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Abstract: This study reports the synthesis and characterization of biodegradable plastic films by
incorporating basil seed mucilage at two concentrations (5 wt% and 10 wt%) into a hydroxypropyl
methylcellulose (HPMC)/polyvinyl alcohol (PVA) polymer matrix. Scanning electron microscopy
(SEM) confirmed uniform morphology and surface integrity of the blended films. X-ray diffraction
(XRD) analysis showed increased crystallinity at 5 wt% mucilage, followed by a decrease at 10 wt%,
suggesting an optimal concentration for structural enhancement. Fourier-transform infrared
spectroscopy (FTIR) revealed characteristic vibrational shifts indicating molecular interactions between
the mucilage and polymer chains. Mechanical testing demonstrated that films with 5 wt% mucilage
exhibited superior tensile strength of 30.66 MPa and tensile modulus of 0.982 GPa compared to the
neat blend and 10 wt% counterpart. Biodegradability was assessed via soil burial tests in both dry and
moist clay soils, showing up to 40% weight loss in 30 days under moist conditions, indicating
significantly accelerated degradation compared to dry soil. These findings highlight the potential of 5
wt.% basil seed mucilage-incorporated HPMC/PVA films as a viable alternative for sustainable
bioplastic applications.
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1. Introduction

A significant portion of environmental plastic waste comprises traditional, non-
biodegradable plastics, which pose severe risks to terrestrial and marine life through ingestion
or entanglement. In response, biodegradable and compostable alternatives have emerged,
designed to decompose in composting facilities and produce safe byproducts for soil and
agriculture [1-5]. Biodegradable plastics fully degrade through microbial activity, leaving no
toxic residues, making them environmentally preferable. Consequently, many countries have
banned conventional plastic bags in favor of biodegradable and compostable options.

Hydroxypropyl methylcellulose (HPMC) and polyvinyl alcohol (PVA) are odorless,
tasteless, translucent, water-soluble, non-toxic, semicrystalline, biocompatible, and
biodegradable polymers [6-12]. Their blends are widely used as edible, biodegradable films
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for food packaging and incorporation into food products, combining good mechanical
properties with water solubility at ambient temperatures.

Basil (Ocimum spp.), widely cultivated in tropical regions across Asia, Africa, and the
Americas, produces seeds that release a white gelatinous mucilage upon hydration [13-14].
Basil seed mucilage (BSM) is a natural polymer comprising proteins, polysaccharides, and
uronic acids, accounting for 21-29% of the seed content. It primarily consists of carbohydrates
(60.8%), lipids (13.8%), crude protein (13.7%), crude fiber (10.5%), ash (9.5%), and moisture
(4.9%), with carbohydrate fractions including cellulose, hemicellulose, and lignin [15 — 19 ].
BSM is widely utilized as a stabilizing and suspending agent in various applications [20 - 26].

This study investigates the incorporation of varying ratios of BSM (5 wt% and 10 wt%)
into HPMC/PVA polymer blends to enhance hydrophilicity, control biodegradation rates, and
improve elasticity. These specific concentrations were selected based on preliminary trials
aimed at balancing mechanical strength and biodegradability. 5 wt% was expected to enhance
tensile properties without compromising film integrity, while 10 wt% was chosen to explore
the effects of higher mucilage content on flexibility and degradation rate. Characterizations,
including Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
scanning electron microscopy (SEM), were performed to analyze functional groups,
crystallinity, and morphology. Mechanical tests evaluated tensile strength, and biodegradation
assessments examined environmental degradation performance. The results demonstrate that
HPMC/PVA films with added BSM form biodegradable thin films suitable for food packaging,
carry bags, and related applications.

2. Materials and Methods

2.1. Materials and synthesis of biodegradable thin films.

Basil seeds (Figure 1a) are immersed in distilled water (Figure 1b), which facilitates
the release of mucilage contained within the seeds. These soaked seeds are kept at room
temperature for 2 to 3 hours. Upon heating to approximately 50°C, the mucilage forms a gel
that rises to the surface of the water, while the seeds settle at the bottom of the container. During
this heating process, the mixture is continuously stirred to aid in the separation of the mucilage
from the seeds. As a result, the seeds remain at the bottom, and the mucilage gel floats on the
surface (Figure 1c). A 5 wt% solution of HPMC and PVA is prepared separately. Subsequently,
5 wt% and 10 wt% of mucilage are incorporated into the polymer blend, which is stirred
continuously at approximately 70 °C for 4 to 5 hours. The resulting clear solution is then poured
onto a clean, flat glass plate and allowed to dry at room temperature for 5 to 6 days. The thin
films formed (Figure 1d and Figure le) are finally stored in desiccators for subsequent
characterization.

() (b) © (d) (e)
Figure 1. (a) Basis seeds; (b) soaked in distilled water; (c) mucilage separation upon heating;
(d) HPMC/PVA - 5 wt% mucilage film; (¢) HPMC/PVA - 10 wt.% mucilage film.

https://materials.international/ 20f13


https://doi.org/10.33263/Materials73.028
https://materials.international/

https://doi.org/10.33263/Materials73.028

2.2. Instrumentation.

XRD analysis of the films was carried out using an X-ray source with CuKa radiation
(wavelength = 1.5406 A). The surface morphology of the polymer films was examined using
a JEOL 840 scanning electron microscope (SEM) operated at 20 kV with a resolution of 10
nm. Prior to imaging, the samples were gold-coated using a sputter coater at 10 mA current
under a vacuum of 1072 torr for 3 minutes. Fourier-transform infrared (FTIR) spectra of the
films were recorded using a Thermo Nicolet 6700 spectrometer. Measurements were taken
over the wavenumber range of 4004000 cm™!. Tensile testing was conducted on specimens
prepared according to ASTM D-638 Type | standard (165 x 19 x 6 mm), as shown in Figure
5.

3. Results and Discussion

3.1. XRD studies.

XRD is highly effective for evaluating the structural characteristics of a sample,
identifying its phases, quantitatively analyzing phase mixtures, and determining the degree of
crystallinity. In Figure 2, it is evident that all samples display a semicrystalline peak at 20 =
19.72°. Additionally, there is a noticeable nucleation of crystalline order, resulting in
supplementary Bragg-like reflections at approximately 20 = 29.68° and 20 = 47.94° across the
other samples. The crystallinity percentage for the sample without mucilage was determined to
be 56.28%. This value increases to 60.04% upon the incorporation of 5 wt% mucilage, but
subsequently decreases to 55.63% with the addition of 10 wt% mucilage. The crystallinity
percentage of high-density polyethylene (HDPE), commonly utilized for juice bottles, is also
around 60% [ 27 — 30 ]. In comparison, the 5 wt% mucilage sample offers a viable alternative
to HDPE for domestic applications.

The percentage of the degree of crystallinity (X,.) was determined from the ratios of the
area under the crystalline peak and the respective halos using the method [31,32].

Ac
Xe = 335 X 100 (1)

Where A, and A, are the areas of crystalline and amorphous (halo) regions,
respectively.

a: 0% (wt.%) mucilage
19.72 b: 5% (Wt.%) mucilage
2968  C: 10% (wt.%) mucilage

Intensity (a.u)

10 20 30 40 50 60 70 80
20 (degree)

Figure 2. XRD pattern of synthesized biodegradable film samples (a) Pure HPMC/PVA; (b) HPMC/PVA -5
wt% mucilage; (c) HPMC/PVA - 10 wt% mucilage.
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SEM studies.

The SEM micrograph of the Pure HPMC/PVA (0% mucilage) sample reveals a
relatively rough and uneven surface with visible micro-voids, which is indicative of poor
interfacial compatibility between HPMC and PVA. These discontinuities could potentially
serve as crack initiation sites under stress, resulting in moderate mechanical performance. In
contrast, the SEM image of the HPMC/PVA-5 wt% mucilage sample shows a significantly
smoother and more homogeneous morphology, with fewer surface defects and minimal
porosity. This improvement in surface structure implies better dispersion of BSM and enhanced
intermolecular interaction with the polymer matrix. The uniform morphology suggests stronger
cohesive bonding and reduced phase separation, contributing directly to the enhanced tensile
strength and modulus observed in mechanical testing. The reduced porosity in the 5 wt%
sample also suggests improved barrier properties and structural integrity, making it more
suitable for packaging and load-bearing applications.

0 Highva

(@) | ’ (b)
Figure 3. SEM images of (a) Pure HPMC/PVA (0% mucilage); (b) HPMC/PVA - 5 wt% mucilage.

3.3. FTIR studies.

The FTIR spectra for all samples are presented in Figure 4. The absorption band
observed in the range of 3498 cm™ to 3996 cm™ corresponds to the intermolecular hydrogen-
bonded O—H stretching vibrations in the polymer-mucilage-based samples. This band shifts to
3496 cm™! to 3585 cm ™, as well as to 3762 cm™ in the 5 wt.% and 10 wt.% mucilage films.
The peak at approximately 2928 cm™ corresponds to the aliphatic C—H stretching vibration,
associated with the vibrational motion of methyl groups along the polymer chain. Additionally,
the peak between 1600 and 1640 cm™ is commonly associated with the presence of water
[33,34]. Furthermore, a peak near 1400 cm™ indicates the presence of uronic acid in the
polysaccharide derived from basil seed mucilage [35-36]. The peak detected at around 1034
cm™! in all film samples typically corresponds to the asymmetric and symmetric stretching
modes of the C-O-C bond within the ether group of the pyranose rings, indicating the presence
of monosaccharides. Moreover, the asymmetric bending vibrations of the methyl group in
CH:O at 5 wt.% appear in the absorption range of 1500 cm™ to 1450 cm™. The absorption
peaks observed at 920 cm™ and 850 cm ™ correspond to the stretching vibrations of C=C bonds
[37]. The analysis revealed that as the concentration of basil mucilage increased, the O—H
stretching vibration peaks shifted to higher wavenumbers, while the C-O—C stretching peaks
shifted to lower wavenumbers.
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In particular, the broad —OH stretching vibration around 3270 cm™ becomes more
intense at 5 wt% mucilage, indicating stronger hydrogen bonding between BSM and the
HPMC/PVA matrix. This enhanced bonding correlates with the observed increase in tensile
strength (36.69 MPa for 5 wt%, vs. 26.76 MPa for pure HPMC/PVA from Table 1 values).
Conversely, at 10 wt.%, a decrease in peak intensity and band broadening suggest reduced
intermolecular interactions and phase uniformity, consistent with lower tensile performance
(23.19 MPa from Table 1). Additionally, all HPMC/PVA-mucilage films exhibited similar
spectral patterns, with no new peaks appearing, indicating that basil seed mucilage is highly
compatible with the HPMC/PV A polymer blend matrix. These spectral changes clearly suggest
complexation of the seed gel within the polymer matrix.
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Figure 4. FTIR images of (a) Pure HPMC/PVA; (b) HPMC/PVA - 5 wt% mucilage; (c) HPMC/PVA - 10
wt% mucilage.

3.4. Mechanical property studies.

The load-displacement and stress—strain behavior of the bioplastic samples are
illustrated in Figure 6. The neat HPMC/PVA film (0% mucilage) exhibited a tensile strength
of 26.76 MPa and a Young’s modulus of 0.851 GPa. Incorporation of 5 wt% basil seed
mucilage enhanced these values significantly to 36.69 MPa and 0.982 GPa, respectively,
indicating improved mechanical strength and stiffness due to better interfacial interaction
within the polymer matrix. However, further increasing the mucilage content to 10 wt%
resulted in a decline in tensile strength (23.19 MPa) and modulus (0.654 GPa), likely due to
phase separation or excess moisture retention, weakening the structure.

This trend demonstrates that 5 wt% mucilage provides the optimal loading, with tensile
strength approximately 1.58 times higher than that of the 10 wt% counterpart (Table 1). The
yield strength and peak load values further corroborate the superior load-bearing capability at
this composition. Notably, the tensile strength of the 5 wt% mucilage film is comparable to
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that of HDPE (~36 MPa), suggesting its feasibility as a sustainable alternative for high-strength
bioplastic applications [38-39].
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Figure 6. Load v/s Displacement graph for (a) pure HPMC/PVA,; (b) HPMC/PVA - 5 wt% mucilage; (c)
HPMC/PVA - 10 wt% mucilage.
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Table 1. Tensile strength and modulus.

sample Tensile strength Modulus | Peak load | Peak load
(MPa) (GPa) (kN) (kg)
Pure HPMC/PVA (0% mucilage) 26.763 0.851 0.0613 6.1
HPMC/PVA - 5 wt% mucilage 30.661 0.982 0.0768 7.6
HPMC/PVA -10 wt% mucilage 23.192 0.654 0.0578 5.9

3.5. Soil degradation test.

The results regarding biodegradability are crucial for assessing the film's suitability as
an environmentally friendly packaging option. Polymers degrade in a bioactive environment
through material breakdown, followed by mineralization. Factors such as heat, moisture, and
microorganism enzymatic activity contribute to the shortening and weakening of polymer
chains. Consequently, the degradation times of films in soil vary depending on the materials
used in film production and the surrounding environmental conditions. For instance, Cerruri et
al. [40] reported a complete dissolution and degradation period of 30 days in their studies
involving starch-based polymers. Similarly, Xiong et al. [41-42], who also developed starch-
based films, reported a degradation time of 100 days.

Samples of 5 wt% basil seed mucilage-added HPMC/PVA polymer film measuring 1
cm x 1 cm were cut and used for the soil degradation experiment (Figures 7a and 7D).
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Figure 7. Cut samples (a) and (b) to be immersed in (c) dry soil; (d) clay soil.

d.

Figure 8. Degradation timeline of HPMC/PVA - 5 wt.% mucilage sample in dry soil: (a) Day 1; (b) Day 7;
(c) Day 15; (d) Day 20.

d.

Figure 9. Degradation timeline of HPMC/PVA - 5 wt.% mucilage sample in dry soil: (a) Day 1; (b) Day 7;
(c) Day 15; (d) Day 20.
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These samples were placed in two distinct soil types: dry soil and clay soil, as illustrated
in Figures 8c and 8d, respectively. Over time, noticeable deformation in the specimens’ shape
was observed, indicating mass loss. The samples exhibited shrinkage and disintegration within
the first 7 days of soil immersion (Figures 8 and 9). Soil microorganisms play an essential role
in the degradation of bioplastics, facilitating the breakdown of biopolymers such as basil
mucilage polymer through their enzymatic activity. The reported samples completely
disintegrated within 40-45 days.

3.6. Comparative analysis with other bioplastics.

Comparative studies of mechanical properties, degradation times, and crystallinity
values for selected bioplastics reported in the literature are depicted in Table 2. To further
evaluate the potential of the synthesized HPMC/PVA-based bioplastic films incorporated with
basil seed mucilage, a broader comparison with other commonly reported biodegradable
polymers is essential. While the mechanical and structural properties were compared with high-
density polyethylene (HDPE) in earlier sections, benchmarking against other bio-based
polymers helps contextualize the material's practical applicability. Compared to starch- or
PCL-based films, the basil seed mucilage—incorporated HPMC/PVA films demonstrate
significantly higher tensile strength and better mechanical integrity. While PLA exhibits
superior tensile strength, it suffers from slower degradation under ambient conditions and
requires industrial composting facilities. In contrast, the synthesized bioplastic here degrades
within 40-45 days under natural soil conditions, making it more suitable for single-use
packaging and agricultural applications.

The crystallinity of the 5 wt% mucilage sample (60.04%) closely aligns with that of
PHBYV and chitosan-based films (Table 2), suggesting that the structural ordering in the
polymer network supports good barrier and mechanical properties. Moreover, the natural
polysaccharide-based mucilage enhances the compatibility and homogeneity of the biopolymer
matrix, which is evident from the SEM and FTIR analyses. Thus, in terms of performance
metrics—mechanical strength, degradation period, and structural uniformity—the basil seed
mucilage-loaded HPMC/PVA films offer a competitive, eco-sustainable alternative to
synthetic plastics and a viable option among plant-based bioplastics.

Table 2. Comparative summary of mechanical properties (tensile strength, modulus), degradation time, and
crystallinity values from selected bioplastics reported in the literature.

. , . .
Bioplastic Material Tenm(ls/;tar)ength Young(éé\g;)dulus Deg_lr_ziirc]jqaetlon Crys(t(;:l)lnlty References
HPMC/PVA + 5% BSM 36.69 0.982 40-45 days 60.04 This study
Starch-based film (without filler) 8-15 0.1-04 30-100 days 20-30 [40 - 42]
PLA (Polylactic Acid) 40-60 2.0-35 180-250 days ~37-40 [3]
PHBV 22-35 1.5-2.2 60-120 days 55-70 [43]
PCL (Polycaprolactone) 1020 0.2-0.4 60-90 days ~45 [46]
Chitosan-based bioplastic 25-30 0.8-1.0 35-50 days ~50 [44]
HPMC + Mg salt 28-32 0.85-0.95 ~45 days ~58 [45]

3.7. Summary comparison table: bioplastic samples.

The table below summarizes key differences in structural, mechanical, and
morphological properties of HPMC/PVA-based bioplastic films with and without basil seed
mucilage (BSM). This helps highlight the advantages of incorporating 5 wt% BSM into the
polymer matrix.
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Table 3. Summary comparison between the HPMC/PVA (0 and 5 wt% mucilage) films.

Propert Pure HPMC/PVA (0 wt% HPMC/PVA -5 Implication
perty mucilage) wt% mucilage P
Surface morphology Rough, with voids and Smooth, dense, fewer Better interfacial bonding and
(SEM) cracks voids mechanical integrity
Tens;l:/ligr)ength 26.76 MPa 36.69 MPa Improved load-bearing capacity
Greater stiffness and resistance to
Modulus (GPa) 0.851 GPa 0.982 GPa deformation
- . Enhanced structural order and
Crystallinity (XRD) Moderate High packing
FTIR Shift Baseline functional groups Shifts in OH and CO Evidence of interaction between
of HPMC/PVA peaks BSM and polymer matrix
Biodegradation Rate Slower Faster in moist soil Accelerated dggradatlon in natural
environments

4. Conclusions

A rapidly biodegradable, non-toxic, and environmentally friendly plastic suitable for
various applications, such as carry bags and food packaging, has been successfully developed
by incorporating 5 wt% basil seed mucilage into an HPMC/PVA polymer matrix. Scanning
electron microscopy analysis confirmed the uniform morphological structure of the produced
samples. X-ray Diffraction results indicated an increase in crystallinity at 5 wt% mucilage. At
the same time, a decrease was observed at 10 wt%, suggesting that the optimal mucilage
incorporation ratio in the HPMC/PVA blend is 5 wt%. Fourier transform infrared spectroscopy
studies demonstrated vibrational changes associated with varying mucilage ratios within the
polymer matrix. Mechanical testing revealed that films containing 5 wt% mucilage exhibited
enhanced tensile strength and modulus. A soil degradation assessment was conducted to
evaluate the biodegradability of the films in both dry and moist clay soils, revealing that they
degraded more rapidly in moist clay soil than in dry soil. The synthesized materials present
promising options for biodegradable plastic applications. Future studies should focus on
scaling up the synthesis process, assessing shelf-life and barrier properties, and evaluating
environmental safety under real-world conditions to facilitate commercial application.
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