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Abstract

This study investigates the effect of combining cassava starch gelatin and cassava peel gelatin and evaluates the influence of two
different fillers, cellulose and bentonite clay, on the mechanical properties of bioplastics. It aims to obtain bioplastics with tensile
strength and elongation properties comparable to low-density polyethylene (LDPE). The study employs different mass ratios of starch
to gelatin (9:1, 8:2, and 7:3 g/g) and incorporates bentonite clay and cellulose fillers (corn stalks and husks), each at 0.4 g. The materials
were processed with a 200-mesh sieve. Bioplastic synthesis involved a glycerol concentration of 25% (w/w), stirring at 375 rpm for 35
minutes at 90°C. Mechanical properties (tensile strength, elongation, and Young's modulus) were analyzed, along with SEM and FTIR
characterization. The results indicate that the bioplastic formulation with a starch-to-gelatin ratio of 8:2 and bentonite clay as a filler
exhibits the most promising mechanical properties, with a tensile strength of 1.837 MPa, elongation of 33.584%, and a Young's modulus
of 5.47 MPa. Comparatively, bentonite clay enhanced tensile strength and rigidity, while cellulose fillers provided higher elongation
and flexibility but lower reinforcement due to particle agglomeration. FTIR analysis identified key functional groups, including O-H,
CHz, C=0, N-H, and C-O. The combination of cassava starch, cassava peels, corn stalk-derived cellulose, fillers, and plasticizers
significantly impacts the quality and mechanical properties of bioplastics.
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1. Introduction

Plastic waste remains a significant environmental issue due to its slow degradation and excessive accumulation. To address this
problem, researchers have explored biodegradable alternatives that possess characteristics similar to conventional plastics but are
derived from renewable and environmentally friendly materials. Bioplastics, which decompose rapidly through microbial activity,
have emerged as a promising solution [1, 2].

Bioplastics are derived from renewable biomass sources such as starch, vegetable oils, and microbial polysaccharides. Their high
biodegradability makes them a viable alternative for sustainable packaging applications [3]. This study explores the development of
bioplastics using cassava starch and cassava peel as primary raw materials.

Cassava starch and cassava peels were selected as raw materials due to their abundance, low cost, and high starch content.
Indonesia ranks among the top cassava-producing countries, ensuring a sustainable and readily available feedstock [4]. Cassava tubers
contain approximately 60.15 weight% starch, while the peel contains 44-59 weight% starch, making them suitable for bioplastic
production [5]. Cassava starch provides excellent film-forming properties, making it suitable for bioplastic production, while cassava
peels, often considered agricultural waste, offer opportunities for value-added utilization and waste minimization. The use of cassava
peels reduces environmental burdens associated with agricultural residues and production costs, aligning with the goals of sustainable
bioplastic development.

Corn stalks and husks serve as additional fillers in this research. Corn stalks contain 40-50% cellulose, 20-30% hemicellulose,
and 10-15% lignin, while corn husks contain significant amounts of cellulose and hemicellulose [6]. The incorporation of cellulose
fillers from these materials enhances the mechanical properties of composites [7, 8].

Additionally, bentonite clay has been identified as a promising filler to improve polymer characteristics, particularly by enhancing
mechanical strength and elasticity [9, 10]. Plasticizers such as glycerol improve the elasticity and flexibility of bioplastics [11]. Gelatin,
often combined with synthetic polymers, enhances the mechanical performance of biodegradable films [12, 13].

Unlike most previous studies that utilized cassava starch alone, this work combines cassava starch with cassava peels to maximize
resource utilization and reduce agricultural waste. Furthermore, the study provides a direct comparison between natural cellulose fillers
derived from corn stalks and husks and inorganic bentonite clay, highlighting their distinct reinforcing roles in bioplastic synthesis.
The identification of an optimal starch-to-gelatin ratio (8:2) with bentonite clay that achieves mechanical properties approaching those
of LDPE underscores this research’s novelty and practical significance.

In addition to their environmental advantages, composite bioplastics with the characteristics proposed here hold potential for
diverse applications. Rigid formulations reinforced with bentonite clay could be suitable for disposable cutlery, trays, or semi-structural
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packaging, where mechanical strength and durability are required. Meanwhile, cellulose-reinforced formulations with higher flexibility
are promising for biodegradable films, shopping bags, agricultural mulch films, and food packaging, where elasticity and
biodegradability are important. These possible applications highlight the relevance of developing cassava-based composites as
sustainable alternatives to petroleum-derived plastics.

2. Materials and methods
2.1 Materials

The primary materials used in this study include cassava peels, cassava husks, corn stalks, corn husks, and bentonite clay sourced
from the Tanggamus region. Additional chemicals include sulfuric acid (H2SO4) 6.5 M (p.a, Merck), potassium hydroxide (KOH) 4%
(p-a, Merck), peroxide (H202) 6% (p.a, Sigma-Aldrich), aquades (H20), gelatin, and glycerol 25%. Equipment used includes a grain
grinder, 200-mesh sieve, digital balance, hot plate, magnetic stirrer, SEM, FTIR spectrometer, and mechanical testing apparatus.

2.2 Bioplastics preparations and characterization
2.2.1 Bioplastics preparations

Bioplastic films were synthesized by mixing starch and gelatin at varying mass ratios (9:1, 8:2, and 7:3 g/g). Bentonite clay and
cellulose fillers were incorporated at 0.4 g each. The mixture was stirred at 375 rpm for 35 minutes at 90°C, followed by molding and

drying.
2.2.2 Mechanical properties

Mechanical properties were tested using a universal testing machine according to ASTM D638 standards. Key parameters measured
included tensile strength, elongation, and Young's modulus.

2.2.3 Morphological properties

SEM analysis (The Hitachi TM-3000) was conducted to observe the microstructure and dispersion of fillers within the bioplastic
matrix. FTIR analysis was used to identify functional groups and confirm material interactions.

2.2.4 Particle size properties

The Particle Size Analyzer (PSA) was employed to determine the particle size distribution using the Dynamic Light Scattering
(DLS) method. This method utilizes the Non-Invasive Back Scatter (NIBS) technique, ensuring precise measurement of particle sizes
by detecting fluctuations in scattered light intensity.

By employing PSA analysis, this study ensures that the synthesized bioplastics achieve the desired particle size distribution, leading
to improved material performance and commercial viability.

3. Results and discussion
3.1 Particle size of cellulose

The research began by processing corn stalks and husks to a 200-mesh size for use as fillers. Several treatments were applied to
enhance the purity and structural integrity of the cellulose: delignification using a 4% KOH solution, which breaks down lignin and
increases cellulose content [14]; bleaching with a 6% H20: solution, which further purifies the cellulose by removing residual lignin
and hemicellulose [15]; acid hydrolysis using a 6.5 M H2SO4 solution, which degrades amorphous cellulose and refines the material
[16]; and mechanical treatment using an ultrasonic bath for 180 minutes, which further reduces cellulose particle size and improves
dispersion in the polymer matrix [17]. This study highlights the challenges in cellulose size reduction and provides valuable insights
into optimizing bioplastic fillers for improved performance.

The effectiveness of these treatments was analyzed by measuring the particle size and composition of the cellulose before and after
processing. The results are presented in Tables 1 and 2.

Table 1 Corn stalks and husks cellulose size

Cellulose Size (um)
Before treatment 74
After treatment 1,087

The increase in cellulose particle size from 74 um to 1087 um after treatment can be attributed to particle agglomeration during
the drying process [18]. Although chemical treatments such as delignification, bleaching, and acid hydrolysis were expected to reduce
cellulose size, the subsequent drying step promoted the clustering of fine particles into larger aggregates [14, 16]. This agglomeration
effect resulted in an apparent increase in measured particle size despite the removal of lignin and hemicellulose.

The apparent increase in cellulose content does not indicate the creation of new cellulose, but rather the relative enrichment of
cellulose due to the removal of other constituents. During the pretreatment steps, lignin and hemicellulose were selectively degraded
and solubilized, leaving cellulose as the dominant fraction in the solid residue. Consequently, although the absolute mass of cellulose
may remain similar, its percentage relative to the total biomass increases, explaining the rise from 34.12% to 51.23%. This enrichment
enhances the reinforcing potential of the treated cellulose when incorporated into bioplastics.
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Table 2 Corm stalks and husks composition

Sample Lignin (%) Hemicellulose (%) Cellulose (%)
Before treatment 8.35 25.58 34.12
After treatment 3.92 17.05 51.23

The treated cellulose exhibited an average particle size of 1,087 um, indicating that the cellulose remained at the micro-scale rather
than achieving nano-sized dimensions. This finding differs from previous studies [19, 20], where cellulose extracted using the alkali-
bleaching-hydrolysis method from tapioca pulp successfully reached the nanometer scale.

The inability to achieve nano-sized cellulose in this study is likely due to agglomeration during the drying process [18].
Agglomeration occurs when fine particles cluster together, forming larger aggregates [21]. This phenomenon is influenced by increased
contact between particles due to prolonged grinding, leading to stronger intermolecular forces [22], and insufficient mechanical energy
to break apart aggregates during drying [23].

Additionally, discrepancies with Wicaksono’s (2013) study may stem from differences in mechanical processing equipment. The
present study utilized a powder grinder, whereas Wicaksono employed a 22,000 rpm high-speed mixer, which likely facilitated finer
particle breakdown and reduced agglomeration [20].

The increased cellulose content post-treatment (from 34.12% to 51.23%) suggests a higher potential for reinforcing bioplastic
composites. Although nano-cellulose was not achieved, micro-cellulose still enhances mechanical strength and barrier properties when
incorporated into bioplastics.

3.2 Morphological characteristics
Observations of bioplastic samples were conducted using Scanning Electron Microscopy (SEM) at magnifications of 500x and
5000x. The selected samples exhibited mechanical properties closer to low-density polyethylene (LDPE) standards, specifically

starch:gelatin (8:2) with cellulose fillers and starch:gelatin (8:2) with bentonite clay fillers.
The results of the morphological analysis using SEM are presented in Figure 1 and 2.
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Figure 1 SEM analysis of bioplastic samples (500x Magnification): (a) Starch:Gelatin §:2 with bentonite clay filler; (b) Starch:Gelatin
8:2 with cellulose filler

In Figure 1 (a), the bioplastic matrix appears as a continuous dark/grey background, while the bright white clusters correspond to
bentonite clay particles embedded in the matrix. In Figure 1 (b), the cellulose fillers appear as irregular, elongated white structures
dispersed within the darker matrix, though some agglomeration can be observed. The surrounding smoother regions represent the
starch-gelatin biopolymer matrix.

From Figure 1, it is evident that both filler types exhibit different dispersion behaviors within the bioplastic matrix. In the sample
with bentonite clay (Figure 1a), the continuous darker regions correspond to the starch-gelatin matrix, while the lighter, white particles
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indicate bentonite fillers distributed within it. In contrast, in the cellulose-filled sample (Figure 1b), the cellulose appears as brighter,
irregular structures embedded in the darker matrix, but with clear signs of agglomeration. These identifications clarify filler-matrix
interactions and highlight the role of filler type in the morphological characteristics of the composites.

From Figure 1, it is evident that both filler types exhibit different dispersion behaviors within the bioplastic matrix. The presence
of large white clusters suggests that cellulose and bentonite clay particles are not evenly distributed [24]. Inadequate heating and
stirring energy during the bioplastic preparation process may have contributed to the non-uniform dispersion of filler particles [25].
Proper stirring at gelatinization temperature is crucial to ensure even filler distribution and to prevent particle agglomeration [26].

The uneven dispersion of cellulose is particularly noteworthy, as cellulose is not easily soluble in organic solvents, leading to
surface irregularities in the bioplastic film [27]. Additionally, the SEM images reveal remnants of swollen starch granules, indicating
incomplete gelatinization. These granules appear as black voids in the fracture surface, contributing to reduced tensile strength and
impact resistance [28].

To gain further insights into particle dispersion and agglomeration, higher magnification imaging (5000x) was performed, as
shown in Figure 2.
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Figure 2 SEM analysis of bioplastic samples (5000x Magnification) (a) starch:gelatin 8:2 with bentonite clay filler; (b) starch:gelatin
8:2 with cellulose filler

From Figure 2, several key observations can be made. The aggregated particle sizes range from 46.9 nm to 505 nm, indicating
partial size reduction of the cellulose and bentonite clay fillers within the matrix. The bioplastic surface exhibits white agglomerated
clusters, likely composed of starch particles that failed to fully integrate into the polymer matrix [29]. The presence of residual starch
suggests that not all starch molecules reacted with gelatin during gelatinization, leading to inconsistencies in film formation [26]. Poor
filler dispersion in certain regions may contribute to variations in mechanical properties, particularly tensile strength and elongation
[30].

Bentonite clay appears to disperse more uniformly compared to cellulose fillers, contributing to a denser and more compact matrix
[24]. The agglomeration of cellulose fillers results in a more porous structure, which may negatively affect mechanical strength and
flexibility [31]. Optimizing stirring speed, temperature control, and filler pretreatment could further enhance filler distribution and
overall bioplastic performance.

3.3 Mechanical properties
3.3.1 Elongation properties
To assess the impact of starch-to-gelatin mass ratio and the incorporation of fillers (cellulose fillers and bentonite clay), six

bioplastic samples were analyzed for tensile strength, elongation percentage, and Young's modulus. The experimental results are
summarized in Table 3.
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Table 3 Bioplastic mechanical properties

Run Starch:Gelatin (gr/gr) Ratio Cellulose Filler (gr) Ratio Bentonite Clay Filler (gr) Elongation (%)
1 9:1 0.4 - 71.5
2 8:2 0.4 - 24.7
3 7:3 0.4 - 22.4
4 9:1 - 0.4 7.8
5 8:2 - 0.4 33.6
6 7:3 - 0.4 21.9
150-600

It should be noted that the filler amount of 0.4 g was applied selectively depending on the formulation. Runs 1-3 correspond to
bioplastics with cellulose fillers at starch-gelatin ratios of 9:1, 8:2, and 7:3, respectively. Runs 4-6 correspond to the same starch-gelatin
ratios but with bentonite clay fillers.

The large variation in elongation values between runs with the same starch-gelatin ratio (e.g., run 1 vs. run 4 at 9:1) is due to the
difference in filler type. Cellulose fillers enhance flexibility, leading to higher elongation, whereas bentonite clay increases rigidity and
tensile strength but reduces elongation. This distinction arises from the contrasting reinforcing mechanisms of organic versus inorganic
fillers in the starch-gelatin matrix.

Cellulose-based bioplastics exhibited higher elongation values, with the 9:1 starch-to-gelatin ratio reaching 71.5%, indicating
greater flexibility. The 8:2 ratio with bentonite clay achieved an elongation of 33.6%, balancing flexibility and mechanical integrity.
Bentonite clay fillers improved rigidity but resulted in lower elongation values compared to cellulose fillers [24].

The mechanical properties of bioplastics, including tensile strength, elongation, and Young's modulus, were plotted in Figures 3—
5 to illustrate their trends and variations.

3.3.2 Tensile strength analysis

Bentonite clay fillers resulted in higher tensile strength values compared to cellulose fillers. Uneven dispersion of cellulose fillers
could lead to reduced tensile strength due to weak interfacial bonding [32]. The incorporation of fillers is essential to fill pore spaces
within the bioplastic matrix, thereby improving strength and rigidity [33]. The effect of different starch-to-gelatin ratios and filler types
on tensile strength are illustrated in Figure 3. As shown, bentonite clay consistently provided higher tensile strength values than
cellulose fillers across all ratios, with the maximum strength achieved at an 8:2 starch-to-gelatin ratio. Without fillers, it showed the
lowest tensile strength across all ratios, confirming that neat starch-gelatin blends have weaker intermolecular interactions.

Previous research suggests that higher filler compositions contribute to stronger bioplastics by reinforcing the polymer network
[34]. The starch-to-gelatin ratio also influenced tensile strength, with gelatin enhancing elasticity. However, excessive gelatin content
may reduce stiffness [35]. The highest tensile strength (1.837 MPa) was observed at an 8:2 starch-to-gelatin ratio with bentonite clay
filler.
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0.8 M Bentonite Clay filler
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Figure 3 The effect of bioplastic formulations on tensile strength

The results of Figure 3 are shown for cellulose-filled, bentonite-filled, and control specimens without filler across different
starch:gelatin ratios (9:1, 8:2, and 7:3). The inclusion of the control specimens (without filler) provides a clear baseline to evaluate the
reinforcing effect of cellulose and bentonite fillers.

For comparison, specimens without filler were also tested as controls. These control samples consistently exhibited the lowest
tensile strength across all starch-gelatin ratios, confirming that neat starch-gelatin blends alone provide weaker intermolecular
interactions. The addition of fillers, particularly bentonite clay, significantly increased tensile strength relative to the control, while
cellulose fillers provided more moderate reinforcement. Including control specimens in Figure 3 highlights the clear reinforcing role
of both fillers compared to the baseline.

Based on the analysis of tensile strength trends, bentonite clay exhibited superior dispersion within the polymer matrix, leading to
enhanced mechanical properties [36]. In contrast, cellulose fillers formed agglomerates, reducing their effectiveness as reinforcement
agents [37]. Higher gelatin content improved flexibility [38] but resulted in decreased tensile strength beyond an optimal ratio. Filler
selection significantly influenced bioplastic performance [39], with bentonite clay outperforming cellulose in tensile reinforcement.
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Based on the experimental findings, the best mechanical properties were achieved with a starch-to-gelatin ratio of 8:2 and 0.4 g of
bentonite clay filler. This formulation balanced tensile strength, elongation, and Young's modulus, making it a viable alternative to
LDPE-based plastics.

Bentonite clay fillers enhanced tensile strength and rigidity due to their fine particle size and superior dispersion. Cellulose fillers
contributed to greater flexibility but exhibited lower tensile reinforcement due to poor dispersion and agglomeration.

Although the optimized bioplastic formulation (8:2 starch-to-gelatin with bentonite clay) showed the best performance in this study,
its tensile strength and elongation remain considerably lower than those of commercial LDPE. As summarized in Table 4, LDPE
typically exhibits tensile strengths of 8-12 MPa and elongation between 200-600%, compared to 1.837 MPa and 33.584% for the
optimized bioplastic. These results confirm that, while the developed bioplastics demonstrate improved properties relative to filler-free
formulations, further optimization is required before they can fully match the mechanical performance of LDPE.

Table 4 Comparison of mechanical properties of optimized bioplastic (8:2 starch-gelatin with bentonite clay) and LDPE

Material Tensile Strength (MPa) Elongation (%) Young’s Modulus (MPa)
Bioplastic (8:2 + Bentonite) 1.837 33.584 5.47
LDPE (literature range) 8-12 200-600 100-250

LDPE data from [40, 41, 42].
3.3.3 Percent elongation analysis.

Elongation percentage is a key parameter in determining the flexibility and ductility of bioplastics [40]. Figure 4 illustrates the
effect of different bioplastic formulations on elongation properties.
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Figure 4 The effect of bioplastic formulation on percent elongation

Results from Figure 4 are shown for cellulose-filled, bentonite-filled, and control specimens without filler across different
starch:gelatin ratios (9:1, 8:2, and 7:3). The inclusion of the control specimens (without filler) provides a baseline for comparing the
effect of fillers on flexibility.

For comparison, control specimens without filler were included in the elongation analysis. These control samples consistently
demonstrated the lowest elongation values across all starch-gelatin ratios, indicating limited flexibility in neat starch-gelatin blends.
By contrast, cellulose fillers markedly improved elongation due to their fibrous and flexible nature, while bentonite fillers reduced
elongation as a result of their rigid, reinforcing characteristics. Including control specimens in Figure 4 thus highlights the contrasting
effects of organic and inorganic fillers relative to the baseline.

Figure 4 shows that cellulose-filled bioplastics demonstrated higher elongation percentages at lower gelatin concentrations. Gelatin
increases tensile strength but reduces elongation, as reported by Fauziah et al. [24]. The optimal elongation (33.584%) was observed
at a starch-to-gelatin ratio of 8:2 with bentonite clay filler, balancing flexibility and structural integrity.

Figure 4 indicates that filler impacts elongation. Without filler, the baseline elongation is consistently the lowest across all ratios.
Bentonite clay fillers reduced elongation due to their rigid, reinforcing nature [43]. Cellulose fillers improved flexibility [44], but
excessive aggregation led to inconsistent elongation performance. The relationship between tensile strength and elongation followed
an inverse correlation, where higher tensile strength resulted in lower elongation.

The optimal bioplastic formulation for elongation was the starch-to-gelatin ratio of 8:2 with bentonite clay filler, which exhibited
the best mechanical balance. Cellulose-based bioplastics provided higher flexibility but lower mechanical strength [45].

This study demonstrates that fillers influence mechanical performance. Bentonite clay fillers enhanced rigidity and tensile strength,
making them suitable for rigid bioplastic applications. In contrast, cellulose fillers improved elongation properties, making them ideal
for flexible bioplastic films.

3.3.4 Young’s modulus analysis

Young’s modulus measures the stiffness of bioplastics, indicating their resistance to deformation under applied stress [29]. Figure
5 presents the effect of bioplastic formulations on Young’s modulus.
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Figure 5. The effect of bioplastic formulation on Young’s modulus

Results from Figure 5 are shown for cellulose-filled, bentonite-filled, and control specimens without filler across different
starch:gelatin ratios (9:1, 8:2, and 7:3). Including control specimens (without filler) provides a baseline for evaluating how fillers alter
stiffness in the composites.

For comparison, control samples without filler were also analyzed. These control specimens consistently showed the lowest
Young’s modulus values, confirming that neat starch-gelatin blends have limited stiffness and resistance to deformation. The addition
of cellulose fillers increased modulus due to their fibrous reinforcement effect, while bentonite fillers produced intermediate stiffness,
influenced by their dispersion and interfacial bonding with the matrix. Including the control specimens in Figure 5 clearly demonstrates
the reinforcing roles of both fillers relative to the baseline.

Figure 5 shows that cellulose-filled bioplastics exhibited higher Young’s modulus values, indicating greater stiffness. Without
filler, it shows the lowest modulus values across both ratios, indicating that the polymer matrix alone has limited stiffness. Bentonite
clay fillers led to a reduction in Young’s modulus, likely due to inhomogeneous dispersion that weakened filler-matrix interactions.
The highest Young’s modulus (11.329 MPa) was observed in the 9:1 starch-to-gelatin ratio with bentonite clay filler, confirming its
ability to enhance rigidity. In contrast, the lowest Young’s modulus (0.278 MPa) was recorded for 9:1 starch-to-gelatin bioplastics
with cellulose fillers, highlighting their greater flexibility.

Analysis of Young’s Modulus trends from Figure 5 show that the cellulose fillers contributed to increased stiffness, as their fibrous
structure reinforced the polymer matrix [46]. Bentonite clay fillers, despite their fine particle size, showed a decline in modulus, likely
due to insufficient distribution or weak interfacial bonding. Higher starch content (9:1 ratio) enhanced Young’s modulus, suggesting
that starch contributes to structural rigidity.

The 9:1 starch-to-gelatin ratio with bentonite clay filler provided the highest Young’s modulus, making it ideal for rigid
applications. In contrast, cellulose-filled bioplastics had lower stiffness, making them suitable for applications requiring greater
flexibility.

This study demonstrates that fillers influence structural properties. Bentonite clay improved tensile strength but reduced stiffness,
making it suitable for applications requiring a balance between strength and flexibility. In contrast, cellulose fillers increased Young’s
modulus by reinforcing the polymer structure, resulting in a stiffer material.

Bioplastics with high Young’s modulus (bentonite clay-based) are ideal for rigid packaging, structural components, and durable
biodegradable products [41]. Meanwhile, bioplastics with Young’s modulus (cellulose-based) are suitable for flexible films, coatings,
and applications requiring elasticity [42].

3.4 Fourier transform infrared (FTIR) analysis
3.4.1 FTIR analysis of bioplastics with cellulose extracted

Figure 6 shows that the FTIR spectra of extracted cellulose. The presence of key functional groups in both spectra confirms the
structural integrity of the extracted cellulose. O-H (hydroxyl group, ~3325 cm™) represents hydrogen bonding in cellulose. CH2 (~2892
cm™) indicates aliphatic C-H stretching vibrations. C=0 (carbonyl group) contributes to the structural stability of cellulose. N-H (amide
groups) suggests interactions with protein-based components. C-O (~1021 cm™) corresponds to ether linkages in the cellulose
backbone.

The presence of O-H stretching vibrations suggests strong hydrogen bonding interactions between starch, gelatin, and fillers [47].
Absorption peaks associated with C-H (alkane) and C=O (carbonyl) groups indicate effective cross-linking in the bioplastic matrix
[48]. The FTIR spectrum also confirms the incorporation of bentonite clay, as indicated by characteristic Si-O stretching vibrations,
demonstrating effective filler integration [49].

The FTIR spectra of bioplastics containing bentonite clay fillers confirm strong intermolecular interactions between starch, gelatin,
and fillers. The successful incorporation of bentonite clay into the bioplastic matrix is evidenced by the presence of characteristic Si—
O stretching vibration.

Hydroxyl and carbonyl functional groups contribute to bioplastic flexibility and mechanical strength [50]. Bentonite clay enhances
structural integrity, thereby improving the durability and thermal resistance of bioplastics [51].

This FTIR analysis confirms the successful extraction of cellulose, effective integration of bentonite clay, and strong molecular
interactions within the bioplastic matrix, contributing to enhanced material performance and sustainability.
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Figure 6 FTIR Analysis cellulose extracted from corn stalks and husks
3.4.2 FTIR Analysis of bioplastics with bentonite clay fillers

FTIR analysis was performed to examine the chemical interactions within bioplastics incorporating bentonite clay fillers. The
results are shown in Figure 7.

Based on Figure 7, several key spectral features were observed. The absorption band at 3622 cm™ (O-H Stretching) indicates the
presence of hydroxyl (-OH) groups found in Al-Al-OH or Mg-OH-Al, which are characteristic of bentonite clay. The peak at 3391.9
cm! (hydrated O-H stretching) has suggested hydrogen-bonding interactions resulting from adsorbed water molecules within the
bioplastic matrix. The band at 984 cm™ (Si-O-Si and SiO: quartz vibration) represents the presence of silicate structures, confirming
the incorporation of bentonite clay into the polymer network. Additionally, the band at 1400—800 cm™ (Si-O vibrations) correspond to
asymmetric Si-O stretching vibrations, indicating the presence of montmorillonite, a key component of bentonite clay [52].
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Figure 7 FTIR graph of bioplastic with bentonite clay filler

The presence of O-H groups at 3622 cm™ and 3391.9 cm™ suggests that bentonite clay interacts with starch and gelatin through
hydrogen bonding, thereby improving structural integrity [51]. The strong Si-O-Si peak at 984 cm™ confirms the high silicate content
of bentonite clay, which reinforces the polymer matrix [53]. The asymmetric Si-O vibrations (1400—800 cm™) further indicate effective
dispersion of bentonite clay within the bioplastic, contributing to enhanced mechanical properties [54].
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The FTIR analysis confirms the successful incorporation of bentonite clay into the bioplastic formulation. The presence of strong
silicate vibrations indicates a high montmorillonite content, contributing to the reinforcement of the bioplastic structure. Hydrogen
bonding interactions (O-H stretching) between bentonite clay and starch/gelatin suggest improved mechanical stability. The Si-O-Si
stretching vibrations confirm enhanced structural rigidity, making bentonite-filled bioplastics suitable for stronger and more durable
applications.

This study confirms that bentonite clay effectively enhances bioplastic performance by improving mechanical strength, structural
stability, and moisture resistance, thereby demonstrating its potential for use in sustainable, high performance biodegradable materials.

3.4.3 FTIR analysis of bioplastics with cellulose fillers

FTIR analysis was conducted to evaluate the functional groups present in bioplastics containing cellulose fillers derived from corn
stalks and husks. The results are presented in Figure 8.
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Figure 8 FTIR graph of bioplastic with cellulose fillers from corn stalks and husks

Based on Figure 8, several key spectral features were observed. O-H (Hydroxyl Group, Broad Peak) indicates strong hydrogen
bonding, contributing to the hydrophilic nature of bioplastics [47]. CH2 (Aliphatic C-H Stretching) suggests the presence of cellulose
and starch components in the bioplastic matrix [55]. The C=C (Carbon-Carbon Stretching) implies structural interactions between
polymeric constituents [55]. N-H (Amide Group) confirms the presence of gelatin as a protein-based biopolymer [55]. Additionally,
C-O (Ether Linkages) reflects the polysaccharide backbone of starch and cellulose [55].

Based on the FTIR analysis, the functional groups detected in the bioplastic samples correspond to those of their constituent
materials (starch, gelatin, cellulose). The absence of new functional groups suggests that bioplastic formation occurs through physical
blending rather than chemical modification [29]. The presence of hydroxyl (-OH) groups contributes to the hydrophilic nature of the
bioplastic, allowing significant water absorption [56].

The FTIR spectra further confirm the physical blending mechanism [57]. The results indicate that the bioplastics were formed
through physical mixing of starch, gelatin, and cellulose, as no new chemical bonds were detected. This confirms that the bioplastic
retains the inherent properties of its raw materials, including hydrophilicity.

Hydrogen bonding interactions (O-H stretching) suggest strong intermolecular forces, contributing to bioplastic integrity. The
hydrophilic nature of cellulose-based bioplastics may affect water absorption and biodegradability, making them suitable for
applications where moisture interaction is required [58].

This study confirms that bioplastics containing cellulose fillers retain hydrophilic properties due to physical blending, making them
ideal for moisture sensitive applications while presenting opportunities for further material enhancements.

4. Conclusions

This study successfully synthesized bioplastics using cassava starch, cassava peel, and fillers derived from corn stalks, husks, and
bentonite clay. Among the formulations tested, the best performance was achieved with a starch-to-gelatin ratio of 8:2 incorporating
0.4 g of bentonite clay, yielding a tensile strength of 1.837 MPa, elongation of 33.6%, and a Young’s modulus of 5.47 MPa.

Comparative analysis revealed distinct differences between filler types. Bentonite clay provided superior reinforcement,
significantly enhancing tensile strength and rigidity due to its fine particle size and more uniform dispersion. In contrast, cellulose
fillers improved elongation and flexibility, achieving values up to 71.5% at the 9:1 starch-gelatin ratio, but with lower tensile strength
(around 0.8-1.2 MPa) due to particle agglomeration and weaker interfacial bonding. These results highlight the trade-off between
strength and flexibility depending on filler choice.

Compared to LDPE, the optimized bioplastic demonstrated improved mechanical performance relative to filler-free starch-gelatin
films but remained inferior to commercial plastics, particularly in tensile strength (LDPE: 8-12 MPa) and elongation (LDPE: 200-
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600%). This confirms that, while cassava-based bioplastics offer a sustainable and low-cost alternative, further optimization of filler
dispersion and hybrid formulations is required to achieve the performance levels closer to LDPE.

Overall, this research underscores both the qualitative advantages (renewable feedstock, waste valorization, and filler reinforcement
strategies) and quantitative outcomes (1.8 MPa tensile strength, 33.6% elongation, 5.47 MPa modulus) of cassava-based composite
bioplastics. By valorizing agricultural residues such as cassava peels and corn stalks, this approach promotes sustainable materials
development and circular economy initiatives. Future work would focus on nano-scale filler dispersion, plasticizer optimization, and
biodegradation testing under real environmental conditions to advance the application of these bioplastics in packaging, agricultural
films, and disposable products.
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