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Thermoplastic starch (TPS), derived from renewable resources, offers advantages such as biodegradability and

lower production costs compared to petroleum-based plastics. However, its limited mechanical properties

pose a challenge for broader applications. This research aims to explore the potential of enhancing the

mechanical and barrier properties of TPS films through the incorporation of silicon dioxide as

a reinforcement filler and citric acid as a crosslinking agent. By introducing silicon dioxide as

a reinforcement filler, the mechanical strength of the TPS films is expected to be improved. Additionally, the

incorporation of citric acid as a crosslinking agent is anticipated to enhance the barrier properties of the

films. The combination of these additives holds promise for creating TPS films with improved performance,

contributing to the development of sustainable and environmentally friendly materials in various industries.

The results reveal that SiO2 improves the stiffness of the films at lower concentrations but causes

brittleness at higher concentrations. In contrast, citric acid crosslinked films exhibit improved flexibility and

density. Scanning electron microscopy demonstrates the morphological changes in the films, with SiO2

affecting surface roughness and aggregate formation. SiO2 reduces film thickness and transparency, while

citric acid enhances water resistance and barrier properties. X-ray diffraction analysis shows a reduction in

crystallinity due to the plasticization process. Fourier-transform infrared spectroscopy highlights chemical

changes and antimicrobial activity is observed with citric acid against specific bacteria. The soil burial test

reveals that citric acid crosslinked films exhibit slower degradation due to antimicrobial properties. The

combination of SiO2 reinforcement and citric acid crosslinking enhances the overall performance of the

films, promising sustainable and environmentally friendly materials for various applications.
Introduction

Thermoplastic elastomers (TPEs) are a type of polymer that can
be melted and molded multiple times without undergoing any
signicant changes in their chemical structure.1 This allows for
easy processing and recycling of TPEs, making them a more
sustainable option for many applications. TPEs have a wide range
of properties, including high exibility, resilience, and excellent
resistance to environmental factors such as heat, cold, and UV
light. They are used in a variety of applications, including
consumer goods, automotive parts, and medical devices.2–4

Thermoplastic starch (TPS) is a biodegradable and biocom-
patible material derived from renewable resources like corn,
potato, or tapioca starch.5,6 To produce TPS, granular starch
l of Life Sciences, Manipal Academy of

104, India. E-mail: nirmal.mazumder@

e of Technology, Karnataka 575025, India

Manipal School of Life Sciences, Manipal

nataka 576104, India

the Royal Society of Chemistry
undergoes thermomechanical treatment, which encompasses
activities like kneading, extrusion, injection molding,
compression molding, blow molding, or heating and casting in
an excess water solution.7,8 During this procedure, plasticizers
such as water, glycerol, or urea, and additives like lecithin or
monoglycerides are employed to enhance the material's prop-
erties.9,10 One of the main challenges in using TPS is its limited
mechanical properties compared to traditional petroleum-
based plastics.11 However, researchers are working to improve
the properties of TPS through the addition of other biopolymers
and llers.12–14 The thermoplastic characteristics of starch
closely resemble those of synthetic polymers, allowing the
adaptation of methods initially designed for synthetic polymers
to be used in starch processing. This adaptability has resulted in
the manufacture of commercial products made from TPS,
which includes items like compost bags and packaging mate-
rials.15 This material has several advantages over traditional
petroleum-based plastics, including lower production costs,
renewability, and biodegradability. It can be used in a variety of
applications, such as packaging, agricultural mulch lms, and
food packaging materials.16,17
RSC Adv., 2024, 14, 139–146 | 139
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Overall, TPS is a promising alternative to traditional plastics
in terms of sustainability and environmental impact, and its use
is expected to grow in the coming years as demand for biode-
gradable and renewable materials continues to rise. The current
work aims at using silicon dioxide as a reinforcement ller and
citric acid as a crosslinking agent to potato starch. It is expected
that the addition of silicon dioxide would enhance the
mechanical properties, while citric acid would improve the
barrier properties of the lms.

Experimental section
Materials

Potato starch was acquired from Sigma Aldrich, USA. Glycerol
(extrapure AR, 99.5%) and Silicon dioxide were supplied by
Sisco Research Laboratories Pvt. Ltd., India. Citric acid anhy-
drous was obtained from Loba Chemie Pvt. Ltd., India. All the
procured chemicals were of high-purity reagent grade.

Methods

Preparation of potato starch elastomers. Various batches of
potato starch lms containing 8 g potato starch were prepared
by dissolving different amounts of silicon dioxide (SiO2) (0.08 g,
0.16 g), citric acid (10%, 30%, and 50% w/w of potato starch),
and a combination of both SiO2 and citric acid in 100 mL of
distilled water in a beaker. This method was adapted from our
previous studies.18,19 To prepare the potato starch elastomers,
4 mL of glycerol and acetic acid each was added to a beaker and
mixed thoroughly. The beaker was then placed on a magnetic
stirrer and heated to a temperature of 85–90 °C for approxi-
mately 45 min while being continuously stirred. The molten
starch mixture was poured onto a casting tray carefully to avoid
the formation of air bubbles and was allowed to dry in a hot air
oven for 48 h at 60 °C. Aer drying, the biopolymer lm was
removed from the tray and stored in a controlled humidity
chamber at a temperature of 37 °C and humidity above 50%.

Morphological characterization

Scanning electron microscopy (SEM). SEM (JEOLmodel JSM-
6380LA system, Germany) was used to analyze the surface
morphology of the biopolymer lms. The starch lms were cut
into a 5 × 5 mm area and were coated with a thin layer of
conductive material (gold) to ensure that the electrons from the
SEM beam would be able to interact with the sample surface.
The SEM was operated at 10 kV and 2000× magnication to
visualize the surface topography of the starch lms.

Structural characterization

Film thickness and transparency. The thickness of the
prepared biopolymer lms was measured using a Yuzuki digital
micrometer with a resolution of 0.01 mm. Measurements were
taken in ve different regions of the lms, and the mean value
was calculated.

Transparency of the lms was assessed by Thermo Fisher
Scientic's Varioskan™ LUX multimode microplate reader,
where 5 mm lms were cut and placed at the bottom of the 96
140 | RSC Adv., 2024, 14, 139–146
well plate and the results were presented in terms of % trans-
mittance. Transmittance, which measures the amount of light
that passes through a sample at different wavelengths, was used
as an indirect measure of transparency. Initially, the lms'
absorbance was measured for various wavelengths (300–700
nm). The following equation was employed to convert the
absorbance values into % transmittance (%T).

%T = antilog (2 − absorbance) (1)

X-ray diffraction (XRD). The MiniFlex benchtop XRD system
(Rigaku, Japan), was utilized to determine the starch lms'
crystallinity and amorphous content. Films measuring 2 cm in
diameter were scanned with a step size of 0.02° over a range of
5–55° at a rate of 2° min−1. Additionally, the instrument was
employed to examine the material's bond angles and inter-
atomic distance.
Chemical characterization

Fourier-transform infrared (FTIR) spectroscopy. To evaluate
the chemical characteristics of the biopolymer lms, their
infrared spectra were captured using an attenuated total
reection (ATR) optics Fourier transform infrared spectropho-
tometer (Bruker alpha FTIR spectrometer, Germany) over
a range of 400–4000 cm−1. By transmitting radiation through
the lm, the molecular vibration of the specimen was accom-
plished. The lm absorbed radiation at specic frequencies,
leading to the formation of molecular vibrations. The absorp-
tion of frequencies provided data about the functional groups
that were either established or broken during the preparation
process.
Functional characterization

Water solubility. The initial weights (Wi) of 1 cm
2 biopolymer

lms were measured and dried at 105 ± 2 °C in the hot air oven
overnight. Thereaer, the lms were continuously stirred for
24 h while suspended in beakers containing 30 mL of distilled
water. Filter paper was used to remove the surplus water from
the lms, and they were then dried for 24 h at 105 ± 2 °C. The
lms' nal weights were noted as Wf. The percentage of water
solubility was computed using the following equation:

Water solubility ¼ Wi �Wf

Wi

� 100 (2)

Moisture content. Determination of moisture content of
starch lms typically involves drying 3 cm2

lms in an oven at
60 °C overnight until a constant weight is obtained. The
difference between the initial and nal weights represents the
amount of water that was present in the lms. The moisture
content is calculated by dividing the weight of water by the
weight of the dry sample and multiplying by 100.

Water vapour permeability (WVP). The WVP of the lms was
assessed by cutting circular lms 3 cm in diameter and rmly
securing them around the opening of glass vials containing
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the mechanism of crosslinking of
starch with silicon dioxide and citric acid.
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10 mL of distilled water. The vials' initial weight was recorded.
The setup was placed in a humidity chamber set to 40% relative
humidity and 35 °C temperature for 24 h. To determine the
amount of water vapour permeated through the lms, the vials
were removed and reweighed. The WVP of the lms was
calculated using the below-mentioned equation:

WVTR = DW A × t (3)

where DW is the weight loss in grams, A represents the cross-
sectional area and t is time in h.

Universal testing machine (UTM). A Universal testing
machine (Shimadzu Universal Texture Analyzer EZ SX) was used
to evaluate the tensile strength of the starch elastomers. Spec-
imens were cut into 90 mm length and 20 mm width. Three
specimens of each lm were tested considering the thickness of
the individual lms, and their mean value was reported as
a force (N) vs. displacement (mm) plot.

Antimicrobial activity. The antimicrobial activity of the lms
was assessed by the Kirby–Bauer disc diffusion method on the
Mueller Hinton agar (MHA) plate. ATCC strains of Escherichia
coli, Staphylococcus aureus, and Pseudomonas aeruginosa were
inoculated in a nutrient medium and incubated at 37 °C. Post
incubation the bacterial cultures were then diluted to 0.5
McFarland with fresh nutrient medium and lawn culture of the
various bacteria was made on MHA plates. The lms were cut
into a disc shape with 6 mm diameter. The discs containing
known antibiotics were used as controls. The interpretation of
the antimicrobial activity was done by measuring the diameters
of the zones of inhibition around the lms.

Biodegradation. The lms were cut into 3 cm2 pieces and
were buried in pots lled with garden soil at a depth of 2 cm for
30 days in a greenhouse. The weight of the lms was measured
every ten days aer soil burial. The biodegradability test was
calculated by the equation below:

Weight loss (%) = [(Wo − W)/(Wo)] × 100

whereWo andW are the weights of samples before and aer the
test.
Results and discussion
Preparation of potato starch elastomers

The starch elastomers with different concentrations of SiO2 and
citric acid were prepared using solution casting technique. The
inclusion of SiO2 improved the stiffness of the lm. At larger
concentrations, however, the addition of SiO2 caused brittle-
ness. The citric acid crosslinked lms showed improved exi-
bility and appeared denser than the rest of the lms (Fig. 1).
Fig. 2 Scanning electron microscope images of various potato starch
elastomers (a) PS, (b) PS + 0.08 g SiO2, (c) PS + 0.16 g SiO2, (d) PS + 10%
CA, (e) PS + 30%CA, (f) PS + 50%CA, (g) PS + 50% CA + 0.08 g SiO2, (h)
PS + 50% CA + 0.16 g SiO2. PS: potato starch; SiO2: silicon dioxide; CA:
citric acid. Magnification: 500×; scale bar: 20 mm.
Morphological characterization

Scanning electron microscopy. The SEM images (Fig. 2)
provide a detailed examination of the morphology of potato
starch elastomer lms and reveal the impact of SiO2 and citric
acid on their surface characteristics. The potato starch elas-
tomer lm (Fig. 2a) exhibits an uneven surface with
© 2024 The Author(s). Published by the Royal Society of Chemistry
ungelatinized starch granules and cracks, a feature attributed to
the inherent properties of potato starch. The addition of SiO2 at
low concentrations imparts a smooth surface with no visible
aggregates (Fig. 2b), while at higher concentrations, an increase
in roughness and the formation of silicon dioxide aggregates
become apparent (Fig. 2c). This suggests that SiO2, acting as
a reinforcement ller, inuences lm morphology, enhancing
smoothness at lower concentrations but causing roughness and
aggregation at higher concentrations. Furthermore, citric acid-
crosslinked lms (Fig. 2d–f) display a homogeneous and
smoother surface compared to potato starch and SiO2-based
RSC Adv., 2024, 14, 139–146 | 141
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Fig. 4 X-ray diffractogram of various potato starch elastomers. PS:
potato starch; SiO2: silicon dioxide; CA: citric acid.
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lms. This indicates that citric acid has a leveling effect,
contributing to a more uniform and rened lm surface. Films
containing both citric acid and SiO2 (Fig. 2g and h) exhibit
relatively smooth surfaces, suggesting a potential synergistic
effect where the drawbacks associated with high SiO2 concen-
trations, such as roughness, may be mitigated by the smoothing
inuence of citric acid. The observed uneven surface in the
potato starch elastomer aligns with the granular nature of
ungelatinized starch, potentially impacting the lm's mechan-
ical and barrier properties. The concentration-dependent
effects of SiO2 highlight the importance of optimizing its
incorporation to achieve desired surface characteristics without
compromising lm quality. Citric acid's role in promoting
a smoother and more homogeneous surface suggests its
potential as a benecial crosslinking agent in starch-based
lms. The combination of citric acid and SiO2 appears to offer
a balance, showcasing relatively smooth surfaces.
Structural characterization

Film thickness and transparency. The incorporation of SiO2

reduced the thickness of the lms, which could be attributed to
the tightness and compactness of the polymeric matrix seen
with its addition as a reinforcement ller (Table 1). The citric
acid crosslinked lms were visibly thicker since the lm thick-
ness was proportional to the total solid content of the formu-
lation. Another study, conducted by Wu et al., yielded
Table 1 Thickness (mm) of various potato starch elastomers

Starch elastomer Thickness (mm)

PS 0.11 � 0.02
PS + 0.08 g SiO2 0.09 � 0.03
PS + 0.16 g SiO2 0.10 � 0.03
PS + 10% CA 0.22 � 0.04
PS + 30% CA 0.23 � 0.01
PS + 50% CA 0.24 � 0.04
PS + 50% CA + 0.08 g SiO2 0.14 � 0.03
PS + 50% CA + 0.16 g SiO2 0.16 � 0.03

Fig. 3 Transmittance (%) of various potato starch elastomers at
wavelengths ranging from 300 to 700 nm. PS: potato starch; SiO2:
silicon dioxide; CA: citric acid.

142 | RSC Adv., 2024, 14, 139–146
comparable results, demonstrating a substantial increase in
lm thickness with the addition of citric acid.20 Transmittance
represents the transparency of the lms. The transmittance (%)
of various potato starch elastomers at wavelengths ranging from
300 to 700 nm is denoted in Fig. 3. The transparency of the lms
also improved with crosslinking and decreased with increasing
concentration of SiO2.

X-ray diffraction. XRD analysis determines the crystallinity of
the developed elastomers. The X-ray diffractogram of various
potato starch lms is presented in Fig. 4. Starch consists of
crystalline, semicrystalline, and amorphous domains. Potato
starch is said to exhibit B-type crystallinity which comprises
loosely packed double helical amylopectin moieties with a water
molecule column at the center of the assembly. Peaks typical of
B-type starch were visible in native potato starch at 5°, 12°, 15°,
17°, 20°, 22°, 24°, and 26°. A reduction in crystallinity was
observed in all the potato starch elastomer lms owing to the
plasticization process i.e., the addition of plasticizer, which is
believed to disrupt the intermolecular hydrogen bonds present
between the starch moieties.10 The starch elastomers showed
a form of crystalline form, consisting of reduced peaks at 17°,
20°, and 22°. Furthermore, crosslinking disrupts the regular
arrangement of starch molecules, leading to a reduction in
crystallinity. This disruption is attributed to the formation of
covalent bonds, such as those formed between citric acid and
starch molecules, which interfere with the intermolecular
hydrogen bonds responsible for maintaining the crystalline
structure. The result is the formation of amorphous regions
within the lm, contributing to an overall decrease in
crystallinity.

Chemical characterization

Fourier-transform infrared (FTIR) spectroscopy. The FTIR
spectra of various potato starch elastomers at 4000–600 cm−1

are shown in Fig. 5. All the elastomers show a similar spectrum
consisting of a broad band appearing near 3340 cm−1 attributed
to the OH group of the starch backbone. The other prominent
peaks include the C–H, H–O–H, and C–O–C stretching vibration
at 2930 cm−1, 1650 cm−1, and 990 cm−1 respectively. The C–O–C
bend present at 1019 cm−1 in potato starch elastomer (PS), was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FTIR spectra of various potato starch elastomers. (a) PS, PS +
0.08 g SiO2, PS + 0.16 g SiO2, (b) PS + 10% CA, PS + 30% CA, PS + 50%
CA, (c) PS + 50% CA + 0.08 g SiO2, PS + 50% CA + 0.16 g SiO2. PS:
potato starch; SiO2: silicon dioxide; CA: citric acid.
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observed to shi to higher wavenumbers with the addition of
SiO2 to potato starch.21 The SiO2 elastomers also displayed
peaks at 1260 cm−1, 1070 cm−1, and 923 cm−1 which corre-
sponded to Si–C, Si–O stretching, and Si–H bending vibrations.
This could be attributed to the formation of intermolecular
hydrogen bonds between SiO2 and starch molecules. The citric
acid crosslinked starch lms showed the presence of a distinc-
tive peak at 1724 cm−1 corresponding to ester group formation
which thus conrms the crosslinking of citric acid and starch.
The peak intensity was found to increase with increasing
concentration of citric acid. In the study by Wu et al., FTIR
spectra also showed a peak at 1724 cm−1, suggesting esteri-
cation between citric acid and starch. This peak intensity
increased with higher concentrations of citric acid, indicating
an increased crosslinking reaction.20

Functional characterization

Water solubility and moisture content. The water solubility
and moisture content of various potato starch elastomers are
shown in Fig. 6(a) and (b). The elastomers containing SiO2

showed decreased water solubility and moisture content when
compared to potato starch elastomers. The complex network
formed by the intermolecular bonds between SiO2 particles and
starch could be attributed to the improvement in water resis-
tance observed in the lms. The addition of SiO2 as reinforce-
ment llers also decreases the total void volume occupied by
water molecules, thereby decreasing the moisture absorption
and water solubility of the lms. The addition of citric acid
Fig. 6 (a) Water solubility (%), and (b) moisture content (%) of various
potato starch biopolymer films. PS: potato starch; SiO2: silicon dioxide.

© 2024 The Author(s). Published by the Royal Society of Chemistry
further enhances the water resistance of the lms due to the
strong hydrogen bonding formed between the carbonyl groups
(C]O) and hydroxyl groups (OH) present in the molecular
structure of citric acid and the hydroxyl groups in starch
molecules. This bonding leads to the establishment of a cross-
linking network, contributing to the development of a sturdier
and more interconnected structure in the elastomers.

Water vapour permeability. A signicant reduction in water
vapour permeability was observed in SiO2-reinforced and citric
acid crosslinked lms (Fig. 7). SiO2, being a reinforcement ller
material can increase the density and reduce the porosity of the
lm, making it more impermeable to gases and liquids. The
formation of a network of cross-linking bonds within the starch
matrix can reduce the size of the void spaces that allow water
vapor to pass through.22 This hypothesis is supported by the fact
that both citric acid and SiO2 can form chemical bonds with
hydroxyl groups on the starch molecules, creating a more stable
and cohesive lm structure. Overall, the addition of citric acid
and SiO2 to starch lms may have resulted in a more compact
and less permeable material.

In their study, Ghanbarzadeh, Almasi, and Entezami aimed
to enhance the barrier and mechanical properties of corn
starch-based edible lms. They investigated the impact of
incorporating citric acid on these properties. The addition of
citric acid had a positive effect, leading to improvements in the
water resistance of the lms.23 Similar improvements in barrier
properties were observed in our previous studies employing rice
and potato starch, showcasing the versatility and effectiveness
of citric acid as a crosslinking agent and SiO2 as a reinforcement
ller across different starch types.19,24

Mechanical properties. The mechanical properties of potato
starch elastomers were evaluated through force vs. displace-
ment graphs obtained from UTM analysis (Fig. 8). The graphs
revealed signicant insights into the materials' behavior under
applied stress. The potato starch elastomer (PS) displayed an
initial linear region indicating elastic deformation, followed by
a peak point representing its tensile strength before undergoing
plastic deformation and eventual failure. The incorporation of
Fig. 7 Water vapour permeability (WVP) (%) of various potato starch
biopolymer films. PS: potato starch; SiO2: silicon dioxide.
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Fig. 8 Force vs. displacement graphs of different starch biopolymers
(a) PS, (b) PS + 0.08 g SiO2, (c) PS + 0.16 g SiO2, (d) PS + 10% CA, (e) PS
+ 30% CA, (f) PS + 50% CA, (g) PS + 50% CA + 0.08 g SiO2, (h) PS + 50%
CA + 0.16 g SiO2. PS: potato starch; SiO2: silicon dioxide; CA: citric
acid.

Fig. 9 MHA plates showing inhibition zones for various potato starch
elastomers against Staphylococcus aureus, Pseudomonas aeruginosa,
and Escherichia coli. (1) PS, (2). PS + 0.08 g SiO2, (3) PS + 0.16 g SiO2,
(4) PS + 10% CA, (5) PS + 30% CA, (6) PS + 50% CA, (7) PS + 50% CA +
0.08 g SiO2, (8) PS + 50% CA + 0.16 g SiO2. C: control; PS: potato
starch; SiO2: silicon dioxide; CA: citric acid.

Table 2 Inhibition zones for various potato starch elastomers against
Gram-positive and Gram-negative bacteria. C: control; PS: potato
starch; SiO2: silicon dioxide; CA: citric acid

Zone of inhibition (mm)

S. aureus P. aeruginosa E. coli

C Cefuroxime 26 NA 16
Ceazidime NA 19 NA

1 PS — — —
2 PS + 0.08 g SiO2 — — —
3 PS + 0.16 g SiO2 — — —
4 PS + 10% CA — — —
5 PS + 30% CA 7 8 —
6 PS + 50% CA 11 9 —
7 PS + 50% CA + 0.08 g SiO2 8 8 —
8 PS + 50% CA + 0.16 g SiO2 7 8 —
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SiO2 reinforcement increased the peak point, indicating
improved tensile strength. While the initial addition of SiO2 as
a reinforcement ller led to an improvement in tensile strength,
excessive amounts of SiO2 resulted in a decrease in the mate-
rial's mechanical properties. This reduction in tensile strength
can be attributed to the lms becoming brittle with higher
concentrations of SiO2. The brittleness indicates that the
material's ability to undergo plastic deformation and absorb
energy under stress was compromised, leading to a lower peak
point on the force vs. displacement graph. As evident from the
SEM images, higher concentrations of SiO2 lead to formation of
aggregates in the starch matrix. The presence of these aggre-
gates interferes with the ability of the starch matrix to form
a continuous and cohesive structure. The irregular distribution
of SiO2 can act as stress concentrators, leading to the initiation
and propagation of microcracks within the lm. The initiation
of cracks at SiO2 aggregates can reduce the effective load-
bearing capacity of the lm, ultimately resulting in a decrease
in tensile strength. Crosslinking the PS elastomer with citric
acid further enhanced the peak point, demonstrating stronger
mechanical properties. However, increased concentrations of
citric acid can cause degradation of starch, causing a decrease
in the mechanical strength of the lms. These ndings align
with several studies that employed citric acid as a crosslinking
agent. Simões et al. prepared hydrogel lms from cassava
starch, xanthan gum, glycerol, and citric acid using extrusion.
They investigated the effects of citric acid concentration (0–6%
w/w) as a crosslinking agent on the tensile strength of the
hydrogel lms. Incorporating citric acid as a crosslinker resul-
ted in hydrogel lms with higher tensile strength and lower
elongation. The most pronounced improvements in tensile
strength were observed as citric acid concentration increased
from 0% to 4% w/w. Higher citric acid concentrations (>4% w/
w) promoted degradation of the polymeric chains, reducing
144 | RSC Adv., 2024, 14, 139–146
tensile strength.25 The combination of SiO2 reinforcement and
citric acid crosslinking resulted in the highest peak point,
signifying the most improved tensile strength among all the
elastomers. These ndings highlight the potential of creating
TPS lms with superior mechanical performance through the
synergistic effect of SiO2 reinforcement and citric acid cross-
linking, contributing to the development of sustainable and
environmentally friendly materials.

Antimicrobial activity. The zone of inhibition was assessed
by determining the diameter of microbial inhibition around the
lms. The addition of SiO2 was found to show no effect on the
antimicrobial properties of the lms. However, citric acid was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a). Photographs of potato starch elastomers at day 1 and day 30 of soil burial test; (b) Weight loss (%) curve exhibiting biodegradation of
elastomers in garden soil.
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observed to possess antimicrobial activity against Staphylo-
coccus aureus and Pseudomonas aeruginosa. Antimicrobial
activity increased with increasing concentration of citric acid
with 50% CA showing the highest zone of inhibition. This can
be attributed to the acidic nature of citric acid which can
rupture the cell membrane of the bacteria. The inhibition zones
(mm) of different potato starch lms against Escherichia coli,
Staphylococcus aureus, and Pseudomonas aeruginosa, are depic-
ted in Fig. 9 and Table 2. This observation is in alignment with
a study that evaluated the inhibitory effects of citric acid
crosslinking on the growth of Staphylococcus aureus and
Escherichia coli. It was observed that the diameter of inhibition
zones increased with the concentration of citric acid, indicating
its inhibitory effects on bacteria.20

Biodegradation. The soil burial method is a common
approach to investigate the biodegradation of starch lms. In
this method, the starch lms are buried in the soil for a certain
period of time, during which the microorganisms present in the
soil break down the lms. The rate of biodegradation can be
determined by periodically retrieving the lms from the soil,
cleaning them to remove any soil debris, and measuring their
weight loss, mechanical properties, and/or chemical changes.
The extent of biodegradation can also be assessed by examining
the morphology of the lms using microscopy techniques. The
soil burial method is oen used to evaluate the biodegradability
of starch lms and other biodegradable materials under natural
environmental conditions. Photographs of potato starch elas-
tomers on day 1 and day 30 of the soil burial test and their
subsequent weight loss (%) are depicted in Fig. 10. The intro-
duction of silicon dioxide as an additive did not yield any
signicant effects on the degradation of elastomers. In other
words, the presence of silicon dioxide did not noticeably inu-
ence or alter the deterioration process of the elastomer mate-
rial. On the other hand, when lms were crosslinked using citric
acid, a different outcome was observed. These citric acid
crosslinked lms exhibited slower rates of degradation
compared to their counterparts.
© 2024 The Author(s). Published by the Royal Society of Chemistry
This decelerated degradation can be attributed to the anti-
microbial activity exhibited by citric acid. The antimicrobial
properties of citric acid play a crucial role in slowing down the
degradation process. By inhibiting the growth of microorgan-
isms, citric acid effectively delays the onset of microbial activity
on the elastomer material. Consequently, this delay in micro-
bial growth results in a decelerated degradation process, effec-
tively extending the lifespan or durability of the elastomer
material. Mali et al. examined the biodegradation of yam starch
lms incorporating citric acid via soil burial for up to 60 days.26

Consistent with our present ndings, the incorporation of citric
acid in the crosslinking process resulted in a decelerated rate of
biodegradation. The outcome mirrored our current observa-
tions, indicating that the crosslinked lms exhibited reduced
biodegradation rates. This phenomenon was linked to the more
compact structure of the lms, limiting microbial access, and
impeding their degradative activity.
Conclusion

While previous studies have individually investigated the effects
of SiO2 or citric acid on TPS lms, our research is among the
rst to comprehensively examine the combined impact of these
two additives. The synergistic action of SiO2 and citric acid is
particularly innovative in enhancing the mechanical, barrier,
and antimicrobial properties of the TPS lms. SiO2 acts as
a reinforcement ller, inuencing lm morphology and
improving mechanical strength, while citric acid serves as
a crosslinking agent, contributing to enhanced exibility and
reduced water solubility. The combination of these additives
has demonstrated a balancing effect, mitigating the drawbacks
associated with high SiO2 concentrations, such as roughness,
through the smoothing inuence of citric acid.

Furthermore, our study delves into the antimicrobial activity
of the lms, revealing the potential of citric acid to effectively
inhibit microbial growth, thus extending the shelf life of pack-
aged products and offering applications in areas such as food
RSC Adv., 2024, 14, 139–146 | 145
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packaging and biomedical sectors. The optimization of silicon
dioxide and citric acid concentrations is crucial to achieving the
desired balance between mechanical strength and exibility in
the lms. By further exploring and ne-tuning these parame-
ters, the performance of TPS lms can be enhanced, expanding
their potential applications as eco-friendly alternatives to
traditional petroleum-based plastics.
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