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Abstract: The introduction of bioplastics has been an evolution for plastic industry since conventional
plastics have been claimed to cause several environmental issues. Apart from its biodegradability, one
of the advantages can be identified of using bioplastic is that they are produced by renewal resources
as the raw materials for synthesis. Nevertheless, bioplastics can be classified into two types, which are
biodegradable and non-biodegradable, depending on the type of plastic that is produced. Although
some of the bioplastics are non-biodegradable, the usage of biomass in synthesising the bioplastics
helps in preserving non-renewable resources, which are petrochemical, in producing conventional
plastics. However, the mechanical strength of bioplastic still has room for improvement as compared
to conventional plastics, which is believed to limit its application. Ideally, bioplastics need to be
reinforced for improving their performance and properties to serve their application. Before 21st
century, synthetic reinforcement has been used to reinforce conventional plastic to achieve its desire
properties to serve its application, such as glass fiber. Owing to several issues, the trend has been
diversified to utilise natural resources as reinforcements. There are several industries that have started
to use reinforced bioplastic, and this article focuses on the advantages of using reinforced bioplastic
in various industries and its limitations. Therefore, this article aims to study the trend of reinforced
bioplastic applications and the potential applications of reinforced bioplastics in various industries.

Keywords: bioplastic; reinforced bioplastic; lignocellulosic; renewable resources

1. Introduction

Plastics are synthetic organic polymers mainly made by fossil fuel-based chemicals
(petrochemicals), which can be used in various industries, such as packaging industries,
healthcare industries (medical instruments), electronic industries (electronic goods), etc.
There are around 8.3 billion tons of plastics that have been generated since the 1950s, and
around 79% of them are not recycled, but left as waste in the environment [1]. Decompo-
sition of plastics in the environment takes a few centuries, and, therefore, leaving plastic
waste in the environment or landfilling the plastics are causing toxic pollution to the earth.
Yearly, approximately 13 million tons of plastic waste have been thrown by humans into
the ocean, which then harms marine lives [2].

Recycling is one of the approaches used to overcome the issues brought by conven-
tional plastics, as the wastes could be recycled to be used as sustainable polymers [3].
The ultimate aim of recycling polymer is to develop eco-friendly recycled plastics, which
meet performance and quality requirements [4]. Through recycling polymer, it can slow
down the consumption of fossil-fuel based chemicals as the production of virgin plastics is
slowed down. However, the recycled polymer products are lower in quality compared to
virgin plastics due to the chemical impurity during recycling of the plastic wastes [5]. In
addition, the process of reproducing the plastics involves the grading of polymers, washing,
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grounding, and extruding, which will lead to a certain degree of degradation, and this all
limited the recycling cycle for plastics [6].

Bioplastics were developed as an approach to overcome the issue in the early 21st cen-
tury. Rudin and Choi [7] defined bioplastics as commercial polymer products produced by
renewable resources or natural sources. Under suitable conditions, some of the bioplastics
are biodegradable, and some renewable resources made of bioplastics could be recycled
through biological processes [8]. The common natural and renewable resources used for
the synthesis of bioplastics are vegetable oil, starch, cellulose, protein, etc. Application
of bioplastics has partly replaced the use of conventional plastics in various industrial
applications, including packaging for food and others, medical instruments, hygiene, and
agriculture. In recent developments, bioplastics can be applied in human bodies for medical
usage, such as controlled drug delivery systems and therapeutic devices implantation [9].
The European Bioplastic has reported that the production capacity of bioplastics in the year
2022 is 1075 in 1000 tons, which is expected to increase to approximately 2453 in 1000 tons
in the year 2024 [10]. As time goes by, awareness towards preserving and protecting the
environment rises, and there are more demands for replacing conventional plastics with
bioplastics. In the world market, around 1% of plastics produced annually are bioplastics,
and the current trend shows that the bioplastics market has a continuous increment in
various industries [11]. In this article, the aim is to study and identify the trend of rein-
forced bioplastic applications and the potential application of reinforced bioplastics in
various industries through reviewing published journal articles focused on bioplastics and
bioplastics reinforced by various types of materials.

2. Bioplastics

There are different classifications of bioplastics, which are mainly based on the
biodegradability or the materials. Nevertheless, bioplastics could be classified into two ma-
jor types in general, which are biodegradable bioplastics and non-biodegradable bioplastics.
Biodegradable bioplastics refer to bio-resources-derived bioplastics, which are biodegrad-
able, and these types of bioplastics include poly(lactic acid) (PLA), poly(hydroxyalkanoate)
(PHA), and bio-based poly(butylene succinate) (Bio-PBS). On the other hand, non-biodegra-
dable bioplastics include bio-based poly(ethylene) (Bio-PE), bio-based poly(propylene) (Bio-
PP), and bio-based poly(ethylene terephthalate) (Bio-PET), which are non-biodegradable,
although they are derived from renewable resources. However, in the study by Rosenboom
et al. (2022), there are some petrochemical plastics, which can be biodegradable, such as
poly(butylene succinate) (PBS) or poly(vinyl alcohol) (PVA), and they are also listed as
bioplastics due to their biodegradability [12].

The common bioplastics used in the market are PLA, Bio-PE, Bio-PBS, PHA, poly
(hydroxybutyrate) (PHB), etc. The three common ways used for synthesising bioplastics are
chemical polymerization [PBS, poly(glycolic acid), etc.], use of natural polymers, such as
starch and cellulose acetate, and bacterial polyester fermentation (PLA, PHB, PHA, etc.) [13].
PLA is a bio-based aliphatic polyester, which is a biodegradable and recyclable polymer,
and it is a thermoplastic synthesis from a monomer named lactic acid that can be obtained
from renewable resources, for example, sugarcane, starch, corn, food waste, and some
other biomass [14,15]. PLA is well known for its good mechanical properties, compatibility,
and biodegradability [16]. These advantages of PLA make it a suitable material as a
replacement for conventional plastics in the applications of food packaging, construction,
automotive, biomedical, and agriculture industries. The common methods to produce PLA
include azeotropic dehydrative condensation, direct condensation polymerization, and
lactide formation polymerization [15]. The direct condensation method required two steps,
which is hydroxyl and carboxyl groups dehydration condensation to acquire low molecular
weight (MW) PLA, followed by addition of esterification adjuvants and coupling agents in
order to amplify the chain and modify PLA [17]. This synthesis method produces PLA with
low impurities, which then needs flammable solvents to remove the byproducts within
the product, which make it less preferable [18]. On the other hand, azeotropic dehydrative
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condensation used dibasic acids and glycols are used as solvents to replace adjuvants in
the direct condensation method at high temperature with azeotropic distillation. This
method could produce high MW of PLA, but the con of using this method is the remaining
of solvents with catalysts [19]. Lactide formation polymerization, which also known as
ring-opening polymerization (ROP), is one of the industrial production methods for high
MW PLA, and it has mainly three types of mechanisms, which are coordination/insertion,
cation use, and anion use [17]. In short, ROP starts with condensing lactic acid, followed
by condensed water, mesolactic acid, and low MW polymer removal, recrystallization
to obtain high MW pure lactide, and addition with those three mechanisms initiators to
induce polymerization [17].

PBS is a biodegradable aliphatic polyester with excellent biodegradability, as well as
thermal and chemical resistance, which made it suitable for various industry applications,
such as food packaging, as well as textile industry usage as a filament and a split yarn [20].
The monomers can either be derived from petrochemical or bio-based chemicals (bacterial
fermentation) [21] Basically, PBS is synthesised through a polycondensation reaction be-
tween 1,4-butanediol and succinic acid [22]. For bio-based monomers, succinic acid could
be derived from glucose, which can be obtained from various sources of bio-feedstock
through bacterial fermentation [23], while hydrogenation of succinic acid will produce
1,4-butandiol, which is required for PBS synthesis [24]. The synthesis of PBS requires two
steps, which are esterification between diacid (succinic acid) and diol (1,4-butanediol),
forming oligomers, followed by polycondensation at high temperature to form high MW
PBS [21,22]. Table 1 summarises the common process of synthesising the aforementioned
bioplastics.

Table 1. Common synthesis process of bioplastics (reference from: Siracusa et al. [11,17,21]).

Synthesis Process

Process Product

Anaerobic fermentation of glucose Bioethanol

Distillation of bioethanol Azeotropic mixture of hydrous ethanol and vinasse

Bio-PE Dehydration at high temperature with catalyst Bio-ethylene
Polymerization of bio-ethylene Bio-PE
Fermentation of glucose Iso-butanol
. Dehydration of iso-butanol Iso-butylene
Bio-PP . .
Intermediate steps Bio-propylene
Polymerization of bio-propylene Bio-PP
Bacterial fermentation of glucose Succinic acid
Hydrogenation of succinic acid 1-4-butanediol
PBS Esterification between diacid (succinic acid) and diol Butvlene succinate
(1-4, butanediol) y
Polycondensation at high temperature PBS
ROP method
Fermentation of glucose or sucrose Lactic acid
PLA Removal of condensed water, mesolactic acid, and low ccac
MW polymer
Recrystallization High MW pure lactide
Addition of coordination/insertion, cation, and anion . .
Polylactic acid

(mechanisms initiators) to induce polymerization

In recent developments of bioplastics, there are few conventional plastics that have

changed their raw materials to renewable materials, which transform them to bioplastics,
and these plastics include Bio-PE, Bio-PP, and Bio-PET [11]. Compared to conventional PE
and PP, Bio-PE and Bio-PP are synthesised using glucose, and glucose could be obtained
from various feedstocks, such as sugar cane, starch crops, sugar beet, etc. At the same
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time, these bio-based plastics could be applied the same as conventional plastics, such as in
packaging or film applications.

2.1. Reinforced Bioplastics

Recent research and development have achieved better mechanical properties of bio-
plastics, such as higher flexibility, strength, and thermal stability, but the problems and
limitations still exist in achieving low cost bioplastic while having comparable mechanical
properties with the conventional plastics in the current market [25]. In addition, shortcom-
ings of bioplastics, such as weak mechanical properties, thermal stability, flexibility, and
water permeability compared to conventional plastics, have limited their applications in
various industries [26,27]. Hence, reinforcement of bioplastics with low cost and biodegrad-
able natural material has become the focus of the current study in bioplastics. The common
techniques used to reinforce bioplastics are blending another type of polymer into the
bioplastic (polymer blend) and adding filler into the bioplastic. Polymer blending is a
technique of adding another complementary polymer into bioplastics to overcome the
shortcomings of bioplastics. For instance, Chotiprayon et al. (2020) blended thermoplastic
starch (TPS) with PLA to reduce brittleness [28]. However, the study also stated that tensile
and impact strength of the bioplastic blend are dropped. Hans-Josef Endres (2017) stated
that the blend polymers are only thermodynamically miscible and stable when there is
good compatibility between the blend polymers [29]. Nevertheless, the compatibility issue
could be overcome with the addition of a compatibilizer. In other words, the polymer
blend could overcome the limitations of bioplastics if the blend components have good
compatibility.

Adding filler into bioplastics provides a variety of options for bioplastics, as there are
many suitable materials, which are good in mechanical properties and strong in reinforce-
ment. Generally, fillers have a good strength to weight ratio. However, they are unable to
perform a task directly in an application in its current loose form, and they must be bonded
or embedded in a matrix before they can be utilised in a specific application. On the other
hand, polymer can be reinforced for strength and stiffness improvement for an application
with an efficient stress transfer mechanism. Owing to this, the filler, either in particle or
fibre form, is commonly used as reinforcement material for polymer matrix composites.
For green development in bioplastics, natural resources and biomass are more suitable
to be used as reinforcing materials. The most common green fillers used in bioplastics
reinforcement are starch and fibre, which are two of the most abundant bioresources in
the world. Starch can be obtained from plants, such as corn and potato, while fibre can be
obtained from biomasses, such as bagasse and empty palm fruit brunch (EFB), and studies
indicated that mechanical properties of bioplastics are significantly enhanced through
the reinforcement of starch and fibre, which are abundant and cheap in nature [30-32].
Other than that, synthetic resources used in bioplastics reinforcement, including carbon
fibre, glass fibre, and poly(propylene) (PP), give significant positive improvement to the
properties of bioplastics [33,34]. Furthermore, chitosan and starch-based bioplastics rein-
forced with PP improve their mechanical strength at optimum conditions, as well as at
suitable conditions, and the composite degraded more than 95% in 28 days, which shows
the biodegradability of the reinforced bioplastics through using synthetic polymer as a rein-
forcement material [33]. In other words, synthetic materials also give significant increasing
results in enhancing bioplastics, but the biodegradability of the reinforced bioplastics differs
based on the compatibility and interaction between the materials with the bioplastics.

2.2. Reinforcing Materials
2.2.1. Natural Resources and Biomass Materials

Natural resources and biomass are more suitable to be used as reinforcing materials
for the sustainability and development of “green composites”. The most common natu-
ral resources used for bioplastic reinforcement are cellulose fibre, protein, chitosan, and
clay. Cellulose is one of the abundant organic polymers from different sources, i.e., the
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agricultural sector, and it can be applied as polymer reinforcement in research studies,
regardless of synthetic polymer or bioplastic [13]. Django (2016) stated that using cellulose
fibre as a bioplastic reinforcement could reduce the carbon footprint while improving the
biodegradability of plastic materials [35]. Studies show that cellulose reinforced bioplastics,
which showed higher tensile strength, biodegradability, lower density, and lower perme-
ability [36,37]. According to Satyanarayana et al. (2011), there were few types of cellulose
to be used in reinforcing bioplastics, such as cellulose nanofibers and microcrystalline
cellulose (MCC), and they required different treatments to process, which will determine
the final properties of the cellulose-reinforced bioplastics [13].

In the study by Gao (2004), using nano-size fillers within plastic formulations helps
in increasing interfacial interactions with the polymer matrix, which leads to better rein-
forcement [38]. Incorporating nanoparticle-sized clay in bioplastics increased the tensile
strength of bioplastics while providing properties, such as homogeneous and transparent
white colour [39]. On the other hand, chitosan is a hydrophobic and non-toxic polymer,
which is rich in nature, and it can be found in the outer skeletons of shellfish, such as
shrimp, crab, lobster, etc. Tan et al. (2022) stated that the nature of chitosan is suitable
to be used as reinforcing material in overcoming the shortcomings of bioplastics, espe-
cially improving mechanical properties while increasing hydrophobicity to increase water
resistance of bioplastics [40]. Lignocellulosic fibre is another popular ‘green’ option for
reinforcing bioplastics, which has a high strength to weight ratio, a low cost, is lightweight,
is sustainable, and is abundant in nature. It has been used for reinforcing bioplastics, as
it has an effect in improving mechanical properties [26,41]. There is a large supply of
lignocellulosic fibre in the market, such as kenaf, jute, sugar cane, and there is also biomass,
which is rich in lignocellulosic fibre, namely, bagasse, empty fruit bunches from oil palm
tree, and rice straw. Other than reinforcing bioplastics, using these materials could save
cost for buying high-cost materials while preserving the environment through an increase
in biodegradability and reuse of agricultural waste.

2.2.2. Synthetic Materials

Synthetic resources used in bioplastics reinforcement include carbon fibre, glass fibre,
and PP, which give significant positive improvement to the properties of bioplastics [33,34].
Glass fibre has high stiffness, but it has high strength, low density, relatively low cost, and
high chemical resistance, making it suitable to be used for reinforcement purposes [42].
In the study of glass fibre reinforced bioplastics, it shows that the position of glass fibre
during the loading process within the bioplastics is important, where placing it at the
tension side of the bioplastic gives the best enhancement results concerning the strength
properties [34]. Although reinforcing bioplastics with glass or carbon fibre produces higher
strength products, it leads to worse environmental and health issues while processing. Re-
inforcing bioplastics using synthetic fibre indeed improves the properties of the bioplastics,
but it also reduces biodegradability, which leads to another environmental issue [41,43].
PP is a synthetic polymer, which is slow in degradation in nature, but the degradation
mechanisms could be accelerated through mixing with natural ingredients, for instance,
chitosan and starch [33]. PP is well known for its mechanical strength, high thermal stability,
and dimensional stability [44]. A study shows that chitosan and starch-based bioplastics
reinforced with PP improve the mechanical strength at optimum conditions and at suit-
able condition, and the composite degraded more than 95% in 28 days, which shows the
biodegradability of the reinforced bioplastics by using synthetic polymer as a reinforcement
material [33]. In other words, synthetic materials also give significant increasing results in
enhancing bioplastics, but the biodegradability of the reinforced bioplastics differs based
on the compatibility and interaction between the materials and the bioplastics.
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2.3. Comparison between Bioplastics and Conventional Plastics
Physical and Mechanical Properties

The differences between the vital properties commonly discussed in manufacturing
‘plastics” products are compared. Table 2 outlined the comparison between reinforced
bioplastics against conventional plastics and bioplastics. Degradability of plastic materials
has been a concern in the industry for a few decades, as it takes an extremely long period
for the degradation (10 to 1000 years), and the environment has to be suitable in order for
the degradation mechanisms to occur [45]. The biodegradability of bioplastics depends
on the materials used, and, for the biodegradable bioplastics, there are two types of ma-
terials, which are living organism derivatives (such as PHA) and biomass or bioresource
derivatives (such as PLA and polysaccharides, including starch and cellulose) [13]. Never-
theless, for the biodegradable bioplastics, it also needs a suitable environment (presence
of microorganisms, such as lower eukaryotic, bacteria, anaerobes, fungi, etc.) for the oc-
curring of biodegradation mechanism [46]. Additionally, there are other factors affecting
the biodegradation, such as chemical structures of bioplastics, UV exposure, temperature,
present of different types of bacteria, and mechanical force influence, which will all affect
biodegradation [47]. For reinforced bioplastics, the degradability also depends on the
materials to produce the bioplastic and the reinforcement material, and thus, they also can
be categorised into biodegradable and non-biodegradable reinforced bioplastics. However,
similar to bioplastics, reinforced bioplastics also require suitable conditions for the degrada-
tion mechanisms to occur, and, therefore, waste management of the bioplastics is important,
although the bioplastics could also degrade in nature, but this occurs over a longer period
compared to those in a right environment for the degradation to take place. Research has
shown that the addition of natural reinforcing materials (e.g., starch, cellulose, fibre, etc.)
for bioplastics could have a faster biodegradation rate through increasing of hydrophobicity
within the bioplastic matrix [48]. Non-biodegradable or synthetic materials (such as carbon
fibre, clay, glass fibre, etc.) used for reinforcing would further reduce the biodegradability,
although these materials give good effects in reinforcing bioplastics [41,43,49]. Still, the
biodegradability of the reinforced bioplastics mostly depends on the compatibility and
interaction between the materials with the bioplastics.

Table 2. Comparison of reinforced bioplastics against conventional plastics and bioplastics.

. Conventional . . Reinforced
Properties Plastics Bioplastics Bioplastics References
Egi%ﬁ?;ggagzaa&i Biodegradable and
Biodegradability Non-biodegradable & non-biodegradable [12,14,37,46,50]
(depends on the .
. (depends on the material)
material)
No Yes Yes
Sustainability (Fossil-fuel based) (Renew;%ble resources/ (Depends on the materials) [33,34,51,52]
biomass)
High Moderate—High
Mechanical strength (Can withstand heavy Low (Depending on the [27,52-54]
workload) reinforcement)
Low—Moderate
Water permeability Low High (Depending on the [27,37,55-57]
reinforcement)
Moderate—High
Thermal stability High Low (Depending on the [27,52,53,58,59]
reinforcement)
Brittleness Low High Low [52-54,59,60]
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Sustainability of the plastic industry is vital for continuous development in the future
for different types of application, and unsustainable conventional plastics, which consume
petrochemical materials, will cause resource depletion in the future. Therefore, the industry
urges us to replace conventional plastics with bioplastics that provide sustainability while
reinforced bioplastics are developed to overcome the shortcomings of bioplastics. As can
be seen from Table 2, bioplastics and reinforced bioplastics are both sustainable, but, for
reinforced bioplastics, sustainability also depends on the reinforcing materials used because
there are unsustainable materials, which can be used for reinforcement.

As shown in Table 2, other than the environmentally friendly property of bioplas-
tics, the properties that determine the end applications of conventional plastics are much
stronger than that of bioplastics. Although most bioplastics possess lower mechanical
strength, there are some bioplastics which have high value in tensile strength, such as PLA.
PLA has comparable tensile strength to conventional plastics, and it has been applied as
an alternative to conventional plastics for years, but its brittleness has limited its applica-
tion [50]. According to the standard of bioplastics and conventional plastics (Indonesia
National Standard (SNI)), the acceptable tensile strength is in between 10-100 MPa and
24-302 MPa, respectively, and the tensile strength of cellulose acetate butyrate and most
starch-based bioplastics did not meet the standard [51]. Factors affecting the tensile strength
of polymers include molecular weight, crosslinking degree, and their crystallinity [52,53].
Therefore, tensile strength and mechanical properties of plastics are dependent on the
chemical structure of the raw material and the polymer structure, either the chemical or
physical structure. Petrochemicals have higher values of molecular weight, crosslinking
degree (thermoset polymer), and crystallinity (for semicrystalline or crystalline polymer).
As aforementioned, the addition of reinforcing material into bioplastics could increase the
total crystallinity index if the reinforcing material consists of a crystalline structure. At the
same time, it could promote more linkages while raising the molecular weight of bioplastics
if both components (bioplastic and reinforcing material), which could interact and form a
bridge, either through chemical or physical connection. Thus, reinforced bioplastics would
have higher tensile strength and better mechanical properties than bioplastics, which is the
result of the efficiency of the stress transfer mechanism, resulting from the formation of a
bridge between the components. Besides, fibre-reinforced bioplastics could improve the
properties of bioplastics through the uniform distribution of fibre throughout the bioplas-
tic’s matrix. An even distribution of fibre within the bioplastics would show higher tensile
strength after reinforcement, and properties of fibre, such as thickness and mechanical
strength, could further improve the tensile strength of bioplastics [31]. Jethoo (2019) studied
thicker fibre-reinforced bioplastics, which showed worse results due to difficulty in mixing
and distribution of fibre in the matrix [31]. This is believed to be a result of the aspect ratio
of the fibre, which does not mean that the minimum range to provide the reinforcing effect
to the bioplastic is absent.

In a study using lignocellulosic fibre as reinforcement in soy-based bioplastics, the
stress and strain increased 160% (from 1.8 MPa to 30 MPa) and 115% (from 0.8 MPa to
2.0 MPa), respectively, while the Young’s modulus (GPa) showed an increment of 50% at 5%
loading [54]. In an article study on different natural fibres to reinforce PLA, namely, sisal,
elephant grass, hemp, jute, ramie, and kenaf fibre, the tensile strength of the reinforced
bioplastics showed various ranges of increment, and the highest increment shown is up to
81.8%, where the bioplastic is reinforced by kenaf fibre at 70% loading [55]. The tensile and
flexural strength of 70%-loaded kenaf fibre-reinforced PLA increased from about 40 MPa
to 223 MPa, and it also displayed a change from 70 MPa to 254 MPa [56]. However, in
some cases, beyond a certain loading percentage of the reinforcing materials, these changes
would cause negative effects on the biocomposite. For instance, more than 40% EFB loading
in PBS will have significant deduction on mechanical strength because of the insufficient
fibre wetting, leading to an interfacial adhesion issue between the polymer matrix with
the fibre [57]. Kumar et al. (2021) also listed the decrement of natural fibre-reinforced PLA
after certain loading, and the tensile strength started to decrease, and there was a drop
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under the original value of bioplastics: a PLA /ramie and PLA /flax drop after 30% loading,
a PLA/hemp drop after 40% loading, and a PLA /sisal and a PLA /elephant grass drop
after 20% loading. By contrast, PLA /kenaf did not showed any decrement, even at 70%
fibre loading [55]. In the same study on different natural fibre-reinforced PLA, the flexural
strength of the reinforced PLA showed the same increment behaviour, where the flexural
strength of reinforced PLA increased to a certain value and dropped. Different reinforcing
materials and bioplastics will cause variation in maximum reinforcing materials that can be
added into the formulation.

As stated in Table 2, brittleness and water permeability of bioplastics is high, while it
has lower thermal stability compared to conventional plastics. Brittleness of bioplastics has
been one of the largest limitations, for instance, despite PLA having high tensile strength
and thermal stability. The brittleness property has limited applications in various industries.
To resolve this, plasticiser is often added to improve the brittleness, and it indeed enhances
the flexibility, but it also brought other negative effect to the bioplastics, for instance,
mechanical strength and water absorption [57-60]. Harmaen et al. (2013) added triacetin
on EFB-reinforced PLA, and the result showed increment in tensile modulus (GPa) from
around 1.7 GPa to 2.6 GPa, but the tensile strength showed a decrement of around 43.5% [61].
In order to overcome the brittleness issue with the negative effect of plasticiser, reinforcing
materials (fillers) are used. A study, adding castor oil as plasticiser in bagasse-reinforced
starch-based bioplastics, enhanced the elongation and tensile strength of the bioplastics
by around 311.8% and 42.8% respectively [32]. EFB-reinforced PLA showed decreased
stiffness from 38.7 MPa to 33.4 MPa (deduction around 13.7%) at 50% EFB loading [61].
Reinforced bioplastics have lower brittleness, which could widen their applications [62].
In addition, the poor permeability and thermal stability of bioplastics could be improved
to a comparable level with conventional plastics after reinforcement [62,63]. Gamero et al.
(2019) reported a high processing temperature (120 °C) of 5%-loaded lignocellulosic fibre-
reinforced soy-based bioplastics, which could have higher stress and strain because the
reinforced bioplastics did not degrade at high heat, which indicates that the increment in
thermal stability of the reinforced bioplastics [54]. Furthermore, the 5% lignocellulosic fibre-
reinforced soy-based bioplastic shows deduction of water uptake capacity at approximately
185% [54].

3. Applications of Bioplastics and Reinforced Bioplastics in Various Industries
3.1. Healthcare Industry

In the healthcare industry, different types of thermoplastics have been employed due to
their excellent properties to serve in applications. The high usage of plastics includes plastic
medical instruments, such as IV tubes, surgical gloves, blood bags, syringes, and packaging
of medical instruments, which could ensure hygiene conditions. Nowadays, biodegradable
bioplastics have been applied in healthcare applications, such as controlled drug delivery
systems and therapeutic device implantation [9]. For any medical instrument, it needs to
undergo a sterilization process (e.g., high temperature steam sterilization, ethylene oxide
(EtO), gamma irradiation), and it has a high chance to contact with various chemicals or
body fluids, and these conditions often lead to an increment of biodegradation rate and
a reduction of molecular weight of polymers [64]. In other words, the materials used in
such applications should have high resistance against different types of chemicals and
sterilization processes while maintaining the functionality and safety of the instruments [65].
Biodegradable bioplastics, such as poly(lactic-co-glycolic acid) (PLGA), PLA, and Poly(e-
caprolactone) PCL, are used in medical applications, including tissue engineering, as it
is biodegradable by fungi and bacteria within humans’ bodies [66]. For the biomedical
applications, bioplastics are used to be applied in human'’s bodies. This often requires that
the bioplastics possess biodegradability and non-toxicity, so the bioplastics application
did not require an additional process to be removed from the body, and it did not bring
harmful effect to applicants.
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Bano et al. (2018) stated that biodegradable bioplastics, i.e., PCL, PLA, and PLGA, have
various applications in the industry because of their bioresorbable and biocompatibility
properties, but the mechanical properties of these bioplastics have limited their applications,
such as bone regeneration or replacement, which the bioplastics could not support, and
some tissue engineering applications, due to low mechanical properties, could not match
the tissue properties [66]. In addition, it has been reported that most of the biopolymers
have lower resistance against high temperature and the commonly used chemicals in the
industry [65]. Metal medical instruments could not be replaced with bioplastics because
of the shortcomings of bioplastics, which have limited the applications of bioplastics in
the healthcare industry. Therefore, research on blending bioplastics with other materials
to reinforce the properties is essential to ensure the properties of the reinforced bioplastic,
which could be employed in specific applications and fulfil the requirements. In Advanced
Drug Delivery Reviews (2016), applications of using reinforced PLA include gene delivery,
tissue engineering, implants, shape memory, and controlled-release drug delivery [67]. Liu
et al. (2011) reinforced PLA through blending with ethylene vinyl acetate copolymer (EVA)
to produce paclitaxel-eluting stent coatings, which could modulate the drug release amount
and rate through adjusting the PLA amount in the formulation [68]. Saini et al. (2016) stated
that the use of PLA as one of the components in tissue engineering scaffolds gives better
processing property, and using reinforced PLA, i.e., poly(glycerol sebacate) (PGS)/PLA
blend, incorporated the properties of faster degradation and better wettability, which
could further improve the biodegradability and compatibility with the tissue recovery
period [67]. Besides, reinforced bioplastics are widely applied in packaging for healthcare
products, including medical and personal care. As bioplastics are proven to be hygienic
for healthcare product packaging, reinforced bioplastics further improve the functionality
of the packaging. Reinforced bioplastic packaging, with improved mechanical properties,
are higher in resistance against mechanical damage that led to tearing or breaking of the
packaging, where these properties could further prevent virus and bacterial contamination
on the medical instrument packed with the reinforced bioplastics. Chitosan, chitin, and
polysaccharides impart anti-bacterial properties to the packaging while increasing the
shelf-life of packaging [69,70].

Research by Dan Kai et al. (2018) suggested that lignin-reinforced bioplastics, which
have high antioxidant activity, could be used as antioxidants to protect humans from
oxidative stress, protect skin from radiation and pollutants, and promote regeneration of
cartilage tissue [71]. Additionally, reinforcement, using material, such as lignocellulosic
fibre and lignin, further imparts antimicrobial function to the bioplastics [41]. In the future,
regarding reinforced bioplastic application in the healthcare industry, it is possible for
bioplastics to be applied in biophotonic applications, where biophotonics is the technology
of utilising or producing photons and light to image, identify, and analyse cells and tissues
through the light properties of living structures, and this application could ease tissue
engineering by using reinforced bioplastics in human [9]. Furthermore, a study shows
that clay-reinforced PLA-based bioplastics have great potential in packaging for personal
care and medical products, as the migration from the reinforced bioplastic is within the
standard, and the mechanical properties could resist the working environment of these
products [70,72].

3.2. Electrical and Electronic Industry

Nowadays, bioplastic has a wide range of applications in electrical and electronic
industry (E&E industry), including bioplastics conductors, which are presently known as
solid polymeric electrolytes (SPEs), which are used for the development of electrochromic
devices, batteries, diodes, fuel cells, etc. [73,74]. Other than that, bioplastics have high usage
in assemble part for demanding consumer products, such as casing for computer elements
and mobile phones, speakers, mice for computer, and vacuum cleaners [8]. Bioplastics can
be applied as membranes for electroacoustic devices, reinforcement for electronic paper,
and for water treatment [75]. In the field of electroacoustic devices, bioplastics possess
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similar vibration intensity as aluminium and titanium diaphragms, with the ability to make
deep bass notes and clear trebles tones [76]. Bozo et al. (2021) stated that thermal and
electrical properties of conductive bioplastics had limited their application in replacement
of critical metals in the industry [77]. Thermal and electrical properties are indeed a vital
issue in applying bioplastics in the industry. Other than being applied as assembly parts,
bioplastics have limited applications in the industry, which is due to the main requirement
in the industry being electrical and thermal conductivity. Commonly, without specific
functionality incorporation or any reinforcement, most conventional plastics are electrical
and thermal insulator, while bioplastics have low electrical and thermal conductivity, as
well as low thermal stability, which further limited their application in the E&E indus-
try [78]. Reinforcing bioplastics with suitable materials could incorporate and strengthen
the electrical and thermal conductivity properties, which make it have wider applications.

Reinforced bioplastic imparts additional effects, including conductive, magnetic, opti-
cal and electrical properties, and thermal stability enables it to have a wider application
in the industry [79]. Reinforcing bioplastics using carbon nanotubes (CNT) and cellu-
lose nanofiber showed higher mechanical, electrical, and thermal properties as compared
to a non-reinforced bioplastic, which is more suitable for electronic applications [79,80].
Cellulose nanofiber-reinforced bioplastics and CNT-reinforced bioplastics have various
applications in the industry, such as flexible photovoltaic cells (solar cell), sensors, advanced
electronics, and as substrates used in roll-to-roll fabrication techniques [79]. In previous
roll-to-roll techniques, bioplastics as the substrate faced difficulty, as they possess a high
coefficient of thermal expansion (CTE), where the dimension of the bioplastic changed
upon working under relatively higher temperature, but, with the addition of cellulose
nanofiber into the bioplastics, it improved the performance of the CTE, which allowed the
applications of reinforced bioplastics in the roll-to-roll technique [79]. Besides, there are
three-dimensional printing filaments in the market using graphene-reinforced PLA instead
of conventional plastics, which give the advantages of quicker cooling rate due to high
thermal conductivity, lower deformation, and biodegradability [81].

Graphene has excellent thermal, mechanical, and electrical properties, and it is in-
corporated in bioplastics, which greatly enhances mechanical properties of bioplastics
while maintaining high flexibility and imparting electrical conductivity [82]. The graphene-
reinforced PLA was also reported to have the potential to be used in orthopaedic and
scaffold applications [81]. Besides, carbon fibre, which has high physical, mechanical, and
thermal properties, are incorporated in PLA to impart excellent electrical conductivity and
electromagnetic interference in the bioplastics, which then made it have the ability for
electromagnetic interference (EMI) shielding [83]. A study conducted by Bozo et al. (2021)
stated that carbon-based conductive materials have high electrical conductivity and could
be used as reinforcements for bioplastics, and they might be suitable to be an alternative
for the metals in applications that do not require extremely high electrical conductivity [77].
Electronic devices, including sensors, communication devices, transistors, inductors, elec-
tromagnetic shields, and capacitors, are also listed as potential reinforced bioplastics in the
future of E&E industry [13].

3.3. Architecture and Construction Industry

Usage of plastics for architecture and construction purposes was started a few decades
ago. The common plastic usages in these industries are pipes, insulation, floor coverings,
cables, etc. Wall cladding, geotextiles, fagade elements, and pipes are examples of bioplastic
material applications in the architecture and construction industries. Conventional plastic
applications in the industry, including textile fleece, cables, or floor coverings, require
high strength to resist against different heavy workload conditions. Bioplastic materials
have great application potential in the industry, but the cost is high due to the fact that
better quality bioplastics mostly require extra cost in processing, and the performance of
conventional bioplastic in the industry is not suitable and is insufficient to apply in the
industry [84,85]. Ivanov and Stabnikov (2017) stated that the application of biodegradable
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bioplastics can give benefits to the industry, such as environmental and bio-economic
sustainability, reduction of construction waste disposal cost, and temporary construction
excavation costs [86]. Friedrich (2022) stated that the selection of construction materials is
preferable for conventional plastics, as the properties of bioplastics, for instance, mechanical
strength, resistance against biodeterioration agents, and life-span, are not guaranteed [87].
Besides, textile fleece in the industry usually prefers membrane materials, and, in this
application, conventional plastics, which have higher strength and flexibility, are more
preferable than bioplastics [88].

Mechanical strength of bioplastics could be enhanced through the addition of reinforc-
ing materials, which enable application of reinforced bioplastics in the industry. Bioplastics
reinforced with different structural materials provide benefits, such as being water resis-
tant, being lightweight, having high stability in load resistant, having a low cost, having
durability, and having ease of processing as construction materials in the industry [89,90].
Reinforced bioplastics are commercially available to be used as stabilisers for earthen
construction materials, which previously used cement, and reinforced bioplastics can im-
prove strength, durability, recyclability, and water resistance [90]. There was a study on
using gel-type bioplastics reinforced with natural fibres and xanthan gum, which shows
higher mechanical properties and lower shrinkage value [90]. Moreover, lignocellulosic
fibre-reinforced bioplastics are commonly used in construction products, for instance,
window frames and doors, because of their hydrophobic property and resistance to biode-
terioration [89]. Lignocellulosic fibre-reinforced bioplastics have the advantages of strong
mechanical properties, being elastic, and being biodegradable. Other than that, bioplastics,
such as PLA, are reinforced with clay or CNT, and they showed improvement in mechanical
properties, such as tensile strength, scratch resistance, and break elongation [86].

One of the potential applications of reinforced bioplastics is the high strength character-
istics to be applied in construction formwork [85]. Besides, reinforced bioplastics are poten-
tial materials for construction textiles to replace conventional plastics, as fibre=reinforced
bioplastics possess the quality and properties required, as stated by Friedrich (2022) [87].
Other than that, reinforced bioplastics can also be used as insulation for partitions and walls
in temporary constructions, or they can be used for building temporary constructions [91].

3.4. Agricultural Industry

In the year 2017, the total plastics used in the agricultural industry were recorded
as 6.96 million tons [92]. Cultivation films, greenhouses, tunnels, pesticide containers,
storage bags, mulching, and pots are examples of plastic applications in the industry. There
are wide applications of plastics in the industry due to their durability, water resistance,
lightweight nature, and protective properties, and these properties can maximise crop
yields [93]. Bioplastics also have applications in industry, such as in pots, seedling trays,
mulching, and polymer-coated fertiliser [93-95]. Seedling trays tend to disintegrate in the
soil after the sprouting and the growth of seeds, and the biodegradation of seedling trays
would not emit harmful chemical to the soil or be absorbed by the plants [96]. One thing to
highlight in these applications is the bioplastic mulching films, which are also known as
biodegradable plastic mulches (BDMs) in the industry. Materials used for producing BDMs
include cellulose, starch, PLA, and PHA, and these BDMs are ploughed into the soil after
being used, as they can be degraded by microorganisms in the soil, and decomposition of
BDMs into the soil can improve soil quality, led by enhancing microbial activity [97]. Other
than that, PHA also have been applied as carriers for insecticides, crop protection films,
fertilisers, and seed encapsulation [98].

A study on bioplastic-reinforced with EFB in producing high quality BDMs shows that
fibre-reinforced mulch film could strengthen the film while helping the plants in adapting
climate changes [57,99]. In addition, lignocellulosic fibre-reinforced bioplastics accelerate
the polymeric matrix degradation rate in soil, which made reinforced bioplastics more
suitable to be used as plant nursery bags or pots in the agriculture industry [100,101].
Besides, reinforced bioplastics also have been used as packaging for agricultural products,



Polymers 2023, 15, 2399

12 of 20

as the porous property helps in better air flow, which keeps the freshness, and the enhanced
flexibility and strength of bioplastics improve the durability of the agricultural products
packaging [102]. Using natural resources in reinforcing bioplastics for plant nursery in the
industry would provide a similar function to bioplastics in BDMs, which increase the soil
quality when the reinforced bioplastics decomposed in the soil. However, the elements and
gases emitted have to be fully studied to avoid any disadvantages to agricultural crops.

3.5. Packaging Industry

Data provided by the European Association of Plastics Recycling and Recovery Orga-
nizations (EPRO) in 2020 show that usage of plastics in the six largest European countries
of the packaging industry is around 40.5%. In the year 2021, use of bioplastics as packaging
material is about 48%, which is approximately 1.15 million tons of global bioplastic pro-
duction [1]. The common bioplastic applications in the packaging industry are bags, films,
and wraps. In the beverage packaging market, non-biodegradable bioplastics are used,
for instance, Coca-Cola designed PlantBottle® synthesis from bio-based ethylene glycol
(made up of 30% Bio-PET), and PepsiCo used switchgrass, corn husks, and pine bark to
produce 100% Bio-PET for their product packaging [103,104]. Other than that, bioplastics,
such as PHA, starch, and PLA, are also often used in food packaging, but these types of
bioplastics have lower thermal stability, which leads to difficulty in forming the packaging
product [104]. Bioplastics are low in mechanical and permeability properties for the use of
packaging, and reinforcing bioplastics could overcome these shortcomings [105].

Reinforced bioplastics using agricultural waste materials, such as EFB and rice straw,
are used for fresh fruit packaging, and the result shows that the reinforced bioplastics could
lengthen the storage life of fresh fruit through improving the permeability properties of
bioplastics, which promote better air flow for fresh fruit transpiration [102]. One of the
reinforced bioplastics applications in the industry is the packaging of food. For the food
packaging industry, bio-based materials are preferable in reinforcing bioplastics due to
safety and environmentally friendly issues. Different from packaging for fresh products,
food packaging requires low permeability to prevent food rotting from moisture or gases
penetrating [106]. The applications of reinforced bioplastics in food packaging include
bottles for dairy products, containers, films, dishes, and bags for takeaway [106]. Other
than that, fibre-reinforced PHBV was also reported to be used for active food packaging,
which can increase the storage time and impart antimicrobial property to the packaging
film, resulting in a higher possibility of preventing the rotting of food [107]. In addition,
cellulose-based films reinforced with clay also show antimicrobial properties in packaging
film developments with better properties in gas permeability and thermal stability [70].
Moreover, poly(butylene adipate-co-terephthalate) (PBAT) reinforced with thermoplastic
starch (TPS) bioplastic films could reduce mold and yeast count while preventing the
darkening of food, which further proved that reinforced bioplastics possess antimicrobial
properties [104].

Gadhave et al. (2018) reported that the addition of acetylated starch in corn starch-
based films has higher thermal stability with reinforced resistance against sealing, making
it a suitable material for heat sealing packaging [108]. In the Handbook of Bioplastics and
Biocomposites Engineering Applications (2011), it was stated that reinforced bioplastics
could be the material for optoelectronic packaging in the future [13]. Optoelectronic
packaging (OEP) is a type of electrical packaging that involves providing mechanical
support, as well as electrical and optical connection, to electronic devices for the device’s
continuous functionality, and the most commonly used material for this application is
epoxy [13,109]. The environmentally friendly property of reinforced bioplastic also make it
a suitable material for airline cosmetics packaging [110].

The summary of the applications of bioplastics and reinforced bioplastics is shown in
Table 3. Table 3 depicts the application of different types of reinforced bioplastics in the
replated industries. It can be seen that reinforced bioplastics have received considerable
attention in relevant industries, which may be attributed to their acceptable characteristics
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in the application. The potential applications of reinforced bioplastics could be seen through
reviewing of the applications of bioplastics and reinforced bioplastics in various industries.

Table 3. The applications of bioplastics and reinforced bioplastics in various industries.

Industries Types Applications References
Gene delivery
Tissue engineering
Healthcare Reinforced PLA Implants [66-68]
Shape memory
Controlled-release drug delivery
Flexible photovoltaic cells
Bioplastics reinforced with (Solar cell)
. [79,80]
Electrical and el . CNT/cellulose nanofibre Sensors
ectrical and electronic Substrate in roll-to-roll
fabrication techniques
Graphene reinforced PLA Three-dimensional printing filament [81]
. - . Window frames and doors [89]
. . Lignocellulosic fibre reinforced . .
Architecture and construction . . Stabilisers for earthen construction
bioplastics . [90]
materials
Mulch film [57,99]
Agricultural EFB reinforced bioplastics Plant nursery bags or pots [100,101]
Agricultural products packaging [102]
Bio-based ethylene glycol PepsiCo packaging [101,103]
PHA, PLA and starch Food packaging [104]
Packaging EFB or rice straw reinforced . .
bioplastics Fresh fruit packaging [102]
Fibre reinforced PHBV Active food packaging [107]

4. Advantages and Limitations of Reinforced Bioplastics

One of the aims of development of bioplastics is to achieve the sustainability goal
in the plastic industry. However, due to the weakness of bioplastics as aforementioned,
the applications of bioplastics are limited in various industries. In the recent definition
of bioplastics, biodegradable fossil-fuel based plastics also have been listed as bioplastics,
and there is also non-biodegradable bioplastic. Thus, the biodegradability of reinforced
bioplastics did not differ much from bioplastics, as it depends on raw materials. Some
reinforcing materials could improve the biodegradability of the bioplastics, but using
non-biodegradable or synthetic materials in reinforcing bioplastics could also reduce the
biodegradability [48]. Sustainability of reinforced bioplastics depends on the selection
of raw materials that could attain the application of the needs and preserve the environ-
ment. Nonetheless, as the industry nowadays tends to develop ‘green’ technologies, using
sustainable and biodegradable materials are preferable in terms of reducing carbon foot-
prints, preserving non-renewable resources (fossil-fuel resources), having less toxicity, and
reducing plastic wastes, which lead to pollution that is harmful to the environment and
human beings [75]. Bioplastics (i.e., PLA, bio-PE, bio-PP, bio-PBS) and reinforcing materials
(i.e., cellulosic fibre, EFB, cellulose, starch) could be obtained from various feedstocks and
biomass, which further reduced and utilised the wastage of various functional materials.

There are various types of reinforcements on bioplastics to achieve comparable proper-
ties with conventional plastics in order to reduce the applications of conventional plastics in
various industries. The main advantage of reinforced bioplastics compared to bioplastics is
properties enhancement. As aforementioned, through reinforcing bioplastics with different
materials, such as lignocellulosic fibre, synthetic fibre, cellulose, starch, clay, CNT, or blend-
ing with other polymers, the physical, chemical, thermal, and mechanical properties of the
bioplastics could be improved to be able to substitute the usage of conventional plastics.
There are a lot of reinforced bioplastics applications in various industries due to better
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performance—for instance, active food packaging, advanced electronics, human tissue
engineering, or replacement for lower workload construction materials, which previously
could not be performed by bioplastics. In addition, the reinforcing agents could impart ad-
ditional functional properties to bioplastics, including electrical conductivity, antimicrobial,
antibacterial, and antioxidant properties. These additional functional properties widen the
applications of plastic material to be used in biotechnology, conductive materials, or as
replacement for metal and construction materials in the future.

Using suitable reinforcing agents could improve the biodegradability of bioplastics,
but this is only limited to biodegradable reinforced bioplastics. The application of rein-
forced bioplastics could minimise the damage from littering of ‘plastics’ to the environ-
ment. It might cause more “plastics’ littering problems, as when the consumers know the
biodegradability of the reinforced bioplastics-made products, wherein they might dump
more waste, regardless of the type of plastics. In addition, although the reinforced bioplas-
tics are biodegradable, this biodegradation still takes a certain amount of time. During the
biodegradation process, which depends on the biodegradation environmental parameters,
it might accidentally be consumed by marine fauna before it is degraded. As for biodegrad-
able reinforced bioplastics, the biodegradation mechanisms often occurred under suitable
conditions, and if the reinforced bioplastic wastes were just left in nature without suitable
conditions, the biodegradation rate would be slow, while non-biodegradable reinforced
bioplastics would give the same environmental pollution to the planet as conventional
plastics if there is no proper plastic waste management [111]. Mtibe et al. (2021) also stated
that some of the properties of bioplastics and its composite (reinforced bioplastic) would
degrade after a certain time of recycling due to degradation of the polymer chains. During
reprocessing the wastes into new products, there might be contamination of conventional
plastics that could further degrade the polymers due to the incompatibility, and to avoid
this situation, extra cost is included to separate different types of plastics [111]. In layman’s
terms, management and recycling of the reinforced bioplastics waste has become one
of the limitations to continuously apply reinforced bioplastics in the industries, as poor
management will still cause a similar pollution issue to conventional plastic.

In the history of plastics development, reinforced bioplastic is a relatively new tech-
nology, and there are only limited studies on it. In a review study by Boey et al. (2022), the
parameters (reinforcing agent loadings) in reinforcing bioplastics should be in optimum
conditions to obtain the desired matrix and properties [112]. For production of reinforced
bioplastics, there are various types of bioplastic materials and reinforcing agents, where the
reinforcing agents are not necessarily compatible with the bioplastics, and, at a molecular
level, most biopolymer blends are incompatible [111,113]. Compatibility is an important
factor that affects the end-performance and mechanical properties, as it affects the interfa-
cial adhesion within the polymer matrix. Blending of incompatible materials will results in
poor interfacial adhesion that leads to worse properties and performance at end-use. Either
adding compatibilizer into the formulation or using compatible materials in reinforced
bioplastics formulation are solutions that could be used to overcome the compatibility
issue of reinforced bioplastics. However, adding extra components might affect the matrix
properties later, which causes another issue in synthesising new types of plastic products.
These issues are highly related to the lack of studies in reinforced bioplastics. The combi-
nation between different materials in synthesising reinforced bioplastics is countless, and
thus, there should be more study on interfacial properties of bioplastics to understand
the reaction between different reinforcing materials with bioplastics. Continuous study
and development of reinforced bioplastics are necessary to explore more potentials of
applications of reinforced bioplastics in various industries.

Figure 1 illustrates the variety of bioplastics and fillers with the applications of the
reinforced bioplastics in various industries. It summarises the applications of reinforced
bioplastics, and its advantages and limitations are discussed in this study.
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Figure 1. Summary of potential of reinforced bioplastics.

5. Conclusions

Bioplastics have been developed as green alternatives for conventional plastics, which
can be classified into two types, which are biodegradable and non-biodegradable, depend-
ing on their raw material and the type of plastic that is produced. Bioplastics could be
derived from various feedstocks or biomass, i.e., food waste, sugarcane, plant oil, starch
crops, and sugar beets. Nevertheless, their poor mechanical strength, water permeability,
thermal stability, and brittleness have limited their applications. Reinforcing agents, such
as lignocellulosic fibre, starch, and cellulose, are added into bioplastics to improve their
properties. At optimum loading of reinforcing materials, the mechanical and thermal
properties, including water permeability and stiffness of the bioplastics, could be enhanced
to meet industry performance and quality requirements. Through the reinforcement, the
end-performance and properties of the bioplastics are on-par with conventional plastics,
which later could be applied in various industries. Additionally, with the optimum condi-
tions in reinforcement, reinforced bioplastics could surpass the application of conventional
plastics that widen their potential applications, including conductive materials or as replace-
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ments for metal and construction materials in the future, as well as functional materials in
biotechnology field. In short, the advantages of reinforced bioplastics are the sustainability
and potential applications in the future through properties reinforcement. However, the
management of reinforced bioplastics has become a limitation, as the biodegradability and
recyclability of reinforced bioplastics differ and depend on the environmental conditions.
Additionally, there are limited studies on the combination and compatibility between
reinforced bioplastics materials, as there are a lot of variances of materials and different
properties. Thus, further research and study on reinforced bioplastics is necessary to
widen the applications of reinforced bioplastics. Future studies on reinforced bioplastics
could focus on compatibility of bioplastics with different variance of natural reinforcing
material, potential of various bioresources as reinforcing materials, and the properties of
reinforced bioplastics.

Author Contributions: Conceptualization, G.S.T.; investigation, UK., NNEM.R. and G.S.T;
writing—original draft preparation, U.K. and G.S.T.; writing—review and editing, UK., N.EM.R. and
G.S.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Universiti Sains Malaysia, grant number 1001/PTEKIND/
8014123.

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Applications/Sectors—European Bioplastics, e.V. Available online: https://www.european-bioplastics.org/ (accessed on 27
January 2023).

2. Okunola, A.A.; Kehinde, 1.O.; Oluwaseun, A.; Olufiropo, E.A. Public and Environmental Health Effects of Plastic Wastes Disposal:
A Review. ]. Toxicol. Risk Assess. 2019, 5, 1-13. [CrossRef]

3. Yang, Z; Zhang, Y,; Li, S.; Zhang, X.; Wang, T.; Wang, Q. Fully Closed-Loop Recyclable Thermosetting Shape Memory Polyimide.
ACS Sustain. Chem. Eng. 2020, 8, 18869-18878. [CrossRef]

4. Vieyra, H.; Molina-Romero, ].M.; Calderon-Najera, ].D.; Santana-Diaz, A. Engineering, Recyclable, and Biodegradable Plastics in
the Automotive Industry: A Review. Polymers 2022, 14, 3412. [CrossRef] [PubMed]

5. Faraca, G.; Astrup, T. Plastic waste from recycling centres: Characterisation and evaluation of plastic recyclability. Waste Manag.
2019, 95, 388-398. [CrossRef]

6. Tang, X.; Chen, E.Y.X. Toward Infinitely Recyclable Plastics Derived from Renewable Cyclic Esters. Chem 2019, 5, 284-312.
[CrossRef]

7. Rudin, A.; Choi, P. Biopolymers. In The Elements of Polymer Science & Engineering; Academic Press: London, UK, 2013; pp. 521-535.

8.  Harnkarnsujarit, N.; Wongphan, P.; Chatkitanan, T.; Laorenza, Y.; Srisa, A. Bioplastic for Sustainable Food Packaging. In
Sustainable Food Processing and Engineering Challenges; Elsevier: Amsterdam, The Netherlands, 2021; pp. 203-277.

9. Narancic, T.; Cerrone, F,; Beagan, N.; O’connor, K.E. Review Recent Advances in Bioplastics: Application and Biodegradation.
Polymers 2020, 12, 920. [CrossRef]

10.  Europe, P. Bioplastic Market Development Update 2020. In Proceedings of the European Bioplastics Conference, Berlin Online, 30
November-3 December 2020; pp. 2019-2020.

11. Siracusa, V.; Blanco, I. Bio-polyethylene (Bio-PE), Bio-polypropylene (Bio-PP) and Bio-poly(ethylene terephthalate) (Bio-PET):
Recent developments in bio-based polymers analogous to petroleum-derived ones for packaging and engineering applications.
Polymers 2020, 12, 1641. [CrossRef]

12. Rosenboom, J.G.; Langer, R.; Traverso, G. Bioplastics for a circular economy. Nat. Rev. Mater. 2022, 7, 117-137. [CrossRef]

13. Kalia, S.; Kaith, B.S.; Vashistha, S. Cellulose Nanofibers Reinforced Bioplastics and Their Applications. In Handbook of Bioplastics
and Biocomposites Engineering Applications; Pilla, S., Ed.; Wiley: Hoboken, NJ, USA, 2011; pp. 452-470.

14. Hagen, R. Polylactic Acid. Polym. Sci. A Compr. Ref. 2012, 10, 231-236. [CrossRef]

15. Garcia Ibarra, V.; Senddn, R.; Rodriguez-Bernaldo De Quirds, A. Antimicrobial Food Packaging Based on Biodegradable Materials.
In Antimicrobial Food Packaging; Academic Press: London, UK, 2016; pp. 363-384.

16. Davachi, S.M.; Kaffashi, B. Polylactic Acid in Medicine. Polym. Plast. Technol. Eng. 2015, 54, 944-967. [CrossRef]

17. Li, G.; Zhao, M,; Xu, E; Yang, B,; Li, X.; Meng, X.; Teng, L. Synthesis and Biological Application of Polylactic acid. Molecules 2020,
25,5023. [CrossRef] [PubMed]

18. Chen, G.X,; Kim, H.S,; Kim, E.S.; Yoon, ]J.S. Synthesis of high-molecular-weight poly(l-lactic acid) through the direct condensation

polymerization of l-lactic acid in bulk state. Eur. Polym. ]. 2006, 42, 468—472. [CrossRef]


https://www.european-bioplastics.org/
https://doi.org/10.23937/2572-4061.1510021
https://doi.org/10.1021/acssuschemeng.0c05481
https://doi.org/10.3390/polym14163412
https://www.ncbi.nlm.nih.gov/pubmed/36015669
https://doi.org/10.1016/j.wasman.2019.06.038
https://doi.org/10.1016/j.chempr.2018.10.011
https://doi.org/10.3390/polym12040920
https://doi.org/10.3390/polym12081641
https://doi.org/10.1038/s41578-021-00407-8
https://doi.org/10.1016/B978-0-444-53349-4.00269-7
https://doi.org/10.1080/03602559.2014.979507
https://doi.org/10.3390/molecules25215023
https://www.ncbi.nlm.nih.gov/pubmed/33138232
https://doi.org/10.1016/j.eurpolymj.2005.07.022

Polymers 2023, 15, 2399 17 of 20

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

Ren, J. Synthesis and Manufacture of PLA. In Biodegradable Poly (Lactic Acid): Synthesis, Modification, Processing and Applications;
Springer: Berlin/Heidelberg, Germany, 2010; pp. 15-37.

Rudnik, E. Compostable Polymer Properties and Packaging Applications. In Plastic Films in Food Packaging: Materials, Technology
and Applications; William Andrew Publishing: Norwich, NY, USA, 2013; pp. 217-248.

Laura, A.; Seggiani, M.; Lazzeri, A.; Vito, G.; Patrizia, C. A Brief Review of Poly (Butylene Succinate) (PBS) and Its Main
Copolymers: Synthesis, Blends, Composites, Biodegradability, and Applications. Polymers 2022, 14, 844. [CrossRef]

Jiang, L.; Zhang, J. Biodegradable and Biobased Polymers. In Applied Plastics Engineering Handbook, 2nd ed.; Kutz, M., Ed.; Elsevier
Inc.: Amsterdam, The Netherlands, 2017; pp. 127-143.

Yang, S.-t.; Liu, X.; Zhang, Y. Metabolic Engineering—Applications, Methods, and Challenges. In Bioprocessing for Value-Added
Products from Renewable Resources: New Technologies and Applications; Elsevier B.V.: Amsterdam, The Netherlands, 2007; pp. 73-118.
Baidya, PK.; Sarkar, U.; Villa, R.; Sadhukhan, S. Liquid-phase hydrogenation of bio-refined succinic acid to 1,4-butanediol using
bimetallic catalysts. BMC Chem. Eng. 2019, 1, 10. [CrossRef]

Othman, N.A.; Adam, F.; Mat Yasin, N.H. Reinforced bioplastic film at different microcrystalline cellulose concentration. Mater.
Today Proc. 2020, 41, 77-82. [CrossRef]

Abe, M.M.; Martins, ].R.; Sanvezzo, P.B.; Macedo, ].V.; Branciforti, M.C.; Halley, P; Botaro, R.; Brienzo, M. Advantages and
Disadvantages of Bioplastics Production from Starch and Lignocellulosic Components. Polymers 2021, 13, 2484. [CrossRef]
Chong, TY.; Law, M.C.; Chan, Y.S. The Potentials of Corn Waste Lignocellulosic Fibre as an Improved Reinforced Bioplastic
Composites. |. Polym. Environ. 2021, 29, 363-381. [CrossRef]

Chotiprayon, P.; Chaisawad, B.; Yoksan, R. Thermoplastic cassava starch/poly(lactic acid) blend reinforced with coir fibres. Int. J.
Biol. Macromol. 2020, 156, 960-968. [CrossRef]

Endres, H.J. Bioplastics. In Advances in Biochemical Engineering/Biotechnology; Springer: Berlin/Heidelberg, Germany, 2019; Volume
166, pp. 427-468.

Ouali, A.A.; Rinberg, R.; Kroll, L.; Nendel, W.; Todorov, A.; Cebulla, H. Natural Fibre Reinforced Bioplastics—Innovative
Semi-Finished Products for Series Production. Key Eng. Mater. 2017, 742, 255-262. [CrossRef]

Jethoo, A.S. Effect of fiber reinforcement on tensile strength and flexibility of corn starch-based bioplastic. IOP Conf. Ser. Mater.
Sci. Eng. 2019, 652, 012035. [CrossRef]

Hamid, L.; Elhady, S.; Abdelkareem, A.; Fahim, I. Fabricating Starch-Based Bioplastic Reinforced with Bagasse for Food Packaging.
Circ. Econ. Sustain. 2022, 2, 1065-1076. [CrossRef]

Jangong, O.S.; Gareso, P.L.; Mutmainna, I.; Tahir, D. Fabrication and characterization starch/chitosan reinforced polypropylene as
biodegradable. |. Phys. Conf. Ser. 2019, 1341, 082022. [CrossRef]

Vékiparta, M.; Yli-urpo, A.; Vallittu, P.K. Flexural properties of glass fiber reinforced composite with multiphase biopolymer
matrix. J. Mater. Sci. Mater. Med. 2004, 15, 7-11. [CrossRef] [PubMed]

Mathijsen, D. Cellulose as reinforcing material for plastics: An alternative between talcum and glass fiber. Reinf. Plast. 2016, 60,
151-153. [CrossRef]

Satyanarayana, K.G.; Wypych, F; Woehl, M.A.; Ramos, L.P.; Marangoni, R. Nanocomposites Based on Starch and Fibers of
Natural Origin. In Handbook of Bioplastics and Biocomposites Engineering Applications; Pilla, S., Ed.; Wiley: Hoboken, NJ, USA, 2011;
pp- 471-509.

Dufresne, A.; Castario, J. Polysaccharide nanomaterial reinforced starch nanocomposites: A review. Starch-Stirke 2017, 69, 1500307.
[CrossRef]

Gao, E Clay/polymer composites: The story. Mater. Today 2004, 7, 50-55. [CrossRef]

Harunsyah; Sariadi; Raudah. The effect of clay nanoparticles as reinforcement on mechanical properties of bioplastic base on
cassava starch. J. Phys. Conf. Ser. 2018, 953, 012021. [CrossRef]

Tan, S.X.; Ong, H.C.; Andriyana, A.; Lim, S.; Pang, Y.L.; Kusumo, F.; Ngoh, G.C. Characterization and Parametric Study on
Mechanical Properties Enhancement in Biodegradable Chitosan-Reinforced Starch-Based Bioplastic Film. Polymers 2022, 14, 278.
[CrossRef]

Yang, J.; Chee Ching, Y.; Hock Chuah, C. Applications of Lignocellulosic Fibers and Lignin in Bioplastics: A Review. Polymers
2014, 11, 751. [CrossRef]

Sathishkumar, T.P,; Satheeshkumar, S.; Naveen, J. Glass fiber-reinforced polymer composites—A review. J. Reinf. Plast. Compos.
2014, 33, 1258-1275. [CrossRef]

Folino, A.; Karageorgiou, A.; Calabro, P.S.; Komilis, D. Biodegradation of Wasted Bioplastics in Natural and Industrial Environ-
ment: A Review. Sustainability 2020, 12, 6030. [CrossRef]

Hoque, M.B.; Hossain, M.S.; Nahid, A.M.; Bari, S.; Khan, R.A. Fabrication and Characterization of Pineapple Fiber-Reinforced
Polypropylene Based Composites. Nano Hybrids Compos. 2018, 21, 31-42. [CrossRef]

Chamas, A.; Moon, H.; Zheng, ].; Qiu, Y.; Tabassum, T.; Jang, ] H.; Abu-Omar, M.; Scott, S.L.; Suh, S. Degradation Rates of Plastics
in the Environment. In Plastics and Environmental Sustainability; Wiley: Hoboken, NJ, USA, 2020; Volume 8, pp. 145-184.
Emadian, S.M.; Onay, T.T.; Demirel, B. Biodegradation of bioplastics in natural environments. Waste Manag. 2017, 59, 526-536.
[CrossRef] [PubMed]

Dilkes-Hoffman, L.S.; Lant, P.A.; Laycock, B.; Pratt, S. The rate of biodegradation of PHA bioplastics in the marine environment:
A meta-study. Mar. Pollut. Bull. 2019, 142, 15-24. [CrossRef]


https://doi.org/10.3390/polym14040844
https://doi.org/10.1186/s42480-019-0010-z
https://doi.org/10.1016/j.matpr.2020.11.1010
https://doi.org/10.3390/polym13152484
https://doi.org/10.1007/s10924-020-01888-4
https://doi.org/10.1016/j.ijbiomac.2020.04.121
https://doi.org/10.4028/www.scientific.net/KEM.742.255
https://doi.org/10.1088/1757-899X/652/1/012035
https://doi.org/10.1007/s43615-021-00139-5
https://doi.org/10.1088/1742-6596/1341/8/082022
https://doi.org/10.1023/B:JMSM.0000010091.34422.45
https://www.ncbi.nlm.nih.gov/pubmed/15338585
https://doi.org/10.1016/j.repl.2016.04.069
https://doi.org/10.1002/star.201500307
https://doi.org/10.1016/S1369-7021(04)00509-7
https://doi.org/10.1088/1742-6596/953/1/012021
https://doi.org/10.3390/polym14020278
https://doi.org/10.3390/polym11050751
https://doi.org/10.1177/0731684414530790
https://doi.org/10.3390/su12156030
https://doi.org/10.4028/www.scientific.net/NHC.21.31
https://doi.org/10.1016/j.wasman.2016.10.006
https://www.ncbi.nlm.nih.gov/pubmed/27742230
https://doi.org/10.1016/j.marpolbul.2019.03.020

Polymers 2023, 15, 2399 18 of 20

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Hubbe, M.A,; Lavoine, N.; Lucia, L.A.; Dou, C. Formulating bioplastic composites for biodegradability, recycling, and perfor-
mance: A review. BioResources 2020, 16, 2021-2083. [CrossRef]

Barillari, F; Chini, F. Biopolymers—Sustainability for the Automotive Value-added Chain. ATZ Worldw. 2020, 122, 36-39.
[CrossRef]

Farah, S.; Anderson, D.G.; Langer, R. Physical and mechanical properties of PLA, and their functions in widespread applications
—A comprehensive review. Adv. Drug Deliv. Rev. 2016, 107, 367-392. [CrossRef]

Gabriel, A.A; Solikhah, A.F.; Rahmawati, A.Y. Tensile Strength and Elongation Testing for Starch-Based Bioplastics using Melt
Intercalation Method: A Review. J. Phys. Conf. Ser. 2021, 1858, 012028. [CrossRef]

Balani, K.; Verma, V.; Agarwal, A.; Narayan, R. Physical, Thermal, and Mechanical Properties of Polymers. In Biosurfaces; John
Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2015; pp. 329-344.

Attallah, O.A.; Mojicevic, M.; Garcia, E.L.; Azeem, M.; Chen, Y.; Asmawi, S.; Fournet, M.B. Macro and Micro Routes to High
Performance Bioplastics: Properties. Polymers 2021, 13, 2155. [CrossRef]

Gamero, S.; Jiménez-Rosado, M.; Romero, A.; Bengoechea, C.; Guerrero, A. Reinforcement of Soy Protein-Based Bioplastics
Through Addition of Lignocellulose and Injection Molding Processing Conditions. J. Polym. Environ. 2019, 27, 1285-1293.
[CrossRef]

Kumar, S.; Shamprasad, M.S.; Varadarajan, Y.S. Mechanical properties of natural fiber reinforced polylactide composites: A
review. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1065, 012001. [CrossRef]

Ochi, S. Mechanical properties of kenaf fibers and kenaf/PLA composites. Mech. Mater. 2008, 40, 446-452. [CrossRef]

Ayu, R.S.; Khalina, A.; Harmaen, A.S.; Zaman, K.; Mohd Nurrazi, N.; Isma, T.; Lee, C.H. Effect of Empty Fruit Brunch
reinforcement in PolyButylene-Succinate/Modified Tapioca Starch blend for Agricultural Mulch Films. Sci. Rep. 2020, 10, 1166.
[CrossRef]

Risyon, N.P; Othman, S.H.; Basha, R.K.; Talib, R.A. Effect of halloysite nanoclay concentration and addition of glycerol on
mechanical properties of bionanocomposite films. Polym. Polym. Compos. 2016, 24, 795-802. [CrossRef]

Tarique, J.; Sapuan, S.M.; Khalina, A. Effect of glycerol plasticizer loading on the physical, mechanical, thermal, and barrier
properties of arrowroot (Maranta arundinacea) starch biopolymers. Sci. Rep. 2021, 11, 13900. [CrossRef]

Hazrol, M.D.; Sapuan, S.M.; Zainudin, E.S.; Zuhri, M.Y.M. Corn Starch (Zea mays) Biopolymer Plastic Reaction in Combination of
Sorbitol and Glycerol. Polymers 2021, 13, 242. [CrossRef] [PubMed]

Harmaen, A.S.; Khalina, A.; Faizal, A.R; Jawaid, M. Effect of Triacetin on Tensile Properties of Oil Palm Empty Fruit Bunch
Fiber-Reinforced Polylactic Acid Composites. Polym. Plast. Technol. Eng. 2013, 52, 400-406. [CrossRef]

Rasheed, M.; Jawaid, M.; Parveez, B.; Hussain Bhat, A.; Alamery, S. Morphology, Structural, Thermal, and Tensile Properties of
Bamboo Microcrystalline Cellulose/Poly(Lactic Acid)/Poly(Butylene Succinate) Composites. Polymers 2021, 13, 465. [CrossRef]
[PubMed]

Azmin, SN.H.M.; Hayat, N.A.b.M.; Nor, M.S.M. Development and characterization of food packaging bioplastic film from cocoa
pod husk cellulose incorporated with sugarcane bagasse fibre. J. Bioresour. Bioprod. 2020, 5, 248-255. [CrossRef]

Pérez Davila, S.; Gonzalez Rodriguez, L.; Chiussi, S.; Serra, J.; Gonzalez, P. How to sterilize polylactic acid based medical devices?
Polymers 2021, 13, 2115. [CrossRef]

Sastri, V.R. Material Requirements for Plastics Used in Medical Devices. In Plastics in Medical Devices; Elsevier: Amsterdam, The
Netherlands, 2010; pp. 33-54.

Bano, K.; Pandey, R.; Jamal-e-Fatima, R. New Advancements of Bioplastics in Medical Applications. Int. . Pharm. Sci. Res. 2018,
9, 402-416. [CrossRef]

Saini, P.; Arora, M.; Kumar, M. Poly(lactic acid) blends in biomedical applications. Adv. Drug Deliv. Rev. 2016, 107, 47-59.
[CrossRef] [PubMed]

Liu, X.; Lei, L.; Hou, ].W.; Tang, M.E,; Guo, S.R.; Wang, Z.M.; Chen, K.M. Evaluation of two polymeric blends (EVA/PLA and
EVA/PEG) as coating film materials for paclitaxel-eluting stent application. J. Mater. Sci. Mater. Med. 2011, 22, 327-337. [CrossRef]
Pellicer, E.; Nikolic, D.; Sort, J.; Bar6, M.D.; Zivic, E; Grujovic, N.; Grujic, R.; Pelemis, S. Advances in Applications of Industrial
Biomaterials; Springer International Publishing: Berlin/Heidelberg, Germany, 2017; pp. 1-214.

Ibrahim, N.I; Shahar, ES.; Sultan, M.T.H.; Shah, A.U.M; Safri, S.N.A.; Yazik, M.H.M. Overview of Bioplastic Introduction and Its
Applications in Product Packaging. Coatings 2021, 11, 1423. [CrossRef]

Kai, D.; Zhang, K.; Liow, S.S.; Loh, X.J. New Dual Functional PHB-Grafted Lignin Copolymer: Synthesis, Mechanical Properties,
and Biocompatibility Studies. ACS Appl. Bio Mater. 2019, 2, 127-134. [CrossRef]

Connolly, M.; Zhang, Y.; Brown, D.M.; Ortufio, N.; Jorda-Beneyto, M.; Stone, V.; Fernandes, T.F.; Johnston, H.]. Novel polylactic
acid (PLA)-organoclay nanocomposite bio-packaging for the cosmetic industry; migration studies and in vitro assessment of the
dermal toxicity of migration extracts. Polym. Degrad. Stab. 2019, 168, 108938. [CrossRef]

Rayung, M.; Min Aung, M.; Christirani Azhar, S.; Chuah Abdullah, L.; Sukor Su, M.; Ahmad, A.; Nurul Ain Md Jamil, S.
Bio-Based Polymer Electrolytes for Electrochemical Devices: Insight into the Ionic Conductivity Performance. Materials 2020, 13,
838. [CrossRef]

Arrieta, A.A.; Ganian, PF; Marquez, S.E.; Zuluaga, R. Electrically conductive bioplastics from cassava starch. J. Braz. Chem. Soc.
2011, 22, 1170-1176. [CrossRef]


https://doi.org/10.15376/biores.16.1.Hubbe
https://doi.org/10.1007/s38311-020-0298-6
https://doi.org/10.1016/j.addr.2016.06.012
https://doi.org/10.1088/1742-6596/1858/1/012028
https://doi.org/10.3390/polym13132155
https://doi.org/10.1007/s10924-019-01430-1
https://doi.org/10.1088/1757-899X/1065/1/012001
https://doi.org/10.1016/j.mechmat.2007.10.006
https://doi.org/10.1038/s41598-020-58278-y
https://doi.org/10.1177/096739111602400917
https://doi.org/10.1038/s41598-021-93094-y
https://doi.org/10.3390/polym13020242
https://www.ncbi.nlm.nih.gov/pubmed/33445740
https://doi.org/10.1080/03602559.2012.754897
https://doi.org/10.3390/polym13030465
https://www.ncbi.nlm.nih.gov/pubmed/33535490
https://doi.org/10.1016/j.jobab.2020.10.003
https://doi.org/10.3390/polym13132115
https://doi.org/10.13040/ijpsr.0975-8232.9(2).402-16
https://doi.org/10.1016/j.addr.2016.06.014
https://www.ncbi.nlm.nih.gov/pubmed/27374458
https://doi.org/10.1007/s10856-010-4213-3
https://doi.org/10.3390/coatings11111423
https://doi.org/10.1021/acsabm.8b00445
https://doi.org/10.1016/j.polymdegradstab.2019.108938
https://doi.org/10.3390/ma13040838
https://doi.org/10.1590/S0103-50532011000600024

Polymers 2023, 15, 2399 19 of 20

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

Sidek, L.S.; Draman, S.ES.; Abdullah, S.R.S.; Anuar, N. Current Development on Bioplastics and Its Future Prospects: An
Introductory Review. INWASCON Technol. Mag. 2019, 1, 3-8. [CrossRef]

Atiwesh, G.; Mikhael, A.; Parrish, C.C.; Banoub, J.; Le, T.A.T. Environmental impact of bioplastic use: A review. Heliyon 2021, 7,
e07918. [CrossRef]

Va Bozo6, E.; Ervasti, H.; Halonen, N.; Hossein, S.; Shokouh, H.; Tolvanen, J.; Pitkédnen, O.; Jarvinen, T.; Palvolgyi, P.S.; Kos
Szamosvolgyi, A.; et al. Bioplastics and Carbon-Based Sustainable Materials, Components, and Devices: Toward Green Electronics.
ACS Appl. Mater. Interfaces 2021, 13, 49301-49312. [CrossRef]

Imran, K.A.; Lou, J.; Shivakumar, K.N. Enhancement of electrical and thermal conductivity of polypropylene by graphene
nanoplatelets. . Appl. Polym. Sci. 2018, 135, 45833. [CrossRef]

Bhat, A.H.; Khan, I.; Amil Usmani, M.; Rather, J.A. Bioplastics and Bionanocomposites Based on Nanoclays and Other Nanofillers.
In Nanoclay Reinforced Polymer Composites; Springer: Berlin/Heidelberg, Germany, 2016; pp. 115-139.

Luo, X.; Yu, Z.; Cai, Y.; Wu, Q.; Zeng, J. Facile Fabrication of Environmentally-Friendly Hydroxyl-Functionalized Multiwalled
Carbon Nanotubes/Soy Oil-Based Polyurethane Nanocomposite Bioplastics with Enhanced Mechanical, Thermal, and Electrical
Conductivity Properties. Polymers 2019, 11, 763. [CrossRef] [PubMed]

Bustillos, J.; Montero, D.; Nautiyal, P; Loganathan, A.; Boesl, B.; Agarwal, A. Integration of Graphene in Poly(Lactic) Acid by 3D
Printing to Develop Creep and Wear-Resistant Hierachical Nanocomposites. Polym. Compos. 2017, 16, 3877-3888. [CrossRef]
Cataldi, P.; Athanassiou, A.; Bayer, I. Graphene Nanoplatelets-Based Advanced Materials and Recent Progress in Sustainable
Applications. Appl. Sci. 2018, 8, 1438. [CrossRef]

Solafide, W.; Murakami, R.-I. Effect of moisture absorption and fiber orientation on electrical conductivity and electromagnetic
interference shielding of carbon fiber reinforced bioplastic composites. Int. J. Mod. Phys. B 2019, 33, 1950082. [CrossRef]

Gokge, E. Rethinking sustainability: A research on starch based bioplastic. J. Sustain. Constr. Mater. Technol. 2018, 3, 249-260.
[CrossRef]

Vdovin, E; Safin, R.; Galyavetdinov, N.; Salimgaraeva, R.; Ilalova, G.; Saerova, K. Use of Filled Bioplastics in Construction. E35
Web Conf. 2021, 274, 04013. [CrossRef]

Ivanov, V.; Stabnikov, V. Construction Biotechnological Plastics. In Construction Biotechnology; Springer: Singapore, 2017; pp. 51-75.
Friedrich, D. How building experts evaluate the sustainability and performance of novel bioplastic-based textile facades: An
analysis of decision making. Build. Environ. 2022, 207, 108485. [CrossRef]

Monticelli, C.; Zanelli, A. Life Cycle Design and Efficiency Principles for Membrane Architecture: Towards a New Set of
Eco-design Strategies. Procedia Eng. 2016, 155, 416-425. [CrossRef]

Verma, D.; Dogra, V.; Chaudhary, A K.; Mordia, R. Advanced biopolymer-based composites: Construction and structural
applications. In Sustainable Biopolymer Composites: Biocompatibility, Self-Healing, Modeling, Repair and Recyclability: A Volume in
Woodhead Publishing Series in Composites Science and Engineering; Woodhead Publishing: Cambridge, UK, 2021; pp. 113-128.
Oberti, I; Paciello, A. Bioplastic as a Substitute for Plastic in Construction Industry. Encyclopedia 2022, 2, 1408-1420. [CrossRef]
Stabnikov, V.; Ivanov, V.; Chu, J. Construction Biotechnology: A new area of biotechnological research and applications. Worid J.
Microbiol. Biotechnol. 2015, 31, 1303-1314. [CrossRef]

Léon Jansen, M.H.; Hiemstra, F. Report on Use of Plastics in Agriculture; Rabobank NL96RABO0146172477; Schuttelaar & Partners:
Den Haag, The Netherlands, 2019; pp. 1-19.

FAO. Theory into Practice. In Assessment of Agricultural Plastics and Their Sustainability—A Call for Action; FAO: Rome, Italy, 2021;
Volume 9. [CrossRef]

Harmaen, A.S.; Khalina, A.; Ali, HM.; Azowa, LN. Thermal, Morphological, and Biodegradability Properties of Bioplastic
Fertilizer Composites Made of Oil Palm Biomass, Fertilizer, and Poly(hydroxybutyrate-co-valerate). Int. |. Polym. Sci. 2016, 2016,
3230109. [CrossRef]

Acquavia, M.A.; Pascale, R.; Martelli, G.; Bondoni, M.; Bianco, G. Natural polymeric materials: A solution to plastic pollution
from the agro-food sector. Polymers 2021, 13, 158. [CrossRef] [PubMed]

Paul, S.; Sen, B.; Das, S.; Abbas, S.J.; Pradhan, S.N.; Sen, K.; Ali, S.I. Incarnation of bioplastics: Recuperation of plastic pollution.
Int. |. Environ. Anal. Chem. 2021, 1-24. [CrossRef]

Garbeva, P.; White, R.A.; He, ].; Debruyn, ].M.; Bandopadhyay, S.; Martin-Closas, L.; Pelacho, A.M. Biodegradable Plastic Mulch
Films: Impacts on Soil Microbial Communities and Ecosystem Functions. Front. Microbiol. 2018, 9, 819. [CrossRef]

George, N.; Debroy, A.; Bhat, S.; Singh, S.; Bindal, S. Biowaste to bioplastics: An ecofriendly approach for a sustainable future.
J. Appl. Biotechnol. Rep. 2021, 8, 221-233. [CrossRef]

Iriany, A.; Chanan, M.; Djoyowasito, G. Organic mulch sheet formulation as an effort to help plants adapt to climate change. Int.
J. Recycl. Org. Waste Agric. 2018, 7, 41-47. [CrossRef]

Cinelli, P; Seggiani, M.; Mallegni, N.; Gigante, V.; Lazzeri, A. Processability and Degradability of PHA-Based Composites in
Terrestrial Environments. Int. J. Mol. Sci. 2019, 20, 284. [CrossRef] [PubMed]

Maria Diez-Pascual, A. Synthesis and Applications of Biopolymer Composites. Int. J. Mol. Sci. 2019, 20, 2321. [CrossRef]

Iriani, E.S.; Permana, A.W.; Yuliani, S.; Kailaku, S.I.; Sulaiman, A.A. The effect of agricultural waste nanocellulose on the properties
of bioplastic for fresh fruit packaging. IOP Conf. Ser. Earth Environ. Sci. 2019, 309, 012035. [CrossRef]


https://doi.org/10.26480/itechmag.01.2019.03.08
https://doi.org/10.1016/j.heliyon.2021.e07918
https://doi.org/10.1021/acsami.1c13787
https://doi.org/10.1002/app.45833
https://doi.org/10.3390/polym11050763
https://www.ncbi.nlm.nih.gov/pubmed/31052390
https://doi.org/10.1002/pc.24422
https://doi.org/10.3390/app8091438
https://doi.org/10.1142/S0217979219500826
https://doi.org/10.29187/jscmt.2018.28
https://doi.org/10.1051/e3sconf/202127404013
https://doi.org/10.1016/j.buildenv.2021.108485
https://doi.org/10.1016/j.proeng.2016.08.045
https://doi.org/10.3390/encyclopedia2030095
https://doi.org/10.1007/s11274-015-1881-7
https://doi.org/10.4060/cb7856en
https://doi.org/10.1155/2016/3230109
https://doi.org/10.3390/polym13010158
https://www.ncbi.nlm.nih.gov/pubmed/33406618
https://doi.org/10.1080/03067319.2021.1983552
https://doi.org/10.3389/fmicb.2018.00819
https://doi.org/10.30491/jabr.2021.259403.1318
https://doi.org/10.1007/s40093-017-0189-z
https://doi.org/10.3390/ijms20020284
https://www.ncbi.nlm.nih.gov/pubmed/30642041
https://doi.org/10.3390/ijms20092321
https://doi.org/10.1088/1755-1315/309/1/012035

Polymers 2023, 15, 2399 20 of 20

103.

104.

105.

106.

107.

108.

109.
110.

111.

112.

113.

Lorite, G.S.; Rocha, ]. M.; Miiluméki, N.; Saavalainen, P; Selkild, T.; Morales-Cid, G.; Gongalves, M.P,; Pongracz, E.; Rocha, CM.R;;
Toth, G. Evaluation of physicochemical /microbial properties and life cycle assessment (LCA) of PLA-based nanocomposite active
packaging. LWT-Food Sci. Technol. 2017, 75, 305-315. [CrossRef]

Jariyasakoolroj, P.; Leelaphiwat, P.; Harnkarnsujarit, N. Advances in research and development of bioplastic for food packaging.
J. Sci. Food Agric. 2020, 100, 5032-5045. [CrossRef] [PubMed]

Kakadellis, S.; Harris, Z.M. Don’t scrap the waste: The need for broader system boundaries in bioplastic food packaging life-cycle
assessment—A critical review. . Clean. Prod. 2020, 274, 122831. [CrossRef]

Hong, L.G.; Yuhana, N.Y.; Zawawi, E.Z.E. Review of bioplastics as food packaging materials. AIMS Mater. Sci. 2021, 8, 166-184.
[CrossRef]

Torres-Giner, S.; Hilliou, L.; Melendez-Rodriguez, B.; Figueroa-Lopez, K.J.; Madalena, D.; Cabedo, L.; Covas, J.A.; Vicente, A.A,;
Lagaron, ].M. Melt processability, characterization, and antibacterial activity of compression-molded green composite sheets
made of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) reinforced with coconut fibers impregnated with oregano essential oil.
Food Packag. Shelf Life 2018, 17, 39-49. [CrossRef]

Gadhave, R.V,; Das, A.; Mahanwar, P.A.; Gadekar, P.T. Starch Based Bio-Plastics: The Future of Sustainable Packaging. Open J.
Polym. Chem. 2018, 8, 21-33. [CrossRef]

Boudreau, R.A. Packaging for optoelectronic interconnections. JOM 1994, 46, 41-45. [CrossRef]

Kuciel, S.; Mazur, K.; Jakubowska, P. Novel Biorenewable Composites Based on Poly (3-hydroxybutyrate-co-3-hydroxyvalerate)
with Natural Fillers. J. Polym. Environ. 2019, 27, 803-815. [CrossRef]

Mtibe, A.; Motloung, M.P.; Bandyopadhyay, J.; Ray, S.S. Synthetic Biopolymers and Their Composites: Advantages and
Limitations—An Overview. Macromol. Rapid Commun. 2021, 42, 2100130. [CrossRef]

Boey, ].Y.; Lee, C.K,; Tay, G.S. Factors Affecting Mechanical Properties of Reinforced Bioplastics: A Review. Polymers 2022, 14,
3737. [CrossRef] [PubMed]

Shahzad, A. Mechanical properties of lignocellulosic fiber composites. In Lignocellulosic Fibre and Biomass-Based Composite Materials:
Processing, Properties and Applications; Elsevier Ltd.: Amsterdam, The Netherlands, 2017; pp. 193-223.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.lwt.2016.09.004
https://doi.org/10.1002/jsfa.9497
https://www.ncbi.nlm.nih.gov/pubmed/30450696
https://doi.org/10.1016/j.jclepro.2020.122831
https://doi.org/10.3934/matersci.2021012
https://doi.org/10.1016/j.fpsl.2018.05.002
https://doi.org/10.4236/ojpchem.2018.82003
https://doi.org/10.1007/BF03220718
https://doi.org/10.1007/s10924-019-01392-4
https://doi.org/10.1002/marc.202100130
https://doi.org/10.3390/polym14183737
https://www.ncbi.nlm.nih.gov/pubmed/36145883

	Introduction 
	Bioplastics 
	Reinforced Bioplastics 
	Reinforcing Materials 
	Natural Resources and Biomass Materials 
	Synthetic Materials 

	Comparison between Bioplastics and Conventional Plastics 

	Applications of Bioplastics and Reinforced Bioplastics in Various Industries 
	Healthcare Industry 
	Electrical and Electronic Industry 
	Architecture and Construction Industry 
	Agricultural Industry 
	Packaging Industry 

	Advantages and Limitations of Reinforced Bioplastics 
	Conclusions 
	References

