax domains in FS-CW, which decrease
internal voids and increase matrix density, thereby
improving stress transfer between the starch phase and
rice husk fibers during bending. The starch matrix
likely serves as the primary load-bearing interface,
maintaining interfacial adhesion despite the low
polarity of the wax. Comparable densification-driven
reinforcement has been reported in starch-fiber
composites containing lipid additives [32,33]. This
interpretation is consistent with the lower water
absorption, suggesting a more compact and less
permeable structure.

In contrast, the behavior of FS-GLY is related to
plasticization, in  which  glycerol  disrupts
intermolecular hydrogen bonding and increases free
volume within the starch network. The resulting
increase in chain mobility reduces brittleness and
facilitates stress redistribution, thus delaying crack
propagation during bending. Equivalent behavior has
been reported in thermoplastic starch systems where
plasticization enhances flexibility while maintaining
moderate strength [28-30]. The higher water
absorption observed for FS-GLY supports this
interpretation, as increased free volume promotes
moisture diffusion [15].

Table 2. Flexural strength of biodegradable drinking straws

Formulation Code

Flexural Strength (MPa)

FS-CTRL
FS-CW
FS-GLY
FS-CA

13.78 £0.71*
16.54 + 1.86*
15.40 +2.09*
9.33+1.38°

Notes: Values are presented as mean + standard deviation (n = 5). ‘a’ means not statistically significant (p > 0.05), while ‘b’

means significantly different (p < 0.05).
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FS-CA showed the lowest flexural strength due to
crosslinking effects. Citric acid forms ester crosslinks
with starch chains, increasing network rigidity, as
supported by FTIR analysis [34,35]. However,
excessive crosslink density limits chain mobility and
promotes brittle fracture under bending stress. Similar
trends have been reported in crosslinked starch
systems where increased stiffness is accompanied by
reduced mechanical durability [36]. Statistical
analysis further confirmed these observations, where
one-way ANOVA displayed a significant effect of
formulation (F = 19.54, p < 0.001). Tukey’s analysis
(post hoc test) confirmed that FS-CA was significantly
different from the other samples (p < 0.05), while FS-
CW, FS-GLY, and FS-CTRL showed no significant
differences. Despite this limitation, the values
obtained for FS-CTRL, FS-GLY, and FS-CW (13.78 +
0.71, 15.40 + 2.09, and 16.54 = 1.86 MPa) remain
within the typical range for biodegradable starch
straws (12-23 MPa) [19].

Functional group analysis

FTIR spectra (Figure 2) denote that all formulations
preserve a polysaccharide-dominated structure. A
broad absorption band at approximately 3400 cm™
corresponds to O-H stretching of hydroxyl groups,
reflecting extensive intra- and intermolecular
hydrogen bonding within the matrix [37]. These
hydroxyl-rich structures support strong interactions
with water molecules, consistent with the moisture-
uptake behavior observed during immersion testing
[38,39]. Variations in the O-H region reflect
differences in additive-polymer interactions. The
glycerol formulation, FS-GLY, displayed a broader
absorption band, which indicates redistribution of
hydrogen bonding due to glycerol incorporation.
Glycerol molecules interact with starch hydroxyl
groups and modify the native intermolecular
association within the polysaccharide network. This
interaction increases the availability of hydrophilic
sites and is consistent with the higher water absorption
observed [40,41]. In contrast, the candelilla wax
formulation, FS-CW, showed no new functional
groups, confirming that candelilla wax does not
chemically alter the matrix. Instead, wax forms a
dispersed  hydrophobic  phase that reduces
accessibility of hydroxyl groups and limits moisture
transport, which corresponds with the lower water
absorption measured [14,42].

A weak absorption band near 1725 cm™ was observed
in the citric acid formulation, FS-CA, and is ascribed
to carbonyl (C=0) vibrations potentially related to

ester groups or residual carboxylic functionalities
derived from citric acid. However, the low intensity of
this band indicates that esterification is limited, and
FTIR analysis alone does not confirm significant
covalent crosslinking within the polymer network
[43,44]. This observation is consistent with the lower
flexural strength measured for FS-CA, suggesting that
chemical modification of the matrix is minimal
compared to the physical effects observed in the other
formulations.

Thermal analysis

Mass loss around 150 °C and 300 °C (Figure 3)
reflects the onset of polysaccharide degradation,
followed by a major decomposition stage at 300-
350 °C related to depolymerization of starch and
degradation of hemicellulosic and cellulosic
components from the rice husk reinforcement [46,47].
Although identical degradation stages are observed
across all formulations, variations in the initial region
suggest differences in moisture-matrix interactions.
The glycerol formulation, FS-GLY, exhibits lower
apparent mass loss at low temperatures, which is
attributed to strongly hydrogen-bonded moisture
within the glycerol-starch network. Glycerol hydroxyl
groups interact with starch chains, modifying
intermolecular associations and delaying the release
of bound water. In contrast, the control formulation,
FS-CTRL, exhibited greater early mass loss,
indicating a larger fraction of weakly associated
moisture, while the candelilla wax, FS-CW, and the
citric acid formulation, FS-CA, displayed
intermediate behavior.

At higher temperatures (350—600 °C), the degradation
rate decreases, corresponding to the decomposition of
carbonaceous residues [45,46]. FS-GLY and FS-CA
have higher residual masses than FS-CTRL and FS-
CW, indicating altered carbonization behavior due to
additive incorporation. In glycerol systems, thermal
dehydration and rearrangement of plasticized
polysaccharides promote the formation of stable
carbonaceous structures. In FS-CA, limited ester
linkage formation alters the degradation pathway and
contributes to increased char yield. Conversely, FS-
CW exhibited a minimal effect on the chemical
degradation pathway, as the wax phase primarily acts
as a physical barrier. These trends are consistent with
previous observations, where glycerol increased
moisture  affinity, wax improved structural
compactness, and citric acid introduced limited
structural modification.
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Figure 3. Thermal analysis of biodegradable straw formulations

Soil burial degradation behavior

The soil burial degradation behavior demonstrates the
environmental stability of the drinking straw matrix
under soil microbial conditions. Starch-based
materials generally undergo biodegradation via
enzymatic hydrolysis, in which microorganisms
metabolize polysaccharides into soluble sugars, which
are subsequently mineralized to carbon dioxide and
water [48]. Consistent with this mechanism, all
formulations exhibited progressive mass loss
throughout the burial period (Figure 4), indicating

continuous microbial utilization of the starch
component. Statistical evaluation indicated that
formulation composition significantly affected

degradation performance (F = 22.12, p < 0.05). After
28 days, the highest degradation rate of 76.45 + 8.27%
was observed in the control formulation, FS-CTRL,
while the lowest degradation rate of 43.36 + 3.54%
was observed in the wax formulation, FS-CW.
Intermediate degradation rates were observed for the
glycerol formulation, FS-GLY, and the citric acid

formulation, FS-CA, with weight loss values of 55.32
+ 3.92% and 56.15 £ 2.45%, respectively. Tukey’s
post hoc analysis confirmed that FS-CTRL had
significantly greater degradation than the other
formulations (p < 0.05), and no statistically significant
differences were observed among FS-CW, FS-GLY,
and FS-CA (p > 0.05).

The degradation pattern is consistent with the
structural characteristics determined by water
absorption, flexural strength, FTIR, and thermal
analyses. The reduced degradation rate observed for
FS-CW is attributed to the incorporation of candelilla
wax, which introduces hydrophobic domains into the
composite structure. These nonpolar regions restrict
moisture diffusion by increasing the tortuosity of
transport pathways and limiting exposure of hydroxyl-
rich starch regions to water molecules [49,50].
Reduced moisture penetration delays swelling of the
polysaccharide matrix, which is required for microbial
colonization and enzymatic hydrolysis. Similar
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densification effects have been reported in starch-
based composites, where dispersed phases produce a
more compact structure with reduced permeability
[51]. This structural compactness aligns with the
previously observed low water absorption and high
flexural strength of FS-CW, indicating that improved
internal cohesion confers greater resistance to
moisture-induced  degradation and  microbial
infiltration.

On the other hand, the higher degradation observed for
FS-GLY is associated with plasticization of the starch
matrix. Plasticizers increase the mobility of polymer
chains and expand the amorphous regions of the
network, thereby facilitating moisture diffusion
through the material [52,53]. Increased water uptake
promotes swelling of the starch phase and creates
favourable conditions for microbial activity. Previous
studies on glycerol-plasticized starch systems have
similarly reported accelerated biodegradation under
soil or compost conditions, due to increased moisture
absorption, greater structural flexibility, and enhanced
microbial accessibility [53,54]. Consequently, the
intermediate degradation behavior of FS-GLY is
consistent with the moisture-sensitive nature of
plasticized starch composites.

The degradation behavior of FS-CA can be explained
by limited esterification within the starch matrix.
FTIR analysis showed a weak carbonyl absorption
associated with ester linkages formed between the
citric acid and the hydroxyl groups of the starch,
suggesting partial crosslinking within the polymer
network [55,56]. These covalent interactions reduce
the availability of free hydroxyl sites and limit initial
moisture penetration, thereby delaying hydrolytic
degradation at the early stage of soil exposure.
However, the relatively low crosslink density allows
gradual diffusion of water molecules into the matrix,

enabling microbial enzymes to access unmodified
polysaccharide regions over time. This transition
accounts for the intermediate degradation profile
observed for FS-CA. It should be noted that
biodegradation in this study was evaluated solely
through mass-loss measurements, and morphological
methods, such as scanning electron microscopy, were
not employed to directly observe surface erosion or
microbial colonization. Thus, the degradation
mechanisms are inferred from the physicochemical
behavior rather than from direct visualization of the
structure.

Conclusion

The effect of crosslinking, plasticization, and
hydrophobic modification on rice husk-starch
biodegradable straws was systematically evaluated
under pilot-scale extrusion conditions. Under identical
processing conditions, candelilla wax achieved the
lowest water absorption (53.90%) and highest flexural
strength (16.54 MPa), while glycerol maintained
comparable flexural performance (15.40 MPa) with
the highest thermal residue. In comparison, citric acid
resulted in intermediate moisture uptake (59.14%) but
the lowest mechanical strength (9.33 MPa). These
findings directly resolve the previously unclear
relative contributions of hydrophobic modification,
plasticization, and crosslinking within a single
extrusion-based system without additional pre- or
post-treatment steps. Candelilla wax was established
as the most effective modifier, offering superior
moisture resistance and mechanical reinforcement by
the formation of hydrophobic domains that restrict
water diffusion and enhance structural compactness.
Glycerol showed balanced mechanical performance
and thermal stability by increasing polymer chain
mobility, although at the expense of higher moisture
uptake.
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Figure 4. Soil burial degradation of biodegradable straw formulations. Notes: Values are expressed as mean +
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In comparison, citric acid demonstrated limited
effectiveness in isolation, as insufficient esterification
resulted in reduced mechanical strength and increased
brittleness. Combined FTIR and TGA analyses
revealed that to determine that the predominance of
polysaccharide interactions and moisture-dependent
thermal behavior controlled the flexural performance
and water absorption properties. Biodegradability was
validated for all formulations, with degradation
reaching 76.45% after 28 days, confirming
environmental compatibility and highlighting the
barrier effect of the hydrophobic modification. These
findings provided clear structure-property
relationships and the importance of additive selection
in optimizing functional performance. Future work
should prioritize synergistic ~combinations of
crosslinking and plasticization strategies, alongside
morphological characterization, to further improve the
durability and industrial scalability of biodegradable
straw systems.
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