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ABSTRACT: This study investigates the potential of starch extracted from underutilized agro-industrial resources
as non-food-competing raw materials for the development of flexible bioplastics for food packaging applications.
Starch was extracted from three biomass sources: rubber cassava (Manihot glaziovii), banana stem, and banana
peel from Ambonese banana (Musa acuminata L.). Rubber cassava starch (Sgc) exhibited the highest starch yield
(50.68 + 0.28%), significantly surpassing banana stem (Sgs, 14.20 + 0.25%) and banana peel (Sgp, 3.07 + 0.15%). The
amylose contents of Sgc, Sps, and Sgp were 28.18%, 52.80%, and 56.57%, respectively, while their amylopectin contents
were 71.83%, 47.20%, and 43.43%. FTIR spectra confirmed the absence of cyanogenic groups in Sgc, indicating its safety
for packaging applications. XRD analysis revealed that PSpc films were predominantly amorphous, while PSgs and
PSgp showed higher crystallinity. The enhancement of mechanical properties, specifically PSgs, showed the highest
tensile strength at 16.04 + 0.56 MPa, whereas PSpc demonstrated the highest elongation at break at 23.57 + 0.40%,
which could be attributed to the inherent characteristics of the starch sources. Additionally, PSgc film exhibited the
highest transparency at 60.2%, the greatest water solubility at 34.92%, and the lowest water contact angle at 41.58°,
confirming its more hydrophilic nature compared to other films. This work highlights the potential of low-cost,
sustainable, and non-food agro-industrial starch sources as promising candidates for the development of flexible,
eco-friendly bioplastics.

KEYWORDS: Rubber cassava; ambonese banana; agro-industrial resources; bioplastic film; banana stem; banana peel;
starch

1 Introduction

Plastic pollution has emerged as one of the most critical global environmental challenges, largely driven
by the extensive use of petroleum-based plastics in everyday products such as packaging, consumer products,
and textiles. These materials are inherently non-biodegradable, leading to their persistent accumulation
in landfills and marine ecosystems, where they pose significant threats to environmental and ecological
health [1,2]. The long-term presence of plastic waste in terrestrial and aquatic environments contributes to
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both physical pollution and microplastic contamination, as well as the release of greenhouse gases, such
as methane and ethylene, further exacerbating global environmental issues [3]. These days, upwards of
300 million metric tons of plastic waste are generated yearly, yet a minimal fraction is recycled properly. As of
the year 2017, it was believed that a total of 8.3 billion metric tons of plastic had been created around the globe,
leading to 6.3 billion metric tons of waste [4-6]. Alarmingly, merely 9% of this waste underwent recycling,
with 12% subjected to incineration, while the remaining 79% was either deposited in landfills or released into
the natural environment [5]. In the event that current tendencies remain unchanged, it is expected that the

international total of plastic will increase to 12 billion metric tons by 2050 [5,7-9].

These concerns have driven a growing interest in developing sustainable and biodegradable alterna-
tives to conventional plastics. Among the most promising are bioplastics derived from renewable natural
polymers, which offer potential environmental advantages due to their biodegradability and reduced carbon
footprint. Starch-based bioplastics have been widely studied due to their high availability, low cost, and
compatibility with conventional processing methods [10]. Various starch sources, such as corn, potato,
cassava, and wheat, have been investigated using chemical and biological processing techniques, including
hydrolysis, microbial fermentation, and acidification [2]. For instance, de Azévedo et al. [10] and Kowser
etal. [2] developed starch-based bioplastics using corn and potato starch, while Arifin et al. [6] explored the
potential of elephant foot yam starch for similar applications.

However, the use of edible starch sources for bioplastic production raises sustainability concerns due to
competition with food resources. To address this issue, non-food starch sources are being explored as more
sustainable alternatives. One such candidate is Manihot glaziovii (rubber cassava), a non-edible cassava vari-
ety reported to contain a high starch content ranging from 77%-81% [11]. Despite its high starch content, it
also contains elevated levels of cyanogenic compounds, rendering it unsuitable for human consumption [12].
In addition, underutilized agro-industrial residues such as banana stems and peels (from Musa acuminata L.
or Ambonese banana) have shown potential as starch sources owing to their rich polysaccharide content,
with reported starch yields of approximately 10%-20% from banana stems and 18%-25% from banana peels.
Utilizing these residues for bioplastic production not only avoids competition with the food supply chain but
also adds value to agricultural waste streams, aligning with circular economy principles [2,10]. This approach
also contributes to several United Nations Sustainable Development Goals (SDGs), including responsible
production and consumption, climate action, and innovation in sustainable materials.

Several studies have explored the development of starch-based bioplastics using underutilized agro-
industrial residues as alternative feedstocks. For instance, starch extracted from various biomass sources
has been utilized in the fabrication of bioplastic films, such as corn starch [2,13], potato starch [8], banana
pseudostem [14,15], and banana peel [16]. However, most reported works have primarily focused on specific
types of resources rather than exploring a broader range of potential feedstocks. A comparative study to
explore potential resources for bioplastic production was conducted by Ishara et al. [17], who attempted
to compare biocomposites derived from sweet cassava starch, banana peel, and banana stem. Nevertheless,
the resulting materials exhibited relatively low tensile strengths in the range of 5.3-11.8 MPa. In addition,
starch derived from rubber cassava has also been processed into a starch-based thermoplastic. Although
the resulting material demonstrated a relatively high tensile strength of 11.94 MPa, it exhibited very low
elongation at break of only 2.82%, indicating its limited flexibility and ductility for flexible packaging [18].

Despite these advances in bioplastic production using underutilized agro-industrial residues, the
existing research remains fragmented with minimal comprehensive analysis to meet the specifications of
commercial flexible biopackaging performances. Moreover, most of the studies were conducted using specific
resources, utilizing different botanical origins, preparation methods, formulations, and processing condi-
tions, thereby limiting direct comparability and comprehensive evaluation of their relative performances.
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Consequently, a systematic and comparative investigation of multiple non-food starch sources under a
unified processing framework has yet to be conducted. To address this critical research gap, the present study
provides the first direct comparative assessment of bioplastic films derived from rubber cassava, banana stem,
and banana peel (from Musa acuminata L., Ambonese banana). Such a comparative approach is crucial for
identifying the most promising raw material among diverse agro-industrial residues and for advancing the
development of sustainable, high-performance bioplastics.

2 Materials and Methods
2.1 Materials

Starch sources, including rubber cassava, banana stem, and banana peel from Ambonese bananas, were
collected from West Java, Indonesia. Glycerol (85%, p.a), sodium hydroxide (NaOH), potassium iodide
(KI), hydrochloric acid (HCI), amylose standard, and acetic acid (glacial) were purchased from Merck,
while technical grade of sodium bisulfate (NaHSO,) was supplied from a local chemical store in West Java,
Indonesia. Distilled water was used throughout all experimental procedures. Unless otherwise specified, all
chemicals were used as received without further purification.

2.2 Extraction of Starch from Banana Stems, Banana Peels, and Rubber Cassava

Starch was extracted from banana stems, banana peels, and rubber cassava using a modified wet
extraction method adapted from Abera et al. [19]. The raw materials were first thoroughly cleaned and
chopped into small pieces. They were then homogenized with distilled water containing 0.25 g/L NaHSO, at
a1:10 (w/v) ratio for each source. The resulting mixtures were stored at 6°C for 24 h to facilitate starch release.
After cold incubation, the slurries were filtered using muslin cloth to remove coarse fibers, and the filtrates
were centrifuged at 3000 rpm for 15 min to separate the starch. The collected wet starch was dried in an oven
at 40°C overnight, ground into a fine powder, and sieved using a 100 um mesh to obtain uniform starch
particles. Each starch extract produced from rubber cassava, banana stem, and banana peel was denoted as
Srcs Ses» and Sgp, respectively.

2.3 Characterization of Starch
The mass of the extracted starch was measured after the drying process. The percentage yield was then

calculated using the following formula (Eq. (1)):

Mass of extracted starch (g)
Mass of raw material (g)

Yield (%) = ( ) x 100% )

This calculation quantifies the efficiency of the extraction method, indicating the proportion of starch
successfully recovered from the initial biomass.

Bulk density was determined by placing 1.0 g of the starch sample in a 25 mL graduated cylinder. The
cylinder was gently tapped ten times from a height of 5 cm. After tapping, the sample volume was recorded.
The bulk density was calculated as the ratio of the sample weight to the tapped volume [20].

The amylose and amylopectin contents of the starch were determined using a UV-Vis spectrophotome-
ter [21]. For amylose stock solution preparation, 100 mg of amylose was dispersed in 1 mL of absolute ethanol.
Subsequently, 9 mL of 1 M NaOH solution was added. The solution was placed in a boiling water bath for
15 min with frequent shaking to obtain a clear solution. The total volume was then adjusted to 100 mL with
distilled water to yield the amylose stock solution. To generate the absorption spectrum, 4 mL of the amylose
stock solution was added to 30 mL of distilled water. The pH was then adjusted to 3.6 using 0.5 M HCI.
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Subsequently, 0.5 mL of iodine-potassium iodide (I,-KI) solution (2 g/L I, 20 g/L KI) was added, and the
total volume was adjusted to 50 mL with distilled water. In this reaction (Eq. (2)), molecular iodine (I,) reacts
with iodide ions (I") to form triiodide (I3~), which intercalates into the amylose helical structure to form a
dark blue amylose-triiodide inclusion complex (Eq. (3)), as shown below:

L+l >1I; )
Amylose + I; — dark blue complex (3)

The reaction mixture was thoroughly mixed, allowed to stand at room temperature for 30 min, and
then scanned using a spectrophotometer at 600 nm. For the amylose standard curve, the amylose stock
solution was diluted to prepare reaction solutions with final concentrations of 10, 20, 30, 40, 50, 60, and
70 pg/mL, respectively [19]. Based on this amylose standard calibration curve, the maximum amylose content
in starches was determined using the following formula (Eq. (4)) [19].

Amylose content (%) = 3.06 x Absorbance x 20 (4)

Amylopectin content was then calculated as the remaining percentage (Eq. (5))

Amylopectin content (%) =100 — % amylose (5)

Lignin content in the extracted starch was analyzed following the NREL (National Renewable Energy
Laboratory) standard method [22]. The analysis involved subjecting the starch sample to a two-stage acid
hydrolysis process. After hydrolysis, the total lignin content was calculated by summing the acid-insoluble
lignin and acid-soluble lignin fractions.

The functional groups of starch were characterized using a Thermo Scientific Nicolet iS5 in the
ATR method, within a wavenumber range of 4000-500 cm™, at the B] Habibie Science and Technology
Area-BRIN.

Crystallinity was analyzed using an X-ray diftractometer (D8 Advance, Bruker) equipped with a Cu
Ka radiation source. Measurements were performed at scattering angles (20) ranging from 4° to 90° at the
Samaun Samadikun Science and Technology Area-BRIN.

The morphology and elemental composition of the starch samples were examined using a scanning elec-
tron microscope (SEM) coupled with energy-dispersive X-ray spectroscopy (EDX). Analysis was performed
using a JEOL JSM-IT300LV SEM located at the Samaun Samadikun Science and Technology Area-BRIN.

2.4 Preparation of Bioplastic Film

Bioplastic samples were prepared based on a modified method from Abdullah et al. [23]. The prepara-
tion process consisted of two main stages: mixing and hot pressing, as further described. In the mixing stage,
starch (60% w/w), glycerol (20% w/w), and acetic acid (20% w/w) were blended. The mixture was stirred
using a mechanical mixer until a homogeneous, solid-like bioplastic paste was formed. The resulting paste
was then transferred onto a Teflon surface and covered with a mold in preparation for hot pressing. In the hot
pressing stage, the molded mixture was subjected to compression molding using a hot press at a temperature
of 120°C and a pressure of 40 kgf/cm? for approximately 38 min. The resulting bioplastic films derived from
Src» Sps, and Spp are denoted as PSpc, PSps, and PSgp, respectively. For comparison, bioplastics derived from
commercial sweet cassava starch were also prepared using the same method and denoted as PScy.
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2.5 Characterization and Performance of Bioplastic Film

The functional groups of the starch-based bioplastics were characterized using a Thermo Scientific
Nicolet iS5 Fourier-transform infrared (FTIR) spectrometer in ATR mode. Spectra were recorded within a
wavenumber range of 4000-500 cm ™' at the Samaun Samadikun Science and Technology Area-BRIN.

Crystallinity was analyzed using an X-ray diffractometer (D8 Advance, Bruker) equipped with a Cu
Ka radiation source. Measurements were performed at scattering angles (20) ranging from 4° to 90° at the
Samaun Samadikun Science and Technology Area-BRIN.

The morphology of the starch-based bioplastic samples was examined using a scanning electron
microscope (SEM). Analysis was performed using a JEOL JSM-IT300LV SEM located at the Samaun
Samadikun Science and Technology Area-BRIN.

Water solubility of bioplastic film was determined following the procedure described by Oblitas
et al. [24] with slight modifications. Briefly, a known mass (W;) of dried bioplastic film was immersed in
50 mL of distilled water and maintained at room temperature for 6 h under static conditions. The undissolved
residue was then recovered by filtration using Whatman No. 40 filter paper and dried in an oven at 60°C
until a constant weight (W) was obtained. Water solubility was calculated using Eq. (6):

. Wi - Wy
Water solubility (%) = TxlOO (6)

1

where W; is the initial dry weight of the bioplastic film, and Wy is the final dry weight of the undis-
solved residue.

The hydrophilicity of the bioplastic film was evaluated by measuring the water contact angle (WCA)
using the sessile drop method. A synthesized bioplastic film was cut into 1 x 1 cm pieces, and a single drop of
distilled water was deposited on the surface at room temperature using a syringe. The contact angle formed
between the water droplet and the bioplastic surface was recorded and analyzed using the DropSnake plugin
in Image] software. Lower contact angle values indicate higher hydrophilicity of the material surface.

Tensile strength specimens were prepared and conditioned according to ASTM D882 standard for thin
plastic sheeting. Testing was performed using a universal testing machine (UTM) equipped with a 500 N load
cell at a crosshead speed of 10 mm/min. From the developed plastic sheets, dumbbell-shaped film strips with
uniform dimensions were cut for analysis [1]. The tensile strength and elongation at break of each sample
were determined using Eqs. (7) and (8) below:

) Force (N)
T le st th (MPa) = 7
ensile strength (MPa) Area (width x thickness) mm? @)
I .
Elongation at break (%) = nerease in the length (mm) x 100% (8)

Original length (mm)

The transparency of the bioplastic films was determined using a UV-Vis spectrophotometer at a
wavelength of 600 nm. Prior to measurement, the films were cut into uniform rectangular pieces and gently
wiped clean. The transmittance of each film was recorded, and its opacity was calculated using the following
equation (Eq. (9)):

Absorbance at 600 nm

0 ity = 9
pacity Film thickness (mm) ®)

A higher opacity value indicates a less transparent film. Each measurement was performed in triplicate
to ensure reproducibility.
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3 Results and Discussions
3.1 Properties of Starch Derived from Banana Stems, Banana Peels, and Rubber Cassava

Starch isolation from underutilized agro-industrial resources was carried out via the wet extraction
method. This method was selected over the dry extraction approach due to its advantages in obtaining starch
with higher purity and minimal contamination from proteins, lipids, and fibers [25]. Moreover, the wet
method allows better preservation of starch granule morphology, which is essential for subsequent applica-
tions, particularly in material development. While the wet method has the drawback of promoting microbial
growth during processing, sodium bisulfate was employed as both an antimicrobial and antioxidant agent.
It effectively suppressed microbial growth and inhibited oxidative reactions by scavenging dissolved oxygen
and reactive oxygen species (Eq. (10)). In addition, its acidic nature likely contributed to the denaturation of
amylase enzymes, thereby preventing enzymatic hydrolysis of glycosidic bonds within the starch backbone
(Eq. (11)) [19,26].

HSO47 + 02 - 5042— + H202 (10)

Amylase + H" — Inactive Amylase (11)

The yield, density, amylose-amylopectin, and lignin content of the extracted starches from different
biomass sources are presented in Table 1.

Table 1: Characteristics of starch isolated from different biomass sources

Physical Yield (%) Densizy Amylose  Amylopectin Lignin (%)
appearance (g/cm?) (%) (%)
AR N
~ % g \-

S Y 5068+028 0.84+£0003 2818 71.83 0.87 + 0.19
Src (white and

opaque)

1420 £ 0.25 0.44 + 0.024 52.80 4720 7.06 + 0.36

Sgs (light brown)

(Continued)
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Table 1 (continued)

Physical . 0 Density Amylose  Amylopectin _. .
appearance Yield (%) (g/cm?) (%) (%) Lignin (%)
3.07 £0.15 0.59 + 0.016 56.57 43.43 2732+ 0.09

Sgp (medium
brown)

Among the tested samples (Table 1), Sgc exhibited the highest starch yield (50.68 + 0.28% dry basis),
which is expected as a major carbohydrate source, compared to Sgs and Sgp. This result falls within the
typical starch content range reported for rubber cassava (40-70% dry basis) [11]. Sgs and Sgp resulted in
significantly lower starch yields compared to Sgc, at 14.20 + 0.25% and 3.07 + 0.15%, respectively, reflecting
the predominantly structural and protective roles of banana stem and peel tissues [27,28]. These tissues
possess a high lignocellulosic content that forms rigid matrices, impeding starch release. In particular, Sgp
exhibits the highest lignin content at 27.32 + 0.09% followed by Sg, at 7.06 + 0.36%, while Sgc shows the lowest
lignin content at 0.87 + 0.19%. The significant presence of lignin, particularly in Sgp and Sgs, can physically
entrap starch granules within fibrous cell walls, thereby reducing limiting starch extraction efficiency and
resulting in notably lower starch yields, accordingly [29]. Further, lignin content also correlates with color
characteristics, where higher lignin levels contribute to the darker appearance of Sgs and Sgp. Hence, Spc
containing very low lignin content, exhibited white and opaque indicating higher starch purity.

Interestingly, the Sgs yield obtained in this study exceeded previous studies from similar banana
pseudostem matrices, including 5% reported in Puwalu, Sri Lanka [14], and 10.35 + 0.76% as reported by
Mohd Ali et al. [15]. Meanwhile, the Sgp yielded less starch than previous studies, such as 71% from green
banana peel [16] and 28.24 + 0.68% from industrial peel waste in Chennai, India [30]. These disparities may
arise from a complex interplay of biological and methodological factors. Genetic diversity within Musa spp.,
agroclimatic conditions, harvesting maturity, and post-harvest storage practices can significantly influence
starch accumulation and localization. Moreover, the physical form and pretreatment of the biomass, such
as particle size, soaking duration, extraction solvent, and drying method, further affect yield. In particular,
fruit ripening shifts the starch-sugar equilibrium, influencing extractable starch levels [26,27,29,31].

Further, the bulk density and amylose-amylopectin composition of the extracted starches are crit-
ical determinants of their suitability for bioplastic production. Sgc showed the highest bulk density
(0.84 + 0.003 g/cm?), suggesting a compact granule structure with low interparticle voids, which is favorable
for uniform film casting and consistent material packing. In contrast, Sps (0.44 + 0.024 g/cm’) and Sgp
(0.59 + 0.016 g/cm’) exhibited lower densities, likely due to porous or irregular granule morphology, which
could compromise mechanical integrity during film formation.

The amylose content varied markedly among samples. Sgp and Sps contained higher amylose levels
(56.57% and 52.80%, respectively), whereas Sgc had a lower amylose content (28.18%) and correspondingly
higher amylopectin (71.83%). Given amylose’s linear structure and stronger intermolecular interactions, this
suggests that Sgp and Spg starches are likely to produce more rigid and mechanically strong bioplastics.
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Conversely, the high amylopectin content in Sgc (71.83%) implies a more branched polymer network
that typically imparts greater flexibility but lower strength. These compositional features suggest different
mechanical profiles among the resulting bioplastics, which will be further validated through morphological
characterization of the starch via SEM and mechanical testing of bioplastic films.

3.1.1 FTIR Analysis of Starch

The structural characteristics of starch samples, Sgc, Sps, Spp, and Scy, were investigated using Fourier
transform infrared (FTIR) spectroscopy (Fig. 1). All samples exhibited a broad absorption band centered
around 3300-3400 cm ™!, which is attributed to O-H stretching vibrations arising from inter- and intramolec-
ular hydrogen bonding within the starch matrix. Additionally, C-H stretching vibrations near 2920 cm™*
were consistently observed across the spectra, corresponding to the aliphatic -CH and -CH, groups of the

~

glucopyranose rings, as typically reported in both native and modified starches [32,33].

Transmittance (a.u)
o1 7

Se N/}
-O-H c=C
O 01

L L L

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 1: FTIR spectra of starch

A distinct absorption band near 1600 cm™!

to aromatic C=C stretching vibrations, suggesting the presence of residual lignin or phenolic compounds as
evidenced by the higher content of lignin correspondingly (Table 1). In contrast, this band was considerably

was observed in the Sgs and Sgp samples, which was assigned

less intense in the spectra of Sgc and Scu, indicating a higher chemical purity of cassava-derived starches. The
persistence of lignin-related bands in Sgs and Sgp implies the co-extraction of non-starch polysaccharides,
phenolic residues, or other plant matrix components. This can be attributed to the intrinsic structural
complexity of pseudostem and peel tissues, coupled with limited extraction or pretreatment efficiency. The
presence of these aromatic moieties also correlates with the light brown and medium brown coloration
observed in the Sgs and Sgp powders, respectively (Table 1). These observations are consistent with the
findings of Silva et al. [34], who demonstrated that blanching of banana peel prior to film production
significantly reduced browning by inactivating polyphenol oxidase, thereby minimizing the enzymatic
oxidation of phenolics into quinones and melanin pigments. Such pretreatment strategies could enhance the
purity and optical properties of banana-based biopolymers.
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Moreover, all starch samples displayed strong and broad absorption bands in the region of
1020-1030 cm™, corresponding to C-O-C and C-O stretching vibrations in polysaccharides, commonly
regarded as the fingerprint region for glycosidic bonds in starch [35,36]. The spectra of Sgc, in particular,
appeared relatively clean and well-defined, indicative of successful starch isolation from low-lignin biomass.
This aligns with the high yield and low mineral content observed for Sgc, in contrast to the chemically more
heterogeneous Sgs and Sgp, as further supported by SEM and EDX analysis (Section 3.1.3).

3.1.2 XRD Analysis of Starch

Starch is primarily composed of two polysaccharide macromolecules, amylose and amylopectin, which
are responsible for its amorphous and crystalline domains, respectively. To investigate the crystalline
structure and phase composition of starches obtained from various agro-industrial sources, XRD analysis
was performed and compared to the diffraction pattern of commercial cassava starch. As shown in Fig. 2,
starch extracted from rubber cassava (Sgc) exhibited diffraction patterns closely resembling that of the
commercial cassava starch (Scy), with prominent reflections at 26 = 14.9°, 16.9°, 17.9°, and 22.9°, along
with weaker peaks at 20 = 11.2° and 26.4°, all characteristic of an A-type crystalline polymorph [37]. These
profiles are typical of starches derived from cereals and tuberous crops, consistent with the botanical origins
of Manihot glaziovii (Spc) and Manihot esculenta Crantz (Scym ).

Intensity (a.u)

10 15 ZIU 25 30
20 (degree)

Figure 2: XRD pattern of various starch samples

In contrast, starches extracted from banana stem (Sgs) and banana peel (Sgp) displayed diftraction
patterns indicative of a C-type crystalline structure, as evidenced by additional peaks at 20 = 8.7° and
10.7° for Sgp, and 8.7° and 11.8° for Sgs, along with a distinct reflection at 20 = 17.9° [38]. Notably, the
Sps sample exhibited more intense and well-defined crystalline peaks, resembling those typically associated
with a-amylose [39], which aligns with its higher amylose content (Table 1), suggesting a higher degree of
crystallinity compared to the other samples.

3.1.3 Morphology Analysis of Starch

The surface morphology of the isolated starch granules was examined via SEM to elucidate the structural
characteristics and purity of starches. The differences in granule morphology observed across the samples
provide valuable insights into their extraction efficiency, molecular composition, and potential processability
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in biopolymer applications. Sgc exhibited well-defined, smooth, and predominantly oval to round granules
with relatively uniform size distribution (Fig. 3). This regular morphology reflects the efficient isolation
of starch from tuberous cassava tissue, which is characterized by low lignin content and minimal fibrous
obstruction. The high bulk density, as presented in Table I, further supports the notion that uniform
and compact starch granules in Sgc were efficiently obtained with minimal structural disruption during
extraction. Additionally, the SEM-EDX results show that the Sgc indicates a high chemical purity with
minimal mineral contamination.

—-

d

S T VO O R B B R T U S U TR

EE | Element | W% | A%
: € | 5672 | 63.63 |
6= .0 | 4313 36.32 |
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Q 5 10 15 keV|
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Figure 3: Morphological analysis and elemental composition of (a,b) Sgc; (¢,d) Sgs; and (e,f) Sgp
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In contrast, Sgs exhibited irregular, fragmented structures with disrupted or partially gelatinized gran-
ules embedded in a fibrous matrix. This disordered morphology is consistent with the low starch yield and
bulk density (Table 1), suggesting that the complex lignocellulosic framework of banana pseudostem tissue
hinders efficient starch release. These morphological features indicate that a significant portion of starch may
remain entrapped within cellulose-lignin networks. The elevated amylose content (Table 1) of Sgg may also
contribute to partial collapse or retrogradation of granules during processing, given amylose’s tendency to
recrystallize and aggregate. FTIR analysis of starches supports these morphological findings (Section 3.1.1),
which indicate residual hemicellulose and lignin, respectively. These components likely interfered with
starch granule liberation and compromised the structural uniformity observed under SEM. Similarly, Sgp
demonstrated a highly heterogeneous surface morphology characterized by flattened or ruptured particles
intermixed with amorphous residues. This is consistent with the extremely low starch yield and moderate
density (Table 1), suggesting limited starch content.

3.2 Properties of Bioplastic Films
3.2.1 FTIR Analysis of Bioplastic Films

The structural characteristics of the fabricated starch-based bioplastics, PSgc, PSps, PSgp, and PS¢y were
characterized using FTIR spectroscopy (Fig. 4). All bioplastic films exhibited broad absorption bands around
3200-3300 cm™!, corresponding to O-H stretching vibrations from inter- and intramolecular hydrogen
bonding. Compared to native starches, where the ~OH band appeared at 3300-3400 cm™, there is a shift
to lower wavenumbers indicating stronger hydrogen-bonding interactions in the bioplastic films. This shift
indicates the formation of a new hydrogen-bonding network between starch and glycerol, which contributes
to enhanced elasticity and flexibility, resulting in the development of thermoplastic starch (TPS) [40].
Additionally, C-H stretching vibrations near 2920 cm™! were consistently observed, associated with the

aliphatic -CH and -CH, groups in the glucopyranose units [32,33].

Transmittance (a.u)

-o-n “CH 1 :
C=C -O-H

-C-0-C

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'l)

Figure 4: FTIR analysis of starch-based bioplastics

A notable absorption band near 1730 cm™ emerged with significantly higher intensity in PSps and

PSgp compared to PSpc and PScy. This band is attributed to C=O stretching vibrations, which in the
context of these bioplastics may arise from two possible sources: ester linkages introduced via crosslinking
with acetic acid during film formation [41,42] and residual carboxylic groups or aldehydes associated with
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lignin or hemicellulose, suggesting a greater contribution from lignocellulosic impurities in the banana-
derived films [43]. Supporting this interpretation, both PSgs and PSgp also exhibited an additional band near
1600 cm™!, which corresponds to aromatic C=C stretching vibrations, a spectral feature also prominently
observed in the Sgs and Spp starches [43-45]. These observations indicate the presence of non-starch
polysaccharides, phenolic compounds, or mineral contaminants that were retained throughout the bioplastic
fabrication process.

Despite the relatively high amylose content in Sgs and Sgp (Table 1), which typically promotes the forma-
tion of ordered starch granules, the prominent spectral contributions from non-starch components suggest
that the granule integrity may have been disrupted during thermal processing. The elevated intensities of
both O-H and C=0O bands may also reflect the presence of oxidized degradation products, likely derived
from incomplete washing or thermal decomposition of peel constituents, which contribute to poor granule
cohesion and compositional heterogeneity in the final films.

In contrast, the PSgc and PS¢y films revealed fewer interfering bands, with no pronounced signals in
the carbonyl or aromatic regions, indicating higher chemical purity. Moreover, all bioplastic samples retained
a strong and broad absorption band between 1020 and 1030 cm™’, attributed to C-O-C and C-O stretching
vibrations typical of glycosidic linkages in starch-based polysaccharides [35,36]. Importantly, although
rubber cassava is known to contain cyanogenic compounds, the FTIR spectra of PSgc showed no absorption
peaks associated with CN groups, confirming the absence of such toxic residue in the bioplastics. This finding
is particularly significant for ensuring material safety, supporting the utilization of rubber cassava as an
alternative, non-food-competing starch source for packaging, including potential use in food-contact and
other advanced applications.

3.2.2 XRD Analysis of Bioplastic Film

The X-ray diffraction patterns of starch-based bioplastics derived from banana peel (PSgp), banana stem
(PSgs), and rubber cassava (PSgc) are presented in Fig. 5. Among these, the PSgs sample exhibits the most
prominent and well-defined diffraction peaks, particularly at 20 »~ 17°, 22°, and 30°, indicative of a highly
crystalline phase, which is consistent with the inherent crystallinity of its native starch (Fig. 2). In contrast,
PSgp shows a broad halo centered at 26 » 18°-20°, with barely noticeable crystalline signals, suggesting a
semi-crystalline to predominantly amorphous structure. Similarly, the PSgc sample displays a broad, diffuse
pattern with a hump around 20 ~ 19°-20°, but with lower diffraction intensity compared to PSgp, indicating a
predominantly amorphous structure. The XRD patterns of PSgp and PSgc are similar to those of corn starch
bioplastics prepared by Kowser et al. [2].

PSyp

Intensity (a.u)

1 h ZI(] 3.!) 4h 51’]
20 (degree)

Figure 5: XRD pattern of starch-based bioplastics
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These variations in crystalline structure are reflected in the mechanical and barrier properties of the
bioplastics. The higher crystallinity observed in PSgs is correlated with enhanced mechanical strength and
reduced water solubility, as will be discussed in detail in the following section. This behavior suggests a more
compact and less permeable polymer matrix.

3.2.3 Morphology Analysis of Bioplastic Film

The surface morphologies of starch-based bioplastics are shown in the SEM images at 250x and
1000x magnifications in Fig. 6. The PSgc film exhibits a relatively uniform surface compared to the others,
simply because the well-defined and predominantly oval to round granules with relatively uniform size
distribution of raw starch Sgc (Fig. 3). In contrast, the PSpg film displayed a rough and densely textured
surface, with rod-like structures becoming more apparent at higher magnification. The PSgp film showed
a relatively smooth surface at 250x magnification; however, at 1000x magnification, a partially dense,
layered structure with observable surface cracks was evident. The fractured surface of the PSgp film revealed
characteristics of brittle failure, whereas such features were less pronounced in the PSgg film.

(@)

(b)

Figure 6: Morphology analysis of bioplastic film from rubber cassava (a), banana stem (b), and banana peel (c)
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3.2.4 Water Solubility and Wettability Analysis

Water solubility analysis was conducted to evaluate the interaction between the starch-based bioplastics
and water, particularly their susceptibility to water-induced disintegration. The results are summarized
in Table 2. Among the tested samples, PS¢ exhibited the highest water solubility at 34.92%, while PSgs and
PSgp showed lower solubility values of 24.30% and 25.00%, respectively. These results suggest that PSg¢ films
are more prone to water uptake and dissolution.

Table 2: Water solubility of bioplastic samples

Sample Water solubility (%)
PSkc 34.92
PSgs 24.30
PSgp 25.00

The relatively high solubility of PS¢ can be attributed to the intrinsic properties of starch, a hydrophilic
polysaccharide composed of numerous hydroxyl groups capable of forming hydrogen bonds with water
molecules [19]. In particular, the amorphous structure of PS¢ likely enhances water penetration and
increases polymer chain mobility, thereby facilitating the dissolution process. This interpretation is supported
by the corresponding XRD data, which revealed broad and diffuse peaks for the rubber cassava-based film,
indicative of low crystallinity [46]. In contrast, PSgs and PSgp exhibited sharper and more defined diftraction
peaks, reflecting a higher degree of crystallinity. These ordered structures typically hinder water diffusion
and restrict polymer chain relaxation, ultimately reducing water solubility [46]. The water solubility values
obtained in this study are consistent with those reported by Singh et al. [47], who developed bioplastics from
sago and potato starch, reporting solubility values ranging from 26% to 33%.

To further elucidate the surface wettability of the bioplastics, WCA measurements were performed,
with the results presented in Fig. 7. Consistent with the solubility data, PSgp films showed the highest
contact angle, followed by PSgs and PSgc. The contact angle serves as a quantitative indicator of surface
hydrophilicity, where values below 90° generally reflect hydrophilic surfaces, while values above 90° are
associated with hydrophobic behaviour [48,49]. The inverse relationship observed between contact angle
and water solubility supports the hypothesis that the more hydrophilic and amorphous nature of PSp¢ films
facilitates water uptake and dissolution. Meanwhile, the higher crystallinity and lower wettability of PSgs and
PSpp films limit water diffusion and promote structural stability.

(a) b) (<)
41.58° 66.46° 63.05°

Figure 7: Water contact angle (WCA) of (a) PSrc, (b) PSgs, and (c) PSgp

These findings on solubility and wettability also provide insight into the potential biodegradability of
the bioplastics. Starch, widely used in bioplastic production due to its abundance and low cost, is known
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to degrade effectively under composting and soil burial conditions, with degradation rates influenced by
environmental factors such as temperature, moisture, pH, and microbial activity. The relatively high water
solubility suggests that the material may be more readily accessible to microbial colonization in an aqueous
environment. This aligns with the findings of Lai et al. [50], who reported that bioplastic-based zein protein
amyloid fibrils and methylcellulose with high hydrophobicity and wet stability required long-term burial for
complete biodegradation.

Previous studies have also examined the biodegradability of starch-based bioplastic in various environ-
ments, including soil, seawater, and freshwater systems [51]. For example, Ghasemlou et al. [52] reported
that corn starch-based bioplastic films achieved approximately 70% degradation after 120 days of soil burial.
Conversely, Accinelli et al. [53] observed only 1.5% degradation of starch-based bioplastics under marine
and freshwater conditions at 25°C after 90 days, highlighting the slower degradation rates in aquatic settings.
Nevertheless, other studies have shown significantly higher degradation rates in marine sediments. The
results showed that starch-based shopping bags degraded by 69% (weight loss) within 236 days when
exposed to seawater and sediment, likely due to both the material characteristics and the environmental
conditions [54]. To this end, starch-based bioplastics can degrade readily, with rates varying across different
environments. Yet, the mechanical strength should comply with retaining adequate performance during their
intended service life, as discussed in the following section.

3.2.5 Mechanical Properties of Bioplastic Films

The mechanical performance of PSgc, PSgs, and PSpp starches was evaluated and compared with
a reference film made from commercial cassava starch (PScy). The tensile strength and elongation at
break data (Fig. 8) reveal distinct mechanical profiles for each material, which correlate closely with the
physicochemical composition and microstructural characteristics of the starch sources.

30

4 I Tensile strength (MPa) [S55y Elongation at break (%)
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Figure 8: Mechanical properties of starch-based bioplastic

Among all samples, PSgs exhibited the highest tensile strength (16.04 MPa), indicating a highly rigid
matrix, albeit with the lowest elongation at break (11.5%). This mechanical behavior is primarily attributed
to its high amylose content (52.80%), which promotes dense chain packing and extensive intermolecular
hydrogen bonding, contributing to high film stiffness. The SEM micrograph of Sgs confirmed a fragmented
and fibrous surface morphology, likely resulting from incomplete removal of lignocellulosic components
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during extraction. EDX analysis further supported this interpretation by detecting a substantial presence of
inorganic ions, including Ca (3.28%) and Mg (0.81%), both of which are known to interact ionically with
starch hydroxyl groups. These interactions likely served as physical crosslinks, reinforcing the starch matrix
and enhancing tensile strength while simultaneously restricting chain mobility and reducing ductility.

In contrast, PSpc presented the lowest tensile strength (9.75 MPa) but the highest elongation at break
(23.57%), indicating a more flexible and extensible bioplastic. This material was predominantly composed
of amylopectin (71.83%), whose branched molecular structure disrupts crystallinity and facilitates polymer
chain slippage under stress. The SEM image of Sgc showed well-defined, spherical, and homogeneously
distributed starch granules, which are favorable for uniform gelatinization and plasticization. Furthermore,
the EDX spectrum revealed minimal presence of interfering mineral elements, indicating high chemical
purity that supports the formation of a clean and thermoplastic film network.

The transformation into thermoplastic starch occurs during the mixing stage, where starch granules
interact with glycerol and acetic acid. Glycerol functions as a plasticizer by forming hydrogen bonds with
starch hydroxyl groups, thereby replacing strong starch-starch interactions and reducing rigidity. Acetic acid
facilitates gelatinization and enhances molecular mobility. During hot pressing at 120°C and 40 kgf/cm?,
the combined effects of heat and shear disrupt the crystalline regions, leading to gelatinization and loss of
granular structure. These molecular rearrangements, together with starch-glycerol interactions, promote the
formation of homogeneous, flexible, and continuous thermoplastic starch films, as also evidenced by the
FTIR results (Fig. 4) [40,55].

PSpp demonstrated an intermediate mechanical profile, with a tensile strength of 15.38 MPa and
elongation at break of 14.42%. Despite possessing the highest amylose content (56.57%), PSgp did not
achieve the tensile performance observed in PSgs. This discrepancy may be explained by the highly irregular
and aggregated granule morphology visible in the SEM image, which may compromise the continuity
and stress distribution of the film. Additionally, while EDX results indicated a relatively clean elemental
profile (C =60.64%, O = 38.87%, Ca = 0.5%), the low starch yield (3.07%) could suggest the presence of
residual fiber or non-starch polysaccharides that limit structural coherence at the macro scale. Thus,
although chemically suited for high-strength films, PSgp may require further refinement to achieve its full
mechanical potential.

Opverall, the mechanical performance of the bioplastics derived from these underutilized agro-industrial
resources is comparable to that of the control film (PScy;), which recorded a tensile strength of 13.26 MPa and
elongation at break of 16.62%. Notably, these values surpass those reported in previous studies. For instance,
bioplastics developed from banana peel reinforced with pseudostem cellulosic fibers only achieved a tensile
strength of 723 MPa [19]. Other studies reported even lower strengths for films based on cassava (4.5 MPa),
corn starch (3.59 MPa), and potato starch (4.87 MPa) [56]. Another study also reported lower tensile strength
for bioplastic-based corn starch (5.62 MPa) [13]. In terms of flexibility, the elongation at break obtained in
this study significantly exceeded previous findings, such as 5.46% for banana peel-based film reinforced with
pseudostem fibers, 8.69% for antimicrobial plastic films [56], and 4.32% for bioplastics developed from corn
starch reinforced with bagasse-derived fibers [57].

3.2.6 Physical Properties of Bioplastic Films

The optical transparency of starch-based bioplastics is a critical functional property, particularly for
packaging applications where product visibility is a desired attribute. The visible light transmittance spectra
from PScm, PSrc, PSps, and PSpp are shown in Fig. 9. Opacity values (Table 3), derived from the absorbance at
600 nm standardized to a 0.1 mm film thickness, were determined to be 3.34 (PScy), 4.40 (PSgc), 7.37 (PSgs),
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and 8.24 mm™' (PSpp). These values reflect an inverse relationship between opacity and optical clarity,
consistent with previously reported definitions [13,58].
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Figure 9: Transmittance spectra of starch-based bioplastic films and their corresponding visual appearance

Table 3: The opacity of starch-based bioplastic

Sample PSCM PSRC PSBS PSBP
Absorbance at 600 nm (A) 0.3344 0.4401 0.7373 0.8242
Thickness (mm) 0.1 0.1 0.1 0.1
Opacity (mm™!) 3.34 4.40 737 8.24

Among the samples, the bioplastic derived from commercial food-grade cassava starch (PScy) exhibited
the highest visible light transmittance across the visible spectrum (400-900 nm), followed closely by PSgc,
while PSgs and PSgp demonstrated significantly lower transmittance and higher opacity values. This is
primarily due to the fact that food-grade sweet cassava generally contains fewer impurities compared to
non-food-grade cassava sources, resulting in higher optical clarity in the PScy film [59].

Interestingly, the Spc-based film (PSgc) displayed optical properties that were comparable to PScu,
exhibiting moderate opacity (4.40 mm™!) and a visibly translucent appearance despite being derived from
non-commercial starch. This favourable behaviour is attributed to several factors. First, the native starch
color of Sgc was observed to be white and opaque, whereas Sgs and Sgp starches appeared light brown and
medium brown, respectively (Table 1). The darker appearance of banana-derived starches is likely due to
the presence of residual lignin, as evidenced by their higher lignin contents (Table 1), and the appearance of
characteristic aromatic C=C vibrations around 1600 cm™" in FTIR spectra (Fig. 1), which reflect the lignin
chemical structure and may indicate the oxidation of phenolic compounds [34].

Second, SEM and EDX analyses confirmed that Sg¢ retained lower levels of inorganic and lignocellulosic
residues and displayed a homogeneous, spherical granule morphology. These traits promote uniform film
formation and minimize internal structural heterogeneity, both of which are critical for reducing optical
scattering. Furthermore, the high amylopectin content in Sg¢ (71.83%) likely promotes an amorphous and
continuous film network, facilitating more efficient internal light transmission and reducing scattering. In
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contrast, films with higher amylose content, such as PSgs and PSgp, tend to exhibit more heterogeneous
surface and cross-sectional morphologies due to crystallization tendencies of linear amylose chains [58,60].
Heterogeneity enhances light scattering and diminishes transmittance. Additionally, crystalline regions as
reflected by higher content of amylose observed in Sps and Sgp are known to exhibit higher refractive
indices than amorphous domains; as a result, more light is reflected and scattered at the air-polymer
interface, further reducing film transparency [61]. Moreover, the higher opacity values of PSgs and PSgp
are compounded by the thermal oxidation of retained phenolics during hot pressing. At elevated temper-
atures (120°C), polyphenolic compounds and lignocellulosic residues can undergo thermal oxidation or
participate in Maillard-type reactions, forming chromophoric products such as quinones or melanoidin-
like compounds [62,63], which absorb visible light and cause film browning. EDX spectra further supported
these findings by showing substantial levels of Ca, Mg, Cl, and Si in PSgs and PSgp films, indicative of residual
mineral and lignocellulosic matter derived from the complex structure of banana pseudostem and peel. These
thermally reactive components not only alter the visual properties of the films but also significantly impact
their optical performance by increasing opacity and reducing transmittance (Fig. 9, right panel). As a result,
PSgs and PSgp films appeared visibly darker and more opaque, confirming the role of botanical origin and
extractive purity in governing film clarity.

The moderate opacity value of the PSp¢ film (4.40 mm™"), close to that reported for corn starch-based
bioplastics (3.04 mm™") by Yang et al. [13], highlights the feasibility of rubber cassava starch as a functional
biopolymer matrix for semi-transparent packaging materials. However, further optimization may be needed
for lignocellulose-derived starches to achieve comparable optical quality. In summary, the optical appearance
and transmittance of starch-based bioplastics are governed by a complex interplay of factors, including starch
botanical origin, residual phenolic and inorganic content, the amylose-to-amylopectin ratio, and the thermal
chemistry of the processing method.

4 Conclusion

This study comprehensively evaluated starch-based bioplastics derived from underutilized agro-
industrial residues, namely, banana stem (PSps), banana peel (PSgp), and rubber cassava (PSpc), in
comparison with bioplastics fabricated from commercially available cassava starch (PScy). The findings
highlight the significant influence of starch botanical origin and associated non-starch components on the
final bioplastic performance.

Among the tested sources, PSgc emerged as the most promising candidate. It exhibited a well-balanced
mechanical profile with the highest elongation at break (23.57%) and adequate tensile strength (9.75 MPa),
while also achieving the greatest transparency (60.2%), highest water solubility (34.92%), and lowest water
contact angle (41.58°). These properties indicate a more hydrophilic and amorphous structure, as confirmed
by XRD and FTIR analyses, which is advantageous for packaging applications requiring flexibility, clarity,
and biodegradability.

By contrast, PSgs and PSgp showed higher crystallinity and strength but limited ductility and optical
quality, making them less suitable for flexible packaging applications. Overall, the findings highlight rubber
cassava starch (Sgc) as a sustainable, non-food, and economically viable feedstock for bioplastic production,
offering competitive performance compared to food-grade starch. This work provides valuable insights for
tailoring starch-based bioplastics through source selection and processing strategies, thereby advancing the
development of flexible, eco-friendly packaging materials.
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Nomenclature

Scm Commercial Starch

Src Rubber Cassava Starch

Sgs Banana Pseudostem Starch

Sgp Banana Peel Starch

PScm Commercial Starch-based Bioplastic

PSrc Rubber Cassava Starch-based Bioplastic
PSgs Banana Pseudostem Starch-based Bioplastic
PSgp Banana Peel Starch-based Bioplastic
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