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Abstract: Heightened global apprehension over the environmental pollution of conventional plastics and its undesirable
effects on climate has accelerated research interest in biodegradable polymeric materials. In this study, bioplastic films
derived from starch and polyvinyl alcohol (PVA) were reinforced with varying concentrations of calcium oxide (CaO)
commonly known as lime and bentonite clay aiming to improve structural and functional properties. Bioplastic films were
systemically evaluated with respect to mechanical strength, thermal behavior, moisture retention, water absorption and
biodegradable behavior. Among all the formations the sample containing elevated amount of both CaO and bentonite (S7)
exhibited the most favorable properties profile, attaining the tensile strength of 18.7 MPa and elongation at break of
93.19%, with thermal degradation commenced above 300 °C, reflecting noticeable thermal resistance. In contrast the high
bentonite-low CaO (S47) sample demonstrated the lowest water absorption (21.8%) and moisture retention (8.21%),
indicating strong barrier performance. In soil burial tests, S7 film demonstrated maximum degradation after 60 days,
indicating great biodegradability. Scanning Electron Microscopy (SEM) revealed clear morphological variation among the
selected samples, FTIR analysis confirmed the interaction of fillers and the PVA-starch films, while Principal Component
Analysis (PCA) effectively distinguished performance relationships among formulations. K-means clustering further
classified S7 with in high performance group. This integrated analytical approach underscores the prospective capabilities
of dual-filler reinforcement in enhancing properties of biofilms. The results provide valuable insights into designing
sustainable packaging materials as alternatives to petroleum-based plastics.

Keywords: Bioplastics, Sustainable Materials, Green Polymers, Principal Component Analysis, biodegradation.

1. Introduction

By the year 2025, global plastic waste is expected to reach 460 million tons annually due to rising consumption and
insufficient recycling efforts. Each year, over 380 million tons of plastic are produced, of which approximately 91% is
not recycled. According to recent estimates, between 75 million and 199 million tons of plastic waste actively
contributes to the pollution of the world’s oceans, with an increment of 15 million tons (approximately 33 billion
pounds) entering the marine ecosystem every year (Fleck, 2024). If this pattern persists, annual plastic pollution is
expected to exceed 1.1 billion tons by 2050, causing serious threats to the environment (Geyer et al., 2017; Market
Data: Plastics Europe, 2018).

To minimize the environmental impacts induced by traditional plastics, their attention is growing in bioplastics
manufactured from renewable biomass that can decompose in natural environment and have lower carbon footprint
(Ibrahim et al,, 2021). Among these, starch-based bioplastics have received notable attraction due to the easy
accessibility of starch, its low cost, and its biodegradability (Muthusamy & Pramasivam, 2019). However, pure starch-
based bioplastic exhibits limited water resistance, mechanical strength, and heat resistance, which constrain their
practical applications (Zoumaki et al.,, 2019). To reduce limitations, starch is often blended with biodegradable
polymers such as polyvinyl alcohol (PVA), a semi crystalline, hydrophilic polymer known for its notable film forming
efficiency, outstanding gas barrier efficiency, and high tensile strength exceeding 70 MPa (Kausar, 2020). The
abundant hydroxyl groups (-OH) present in PVA facilitates hydrogen bonding with starch molecules, increase
intermolecular interaction, and overall structural stability. PVA has also been integrated with many additives such as
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glycerol, chitosan, polyethylene glycol (PEG), and fillers such as nano clays to enhance film properties for application
needs (Teodorescu et al., 2018; Azizati & Haqiqi, 2021).

Bentonite and CaO are emerging as effective candidates as fillers. Bentonite, a layered aluminosilicate upon exfoliating
or intercalating with in polymer blend, generates nanostructured composites that increase tensile strength (up to 50
MPa) and enhance barrier properties by limiting gas and water vapor permeability (Pech-Cohuo et al,, 2024).
Similarly, calcium oxide (CaO) or lime, a strong and reactive alkaline compound, can form interaction with hydroxyl
groups when incorporated with starch and PVA polymer matrix to promote crosslinking, thereby enhancing
structural framework. Addition of CaO enhances thermal resistance (elevating degradation temperatures above
250 °C), while simultaneously reducing moisture content, and in some cases, imparts antimicrobial capabilities. Its
incorporation developed the formation of compact polymer networks through ionic bridge, which not only
significantly reduces water uptake but also increases the durability of the films (Achenef et al., 2024).

Although PVA, starch, bentonite, and calcium oxide (Ca0) have each been studied individually in the development of
biopolymers, no previous research has examined the combined effect of all these components within a single film
matrix. The uniqueness of this study lies in its investigation of the synergistic use of both bentonite and CaO as dual
reinforcing agents in PVA starch composite films.

To better understand the effect of compositional factors on the overall functionality of the bioplastic, this study
employed multivariant analysis tool such as: Principal Component Analysis (PCA). PCA helps to identify the main
elements that most strongly affect film characteristics such as tensile strength, moisture susceptibility, and
biodegradability (Greenacre et al., 2022).

In this study, PCA not only highlighted the relationship among different film formulations and their measured
properties but also facilitates in grouping or clustering same type of samples and revealing clear performance trends.
This multivariate data analysis provided a deeper understanding of how the combined incorporation of bentonite clay
and calcium oxide modulates the performance of the starch PVA bioplastic film.

2. Materials and Methods

2.1. Materials

Starch was extracted from potato peels using a slightly modified method based on Arikan and Bilgen (BEZIRHAN
ARIKAN & BILGEN, 2019). The extracted starch was then purified, dried, and stored in airtight containers for future
use. Polyvinyl alcohol (PVA) (molecular weight 85,000-124,000; 99+% hydrolyzed; viscosity 28-32 cps), glycerol
(molecular weight 92.09; purity 299.0%), calcium oxide (Ca0) (299.9%, Reagent Plus, loss on ignition <10%), and
bentonite clay (particle size <75 um; pH 8.5-9.5) were procured from Sigma-Aldrich (Merck KGaA, Germany). All
materials were used as received, without any further purification.

2.2.  Preparation of a bioplastic film

Bioplastic films are made using the solvent casting technique. The first step of this process involved dissolving PVA in
100 mL of distilled water at 100 °C for 120 minutes under constant stirring at 600 rpm, using a JOAN LAN (OSC-10L)
instrument. Once the PVA was completely dissolved, the pre-measured amounts of bentonite clay, calcium oxide, and
starch were added to the solution along with glycerol (3% by weight), and the mixture was continuously stirred at
70 °C and 600 rpm until it became viscous.

The solution was then allowed to cool and cast onto petri plate. The cast film was then left at room temperature for
48 hours to allow the solvent to evaporate completely. Once dried, the film was carefully removed from the sheet. The
experiment was conducted under atmospheric conditions with a temperature of 35 + 2 °C and relative humidity of
28-31%. The main objective of this research was to evaluate the impact of bentonite clay and calcium oxide on the
quality of the bioplastic film. Therefore, all physico-chemical properties of the films were tested to determine the
optimal conditions for the film fabrication process “Table 1”. To ensure the accuracy of experiment the selective
picture of samples based on the low and high concentration of fillers were shown on which characterization methods
were employed “Figure 1”.

Table 1. Experimental design its parameters and responses.

Parameter Response
Sampl Starc PV  Ca0 Bentoni MC WA TS Elongatio  Biodegradation
e h(g A (g) te (%) (%) (MPa) n (%) (%)
8 (4]
S1 2 4 1.2 0.53 19.84 3043 10.7 53.28 65.27
5
34.34
S2 2 4 09 194 1286 62.19 13 102.48
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S3 2 4
S4 2 4
S5 2 4
S6 2 4
S7 2 4
S8 2 4
S9 2 4
S10 2 4
S11 2 4
S12 2 4
S13 2 4
S14 2 4
S15 2 4
S16 2 4
S17 2 4
S18 2 4
S19 2 4
S20 2 4
S21 2 4

0.79

0.88

2.96

2.31

34

2.58

3.43

2.05

2.07

0.85

1.5

1.32

3.11

0.76

1.94

3.01

2.03

0.65

2.34

11.86

17.37

20.23

15.19

24.67

19.64

16.18

14.67

13.83

20.39

15.46

9.01

14.77

20.55

11.1

10.98

17.04

17.04

18.78

52.14

49.53

40.42

38.69

43.77

55.66

64.4

47.97

55.12

51.37

53.12

55.36

62.91

28.74

59.37

35.96

33.74

50.76

29.31

4.59

4.96

7.83

12.92

18.7

11.3

15.82

8.77

7.75

8.31

5.57

15.44

8.08

11.29

11.68

10.82

3.04

17.83

16.58

62.92

64.52

93.22

48.91

93.19

111.03

95.7

75.23

75.06

101.21

85.25

46.79

86.61

105.19

66.97

114.21

100.06

85.93

100.13

72.47

54.75

80.01

67.3

98.2

75.49

72.98

33.19

81.5

63.72

57.68

81.23

56.75

61.27

41.81

50.89

84.96

42.15

57.12

94.29

45.38

89.59

89.7

35.93

60.14

62.64

50.39

33.08

45.71
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S22 2 4
S23 2 4
S24 2 4
S25 2 4
S26 2 4
S27 2 4
S28 2 4
S29 2 4
S30 2 4
S31 2 4
S32 2 4
S33 2 4
S34 2 4
S35 2 4
S36 2 4
S37 2 4
S38 2 4
S39 2 4
S40 2 4
S41 2 4
S42 2 4

1.1

0.9

2.1

1.8

3.3

1.72

2.64

0.77

1.65

0.57

1.66

0.93

1.17

2.88

2.65

1.95

3.44

2.78

0.77

211

2.53

2.72

2.38

3.15

2.9

2.16

22.44

20.32

18.39

20.28

13.49

14.15

11.88

12.99

18.73

9.57

15.37

15.32

16.39

15.24

13.31

15.25

23.19

24.05

16.53

18.61

9.97

64.84

53.23

57.55

25.73

51.75

50.06

32.15

31.89

56.3

39.34

56.14

49.95

42.5

66.63
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41.08

26.96

38.71

42.92

56.72

69.79

6.11

7.39

4.08

16.53

17.75

6.86

11.47

15.1

8.92

13.97

5.42

12.01

15.99

17.75

4.19

9.43

6.07

9.76

11.22

4.4

7.45

46.33

108.75

105.72

112.79

50.29

46.54

51.07

71.95

73.94

84.98

49.78

56.11

104.93

77.44

104.64

40.59

84.13

114.55

86.57

56.49

97.42

36.21

45.49

82.51

88.17

32.81

49.63

93.74

65.07

70.71

30.36

61.52

94.24

54.39

36.31

60.02

46.6

52.22
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Figure 1. The bioplastic film samples with varying concentration of CaO and Bentonite clay

2.3.  Multivariate Statistical Analysis: PCA and K-Means Clustering

Principal Component Analysis (PCA) was conducted using GraphPad Prism version 10.5.0(774), to standardize data
by using correlation matrix and reduce data dimensionality. The first two principal components (PC1 and PC2)
explained majority of variance and these distributions were visualized in 2-dimensional biplots with confidence
ellipses, allowing clear clustering patterns based on different film formulations (Lin et al., 2015). K-means clustering
was employed to further classify the 50 samples into distinct groups, with the optimal number of clusters determined
using the elbow method (Liu et al., 2023). The identify groups were mapped on to the PCA plot properly visualized
natural separations in response behavior among formulations.

3. Characterization techniques

3.1. Thermal Analysis

Thermal resistance of four different film samples was evaluated using a Simultaneous TGA-DSC analyzer (SDT Q600,
TA Instruments, New Castle, DE, USA). Approximately sample weighing 10 - 30 mg was placed in a platinum pan and
subjected to controlled heating from room temperature up to 700 °C at a rate of 10 °C per minute under a nitrogen
atmosphere (Drelich et al., 2020).

3.2. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared (FTIR) spectroscopy was carried out using an FTIR spectrophotometer (SHIMADZU 8300,
Kyoto, Japan). Spectra were recorded over the wavelength range of 4000 to 400 cm™ at a resolution of 4 cm™. Every
sample was examined in solid form to analyze characteristic absorption bands corresponding to chemical interactions
between the polymer matrix and incorporated fillers (Prakash Bhuyar et al., 2019).

3.3. Scanning Electron Microscopy

The surface morphology and material formulation of bioplastic films were evaluated using a Scanning Electron
Microscope (SEM) (MIRA3 TESCAN, Brno, Czech Republic). Each sample was fixed on aluminum stumbling using dual
side tape and then sputter-coated with a thin layer of gold (10 to 20 nm) to enhance electrical conduction. SEM images
were obtained at an accelerating voltage in the range of 5 - 10 kV, with a spatial resolution of approximately 5 nm.

4. Physical Chemical Analysis

4.1. Mechanical Analysis

The tensile strength (TS, MPa) and elongation at break (EAB, %) of bioplastic films were evaluated in accordance with
the ASTM D882-12 protocol usinga WAW-500E automatic hydraulic testing system machine. This testing instrument
has a peak load capacity of 500 kN with deformation measurement with an efficiency of +1% (Admase et al,, 2022;
Mittal et al.,, 2020). Flat clamps suitable for film thicknesses up to 30 mm were used during analysis. The film samples
(S7,S24, 528, and S47) were cut into 100 mm strips and preconditioned at 24 °C and 50% moisture level for 72 hours
prior to testing. The tensile test was starting with an initial grip of 40 mm, and the rate of displacement was constant
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at 0.2 kN/s (Gadhave et al,, 2019). A photoelectric encoder was used to convert mechanical displacement into digital
output, ensuring accurate measurement of the films' tensile properties.

4.2, Water Absorption Analysis

The water absorption behavior of films was assessed by using adapted process describe by Shen et al. (2010). The
test was performed by soaking dry film samples (50 x 50 mm) in 100 mL of distilled water at room temperature for
24 hours. After immersion, the excess water was meticulously wiped using Whatman filter paper, and the wet weight
(Ww) of each sample was measured. The dry weight (Wd) had been measured beforehand. The water absorption
percentage (WA%) was calculated by using the following formula (Balavairavan et al., 2023):

WA (%) = [(Ww - Wd) / Wd] x 100 (1)
4.3. Moisture Content
The moisture or water content (MC%) of the bioplastic samples was evaluated gravimetrically. Films (40 mm x 40
mm) were initially dried at 50 °C, and their dry mass (M;) was obtained. The dried samples were then set in a
desiccator containing a saturated sodium chloride (NaCl) solution, which maintained a constant relative humidity
(RH) of 75%. After 24 hours, the films were weighed again to obtain the final mass (M) (Ge etal., 2020). The moisture
content was determined by using the following formula:

MC (%) = [(M2 - My) / M;] x 100 (2)

4.4. Soil Burial Degradability

Film samples size 4 x 4 cm?* were subjected to a soil burial testing to determine their biodegradability. The samples
were buried at a depth level of 10 cm in soil under controlled parameters, such as temperature of 30 °C, a pH of 6.5,
and a relative humidity of 60%. The biodegradation process of the samples was monitored over a specific time to
evaluate their decomposition behavior under natural environmental conditions (Al-Salem et al., 2019; Pech-Cohuo et
al,, 2024).

5. Result and discussion

5.1. Integrated PCA 2D bi plots Showing Grouping Behavior

In each 2D biplot, samples are projected onto PC1 and PC2, which together account for approximately 40.8% of the
total variance (with PC1 explaining about 21.5% and PC2 around 19.3%). The arrows (loading vectors) represent the
original variables, with their direction and length indicating the strength and influence of each variable on sample
positioning; the angles between arrows reflect the correlations among variables (Bigi et al.,, 2021) “Figure 2”.

When grouped by tensile strength, samples with higher strength cluster along the positive side of PC2, opposite to
elongation, indicating a trade-off between stiffness and ductility. Grouping based on moisture content and water
absorption shows that samples with higher moisture cluster in the direction of the moisture and absorption loadings,
opposite to the high-strength region. Grouping by bentonite clay reveals that samples with higher clay content align
negatively along PC1 with biodegradation, confirming clay’s role in moisture interaction and degradation rate.
Grouping by elongation shows that samples with lower elongation align with higher strength, while those with greater
elongation group with increased biodegradability and clay content. Finally, grouping based on biodegradability shows
that highly biodegradable samples cluster near the clay and elongation vectors but away from tensile strength and
moisture resistance. Confidence ellipses surrounding each group illustrate their homogeneity and variability tight
ellipses indicate uniform groups, while larger or overlapping ellipses reveal greater within-group variation and
gradual transitions between property levels (Deng et al., 2022).
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Figure 2. 2D biplot of PCA analysis (A) sample grouped by bentonite clay (B) sample grouped by elongation (C)
sample grouped by tensile strength (D) sample grouped by water absorption (E) sample grouped by water content
(F) sample grouped by biodegradation.

5.2. K-mean Clustering Using PCA

The Principal Component Analysis (PCA) biplots with K-means cluster coloring clearly illustrate how the three
clusters (Cluster 0, Cluster 1, and Cluster 2) are distributed based on key variables “Figure 3”. Cluster 0 (purple)
occupies negative side of PC1 and PC2 and is linked with higher tensile strength and elevated bentonite clay content,
reflecting robust and reinforced material properties. Cluster 1 (blue) is placed between the other clusters,
representing samples with intermediate levels of strength, moisture, and biodegradability. Cluster 2 (yellow) placed
positively along PC1 and PC3, indicating higher calcium oxide content and water absorption, which concede increased
moisture uptake and biodegradability (Figure 4). The clustering graphs show that samples within each cluster are
mostly grouped closely, demonstrating homogeneity, while slight dispersion of samples depict its natural variation
(Rutolo et al., 2014). Although PCA suggested that calcium oxide notably contributes to total variation, its lack of
significant differences across clusters indicates that its role is more synergistic, enhancing the effect of bentonite clay
rather than acting independently (Du et al., 2023; Lim et al., 2024).
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Figure 3. K means clustering between PCA1, PCA2, and PCA3

5.3. Fourier Transform Infrared (FTIR) Spectroscopy Analysis

All spectra exhibited characteristic peaks attributed to the polymer matrix (starch and PVA), along with variations
caused by different levels of CaO and bentonite (S7, S24, S28, and S47), confirming the successful integration of both
fillers into the polymer network “Figure 4”.

A wide absorption band located at 3500 cm™, attributed to O-H stretching vibrations modes because of hydroxyl
groups present in starch, PVA, water, and surface hydroxyls of clay and Ca0, was deducted in all bioplastic samples.
This band was Significantly wide and strong in bioplastic film with high bentonite and low CaO (S47) content, due to
the water loving nature and high surface area of bentonite, which enhance extensive hydrogen bonding. Conversely,
samples rich in Ca0 and low in bentonite (528) shows a less border O-H band, along with a sharp peak at 3640 cm™,
characteristic of Ca(OH), formed by limited hydration of CaO (Trache et al., 2020). This peak was most pronounced
in CaO-rich films, indicating interaction with atmospheric water and suggesting enhancing ionic mobility within the
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Figure 4. FTIR spectra of samples S7, S24, S28, and S47.

polymer network. C-H stretching vibrations near 2900 cm™, associated with the aliphatic chains in PVA and starch,
were consistently present across all samples and showed negligible changes with varying filler composition. A band
at 1640 cm™, corresponding to the bending of adsorbed water molecules (H-0-H), appeared in all spectra, confirming
the hydrophilic character of both the polymer matrix and the incorporated fillers. Within the fingerprint region, all
samples exhibited prominent C-0 stretching bands at 1095 cm™ indicative of the polymer backbone (Lu et al., 2019).
Bending vibrations such as Al-0-Si, observed in the 400-600 cm™ range, further confirmed the presence of clay. The
film containing both high Ca0O and bentonite content (S7) displayed overlapping features from both fillers, including
a pronounced Ca(OH), peak at ~3640 cm™ and enhanced Si-0 and Al-0-Si signals, producing a complex spectrum
with broadened peaks, particularly in the O-H and fingerprint regions (Zhao et al., 2018). This suggests synergistic
interactions between the inorganic components and the polymer matrix, potentially improving structural cohesion
and composite performance. Conversely, the low CaO and bentonite sample (S24) showed significantly weaker
inorganic-related peaks, with spectra dominated by sharper polymer bands, especially in the 1000-1200 cm™ range,
indicating minimal filler incorporation. This simpler composition may be advantageous for applications requiring
flexibility, optical clarity, and ease of processing.

5.4. Scanning Electron Microscopy (SEM) analysis

Surface morphology of the bioplastic films containing different ratios of calcium oxide (Ca0) and bentonite clay was
examined using Scanning Electron Microscopy (SEM) (Abbas et al., 2021) “Figure 5”.The sample with high CaO and
low bentonite (S28) displayed a rough and irregular texture with prominent CaO clusters, indicating successful
additive incorporation, which could improve thermal behavior and facilitate controlled degradation. In contrast, the
high-bentonite, low-CaO sample (S47) exhibited a consistent, flake-like pattern, characteristic of well-dispersed
bentonite, which likely enhances structural integrity and barrier properties (Ma et al., 2020). The sample containing
elevated levels of both CaO and bentonite (S7) presented a complex, interconnected architecture, combining CaO
aggregates with organized, stacked bentonite layers. This structure implies synergistic interactions between the two
fillers, potentially improving tensile strength, adsorption efficiency, and thermal stability (Wijaya et al., 2021).
Conversely, the low-Ca0, low-bentonite sample (S24) had a smooth, uniform surface, reflecting minimal disruption to
the polymer matrix. This simpler morphology supports increased flexibility and transparency, making it suitable for
lightweight or optically clear applications (Yari et al,, 2021; Rammak et al.,, 2021). Overall, SEM results demonstrate
that both the type and proportion of fillers play a crucial role in shaping the surface features of bioplastic films.
Strategic adjustment of additive composition enables tailoring of functional properties for targeted applications (Wu
etal, 2022).
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Figure 5. SEM analysis (A) S24 (low CaO and low Bentonite) (B) S47 (low CaO and high bentonite) (C) S7 (high CaO
and high bentonite) (D) S28 ( high CaO and low bentonite).

5.5. Thermal gravimetric analysis

The TGA thermograms of all bioplastic films displayed a distinct three-phase thermal degradation profile,
corresponding to moisture loss, polymer decomposition, and breakdown of inorganic constituents “Figure 6”. During
the first stage (30-200 °C), weight loss primarily occurred due to evaporation of surface-bound water and loosely
associated hydroxyl groups (Benabbou et al,, 2024; Anténio Benjamim Mapossa et al,, 2023). Among the tested
formulations, the sample S47(blue) showed the greatest initial mass loss at 13%, reflecting the high-water retention
capacity of bentonite. The sample S28 (red) exhibited a similar but slightly lower loss (12%), likely caused by partial
hydration of CaO to form Ca(OH),. The sample S7 (green) lost approximately 11%, while the sample S24 (orange)
displayed the smallest initial weight change (6.5%), indicating minimal water affinity due to its low filler content.
The second degradation phase (200-400 °C) accounted for the largest weight reduction, associated with thermal
decomposition of the starch and PVA polymer chains. The sample S24 (orange) underwent the highest polymer
degradation (40%) due to the absence of significant thermal reinforcement. In contrast, the sample S7 (green)
experienced only 28% mass loss, suggesting improved thermal stability from synergistic interactions between the
two fillers (Yu et al.,, 2021). The S28 (red) and S47 (blue) samples showed intermediate losses of 32% and 30%,
respectively, indicating moderate stabilization from individual additives.

During the final stage (400-600 °C), the decomposition shifted from organic material breakdown to structural
transformations of the fillers. CaO-rich samples (red and green) showed an additional weight loss of 7-10%,
corresponding to thermal decomposition of Ca (OH), to CaO and water at around 450-500 °C. Bentonite-rich films
(blue and green) also underwent further mass loss of 9-12%, attributed to dihydroxylation of the aluminosilicate
layers. The S24 (orange) displayed minimal change (~6.5%), as most of its mass had decomposed earlier.

At 700 °C, the remaining mass reflected the residual inorganic content. The S7 (green) maintained the highest char
(27.7%), confirming enhanced structural stability from dual-filler reinforcement. The 47 (blue) and 28 (red) films
remained 24.5% and 21.4%, respectively, while the S24 (orange) left the lowest residue (16.8%), highlighting its
limited thermal resistance and minimal inorganic content (Dai et al., 2017).
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Figure 6. TGA analysis (A) high cao and low bentonite value in sample (B) low CaO and high bentonite value in sample
(C) high CaO and high bentonite value in sample (D) low CaO and high bentonite value in sample.

6. Conclusion

In conclusion, the performance of starch-PVA-based bioplastic films is strongly governed by the concentration of
calcium oxide (Ca0) and bentonite clay. Films containing high levels of both fillers (S7) exhibited superior mechanical
properties, achieving a tensile strength of 18.7 MPa and elongation at break of 93.19%, while the Low CaO-Low
Bentonite (S24) films displayed the weakest mechanical performance. Thermal analysis confirmed that dual high-
filler films possess enhanced heat resistance, with degradation onset above 300 °C and a gradual mass loss, reflecting
improved thermal stability. Moisture and water resistance were similarly influenced by filler composition. High
bentonite content imparted excellent barrier properties, with the High Bentonite-Low CaO (S47) film showing the
low water absorption (21.8%) and moisture content (8.21%), whereas high CaO-low bentonite (28) formulations
absorbed more water, highlighting bentonite’s role in improving compactness and hydrophilicity. Biodegradability
tests indicated that the High CaO-High Bentonite films (S7) degraded most efficiently, losing 98.2% of their mass
within 60 days while retaining initial structural integrity. Conversely, films with low CaO and high bentonite (S47)
degraded more slowly due to denser matrices and limited porosity. Multivariate analysis using PCA and K-means
clustering confirmed these trends, consistently identifying the high dual-filler films as a distinct high-performance
group and the low dual-filler films as the lowest-performing cluster.Overall, combining CaO and bentonite in optimal
proportions allows for the development of starch-PVA bioplastics with balanced mechanical strength, thermal
stability, water resistance, and biodegradability, offering a promising approach for sustainable material design.
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