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ABSTRACT

This study presents an experimental investigation of
multilayer oxygen-scavenging biodegradable polylactic acid
films reinforced with microcrystalline cellulose (MCC)
derived from nata de coco and butylated hydroxytoluene
(BHT), completed with a bibliometric analysis. Structure-
property-function relationships were evaluated through
morphology, mechanical performance, oxygen permeability,
and biodegradability analyses. fMCC enhances matrix
densification and mechanical strength while reducing oxygen
permeability, although flexibility = decreases. The
incorporation of BHT further improves oxygen-scavenging
performance. These findings support the development of
advanced biodegradable packaging aligned with sustainable
development goals (SDGs).
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1. INTRODUCTION

The demand for safe, environmentally friendly food packaging that can maintain product
quality continues to increase. This has driven the development of biodegradable packaging
technology as an alternative to conventional plastic. Synthetic plastics such as LDPE and HDPE
have excellent oxygen barrier properties, but they are not easily degradable, leading to long-
term environmental issues [1]. On the other hand, biopolymers such as polylactic acid (PLA)
and starch have advantages in terms of biodegradability. However, the integration of plastic
with microcrystalline cellulose (MCC) as a reinforcing material and butylated hydroxytoluene
(BHT) as an oxygen scavenger has not been widely developed. Therefore, the development of
bioplastic materials with improved barrier and mechanical properties is crucial, especially for
applications in food products that are susceptible to oxidative damage.

One emerging approach is the use of fillers such as MCC as a reinforcing filler in biopolymer
matrices. Various studies indicate that MCC can increase the density of the matrix structure
through the formation of a strong hydrogen bonding network, thereby enhancing mechanical
strength and reducing gas permeability [2, 3]. In addition, the integration of active compounds
such as BHT as an oxygen scavenger in active packaging systems is an effective strategy to
inhibit oxidation reactions by donating hydrogen atoms to stabilize free radicals [4]. The
combination of MCC as a structural enhancer and BHT as an active agent opens up
opportunities in the development of biopolymer-based active packaging with improved
performance.

Various previous studies have shown that the addition of MCC to bioplastics can improve
mechanical and barrier properties, and the use of multilayer systems can enhance the
efficiency of oxygen diffusion inhibition [5, 6]. In addition, the development of antioxidant-
based active packaging has also been proven to slow down oxidative degradation in food
products, including oxygen-absorbing agents [7-9]. However, most studies still focus on
improving only one aspect, either mechanical properties or functional activity, and there has
been little research that simultaneously integrates MCC from natural sources, such as nata de
coco, with an oxygen scavenger system in a multilayer structure. In addition, the relationship
between microstructure, mechanical properties, and oxygen barrier capability in such
systems has not yet been comprehensively explained; further studies are needed. To the best
of our knowledge, no study has systematically integrated MCC derived from bacterial
cellulose (nata de coco), antioxidant-based oxygen scavenger BHT, and multilayer
architecture to elucidate the structure, function, and permeability relationship in the PLA
system.

Based on these considerations, this study aims to develop and characterize biodegradable
PLA-based plastic with the addition of MCC from nata de coco and BHT as an oxygen
scavenger in a multilayer system. This study specifically evaluates the relationship between
material structure, mechanical properties, and the resulting oxygen permeability.

The novelty of this work lies in the integrated approach combining natural-source MCC,
antioxidant-based oxygen scavengers, and multilayer architecture within a single system,
which has not been systematically explored in previous studies. Supported by bibliometric
insights highlighting the lack of such integration, this study addresses a critical research gap
in sustainable packaging materials. Furthermore, this research contributes to sustainable
development goals (SDGs) by promoting biodegradable materials (SDG 12), reducing
environmental impact (SDG 13), and enhancing food preservation through active packaging
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systems (SDG 2). The contribution of this research is expected to provide new insights into
the synergy between cellulose fillers and active agents in biodegradable packaging, as well as
to serve as a foundation for the development of high-performance, sustainable active
packaging for food applications.

2. METHODS
2.1. Materials

The equipment used in this study included a stirring rod, glass bottle, desiccator, beaker,
drying oven, glass plate/mold, volumetric pipette, cutter knife, analytical balance, storage
container, micropipette, tips, hot plate, stirrer, Erlenmeyer flask, DSH-10 moisture analyzer,
oven, tension testing device, thermogravimetry apparatus, Fourier Transform Infrared
Spectrometer (FT-IR), and Scanning Electron Microscope (SEM). The materials used in this
research are distilled water, MCC powder from hydrolyzed nata de coco, Avicel PH 102 MCC,
BHT, chloroform, barium chloride (BaCl2), sodium chloride (NaCl), activated carbon, iron
powder, PLA, Polyethylene Glycol 400 (PEG-400), aluminum foil, plasticine, compost soil, and
labels

2.2. Bacterial Cellulose Production

Bacterial cellulose production follows the method by [10]. The process, shown in Figure 1,
is carried out using coconut water from optimally mature coconuts (11-12 months old), which
is then left to stand for 5 days to lower the pH. The coconut water is boiled and supplemented
with a small amount of sucrose at 5% (w/v), acetic acid at 1% (v/v), and a nitrogen source at
0.5% (w/v), such as ammonium sulfate and yeast extract. Next, 1,200 mL of the hot coconut
water is poured into a container measuring 19x16.5x9 cm. The surface of the container is
then covered with aluminum foil and left for 24 hours, after which it is inoculated with a 10%
(v/v) starter culture of Acetobacter xylinum. Thereafter, fermentation is carried out for 4-14
days at a temperature of 28—30°C to form a nata pellicle or cellulose membrane on the surface
of the medium.
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Figure 1. Mechanism of bacterial cellulose production by Acetobacter xylinum.
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2.3. Bacterial Cellulose Purification

The purification of bacterial cellulose follows the method by [10]. Purification process, as
shown in Figure 2, is carried out by removing the cellulose membrane from the fermentation
medium, rinsing it with running water, and then soaking it for 2 days with periodic water
changes. Next, the cellulose is soaked in 70% alcohol for 1 minute, then heated in distilled
water up to 100°C for 20 minutes, and reheated in a 5% NaOH solution at 100°C for 60 minutes
to remove residual bacterial cells and substrate attached to the cellulose layer. After that, the
cellulose is rinsed with running water and soaked in water that is periodically replaced for 24
hours until the pH reaches 7. The purified cellulose will appear transparent.
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Figure 2. Mechanism of bacterial cellulose purification.
2.4. Production of Bacterial Cellulose Powder

The purified bacterial cellulose, as shown in Figure 3a, will be pressed with a hydraulic
press to reduce water content and speed up the drying process. The nata is dried using an
oven at a temperature between 30 and 35 °C. Drying at temperatures higher than 35 °C will
make the cellulose less reactive. The dried nata is then reduced in size by cutting it into small
pieces and grinding it with a 40-mesh hammer mill.

2.5. Production of Microcrystalline Cellulose Powder

Production of microcrystalline cellulose, as shown in Figure 3b, bacterial cellulose powder
is boiled in hot water, then the residue is collected and boiled with 2% NaOH at 80°C for 30
minutes. After that, the residue is washed with distilled water until the pH reaches 6-7, then
soaked in 18% NaOH.

This residue is then oven-dried to produce alpha-cellulose, after which the cellulose
powder is hydrolyzed with 2.5 N hydrochloric acid by boiling for 15—-20 minutes, and then the
residue is neutralized by rinsing with distilled water. After that, the residue is dried and
ground to produce microcrystalline cellulose [11].
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Figure 3. Mechanism of bacterial cellulose powder production (a) and microcrystalline cellulose
powder production (b).

2.6. Production of Oxygen-Absorbing Biodegradable Plastic

The process of making oxygen-absorbing biodegradable plastic, as shown in Figure 4,
involves mixing PLA at 7% of the amount of chloroform used, that is, 10.5 g of PLA in 150 mL
of chloroform, using a stirrer at a speed of 750 rpm at a temperature of 25°C. Next, MCC
powder is added according to the treatment levels 20, 10, and 0% of the amount of PLA used,
which equals 2.1, 1.05, and 0 g of MCC while continuing to stir.

Once mixed, 5% PEG-400 by PLA, which is 0.525 ml, is dropped in, and after it dissolves,
10% of the PLA amount of Butylated hydroxytoluene (BHT), totaling 1.05 g, is added. Once
dissolved, the solution is poured onto square glass plates at a rate of 10 g per layer, then
leveled, air-dried, and the process is repeated until three layers are formed. The result is then
left to dry for 24 hours at room temperature.
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Figure 4. Scheme for producing the first layer (outer) (a), second, and third layers (active and inner)
(b) of oxygen-absorbing biodegradable plastic with butylated hydroxytoluene.
2.7. Experimental Design

This study used a two-stage experimental design to systematically evaluate the effect of
MCC incorporation on the performance of biodegradable films. In Stage |, two types of MCC
(MCC Avicel ph 102 and MCC derived from nata de coco) were incorporated into the film
matrix at three different concentrations (0, 5, and 10%, w/w). These initial formulations were
primarily evaluated based on their morphological characteristics using a scanning electron
microscope (SEM) to identify structural homogeneity, filler dispersion, and the presence of
microvoids or agglomerations. Based on the results of the SEM evaluation, the selected
formulation was then tested further (stage Il).

2.8. Experimental Procedures
2.8.1. Morphology Analysis

Morphological analysis using SEM is carried out by cutting the sample to fit the specimen
holder size (between 0.5 and 1 cm), then attaching it to the specimen holder using carbon
double tape with the cross-section facing vertically upwards toward the objective lens. Since
biodegradable plastic samples are non-conductive, the samples are coated with a conductive
inert metal, specifically gold, which acts as a conductor for 30 seconds to 2 minutes. After
that, the sample is placed on the stage block and tested with SEM at a voltage of 5-15 kV and
a magnification of 100-5000 times. The SEM results are presented in three-dimensional
images, where the morphology and topography are observed.

2.8.2. Thickness Test

The plastic thickness testing stage is carried out by cutting plastic samples to a size of 10 x
10 cm. The thickness of the plastic is then measured using a caliper with an accuracy of 0.01
mm at 5 different points. The thickness of the plastic is obtained from the average result
calculated using the following equation (1).

Yplastic thickness (1)

Plastic thickness (m) = "

2.8.3. Tensile Strength Test

The tensile strength test for biodegradable plastic was carried out using a tension testing
device. The bioplastic sample was cut to a size of 1 x 15 cm, then clamped 1.5 cm from both
ends along its length. Next, the sample was tested using the tension testing device. The initial
length was recorded, then the device was started by pressing the start knob, after which it
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pulled the plastic sample until it broke. The tensile force and the length of the plastic after
breaking were then recorded. The tensile strength value can be calculated using the following
equation (2).

s (MPa) = e (2)

where s is the tensile strength (MPa); Fmaxis the Force (N); and A is the cross-sectional area
(thickness x sample width) (mm?).

2.8.4. Elongation Break Test

The elongation or extension testing stage for biodegradable plastic is carried out using a
tension testing device in the same way as the tensile strength test, that is, the initial length is
recorded, then the device is activated by pressing the start knob, and it will pull the plastic
sample until it breaks. The tensile force and the length of the plastic after breaking are then
recorded. The elongation value is expressed as a percentage using the following equation (3).

e (%) = %x 100% (3)

where € is the Elongation/stretching (%), Al is the Increase in length(mm), and /o is the initial
length of the measured material (mm).

2.8.5. Young's Modulus Test

The elasticity testing stage for biodegradable plastic is carried out using a Tension testing
device in the same manner as the tensile strength test, where the initial length is recorded,
then the device is turned on by pressing the start knob, and the device will pull the plastic
sample until it breaks. The tensile force and the length of the plastic after breaking are then
recorded. The modulus of elasticity is obtained using the formula comparing the tensile
strength to the elongation, as follows (see equation (4)).

y = Zx100% (4)

where y is the modulus of elasticity (MPa); s is the tensile strength/stress (MPa); € is the
elongation/stretching (%).

2.8.6. Oxygen Permeability Test

The oxygen permeability level of biodegradable plastic is measured using the Deoxidizing
Substance Adsorption method, which refers to the iron oxidation mechanism, as described in
the literature [12]. The process begins by preparing a glass bottle containing 3 g of a
deoxidizing agent composed of sodium chloride, activated carbon, and reduced iron powder
in aratio of 1.5: 1: 0.5, respectively. Next, the mouth of the bottle is wrapped with a bioplastic
sample measuring 6 x 6 cm, then sealed tightly with plasticine, after which the bottle is
weighed to determine its initial weight. The bottle is then placed in a desiccator containing a
saturated barium chloride solution at the bottom, maintaining the RH at 90% at a
temperature of 25 °C for 48 hours. The oxygen permeability value is calculated using the
following equation (5).

Oxygen permeability = %

(5)

where My is the final bottle weight after being stabilized for 48 hours; Mi is the initial bottle
weight; t is the equilibrium time (s); and A is the effective plastic area (mm?).
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2.8.7. Chemical Structure

Analysis of functional groups using FT-IR is carried out by cutting the sample to the size of
the lens, then placing it on the sample holder, facing the infrared beam. Next, the spectrum
formed between the wavenumber and transmittance is observed, and the functional groups
present in the plastic material are identified.

2.8.8. Biodegradability Test

Biodegradability testing is carried out using the soil burial method. The biodegradable
plastic samples are cut into 2 x 2 cm pieces and then buried in compost soil at a depth of 7.5
cm. The samples are then incubated at room temperature for 25 days, with observations
made every two days.

Afterward, the samples are cleaned of any adhering soil and weighed. The degree of
biodegradability is determined by the loss in sample weight, calculated by weighing the
samples before and after burial. The percentage of weight loss is calculated using the
following equation (6).

5By 100% (6)

Weight loss (%) = -

where Bo is the initial weight of the sample before planting, and Bf is the sample weight after
planting.

2.8.9. Moisture Content Test

Moisture content analysis was carried out using a DSH-50-1 moisture analyzer with an
accuracy of 0.001g, which had been previously calibrated. A 3g sample was weighed and
placed on the moisture analyzer pan, then the device cover was closed. Next, press the test
button to start the measurement until the device emits a beeping sound, indicating that the
moisture content value on the monitor has stabilized. Then, press the test button again to
stop the device. After that, record the moisture content value displayed on the monitor.

3. RESULTS AND DISCUSSION
3.1. Morphology of Plastic Biodegradable

The principle is that electrons interact with the atoms in the sample, and the resulting
signals can be detected and interpreted as high-resolution images. The SEM images revealed
that MCC dispersion varied, depending on concentration and source. Based on Table 1, the
result of SEM testing at magnifications of 100-3000x on biodegradable plastic samples with
the addition of MCC powder at concentrations of 0, 10, and 20%, differences were observed
in the surface structure in the form of matrix bonds, voids, and reinforcement. Voids are
cavities formed due to imperfections in the bonding matrix, while reinforcement refers to
particles that serve as fillers and strengthen the matrix structure [13].

When observing the morphology of the plastic samples, it can be seen that increasing the
concentration of MCC powder results in a more complex and thicker structure. This is evident
in the plastic treated with 0% MCC, which shows tears in the matrix.

With the addition of MCC (10%), the surface structure tends to have more voids
(gaps/pores) and less reinforcement in its matrix compared to the 20% treatment. The
addition of MCC powder functions as an adhesive and increases the tensile strength of the
plastic, making it more durable and less prone to breaking [14].
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Table 1. SEM results of biodegradable plastic MCC nata de coco and MCC avicel ph 102 with
0, 10, and 20% formulations.

FORMULATION SEM IMAGES

AOBO
MCC (0%)

A1B1
MCC avicel pH 102 (10%)

fahievac,  SEDLPCISALNGORY, X 100000 422712023 007827

A2B1
MCC nata de coco (10%)

A1B2
MCC avicel pH 102 (20%)

¥4

20 pm >
vac. SED PCstd. 10kV X 1000 12/2772023 007832

A2B2
MCC nata de coco (20%)

In addition, when comparing the SEM results of MCC nata de coco with MCC Avicel PH 102,
there is a difference where MCC Avicel PH 102 (20%) shows a less organized matrix structure
and tends to have more voids. This result is because nata de coco tends to be rich in fiber and
pure cellulose compared to plant-derived cellulose [15].

Based on these observations, it can be concluded that the addition of MCC nata de coco
powder as a filler and reinforcement material can provide a better effect on the mechanical
properties of biodegradable plastic and oxygen barrier performance, specifically its tensile
strength, making the resulting plastic less prone to breaking or damage. This is in line with the
fact that a higher number of void defects (cavities) in a matrix structure tends to increase the
brittleness of plastic materials [13].
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3.2. Advanced Characterization of Selected Film

The results of tests conducted in the first stage, which identified the best treatment as the
addition of MCC nata de coco (20%), were followed by a second stage involving physical and
chemical testing of the resulting biodegradable plastic. The results can be seen in Table 2.

Table 2. Results of physical and chemical properties tests of biodegradable plastic.

PARAMETER VALUE
Thickness (mm) 0.33+£0.02
Tensile strength (MPa) 5.27+0.28
Elongation break (%) 0.91 £0.015
Modulus of Elasticity (MPa) 581.40 + 33.466
Oxygen Permeability(10° g /m s Pa) 4.10+0.49
Moisture Content (%) 8.0+0.45

3.2.1. Thickness

Thickness testing on biodegradable plastic is used to determine the characteristics of
biodegradable plastic that affect its use in packaging a product. The thickness of a plastic can
influence the oxygen permeability level of the plastic as a product packaging material.
Generally, the thicker the plastic, the lower its oxygen permeability [16]. In addition, the
thickness of a plastic will also affect other characteristics of the plastic, such as tensile
strength and elongation [17]. Based on Table 2, it can be seen that the measurement results
for the thickness of biodegradable plastic with the addition of 20% MCC powder yielded a
thickness value of 0.33 + 0.02 mm. These measurement results do not meet the standards
when compared to the Japanese Industrial Standard (JIS), that is, < 0.25 mm [17]. Meanwhile,
when compared to the American Society for Testing and Materials (ASTM) D882-12 standard,
which is in the range of 0.1-0.5 mm, the results obtained meet the established thickness
standard. The thickness level of this biodegradable plastic is influenced by the addition of
MCC powder as a filler and reinforcement material, as well as the application of a multilayer
(3-layer) structure to the plastic, as shown in Figure 5.

f

. \
Barrier (outer) layer ‘ y \

/
Active coating ‘ \

Inner layer _ \

Figure 5. Prototype plastic biodegradable multilayer.
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The multilayer application is carried out with three layers on the plastic, with the
outermost layer not containing BHT, while the second and third layers, which are in contact
with the food, are added with BHT as the active ingredient. This multilayer application is
intended to enable the plastic to exhibit better barrier properties. In addition, the multilayer
method allows for the use of active agents in the form of oxygen absorbers in the plastic
layers, ensuring that only the oxygen inside the packaging is absorbed. This is consistent with
the statement. Combining several layers with different properties, multilayer packaging can
achieve better barrier performance [6].

3.2.2. Tensile Strength

Tensile strength testing aims to determine the effect of MCC powder on the characteristics.
Based on Table 2, it can be seen that the tensile strength measurement results for
biodegradable plastic with the addition of MCC powder have a tensile strength value of 5.27
+ 0.28 MPa. These results are in accordance with the standard when compared to the
standard, namely >3.92 MPa; thus, biodegradable plastic with the addition of MCC powder
meets the tensile strength standard. The resulting tensile strength value is influenced by the
addition of MCC powder, which acts as a filler and reinforcement for biodegradable plastics,
which will increase strength. This is in accordance with the statement in some papers that the
addition of fillers and reinforcements to the matrix structure provides good adhesive
properties [13].

However, based on Table 3, the results obtained are still far behind compared to several
polymers with the addition of MCC powder. This indicates that the effectiveness of SM is
greatly influenced by matrix compatibility, preparation methods, and filler distribution [18].
Studies with good dispersion and interfacial interaction result in high TS, while systems
dominated by elastic matrices, such as starch, show low TS.

In the results of this study, the TS value of 5.27 + 0.28 MPa is considered relatively low
compared to the literature, indicating that although MCC was added, its reinforcing effect
was not yet optimal. This is likely due to the non-homogeneous dispersion of MCC leading to
agglomeration, weak interfacial adhesion between SM (hydrophilic) and PLA (hydrophobic),
and a lack of compatibilizers that could enhance interphase interaction [19]. Thus, although
MCC powder has the potential to be used as a filler that can improve tensile strength, the
results of this study show that without formulation optimization, this improvement is not fully
achieved.

3.2.3. Elongation Break

Elongation plays an important role in indicating the extent of plastic deformation without
damage when used as packaging. Based on Table 2, it can be seen that the elongation value
of biodegradable plastic with the addition of 20% MCC powder is 0.91 + 0.015%. This result is
far below the elongation standard for plastics according to JIS K 7113:2019, which is >50%
[17]. The results of this test also do not meet the standards, as the minimum value of plastic
elongation is 10%. This is due to the decreased ductility of biodegradable plastic after the
addition of MCC powder, which increases the stiffness of the existing biodegradable plastic.
In addition, the amount of PEG added can affect the hardness level if it is not proportional to
the weight of the polymer used. This aligns with the fact that the amount of PEG-400 used is
only 5% of the total polymer weight. This is supported by the statement that in the production
of biodegradable plastic, PEG 400 is used at 14% of the amount of polymer used [20].
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Data in Table 3 shows a consistent trend, where packaging with a high MCC powder
content or strong structure tends to have a low Elongation break (EB), while packaging with
a more flexible starch matrix has a high EB value of up to 59.80%. In this study, the EB value
obtained was very low, at 0.91 + 0.015%, indicating that the film is extremely brittle. This
value is even lower than most previous studies, indicating that the addition of MCC
significantly reduces elasticity without being offset by the matrix's flexibility. This discrepancy
may be caused by an uneven distribution of MCC, creating points of stress concentration, as
well as a lack of effective molecular interaction between MCC and PLA [21]. Therefore,
although the decreasing trend of EB is in line with theory, the very low values in this study
highlight the critical trade-off between oxygen barrier enhancement and mechanical
flexibility, which remains a major challenge in biopolymer-based packaging systems.

Table 3. Physical characteristics of plastic with the addition of microcrystalline cellulose.

MCC
FILM PREPARATION LOADING TS (MPA) EB (%) YM REF.
RANGE
Casting; gel Multiple 48.4+2.9 7.8+0.8 2.1+0.1GPa (5]
concentrated and air- ratios
dried
MCE/SA dissolved in Not explicitly 16 3.2 nd [25]
toluene, sprayed onto
paper; PHMG grafted
Casting onto PET films, 45g/100mL  16.58 17.3 nd [26]
dried at 40 °C for 24 h
MCC mixed with PLA in 0-12 wt% 6.2 nd nd [27]
dichloromethane;
automatic coating
machine
Solvent casting; 0-60 wt% 1.93 59.80 0.22 [28]
film thickness based on
starch
Solution casting with 0.1-5 wt% 31.7+2 9.1% nd [29]
PVA decrease
from
control
Sonification of MCC 0.5% w/w 11.24+0.68 31.0+3.88 nd [30]
solution
Integration of MCCinto  20% b/v 5.27+0.28 091+ 581.40 +33.47 MPa  This
PLA 0.015 study

*nd = No data; TS = Tensile strength; EB = Elongation break; YM = Young’s modulus

3.2.4. Young’s Modulus

The modulus of elasticity is the measure of a material’s stiffness, indicating how much a
material can undergo elastic deformation when subjected to a certain force. The modulus of
elasticity is also defined as the ratio between the stress and strain experienced by the material
[22]. The higher the modulus value, the more rigid the plastic material becomes, and the less
likely it is to deform [23]. As shown in Table 2, the results of the elasticity modulus test show
that the elasticity modulus value of the biodegradable plastic is 581.40 + 33.466 MPa. This
result indicates that the biodegradable plastic is rigid when compared to the standard
elasticity modulus according to JIS, which is at least 0.35 MPa [24]. This is influenced by the
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low strain values in the plastic, which are caused by an imbalance between the concentration
of MCC powder as a reinforcement material and PLA as a polymer relative to the amount of
plasticizer used, namely PEG400, which tends to be low [20].

3.2.5. Oxygen Permeability

Oxygen permeability is the ability of a material, in this case plastic, that allows oxygen
molecules to pass through it [31]. This affects the performance and durability of the product,
especially when used in food packaging. Plastics with low oxygen permeability can slow down
the oxidation process, resulting in longer-lasting packaged products. Based on the results in
Table 2, the oxygen permeability value of biodegradable plastic with a PLA polymer matrix
and the addition of 20% MCC powder and 10% BHT has a value 4,10 + 0,49 x101° g /m s Pa.

Several test results of plastics with similar polymers, namely PLA, showed an oxygen
permeability value of 5.0 x 10”7 g/m s Pa. The permeability value for synthetic plastic LDPE is
in the range of 1.47x1071?2 — 9.79x10*3 g/m s Pa [25]. Different from HDPE plastic, which has
avalue of 1.011x10713 - 4.47x107*3 g/m s Pa [32].

Based on these values, the results obtained, when compared to similar polymers such as
PLA, show better oxygen permeability, but still do not reach the permeability levels of
synthetic plastics like LDPE and HDPE. This can be attributed to the addition of MCC, which
enhances the density of the biodegradable plastic structure and creates a barrier to oxygen
entry. In addition, the addition of BHT also contributes to absorbing oxygen content, thus
reducing the rate of oxygen diffusion and resulting in a low oxygen permeability value [31].
The mechanism of BHT in oxygen absorption can be seen in the following figure.

Based on Figure 6, it can be seen that the BHT compound will release a labile hydrogen
(which is easily donated to free radicals), with the labile hydrogen located on the hydroxyl
group (-OH). The hydroxyl group (-OH) acts as a donor of labile hydrogen, which will later be
donated to neutralize free radicals, turning them into more stable radicals.

More stable radicals are not reactive toward oxygen, thus reducing the possibility of
generating more free radicals [33]. Thus, BHT plays a role in reducing the concentration of
oxygen available for oxidation reactions, thereby slowing down the deterioration process of
food products.

H,C

Figure 6. Oxidation reaction of BHT through the hydrogen donor mechanism. BHT changes
into the BHT radical.

p-ISSN: 2828-920X e-ISSN: 2828-9951



Dirpan et al., Multilayer Oxygen-Scavenging Biodegradable Polylactic Acid Films... | 50

3.2.6. Chemical Structure

Fourier Transform Infrared (FT-IR) mechanism involves measuring the interaction between
infrared radiation and matter, specifically the absorption of light at certain wavelengths [34].
Data collected as a function of time is then converted into a frequency spectrum using the
Fourier transformation, enabling the identification of chemical bonds and molecular
structures in the sample.

As shown in Figure 7, the FTIR testing results on the MCC 20% Plastic sample produced
several peaks. The first peak, in the 1700-1800 range with a sharp downward and narrower
shape, indicates the presence of a carbonyl group (C=0) in the compound. This group is
formed in organic compounds containing esters and carboxylic acids [35]. The second and
third peaks fall within the fingerprint region. The second absorption band is found at the peak
of 1180, where the range of 1000-1300 indicates the presence of a C-O functional group.

This group is formed in organic compounds containing esters and alcohols. The C-O
functional group, which is characteristic of ester compounds, indicates that the film layer of
the biodegradable plastic is hydrophilic, making it easily degradable [36]. The third peak has
an absorption band at 1080, where this absorption band lies within the range of 1070-1140,
indicating the presence of an ether compound with a C-O-C group [37]. The C-O-C functional
group in ether compounds plays a role in increasing tensile strength and elastic modulus;
however, the ability to stretch decreases [38].

MC nata de coco 20%

Transmittan (% )
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Figure 7. FTIR spectrum of biodegradable MCC nata de coco plastic.
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3.2.7. Biodegradability

Biodegradation is the natural process of breaking down organic materials into simpler
compounds through the action of microorganisms. The ability of a material to decompose is
referred to as biodegradability. Biodegradability tests on biodegradable plastics are
conducted to determine the degree of plastic material decomposition, thereby assessing their
role in reducing the negative impact of conventional plastics on the environment.

The biodegradation process of packaging in the environment occurs through chemical
decomposition, resulting in polymers with lower molecular weights by breaking molecular
bonds [39]. The following are the results of the biodegradability level test for biodegradable
plastic. Based on the analysis of variance, the interval of days has a significant effect at the
5% level (p<0.05) on the biodegradability level of the biodegradable plastic.

Based on Figure 8, the biodegradation rate was found to be 28.86% over 25 days, with the
highest degradation rate occurring on the 25th day at 9%. The test results show that the level
of biodegradation is in good accordance when compared to biodegradable plastics using
similar polymers, which is >25% within a period of 25 days [40].

In addition, these results show good conformity when compared to the ASTM D6400-12
standard, which requires a biodegradation rate of 90% within 180 days under composting
conditions. These results are influenced by the nature of PLA, which is easily decomposed
through the process of hydrolysis by microorganisms [41]. In addition, the addition of
plasticizers also helps to bind moisture content, thereby facilitating the hydrolysis process of
plastic by microorganisms.

35,00
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Figure 8. The biodegradability levels of biodegradable plastics.
3.2.8. Moisture Content

Moisture content in biodegradable plastics can affect the physical and mechanical
properties of the plastic, especially when used for packaging food products. Plastic with too
low a moisture content becomes brittle, while too high a moisture content can accelerate the
biodegradation of the plastic and also affect the shelf life of the packaged food products [42].
Based on Table 2, the moisture content obtained was 8.0 + 0.45%. When compared to the
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moisture content of biodegradable plastic made with a combination of Walur starch and
glycerol, it ranges from 9.45 + 2.89% [43].

In addition, the combination of cellulose acetate with PEG-600 resulted in a water content
of 10.23 + 0.45%, with the highest water content found in the plasticizer formulation at 50%
[40]. The greater concentration of plasticizer added resulted in higher water content. This is
because the plasticizer functions to bind the water content [43].

Thus, the higher the water content in biodegradable plastic, the greater its potential to
accelerate biodegradation, which is influenced by the concentration of plasticizer used. This
is in accordance with some papers that the plasticizer binds water during the polymerization
process, making the resulting biodegradable plastic softer and easier to degrade.

3.2.9. Bibliometric Trends and Relevance to Sustainable Development Goals

A bibliometric analysis was conducted to examine the global research trends in food
packaging, as illustrated in Figure 9. The data, obtained from a TITLE-ABS-KEY query, show a
significant and continuous increase in the number of publications over time, particularly after
the early 2000s.

The sharp rise in recent years reflects the growing scientific and industrial interest in
advanced packaging technologies, driven by concerns related to food safety, shelf-life
extension, and environmental sustainability. The exponential growth of publications indicates
that food packaging has become a critical research area, especially with the increasing
demand for sustainable and functional materials.

The rapid expansion of research output is closely associated with the development of
biodegradable polymers, active packaging systems, and oxygen-scavenging technologies.
These advancements aim to address major challenges such as plastic waste accumulation and
food spoilage. In particular, the integration of structural reinforcement materials and active
agents within multilayer systems remains an emerging research direction, as highlighted by
the relatively limited studies focusing on combined functionalities. This observation supports
the identified research gap and justifies the need for developing integrated biodegradable
packaging systems.

From a sustainability perspective, the increasing research trend strongly aligns with several
SDGs. Specifically, SDG 12 (Responsible Consumption and Production) is addressed through
the development of biodegradable materials that reduce reliance on conventional plastics.
SDG 13 (Climate Action) is supported by minimizing environmental impact and promoting
eco-friendly material design. In addition, SDG 2 (Zero Hunger) is indirectly targeted through
the enhancement of food preservation using oxygen-scavenging packaging systems that
extend shelf life and reduce food waste.

Therefore, the bibliometric findings not only demonstrate the growing importance of food
packaging research but also emphasize the urgency of developing innovative, sustainable, and
multifunctional materials. The present study contributes to this evolving field by integrating
structural reinforcement and active functionality in a multilayer biodegradable system,
thereby addressing both technological challenges and global sustainability goals. Finally, this
study adds new information regarding SDGs, as reported elsewhere [44].
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Figure 9. Bibliometric analysis of global research trends in food packaging based on TITLE-
ABS-KEY query, showing the annual number of publications over time. Data were obtained
from the Scopus database in April 2026.

4. CONCLUSION

This study presents a bibliometric and experimental investigation of multilayer oxygen-
scavenging biodegradable polylactic acid films reinforced with microcrystalline cellulose and
butylated hydroxytoluene. The results demonstrate that the integration of structural
reinforcement and active functionality enhances material performance, particularly in
improving barrier properties while maintaining mechanical integrity. Bibliometric findings
confirm the growing research interest and highlight the need for integrated multifunctional
systems. The novelty lies in combining natural-source cellulose, antioxidant-based oxygen
scavengers, and multilayer architecture within a unified structure—property—function
framework. This approach supports sustainable food packaging development and contributes
to SDGs, particularly responsible production, climate action, and food preservation.
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