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Abstract: This study aimed to develop and optimize biodegradable films based
on avocado seed starch (Persea americana) using glycerol as a plasticizer and
chitosan and carrageenan as fillers. The film formulation was optimized using
Response Surface Methodology (RSM) with a Box—Behnken Design to evaluate
the effects of formulation variables on biodegradability and mechanical
properties. The biodegradability values ranged from 31.93 % to 51.94 %,
indicating that all films were biodegradable. Increasing glycerol and carrageenan
concentrations significantly increased biodegradability, while higher chitosan
concentration improved tensile strength but reduced biodegradability. The
optimal formulation was obtained at 2.96 % glycerol, 1.56 % chitosan, and 2.85
% carrageenan, with a predicted biodegradability of 53.11 %. The results
indicate a trade-off between mechanical strength and biodegradability, where
higher plasticizer content enhances degradation but reduces tensile strength.
This study demonstrates that RSM optimization is effective in producing
biodegradable films with balanced mechanical and environmental performance,
highlighting the potential of avocado seed starch as a sustainable packaging
material.

Keywords: Avocado Seed Starch; Biodegradable Films; Box-Behnken Design;

Optimization; Plasticizer.

1. Introduction

Packaging plays an important role in the food and beverage industry, not only for protecting
products from physical and microbiological damage but also as a major source of plastic waste, since
most packaging materials are made from synthetic plastics. Synthetic plastics are widely used due to
their flexibility, mechanical strength, light weight, transparency, and resistance to corrosion and
chemicals. However, conventional plastics are non-biodegradable and can cause long-term
environmental pollution because microorganisms are unable to degrade synthetic polymer chains [1].
This environmental concern highlights the urgent need for environmentally friendly alternative
packaging materials.

One promising alternative is biodegradable film, which is a thin plastic-like film produced from
renewable natural materials such as polysaccharides, proteins, and lipids. Biodegradable fiims can
degrade naturally through microbial activity, making them more environmentally friendly than
conventional plastics [2], [3]. Among various natural polymers, starch is one of the most widely used
raw materials due to its abundance, low cost, and good film-forming properties. Starch derived from
plant sources such as cereals and tubers has shown great potential for bioplastic production. One
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locally available but underutilized starch-rich material is avocado seed (Persea americana). Avocado
seeds contain approximately 73.61% starch and 20.56% amylose, making them a promising raw
material for biodegradable film production. Previous studies reported that avocado seed starch can
be processed through gelatinization to produce films with good flexibility and biodegradation rates of
up to 52.85% [4]. These findings indicate that avocado seeds represent a sustainable local resource
with significant potential for biodegradable packaging applications.

However, biodegradable fiims produced solely from starch generally have poor mechanical
strength and high water permeability. Therefore, additives such as plasticizers and fillers are required
to improve their physical and mechanical properties [5]. Glycerol is commonly used as a plasticizer
due to its hydrophilic nature and its ability to increase flexibility by reducing intermolecular forces in
polysaccharide-based films. Carrageenan, a polysaccharide extracted from red seaweed, functions
as a filler and gelling agent that contributes to film structure and stability. Meanwhile, chitosan is a
biodegradable and non-toxic biopolymer capable of forming transparent films with antimicrobial
properties [6], [7].

Despite numerous studies on starch-based biodegradable films, most research has focused on
single plasticizer systems or combinations with other polymers such as PLA, agar, or gelatin. Limited
studies have investigated the combined effects of glycerol, carrageenan, and chitosan in avocado
seed starch-based biodegradable films, particularly in formulation optimization using Response
Surface Methodology. In addition, previous studies mainly focused on mechanical and physical
properties, while optimization of biodegradability through formulation design has not been widely
explored [8], [9]. Therefore, this study aims to optimize the formulation of biodegradable films based
on avocado seed starch using Response Surface Methodology with a Box—Behnken Design to obtain
films with balanced biodegradability and mechanical properties.

2. Research and Methodology
2.1 Materials

Avocado seeds (Persea americana) were obtained from a local market in Malang, East Java,
Indonesia. Glycerol (analytical grade) was purchased from Merck, Darmstadt, Germany. Carrageenan
was supplied by Sigma-Aldrich, St. Louis, USA. Chitosan (degree of deacetylation = 85%) was
obtained from Biotech Surindo, Bandung, Indonesia. Distilled water used in this study was of analytical
grade.

2.2 Experiments
2.2.1 Extraction of Starch from Avocado Seeds (Persea americana)

Starch extraction was carried out by first cleaning and cutting the avocado seeds into small
pieces, followed by grinding using a high-speed blender until a fine slurry was obtained. The resulting
slurry was then allowed to settle for 24 h in a closed container to facilitate phase separation between
the starch fraction and the supernatant. After sedimentation, the starch-rich layer was carefully
separated and dried in an oven at 100 °C for 24 h. This drying process aimed to remove moisture
content effectively, resulting in dry starch suitable for subsequent biodegradable film formulation.

2.2.2 Gelatinization Process and Film Formation

A total of 2 g of avocado seed starch was used for biodegradable film preparation. The starch
was dispersed in 50 mL of solvent, followed by the addition of glycerol as a plasticizer, and chitosan
and carrageenan as fillers. The mixture was heated and continuously stirred at 80 °C for 20 min until
a homogeneous film-forming solution was obtained, indicating complete gelatinization of the starch.
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The resulting solution was then cast onto a glass plate measuring 10 cm x 10 cm and dried at 80 °C
for 48 h to allow solvent evaporation and film formation [5].

2.2.3 Optimization of Biodegradable Film Using Box—Behnken Design and Biodegradation Test

The formulation optimization of the biodegradable film and the interaction analysis among
formulation components were performed using Response Surface Methodology (RSM) based on the
Box—Behnken Design (BBD). Three independent variables were used: glycerol concentration (A: 1.6—
3.0 % v/v), chitosan concentration (B: 1.0-2.0 % w/v), and carrageenan concentration (C: 1.6-3.0 %
w/v). The selected factor ranges were determined based on preliminary experiments and literature
reports indicating that these ranges produce films with good film-forming ability and mechanical
stability. The biodegradation percentage was selected as the response variable. The BBD generated
17 experimental runs, which is the standard number of experiments for a three-factor Box—Behnken
Design to develop a quadratic model efficiently while minimizing the number of experiments [10]. The
number of experimental runs was determined according to the standard Box—Behnken Design for
three variables, which provides sufficient data for developing a quadratic regression model while
minimizing the total number of experiments. All experimental planning, data analysis, and
development of the quadratic regression model were performed using Design-Expert® software (trial
version, Stat-Ease Inc., Minneapolis, MN, USA). Biodegradation testing was carried out using the soil
burial method. Film specimens measuring 2 cm x 2 cm were initially weighed to obtain their starting
mass (W,) and then buried in natural soil under ambient conditions. The samples were removed at
two-day intervals over a burial period of 14 days, carefully cleaned to eliminate soil residues, dried,
and reweighed to determine the remaining mass (W,). The biodegradation percentage was
subsequently calculated using the following equation:

Wo — Wy
W x 100 (D

where W, is the initial weight of the sample and W; is the final weight after burial. The
biodegradation values obtained from this test were used as the response data in the RSM-
BBD analysis to determine the optimal formulation conditions for biodegradable film
production.

Biodegradation (%) =

2.2.4 Water Absorption Test

Water absorption of the biodegradable film was determined to evaluate its resistance to water
uptake. Film samples were cut into dimensions of 3 cm x 3 cm and weighed to obtain the initial weight
(Wy). The samples were then immersed in distilled water at room temperature. After a predetermined
immersion period, the samples were removed, gently wiped to remove surface water, and weighed to
obtain the final weight (W) [11]. The water absorption percentage was calculated using the following
equation:

W, =W,
To %X 100 (2)
where W, is the initial weight of the film sample and W, is the final weight after immersion.

Water absorption (%) =

2.2.5 Tensile Strength Test

The tensile properties of the biodegradable film were evaluated using a Universal Testing
Machine (MPY type). Film specimens were prepared with dimensions of 0.5 cm x 10 cm and mounted

https://ejournal.candela.id/index.php/jgcee

30


https://ejournal.candela.id/index.php/jgcee

Journal of Green Chemical and Environmental Engineering Issue: 2 (1) (2026) Page: 28-41

between the grips of the testing machine. The test was performed at room temperature until the film
sample fractured [1]. The maximum force recorded during the test was used to calculate the tensile
strength according to the following equation:
Fmax
=", (3)

where o is the tensile strength (MPa), Fmax is the maximum force applied (N), and A is the cross-
sectional area of the film subjected to stress (mm?).
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Figure 1. Schematic diagram of bioplastic film preparation.

3. Results and Discussion
3.1 Characterization of Avocado Seed Starch

The initial stage of bioplastic production involved starch extraction from avocado seeds (Persea
americana). The starch sediment exhibited a reddish-brown color due to enzymatic browning caused
by the oxidation of phenolic compounds, such as dopamine, catalyzed by polyphenol oxidase, a
phenomenon commonly observed in phenolic-rich materials [12]. Avocado seeds contain various
phenolic compounds, including catechins, tyrosine, caffeic acid, and leucoanthocyanins, which may
promote this oxidation process [13]. Avocado seed starch contains approximately 78.66 % starch with
an amylose content of about 23.11 %, as confirmed by the iodine test through a characteristic blue—
purple color change. The presence of amylose is essential for starch gelatinization and contributes to
the formation of bioplastic films with improved elasticity and tensile strength [10].

3.2 Effect of Glycerol, Chitosan, and Carrageenan on the Biodegradability of Bioplastic Films

The biodegradation test was conducted to evaluate the impact of varying glycerol,
chitosan, and carrageenan concentrations on the biodegradability of bioplastic films. Based
on the results in Table 1, the biodegradation of the bioplastic films ranged from 31.93 % to 51.94 %,
indicating that all formulations are biodegradable. The concentration variations of glycerol, chitosan,
and carrageenan significantly influenced the biodegradation rates. Increasing the glycerol
concentration generally enhanced biodegradation [14]. This can be attributed to the role of glycerol as
a plasticizer, which increases the hydrophilic properties and flexibility of the film matrix, facilitating
water penetration and microbial activity, which are essential for degradation. The highest
biodegradation (51.94 %) was observed in the formulation with 3.0 % (v/v) glycerol, 1.5 % (w/v)
chitosan, and 3.0 % (w/v) carrageenan, which reflects the positive contribution of both glycerol and
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carrageenan in enhancing biodegradation [15]. On the other hand, increasing the chitosan
concentration to 2.0 % w/v led to a decrease in biodegradability, as shown by the lowest
biodegradation value of 31.93 %. This can be attributed to the relatively rigid structure of chitosan and
its antimicrobial properties, which may hinder the biological degradation process [16]. Carrageenan,
being a hydrophilic polysaccharide, positively contributes to biodegradation due to its ability to facilitate
microbial activity and water absorption [5], [17]. The center point formulation showed a relatively stable
biodegradation value, suggesting the effectiveness of the Box—Behnken Design in modeling the
biodegradation response. The results of the biodegradation tests for the different formulations are
presented in Table 1.

Table 1. Effect of Glycerol, Chitosan, and Carrageenan Concentrations on the Biodegradability

No Glycerol (% viv) Chitosan (% w/v) Carrageenan (% w/v) Biodegradability (%)

1 1.6 2.0 2.3 37.03
2 2.3 1.0 3.0 41.28
3 1.6 1.5 1.6 34.05
4 3.0 1.0 2.3 39.98
5 2.3 2.0 1.6 31.93
6 3.0 20 2.3 48.89
7 2.3 20 3.0 41.11
8 2.3 1.5 2.3 48.24
9 2.3 1.5 2.3 47.55
10 1.6 1.0 2.3 34.58
11 3.0 1.5 3.0 51.94
12 2.3 1.0 1.6 37.08
13 1.6 1.5 3.0 42.78
14 2.3 1.5 2.3 49.78
15 3.0 1.5 1.6 43.39
16 2.3 1.5 2.3 47.80
17 2.3 1.5 2.3 51.31

In order to investigate the effects of different formulation components on the properties of
biodegradable films, three formulations were selected for testing based on varying glycerol, chitosan,
and carrageenan concentrations. The formulations represent the center point, high biodegradability,
and low biodegradability conditions. These formulations were characterized by three key properties:
biodegradation, water absorption, and tensile strength. The center point formulation represents a
baseline with intermediate concentrations of glycerol (2.3 % v/v), chitosan (1.5 % w/v), and
carrageenan (2.3 % w/v). The table below summarizes the results of the biodegradation, water
absorption, and tensile strength tests for these formulations.

Table 2. Effect of Glycerol, Chitosan, and Carrageenan Concentrations on the Biodegradability,
Water Absorption, and Tensile Properties

Glycerol Chitosan Carrageenan Bio- Water Tensile
Formulation (% viv) (% wiv) (% Wiv) degradability =~ Absorption  Strength
) ) ° (%) (%) (MPa)
Center point 23 1.5 23 49.78 26.40 5
High 3.0 1.5 3.0 51.94 35.70 3
biodegradability
Low 23 2.0 1.6 31.93 23.40 6

biodegradability
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The results presented in Table 2 demonstrate the effects of formulation composition on
biodegradation, water absorption, and tensile strength of the biodegradable films. The center point
formulation (2.3 % glycerol, 1.5 % chitosan, 2.3 % carrageenan) exhibited balanced properties, with
a biodegradation rate of 49.78 %, water absorption of 26.40 %, and tensile strength of 5 MPa,
indicating a moderate mechanical strength suitable for biodegradable applications. The formulation
with high biodegradability (3.0% (v/v) glycerol, 1.5 % (w/v) chitosan, 3.0 % (w/v) carrageenan) showed
the highest biodegradation rate (51.94%) but lower tensile strength (3 MPa), indicating that higher
glycerol content improved biodegradability but reduced mechanical strength. Conversely, the
formulation with higher chitosan content (2.0% chitosan) exhibited the lowest biodegradation rate
(31.93 %) but the highest tensile strength (6 MPa), indicating improved mechanical properties but
slower degradation [18]. These results indicate a trade-off between biodegradability and mechanical
strength, where increasing glycerol and carrageenan enhances biodegradation while increasing
chitosan improves tensile strength but reduces biodegradability [14], [19]. This behavior can be
explained by polymer interaction mechanisms. Glycerol acts as a plasticizer that reduces
intermolecular forces between starch chains, increasing flexibility and water permeability, which
accelerates biodegradation. Carrageenan contributes to film matrix formation and increases
hydrophilicity, facilitating water diffusion into the film matrix. In contrast, chitosan forms a more rigid
polymer network through hydrogen bonding interactions, improving tensile strength but limiting water
penetration and slowing biodegradation. These findings are consistent with previous studies on
starch—chitosan biodegradable films, which reported that increasing chitosan concentration improves
mechanical strength but reduces biodegradation rate.

3.3 Optimization Using Response Surface Methodology (Box—Behnken Design)

Among the experimental approaches used in Response Surface Methodology (RSM), the Box—
Behnken Design (BBD) is widely recognized for its ability to evaluate variable effects using a limited
number of experiments. In this work, BBD was chosen because it allows efficient optimization while
reducing the total number of experimental runs required. The selected factor levels were processed
using the BBD feature in Design-Expert® software (trial version), producing 17 experimental
formulations for optimizing the biodegradable film composition. The statistical analysis revealed that
interactions among the studied variables played an important role in influencing the biodegradation
behavior of the bioplastic film [20], [21] . To represent this relationship, a quadratic regression model
was applied, as it provided a suitable fit and demonstrated good agreement between predicted and
experimental values. Accordingly, the dependence of the biodegradation response on the formulation
variables is described by the quadratic equation presented in Equation (2):

Biodegradatio = 48.936 + 5.188754 + 0.755B + 3.11375C + 1.6154B + 1.3925AC + 1.245BC
— 2.53175A% — 6.28425B% — 4.80175C?

In this study, A, B, and C denote the concentrations of glycerol, chitosan, and carrageenan,
respectively. An analysis of variance (ANOVA) was carried out to determine the relative importance
of each variable and their possible interactions on the biodegradability of the bioplastic film. This
approach was used not only to evaluate the significance of the regression model, but also to identify
which formulation parameters contributed most to the observed response [22]. The influence of each
term was assessed using p-values at a 95 % confidence level. Generally, variables associated with
higher F-values and lower p-values indicate a stronger contribution to the biodegradation response.
Parameters with p-values lower than 0.05 were therefore considered statistically significant,
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suggesting that the developed model is capable of describing the experimental behavior with
acceptable accuracy. Furthermore, the ANOVA results provide useful insight into the sensitivity of the
biodegradation response toward changes in formulation variables, which is important for guiding
optimization and formulation design. The complete ANOVA summary is presented in Table 3.

Table 3. ANOVA for the Quadratic Response Surface Model (RSM)

Parameter Sum of Squares df Mean Square F-Value p-Value
Model 641,37 9 71,26 9,71 0,0034*

A - Glycerol 215,39 1 215,39 29,36 0,0010*

B - Chitosan 4,56 1 4,56 0,62 0,4563**
C - Carrageenan 77,56 1 77,56 10,57 0,0140*

AB 10,43 1 10,43 1,42 0,2719**
AC 7,76 1 7,76 1,06 0,3381**
BC 6,20 1 6,20 0,85 0,3885**
A? 26,99 1 26,99 3,68 0,0966**
B2 166,28 1 166,28 22,66 0,0021*

C? 97,08 1 97,08 13,23 0,0083*

Residual 51,36 7 7,34

Lack of Fit 41,31 3 13,77 5,48 0,0669**
Pure Error 10,04 4 2,51

Cor Total 692,72 16

*significant **not significant

Table 4. Summary and Relevant Statistics of ANOVA

Statistic Result
Standard Deviation 2.71
Mean 42.53
Rz 0.9259
Adjusted R? 0.8305
Predicted R? 0.0231
PRESS 676.70

Based on the ANOVA results presented in Table 3, the quadratic response surface model exhibits
a statistically significant performance, as reflected by an F-value of 9.71 and a p-value of 0.0034,
which is lower than the 0.05 significance level. This indicates that the model is valid and that the
likelihood of the observed response being caused by random variation is very small [23]. Among the
individual factors, glycerol (A) and carrageenan (C) showed a significant effect on film biodegradability,
with p-values of 0.0010 and 0.0140, respectively. Conversely, chitosan (B) did not present a significant
linear effect, as its p-value (0.4563) exceeded the accepted significance threshold. Furthermore, the
interaction terms (AB, AC, and BC) were not statistically significant (p > 0.05), suggesting that the
combined influence of the formulation variables did not markedly affect the biodegradation response
[23]. In contrast, the quadratic components contributed substantially to the model, particularly B2
(chitosan?) with a p-value of 0.0021 and C? (carrageenan?) with a p-value of 0.0083, while A2 (glycerol?)
showed a moderate but noticeable effect (p = 0.0966). These outcomes imply that the biodegradation
characteristics of the bioplastic film are primarily controlled by nonlinear relationships, especially those
associated with chitosan and carrageenan concentrations [24].

The adequacy of the model was further examined using a lack-of-fit analysis. An F-value of 5.48
accompanied by a p-value of 0.0669 (> 0.05) indicates that the lack of fit is not significant,
demonstrating good conformity between the predicted and experimental data. However, the Predicted
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R? value (0.0231) is considerably lower than the Adjusted R? (0.8305), indicating that the model has
limited predictive capability for new observations. This discrepancy may be attributed to the relatively
small number of experimental runs and the variability of biodegradation data obtained from soil burial
tests, which are strongly influenced by environmental factors such as soil moisture, microbial activity,
and temperature. Despite this limitation, the model remains statistically significant based on the
ANOVA results and is still adequate for describing the relationship between formulation variables and
biodegradability within the studied experimental range. Further experiments with additional data points
are recommended to improve the predictive accuracy of the model. Overall, the statistical parameters
summarized in Table 3 confirm that the developed quadratic model is sufficiently reliable for describing
the relationship between formulation variables and biodegradability and can be effectively applied for
trend analysis and optimization within the studied experimental range [24].

Biodegradation (%)

Biodegradation (%)
B: Chitosan (%w/v)

22

14 12\//2 A G|ycer°| (%V/V) 16 1,8 2 22 24 2,6 28 3
B: Chitosan (%w/v) 18

1716 A: Glycerol (%viv)

Biodegradation (%)

Biodegradation (%)
C: Carrageenan (%w/v)

A: Glycerol (%viv)

(b)
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Figure 2. 3-D and 2-D Surface Plots Showing the Interaction Effects on Biodegradability: (a) Effect
of glycerol concentration on biodegradability, (b) effect of chitosan concentration, and (c) effect of
carrageenan concentration.

In this study, the effects of various formulation components on the biodegradable film properties
were evaluated using 2-D and 3-D surface and contour plots. These plots were obtained from the
regression model derived from Equation (3) and are shown in Figure 2. Figure 2 illustrates the 2-D
and 3-D models of the relationship between the three independent factors: glycerol (A), chitosan (B),
and carrageenan (C), which affect the biodegradation of the bioplastic film.

In Figure 2(a), the 2-D and 3-D surface plots developed for the biodegradation response with
varying ratios of glycerol and chitosan, at a fixed concentration of 2.3 % carrageenan (w/v),
demonstrate that increasing the glycerol concentration results in a higher biodegradation percentage
of the film. The highest biodegradation percentage (51.94 %) was observed when glycerol was at 3%
(v/v) and chitosan at 1.5% (w/v), with carrageenan at 3% (w/v). This formulation demonstrated the
highest biodegradation among all combinations. On the other hand, the lowest biodegradation (31.93
%) occurred when glycerol was at 2.3 % (v/v), chitosan at 2 % (w/v), and carrageenan at 1.6 % (w/v).
Additionally, the interaction between glycerol and chitosan (AB) significantly affected the
biodegradation of the film, with a p-value of 0.0259, indicating that this interaction is crucial for
enhancing biodegradation. Figure 2(b) shows that increasing both glycerol and carrageenan
concentrations enhances biodegradation. This suggests a direct correlation between increasing the
concentrations of glycerol and carrageenan and the biodegradability of the film. The highest
biodegradation observed for glycerol and carrageenan interactions was 51.31 %, which is consistent
with the optimal formulation. In Figure 2(c), increasing the chitosan concentration did not significantly
impact biodegradation. However, the addition of carrageenan at 1.5 % chitosan (w/v) significantly
improved the biodegradability of the bioplastic film, as indicated by a biodegradation percentage of
49.78% at this combination. This suggests that chitosan alone has limited influence on biodegradation,
but its combination with carrageenan positively contributes to the film's degradation properties.

The optimization of biodegradable film production from avocado seed starch using the Box-—
Behnken Design (BBD) indicated that the best formulation was achieved at 2.964 % (v/v) glycerol,
1.560 % (w/v) chitosan, and 2.849 % (w/v) carrageenan, yielding a predicted biodegradation value of
53.113 %. These results suggest that the biodegradation behavior of starch-based bioplastics is
closely related to the formulation composition, particularly the interaction between plasticizers and
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biopolymer reinforcements. Studies on avocado seed starch films have shown that the presence of
glycerol and chitosan increases the hydrophilic nature of the matrix, which facilitates microbial
degradation in soil environments. In comparison, biodegradable films derived from other plant-based
materials, such as corn or butterfly pea, generally exhibit biodegradation levels between 40% and
66%, indicating that biodegradation efficiency is strongly affected by the botanical origin of the raw
material [20].

3.3 Verification and Validation of Response Surface Optimization

The results of the validation confirm that the quadratic regression model performs reliably and
satisfies the basic requirements of analysis of variance. To verify the consistency of the experimental
data and assess the predictive capability of the model, an adequacy evaluation was conducted. A
mathematical model that passes this evaluation can be considered to represent the actual
biodegradation process with sufficient accuracy. The relationship between the experimental design
and the residual distribution for the biodegradation response is illustrated in Figure 3.
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Figure 3. Diagnostic plots for the quadratic model of biodegradation response: (a) Normal
probability plot of studentized residuals; (b) Externally studentized residuals versus predicted values;
(c) Externally studentized residuals versus run number; (d) Predicted versus actual values.
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Figure 3 presents the diagnostic plots used to assess the adequacy and validity of the model
developed for predicting the biodegradability of the bioplastic film. Figure 3a shows the normal
probability plot versus internally studentized residuals. This plot is used to evaluate whether the
residuals follow a normal distribution, a key assumption in regression analysis. As the experimental
values align closely along the straight line, this confirms that the residuals are normally distributed
[25]. The absence of deviations indicates that the model meets the normality assumption, which
reinforces the model’s reliability in predicting biodegradability. Figure 3b displays the residuals vs.
predicted values plot. The points are scattered around the horizontal line at zero, with no clear
patterns. This indicates that the model does not exhibit any bias or systematic errors in predicting the
biodegradability, further supporting the adequacy of the model. Figure 3¢ shows the residuals vs. run
number plot. The residuals are consistently within the range of 0 to £3, suggesting that there are no
outliers or unexpected errors affecting the model. This indicates that the experimental setup is stable
and the residuals fall within acceptable limits, further demonstrating the model’s suitability for the data
lastly, Figure 3d presents the leverage vs. run number plot. All data points fall within the range of 0 to
1 for leverage values, indicating that no individual experiment has an undue influence on the model
[4], [26]-[28]. This suggests that no influential data points exist that could distort the model's
predictions, confirming the robustness of the regression model [29], [30]. Together, these plots provide
a satisfactory evaluation of the model's adequacy and fit. Based on these results, it can be concluded
that the empirical model is suitable for accurately representing and optimizing the process of
biodegradable film production using the Box-Behnken Design (BBD). The random scatter of points
within the acceptable range of residuals further supports the adequacy of the model for this
application.

4. Conclusion

The study demonstrates that biodegradable films can be effectively produced from avocado seed
starch, with glycerol, chitosan, and carrageenan playing key roles in their properties. The optimization
of the film formulation using Box—Behnken Design showed that glycerol and carrageenan
concentrations positively influence biodegradability, while chitosan enhances mechanical strength.
The optimal film formulation, with predicted maximum biodegradation of 53.11 %, highlights the
potential of avocado seed starch as a sustainable material for bioplastic production. The findings
suggest that this formulation could be further explored for practical applications in the food packaging
industry, and future research could focus on refining the properties of biodegradable films for specific
uses.

Author contributions: Conceptualization, A.N.L.R. and S.B.; methodology, A.N.L.R. and S.B;
investigation, AN.L.R. and G.R.; data curation, AN.L.R. and G.R,; formal analysis, T.C.T. and R.S,;
software, T.C.T,; validation, S.B. and R.S.; visualization, G.R.; supervision, S.B.; writing—original draft
preparation, A.N.L.R.; writing—review and editing, S.B. and R.S. All authors have read and agreed to
the published version of the manuscript.

Acknowledgement: The authors gratefully acknowledge the Department of Chemical Engineering,
Universitas Pattimura, for laboratory facilities and research support. This research received no
external funding.

Conflict of Interest: The authors declare that there are no conflicts of interest.

https://ejournal.candela.id/index.php/jgcee

38


https://ejournal.candela.id/index.php/jgcee

Journal of Green Chemical and Environmental Engineering Issue: 2 (1) (2026) Page: 28-41

5. References

[11 A. N. Huda, M. Asfar, F. Bastian, and A. Syarifuddin, “Extraction of fish oil from Sardinella
longiceps and pectin from Dillenia serrata fruit peel and theirs usage in gum Arabic edible film,”
Food Chem. Adv., vol. 7, no. May, 2025, doi: https://doi.org/10.1016/].focha.2025.101026.

[2] D. Merino, L. Bertolacci, U. C. Paul, R. Simonutti, and A. Athanassiou, “Avocado Peels and
Seeds: Processing Strategies for the Development of Highly Antioxidant Bioplastic Films,” ACS
Appl.  Mater. Interfaces, vol. 13, no. 32, pp. 38688-38699, 2021, doi:
https://doi.org/10.1021/acsami.1c09433.

[3] S.W.I. Marcet and M. R. M. Diaz, “Edible Films from the Laboratory to Industry : A Review of the
Different Production Methods,” Food Bioprocess Technol., pp. 3245-3271, 2025, doi:
https://doi.org/10.1007/s11947-024-03641-4

[4] A. Ansori, A. N. L. Rachmah, and R. Sekaringgalih, “ Making Biodegradable Film from Avocado
Seeds (Persea Americana): Optimization with Box-Behnken Design,” J. Teknol. Kim. Miner., vol.
3, no. 1, pp. 43-52, 2024, doi: https://doi.org/10.61844/jtkm.v3i1.833.

[5] Suhartini et al., “Synthesis and Characterization of Nano Chitosan-Avocado Seed Starch As
Edible Films,” J.  Kim. Ris., wvol. 8, no. 1, pp. 49-58, 2023, doi:
https://doi.org/10.20473/jkr.v8i1.43394.

[6] I.Usman etal., “Recent progress in edible films and coatings: Toward green and sustainable food
packaging technologies,” Appl. Food Res., vol. 5, no. 2, p. 101070, 2025, doi:
https://doi.org/10.1016/j.afres.2025.101070.

[71 E. Susilowati and A. E. Lestari, “Preparation of chitosan-avocado seed starch (CASS) edible film
as jenang dodol packaging,” AIP Conf. Proc., vol. 2194, 2019, doi:
https://doi.org/10.1063/1.5139855.

[8] N. A. Taslim et al., “Functional food candidate from Indonesian green algae Caulerpa racemosa
(Forsskal) J. Agardh by two extraction methods: Metabolite profile, antioxidant activity, and
cytotoxic properties,” J. Agric. Food Res., vol. 18, no. November, 2024, doi:
https://doi.org/10.1016/j.jafr.2024.101513.

[9] N. Orellana, E. Sanchez, D. Benavente, P. Prieto, J. Enrione, and C. A. Acevedo, “A new edible
flm to produce in vitro meat,” Foods, vol. 9, no. 2, pp. 1-14, 2020, doi:
https://doi.org/10.3390/foods9020185.

[10] E. Diaz-Montes and R. Castro-Mufoz, “Peliculas y recubrimientos comestibles como
conservantes de calidad alimentaria: una visién general,” Foods, vol. 10, no. 2, pp. 1-26, 2021.

[11] N. Rasidi, T. Rochman, S. Sumardi, and F. Purnomo, “Structural behavior of lightweight
interlocking brick system,” /IOP Conf. Ser. Mater. Sci. Eng., vol. 732, no. 1, 2020, doi:
https://doi.org/10.1088/1757-899X/732/1/012026.

[12] I. Dewi et al., “Anthocyanin extraction from roselle ( Hibiscus sabdariffa L .) calyces : A microwave-
assisted approach using Box-Behnken design,” J. Agric. Food Res., vol. 18, no. August, p.
101480, 2024, doi: https://doi.org/10.1016/j.jafr.2024.101480.

[13] M. Ulum, M. F. F. Mu’tamar, and A. Asfan, “Characteristics of Edible Film Made from a
Combination of Avocado Seed Starch (Persea Americana Mill.) and Corn Starch (Amilum
maydis),” Rekayasa, vol. 11, no. 2, p. 132, 2018, doi:

https://ejournal.candela.id/index.php/jgcee

39


https://ejournal.candela.id/index.php/jgcee
https://doi.org/10.1016/j.focha.2025.101026
https://doi.org/10.1021/acsami.1c09433
https://doi.org/10.1007/s11947-024-03641-4
https://doi.org/10.61844/jtkm.v3i1.833
https://doi.org/10.20473/jkr.v8i1.43394
https://doi.org/10.1016/j.afres.2025.101070
https://doi.org/10.1063/1.5139855
https://doi.org/10.1016/j.jafr.2024.101513
https://doi.org/10.3390/foods9020185
https://doi.org/10.1088/1757-899X/732/1/012026
https://doi.org/10.1016/j.jafr.2024.101480

Journal of Green Chemical and Environmental Engineering Issue: 2 (1) (2026) Page: 28-41

https://doi.org/10.21107/rekayasa.v11i2.4419.

[14] A. Hartanti, M. N. Wahyudi, M. F. Hakim, A. R. Aeni, and D. A. Sari, “Characterization of
Biodegradable Avocado Seed Starch Films Reinforced with Chitosan and Plasticized with
Glycerol,” pp. 1-10, 2025, doi: https://doi.org/10.24252/al-kimia.v13i1.55008.

[15] A. Kocira, K. Koztowicz, K. Panasiewicz, M. Staniak, E. Szpunar-Krok, and P. Hortynska,
Polysaccharides as edible films and coatings: Characteristics and influence on fruit and vegetable
quality—a review, vol. 11, no. 5. 2021.

[16] M. H. S. Ginting, R. Hasibuan, M. Lubis, F. Alanjani, F. A. Winoto, and R. C. Siregar, “Utilization
of avocado seeds as bioplastic films filler chitosan and ethylene glycol Plasticizer,” Asian J.
Chem., vol. 30, no. 7, pp. 1569-1573, 2018, doi: https://doi.org/10.14233/ajchem.2018.21254.

[17] D. Silvia, D. Syahkiella, A. Supriyadi, N. Salma, and A. Evalina, “Development of Eco-Friendly
Spoons Made from Avocado Seed Waste as a Plastic Substitute Abstract,” vol. 4, no. 1, pp. 852—
857.

[18] K. G. Kaushani, G. Priyadarshana, N. Katuwavila, R. A. Jayasinghe, and A. H. L. R. Nilmini,
“Exploring the Antimicrobial Efficacy and Preservation Potential of Alginate-Based Edible Films
Enriched with Cinnamon and Lemongrass Essential Oils on Minimally Processed Carrots,” J.
Futur. Foods, pp. 041, 2025, doi: https://doi.org/10.1016/j.jfutfo.2025.01.010.

[19] F. A. Nababan, H. Nasution, and Z. Masyithah, “Utilization of Cellulose from Sugar Cane Bagasse
( Saccharum officinarum ) in the Provision of Bioplastics Based on Durian Seed Starch ( Durio
zibethinus Murr ) which is Biodegradable,” Jurnal Teknik Kimia USU., vol. 14, no. 2, pp. 47-56,
2025.

[20] M. Fauzan, S. Sumaiyah, L. Donna, and K. Fitri, “Application of Box-Behnken design for
optimization of Vernonia amygdalina stem bark extract in relation to its antioxidant and anti-colon
cancer activity,” Arab. J. Chem., vol. 17, no. 4, p. 105702, 2024, doi:
https://doi.org/10.1016/j.arabjc.2024.105702.

[21] L. D. Pérez-Vergara, M. T. Cifuentes, A. P. Franco, C. E. Pérez-Cervera, and R. D. Andrade-
Pizarro, “Development and characterization of edible films based on native cassava starch,
beeswax, and propolis,” NFS J., vol. 21, no. September, pp. 39-49, 2020, doi:
https://doi.org/10.1016/j.nfs.2020.09.002.

[22] A. Nur, L. Rachmah, B. Ruliana, S. Badaruddin, and R. C. F. Ratumanan, “The Effect of Corn
Cob Ash Substitution as Pozzolan in Composite Portland Cement on the Compressive Strength
of Mortar,” vol. 4, no. 4, pp. 860-872, 2025, doi: https://doi.org/10.55123/insologi.v4i4.6142.

[23] C. E. Agbangba, E. Sacla Aide, H. Honfo, and R. Glélé Kakai, “On the use of post-hoc tests in
environmental and biological sciences: A critical review,” Heliyon, vol. 10, no. 3, p. €25131, 2024,
doi: https://doi.org/10.1016/j.heliyon.2024.e25131.

[24] R. Ramesh, H. Palanivel, S. Venkatesa Prabhu, B. Z. Tizazu, and A. A. Woldesemayat, “Process
Development for Edible Film Preparation Using Avocado Seed Starch: Response Surface
Modeling and Analysis for Water-Vapor Permeability,” Adv. Mater. Sci. Eng., vol. 2021, 2021, doi:
https://doi.org/10.1155/2021/7859658.

[25] I. C. Emeji and B. Patel, “Box-Behnken assisted RSM and ANN modelling for biodiesel production
over titanium supported zinc-oxide catalyst,” Energy, vol. 308, no. August, p. 132765, 2024, doi:

https://ejournal.candela.id/index.php/jgcee

40


https://ejournal.candela.id/index.php/jgcee
https://doi.org/10.21107/rekayasa.v11i2.4419
https://doi.org/10.24252/al-kimia.v13i1.55008
https://doi.org/10.14233/ajchem.2018.21254
https://doi.org/10.1016/j.jfutfo.2025.01.010
https://doi.org/10.1016/j.arabjc.2024.105702
https://doi.org/10.1016/j.nfs.2020.09.002
https://doi.org/10.55123/insologi.v4i4.6142
https://doi.org/10.1016/j.heliyon.2024.e25131
https://doi.org/10.1155/2021/7859658

Journal of Green Chemical and Environmental Engineering Issue: 2 (1) (2026) Page: 28-41

https://doi.org/10.1016/j.energy.2024.132765.

[26] A. N. L. Rachmah, A. Fatmawati, and A. Widjaja, “Impact of surfactant-aided subcritical water
pretreatment process conditions on the reducing sugar production from oil palm empty fruit
bunch,” IOP Conf. Ser. Earth Environ. Sci., vol. 963, no. 1, 2022, doi:
https://doi.org/10.1088/1755-1315/963/1/012005.

[27] S. Badaruddin, A. Nur, L. Rachmah, R. C. F. Ratumanan, and R. Darlly, “Proses Ekstraksi
Antioksidan dari Daun Kalanchoe pinnata: Studi Pengaruh Ukuran Partikel dan Kinetika
Maserasi,” vol. 4, no. 4, pp. 956-968, 2025, doi: https://doi.org/10.55123/insologi.v4i4.6183.

[28] Suherman, A. C. Kumoro, K. Anam, E. E. Susanto, and S. Badaruddin, “Development of
Effervescent Tablets Based on Red Ginger (Zingiber Officinale Rosc. Var. Rubrum) and Rosella
Flower (Hibiscus Sabdariffa L.),” Int. J. Adv. Res., vol. 9, no. 09, pp. 720-727, 2021, doi:
https://doi.org/10.21474/ijar01/13473.

[29] X. Zhang, C. Gan, H. Zhang, Q. Shi, Y. Lin, and X. Yu, “Plasmonic bismuth-modified gelatin-
based photothermal antimicrobial edible films for enhanced tomato preservation,” Lwt, vol. 228,
no. June, p. 118088, 2025, doi: https://doi.org/10.1016/j.lwt.2025.118088.

[30] R. Sekaringgalih and Alif Nur Laili Rachmah, “Treatment of the Gelatin Wastewater With Ozone
Peroxide Advanced Oxidation Process,” Menara J. Tek. Sipil, vol. 18, no. 2, pp. 130-137, 2023,
doi: https://doi.org/10.21009/jmenara.v18i2.35143.

https://ejournal.candela.id/index.php/jgcee

41


https://ejournal.candela.id/index.php/jgcee
https://doi.org/10.1016/j.energy.2024.132765
https://doi.org/10.1088/1755-1315/963/1/012005
https://doi.org/10.55123/insologi.v4i4.6183
https://doi.org/10.21474/ijar01/13473
https://doi.org/10.1016/j.lwt.2025.118088
https://doi.org/10.21009/jmenara.v18i2.35143

