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Abstract

The aim of this research is to develop sustainable and biodegradable biocomposite films for agricultural
applications using components derived from renewable resources, including poly(lactic acid) (PLA), natural rubber (NR),
and rice straw (RS). The PLA/NR blend, at a fixed ratio of 60/40 wt.%, was filled with 3%, 5%, and 10 wt.% RS powder,
respectively. All the films were successfully produced with the cast film extrusion process. However, at 10 wt.% RS,
many large holes were presented on the obtained film, which disallowed further testing. The brittleness of neat PLA
changed into a ductile fracture when NR was added. The tensile strength and modulus of the biocomposite films decreased
with increasing RS contents. Nevertheless, their elongation at break was still significantly higher than that of neat PLA.
The MFI of the composites increased as the fiber content increased. FE-SEM micrographs of tensile fracture surfaces of
PLA/NR blend, and PLA/NR/RS films showed smooth surfaces with phase-separated morphology. After 90 days of soil
burial, the biocomposite with 5 wt.% RS showed the greatest weight loss of 15%. The information above demonstrates
that PLA/NR/RS biocomposite materials have the potential to be used as biodegradable and low-cost agricultural films.

Keywords: Biocomposite, Biodegradable film, Poly(lactic acid), Natural rubber, Rice straw

1. Introduction

Thailand, an agricultural country, has high
agricultural output. Consequently, amount of plastic waste
from agricultural sector has been increased. One of them
is plastic films such as seedling bags and mulch film. Films
for agricultural applications, generally made from
polyethylene plastic, are used worldwide because they are
inexpensive and lightweight'. As polyethylene is not
biodegradable and becomes microplastics in the
environment, it could have significant deleterious
consequences for the health of organisms, also across the
food chain®. Hence, replacing traditional polymers with
biodegradable and compostable ones is essential.

Among biodegradable polymers, poly (lactic acid)
(PLA), a biodegradable polyester derived from renewable

resources, is of interest. Though PLA is strong, it is also
very brittle. PLA has frequently been blended with flexible
materials to solve these issues. Blending PLA with
biodegradable and renewable NR without various
modifications is a good choice to improve toughness and
elongation at break and enhance the degradation rate of
PLA, which is an ideal candidate to improve the brittleness
of PLA®. The addition of NR increased the amorphous
region in the matrix, thus increasing the percentage of
water absorption. This occurs because the amorphous
region is flexible and can facilitate the diffusion of water *
® One of basic parameters control the hydrolytic
degradation of a PLA is quantity of absorbed water’.
Additionally, since NR is less expensive than PLA,

blending the two materials reduces the cost.
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Rice straw is an organic waste that is the large
quantities as a by-product of rice cultivation. The most
popular way to dispose of rice straw is to burn it. In various
areas of Thailand, most farmers rely on the natural buming
of straw, which is leading to numerous ecological,
environmental, health, and economic problems®*. Because
of this, rice straw fibers were studied from many research
for use in the production of reinforcing agents for polymer
composites and improve the biodegradability of PLA'®!!,
Rice straw is a valuable waste product that provides
several substantial advantages, including ease of
accessibility, low cost, biodegradability, little risk to
health, and environmental friendliness. This will all lead to
the production of sustainable PLA/NR/Rice straw
biocomposite films that are low cost, biodegradable,

flexible, and strong films.

2. Experimental methods

2.1 Materials

Poly(lactic acid) (PLA, 4043D) was purchased
from Nature Works LLC. Natural rubber (NR, STR 5L)
was purchased from Natural Art and Technology Co.,
LTD. Rice straw (RS) was collected from a rice processing

factory in Nakhon Ratchasima Province, Thailand.

2.2 Preparation of PLA/NR/RS biocomposites

PLA was dried in an oven at 80 °C for 10 hours
before mixing with 10-minute masticated NR.
Biocomposites produced from PLA, NR, and RS powder
(53 microns long) were made with different compositions,
as shown in Table 1. The amount of rice straw in the
polymer composite varied in the range of 3, 5, and 10 wt.%
based on the total weight of the PLA/NR blend. The ratio
of PLA to NR was fixed at 60/40 wt. %. All polymer
composite compositions were mixed in an internal mixer
(Haake Rheomix, 3000P) for 10 minutes at 170 °C with a
rotor speed of 60 rpm. After that, the polymer composite
was crushed into smaller pieces in a plastic recycling

machine (Tranekaer, DK-5953).

91
Table 1. Formulations of PLA/NR/Rice straw
composites.
Sample code PLA NR RS
P (%wt.) (%wt) | (%wt)

Neat PLA 100 - -

PLA/NR 60 40 -

PLA/NR/3%RS 58.2 38.8 3

PLA/NR/5%RS 57 38 5

PLA/NR/10%RS 54 36 10

2.3 Biocomposite films preparation

PLA/NR/RS biocomposites films were produced
using cast film extrusion (Betol, BC 32). The temperature
of the barrel (zones 1, 2, 3, and 4) was 45, 165, 180, and
190 °C, and the slit die zone was 190 °C. The screw speed
was 50 rpm. The chill roll speed and temperature were 6
rpm and 60 °C, respectively.

2.4 Characterization of PLA, PLA/NR, and PLA/NR/RS
biocomposite films

According to the ASTM D1238 standard, the melt
flow index (MFI) measurements of PLA, PLA/NR, and
PLA/NR/RS composites were done using a melt indexer
(Kayeness, D40004HV) by applying a weight of 2.16 kg
at a melt temperature of 190 °C. At least 6 extrudates from
each formulation were cut and weighed at regular intervals
before the average was calculated. The melt flow index is

obtained using the following equation (1).

MEFI (g/10 min) = M 1)

where MFI is the melt flow index (g/10 min), W is
weight of material extruded (g), and t is cutting time (s).

The universal testing machine (Instron, 5565) is
used to measure the tensile properties of PLA, PLA/NR,
and PLA/NR/RS biocomposite films according to the
tensile test standard ASTM D882 (thickness less than 1.0
mm (0.04 in.)) with a load cell of 5 kN, a crosshead speed
of 12.5 mm/min, and a gauge length of 50 mm.

Morphological properties of PLA/ NR/ RS
biocomposite films were investigated using a field
emission scanning electron microscope (FE-SEM;
ZEISS, AURIGA). Osmium tetroxide was used to stain the
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rubber phase for 24 hours to distinguish the various phases.
Before FE-SEM analysis, the surfaces of the samples was
coated with carbon. FE-SEM images of the samples were
collected using a 3 kV acceleration voltage.

The 3x3 cm samples of films were buried in a box
of soil that was kept at a 30% moisture by weight
condition. The samples were buried between 12-15
centimeters deep. Each sample was retrieved from the soil
after being buried for 15, 30, and 60 days. The obtained
samples were cleaned in distilled water and dried to a
constant weight in a vacuum oven at 40 °C. The percentage
weight loss of the film samples was calculated by

following equation (2).
Weight loss (%) = (m;m) % 100 %)
Wi
where Wj is the initial dry weight of the samples
and W is the dry weight of the sample retrieved from soil

burial.

Figure 1. Physical characteristics of (a) neat PLA, (b)
PLA/NR, and PLA/NR/RS biocomposite films; (c) 3%,
(d) 5%, and (e) 10%.

3. Results and Discussion

Figure 1 (a-e) shows the physical characteristics of
neat PLA, PLA/NR blends, and PLA/NR/RS biocomposite
films. All biocomposite films exhibited an opaque light
brown tint, while neat PLA film was slightly yellow and
clear, and PLA/NR blends film was semi-opaque. The
surface appearance of the neat PLA, PLA/NR blend,

PLA/NR/3%RS, and PLA/NR/5%RS films was smooth.
The surface of the PLA/NR/10 % RS film, on the other
hand, contained numerous huge holes; hence, this film had
not been subjected to further characterization. The PLA
films were 0.20+0.01 mm thick. The thickness of the films
decreased to 0.054+0.01 mm with the addition of NR. This
might be because NR improved the melt strength of
PLA/NR film, thus facilitating stretchability. The
thickness of the biocomposite films was 0.14+0.01,
0.16+0.01, and 0.24+0.01 mm for the films at 3, 5, and 10
%wt. RS, respectively. The thickness of the biocomposite
films tended to increase with an increase in RS content,

which was consistent with the increase in melt flow rate.

» 4

"

)l -
n

AR FLANKONES  PLANRSNES  PLANR OGRS

MFI (/1 0min, @190 °C/ 2.16 kg)

Figure 2. Melt flow index (MFI) of neat PLA, PLA/NR,
and PLA/NR/RS biocomposites.

One of the most important measurements for polymer
processing is the melt flow index (MFI). MFI is indicative
of the molten polymer's processing abilities and flow
characteristics, enabling a basic evaluation of the
processing characteristics of thermoplastic polymers.
Figure 2 shows the MFI values of neat PLA, PLA/NR
blend, and all PLA/NR/RS biocomposites. The MFI of the
PLA/NR blend was higher than that of neat PLA. The
addition of 40 %wt. NR might improve the melt flow
properties of neat PLA. The MFI values of the composites
containing 3 and 5 %wt. RS were similar and
approximately twice that of PLA/NR. The higher the
amount of fiber added during composite manufacturing
causes an increase in shear'”. When RS content was
increased to 10 %wt., the MFI increased to around 37+0.79

g/10 min, which could not be used to produce a smooth
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Figure 3. Stress-strain curve of neat PLA, PLA/NR, and
PLA/NR/RS biocomposite films; (a) machine direction
(MD) and (b) transverse direction (TD).

film. In general, the range of MFI that is suitable for cast
film is around 9-15 g/10 min, which makes the cast film
extrusion process smoother'”. The large and numerous
holes were then occurred in the films at 10 %wt. RS.

Tensile test results of neat PLA, PLA/NR, and
PLA/NR/RS biocomposites are shown in Figure 3 (a-b),
where the tensile stress-strain curves can be seen. The neat
PLA showed brittle fractures. The brittleness of neat PLA
changed into a ductile fracture when NR was added. At the
RS contents of 3-5 %wt., the fracture behavior of the films
was still ductile.

The tensile properties of neat PLA, PLA/NR, and
PLA/NR/ RS biocomposite films in machine (MD) and
transverse direction (TD) are compared in Figure 4 (a-c).

In MD, PLA/NR blend and PLA/NR/RS
biocomposites films showed lower tensile strength and
modulus values (Figure 4 (a-b)) than neat PLA. The
rubbery nature of NR leads to a decrease in tensile strength
and modulus. Also, the tensile strength and modulus of
PLA/NR/RS biocomposites films were lower compared to
neat PLA and PLA/NR blends, and they decreased with

increasing RS contents. This is common in natural fiber

composites. The PLA are hydrophobic, but the most
natural fibers are hydrophilic, which prevents them from
forming good interfacial adhesion'®. The tensile strength
and modulus of the films are lower in the transverse
direction (TD) than they are in the machine direction, but
both directions exhibit the same trend.

Elongation at break of neat PLA, PLA/NR, and
PLA/NR/RS biocomposite films is shown in figure 4 (c).
When RS is added, the elongation at break of PLA/NR/RS
biocomposite films is decreased. As a result of poor
interfacial adhesion. Moreover, the presence of RS fiber
limits the mobility of PLA and NR polymeric chains,
which hinders the chains ability to elongate. As a result,
elongation at break decreases. However, all biocomposite
films still showed a significantly higher elongation at
break than that neat PLA. The films' elongation at break is
much lower in the transverse direction than it is in the

machine direction.
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Figure 4. Average tensile properties of neat PLA,
PLA/NR, and PLA/NR/RS biocomposite film; (a) Tensile
strength, (b) Young’s Modulus, and (c) Elongation at
break.
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Figure 5 (a—d) shows the FE-SEM micrographs of
the tensile fracture surfaces of neat PLA, PLA/NR blend,
and PLA/NR/RS biocomposite films. Figure 5 (a) shows
that the surface of the neat PLA film was smooth, which is
typical for brittle polymers. Phase separated morphology
could be seen in the PLA/NR blends (figure 5(b)), many
NR droplets were found in the PLA matrix. This indicated
that blends of PLA and NR were immiscible.
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Figure 5. FE-SEM micrographs at 5000xmagnification of
tensile fracture surface of (a) neat PLA, (b) PLA/ NR, and
PLA/NR/RS biocomposite films at RS contents of; (c) 3%,
and (d) 5%.

When RS fibers were added to PLA/NR, it was
discovered that the lager extent of phase separation.
(Figure 5 (c-d)). This occurs from the difference in polarity
of the composite system. Only a little amount of the RS
fiber could be observed on the fracture surface of
PLA/NR/RS biocomposite films. It shows that the RS fiber

was well embedded in the polymer matrix.
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Figure 6. Weight loss percentage of PLA, PLA/NR, and
PLA/NR/RS biocomposite films.

The biodegradability of the film samples was
followed by measuring the percent weight loss of samples
after 15, 30, 60, and 90 days of soil burial, as shown in
Figure 6. PLA was discovered to have the lowest weight
loss percentage, which refers to the slowest degradation,
when compared to the PLA/NR blend and the PLA/NR/RS
biocomposites. By adding NR to PLA, the percentage of
weight loss increased. This is due to the incompatibility of
PLA and NR. Heterogeneous structures are usually
destroyed faster than homogeneous ones [5]. It was
observed that NR influences the hydrolysis, which is the
initial stage of the PLA degradation process [15].
Moreover, other factors such as temperature, moisture,
water absorption, bacteria, and mold in the soil influence
its reactivity and accessibility. The percentage of water
absorption increased when NR was present because it
made the matrix's amorphous region larger [6]. This could
be the explanation why PLA/NR observed greater weight
loss than PLA. With an increase in RS content, the weight
loss percentage increased. The natural fibers' hydrophilic

properties led to a higher degradation rate [14]. The
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degradation rate of all polymers was found to be slow in
the initial degradation rate, with the onset of more

decomposition occurring after several months.

4. Conclusions

In this study, biocomposite films were made using
PLA/NR/RS composites, which were developed by adding
RS powder to the PLA/NR blend at concentrations of 3, 5,
and 10% by weight, to investigate the production and
properties of biocomposite films that could be used in
agriculture. From the test results, it was found that the MFI
values of the PLA/NR blend and the composites were
higher than PLA. Except for the biocomposite films
containing 10 %wt. RS, all the films showed a smooth
surface and could be subjected to mechanical and
biodegradable tests. The brittleness of neat PLA changed
into a ductile fracture when NR was added. The tensile
strength and modulus of PLA/NR/RS biocomposites films
were lower compared to neat PLA and PLA/NR blends,
and they decreased with increasing RS contents. However,
the biocomposite films still showed a significantly higher
elongation at break than neat PLA. FE-SEM analysis
revealed phase separated morphology in PLA/NR blends
and PLA/NR/RS biocomposites films. When the
biodegradability of the film samples was evaluated after
15, 30, 60, and 90 days of soil burial, PLA was found to

have the lowest weight loss perc ge. The percentage of
weight loss increased when the NR and RS were added.
The biocomposite with 5 wt.% RS showed the greatest
weight loss. From the above results, low-cost and
biodegradable agricultural films are possibly produced

from PLA/NR/RS biocomposite.
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Abstract

Agricultural activities contribute to numerous waste problems and have emerged as
a significant environmental concern. Nondegradable plastic residues decompose, re-
leasing microplastics and affecting ecosystems and the environment. Consequently,
biodegradable bio-composite films consisting of polylactic acid (PLA), natural rub-
ber (NR), and rice straw (RS) have been developed with the aim of using them in
agricultural applications. In this study, the PLA/NR blend, at a fixed ratio of 60/40
wt%, was filled with 3 and 5 wt% RS powder and extruded through a slit die into
films. The biodegradability of all films was examined after being buried for 90 days
in soil with a moisture content of 30% by weight. The neat PLA film showed the
lowest weight loss percentage, 3.33%, suggesting a comparatively slower degrada-
tion rate in comparison to the PLA/NR(60:40) blend and all bio-composite films.
The presence of 40 wt% NR in the film helped accelerate the biodegradation pro-
cess during soil burial. The film produced from PLA/NR 60:40 wt% matrix filled
with RS at 5 wt% led to rapid degradation, leading to a weight loss of 8.30%.
From SEM micrographs, the morphology of all polymers after burial in soil showed
fractures, the formation of pores, and obvious surface indications of fungi growing.
The content of carbon decreased after soil burial, while oxygen content increased,
and nitrogen was detected. The XRD analysis revealed low crystallinity in the neat
PLA, consistent with the DSC analysis. The addition of NR and RS to the compos-
ites led to an increase in the crystallinity of PLA phase. All investigated materials
exhibited an increase in crystallinity after being buried in soil. This research demon-
strates that bio-composite films manufactured from the PLA/NR(60:40) blend filled
with RS degrade more easily than unmodified PLA film.

Keywords Biocomposite - Biodegradability - Poly(lactic acid) - Natural rubber -
Rice straw

Extended author information available on the last page of the article
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Introduction

Across the globe, the agricultural sector is regarded as being essential to the economy
and society. But on the other hand, there is also a lot of waste generated from agricul-
tural activities. Plastic films, like mulch film and seedling bags, are one of them. The
remaining plastic is hard-to-remove waste and can cause many environmental prob-
lems if disposed of improperly. Proper disposal requires time and space, and different
categories of garbage require specific procedures and approaches. This disparity in
disposal practices can lead to complications in managing plastic waste effectively.
The presence of these nondegradable plastic residues in the environment will begin to
degrade because of the effects of the environment around them, releasing microplas-
tics ranging from 1 pm to 5 mm in size [1]. Microplastics have significant negative
effects on the health of organisms as well as across the food chain [2]. One possible
approach to solving the problem of plastic waste involves the use of biodegradable
plastic. The utilization of biodegradable plastic offers eco-friendly alternatives to
synthetic plastic, but poor mechanical and barrier properties necessitate the develop-
ment of fillers and composites [3].

This study focuses on poly (lactic acid) (PLA), a type of biodegradable plastic.
PLA is a semi-crystalline thermoplastic polyester synthesized from the ring-opening
polymerization of lactides derived from the bacterial fermentation of food residues
and natural polysaccharides such as corn starch, sugar beet, and wheat [4, 5]. PLA
can be naturally degraded through ester bond hydrolysis under specific conditions.
This process, involving moisture, oxygen, and microorganisms, results in chemical
reactions like photoionization and chain scission. Exposure to moisture causes ester
groups to cleave, reducing PLA’s molecular weight and enhancing its crystallinity.
Microbial and enzyme processes are crucial in the degradation process. Microbial
degradation converts organic compounds to less toxic or useful forms, while enzymes
like lipase, esterase, and alcalase play a crucial role in breaking down PLA. The
increased nitrogen content accelerates PLA degradation, with bacteria colonizing
PLA surfaces and releasing enzymes that hydrolyze its polymeric structure. These
enzymes are consumed by bacterial cells as a nutrient substrate, facilitating total
degradation on both the surface and inside the material [6]. In addition, fungi are
attention in biodegradation research due to their ability to colonize extreme environ-
ments, produce enzymes for chemical compound degradation, and their hydrophobin
proteins, which enable them to adhere to surfaces like plastics [7]. Nevertheless,
polylactic acid (PLA) is still expensive and exhibits a higher degree of resistance to
degradation compared to other types of biodegradable plastics [8]. Despite its com-
patibility with various processing techniques, its high glass transition temperature
causes brittleness in final products [9, 10]. Consequently, PLA is frequently blended
with other biopolymers to enhance its original characteristics. Blending with natural
rubber (NR) is a common method for reducing PLA brittleness due to its excellent
elasticity, ductility, and low cost [11-13], and natural rubber can also reduce PLA
degradation time and improve decomposition [ 14—-16]. However, it was reported that
the degradation behavior of PLA/NR blends is affected by composition of the blends
[14, 17].
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Furthermore, PLA, a hydrophobic polymer, exhibits a long process of biodegrada-
tion in landfill environments. To attain biodegradability, hydrophilic fillers such as
starch or cellulose are preferred due to their ability to produce lactic acid. Due to this,
the process of landfill biodegradation involves hydrolysis and hydrolytic degrada-
tion, where the absorption of water plays a critical role. The addition of hydrophilic
fillers has the potential to improve the degradation of PLA in landfills by enhancing
its ability for water absorption. The enzymatic hydrolysis of cellulose results in the
formation of lactic and silicic acids. These acids act as catalysts in the hydrolytic deg-
radation process, leading to the generation of carboxylic acid end groups. These end
groups increase the rate of deterioration, as observed in the study on the degradation
of PLA reinforced with high-lignin-containing microfibrillated cellulose [17-20]. It
was discovered that the biocomposites did not have any antibacterial properties. This
was attributed to the bacterial degradability of the lignocellulosic components, which
led to the degradation of the composites. Rice straw (RS) is an agricultural waste con-
sisting of 12% lignin, 38% cellulose, and 25% hemicellulose [21]. The surface of rice
straw contains polar groups like hydroxyl, which renders it polar [22, 23]. Therefore,
using rice straws assists in PLA degradation [24].

Biodegradability of biodegradable and bio-composite materials for agricultural
films has been widely assessed by soil burial test, which determine material weight
loss with time [25-29]. Soil components like fungi, bacteria, earthworms, and insects
can break down plastic films by bio-fragmentation, which is crucial for enhancing the
film’s surface area accessible to microorganisms [30]. Soil burial test also allows for
detailed examination of the sample’s transformations during testing, such as changes
in chemical composition (using energy dispersive X-ray analysis (EDX)), biologi-
cal erosion of the film surface (via electron microscopy), or alterations in physical
properties associated with degradation. Additionally, agricultural films are prone to
being ploughed into the soil and buried in the ground at the end of a growing season.
If the biodegradability of the films in soil is known, it can ensure the successive bio-
degradation process, which consequently gives rise to compost, which is a fertilizer
for the ground.

As mentioned earlier, PLA is a biobased and biodegradable polymer that has low
toughness, a slow biodegradation rate, and remains expensive. The biodegradable,
elastic, and cost-effective natural rubber (NR) was blended with polylactic acid (PLA)
to create flexible agricultural films. Consequently, the blend was filled with rice straw
(RS), which is an agricultural waste, to enhance its biodegradability. A prior study
[31] successfully produced a bio-composite film made of a PLA/NR blend ratio of
70:30 wt% filled with RS powder. Their mechanical and morphological character-
istics, as well as their weight loss after being buried in soil for 90 days, have been
proposed. To further study the blending of a higher amount of NR with PLA to obtain
lower-cost films, the amount of NR was increased to 40 wt%. In addition, the thinner
film was designed in the current work, so the screw speed of the single screw extruder
during casting films was 40 rpm, whereas 50 rpm was used in the previous study. The
increased amount of NR and reduced screw speed led to a decrease in film thickness.
The maximum amount of RS that could be filled in the PLA/NR(60:40) blend and
cast into film was 5 wt%. The tensile test findings indicated that the incorporation of
NR changed the brittleness of neat PLA into a ductile fracture. With an increase in
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RS concentration, the tensile strength and modulus of bio-composite films dropped.
Despite this, the elongation at break remained notably higher than that of neat PLA,
and all bio-composite films have the potential to be formed into eco-friendly planting
bags [32]. The interesting point of the current work is to know the biodegradation
behavior in soil of bio-composite films prepared using a high amount of NR and the
lower film thickness. This study investigated the biodegradation of PLA/NR/RS film
with a fixed ratio of PLA/NR of 60:40 wt% through soil burial. The study observed
weight loss percentage and changes in crystallinity, chemical composition, and ther-
mal properties to assess biodegradability for potential applications in designing or
utilizing biodegradable films in the future.

Methodology
Materials

Poly(lactic acid) (PLA, Ingeo 4043D) was purchased from NatureWorks. Natural
rubber (NR, STR 5 L) was purchased from Natural Art and Technology Co., Ltd.
Rice straw (RS) was collected from a rice processing factory in Nakhon Ratchasima
Province, Thailand.

Preparation of PLA/NR/RS masterbatch

Poly(lactic acid) (PLA) and rice straw (RS) powder (~53 um long) were dried over-
night in an oven at 80 °C to eliminate moisture. The mastication process was employed
for mixing the natural rubber (NR) and RS powder using a two-roll mill (Yong Fong
Machinery, YFY-R-6). This process was carried out over a period of 10 min, using a
roller speed of 10 rpm. The RS content varied within the range of 3 and 5 wt% based
on the overall weight of the PLA/NR blend. The ratio between PLA and NR was
maintained at a constant value of 60/40 wt%. Then, PLA was mixed with the NR/RS
for 10 min at a temperature of 170 °C with a rotor speed of 60 rpm using an internal
mixer (Haake Rheomix, 3000P). The masterbatch obtained is subsequently processed
into sheets using a two-roll mill at a roller speed of 10 rpm. The sheets were sliced
into long strips in preparation for the PLA/NR/RS masterbatch (MB).

Preparation of PLA/NR/RS bio-composites

The PLA/NR/RS masterbatch was mixed with PLA in a 50/50 ratio of MB/PLA
using a twin-screw extruder (Brabender, PL2100). The temperatures of the barrel in
zones 1, 2, 3, 4, and 5 were 150, 165, 175, 180, and 170 °C, respectively. The screw
speed was 40 rpm. Subsequently, the PLA/NR/RS bio-composites were crushed into
smaller pieces in a plastic recycling machine (Tranekaer, DK-5953). The composi-
tion of the PLA/NR(60:40) blend and the composites is shown in Table 1.
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Table 1 Formulations of PLA/ Sample code PLA (W(%) NR (Wl%) RS (Wt%)

NR(§0:40) blen'd and PLA/NR/ Neat PLA 100.0 R R

RS bio-composites
PLA/NR (60:40) 60.0 40.0 -
PLA/NR/3%RS 58.2 38.8 3.0
PLA/NR/5%RS 57.0 38.0 5.0

Composite films preparation

The neat PLA, the PLA/NR(60:40) blend, and the PLA/NR/RS bio-composites were
packed and melted in the extruder. The temperature in the barrel (zones 1, 2, 3, and
4) was set at 45, 165, 180, and 190 °C, and the slit die zone was 190 °C. The screw
speed, chill roll speed, and temperature of the chill roll were 40 rpm, 6 rpm, and
60 °C, respectively.

Soil burial biodegradation

The film samples, dimensions 3 X3 cm, were buried in soil with a moisture content
of 30% by weight and at a depth of 15 cm. The samples were retrieved after being
buried for periods of 15, 30, 60, and 90 days. The retrieved samples went through a
cleaning process using distilled water and were subsequently dried in a vacuum oven
at a temperature of 40 °C until a constant weight was achieved. The calculation of the
weight loss percentage for the film samples was done using Eq. (1).

7. — W,
Weight loss (%) = (“V\i) x 100 1)

Where w; represents the initial dry weight of the samples, while w, represents the dry
weight of the sample retrieved after being buried in soil for a determined time [33].

Morphological characterization

The morphological characteristics of all films (0.3x0.3 cm) were examined using a
field emission scanning electron microscope (FE-SEM) (Zeiss AURIGA FE-SEM).
To be able to separate the different phases, the rubber phase was stained with osmium
tetroxide for 24 h. Before performing FE-SEM analysis, a carbon coating on the sur-
faces of the samples was applied. The samples were imaged using a FE-SEM with a
3 kV acceleration voltage.

Chemical components characterization

The chemical components of neat PLA, PLA/NR(60:40) blend, and PLA/NR/RS bio-
composite film samples were obtained using JEOL JSM-7800 field emission scan-
ning electron microscopy (FESEM) with energy dispersive X-ray analysis (EDX) at
3 kV. The sample was prepared using a methodology like that employed for FE-SEM
analysis, with the difference that a gold coating was applied to the surfaces of the
samples.
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Thermal characterization

The thermal characteristics of all films were determined using a differential scanning
calorimeter (METTLER TOLEDO, DSC 3+). For the measurements, 5-10 mg of
samples was sealed in an aluminum pan. The sample was heated from 25 to 200 °C at
arate of 5 °C/min (the first heating) and held for 2 min under a nitrogen atmosphere,
then cooled to 25 °C at a rate of 5 °C/min (cooling) before being heated to 200 °C at
a rate of 5 °C/min (the second heating). The degree of crystallinity (Xc) of the PLA
phase in polymer composites was calculated based on the enthalpy value of a 100%
crystalline PLA using the following Eq. (2).

AHy, — AH, AH”) x 100

X, (%ecrystallinity) = ( w x A

2

Where AH,, is the measured endothermic enthalpy of melting and AH, is the cold
crystallization exothermic enthalpy during the heating scans. AH? = 93.7 J/g, and w
is the weight fraction of PLA in the sample [34].

Crystalline structure characterization

X-ray diffraction (XRD) investigations were conducted on the neat PLA, PLA/
NR(60:40) blend, and PLA/NR/RS bio-composite film samples (3%x3 c¢m) using an
X-ray diffractometer (Bruker, D2 PHASER) equipped with a CuKa (A=1.54 A) to
identify the crystalline phases present in the materials. The samples were scanned in
the range of 5 degrees to 50 degrees.

Results and discussion

Physical characteristics of the neat PLA, PLA/NR(60:40) blend, and Bio-composite
films

Figure 1 (a—d) shows the physical characteristics of neat PLA, PLA/NR(60:40)
blend, and PLA/NR/RS bio-composite films. The PLA film was yellow and translu-
cent, the PLA/NR(60:40) blend film was semi-opaque, and the bio-composite films
were opaque light brown.

Table 2 illustrates the thickness of all films produced in the current work. The film
thickness is notably thinner compared to the films produced in the prior study [31].
Adding 40 weight% of natural rubber (NR) to polylactic acid (PLA) as a matrix for
bio-composite production and using a screw speed of 40 rpm during film casting
resulted in significantly thinner films.

Biodegradability

The degradation of neat PLA, PLA/NR(60:40) blend, and bio-composites was con-
firmed by visually observing the physical appearance of the samples and measuring
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Fig. 1 Photographs of the cast films: neat PLA (a), PLA/NR(60:40) blend (b), and PLA/NR/RS bio-
composite at RS contents of 3 wt% (c¢) and 5 wt% (d)

Table2 The thickness of the Cast film Thickness (mm) Source
g&";?i??;ﬁ;“p‘:‘;g::i:‘l gy NealPLA 0.336+0.010 Previous study [31]
PLA/NR(70:30) 0.251+0.043
PLA/NR/RS(3%)  0.296+0.029
PLA/NR/RS(5%)  0.298+0.031
Neat PLA 0.202+0.011 Present study
PLA/NR(60:40) 0.054+0.010
PLA/NR/3%RS 0.140+0.011
PLA/NR/5%RS 0.160+0.013
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the percentage of weight loss. Figure 2 displays the photographs of film samples that
were taken both before and after the burial test. After 90 days of burial in soil, the
transparency of the neat PLA was replaced by an opaque white. The PLA/NR(60:40)
blend and PLA/NR/RS bio-composite showed a slight color change, and the trace of
fungi was obviously detected on the surface.

The weight loss percentages of the film samples after being buried in soil for
different durations (15, 30, 60, and 90 days) are plotted in Fig. 3. The study results
show that neat PLA exhibits the lowest weight loss percentage, indicating a slower
degradation rate in comparison to both the PLA/NR(60:40) blend and the PLA/NR/
RS bio-composite. Generally, PLA degradation occurs through hydrolytic and micro-
organism processes, with high temperatures, humidity, and water absorption enhanc-
ing this process [34, 35]. In this study, soil temperature and moisture may not be
high enough to enhance the degradation of PLA. According to other reports, if the
temperature remains below the Tg value, the degradation of the PLA is limited to its
surface [36, 37].

The addition of the NR led to an increase in the percentage of weight loss. This
results from the incompatibility of PLA and NR. In general, heterogeneous structures
disintegrate more rapidly than homogeneous ones [16]. The heterogeneous structure
of the PLA/NR blend causes an increased percentage of water absorption [38, 39].
The presence of NR enhances the process of water absorption, which is the primary
PLA degradation mechanism and involves hydrolysis. This phenomenon results in
an increase in the crystallinity section, which remains even after biodegradation [40,
41].

Higher weight loss percentages are associated with increased fiber content in com-
posite materials. The hydrophilic properties of natural fibers, including cellulose and
hemicellulose, indicate higher degradation rates and water absorption in composite

Fig. 2 Physical appearance of neat PLA (a), PLA/NR(60:40) blend (b), PLA/NR/RS bio-composite
films at RS contents of; 3 wt% (c), and 5 wt% (d) before soil burial test and neat PLA (e), PLA/
NR(60:40) blend (f), and PLA/NR/RS bio-composite films at RS contents of 3 wt% (g) and 5 wt% (h)
after soil burial test for 90 days
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109 C§=NeatPLA

—@— PLA/NR(60:40) blend
—A— PLA/NR/3%RS
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Fig. 3 Weight loss percentage of neat PLA, PLA/NR(60:40) blend, and PLA/NR/RS bio-composite
films

materials [42-44]. As a result of higher water absorption, the molecular chain of
PLA in the composites underwent hydrolytic degradation and was shortened. The
small molecules can be assimilated by microorganisms during the degradation pro-
cess. Consequently, the PLA/NR/RS bio-composite films showed a higher degrada-
tion rate. The initial degradation rate of all films appears to be slightly slow, with the
onset of more decomposition occurring a few months later.

Prior research included developing bio-composite films using a PLA/NR ratio of
70:30 wt% [31]. The film sample’s weight loss was observed to rise when NR and
RS were present. A bio-composite matrix was created in this study by combining
PLA and NR in a 60:40 weight ratio and employing a reduced screw speed to pro-
duce thinner films. The films deteriorated faster when buried in soil, as demonstrated
in Table 3. There are reports in research that the thinner bioplastic sample tends to
show higher water absorption [45] or a higher percentage weight loss [46]. NR facili-
tates water penetration into the test samples, accelerating the degradation of PLA.
Increased NR content leads to higher water absorption [38].

Morphological properties
Figure 4 displays the FE-SEM micrographs depicting the surface characteristics of

neat PLA, PLA/NR(60:40) blend, and PLA/NR/RS bio-composite films prior to their
exposure to soil burial. The neat PLA film exhibited a smooth surface, in contrast
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Table3 Comparing the weight  Cygt film PLA NR RS  Weightloss  Source

loss percentage of the neat PLA, (Wt%) (Wi%) (Wt%) (%)

PLA/NR blend, and PLAINR/ 0y 100 - - 1.7351%0.6257 Previ-

RS bio-composite films after

being buried in soil for 90 days  PLA/NR(70:30) 70.0 300 - 1.7811+0.5817 Ous
PLA/NR/ 679 291 30 21230402910 Sd¥
RS(3%) (31]
PLA/NR/ 665 285 50  2.7230+0.3417
RS(5%)
Neat PLA 100 - - 3.3324+0.3167 Pres-
PLA/NR(60:40) 60.0 400 - 4.2029+1.0196 ent
PLANRA%RS 582 388 3.0 45424404242 SU4Y
PLA/NR/5%RS 57.0 380 5.0  82979+0.4307

Fig. 4 FE-SEM micrographs at 5000x magnification of film surface of neat PLA (a) PLA/NR(60:40)
blend (b), and PLA/NR/RS bio-composite films at RS contents of; 3 wt% (c), and 5 wt% (d)

to the PLA/NR(60:40) blends and PLA/NR/RS bio-composite, which exhibited sur-
face roughness and a heterogeneous phase surface. This occurrence arises due to the

immiscibility of all polymers.

After a 90-day soil burial, the morphology of all films changed, as seen in Fig. 5.
The surfaces of the neat PLA, PLA/NR(60:40) blend, and PLA/NR/RS bio-compos-
ite films displayed numerous fractures and pores, as well as obvious indications of
fungus growth on the blend and composite film surfaces. These results are similar to
those from earlier studies that found bacterial and fungal propagules, such as repro-
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Fig.5 FE-SEM micrographs at 5000x magnification of film surface after soil burial for 90 days of neat
PLA (a) PLA/NR(60:40) blend (b), and PLA/NR/RS bio-composite films at RS contents of; 3 wt%
(c), and 5 wt% (d)

ductive hyphae and spores, on plastic surfaces that were breaking down [47, 48].
Moreover, the addition of RS to PLA has been seen to result in an increase in fungal
populations as well as a growth in their size. The water absorption ability of RS [49]
leads to polymer swelling, which in effect enhances microbial attack and increases
microbial activity. This rise in microbial activity is dependent on the presence of
water and oxygen [50].

EDX analysis

The chemical composition of neat PLA, PLA/NR(60:40) blend, and PLA/NR/RS
bio-composite films was analyzed using SEM-EDX both before and following a
90-day period of soil burial. The data in Table 4 shows that the main elements found
in the neat PLA, the PLA/NR(60:40) blend, and the PLA/NR/RS bio-composite sam-
ples before being buried in soil were carbon (C) and oxygen (O). After soil burial
for a period of 90 days, nitrogen (N) was detected. The presence of nitrogen can
be explained by the release of biological compounds from fungal spores, specifi-
cally proteins [51]. Nitrogen is a vital element of plant nucleic acids, enzymes, and
proteins, playing a crucial role in facilitating a wide range of metabolic reactions
after decomposition [21]. Furthermore, it was observed that the element C content
decreased after the burial of all polymer films in soil, whereas the element O content
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Table 4 EDX analysis of Sample code  Before burial in soil After burial in soil
element contents of neat PLA,

%  O/wt% Ciwt% O/wt% N/wto
PLA/NR(60:40) blend, and Clwid wite Clwthh Ofwt% Niwt%
PLA/NR/RS bio- composite Neat PLA 84.97 1503  61.65 2463 13.72
film before and after burial in PLA/ 75.33 2467 5527 3135  13.38

soil for 90 days NR(60:40)
PLA/NR/3%RS 73.93 26.08 53.14 33.21 13.65
PLA/NR/5%RS 74.12 25.89 51.36 32.89 15.75

(a) (b)

PLA/NR/S%RS A A PLA/NR/S%RS
N PLA/NR/3%RS ’M N PLA/NR/3%RS
PLA/NR(60:40) blend PLA/NR(60:40) blend

Neat PLA } ‘ Neat PLA ) ‘

T T T T T T T T

~50 0 B 100 150 200 ~50 0 S0 ISO I;D 200
Temperature (°C) Temperature (°C)

Endo
Endo

Fig. 6 DSC thermograms of neat PLA, PLA/NR(60:40) blend, PLA/NR/3%RS, and PLA/NR/5%RS
bio-composite films before (a) and after (b) burial in soil for 90 days

increased. The confirmation of biodegradation is supported by the observed decrease
in carbon content, while the increase in oxygen percentage serves as an offset to the
decrease in carbon atomic percentage. This indicates that oxidation reactions occur
on all polymers during the process of biodegradation [52].

DSC analysis

Differential scanning calorimetry (DSC) is used for evaluating the thermal charac-
teristics of polymers. Phase transitions, crystallization behaviors, and thermal heat
capacity are a few of these features. When analyzing changes in thermal characteris-
tics during polymer processing, DSC makes it simpler to find and examine the degra-
dation that is produced [53]. For the purpose of understanding the structural changes
of materials, this study only presented data from the first heating scan (Fig. 6), which
reveals the PLA in its crystalline form in the molded samples [54]. To study the
change of thermal behavior from degradation, the glass transition temperature (Tg),
melting temperature (Tm), cold crystallization temperature (Tcc), and degree of crys-
tallization (Xc) of neat PLA, PLA/NR(60:40) blend, and PLA/NR/RS bio-composite
film samples were measured before and after they were buried in soil, as shown in
Table 5.

The neat PLA exhibited a glass transition temperature (Tg) of 62.67°C. When
natural rubber (NR) was added to PLA, two distinct Tg values were observed at
-67.68°C and 63.83°C, which corresponded to the NR and PLA phases, respectively.
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Table 5 DSC Results of neat PLA, PLA/NR(60:40) blend, and PLA/NR/RS bio-composite films before
and after burial in soil for 90 days

Sample code Tgng) (°C) Tgpra) (°C) Tee Tm, (°C) Tm, (°C) Xc
(W9) (%)

Neat PLA - 62.67 100.65 148.41 153.58 3.97
Neat PLA After - 63.47 100.68 150.83 156.17 431
PLA/NR(60:40) Before -67.68 63.83 89.54 147.25 154.75 7.92
PLA/NR(60:40) After  -67.78 63.16 91.18 147.42 155.25 9.62
PLA/NR/3%RS Before -68.80 63.20 92.95 139.90 155.33 9.54
PLA/NR/3%RS After -67.51 63.62 93.68 144.20 155.92 10.78
PLA/NR/5%RS Before -68.24 62.53 91.60 145.01 155.08 11.63
PLA/NR/5%RS After -67.69 63.37 93.63 147.67 158.92 13.03

The incompatibility of PLA and NR blends is responsible for the presence of two
glass transition temperatures (Tg) [12]. Two distinct melting peaks in a polymer indi-
cate the presence of two different crystalline forms. The higher temperature at which
the melting peak was established indicates a more well-formed crystalline structure.
The occurrence of two distinct melting peaks in the PLA phase is attributed to the
transformation of o’ crystals into o crystals [55]. The addition of NR and RS to the
PLA did not result in any significant change in the Tg and Tm values. Incorporat-
ing NR leads to a decrease in Tcc, leading to a shift to lower temperatures. Previous
studies have demonstrated that elastomers enhance the mobility of polymer chains
and expedite the process of crystallization in PLA [56, 57]. A slight increase in Tcc
was seen after the addition of RS to the PLA/NR(60:40) blend, while it decreased
in comparison to the neat PLA. RS exhibited potential as a nucleating agent, hence
enhancing the crystallization process [58, 59]. In addition, the addition of NR to PLA
results in an obvious increase in crystallinity (Xc), and it increases significantly more
when RS is added. This information is related to NR and RS, which may operate as
nucleating agents to increase the crystallization process of PLA [60, 61].

After a 90-day period of soil burial, the Tg of all polymers was similar, suggesting
that the soil burial had no effect on the Tg of all polymers. Tcc and Tm rose by 1-3 °C
after the degradation process. The crystallinity (Xc) of all polymers got higher, with
a somewhat higher level observed in the blend and composites. NR and RS could
facilitate the degradation process by enhancing water penetration into the amorphous
phase, which is usually less resistant to microbial activity and hydrolysis than the
crystalline phases. This process broke molecular chains in the disordered regions,
facilitating the movement and reorganization of the remaining molecular chains into
a crystalline structure [50, 62, 63].

XRD analysis

XRD analysis was used to monitor changes in the crystalline structure of the poly-
mers resulting from degradation. Figure 7 shows the X-ray diffraction (XRD) patterns
of the samples both before and after being buried in soil for 90 days. The XRD pat-
terns of PLA exhibited a broad peak at approximately 20 =16°, showing the absence
of distinct diffraction peaks and thus demonstrating its mainly amorphous structure
[64]. The obtained results are in accordance with the DSC analysis, which indicated
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Fig. 7 XRD patterns of neat PLA, PLA/NR(60:40) blend, PLA/NR/3%RS, and PLA/NR/5%RS bio-
composite films before (a) and after (b) burial in soil for 90 days

a significantly low degree of crystallinity. The degree of crystallinity was so low that
it could not be detected using XRD analysis. The observed XRD pattern of PLA/
NR(60:40) blend and PLA/NR/RS bio-composite revealed the appearance of diffrac-
tion peaks at 20=10° and 20=28°. This indicates that the presence of NR and RS pro-
duced an effect on the crystalline structure of PLA. Following soil burial, it was noted
that the intensity of all diffraction peaks increased, with a corresponding increase as
the RS concentration increased. With the increase in RS content, the composites were
degraded more effectively, leading to the generation of more low-molecular-weight
chains. This resulted in enhanced molecular mobility and higher intensity in the dif-
fraction peaks. This occurrence has also been observed in PLA/starch composites
[65]. The finding corresponds with the earlier indicated % weight reduction.

Conclusions

This study aims to assess the biodegradation behavior of PLA/NR/rice straw bio-
composite films manufactured using a PLA/NR blend ratio of 60:40 wt% filled with
3-5 wt% rice straw powder when buried in soil for 90 days. The bio-composite films
in the present study showed a higher weight loss compared to the films made from a
PLA/NR blend with a ratio of 70:30 wt% filled with the same amount of rice straw
powder in the previous study [31]. The neat PLA film showed the lowest weight loss
percentage, 3.33%, suggesting a comparatively slower degradation rate in compari-
son to the PLA/NR blend and all bio-composite films. The film produced from PLA/
NR 60:40 wt% matrix filled with RS at 5 wt% led to rapid degradation, leading to a
weight loss of 8.30%. FE-SEM micrographs revealed the occurrence of fractures, the
formation of pores, and the visible signs of fungi on the film after being buried in soil.
The EDX analysis showed the presence of nitrogen element and the content of carbon
decreased after soil burial, while the oxygen content increased, indicating oxidation
reactions during biodegradation. The XRD analysis revealed low crystallinity in the
PLA, consistent with the DSC analysis. The addition of NR and RS to the composites
led to an increase in the crystallinity of PLA. All investigated materials exhibited
an increase in crystallinity after being buried in soil with lowest increase found for
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neat PLA. This study shows that bio-composite films manufactured from the PLA/
NR(60:40) blend filled with RS deteriorate more easily than unmodified PLA film.
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