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Indonesia faces dual environmental challenges from plastic pollution and
agricultural waste accumulation. To address these issues, innovative
solutions are needed to transform waste into sustainable materials. This
study valorizes rice straw (Oryza sativa L.) cellulose and used cooking oil
(UCO) glycerol to develop biodegradable plastics through an accessible
method. Cellulose was extracted from rice straw via alkaline (10% NaOH)
and bleaching (20% H,O,) treatments, while glycerol was recovered from
UCO through saponification. Bioplastic films were synthesized by
solution casting with varying glycerol volumes (6, 9, 12 mL) and cellulose
particle sizes (fine, semi-fine, coarse). Results demonstrated exceptional
biodegradability, with > 80% weight loss within 14 days in EM4-
supplemented soil burial tests outperforming commercial cassava-based
bioplastics (25% degradation). Higher glycerol volumes (12 mlL)
combined with coarse cellulose maximized water solubility (69.39%) and
absorption (14.29%), while lower glycerol (6 mL) with fine cellulose
minimized water uptake (5.88%). All formulations exceeded thickness
standards (0.438-0.554 mm vs. JIS < 0.25 mm), enhancing rigidity but
reducing flexibility. Organoleptic analysis confirmed glycerol content
inversely affected transparency and texture smoothness.
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I 4.0 International License.

1. Introduction

The continuous utilization of conventional plastics can cause a negative environmental impact, due to the fact

that this type of plastic is more difficult to be processed by decomposers and therefore takes a considerable amount
of time. In contrast to conventional plastics, biodegradable plastics are plastics that have the capability to be
decomposed naturally through biological processes into simpler substances that are more environmentally friendly
[1]. Various studies have shown that biodegradable plastics combined with cellulosic materials produce products
that are able to compete with conventional plastics.
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Rice straw is one of several post-harvest waste products from paddy fields, composed of both the stem and
leaves cuttings. Contain several components with potential for reuse, such as cellulose fiber (32.0-38.6%),
hemicellulose (19.7-35-7%), lignin (13.5-22.3%), ash (10-17%), silica, minerals, and several bioactive compounds [2],
[3]. Farmers' habit of preparing land quickly for the next planting period tends to be detrimental to the environment,
this is because piles of straw will be burned, causing air pollution, besides the hot temperatures caused by the fire
can be lethal for the survival of soil microbes [4]. This burning activity also neglect the potential of straw waste to
be processed as valuable product.

In line with waste management, the International Council on Clean Transportation (ICCT) states that Indonesia
has the potential to produce 715 kilotons of used cooking oil (UCO) in 2022 [5]. With such a vast amount, UCO
should be managed optimally to support daily needs, for example by processing it into biofuel or glycerol.
Inadequate management of UCO will also have an impact on the environment, such as the pollution of soil and
water, increasing chemical oxygen demand of marine ecosystem, and disrupting microbial communities that affect
the agricultural productivity [6]. One of the components of UCO is triglycerides, the presence of triglycerides in
used cooking oil has strong potential to be reprocessed into one of the ingredients in the manufacture of
biodegradable plastics [7], [8]. Both types of waste should be handled through proper processing to reduce their
volume and produce functional, environmentally products such as biodegradable plastic.

Cellulose is one of the main components of plant cell walls, a practical material that is often applied in several
industrial sectors. The implementation of cellulose fibers in various industries, including nanotechnology,
pharmaceuticals, and textiles is due to its non-toxic and biodegradable nature [9]. A study states about its potential
as a filler in polymer composites that can enhance material performance and reduce the environmental impact of
non-biodegradable materials [10]. Similar research shows the use of rice straw as biodegradable plastic production,
but still adds ingredients that are unfamiliar to general public, such as chitosan, sorbitol, TiO2, and carboxymethyl
cellulose (CMC), this makes it difficult for general public to replicate the findings [11], [12], [13]. Also, there is no
research on the use of rice straw cellulose combined with glycerol from UCO.

The main objective of this study was to determine the physical characteristics of biodegradable cellulose fiber
plastic made from rice straw waste (Oryza sativa L.) with glycerol from used cooking oil as plasticizer using simple
method. In order to achieve the objectives of this study, readily available material such as NaOH, hydrogen
peroxide, vinegar, and cornstarch were used. The result of this study is expected to provide insight to the general
public on one way of processing agricultural and household waste into a functional and environmentally friendly
local product.

2. Literature review

The existence of conventional petroleum-based plastic that remains in the ecosystem for a long time has caused
a global environmental crisis, with an estimated global production of approximately 359 million tons annually [14].
The second-largest contributor of marine plastic pollution goes to Indonesia, which generating 3.2 million tons of
unmanaged plastic waste annually. Citarum and Brantas River for example, transporting plastic debris into Java
Sea ecosystems that threat many fisheries and coastal communities, and Bantar Gebang landfill that keep
conventional plastic for decades. As a response to this issue, following by Perpres No. 35/2018, the Indonesian
government mandating 30% reduction in plastic waste by 2025 [15]. Nevertheless, there is an action to reduce this
issue, by using biodegradable plastic from local agriculture waste, which aligns with national sustainability goals
while supporting circular economy principles.

Indonesia produced 53.1 million tons of rice in 2024 [16], yielding around 10 million tons of rice straw residue
that usually burned and cause air pollution [4]. In fact, rice straw waste is reported contain cellulose fiber (32.0-
38.6%), hemicellulose (19.7-35-7%), lignin (13.5-22.3%), ash (10-17%), silica, minerals, and several bioactive
compounds [3]. Cellulose, one of the main components of plant cell walls, is a practical material that is often used
in several industrial sectors including nanotechnology, pharmaceuticals, and textiles, due to their non-toxic and
biodegradable properties [9]. A study has shown its potential as a filler in polymer composites, which can improve
material performance and reduce the environmental impact of non-biodegradable materials [10]. The advantages
of using cellulose in industry include its sustainability, natural biodegradability, cost-effectiveness, and versatility
[17].

A long with world population growth, the demand of energy continuously increasing [18]. Energy is generally
obtained from oil. Studies indicate that oil demand in 2030 will reach 17 million tons, with some of it being converted
into used cooking oil. This type of oil can be used as a raw material in several industrial applications such as
lubricants, solvents, cosmetics, and biofuel [19]. The by-product of this industrial application is glycerol, which can
used as a plasticizer for biodegradable plastic [19].
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Several studies have demonstrated the feasibility of converting cellulose extracted from agricultural residues
into biodegradable plastics, especially the cellulose from rice straw that has been processed due to its high
availability and renewability. For instance, bioplastic from rice straw cellulose has been successfully synthesized
with various plplasticizersnd resulting the best bioplastic value in A treatment which is consisted of rice straw
cellulose with addition of chitosan and orange peel extract [11]. A study comes from synthesizing rice straw
bioplastic with addition of CMC and glycerol; this study shows that the result becomes not waterproof and easy to
be degraded in lower CMC and glycerol content of 0.469% (w/w) and 0.939% (w/w) respectively [12]. Another result
shows that bioplastic successfully created from rice straw and husk cellulose combined with CMC, TiOz, and
glycerin has good biodegradability within three to 5 days although the distribution of filling material remains a
challenge [13].

Glycerol, a valuable by-product from biodiesel and oleo-chemical processes, is widely used as a low-toxicity
plasticizer that able to enhance the flexibility and workability of bioplastic [20]. Study shows that application of
glycerol for plasticizer in starch-based plastic offers sufficient flexibility and processability, whereas the native
unplasticized starch-based plastic is too brittle for handling [21], [22]. Glycerol is used as a plasticizer for starch-
based plastic due to its compatibility with amylose, which enhances mechanical properties by disrupting amylose
packing [23]. Therefore, the presence of starch in this study is for flexibility and processability.

Integrating cellulose fibers with glycerol has been investigated to improve the performance of bioplastics, yet
most research predominantly employs commercial-grade glycerol, with the application of waste-derived glycerol,
particularly from used cooking oil, being relatively underexplored. This presents a valuable opportunity to explore
the synergistic effects of combining locally sourced biomass, to develop a sustainable biodegradable plastic material.
While various studies have examined the potential of agricultural biomass for creating biodegradable plastics, few
have focused on the combination of rice straw-derived cellulose and glycerol from used cooking oil as synergistic
components, which could provide a viable solution to both plastic pollution and waste management challenges.

3. Material and method
3.1. Preparation

The method of making straw powder is done by cleaning the rice straw from impurities which are then chopped
into small flakes and then dried under the sunlight. After the chopped straw is dry, it is then pulverized with a
blender until it becomes powder and sieved with 60, 80, and 100 mesh then resulting fine, semi-fine, and coarse size
respectively. The straw powder then is stored in a clean and tightly closed container.

Each size of straw powder is mixed with 10% NaOH in a ratio of 1:10, then stirred until it becomes a
heterogenous mixture and heated to a temperature of 95-100°C for 1 hour while continuing to stir. Next, the straw
heterogenous mixture was filtered and the pulp was dried in the sun. The cellulose bleaching process uses a 20%
v/v hydrogen peroxide (H>O,) solution in a ratio of (1:10) which is heated to a temperature of 90-95°C while stirring
for 30 minutes. When done, the cellulose is washed with distilled water until the pH is neutral and dried in the sun
[24].

The preparation of glycerol begins with the filtration of the used cooking oil using a filter and then heated to a
temperature of 60-80°C. Then, for the saponification reaction, NaOH solution (30-50%) is added to the heated oil
while continuously stirred for 60 minutes. After the saponification reaction is complete, the mixture is poured into
a separating funnel and allowed to separate between the soap layer and the glycerol layer based on gravity. The
glycerol layer will be at the bottom, while the soap layer will be at the top. The acidity (pH) of the glycerol should
be neutral, then filtered to remove any impurities or residue left behind. The glycerol obtained is stored in a sealed
environment [25].

3.2. The synthesis of biodegradable plastic

The making of biodegradable plastic uses a method that refers to research by Andahera, et al. [26] who made
bioplastics from palm empty fruit bunch cellulose with the addition of different types and plasticizers. The tools
needed are trays, thermometers, glass stirring rods, plastic as a base for pouring the mixture, and spatulas. The
materials needed are 27 grams of rice straw cellulose powder, distilled water, cornstarch, and vinegar (acetic acid).
All ingredients were mixed in a glass beaker while being heated over a 50°C fire and continuously stirred for 20
minutes to prevent clumping. Once done, then pour and mould the biodegradable plastic on a tray lined with plastic
to prevent sticking. Flatten the poured mixture using a spatula until thin. Dry in the sun until dry.
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Table 1
Formulation of biodegradable plastics of straw cellulose fibre and used cooking oil glycerol plasticizer.

No Samplecode  Cellulose variation Plasticiser volume  Cellulose Distilled water Vinegar 2% Starch
1 H1 Fine 6 ml 3gr 67 ml 6 ml 7 gr
2 H2 Fine 9ml 3gr 67 ml 6 ml 7 gr
3 H3 Fine 12 ml 3gr 67 ml 6 ml 7 gr
4 SH1 Semi-fine 6 ml 3gr 67 ml 6 ml 7 gr
5 SH2 Semi-fine 9ml 3gr 67 ml 6 ml 7 gr
6 SH3 Semi-fine 12 ml 3gr 67 ml 6 ml 7 gr
7 K1 Coarse 6 ml 3gr 67 ml 6 ml 7 gr
8 K2 Coarse 9ml 3gr 67 ml 6 ml 7 gr
9 K3 Coarse 12 ml 3gr 67 ml 6 ml 7 gr
Table 2

Water solubility of biodegradable plastic.

Sampel code KO Hi1 H2 H3 SH1 SH2 SH3 K1 K2 K3

Water solubility (%) 30.00 40.00 55.81 69.23 64.10 59.46 54.55 36.84 45.00 69.39

In making this biodegradable plastic, several experimental variables were carried out, namely the volume of
used cooking oil glycerol added (6 ml, 9 ml, and 12 ml). Other additional materials are distilled water as much as
67 ml, organic material (cellulose) 3 g of each variable, cornstarch 7 g, and vinegar acid 2% 1 ml (see Table 1). The
cellulose variation used in this study comes from the results of the sieving process of straw powder, which is divided
into 3 groups, namely fine, semi-fine, and coarse so that at the time of cellulose extraction it produces cellulose of
different sizes.

3.3. Testing process

At this stage there are several tests namely water solubility, water absorption, biodegradable plastic thickness,
biodegradation level, organoleptic results, morphology test, and SEM test. The morphology test was carried out by
viewing under stereo microscope. The water solubility test was carried out by soaking the sample using 100 ml of
distilled water for 24 hours in room temperature, then stirring, filtering and drying for further weighing [27]. The
water absorption test was carried out by cutting a sample of 4 x 4 cm and then weighing it. The samples were then
soaked with distilled water for 1 minute and then lifted, dried, and finally weighed [28], [29]. The thickness test was
carried out by cutting a 4 x 4 cm sample, then given location points scattered in each corner and center of the
biodegradable plastic and then measured with a micrometer screw gauge [30]. The biodegradation rate test was
conducted by cutting a 4 x 4 cm sample and then burying it in soil with EM4 supplementation for 14 days [31].
Organoleptic test was conducted by inviting panelists to test the texture, aroma, and color [32]. The SEM test was
carried out by selecting two treatments based on organoleptic test, plus a control treatment. As a control treatment
(KO) comparison, a commercial product with the brand name TeloBag was presented.

3.4. Data analysis
After the data were successfully obtained, data processing and analysis were carried out using formulas that

have been tested in several studies [25], [32], [33]. Eq. (1), Eq. (2), dan Eq. (3) calculate the solubility of the samples,
respectively.

Final weight of sample — initial weight of sample
Solubility = ght of sample ght of sample 15y, ¢))
Initial weight of sample
Final weight of sample — initial weight of sample
Absorbability = ght of samp ght of sample 5y, 2)

Initial weight of sample

Initial weight of sample — Final weight of sample
Biodegradability = g In{tial vfeight of sampleg f b x100% 3)
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Table 3
Water absorption of biodegradable plastics.

Sample KO H1 H2 H3 SH1 SH2 SH3 K1 K2 K3
Initial weight (g) 0.1 0.34 0.33 0.42 0.35 0.34 0.32 0.40 0.39 0.49
Final weight (g) 0.11 0.36 0.35 0.46 0.39 0.38 0.36 0.45 0.44 0.56
Water absorption (%) 10.00 5.88 6.06 9.52 1143 11.76 12.50 12.50 12.82 14.29
Water resistance (%) 90.00 94.12 93.94 90.48 88.57 88.24 87.50 87.50 87.18 85.71
Table 4

Thickness of biodegradable plastic (in mm).

Sample
Sites

KO H1 H2 H3 SH1 SH2 SH3 K1 K2 K3
I 0.05 0.56 0.44 0.5 0.47 0.45 0.55 0.45 0.54 0.44
1I 0.05 0.54 0.43 0.49 0.47 0.45 0.55 0.45 0.55 0.43
I 0.05 0.55 0.45 0.51 0.46 0.45 0.54 0.45 0.55 0.44
v 0.05 0.56 0.45 0.51 0.46 0.45 0.56 0.44 0.54 043
Vv 0.05 0.56 0.45 0.5 0.46 0.44 0.55 0.45 0.55 045
Average 0.05 0.554 0.444 0.502 0.464 0.448 0.55 0.448 0.546 0.438

Weight loss

100%
80%
60%
40%
20% I
0%
SHI SH2 SH3 Ki K2 K3

KO Hi1 H2 H3

mDay 7 mDay 14

Fig. 1. Weight loss of biodegradable plastic due to decomposition in soil.

4. Results and discussion
4.1. Results

Water solubility testing of biodegradable plastics showed varied results, depending on the formulation used.
Soaking the biodegradable plastics in distilled water for 24 hours revealed that the K3 sample had the highest water
solubility rate at 69.39%, while the KO (control) sample had the lowest rate at 30.00% (see Table 2). The water
absorption test on biodegradable plastics was conducted by immersing the samples in distilled water at room
temperature for 1 minute. The results indicated that the K3 sample had the highest absorbency at 14.29%, while the
H1 sample exhibited the lowest absorbency at 5.88% (see Table 3).

Film thickness is one of the important factors that affect other properties, such as opacity, density, and
mechanical properties. Therefore, biodegradable plastic thickness testing was conducted to assess the suitability of
the produced plastic [34]. The plastic was cut into 4 x 4 cm squares and divided into five measurement sites: upper
left corner (I), upper right corner (II), lower left corner (III), lower right corner (IV), and center (V). Measurements
were taken using a micrometer screw gauge, and the results are presented in Table 4. The biodegradability can be
measured by conducting a biodegradable test through the soil burial test technique. Samples were buried 5 cm deep
for 14 days and weighed before and after the burial showed on Fig. 1.
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Table 5
Organoleptic test result of biodegradable plastics

Sample Texture Visual Aroma

KO Smooth Very translucent Very strong aroma
H1 Mediocre Translucent Almost no aroma
H2 Pretty rough Slightly Translucent Almost no aroma
H3 Very rough Very not Translucent Almost no aroma
SH1 Mediocre Translucent No aroma

SH2 Mediocre Translucent Almost no aroma
SH3 Mediocre Slightly Translucent No aroma

K1 Smooth Translucent Almost no aroma
K2 Pretty rough Barely translucent Almost no aroma
K3 Rough Very not Translucent Almost no aroma

The organoleptic test in this study was conducted to assess the biodegradable plastic produced. The
organoleptic test was conducted with the help of nine panelists. The panelists were given the opportunity to assess
the biodegradable plastic results by giving a score from a scale of one to nine. The assessment criteria were based
on the panelist’s level of liking for texture, visual, and aroma. Texture assessment, panelists were asked to feel the
biodegradable plastic comparing the texture from very rough to very smooth. Visual assessment is based on seeing
the color of the biodegradable plastic whether it is translucent or not. The aroma assessment is based on the smell
of the panelists whether it is flavorful or not. The following table presents the results of the average score of the
biodegradable plastic organoleptic test in Table 5. The overall morphology of the biodegradable plastics is beige to
ivory white in color with different brightness levels and texture shapes varying from fine to coarse according to the
main ingredients of the biodegradable plastics, then for flexibility at the beginning of manufacturing all types of
treatment have a high flexibility. The results of this organoleptic test then became the basis for selecting samples to
be tested in more depth through the stereo microscope and scanning electron microscope.

4.2. Discussions

The result of water solubility test showed that significant variation among samples shown in Table 2, with K3
exhibiting the highest solubility (69.39%) and the commercial KO product the lowest (30.00%) after 24-hour
immersion. The high solubility of experimental samples (e.g., K3, H3) is in line with the study of cellulose film from
cattail conducted by Khotsaeng et al. which show an increase in solubility due to the reaction of glycerol hydroxyl
groups with water, thereby increasing the hydrophilicity of the biodegradable plastic surface [35]. Moreover, the
presence of cellulose in the experimental samples contributes to their increased solubility, as cellulose contains
abundant accessible hydroxyl groups that facilitate hydrogen bonding with water. This structural characteristic
enhances water interaction and promotes dissolution. In contrast, KO’s lower solubility likely results from the
effects of its polyvinyl alcohol (PVOH) matrix and cassava starch-water reaction [36]. A study states that the
interaction between starch and additives can reduce or even prevent interaction with water [37]. In this context, KO
treatment, which is a commercial product made from cassava starch, glycerin, PVOH, and without cellulose, allows
for a decrease in interaction with water and solubility.

Water absorption values ranged from 5.88% (H1) to 14.29% (K3), as shown in Table 3. Samples with coarse
cellulose showed consistently higher absorption than the fine cellulose. This inverse finding is likely influenced by
the glycerol volume content and cellulose properties. The findings in this study are supported by bioplastic research
results, which show that adding cellulose from Robusta coffee husks increases water absorption. In addition,
differences in size also have an effect, as they can cause inhomogeneity during the mixing process [38]. Although
K3 used coarse cellulose, it utilized 12 mL of glycerol that contributed significantly to water uptake by enhancing
flexibility and porosity of matrix [39]. While H1 only used 6 mL of glycerol and fine cellulose, the low amount of
glycerol may have created a denser and less porous structure, decreasing water interaction [23]. This inverse
relationship highlights glycerol's dominance over fiber size in short-term absorption kinetics.

The measured thickness showed in Table 4 exceed the Japanese Industrial Standard (JIS), which ranges < 0.25
mm. In this study, the thickest sample was H1 (0.554 mm) and the thinnest sample was KO (0.05 mm). If the
thickness exceeds the standard, it will affect the texture and aroma when bioplastics are used as packaging materials
and will interfere with product stability [40]. Based on our findings, it has great potential to be utilized as secondary
packaging for non-food products.
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Fig. 3. Visualization through scanning electron microscope a) SH1; b) SH2; and c) KO.

The decomposition process occurs due to the interaction between easily degradable polymers and
microorganisms such as fungi, bacteria, and other microorganisms [41]. The biodegradability test of bioplastics
shows the impact of damage or decomposition of environmentally friendly plastics due to the influence of
microorganisms [23]. In this study, samples were buried in soil supplemented with EM4, and the results are shown
in Fig. 1. In this study, we found that almost all treatments had experienced a weight reduction of > 80% on the
seventh day, and on the fourteenth day, they were almost completely degraded. This was driven by EM4
supplementation, which enriched the microbes in the soil. The presence of cellulolytic bacteria in EM4 played a
major role in the degradation process of rice straw cellulose contained in biodegradable plastics, as it can break
down cellulose effectively with cellulosic enzyme secreted from the bacteria [42]. The use of glycerol in this study
facilitates water interaction with bioplastic due to its hydrophilic nature. The presence of non-homogenized
cellulose allows gaps for water molecules to enter, thereby accelerating the degradation process [38]. In the control
treatment (KO), decomposition over 14 days only reached 25%. The KO sample is a sample derived from
environmentally friendly plastic made from cassava flour that has been marketed, where the manufacturing process
involves polyvinyl alcohol (PVOH). The company producing TeloBag claims that its product will decompose within
180 days; we suspect this process accelerates due to supplementation with EM4, causing decomposition to occur
more rapidly because the soil is rich in microorganisms.

Based on Table 5, we can determine that there are several test parameters, namely texture, visual, and aroma in
organoleptic tests. Where this is influenced by the level of glycerol plasticizer given and the variation of cellulose
size. In the first aspect, texture, there are results that show smooth to rough. In sample H1 with 6 ml glycerol and
fine cellulose, the texture was normal. But with the increase of glycerol to 9 ml in H2 the texture turned quite rough,
and at 12 ml or H3 the texture became very rough, this also applies to the coarse treatment K1-K3 respectively.
Although the volume of glycerol added is different, if the concentration is optimal, further addition will not change
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the texture significantly [43]. For KO, smooth results can be obtained because it is made from starch and is different
from other treatments. Then on the visual aspect, all samples experienced a decrease in translucency as the level of
glycerol added increased. This is because the addition of glycerol increases elongation, solubility, and water vapor
transmission rate, but decreases tensile strength and transparency [44]. From the aroma, we can know that the
addition of glycerol does not have a major impact in changing the aroma of straw. Except for the KO, which has a
very strong aroma caused by the difference in the processed materials.

We used organoleptic results to select samples for further observation using a stereo microscope and SEM.
Observations under the stereo microscope in Fig. 2 showed that samples containing cellulose still had slight yellow
spots due to uneven delignification, compared to the KO treatment, which showed clarity. More in-depth
observations in Fig. 3 showed that samples SH1 and SH2 still had cavities that allowed water molecules to enter,
while the KO sample showed no cavity and tended to be dense.

This study offers valuable insights into the use of rice straw—derived cellulose and glycerol from used cooking
oil for the synthesis of biodegradable plastic using a simple, low-cost method. However, several limitations should
be addressed in future studies, including the purification of crude glycerol and the inclusion of standard mechanical
testing such as tensile strength and elongation.

5. Conclusions

This study successfully demonstrated the feasibility of producing biodegradable plastic films from rice straw—
derived cellulose fiber and crude glycerol obtained from used cooking oil. The experimental films exhibited water
solubility values ranging from 40.00% to 69.39% and water absorption between 5.88% and 14.29%, substantially
higher than the commercial KO control (30.00% solubility, 10.00% absorption). These differences were driven
primarily by glycerol content and the presence of cellulose, whose abundant hydroxyl groups enhanced
hydrophilicity and matrix porosity. All experimental samples degraded by more than 80% within 14 days under
EM4-supplemented soil burial, whereas the KO film reached only 25% mass loss, underscoring the accelerated
biodegradation conferred by rice straw cellulose and microbial inoculation.

Although the average film thickness (0.438-0.554 mm) exceeded the JIS packaging standard (< 0.25 mm), this
work highlights a simple, low-cost method to convert agricultural and household wastes into value-added,
environmentally friendly materials. The organoleptic assessment, microscopy observations (stereo and SEM), and
preliminary physical tests provide a multifaceted characterization of the bioplastic’s performance and potential
application in areas such as disposable packaging or short-lifetime agricultural films. By integrating locally
abundant biomass with waste-derived plasticizer, this approach contributes to circular economy objectives and
offers a scalable pathway for rural and community-level bioplastic production.
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