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tapai industry polyvinyl alcohol (PVA), a synthetic polymer, to improve its mechanical and

physical properties. CPS was extracted and then analyzed for yield, moisture, and
starch content. The interactions among components in bioplastics were examined
utilizing FTIR and SEM techniques. FTIR analysis revealed physical interactions
devoid of chemical bonding, whereas SEM demonstrated heterogeneous surfaces
characterized by cracks. Among the five formulations, the formulation containing
5.0 g of PVA and 1.5 g of chitosan (F5) exhibited optimal performance,
characterized by a thickness of 0.25 mm, a tensile strength of 11.95%, an elongation
of 17.83%, and a biodegradation rate of 49.16% after 12 days. The material met JIS
Z 1707:1997 standards for mechanical properties, although it did not fully comply
with biodegradation requirements. The novelty of this research presents to the
valorization of cassava peel starch as local-agro industrial waste into bioplastics
enhanced with chitosan and PVA, revealing a cost-effective, renewable alternative
that meets key mechanical standards while advancing sustainable plastic innovation.
The results indicate that CPS-based bioplastics, when combined with suitable
polymer matrices, offer a feasible and sustainable substitute for conventional
plastics.
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INTRODUCTION

According to data from the Indonesian Ministry of Environment, plastic usage in Indonesia is
on the rise. In 2020, the country generated plastic waste amounting to 22.5 kg per capita per
year, with 35% of total plastic consumption attributed to packaging materials (KLHK 2020).
A potential solution to mitigate these issues is the use of natural materials that can be converted
into biodegradable plastics. Biodegradable plastic, or bioplastic, refers to a category of plastic
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made from natural polymers that can be readily decomposed, including starch, cellulose, and
carbohydrates (Wening & Amalia, 2023). The availability of these components is abundant in
nature and can be renewed due to their high biodegradability, indicating significant potential
for use in the production of biodegradable plastics (Wening & Amalia, 2023).

Root crops typically contain natural biopolymer components, including carbohydrates (starch),
proteins, natural rubber, and biomass (Gea et al., 2022). Cassava ranks among the most
extensively cultivated crops in the Bogor region. In 2020, cassava production in Bogor
Regency was recorded at 85,861 tons, as reported by the Central Bureau of Statistics (BPS
Kab. Bogor, 2020). As cassava production rises, the generation of cassava peel waste
correspondingly increases. Wening and Amalia (2023) report that each kilogram of cassava
yields 15-20% in cassava peel. The underutilization of cassava peel waste by the community
may lead to additional issues. Notably, cassava peel contains a starch content ranging from
44% to 59% (Alfian et al., 2020), with an amylose proportion of 9.69% and the remainder
being amylopectin (Mudaffar, 2021). Cassava peels may serve as a viable source of starch to
produce biodegradable plastics.

Starch is a natural polymer that serves as a biodegradable material, characterized by its
environmental sustainability, widespread availability, and cost-effectiveness (Wu et al., 2024).
Starch consists of two primary polymers: amylose and amylopectin. Nisah (2018) indicates
that amylose compounds influence cohesiveness, whereas amylopectin or starch impacts the
stability of biodegradable plastics. In the fabrication of starch-based bioplastic films, the
incorporation of plasticizers can mitigate the brittleness of the films attributed to elevated
intermolecular forces. Water, glycerol, and sorbitol are frequently utilized as plasticizers in
starch-based bioplastic films. It is not advisable to use water directly as a plasticizer due to the
high volatility of its molecules, which can result in brittleness in the film. Glycerol contains
hydroxyl groups that facilitate inter- and intra-molecular interactions, specifically hydrogen
bonding, within polymeric chains. Consequently, it is considered the most effective plasticizer
for water-soluble polymers, enhancing the flexibility of bioplastic films (Warsiki et al., 2020).
Consequently, it is considered the most effective plasticizer or other reinforced copolymer for
water-soluble polymers, enhancing the flexibility of bioplastic films.

Recent years have seen a significant increase in research focused on the synthesis of chitosan
and polyvinyl alcohol (PVA)-derived biopolymers due to physical and mechanical properties.
Chitosan is a polysaccharide derived from chitin or from the shells of shrimp and crabs.
Chitosan is commonly employed as a thickening agent, gelling agent, and for enhancing
texture. Chitosan possesses film-forming capabilities, hydrophobic characteristics,
biodegradability, non-toxicity, and the ability to enhance transparency. Furthermore, chitosan
contributes to the enhancement of tensile strength, as the presence of hydrogen bonds (both
intramolecular and intermolecular) in bioplastics increases, necessitating greater energy to
disrupt these bonds (Qadri et al., 2023). Moreover, polyvinyl alcohol (PVA) demonstrates
significant properties, including high compactness, increased crystallinity, strong adhesion,
non-toxicity, and a favorable interaction with water molecules. The PVA macromolecule
contains a significant number of hydroxyl functional groups, making it highly hydrophilic
(Mustapa et al., 2017).

Starch-based bioplastics offer a renewable and biodegradable alternative; however, their
practical application is constrained by issues such as brittleness, inadequate water resistance,
and suboptimal mechanical properties. Cassava peel waste, although underutilized, presents a
significant potential as a raw material for bioplastic production due to its high starch content.
Efforts to enhance cassava peel starch (CPS)-based bioplastics frequently depend on individual
plasticizers or copolymers, which have not adequately resolved these deficiencies.
Furthermore, there is a paucity of research investigating the synergistic effects of chitosan and
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polyvinyl alcohol (PVA) as dual reinforcing agents in starch-based bioplastics, indicating a gap
in the optimization of their composition to improve mechanical strength and biodegradability.
This study presents the use of cassava peel starch, a plentiful agro-industrial byproduct, as a
sustainable base material for bioplastic production and explores the innovative application of
chitosan and PVA as dual copolymer reinforcements. This study systematically varies polymer
concentrations to elucidate the synergistic interactions between natural and synthetic polymers.
The findings enhance the structural, mechanical, and biodegradation properties of starch-based
bioplastics, contributing to the advancement of eco-friendly alternatives to conventional
plastics.

METHOD
Materials and Equipments

The starch raw materials originated from cassava peels from Mekarwangi Village, Tanah
Sareal District, Bogor City, West Java, Indonesia. The chemical materials utilized included
polyvinyl alcohol (PVA), chitosan, distilled water, glycerol, hydrochloric acid (HCI 37%),
sodium hydroxide (NaOH 40%), potassium iodate (K103), potassium iodide (KI 20%), sodium
thiosulfate pentahydrate (Na.S203-5H20), and sulfuric acid (H2SO4 98%). All materials were
procured from Pure Analysis and Sigma Aldrich. The equipment utilized in this study included
an oven, hotplate, 30 cm x 30 cm mold, 100 mesh sieve, and magnetic stirrer.

Extraction of cassava peel starch (Weligama Thuppahige et al., 2023)

The cassava peels that are employed are reddish-white or yellowish-white skins, which are
commonly referred to as epidermis. The yellowish-white epidermis is less amenable to
processing than the red epidermis, which is typically thicker. To eradicate any remaining dirt,
the epidermis that has been obtained is rinsed with running water. The cassava peels are cut
into pieces that are approximately 3.00 cm in size and soaked for 24 hours, with the water being
replenished every 8 hours. The cassava epidermis was drained and subsequently mashed with
water in a 1:3 ratio after a 24-hour soaking period (Weligama Thuppahige et al., 2023). The
cassava rind pulp was subsequently filtered through a calico cloth. To facilitate the
sedimentation of starch, the filtrate is subjected to precipitation for 24 hours. The clarity of the
filtrate is indicative of the formation of starch. The starch was drained after the filtrate was
progressively removed. Subsequently, solar exposure is implemented to dry the starch. The
desiccated starch was subsequently filtered and mashed using a 100-mesh sieve.

Analysis of starch from cassava peels (Abdo & Ali, 2019)

The calculation of the ratio between the starch obtained from extraction and the cassava peels
used as the substrate for the starch was the focus of the cassava peel starch yield analysis. The
gravimetric method was employed to determine the moisture content of the starch. After
weighing 3 g into a porcelain cup, the starch was dried in an oven at 105°C for 3 hours. The
sample was subsequently chilled in a desiccator for 10 minutes and reweighed until it was
stable. The Luff Schoorl method was employed to analyze the starch content in accordance
with SNI 01-2891-1992.

The experiment entailed the addition of 50.00 mL of 25% w/w HCI to an Erlenmeyer flask
containing 0.5000 g of cassava peel flour, followed by the hydrolysis of the mixture at 100°C
for a duration of 3 hours. The suspension was neutralized with 25% w/w NaOH until a pH of
7 was attained after cooling to room temperature. Subsequently, the solution was transferred to
a 250.00 mL volumetric flask and diluted with distilled water. Subsequently, filter paper was
implemented to filter the solution. In an Erlenmeyer flask, 10 ml of filtrate was transferred, and
25 ml of Luff Schoorl solution was added.
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The same procedure was employed to administer a blank treatment, substituting the sample
solution with distilled water. The Erlenmeyer flask was subsequently connected to a reverse
cooler for reflux, boiled for 10 minutes, and permitted to cool to room temperature. 15.00 mL
of 20% w/w Kl and 25.00 mL of 25% w/w H>SO4 were added to the solution after cooling.
Subsequently, the solution was incubated in a dark environment for 30 minutes and covered
with aluminum foil. The sample solution and the blank were both treated with three droplets
of starch indicator. The solution was subsequently titrated in duplicate using a standardized
0.1000 N sodium thiosulfate (Na.SOs) solution (Gurunathan et al., 2025).

Bioplastics preparation (Hardi et al., 2024)

The bioplastics were produced by dissolving all materials, apart from glycerol and chitosan, in
distilled water according to the formula presented in Table 1. Chitosan was solubilized in 10.00
mL of 1% v/v acetic acid. Subsequently, the two solutions were combined and heated at 70°C
for 40 minutes. Subsequently, glycerol was incorporated and mixed until a uniform solution
was attained. The bioplastic solution was applied to a pre-cleaned glass mold after
gelatinization. The mold containing the bioplastic solution was dried in an oven at 70°C for a
period of 8 hours.

Table 1. Formulation of bioplastics

Component Formulation
Fl F2 F3 F4 F5
Starch (g) 5.50 5.50 5.50 5.50 5.50
Glycerol (mL) 1.00 1.00 1.00 1.00 1.00
PVA (g) 3.00 5.50 - - 5.50
Chitosan (g) - - 3.00 5.50 3.00
Aquades (mL) 100.00 100.00 100.00 100.00 100.00

Bioplastic characterization (Bracciale et al., 2024)

The absorption peaks of functional groups in cassava peel starch (CPS), polyvinyl alcohol
(PVA), chitosan, and bioplastics were identified using a Bruker Tensor 37 Fourier Transform
Infrared (FTIR) instrument with the KBr pellet method. Sample preparation involved mashing
the sample with KBr solids at a ratio of 1:200 at the specified wave number range of 4000-400
cm* with total of 32 scans (Wu et al., 2024).

The morphological characterization of biodegradable plastics was conducted utilizing
Scanning Electron Microscopy (SEM) at magnifications of 400x and 800x to reveal the
distribution of constituent particles within the matrix (Crema et al., 2024). Tensile strength and
elongation tests were performed using Instron's Universal Testing Machine, in accordance with
ASTM D882-12 standards. The samples were initially cut to dimensions of 6.00 cm in length
and 2.00 cm in width then operated at a speed of 12.50 mm/minute.

Biodegradable test (Kowser et al., 2025)

The plastic biodegradation test involved measuring the initial weight of a bioplastic sample
with size of 3.00 x 3.00 cm? and were buried at a depth of 2.00 cm by adding water to maintain
soil moisture (Charerntanom et al., 2025). The sample was evaluated bi-daily by rinsing sample
to remove residual soil with water, followed by oven drying and subsequent weighing to obtain
the final weight. The mass loss corresponds to the percentage of the biodegradation value
(Bracciale et al., 2024).
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RESULTS AND DISCUSSION
Characterization of cassava peel starch

Starch in cassava peels is obtained through maceration extraction. Prior to extraction, cassava
peels obtained from the tapai industry are washed to clean the remaining dirt and soil by
changing the soaking water 3 times every 8 hours for 24 hours. This treatment was carried out
according to the research of Dian & Astili (2018) which states that the way to reduce cyanide
poison from cassava peels is by inhibiting the reaction between metillinamarin and linamarin
with the enzyme linamarase. During the soaking process, linamarin compounds will be
hydrolyzed by water and form water-soluble cyanide acid. The water-soluble HCN compound
will be wasted along with the water, when the soaking water is changed. Water-soluble cyanide
acid will be wasted during the process of changing the soaking water so that it will reduce HCN
levels in cassava peels. To make the process more effective, the cassava peels were cut to
expand the surface contact with water. The results of cassava peel extraction obtained a yield
value of 10.54%. The yield is expressed in percentage form which shows the ratio between the
amount of product produced and the amount of raw material used. Based on the experimental
results, the yield value of cassava peel starch obtained is far below the yield value in the
research results of Thuppahige et al., (2023) which obtained a percentage yield of 30.17% due
to differences in sample conditions and treatment during the extraction process.

The starch derived from cassava peel exhibits physical characteristics as a fine powder,
brownish white in color, with a particle size of 100 mesh and a distinct cassava aroma. The
moisture content of cassava peel starch is determined using the gravimetric method. The
gravimetric method is a quantitative analytical technique that involves measuring the weight
loss of an element or compound at a heating temperature of 105°C (Fikriyah & Nasution, 2021).
The moisture content of 10.55% complies with the SNI 01-2997-1992 quality standard, which
stipulates a maximum value of 12%. Excessive water content in starch can impair bioplastic
production by diminishing the gel-forming capacity of amylose compounds (Syafutri, 2022).

The production of starch-based bioplastics fundamentally relies on the principle of
gelatinization (Rinaldi et al., 2014). Gelatinization refers to the swelling of starch granules
resulting from the absorption of water molecules, leading to subsequent chemical and physical
transformations. Chemical changes arise from the disruption of intra- and intermolecular
hydrogen bonds between water and starch molecules. The increasing viscosity of the starch
solution indicates physical changes (Fitriani et al., 2020). Excessive water content in a material
influences the physical and mechanical properties of bioplastics. The research conducted by
Bracciale et al., (2024) indicates that an increase in water content within a material composition
correlates with a decrease in tensile strength, while the elongation or extensibility of the plastic
is enhanced.

The starch content was determined in this study using the Luff Schoorl method, in accordance
with SNI 01-2891-1992. The Luff Schoorl method is a commonly selected approach for
determining starch content due to its relative ease of use compared to alternative methods, such
as the Nelson-Somogyi and anthrone sulfate methods, which necessitate costly instruments and
reagents (Al-kayyis & Susanti, 2016). The Luff shoorl method determines starch content
through the reaction between Cu?" and monosaccharide compounds, as illustrated in Figure 1.
Cassava peel starch samples require hydrolysis with an HCI acid solution to generate shorter
starch molecule chains, facilitating measurement via the Luff Schoorl method. Hydrolysis of
sucrose Yyields reducing sugars, specifically glucose and fructose (Gurunathan et al., 2025).

The hydrolyzed solution must be maintained at an acidic pH of 7.00 (neutral) using NaOH.
Fadjria et al. (2019) emphasize the importance of considering the solution's acidity, as an
excessively acidic pH will lead to an increase in the volume of peniter (Na2S203), resulting in
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a lower obtained level. Polysaccharides in starch undergo hydrolysis to yield monosaccharides.
The Luff schoorl reagent, which contains Cu?*, undergoes reduction by Kl in an acidic
environment, resulting in the formation of brownish I>. The liberated 1> undergoes iodometric
titration with sodium thiosulfate, resulting in the formation of pale-yellow iodide ions. The
amylum indicator is added near the endpoint of the titration to prevent it from binding with
iodine, which would hinder its subsequent release. The blue complex is re-titrated with sodium
thiosulfate until the endpoint is reached, indicated by the sample solution becoming colorless
with a milky white precipitate (Fadjria et al., 2019). The neutralized sample solution is treated
with the Luff Schoorl reagent, resulting in the occurrence of the following reaction (Fadjria et
al., 2019).

(CeH1206)n + H,O L» nCeH1206

24 . acid
2Cu<t + 41 ———» Culy+1, (brown)

+ z i _
I, + 25,03 —> 2l (transparent yellow) * 54062

I, +amylum — »  blue complex
Figure 1. Oxidation reaction between monosaccharide compounds and CuO

The experimental results indicated a starch content of 55.17%. The starch content obtained
differs from the findings of Wasistha et al. (2021), which reported a level of 73%. Abdo & Ali
(2019) reported that the starch content in cassava peel ranges from 44% to 59%, indicating that
the starch content obtained is comparable to their findings. Diverse factors contribute to
variations in starch content among different plant species. Factors influencing this include
variations in plant varieties, environmental conditions such as soil, climate, temperature, and
light, as well as the age at which the plant is harvested (Rahmawati et al., 2023).

1.0 1
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Figure 2. FTIR spectra of cassava peel starch

The starch extracted from cassava peel was characterized by its functional groups utilizing
Fourier Transform Infrared (FTIR) spectroscopy depicted in Figure 2 and compared with other
literature in Table 2. The absorption pattern observed at a wave number of 3402.19 cm™
indicates the presence of broadened OH vibrations (Sulistyani, 2017). An additional absorption
is observed at a wave number of 2923.88 cm™, indicative of an aliphatic C-H stretch. This
finding aligns closely with the research conducted by Mohd-asharuddin et al. (2017), which
identified a range of wave numbers from 3000 to 2850 cm™ associated with the aliphatic C-H
functional group. The absorption at 1654.81 cm™, characterized by sharp intensity, is attributed
to carbonyl groups (C=0). An additional absorption band was observed at a wave number of
1377.08 cm?, exhibiting strong intensity, which is attributed to a C-O group (Putu et al., 2023).
The presence of absorption bands with low intensity near the wave number 2150 cm™ is
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attributed to a C-C functional group (Alauhdin et al., 2015). The peak is observed at a wave
number of 1365.61 cm™, potentially indicating strain vibrations of ionic carbocyclic groups
(Mabharsih et al., 2022).

Table 2. Comparison of functional groups in research mills and literature

Functional Group Wavenumber (cm?)
This research Mohd-asharuddin et al., (2017)
-OH 3402.19 3500-3200
C-H aliphatic 2923.88 3000-2850
C=0 1654.81 1750-1630
C-H 1365.61 1375-1300
C-0 1026.06 1300-1000

Characterization of cassava peel starch-based bioplastics

In this study, bioplastics were synthesized through the solvent casting method, which entails
the mixing of components in a solvent, followed by heating and molding. This technique is
effective and appropriate for small-scale production (Wening & Amalia, 2023). Cassava peel
starch (CPS) was utilized as the primary material, combined with PVA and chitosan. CPS and
PV A were dissolved in water, as PVA enhances tensile strength, flexibility, and oxygen barrier
properties, while remaining biodegradable despite its synthetic composition (Rahim et al.,
2024). Chitosan, being insoluble in water, was successfully dissolved in 1% v/v acetic acid,
which is effective for 1.5-3.0 g of chitosan, as supported by studies indicating high solubility
at this concentration (Nugroho, 2012; Zahiruddin et al., 2018; Muhlis et al., 2021). Glycerol
(0.50% v/v) was employed as a plasticizer to improve elongation and tensile strength,
demonstrating superior elongation (65%) compared to sorbitol (42%) at a 25% addition (Fitria
et al., 2023). The solution was homogenized through stirring at 70 °C for a duration of 40
minutes. This process enhances gelatinization, as evidenced by increased viscosity (Rinaldi et
al., 2014), and leads to irreversible crystal damage in starch (Jiang et al., 2020). The bioplastic
was molded and dried at 70 °C, adhering to optimal conditions for mechanical strength and
biodegradability (Pongmassangka et al., 2021; Utomo et al., 2013).

Thickness measurement is essential for assessing the suitability of produced bioplastics for
their intended applications, as thickness influences tensile strength and elongation properties.
The thickness measured from samples F1 to F5 is 0.20 mm. The findings align with the study
conducted by Marsa et al. (2023), which indicates that bioplastics with a maximum
concentration of 5.0 g of carboxy methyl chitosan achieved a thickness of 0.82 mm, whereas a
concentration of 2.0 g resulted in a thickness of 0.25 mm. When comparing the thickness values
of the research results to the JIS Z 1707 standard: 1997 for plastic film, it is evident that all
bioplastic formulations comply with the standard, as their thickness is < 0.25 mm.

The elongation and tensile strength of bioplastics were assessed, as illustrated in Figure 3. The
tensile strength of a material is a measure of its ability to withstand force, which is a critical
factor in determining its suitability for use as a packaging material. The tensile strength of
samples F1 and F2 was the highest, measuring 18.09 MPa and 19.50 MPa, respectively. This
strength is likely due to the robust hydrogen bonding. Deliana et al. (2019) reported that the
tensile strength increased from 11.91 to 15.88 MPa as the PVA concentration increased. They
attributed this improvement to the stronger interactions between starch and PVA. Conversely,
samples F3 and F4 demonstrated a decrease in tensile strength, with values of 16.84 and 16.40
MPa, respectively, corresponding to an increase in chitosan content.

Deliana et al. (2019) also observed a similar trend, which suggests that the tensile strength of
chitosan decreases as the concentration of the material increases. This can be attributed to the
amorphous character of chitosan, which reduces the intermolecular bond distance. Due to its
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semi-crystalline structure and robust intermolecular hydrogen bonding capacity, polyvinyl
alcohol (PVA) is essential for improving the tensile strength of starch-based bioplastics. The
rigidity and resistance to applied force of the material are enhanced by the formation of a dense
hydrogen-bonded network by the hydroxyl groups in PVA interacting with starch molecules.
Nevertheless, the formation of compatible intermolecular interactions is less efficient when
PV A is incorporated simultaneously with chitosan due to the disparities in chain flexibility and
crystallinity between the two polymers. Chitosan has a propensity to disrupt the crystalline
regions of PVA, resulting in a decrease in tensile strength and a weakened interfacial adhesion
and phase separation within the matrix (Shi et al., 2017). This explains why sample F5, which
consisted of chitosan, PVA, and CPS, exhibited the lowest tensile strength at 11.95 MPa.
Nevertheless, all samples, despite their differences, exceeded the minimum tensile strength
standard of 0.392 MPa established by JIS Z 1707:1997.

24 -
2 31 s tensile strengh elongation T 18
20 F + 16
18 T mm £ 14 _
5 7 : i F o, S
] ity T
S 141 g &
= 1 ittt r ©
o 12 F i - 10 2
> 3 i F o
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| £
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F1

M
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Figure 3. Tensile strength and elongation of various bioplastic formulations

Elongation at break denotes the maximum length a specimen can extend before fracture (Putra
et al., 2019). Plasticizers are crucial for preventing brittleness, as amylopectin and amylose, in
their absence, produce hard, brittle films (Putra et al., 2019). Glycerol, a widely utilized
plasticizer, diminishes intermolecular pressures and enhances the flexibility of bioplastics by
decreasing tension inside the polymer matrix, although it concurrently reduces resistance to
mechanical stress (Deliana et al., 2019). Elongation values ranged 11.23-94.11%, with
commercial plastic (PK) at 94.11% and sample F2 at 11.23%. Increasing PVA concentration
from 3.0 g (F1) to 5.5 g (F2) reduced elongation from 12.83% to 11.23%, while higher chitosan
content in F3 and F4 yielded 14.58% and 13.17%, respectively. These values exceeded those
reported by Limbong et al. (2022), which were 6.59% and 10.99% for comparable PVA
concentrations. Samples F1-F5, though below the JIS Z 1707:1997 minimum elongation
standard of 70%, fall within the moderate range (10-20%) and demonstrate satisfactory
flexibility.

The incorporation of chitosan and PVA in bioplastic formulations aims to evaluate their
synergistic influence, as their intermolecular interactions can enhance both mechanical and
chemical properties (Nathan et al., 2023). Sample F5 recorded 17.83% elongation with the
lowest tensile strength. This inverse trend aligns with the findings of Nurrahmi et al. (2020)
and Aripin et al. (2017), which indicate that an increase in tensile strength is generally
accompanied by a reduction in elongation. The elongation at break is affected by glycerol,
which functions as a plasticizer by reducing intermolecular forces, thereby improving
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flexibility (Pamela et al., 2016). Figure 4 illustrates the interaction between PVA and chitosan.
PVA, containing hydroxyl groups (-OH), and chitosan, which has amino groups (-NH), engage
in hydrogen bonding and electrostatic interactions. These factors strengthen physical cross-
linking and enhance material performance (Nathan et al., 2023).

Chitosan (CTS) PVA-CTS
CH,-OH ¢H2-OH CH,-OH CH,-OH
ot Ko
OH NH, OH  NH; HO  NH, QO NHy |n
+ Hydrogen bondll'-.\l
PVA
% o OH} oH g
CH,C——CH,CH - CH,C CH,CH -

Figure 4. Interaction between chitosan and PVA (Nathan et al., 2023)

The analysis of functional groups via FTIR seeks to identify interactions between starch and
other polymers, including PVA, chitosan, and glycerol, as well as to ascertain the formation of
new functional groups prior to and following mixing. The bioplastic sample selected was
sample F5, which exhibited the highest percentage of physical strength. Figure 5 displays the
FTIR spectrum. The spectra of cassava peel starch, PVA, and chitosan exhibit minimal
differences, as all three components belong to the categories of polysaccharides and polymers.
The primary functional group present in these three components is the -OH hydroxyl group,
which is observed in each spectrum within the 3400 cm™ regions, exhibiting a broadened
spectral shape (Crema et al., 2024). The aliphatic CH group contributes, as evidenced by
absorption bands in the 3400-2400 cm™ region near the -OH spectrum. Carbonyl groups (C=0)
in each constituent component exhibit absorption bands at 1654, 1635, and 1728 cm™. The
findings are corroborated by studies (Abral et al., 2020; Salmahaminati, 2022) that identified
C=0 groups within the wavenumber range of 1715-1637 cm™. Absorption in the 1373.22-
1365.51 cm™ wave number range is likely attributed to the C-O functional group in ester, ether,
and alcohol compounds (Yustinah et al., 2023).

The findings are corroborated by Wu et al. (2024), which indicates that the absorption in the
1300-1000 cm! range is attributed to the C-O group. The spectrum of the F5 bioplastic sample
exhibited peak broadening within the 3500-2400 cm™ wavenumber range. The expansion of
this absorption area results from the increased presence of hydroxyl groups (-OH) originating
from starch, chitosan, and PVA, in addition to water as a solvent. This is also attributed to the
substantial quantity of water molecules associated with bioplastics, leading to their moisture
content. The presence of absorption bands indicative of hydroxyl groups is supported by the
findings of Mohammed et al. (2023), who identified strong intensity of hydroxyl group strain
within the wavenumber range of 3550-3200 cm™. An additional absorption band was observed
in the wave number region of 2171 cm?, exhibiting weak intensity, which is hypothesized to
correspond to a functional group C=C.

According to the findings of Fadlilah and Udjiana (2022), bioplastics should contain functional
groups such as carbonyl groups (C=0) and ester groups (C-O). These hydrophilic groups
facilitate the entry of microorganisms and their binding to water, thereby promoting the
degradation process (Fadlilah and Udjiana 2022). The FTIR spectrum in Figure 5 indicates that
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no new functional groups are formed following the mixing process, suggesting that bioplastics
interact solely through physical means (Suryanegara et al., 2021). The absence of other
functional groups in bioplastics may result from various factors, particularly the elevated water
content present in these materials (Guntarti et al., 2020). The thickness and color intensity of
the sample being measured also influence the resulting FTIR spectrum. Putu et al. (2023) state
that if the sample subjected to infrared rays is excessively thick, the IR rays will scatter
suboptimally. This results in the broadening and inaccuracy of the peaks observed in the IR
spectrum. Furthermore, each tool exhibits varying degrees of specificity, which are determined
by the tool type and its lifespan.

Bioplastic F5
o PV A

f=——— Chitosan
—CPs

|
1
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Figure 5. FTIR spectra of bioplastics, PVA, chitosan, and CPS

The surface morphology of bioplastics was analyzed using a scanning electron microscope
(SEM) to assess the surface structure and homogeneity of the produced bioplastics. Figure 6
presents the results of the SEM analysis conducted on bioplastic samples. An evaluation was
conducted to assess the interaction and contribution of the three materials based on the
morphological structure of the constituent components of bioplastics produced. The
morphology of the tested bioplastic sample is identified as sample F5. The choice of sample
F5 is based on its highest percentage of biodegradation relative to other formulations.
Morphological tests indicate significant surface cracks in bioplastics, attributed to the
inhomogeneity of constituent matrices, including starch, PVA, and chitosan.

The findings of research (Al Balushi et al., 2021; Cho et al.,, 2021) indicate that the
microstructure of PVA and chitosan results in unevenly distributed particle sizes and shapes,
which leads to the polymer matrix facilitating the formation of cracks on the surface of
bioplastics. The presence of these cracks may result from undissolved starch granules,
indicated by a red color line, which reveals the existence of round or ellipsoidal starch granules
measuring 5-10 pum in size. A magnification of 800x reveals air bubbles (indicated by white
lines) likely formed during homogenization, as well as white dots presumed to represent the
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starch matrix. The findings align with the research conducted by Hernandez et al. (2017), which
indicates that granule remnants are evidenced by white dots observed on the surface of
bioplastics, contributing to crack formation. Starch granule remnants arise from the breaking
and disintegration of hydrated starch molecules. The occurrence of surface cracks and
inhomogeneity in bioplastics influences their physical properties and soil decomposition
(Hernandez et al., 2017).

Figure 6. () SEM micrograph structure of F5 at magnification of a) 400x and (b) 800x
Biodegradation test

Biodegradation testing utilized the soil burial method to evaluate the decomposition of
bioplastics via microbial activity under natural soil conditions (Qadri et al., 2023). Samples
(F1-F5) were embedded at a depth of 2 cm in soil previously contaminated with plastic waste,
thereby simulating actual environmental conditions, and were observed over a period of 12
days. Soil moisture was sustained through regular watering, with observations conducted every
three days. Table 3 demonstrates that all bioplastic samples underwent progressive degradation,
as evidenced by color darkening and surface shrinkage. Samples F1 and F2 exhibited surface
damage, with weight loss percentages of 45.61% and 47.12% recorded by day 12. Initial
changes were minimal (days 0-3), probably attributable to microbial adaptation. Significant
degradation was observed after day 6, indicating enhanced microbial colonization and
penetration into the bioplastic matrix. Nissa et al. (2019) indicate that prolonged burial duration
increases microbial synergy, facilitating macrostructural decomposition. The hydrophilic
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characteristics of cassava peel starch (CPS) and PVA enhance moisture absorption and
microbial accessibility, thereby expediting degradation (Simarmata et al., 2023).

Table 3. Observation of biodegradation tes ton bioplastics

Sample Code
F1 F2 F3

Day

The biodegradation performance of bioplastics was assessed through weight loss percentages,
as illustrated in Figure 7. Sample F5 demonstrated the greatest degradation at 49.16%, whereas
F4 exhibited the least degradation at 41.76%. Weight loss indicates microbial degradation
activity in the soil. Samples F3 and F4 exhibited decreased degradation rates of 43.49% and
41.76%, respectively, which can be attributed to the presence of chitosan, a hydrophobic
compound (Mustapa et al., 2017). The incorporation of hydrophilic components such as starch
and glycerol enhanced microbial accessibility and degradation. Chitosan degradation occurs
through enzymatic hydrolysis, initiating with the cleavage of B-1,4 glycosidic bonds, followed
by deacetylation, which leads to a reduction in molecular weight (Wronska et al., 2023).
Enzymes including chitinase, lysozyme, and protease facilitate the conversion of chitosan into
monomers such as glucosamine, which can be assimilated by microorganisms (Wronska et al.,
2023).

F5, consisting of PVA and chitosan, demonstrated greater degradation compared to F2, likely
attributable to enhanced amorphism and porosity. PVA, despite being semicrystalline, exhibits
predominant amorphous regions. This characteristic, in conjunction with the amorphous nature
of chitosan, increases microbial accessibility (Sumartono et al., 2015). Manual mixing
contributed to surface heterogeneity and the presence of air bubbles, which in turn increased
porosity and the degradation rate. All samples exhibited degradation ranging from 41.79% to
49.16% over a period of 12 days; however, they failed to satisfy the 60% degradation criterion
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established by SNI 7188.7:2016. Higher starch and glycerol content facilitates hydrolysis and
enhances degradation via interactions with hydroxyl groups (Nissa et al., 2019). In contrast to
traditional plastics, which take approximately 100 years to decompose (Ratnawati, 2017),
bioplastics demonstrate significant environmental benefits.

60
.45 —F1
g
2 —-F2
b
5 30 ~F3
o
2 ~=F4
m
£ 15 —-F5
0
Day-
Figure 7. Biodegradation percentage of bioplastic samples
CONCLUSION

The present study demonstrates that cassava peel starch, when combined with chitosan and
PVA, can be developed into bioplastics exhibiting enhanced mechanical properties and
regulated biodegradation rates. The findings also enhance the value of agro-industrial waste
and contribute to the creation of more sustainable materials, which may decrease dependence
on traditional plastics in packaging applications. The novelty of this research introduces the
dual incorporation of chitosan and PVA into cassava peel starch-based bioplastics,
demonstrating their combined effect on improving tensile strength, flexibility, and
biodegradability. The interaction of matrix components, particularly through hydrogen
bonding, significantly affects tensile strength, flexibility, and degradation behavior. Increasing
the concentration of polymers, particularly PVA and chitosan, results in enhanced tensile
strength, accompanied by a reduction in elongation and biodegradation rates.

Among the formulations tested, sample F5, which incorporates both PVA and chitosan,
exhibited the most balanced performance. The material demonstrated a thickness of 0.25 mm,
a tensile strength of 11.95 MPa, an elongation at break of 17.83%, and a biodegradation rate
of 49.16% over 12 days. Future research should prioritize the scaling of the production process
and the evaluation of the bioplastic's performance in actual packaging settings, encompassing
interactions with food and exposure to diverse humidity and temperature conditions. Further
research on natural plasticizers, crosslinking agents, or nanofillers could enhance
biodegradation rates to comply with international standards. Policymakers and industry
stakeholders should consider cassava peel-based bioplastics as a viable approach for waste
valorization and sustainable packaging innovation.
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