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Abstract: The extensive use of fossil-based plastics, owing to their remarkable material properties, versatility, and low cost, has posed a
major threat to global plastic waste management. The reluctance to degrade single-use plastics has led to the severe problem of plastic
pollution at the global level. The demand for one-time-use plastics has increased exponentially during the COVID-19 pandemic. To combat
plastic waste pollution worldwide, researchers are looking for an alternative pathway to replace traditional oil-based plastics, especially
those that are difficult to recycle. Today, Bioplastics is acknowledged as a sustainable substitute for conventional plastics. Bioplastics
manufactured from renewable and biodegradable polymers contribute toward a sustainable and circular plastic life cycle, reducing the
dependency on oil-based plastics. Bioplastics offer a promising solution to plastic pollution because they have a lower carbon footprint and
noteworthy physicochemical and biological properties. In this review article, we have focused on Bioplastics’ properties, advantages, and
challenges in transitioning toward sustainability to foster a circular economy. Furthermore, we discuss potential applications of Bioplastics
in various fields. However, to ensure circularity, it is necessary to realize the role of bio-based plastics, their disposal, and recycling, thereby
making a sustainable impact on the bio-plastic market.
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INTRODUCTION

Plastic materials comprise a wide range of polymeric composites with polymers as the main unit. For the past 50-60 years, commercial
petroleum-based polymers have significantly ruled our daily routines. Plastics have many advantages, including low production costs,
good strength, durability, and high chemical and corrosion stability. From 1950 to 2018, there was a significant rise in plastic
production, varying from 1.5 to 359 million metric tons (Vlasopoulos et al., 2023). However, significant problems arise owing to the
extensive use of plastics and their dependability on them, which is a grave threat to the physical world and the World Bank of Natural
Resources, which in turn is associated with severe health risks.

Thermoplastics and thermosetting are two categories of polymeric materials. Thermoplastics soften when heat is provided and stiffen
again when cooled, and thermoset polymers cannot be remolded. Currently, most polymeric materials (thermoplastics and
thermosetting) are petroleum-derived, unsustainable, and even limited to the polymer market (Birci et al., 2019). Currently, plastic
materials can be made renewable through the convergence of consumer needs, improvement of technology, and making them easier to
obtain than before.

Therefore, many countries are looking for Bioplastics as an alternative to nonrenewable plastics because they are not environmentally
friendly and nonbiodegradable; hence, Bioplastics can be a sustainable solution to plastic pollution.

Bioplastics are a type of bio-based, biodegradable polymer material that is completely dependent on the source from which they are
manufactured. Bioplastics were discovered about a century ago with galatith and polyhydroxyalkanoates (PHASs) (Quero, 2016). Bio-
based methods indicate that bio-based polymers are entirely or partly obtained from renewable biomass materials derived from natural
reusable materials of bio-origin or natural waste such as plants, bacteria, and algae (Coppola et al., 2021). Forex biopolymers derived
from animals, plants, and natural fibers such as jute, bamboo, hemp, and flax have the potential to replace traditional nonbiodegradable
petrochemical resins (Elfaleh et al., 2023). Define the term “biodegradable,” it can be explained as a substance that naturally breaks
down into simpler components with time, including CO- and H,O, or is degraded by the action of microorganisms. Plastics that break
down naturally maintain specific biodegradability standards (Folino et al., 2020). Likewise, compostable plastics undergo natural
degradation in commercial composting capacities with certain biodegradability standards to meet requirements.

With upcoming discoveries, to compete with traditional plastics, such as polystyrene, polypropylene, and polyethylene terephthalate,
more sustainable and eco-friendly plastics are being designed with unique physical and esthetic qualities. To minimize environmental
concerns, modern natural bio-originated substances are gaining advantages and have become increasingly popular because of their
ability to reduce environmental issues without compromising the demand for polymers and composites. As part of the circular economy,
Bioplastics degrade sustainable commercial plastics, whereas pristine polymers are derived from renewable or recycled feedstocks, as
illustrated in Figure 1 (Ali et al., 2023).
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Figure 1. Life cycle analysis of Bioplastics (Ali et al., 2023)

Although Bioplastics can be designed to perform better than traditional plastics, they can act similarly throughout the production
process. Plastics are produced worldwide, whereas Bioplastics account for only a small percentage of total plastic production. The key
concern of bio-based plastics is cost, as industrial manufacturing processes are quite expensive, and the manufacturing cost can be
reduced by mixing biodegradable waste or reducing the biodegradable polymeric fraction required to produce bio-based plastics
(Rosenboom et al., 2022). It is possible that, in the future, Bioplastics will gain dominance in the market and replace petroleum-based
products. In addition, we must consider social demand for a sustainable daily lifestyle. It is necessary to adopt suitable green alternatives
to reduce ecologic degradation caused by pollution, climatic changes, and related health risks. We must focus on the various aspects
required for transformation by promoting the technologies necessary for introducing bio-based plastics as superior alternatives to
nonbiodegradable plastics. Achieving this concept requires fine-tuning of the extensive knowledge developed in research laboratories
and scaling it up for industrial implementation.

CLASSIFICATION OF BIOPLASTICS
Bioplastics are a category of plastics synthesized from renewable biomass sources such as microbes, polysaccharides, or agricultural
products, either exclusively or partially. They limit the use of fossil-based plastics because of their natural recyclability through
biological processes. Biodegradable plastics are of two types: agriculture-based polymers (protein, starch, and chitin) and bio-based
polyesters such as polylactic acid (PLA) and PHA (Dilshad et al., 2021). The chemical structure of a polymer determines its
biodegradability rate. However, biodegradability does not depend on the monomer (Siracusa & Blanco, 2020). The main categories of
bio-based plastics include bio-based and biodegradable, fossil-based and biodegradable, bio-based and nonbiodegradable, and fossil-
based and nonbiodegradable plastics (c/a as plastics). The characteristics of some Bioplastics are shown in Figure 2. summarizes the
different types of Bioplastics (Siddiqui et al., 2024). Table 1. Contains the chemical structures of some commonly used Bioplastics.
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Figure 2. Classification of Bioplastics (Siddiqui et al., 2024)
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STARCH BASED POLYMERS

Starch-based polymers contain starch moieties that are either pristine or functionalized. This type of biopolymer attracts consumers
owing to its low availability, environmental friendliness, and renewability. Starch is considered the most studied biopolymer and is
used in the production of edible coatings and films because of its low cost. Compared to plastic-based Bioplastics, starch-based
biopolymers have the same mechanical and optical characteristics (Hassan et al., 2019).

POLYHYDROXYALKANOATE

PHA, a form of thermoplastic polyester and elastomeric material prepared using monomeric (R)-3-hydroxyalkanoic acid molecules, is
produced by some bacterial organisms to convert intracellular energy and carbon (Pradhan et al., 2020). The biocompatibility,
biodegradability, and environmental friendliness of this polyester class make them noteworthy. PHA and PHA-based materials have
been shown to have multiple potential uses, including memory enhancers, drug transporters, biodegradable implants, tissue engineering
materials, biocontrol agents, and anticancer and antibacterial agents. Different microorganisms produce PHAs when given carbon
sources, regulated nitrogen, oxygen, and phosphorus concentrations in the growth medium, and an ideal pH. Certain bacteria convert
carbohydrates and lipids into linear polyesters, such as polyhydroxyalkanoate, which are used as carbon and energy storage molecules.
These polyesters, combined with a range of other functional monomers in an optimized manner, provide novel materials with
customized and enhanced physicochemical characteristics (Ojha & Das, 2021).

POLYLACTIC ACID

Unlike other synthetic polymers, PLA is a thermoplastic polymer that is produced from natural resources. Lactides, that is, lactic-acid
monomers, are building components that polymerize to produce PLA. PLA has attracted significant interest because of its superior
mechanical properties compared to conventional polymers, including polyethylene (PE), PET terephthalate, and polystyrene.
Furthermore, PLA has favorable properties such as better thermal flexibility, nontoxicity, greater mechanical strength, biocompatibility,
and biodegradability. PLA is widely used in various industries, including buildings, agriculture, transportation, furniture, electronics,
home goods, textiles, and fibers, as well as for degradable packaging materials for food materials because of its low manufacturing
cost, degradable natural precursors, mechanical characteristics, flexibility, chemical and thermal stability, ability to heat seal at lower
temperatures, and resistance to flavor and scent changes (Andrew & Dhakal, 2022).

POLY-3-HYDROXYBUTYRATE

The PHA group includes PHB (poly-3-hydroxybutyrate), a well-known biodegradable and biocompatible polymer. The microbial
fermentation of renewable glucose sources yields PHB (Koller). Several enzymatic stages are involved in this synthesis pathway.

. B-ketothiolase mediates the condensation of acetoacetyl-CoA (acetoacetyl-CoA) to produce acetoacetyl-CoA.

. Acetoacetyl-CoA is converted into 3-hydroxybutyryl-CoA.

. Poly-3-hydroxybutyrate synthase catalyzes 3-hydroxybutyryl-CoA polymerization, resulting in the formation of poly-3-
hydroxybutyrate.

PHB is created by this process and has applications in drug delivery systems, medical implants, and biodegradable polymers. When
mixed with different antimicrobial agents, poly-3-hydroxybutyrate films show a notable reduction in the growth of microorganisms.
Several studies have shown that antimicrobial agents, if used, can increase the efficacy of poly-3-hydroxybutyrate films. Vanillin has
been proven to be more efficient than bacteria (Briassoulis et al., 2021).

In addition to considerable antifungal effects against Botrytis cinerea, PHB (poly-3-hydroxybutyrate) films containing 2.5-3% eugenol
demonstrated significant radical-scavenging activity (~92%). These results imply that eugenol-infused poly-3-hydroxybutyrate films
have potential as bio-composite materials for use in the food packaging sector owing to their antifungal and antioxidant properties
(Nanda et al., 2022).

The production of PHB (poly-3-hydroxybutyrate) by microorganisms (such as prokaryotes, actinomycetes, algae, archaea, and bacteria)
is of great commercial (Behera et al., 2022). In response to acute stress, marine microbial species produce intracellular poly-B-
hydroxybutyrate (B-PHB), which utilizes carbon and energy. These aquatic organisms have extraordinary resilience, which helps reduce
the harm caused by cellular freezing and dehydration. PHB sourced from marine microorganisms has garnered significant interest
because of its cost-effectiveness. Furthermore, the high amounts of salt found in maritime areas aid in lowering the possibility of
infection by other microbes (George et al., 2020).

NYLON 11

Nylon-11 (polyamide 11) is a bio-derived polymer that is part of the nylon group. 11-aminoundecanoic acid was polymerized to prepare
Nylon-11. Castor oil and other bio-based renewable materials are the main sources. Owing to its remarkable mechanical and chemical
resilience, polyamide 11 is desirable from both industrial and environmental perspectives. Compared to other polyamides, polyamide
11 is thought to be a better reinforcement material for natural fibers because of its high melting point of approximately 200 °C (Carter,
2022). Composites made of polyamide 11 are recyclable even though they are not biodegradable. It is especially well suited for
applications that require long-term endurance. It is used in many different manufacturing industries to produce wires, clips, cables
(electrical), tubing (water tubing), pipes to carry natural gases, aerospace, coatings, and strings used in sports goods. Nylon is used as
a bristle in toothbrushes and fabrics in the textile industry (Chang et al., 2020).
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According to recent studies, the mechanical characteristics of polyamide 11 modified using lignocellulosic fibers are similar to those
of polypropylene composites reinforced with glass fibers (Lods et al., 2022). Both biopolymers and wood-fiber-based wood-plastic
composites provide substantial durability gains and carbon footprint reductions. PA 11 appears to be promising for the creation of bio-
based wood-plastic composites reinforced with beech fibers and was studied by Zierdt et al. They found that the materials had better
mechanical and thermal qualities, such as high elastic and storage moduli, which made them easier to use in the production of door
handles and other interior automobile components (Oliver-Ortega et al., 2021). However, polyamide 11 composites use a large amount
of energy, similar to composites made of polypropylene.

CELLULOSE-BASED BIOPOLYMERS

Cellulose, a common natural biopolymer found in large amounts in lignocellulosic biomass, is obtained from forestry and agriculture.
Cellulose is formed from a combination of glucose monomers joined by strong B-1,4 glycosidic bonds. The biodegradability, durability,
strength, and stiffness of cellulose-based biopolymers are the main reasons for their increasing popularity. Cellulose-based reinforced
composites are inexpensive, nonabrasive, and have a low density. Weak hydrogen bonds can impair mechanical qualities such as
strength and flexibility, even though they are present in cellulose-based Bioplastics, which accelerates deterioration (Tedeschi et al.,
2020). It has been demonstrated that the addition of chitosan and pectin to cellulose can increase its transparency, elasticity, and
stability. However, the lack of heat stability, interfacial adhesion, and water sensitivity of cellulose makes cellulose-based composites
less desirable.

Bioplastics prepared using cellulose-based raw materials (e.g., cellulose acetate) are widely used as packaging films for food items,
eyeglass frames, and other speciality products. The demand for cellulose-based Bioplastics is driving the market for these materials,
which are used to make transparent dialers, screen protectors, and comfortable electronics, such as headphones, cosmetic boxes, and
interior parts of vehicles (Aida et al., 2021). Furthermore, three-dimensional printing, biological applications, and medicine make use
of cellulose and its derivatives. Phenylpropane polymer lignin, which is naturally present in lignocellulosic materials, is also a suitable
raw material (as a precursor) for producing bio-based plastics (Choi et al., 2022). u

PROTEIN AND LIPID-BASED BIOPOLYMERS

A range of proteins (both plant- and animal-based), including gluten (wheat-based), protein (Soy-based, Whey, zein, casein), collagen,
and gelatin, can be used to create Bioplastics. Peptide bonds bind amino acids to form proteins with better mechanical characteristics
than polysaccharides. Protein-based films are composed of globular or fibrous structures organized by ionic, covalent, and hydrogen
bonds. Proteins are frequently used as packaging materials because of their quantity, nutritional value, biodegradability, and superior
film-forming ability (Hadidi et al., 2022). Protein-based films outperform lipid and polysaccharide films in terms of mechanical strength
and gas and scent barriers.

Because protein-based biopolymers have better mechanical qualities than polysaccharides, they are often used in edible films. Keratin
protein-infused synthetic elastomers exhibit better mechanical properties, flame resistance, and thermal stability. When soy protein is
combined with latexes, the resulting materials exhibit characteristics similar to those of elastomers filled with carbon black.

The main components of lipids, such as long-chain fatty acids and alcohols, terpenes, glycerides, and phospholipids, in lipid-based
edible coatings and films are responsible for benefits, including cost-effectiveness, retention of moisture, and a glossy appearance. Oil-
and fat-based bio-polymeric films are transparent, elastic, and water-resistant, making them ideal for packaging edible products.
Furthermore, the use of essential oils in coatings and films enhances their antibacterial properties. Plant-based resins also help to
increase emulsion stability, providing a glossy surface that prolongs the shelf life (Chen et al., 2019).

Owing to the hydrophobic nature of lipids, food industries have advanced significantly by adding lipids to edible coating films to
prevent moisture from moving through food to preserve food goods. Owing to their antibacterial properties and hydrophobicity,
essential oils such as terpenoids and aromatic compounds are used in the food sector to produce biopolymers. Similarly, waxes are
frequently used as coatings for edible vegetables and fruit packing sheets (Bhaskar et al., 2023).

Table 1

Chemical Structure of Commonly Used Bioplastics
S. No. Name Structure
1 poly(3-hydroxybutyrate)
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ADVANTAGES AND DISADVANTAGES OF BIOPOLYMERS

ADVANTAGES OF BIO-BASED PLASTIC:

Renewable Resource

unlike conventional plastics, which come from limited fossil fuel supplies such as petroleum, Bioplastics come from degradable
biomass reservoirs, including corn, sugarcane, and vegetable oils. By using renewable resources, the negative environmental effects of
fossil fuel extraction are reduced and concerns about resource shortages are mitigated.
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Biodegradability:
the capacity of some Bioplastics to break down into less complex substances when exposed to environmental conditions, such as heat,
moisture, and microbial activity, is known as biodegradability. Compared to conventional plastics, which can withstand prolonged

exposure to the environment, this degradation process occurs more quickly. Particularly in delicate ecosystems such as marine habitats,
biodegradable Bioplastics show promise in lowering litter and environmental contamination (Altalhi, 2022).

Decreased greenhouse gas Emissions:

When compared to traditional plastics, Bioplastics may have a lower carbon footprint, particularly if they are produced using energy-
efficient processes and come from biomass reservoirs that are managed sustainably. Growing biomass crops offers benefits such as
reducing greenhouse-gas emissions and sequestering CO,. Bioplastics contributes to the mitigation of climate change, thereby reducing
the reliance on conventional fuel-based plastics by encouraging sustainable production methods (Ashter, 2016).

Diversification of Feedstock:

diversification of feedstock involves broadening the biomass sources from which Bioplastics can be synthesized. Probable feedstock
sources for bio-plastic production include agricultural residues, nonfood crops, algae, and biomass reservoirs. This reduces the sole
dependence on certain crops or sources, thereby promoting sustainability. This also helps agriculture become more resilient (Friedrich,
2021). Utilizing nonedible biomass feedstock reduces competition for food production and the manufacturing of Bioplastics using the
same biomass resource.

Biocompatibility:
The biocompatibility of a few Bioplastics allows them to be used in pharmaceuticals, drug delivery systems, medical devices, and so

on, without causing any negative side effects. Biocompatible Bioplastics support advances in medical technology and healthcare as
well as better patient outcomes and lower chances of infections or allergic reactions (Reddy et al., 2013).

Innovation and Research

Advances in materials science, polymer chemistry, and biotechnology have been fueled by the development of Bioplastics. The goal
of ongoing research on new biomaterials, processing methods, and the use of Bioplastics is to improve their efficiency, affordability,
and sustainability. This invention promotes the development of sustainable and environmentally favorable substitutes for traditional
plastics, advancing toward a circular economy (Costa et al., 2023).

SHORTCOMINGS OF BIO-BASED PLASTIC

Resource Competition

Growing crops on a large scale for the manufacture of Bioplastics may put food production and other agricultural operations in
competition, which could put more strain on arable land, water resources, and biodiversity. Sustainable bio-plastic manufacturing
depends on striking a balance between the need for biomass feedstock and priorities including food security, land conservation, and
fair resource distribution (Abe et al., 2021).

Limited Biodegradability

Although certain Bioplastics are designed to break down naturally under certain circumstances, others can require anerobic digestion
or industrial composting. The natural degradation of bio-based plastics is affected by moisture, temperature, and microbial activity.
Incomplete or partial degradation of Bioplastics results in the formation of microplastics, which further contributes to environmental
pollution (Abe et al., 2021).

Performance and Durability

Generally, Bioplastics possess low mechanical strength, such as lower tensile strength, impact resistance, and thermal stability
compared to conventional plastics. This shortcoming restricts the use of Bioplastics, especially in areas where durability is foremost.
Therefore, it is necessary to manufacture Bioplastics with comparable functionality and robustness, without compromising their
environmental impact (Ibrahim et al., 2021).

Increased manufacturing expenses

Compared to plastics, the manufacturing of Bioplastics involves high cost, specialized equipment, renewable and biodegradable
feedstock, and infrastructure. This may make the bio-plastic manufacturing industry less competitive in the market owing to its high
cost (Wellenreuther et al., 2022). However, it is essential to overcome this high-cost barrier through technological advancements and
process optimization by making Bioplastics affordable and feasible.
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Compatibility and Recycling Issues

Owing to the differences in material qualities and processing methods, waste management and recycling in the case of Bioplastics
might be different from conventional plastics. However, recycling petro-based plastics and Bioplastics disturbs the recycling stream
and produces low-quality products. The lack of standardized labeling and collection methods makes it difficult to distinguish
Bioplastics from fossil-based plastics, thereby affecting the circularity of recycling. Therefore, it is necessary to develop appropriate
recycling methods and labeling guidelines (Lamberti et al., 2020).

Concerns about Land Use and biodiversity

Extensive monoculture plantations of biomass feedstock for bio-plastic production may lead to a reduction in soil fertility, nutrient
depletion, soil erosion, habitat degradation, deforestation, and biodiversity loss, thereby affecting the natural ecosystem. Additionally,
the use of fertilizers and pesticides has a negative effect on water pollution and greenhouse-gas emissions (Lamberti et al., 2020).
Therefore, it is essential to protect natural ecosystems by incorporating agroecologic approaches and sustainable land management
techniques.

Although Bioplastics offers many benefits such as renewable feedstock, biodegradability, and biocompatibility, they also have
shortcomings as mentioned above (Atiwesh et al., 2021). To overcome these drawbacks, technological advancements, sustainable
practices, and stakeholder participation in business expansion must be followed. This transition toward sustainable-circular Bioplastics
has the potential to create a balance between social, environmental, and economic demands (Merchan et al., 2022). Polymer composites
of Bioplastics with the desired characteristics can be fabricated by tailoring various mechanical properties. However, these composites
did not exhibit the desired stability and durability. Therefore, the following mechanical properties must be manipulated to enhance
durability to meet the requirements for a particular application.

PROPERTIES OF BIO-BASED PLASTICS

The characteristics of bio-based plastics can be understood through the evaluation of their mechanical properties, including tensile
properties, flexural properties, impact, and hardness. These tests help determine the applications of Bioplastics based on their
mechanical behavior.

Tensile Properties: tensile properties represent how a material responds to tensile stress. The tensile properties are assessed through
processes that exert steady pressure and pull apart a material to witness its breaking point (Rajeshkumar et al., 2023). The tensile
strength provides information about the ductility, Young’s modulus, modulus of elasticity, elongation at break, and elasticity of the
material, and reveals the maximum strength that the polymer can withstand before failing (Nandiyanto et al., 2020).

Flexural Properties: flexural properties are useful for analyzing polymers for structural applications. Flexural testing, also known as
the transverse beam test, is used to measure these properties. To conduct this test, a rectangular specimen must be bent in either a three-
or a four-point manner. Factors, including the tension transmission between the fiber and matrix and their interfacial connections, affect
the flexural characteristics (Boey et al., 2024). The ratio of the applied stress to the deflection is shown by the flexural modulus, whereas
the flexural strength measures the highest stress at failure.

Impact Properties: 1zod (Charpy) impact tests are generally used for impact testing to assess the toughness, notch sensitivity, and
impact strength of a material. Impact strength indicates how well a material can tolerate high loading rates, whereas toughness quantifies
the energy absorbed per unit volume until breakage. Materials with higher toughness are more resistant to breakage (Aldas et al., 2020).
Impact testing is crucial, especially for polymer materials, to evaluate product performance, safety, liability, and service life.
Hardness: The resistance of a material to wear and tear characteristics, such as indentation, abrasion, compressive deformation, and
scratching, is indicated by its hardness. Numerous techniques, including Shore hardness testers, Brinell (Zhou et al., 2023), Vickers
hardness testers, and Rockwell hardness testers, can be used to quantify surface hardness. Greater resistance to other materials
penetrating the material, as indicated by the higher hardness levels, makes the material less prone to wear and erosion. This feature is
useful in technical applications in which resistance to friction and durability are critical factors.

MECHANICAL CHARACTERISTICS OF SPECIFIC BIOPLASTICS

The mechanical characteristics of Bioplastics depend on factors such as their composition, processing method, and intended application.
The mechanical characteristics of some Bioplastics are summarized as follows:

PLA:

a. Tensile Properties: the tensile strength of polylactic acid varies from 50 to 70 MPa, which is equivalent to the tensile
strength of PET terephthalate.

b. Flexural Strength: the flexural strength of PLA varies from 70 to 100 MPa and thus finds application in making products
that require rigidity and stiffness.

C. Impact Strength: PLA generally has poor impact properties compared to other polymers. However, the impact properties
of PLA can be improved by the addition of modifiers.

d. Elongation at Break: PLA has low elongation at break, which signifies lower flexibility before failure (Aworinde et al.,
2021).
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PHAS, or polyhydroxyalkanoates:
a. Tensile Strength: PHB tensile strength varies from to 20-60 MPa that varies with the composition and processing parameters.
b. Flexural Strength: PHA has a moderate flexural strength between 30 and 70 MPa, which allows it to withstand deformation
and bending.
c. Impact Strength: PHA exhibits excellent impact strength and frequently shows outstanding resistance to impact, making it
ideal for use in terms of toughness and longevity.
d. Elongation at break: PHA exhibits moderate elongation at break, suggesting a certain level of flexibility before failure (Behera
etal., 2022).
Bio-based PE and bio-based polypropylene (PP):
a. Tensile Strength: the tensile strength of bio-based PE and bio-based PP varies from 20 to 40 MPa for PE and 30-50 MPa for
PP, which is comparable to conventional plastics.
. Flexural Strength: the flexural strengths of bio-PE and bio-PP were 20-50 MPa and 30-60 MPa, respectively.
c. Impact Strength: depending on the formulation and processing techniques, Bioplastics based on PE and PP may show
comparable impact resistance to conventional plastics (Ali et al., 2023).
d. Elongation at Break: bio-PE and bio-PP exhibit moderate flexibility, and the elongation at break is comparable to that of
conventional plastics.
Starch-based Bioplastics:
a. Tensile strength: starch-based Bioplastics have low tensile properties, such as a tensile strength of 10-30 MPa.
b. Flexural Strength: the flexural strength varies from 10 to 40 MPa depending on the formulation and processing methods.
c. Impact Strength: starch-based Bioplastics generally exhibit low impact strength but can be modified to the compared value
of traditional plastic forming blends, composites, and so on.
d. Elongation at Break: Bioplastics derived from starch usually exhibit considerable elongation at break, indicating some
flexibility before failure (Nandiyanto et al., 2020).
These mechanical characteristics provide broad insight into the behavior of various types of Bioplastics. When assessing their
applicability, it is important to consider their precise formulation, processing characteristics, and intended use. Research is still being
conducted to modify the mechanical characteristics of Bioplastics so that they can be used in more applications and outperform
conventional plastics.

CHALLENGES IN PRODUCTION AND USE OF BIOPOLYMERS

Approximately 4% of global annual crude oil consumption is used to produce synthetic plastics. The production of synthetic plastics
may be adversely affected by changes in the demand for crude oil and its prices. Furthermore, compared to synthetic polymers,
Bioplastics consume less energy for production. Compared to the energy required to produce petrochemical-based plastics, which can
require between 78 and 88 MJ/kg of resin, the energy input from fossil fuels in the case of Bioplastics is projected to be 44 MJ/kg of
bio-resin (Nadda et al., 2022). Bioplastics have many benefits, but they also have several drawbacks and technological difficulties,
such as the formation of intermediate products in the production process of Bioplastics, which may pollute the conventional plastic
recycling process if not appropriately separated and processed. Furthermore, the vast majority of Bioplastics manufactured now come
from (first-generation) feedstock, including cassava, wheat, sugarcane, corn, and potatoes. The use of (first-generation) feedstocks,
especially starch-based materials, for producing biofuel, bio-based chemicals, and bio-based materials is controversial because it
competes with food supplies, arable land, agricultural energy, and financial investments. To overcome this problem, research into
nonfood consisting of lignocellulosic feedstocks, including waste biomass, invasive plants such as weeds, and agricultural crop
residues, is required to extract fibers, natural polymers, and resins (Alias et al., 2022).

Bioplastics frequently exhibit unpredictable biodegradation, especially polymers, which require regulated environments to break down
effectively. Furthermore, extra steps for end-of-life management may be necessary for Bioplastics that consist of synthetic polymers
derived from petrochemicals (de Souza & Gupta, 2024). In essence, the necessary environmental factors, including pH, temperature,
and humidity, are not easily met in landfills required for the degradation of Bioplastics. In addition, the establishment of bio-plastic
disposal facilities requires the following: setting aside land, maintaining a controlled environment, regular monitoring, encouraging
microbial development, introducing microorganisms that break down polymers along with their food source, periodically extracting
intermediates and by-products, and initial capital expenditure (Bhatia et al., 2021). The major challenges are presented in Figure 3. are
discussed below:

Material Performance and Characteristics: obtaining material properties that are on par with or better than those of conventional
plastics is a major research challenge for Bioplastics. Compared to plastics made from petroleum, Bioplastics frequently exhibit worse
tensile, thermal, and barrier qualities. Improving the performance of Bioplastics while maintaining their sustainability requirements is
a significant scientific challenge (Attallah et al., 2021).

Availability and Competition of Feedstocks: obtaining sustainable biomass feedstock is a critical challenge for the manufacture of
Bioplastics. Competition for resources and land between food and nonfood crops raises questions regarding the ecologic and social
sustainability of Bioplastics. Reducing the environmental impact of feedstock agriculture and finding alternative feedstock sources that
do not interfere with food production are ongoing issues (Wellenreuther et al., 2022).
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Biodegradability and Management of end of life: even though some Bioplastics have the desirable property of being biodegradable, it
can be challenging to ensure proper end-of-life management. Improper disposal techniques can lead to pollution and environmental
harm, whereas biodegradable plastics may require specific conditions to break down. For effective waste management, a standardized
infrastructure for the labeling, collection, and composting of biodegradable Bioplastics is essential (Sikorska et al., 2021).

Processing and Manufacturing: owing to differences in material qualities and processing requirements, bio-plastic processing and
manufacturing present technical hurdles. Significant progress in processing technology, additives, and formulation strategies is needed
to ensure consistency and quality in bio-plastic production, particularly on an industrial scale (Rosenboom et al., 2022).

Cost Competitiveness: because of many considerations, such as processing methods, economies of scale, and feedstock availability,
the cost of Bioplastics is still higher than that of regular plastics. The cost-effective production of Bioplastics without compromising
their mechanical properties and sustainability is a major challenge that needs to be addressed (Wellenreuther et al., 2022).

Durability and Stability: durability and stability are the major characteristics of Bioplastics that should be improved to make them
popular in the market. Factors such as temperature change, moisture exposure, and environmental elements should have no effect on
the functionality of the material (Alias et al., 2022).

Regulatory and Standardization Issues: standards must be set for bio-plastic labeling, certification, and mechanical testing to avoid
confusion, complexity, and unpredictability in the global bio-plastic market (Stoica et al., 2022).

Ecological Assessment and Ecological Measures: to evaluate the environmental impact of Bioplastics through life cycle assessment,
various factors such as resource consumption, end-of-life scenarios, and greenhouse-gas emissions should be considered. It is essential
to formulate standardized strategies and sustainability indicators to develop policies that can distinguish between Bioplastics and
conventional plastics (Bishop et al., 2021).

Research and Innovation: there is much scope for innovation and technological advancement in this area, including finding novel
renewable feedstock, improved mechanical and material properties, cost-effective processing techniques, and inventive applications of
Bioplastics in several fields for commercialization (Garcia-Garcia et al., 2022).

The use of Bioplastics is closely related to their long-term sustainability. It is important to disseminate knowledge about Bioplastics in
both urban and rural communities. This includes information on their use, composition, environmental effects, composting, and waste
segregation at the consumer or household level. Such initiatives are crucially important for determining the future course of the bio-
plastic market and encouraging expansion in the agricultural industry to satisfy the need for raw materials. Strict regulations that
prohibit the utilization of single-use plastics and encourage the use of Bioplastics, from large-scale industrial applications to commercial
packaging, can significantly help solve environmental problems.

Figure 3. Applications, challenges and prospects of Bioplastics

STRATEGIES TO COMBAT CHALLENGES OF BIOPLASTICS

Various stakeholders and solutions must be involved in a complete strategy to address issues surrounding Bioplastics. This is a thorough
approach for overcoming these obstacles.

A. Advancement of research in Polymer Chemistry: exploring cutting-edge catalysts and polymerization strategies to promote

the production of Bioplastics with enhanced mechanical, thermal, and barrier properties. Live radical polymerization, ring-
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opening polymerization, and metathesis polymerization are examples of controlled/living polymerization techniques that can
be used to produce polymers with precisely regulated structures and characteristics (Gao et al., 2020).

B. Biopolymer Blending and Modification: to customize the performance of Bioplastics, blending techniques that mix
biopolymers with distinct characteristics have been investigated. Chemical modification techniques such as cross-linking,
grafting, and copolymerization result in composites with improved stability, processability, and mechanical properties
(Palacios et al., 2023).

C. Incorporation of fillers and functional additives: incorporation of fillers and additives of renewable biomass origin improves
mechanical strength and thermal stability. Some of the commonly used biomass sources include natural fibers, lignin
derivatives, nanocellulose, and bio-based fillers (Tan et al., 2022).

D. Boosting Biodegradation: biodegradation of Bioplastics can be improved by various methods, such as the incorporation of
biodegradable additives or compatibilizers. Designing Bioplastics capable of enzyme or microbial degradation will improve
the decomposition rate of Bioplastics in marine habitats as well as in soil (Meereboer et al., 2020).

E. Green Solvents and Processing Methods: use of green solvents and environmentally benign processing methods such as
supercritical fluid technologies, solvent polymerization, and aqueous-based processing techniques for the manufacture of
Bioplastics reduces energy consumption, waste production, and environmental impact (Ramchuran et al., 2023).

F. Bio-Based Monomer Synthesis: designing catalytic procedures for the synthesis of monomers such as terpenes, fatty acids,
and sugars from biomass feedstock makes the entire process of bio-plastic manufacturing more sustainable and resilient
(Dourado Fernandes et al., 2022).

G. Principles of Green Chemistry: the principles of green chemistry must be considered while processing, designing, and
manufacturing Bioplastics. This leads to a reduction in waste, utilization of renewable feedstock, minimal consumption of
electricity, and development of safer products. This ensures environmental safety and security (Sheldon & Norton, 2020).

H. Improving End-of-Life Care and Biodegradability: issues related to the end of life of Bioplastics should be properly evaluated
by studying different options for waste disposal. Common end-of-life scenarios include composting, recycling, and upcycling.
Proper guidelines, standardizing regulations, labeling, and certification processes for biodegradable plastics should be issued.
This provides information to experts and customers regarding the appropriate handling and disposal of Bioplastics postuse
and thus helps in reducing the ecologic footprint (Sikorska et al., 2021).

. Making Sure of Market Penetration and Cost Competitiveness: providing financial assistance such as grants and subsidies
encourages the commercialization of Bioplastics (lles & Martin, 2013).

J. Encouragement of Research and Innovation Projects: provide money and resources to support basic and applied studies on
bio-plastic materials, technology, and uses (lles & Martin, 2013). Cooperation and information sharing across government,
business, and academic research organizations should be encouraged to tackle important technical issues and hasten the
development and commercialization of Bioplastics. Governments, industries, and financial institutions should work together
to encourage investment in bio-plastic production and innovation.

CONCLUSION

Owing to their complex and heterogeneous compositions, conventional synthetic polymers pose challenges for recycling and contribute
to plastic waste contamination in the environment. Bioplastics offer an alternative solution to the problem of using renewable resources
to prepare bio-based polymers. Various renewable materials, including cellulose, hemicellulose, lignin, proteins, and vegetable oils
obtained from crops, such as wheat, rice, potatoes, maize, sunflower, sugar beet, and sugarcane, can be used as bio-plastic raw materials.
The properties of Bioplastics are similar to those of standard polymers synthesized from petrochemical raw materials. However, based
on the challenges posed by Bioplastics, several parameters, such as processing, stability and durability, material performance, and
biodegradability of Bioplastics, their eir life cycle from production to ultimate disposal or recycling must be considered. Properties
including tensile properties, flexural properties, impact strength, hardness, suitable processing conditions, and posttreatment can be
optimized to evaluate the mechanical performance.

Bioplastics, driven by technological improvements, can transition plastic-intensive industries toward circular economies. The wide
availability of feedstock makes it advantageous for the synthesis and application of Bioplastics. Deep-characteristic analysis of the
properties of these materials provides insightful information that can be further tailored to fabricate Bioplastics with varying properties
that can be used for applications such as packaging, films, and filters. These attempts to develop sustainable Bioplastics as replacements
for typical plastics have minimized the environmental impact.
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