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Abstract

With growing concerns over the environment and the need for developing sustainable alternatives to
petroleum-based plastics, there has been a focused attention towards biodegradable plastics. As such,
this paper presents a detailed study and analysis of different types of biodegradable plastics, their
properties, and their applications in various industrial sectors. This paper discusses various
biodegradable polymers, including PLA, PHA, starch-based bioplastics, and PBS, in terms of their
characteristics, production, and specific applications. The paper also discourses the mechanical,
thermal, and chemical properties of such materials and Degenerability and other varieties of suitability
for industrial packaging applications, agriculture, medical devices, and consumer goods. The final bit
is about prospects and innovations in biodegradable plastic technologies, but more significantly
focusing on how these materials can serve to significantly impact the reduction of environmental
pollution across multiple industries.

Keywords: Biodegradable plastics, polylactic acid (PLA), environmental sustainability, industrial
applications, polymer technology

INTRODUCTION

Biodegradable plastics are a class of plastic that decomposes more rapidly than regular plastics, due
to natural environmental breakdown processes such as microbial degradation. They come from
renewable sources, such as plant starch, cellulose, or biopolymers, and there is substantial interest in
these materials since they can potentially lower the ecological footprint left by plastic wastes [1]. Unlike
traditional plastics that can survive hundreds of years in landfills, biodegradable plastics are developed
to biodegrade at faster rates, in the appropriate conditions, therefore, combating pollution and
supporting sustainability initiatives. The plastic wastes in the landfill and sea increase the necessity of
finding some form of sustainable plastics. As various industries push forward to meet with the call to
more environment-friendly production patterns, biodegradable plastics promise great hope as well.
These plastics are usually engineered to break down
when exposed to factors such as moisture, heat, and
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microbial activity of the natural environment. The
rate and extent of biodegradation rely on the
chemical make-up of the material and
environmental conditions. Indeed, biodegradable
plastics are an essential part of the drive towards
more sustainable, circular economies. These
materials still face challenges related to production
costs, scalability, and performance under various
industrial conditions, but they have been broadly
adopted [2]. Recent times have witnessed a surge of
interest in the use of sustainable materials in
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industrial applications due to increasing environmental concerns, such as global warming and depletion
of resources. The linear model of economy, which focuses on extraction, production, and disposal, has
developed unsustainable practices that result in pollution and over-exploitation of finite resources. Due
to these challenges, industries are now embracing sustainable materials that reflect the principles of the
circular economy. These materials have been engineered to reduce their impact on the environment by
ensuring they are reusable, recyclable, and biodegradable. Consequently, waste generation is minimized
and valuable resources conserved. Among the benefits of sustainable materials in industrial
applications, the reduction of environmental impact is the most fundamental. Conventional materials,
which include petroleum-based plastics, would take hundreds of years to biodegrade; therefore,
enormous amounts of garbage end up in landfills or oceans. Meanwhile, biodegradable materials can
be bioplastics made of renewable resources that include corn and sugarcane, which tend to decompose
faster and with less harm to the environment [3]. This minimizes pollution and diminishes the long-
term environmental impact of waste disposal. Most sustainable materials also use much less energy in
production compared to their conventional counterparts, thereby decreasing carbon emissions and
minimizing the environment’s footprint at the time of manufacturing. Natural resources are also
conserved. Many sustainable materials come from renewable sources, while most conventional
materials depend on fossil fuels that are not renewable. An example includes bioplastic materials, such
as plant-derived, which beyond having reduced their dependency on petroleum’s can, through
agronomy, also replenish, thus substituting unsustainable plastic from fossils. Third, the eco-friendlier
choice has also emerged by being one with lower requirements on water and energy compared with
unsustainable ones, as industrial processes of creating sustainable alternatives take less and even use
recycled components [4]. To meet the rising demand for materials and guarantee their availability for
future generations, resource conservation is essential.

The use of sustainable materials goes a long way in developing the circular economy model. Here,
materials are maintained in use as long as possible through reuse, recycling, and repurposing before
they are responsibly disposed of or biodegradable. Biodegradable plastics, for instance, can be
reprocessed and used multiple times for various purposes to reduce virgin material usage and lessen
waste production, while recycled metals can be recovered and reused several times. For example, once
used, biodegradable packaging materials can be composted and replenish the soil instead of contributing
to landfills. Additionally, the implementation of sustainable materials not only has reduced
environmental degradation but also created an avenue for various industries to innovate on recycling
technology and sustainable product design. Another push factor that propels companies to embrace
sustainable materials is the growing awareness of consumers seeking eco-friendly products. As
consumers become more conscious of the environment, they are always looking for goods that reflect
this sustainability. Therefore, this behaviour is forcing most companies in several industries to alter
their production chain and use as much sustainable content as possible for their products. In the case of
packaging industries, many of them are currently changing to biodegradable or recyclable products to
meet customers’ expectations while adhering to environmental regulations. Companies that do not
embrace sustainable materials may face backlash from consumers and lose market share to competitors
who have placed more emphasis on sustainability [S]. Governments and regulatory bodies in almost all
parts of the world are imposing stricter regulations regarding sustainability and the reduction of
environmental damage. Various regulations may prompt industries to alter their activities to adopt
greener methods. For instance, many countries have banned single-use plastics and encouraged
companies to use biodegradable or recyclable materials [6]. These regulations create a strong incentive
for businesses to adopt sustainable materials, not only to fulfil legal requirements but also to showcase
their commitment to environmental stewardship. Sustainable materials offer a way forward toward a
more sustainable and environmentally responsible future by reducing waste, conserving resources, and
supporting the circular economy. Industries focusing on sustainable material utilization not only aid in
global sustainability goals but also cater to growing consumer demand for eco-friendly products while
being more compliant with increasing regulations.
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FUNDAMENTALS OF BIODEGRADABLE PLASTICS

Biodegradable plastics are any plastics designed to degrade through normal environmental processes
that include microbial actions, which break them down to simpler compounds, including water, carbon
dioxide, and biomass. It is a stark contrast to normal plastics that usually stay in the environment for
centuries. Biodegradable plastics have been engineered for quicker degradation compared to other types
of plastics under conditions such as moisture, heat, and the action of microbes [7]. The main difference
between biodegradable plastics and traditional plastics is that the former can degrade to nontoxic,
environmentally harmless substances, thereby significantly lowering their environmental impact.
Biodegradable plastics are also derived from renewable materials such as plants or microorganisms.
While chemical differences give character to different biodegradable plastics, the common attributes
they possess include: first, biodegradable plastics come from renewable resources, such as starch,
cellulose, or plant-based polymers, that are more environmentally friendly than those derived from
petroleum. They are flexible, strong, and long-lasting, with the same characteristics as traditional
plastics, allowing their use in packaging, agriculture, and medical products. However, the rate and
extent of biodegradation vary with environmental conditions such as temperature, humidity, and
microbial activity. These can vary significantly depending on where and how the plastics are disposed
of. The other characteristic of biodegradable plastics is that they break down into harmless substances
but do not leave behind toxic residues. Biodegradation is the breakdown process that is done on the part
of microorganisms, such as bacteria and fungi, which consume the plastic and break it into smaller non-
toxic molecules [8]. In controlled environments, such as composting facilities and biodegradable
plastics, can break down faster. However, it may take much longer in the natural environment and is
dependent upon the material type and environmental conditions. Not all biodegradable plastics are
biodegradable to the same degree; some break down only in specific conditions, like industrial
composting, whereas others break down more easily in the natural environment. An added defining
characteristic of biodegradable plastics is the potential to lessen plastic pollution. As plastic waste has
become one of the major environmental challenges on a global level, biodegradable plastics stand out
as promising solutions in reducing plastic waste quickly, thus keeping plastic waste out of landfills,
oceans, and other ecosystems. However, despite these advantages, biodegradable plastics are still facing
several challenges, including low degradation rates in some environmental conditions, high production
costs, and performance issues in some industrial applications [9]. However, continuous developments
in material science enhance the characteristics and degradability of biodegradable plastics, increasing
their potential for broad application in environmentally friendly product design (Figure 1).

USD 16.8 billion

USD 5.8 billion

2020 2030
Figure 1. Industry forecast of biodegradable plastics.
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Comparison with Conventional Plastics

A notable difference between biodegradable and conventional plastics encompasses several
significant issues, which essentially involve composition, environmental implications, degradation, and
application. Noting these variations will provide appreciation for the importance of biodegradable
plastics, which are going to become increasingly significant as more traditional plastic-based materials
are realized to have contributed to problems rather than solving waste issues. Firstly, source or origin,
it is quite understandable that the distinction between biodegradable plastics and conventional plastics
depends on the different origins. Most conventional plastics are derived from fossil fuels, including
petroleum and natural gas. Such materials as polyethylene (PE), polypropylene (PP), and polyvinyl
chloride (PVC) are synthetic polymers that do not biodegrade and may stay in the environment for
hundreds or even thousands of years. Biodegradable plastics, on the other hand, are generally produced
from biodegradable raw materials such as plant starch or cellulose, or lactic acid obtained from corn or
sugarcane. This renewable source of biodegradable plastics makes them much more sustainable over
the long term compared to plastics that rely totally on non-renewable resources [10]. Another significant
difference in the two forms of plastics relates to their mode of degradation. Conventional plastics, with
respect to their molecular structure, take a very long time to biodegrade, and as such, most accumulate
in landfills, oceans, and other such ecosystems. Most of these products contribute highly to pollution,
and therefore, cause great environmental damage. In contrast, the biodegradable plastics are so designed
that when exposed to appropriate environmental conditions like heat, moisture, and microbes, they
undergo decomposition. This process of biodegradation occurs in composting environments, as the
plastic degrades into harmless elements such as water, carbon dioxide, and biomass by specially
designed microorganisms. However, this rate will vary based on several factors: material composition
and the environment that degrades at different rates due to exposure to microbial activity [11]. Some
biodegradable plastics demand specific conditions for effective breakdown. These include the industrial
composting facilities, for instance. There are others that break down with ease in a natural environment.
Another difference between biodegradable plastics is about environmental impact. Conventional
plastics contribute to environmental pollution in the long run, as they don’t decompose but remain
within ecosystems for even centuries. A significant risk to marine life, for example, is posed by plastics
in oceans, since animals often ingest plastic debris and may be injured or killed. Biodegradable plastics
are thus presented as a solution to reduce plastic pollution owing to the harmless byproducts from which
they are made up and the diminished risk they pose to wildlife and ecosystems. Although biodegradable
plastics do reduce the related environmental issues, they can’t eliminate them entirely. For instance,
they may still be sources of pollution because they are not disposed of properly, or they have some
conditions under which they degrade only and are not met in specific environments such as landfills
and oceans. Mechanical properties and performance-wise, conventional plastics are much more durable
and stronger, hence ideal for long-lasting applications in packaging, construction, and electronics. They
resist moisture, UV radiation, and chemicals, giving them an advantage in harsh conditions.
Biodegradable plastics are similar in appearance and use to conventional plastics but often do not match
their durability. They could have low tensile strength, less resistance to heat, and shorter shelf life. As
such, they may not be appropriate for many applications, particularly where long-term exposure to
weather is concerned, or in conditions that demand high resistance of material to degradation over time.
This includes the price of the goods. Conventional plastics are more expensive to manufacture due to
their established manufacturing, raw materials, and scale of economies. The biodegradable plastics are
relatively costlier because a renewable source of raw material may be expensive, the method of
production could be costly, and the infrastructure for manufacturing is partly not fully in place [12].
With an increase in the demand for biodegradable options, economies of scale and technologies to
produce more affordable biodegradable plastics should emerge over time. Lastly, based on applications,
traditional plastics find broad usage within industries like packaging, automotive, electronics, and
construction because of their cost-effective nature, malleability, and durability. Although biodegradable
plastics are increasingly being used, they are applied in areas where biodegradability is the main
advantage. Examples of these applications include packaging, agricultural films, and disposable
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products such as cutlery and straws. Such applications reduce the impact of plastic waste on the
environment; especially short-lived products commonly discarded after use [13].

Environmental Impact and Benefits of Using Biodegradable Alternatives

These are the impacts of conventional plastics, which have become one of the biggest threats
worldwide, with billions of tons of plastic waste in landfills and oceans and spreading every year into
various ecosystems. Plastic pollution is a major source of environmental degradation, and the landscape
is usually affected by wildlife changes, natural habitat damage, and water body pollution. Therefore,
the research focus has been on sustainable alternatives to reduce plastic waste’s environmental footprint.
Biodegradable plastics are one of the most promising alternatives that offer several environmental
benefits compared with traditional plastics. Regarding environmental benefits, biodegradable plastics
reduce plastic pollution as a main advantage. Conventional plastics take hundreds of years before they
start to disintegrate. This gives them a good chance to settle in the landfills and oceans and pose risks
to animals and the environment. Animals often choke on plastic debris or get stuck in it, hence getting
injured or dying. Biodegradable plastics are designed to decompose much more quickly than
conventional ones. They can do so in months to years, depending on the specific material and
environmental conditions. Biodegradable plastics decompose into harmless products, such as water,
carbon dioxide, and biomass when degrading, thereby minimizing the effects of plastic waste on
ecosystems. Biodegradable plastics also contribute to the alleviation of the current landfill overflow
problem [14]. Traditional plastics contribute to the increasing volume of waste in landfills, as they do
not decompose naturally and can take up valuable space for hundreds of years. Replacing conventional
plastics with biodegradable alternatives can reduce the volume of waste in landfills over time.
Biodegradable plastics are produced to decompose in conditions, for instance, composting facilities that
are useful for taking away the waste from the landfills, which decreases the amount of waste required
for a landfill. The major issue facing landfills in the world today is that they are being filled at an
alarming rate. Solutions that would be of benefit for the reduction of waste are greatly in demand today.
Generally, more energy is required to produce traditional plastics, thereby leading to higher carbon
emissions. Although the production of traditional plastics is highly dependent on fossil resources,
biodegradable plastics come from renewable sources such as corn, sugarcane, and starch from plants.
These products, being biodegradable, can be replenished through the agriculture process; this decreased
dependence on non-renewable petroleum-based resources also makes them reduces their environmental
footprint on greenhouse gas emissions compared with the production and disposal of traditional plastics.
This reduction in carbon emissions helps mitigate climate change and contributes to global efforts to
achieve sustainability. Biodegradable plastics play a crucial role in promoting a circular economy, in
which products and materials are designed to be reused, recycled, and regenerated, rather than disposed
of in landfills or incinerators. The biodegradability of these materials supports the so-called “closed-
loop” concept: plastics being composted to produce valuable organic matter that increases the fertility
of the soil; a process toward more sustainable cyclical use of material. Biodegradable plastics are
already used in agricultural industries as mulch films and biodegradable packaging. Materials break
down naturally, leaving behind no harmful residues. Because most biodegradable plastics are made
from renewable plant-based resources, their production saves finite natural resources such as petroleum.
It, therefore, reduces reliance on fossil fuels for a more sustainable and responsible use of resources.
Production of biodegradable plastics usually requires fewer chemicals and water than the conventional
process of producing plastic, thereby minimizing the ecological impact of that process. In fact,
converting to renewable, biodegradable alternatives can reduce an industry’s total resource usage and
lower the ecological footprint of the plastic manufacturing process itself. Some biodegradable plastics
aren’t only sourced from renewable materials, but production will also help reduce greenhouse gases.
For instance, bioplastics made from crops, such as corn or sugarcane, absorb carbon dioxide from the
atmosphere as they grow. Carbon sequestration is the term used to describe this process, which balances
the carbon emissions from their production. Moreover, biodegradable plastics can emit carbon dioxide
as they decompose, but this is part of the natural carbon cycle, which is not the same as emissions from
fossil fuels. Through a reduction in petroleum-based plastics, the use of renewable resources may be
encouraged to minimize the negative impacts of climate change. One of the best prospects for the wide-
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ranging protection of wildlife and marine ecosystems is biodegradable plastic use. Much of the plastics
found in the ocean become microplastics from broken-down plastics that marine animals ingest, and
these build-ups can become toxic and disrupt food chains. The usage of biodegradable plastics could
reduce the input of plastic waste into water bodies and the ocean, especially with regard to packaging
and consumer goods. Biodegradable plastics used in marine settings are less threatening to marine
organisms because they are broken down in nature and don’t accumulate in the same way as traditional
plastics. The environmental impact and benefits of using biodegradable plastics as a substitute for
conventional plastics run deep. Biodegradable plastics reduce plastic pollution, decrease landfill
overflow, lower carbon emissions, and promote the circular economy, making it more viable to move
toward more sustainable material use. Even though some challenges are left, like making sure there is
proper disposal of the plastic, and biodegradation rates will be increased for different types of
environments, continuous development and application of biodegradable plastics would be essential to
reduce the extent of environmental harm and decrease the dependence on fossil fuels. A cleaner and
healthier environment for generations to come would be realized if biodegradable alternatives became
the norm, while production became more sustainable.

TYPES OF BIODEGRADABLE PLASTICS
Polylactic Acid (PLA)

PLA, in short, is a biodegradable and compostable plastic product derived from renewable resources,
which include corn starch, sugarcane, and other plant-based sugars. These characteristics have increased
its popularity lately, making it a preferred replacement for petroleum-based plastics. It is produced via
two primary methods: fermentation and polymerization. The first process in the creation of PLA is
fermentation, through which sugars taken from plant starch are converted to lactic acid by specific types
of bacteria. These sugars come from different crops, including corn, sugarcane, and tapioca.
Fermentation happens in a very similar way to how yeast converts sugars into alcohol. The bacteria
selected for this purpose are Lactobacillus, and it is by the fermentation of sugars with these bacteria
that it is converted into a compound called lactic acid. This compound essentially acts as a building
block, which in turn is used to make PLA after this liquid is further processed. The common method
for this processing includes either ring-opening polymerization or direct polycondensation. Direct
polycondensation involves binding lactic acid molecules together with other chemical bonds to
eventually make long chains of PLA. In ring-opening polymerization, the lactic acid is first converted
into lactide, a cyclic dimer, which is then polymerized to form PLA. Both processes result in PLA, but
ring-opening polymerization typically produces PLA with a higher molecular weight, giving it better
physical properties. Once the polymerization process is complete, PLA is processed into different
forms, such as films, fibers, and resins, depending on its intended use. The molecular weight and
structure of the PLA determine its final characteristics of flexibility, strength, and biodegradability.
PLA can be manufactured with different molecular weights and structures that will determine its final
characteristics in terms of flexibility, strength, and biodegradability. PLA is capable of biodegradation,
thereby providing an environmentally friendly alternative compared to conventional plastics. In optimal
conditions, it can degrade in a few months within industrial composting facilities by breaking down
into water, carbon dioxide, and biomass. However, PLA degrades only under specific conditions such
as the presence of temperature and moisture. It does not degrade very fast in a landfill or natural
environments where the conditions are deficient. PLA can be made transparent and has become one of
the most attractive types of packaging applications. It is a transparent material and is, therefore, perfect
for packaging food. The contents inside the bottles or containers are readily visible through the bottles.
The tensile strength of PLA is quite high, which implies it does not readily break when forces or pressure
are applied to it. This quality makes it applicable for usage, for instance, in food containers,
biodegradable cutlery, or as implants in medical use, where such items must sustain stress. However, it
is not as strong or abrasion-resistant as many other plastics, such as PE or PP, and tends to crack or
shatter easily when subjected to mechanical stress. The melting point of PLA is generally lower than
that of most common plastics, often 150°C—160°C. It is simple to process and mold, but being so easily
damaged by high temperatures, it can only be used where high temperature resistance is not needed.
PLA can be softened or even deformed in the presence of high heat, and therefore, cannot be used for,
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say, an application like hot coffee cups, nor as an element of some electronic system with elevated
temperatures. One of the most important advantages of PLA is that it does not leach hazardous
chemicals and is non-toxic. It is a safer material for use in food packaging and other medical
applications due to the lack of substances, such as BPA (bisphenol A) or phthalates, which are normally
present in most conventional plastics. The production process of PLA often requires less energy than
that consumed in the making of conventional plastic. Another significant benefit of PLA is that it uses
fewer fossil resources since it comes from crops, not from petroleum. Therefore, plastic manufacturing
involves a decrease in carbon footprints. Overall, PLA production is very simple and friendly to the
environment as the source materials are renewable, and it gives a product that has multiple of benefits
with respect to the environment and function. However, with its low heat resistance and brittleness
properties, PLA would have to be carefully chosen according to the nature of the applications it is
expected to serve. The material remains under development; the research carried out is designed to
enhance performance and reduce the cost of its production for extensive applications (Figure 2).

Polyhydroxy
alkanoate
Protein and

lipid-based |
biopolymers /

Polylactic
acid

Starch- Poly-3-
based | hydroxybuty
biopolymers: A rate

Cellulose-

. Polyamide
based 11

biopolymers
Polyhydroxy
urethanes

Figure 2. Types of biodegradable plastics.

Polyhydroxyalkanoates (PHA)

PHAs, in turn, refer to biodegradable plastics made by microbes using fermentation. Such polymers
are synthesized by bacteria as an energy reserve material and in conditions with scarce nutrient sources.
These types of plastics, biodegradable in nature, have promising possibilities because they can be
renewed easily like all petroleum-based plastics. The most researched and commonly applied type is
the PHB. It possesses similar characteristics to PP: tensile strength is high, elongation at break is low,
and it is very crystalline. But PHB is brittle and has low flexibility. So, its use in different applications
may be restricted. Another member of the PHA family is PHV. PHV is generally copolymerized with
PHB to make the material more flexible and reduce its brittleness. Incorporation of PHV into the
polymer chain enhances the mechanical strength of the plastic in general. PHBV is a copolymer of PHB
and PHV. Depending on the PHB/PHV ratio, the material properties can be altered to meet
requirements. The flexibility and elasticity of PHBV are better than those of pure PHB, making it a
more versatile alternative. In addition to PHB and PHV, PHA can be synthesized with other monomers
such as 3-hydroxypropionate, 4-hydroxybutyrate, and 3-hydroxyhexanoate. These copolymers provide
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a wider range of properties, including increased flexibility, durability, and processing capabilities.
PHAs are biodegradable and can degrade naturally in the environment through microbial activity, just
like natural polymers such as starch. This makes PHAs a sustainable alternative to conventional plastics,
which may remain in the environment for hundreds of years. PHAs are derived from renewable
resources such as agricultural waste, vegetable oils, and other biomass sources. This production process
utilizes microorganisms that eat organic matter and transform it into polymeric forms. PHAs are
renewable sources of plastic because many are thermoplastic, which means they melt and take various
shapes when heated. This allows the use of conventional plastic processing techniques such as extrusion
and injection moulding. PHAs have mechanical properties that include tensile strength, impact
resistance, and flexibility, depending on the type of PHA as well as its composition. For instance, PHB
is more rigid and brittle compared to PHBV and other copolymers, which are soft, flexible, and elastic,
and thereby can be processed into better products. PHA-based plastics are applied widely in the
packaging industry as biodegradable products for various products. PHAs are applied in packaging
materials such as films, containers, and coatings of food products. Because PHAs are biodegradable,
they degrade faster in the environment; therefore, less plastic waste. PHA-based films are applied as
biodegradable mulch films in agriculture. These films improve soil quality and crop yield while
reducing the environmental impacts of plastic waste in agricultural fields. PHAs are biocompatible;
therefore, applied in medical uses. PHAs are used in medical devices, including sutures, drug delivery
systems, and tissue engineering scaffolds. They are safer alternatives to biodegradable plastics that can
replace regular plastics used in the health sector. The usage of PHA is now on the alternative front as
the most suitable alternative to biodegradable fibres that the textile sector employs. Through the eco-
friendly production of fabrics from PHA fibres, these would reduce textile waste. In making
biodegradable implants, such as stents and orthopaedic devices, they use PHA. These implants can
dissolve slowly in the body, meaning that they don’t have to be surgically removed. One of the main
challenges for PHAs is their production cost. The fermentation process used to manufacture PHAs is
expensive, and it is far more expensive than traditional plastic manufacturing. Raw materials, such as
sugars or plant oils, are also expensive, which makes the final product not as competitive with
petroleum-based plastics in terms of price. While small-scale production of PHAs has been successful,
scaling up production to meet industrial demand remains challenging (Figure 3).

Bio-based

e

Bioplastics

e.g. PLA, PBS, PHBV

Non-biodegradable Biodegradable

Conventional Plastics | Bioplastics
e.g. PE, PET, PP
e.g. PBAT, PCL

Fossil-based

Figure 3. Different properties of plastic materials according to their biodegradability.

It is an extensive fermentation process requiring large bioreactors, and it is complex, costly to
maintain optimal conditions for microbial growth. This implies that large-scale production of PHAs
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still faces technological hurdles before it can be represented as economically viable. The mechanical
properties of certain types of PHA, mainly PHB, may not be ideal for using them in certain applications.
For instance, PHB has relatively low strength and lacks flexibility, which may limit its use in most
products that need to be strong and elastic. The processing of PHAs is also generally challenging,
demanding special equipment to handle properties that differ from mainstream plastics. PHA
production is based on renewable resources; however, their availability might compete with food
production or land use. The crop used in production, for example, could be agricultural crops, such as
corn or sugarcane, which may make the people insecure about their food supply, especially if PHAs are
going to be mass-produced. One hope for mitigating this concern lies in improved production using
feedstocks that are non-food sources of agricultural waste and waste oils. Although biodegradable,
degradation rates for PHAs can depend on the specific environmental conditions prevailing at a site. In
some cases, such as within landfills or aquatic environments that have low activity of microbes, PHAs
degradation may be expected to be longer than anticipated. More research may be required so that PHA
degrades as expected in an array of different environmental conditions. PHA are a potentially promising
family of biodegradable plastics with various industrial applications. Renewable, biodegradable, and
versatile nature makes them highly attractive alternatives in packaging, agricultural, medical, and textile
sectors. However, the high costs of production, limited scalability, and processing complexities ned to
be overcome for the commercial success of PHA. Thus, further research and technological progress are
required to open the wider potential of PHAs in the sustainable, closed-loop economy.

Starch-Based Bioplastics

Starch-based bioplastics are a category of degradable plastics made primarily from starch, a natural
polymer found in plants, particularly in grains such as corn, potatoes, and wheat. Owing to the
renewability and biodegradability of these bioplastics, they find themselves coming up as an alternative
to those petroleum-based plastics, due to their relatively lower cost. Such starch exists in plenty and is
also inexpensive, making starch-based bioplastic an economically viable way to reduce plastic waste
and dependence on fossil fuels. These, by far the greatest advantages, are their biodegradable nature:
Starch, a natural polymer, breaks easily and rapidly due to moisture contact with microbial presence.
This makes this kind of material far more renewable compared to standard plastics, because, as can be
imagined, hundreds of years will pass to completely degrade ordinary plastics. Besides being renewable,
starch comes from plants, the growth of which can be replicated yearly. This makes starch-based
bioplastics a more environmentally friendly option than petroleum-based plastics, which rely on non-
renewable fossil fuels. Starch is also readily available and relatively inexpensive compared to other
sources of biopolymers. This makes starch-based bioplastics relatively cost-effective, especially for
applications requiring large quantities of material. The mechanical properties of starch-based bioplastics
are generally weaker than conventional plastics, especially in terms of tensile strength and flexibility.
However, the properties can be enhanced using additives or by blending starch with other biopolymers
such as PVA or PEG. One limitation of starch-based plastics is their sensitivity to water. Starch is
inherently hygroscopic, which affects the stability, strength, and durability of the material, especially
in humid or wet conditions. This problem can be overcome through cross-linking or coating with water-
resistant materials, which increases its performance in particular environments. Various manufacturing
techniques are used for starch-based bioplastics. Often, a manufacturing technique will depend on the
specific type of starch used as well as on the intended application. Starch is mixed with water and other
ingredients — like plasticisers, natural fibres, or additives — to form a dough-like consistency. The blend
is then passed through an extruder, which heats and pressures the mixture under pressure to create a
uniform plastic. The material that comes out of the extruder is cooled and formed into different shapes,
such as sheets, films, or pellets. The starch-based materials can also be processed through injection
moulding. In this method, the plastic is melted and injected into Molds to form desired shapes. This
technique is used to create cutlery, containers, or moulded packaging. Sometimes, starch blends with
other biopolymers like PVA or PLA. The mechanical properties of starch and its suitability are
improved by doing this. Some of these blends help reduce the sensitivity of starch to water while
increasing the material’s strength and flexibility (Figure 4).
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Comparison of Biodegradable Plastics Properties
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Figure 4. Comparison of properties of biodegradable plastics.

Starch-based plastics can also be formulated thermosplastically, meaning the material can soften and
reform through multiple cycles of melting without breakdown. This aspect makes them feasible for
most usual plastic processing such as blow moulding, thermo forming, and casting of films. Starch-
based plastics are on the rise nowadays in packaging such as food packs, disposable plastic cutlery, and
grocery bags. Such a material is very widely used for lightweight, biodegradable packaging, which can
easily replace conventional plastics in many single-use applications. The starch-based films and
coatings are used for dry food item packaging in the food industry. Moreover, the starch-based
containers are used in the fast-food industry. They naturally decompose in composting environments,
hence reducing the plastic waste impact. In agriculture, starch-based bioplastics make up biodegradable
mulch films, that is, films applied to cover the soil with a view to stimulating plant growth. These films
offer several advantages such as temperature regulation, moisture retention, and weed control. After
use, these mulch films degrade, thereby saving labour and causing less environmental degradation as
opposed to conventional plastics. Starch-based bioplastics can be applied in the textile industry for
making biodegradable fibres and fabrics. These materials are particularly helpful in the manufacture of
eco-friendly clothing, upholstery, and nonwoven fabrics. Starch can be combined with other natural
fibres such as cotton or hemp to make lightweight, soft, and flexible biodegradable fabrics. Starch-
based bioplastics are also used in making plant pots, seedling trays, among others, for horticultural
products that break down with time, allowing direct planting without removal and thus reducing waste
in the nursery and gardens. Starch-based bioplastics are now being investigated for future applications
in the medical area as drug delivery systems, wound dressings, or surgical sutures. Since the materials
biodegrade, they become suitable for temporary use in medical devices that are absorbed or dissolved
in the body and do not require surgical removal. Starch-based bioplastics are widely applied in the
manufacturing of biodegradable disposable articles such as plates, cups, cutlery, and straws. These
products are used in circumstances where single-use items are demanded but sustainability must be
ensured; these include outdoor events, restaurants, or airlines. After usage, these articles can be
composted or biodegraded in a landfill and thus provide an environmentally friendly alternative to
traditional plastic disposables. Starch-based bioplastics are also under exploration for use in 3D
printing. The low melting point and the ability of starch to be moulded into various shapes make it even
suitable for use in creating custom parts and prototypes using 3D printing technology. Starch-based
biodegradable filaments for 3D printing are gaining popularity in the environmentally conscious
product design and prototyping field.
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Polybutylene Succinate (PBS)

PBS is a biodegradable thermoplastic polymer, which has been gaining much interest in recent years
as the next sustainable alternative to conventional plastics. It is from the polymerization of butylene
glycol and succinic acid, which are both either bio-based or synthesized from renewable resources. PBS
provides a combination of desired properties that include biodegradability, renewable sourcing, and
versatility, making it suitable for a variety of industrial applications. PBS is highly biodegradable,
meaning it eventually breaks down in nature due to microbial activity. The eco-friendliness of PBS
against the conventional petroleum-based plastics that remain in the environment for hundreds of years
makes it the best choice [15—17]. There is an opportunity to obtain PBS based on renewable resources,
such as plant-based materials, which guarantees higher sustainability than fossil-based plastics. The raw
materials that can be used to produce PBS are succinic acid, which is obtained by fermenting renewable
feedstocks like glucose or glycerol. PBS has nearly similar mechanical properties to traditional plastics;
it offers excellent tensile strength, flexibility, and impact resistance. Toughness is its attribute, hence
useful for several applications that call for durable material types. Further, PBS also shows stability
over a wide range of temperatures. Like most other plastics, PBS is a thermoplastic; hence, PBS melts
and gets moulded into all kinds of forms upon heating. It can then be processed according to
conventional manufacturing techniques for plastic products, namely injection moulding, extrusion, and
blow moulding. PBS has the advantage of crystallinity compared with other biodegradable polymers,
which also means that PBS is more rigid. It can also be manufactured with a high degree of
transparency, which is important for some types of packaging and consumer product end use. Also,
unlike several other bioplastics, PBS is relatively resistant to water and is, therefore, useful in
applications that might be subject to moisture or outside exposure. PBS is made through a reaction of
polycondensation between butylene glycol (a class of alcohol) and succinic acid (a dicarboxylic acid).
The reaction generally takes place under the influence of a catalyst; the process can then be worked
under mild conditions at relatively lower temperatures. Following this, various forms of forms, films,
fibres, and moulded products can be subsequently processed from the resulting polymer. PBS often
blends with other biodegradable polymers or is modified by plasticizers, stabilizers, and compatibilizers
to enhance its mechanical properties and processability. All such modifications successfully optimized
PBS for industrial applications.

PBS is widely utilized in the packaging industry as it is biodegradable and easily replaces
conventional plastics such as PE and PP. It is produced in the manufacture of food packaging, films,
and bags. PBS is highly biodegradable, meaning its packaging materials tend to degrade rapidly in
landfills or composting environments, preventing plastic waste from building up in these areas. PBS is
utilized in the development of biodegradable agricultural films and mulch. These films cover soil to
store water, keep the weeds growing on it reduced, and control crop temperatures. Normally, plastic
mulch films would be removed following application, leading to labour exploitation as well as harm to
the environment. These PBS-based films’ biodegradable nature in soils ensures that nothing would be
disposed of, further cutting down any further environmental exploitation. PBS-based materials are
compatible biologically that enabling their use in some fields of health medicine. It is used in the
synthesis of biodegradable sutures, drug delivery systems, and implants. PBS has a property, which is
biodegradable, indicating that medical devices developed from this material would break down or
dissolve in the human body over time, thus eliminating the surgical removal process. Such properties
make PBS an ideal material for temporary use in medical applications such as wound care or tissue
regeneration. PBS is used in the manufacture of consumer goods like biodegradable cutlery, plates,
cups, and other disposable products. These products are an environmentally friendly alternative to
traditional plastic products that cause pollution in the environment. Since PBS is biodegradable, it
degrades over time, and there is less plastic waste in landfills. PBS can be processed into fibres and
fabrics, providing a biodegradable alternative for textiles. This process is very helpful in producing
nonwoven fabrics for wipes, diapers, and medical gowns. PBS fibres are biodegradable, allowing the
development of sustainable disposable textile products that do not lead to long-term environmental
pollution. In addition, research on PBS is also conducted in the automotive and consumer electronics
sectors. In automotive applications, PBS can be used for biodegradable as well as for durable
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components. These include interior panels, dashboards, and insulation materials. In consumer
electronics, PBS might be used in casings or packaging that should be more environmentally friendly.
Currently, PBS is under investigation for use in 3D printing, especially when the application
necessitates biodegradable plastic. The thermoplastic nature of PBS makes it suitable for use in additive
manufacturing processes. Researchers are studying how to advance the formulation of PBS for use in
3D printing applications. This flexibility makes it one of the highly efficient materials when complex
shapes or structures are designed [18, 19]. PBS demonstrated high performance with many applications.
The combination of biodegradable properties and good mechanical strength shows great promise with
PBS. Since PBS can also be processed via conventional techniques, like injection moulding, extrusion,
and blow moulding, its versatility increases significantly across multiple industries. PBS has also
performed well in areas where biodegradability is required, for example, packaging and agricultural
films, where the natural degradation does not contribute to environmental waste. However, to date, a
significant challenge facing PBS is obtaining large-scale production at a lower cost than petro-based
plastics. The main reason for high production costs in PBS is bio-based raw material usage, thereby
limiting its ability to compete with other industries that use it. However, PBS performance may be
influenced by factors, such as temperature, humidity, and processing conditions, hence requiring
caution during manufacturing and application. PBS is one of the most promising biodegradable plastics
for various applications across industries like packaging, agriculture, medical, consumer goods, and
textiles. The favourable mechanical properties, biodegradability, and renewability of PBS make it an
attractive alternative to conventional plastics. While challenges in terms of cost effectiveness and large-
scale production remain, PBS has the scope to play an important role in the reduction of plastic pollution
along with sustainability improvement in various areas. Continued work on synthesis techniques and
material optimization will likely ensure improved performance along with commercial potential for
PBS over the near-term future.

PROPERTIES OF BIODEGRADABLE PLASTICS

The properties of biodegradable plastics are highly diversified, including physical, thermal, and
chemical aspects. This determines their usability and performance in various industrial applications. It
impacts their mechanical strength, degradation behaviour, and their resistance to the environment,
which makes them alternatives to conventional plastics in sustainable applications. Tensile Strength is
what a plastic can sustain against tensile forces before cracking or breaking. Rigid packaging and
disposable cutlery can be used for some biodegradable plastics, like PLA, that have tensile strength.
Most of the biodegradable plastics, however, have lower tensile strength compared to ordinary plastics
such as PE. The flexibility of biodegradable plastics also depends on their chemical composition. For
instance, PHA, PBS are used as film applications because they have a high level of flexibility among
bioplastics. PLA is rather brittle, and most of the time it needs blending with plasticizers or copolymers
to provide sufficient flexibility. While biodegradable plastics may degrade after usage, they still must
endure the mechanical performance requirements during their operational lifetime. Materials that
include starch-based bioplastics are less hard and degrade rapidly, while PBS and PHA degrade in a
composting environment but exhibit durability under ordinary use conditions. The melting point
determines how the biodegradable plastics are processed and used. For example, PLA has a relatively
low melting point of about 170°C, which allows for its easier processing via conventional plastic
manufacturing techniques like injection moulding and extrusion. However, it has limited high-
temperature applications because of its low heat resistance. The thermal stability of biodegradable
plastics is quite different among types. A few, like PLA, have low heat stability and can deform at
mildly elevated temperatures, while others, such as PBS and PHA, are more stable and suitable for
high-temperature applications such as in food packaging and biomedical applications. Almost all
biodegradable plastics could be processed using conventional polymer methods, but very often these
require controlled conditions to prevent premature degradation.

Moisture and oxygen content can enhance decomposition during processing, thus requiring additives
in the form of blending with stabilizers to improve shelf life. The rate at which biodegradation occurs
also depends on the chemical structure. For instance, PLA requires specific industrial composting
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facilities with appropriate high temperatures before decomposition, while others, like PHA, can break
down in natural environments, for example, marine conditions and soil. The degradation process is also
facilitated by the presence of enzymes, moisture, and oxygen. Biodegradable plastics degrade in
different ways depending on the environment in which they exist. Industrial composting facilities are
characterized by high temperatures and microbial activity that enhances degradation. However,
biodegradation in landfills with low oxygen and moisture levels is very slow. For instance, some
biodegradable plastics are produced specifically to degrade in water and are hence suitable for
applications where marine environments have significant problems of plastic pollution. Biodegradable
plastics, like PBS and PHA, are found to possess resistance towards solvents, oils, and mild acids. Other
variants, for example, starch-based bioplastics, can swell when wetted or dissolve in some chemicals,
meaning that their application is restricted to environments and conditions that are not too moist or
reactive. In the area of food packaging, the barrier properties against gases and moisture, and
contamination are critical for biodegradable plastics. For example, PLA provides a good oxygen barrier
but fails to provide the same level of protection against moisture, which compromises the shelf life of
packaged commodities. On the other hand, some other biodegradable plastics, like PHA and PBS, have
a higher moisture resistance, making them more ideal for liquid packaging and agricultural applications.
The properties of bioplastics determine their importance in industrial applications, and hence, their
mechanical strength, thermal behaviour, degradation process, and resistance to environmental effects
are highly varied. Although biodegradable plastics might be a green alternative to conventional plastics,
there is a need to optimize these properties by material modification or blending for performance
enhancement in various applications such as packaging, agriculture, biomedical devices, and consumer
products.

APPLICATIONS OF BIODEGRADABLE PLASTICS IN VARIOUS INDUSTRIES
Biodegradable plastics are increasingly applied across various sectors because they represent an
alternative solution that is environmentally friendly compared to conventional plastics. It degrades in
natural conditions to reduce the environmental pollution factor and yet remains a functional resource
for various applications. The biggest consumers of biodegradable plastics include the packaging
industries. It finds its widest usage in the form of food packaging, disposable containers, and shopping
bags. The excellent packaging characteristics of biodegradable plastics, like PLA and PBS, involve
transparency, rigidity, and moisture resistance. Bioplastics from starch for grocery bags to be
compostable, as well as single-service packaging, decrease plastic waste going into landfills and oceans.
Due to customer demands for environmental responsibility, numerous companies are starting to move
their businesses toward biodegradable and sustainable packaging systems to meet current green
initiatives. Biodegradable plastics play a very important role in agriculture in their ability to help reduce
environmental waste while being harmless to the surroundings. They help in retaining soil moisture and
in regulating temperatures, preventing weed growth, unlike traditional plastic mulch films that are
shovelled out after sometimes serving their purpose, thus polluting the soil. Additionally, biodegradable
plastics are used for plant pots and seedling trays that can be directly planted into the soil, reducing the
disturbance of the roots and helping in sustainable farming. Biodegradable plastics have revolutionized
the medical and pharmaceutical industries with safe and environmentally friendly alternative medical
devices and drug delivery systems. PLA and Polycaprolactone (PCL) would eventually dissolve due to
biodegradable sutures; hence, surgical removal is no longer required. It also offers fewer postoperative
complications. There are biodegradable drug delivery systems, among them capsules, controlled-release
implants. These give an assurance in drug delivery, coupled with the need for lessened waste in the
future. More importantly, biodegradable plastics are used for temporary implants and tissue
engineering, providing innovative solutions in regenerative medicine. Many everyday consumer
products now use biodegradable plastics to minimize the impact on the environment. PLA and PBS
bioplastics are becoming increasingly used in making cutlery, plates, and straws instead of single-use
plastic items. Starch-based bioplastics are also being used in toys and household products, providing
safer and non-toxic products for children. Increasing awareness among consumers toward
environmental concerns boosts the demand for biodegradable consumer goods. This forces the
manufacturers to incorporate sustainable materials. Biodegradable plastics are increasingly being
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researched and used in the automotive and electronics industries for the purpose of minimizing waste
and promoting sustainability. Increasingly, biodegradable polymer composites are being used to make
seat cushions and dashboard components of a car. They provide durability with minimal weight and
have environmental advantages. Biodegradable casings for electronic devices and accessories are being
developed to address the electronics industry’s growing problem of e-waste. Companies integrate
biodegradable materials to create products that decompose naturally at the end of their lifecycle.
Biodegradable plastics are making strides in the textile industry by replacing synthetic fibres with eco-
friendly alternatives. Clothing, upholstery, and footwear have biodegradable fibres made from PLA and
PHA. These fibres break down naturally after disposal and do not contribute to the accumulation of
synthetic microplastics in the environment. In a more recent development toward sustainable fashion,
biodegradable fabrics are also being developed as alternatives to the more conventional polyester-based
textiles. Biodegradable plastics will likely play a significant role in reducing textile waste as the fashion
industry transitions toward sustainability. Biodegradable plastics have widespread use in industry in
packaging, agriculture, health, consumer products, automotive, electronics, and textile industries, etc.
Further growth in this market will happen based on continuous research and advancement of
technology, combined with the environment as a main area of concern for the earth, and consequently,
biodegradable alternatives will attract demand. Large-scale use of biodegradable plastics is crucial for
a green, sustainable, and healthy earth.

FUTURE TRENDS AND INNOVATIONS

With increased demand in the world for sustainable materials, the development of biodegradable
plastics is also advancing. The scientists and industries are looking at the prospect of improving the
properties, performance, and applications of biodegradable plastics to bring these benefits about or
reduce their negative impacts on the environment and make them more usable. Key innovations that
are shaping the future of biodegradable plastic technologies include new material formulations, hybrid
blends, and solutions overcoming current limitations. Currently, studies are ongoing to develop new
approaches towards improving the performance and biodegradability of biodegradable plastics. Under
this, the development of microbial-derived bioplastics, such as PHA, which are totally biodegradable
in the environment, is being pursued as they are synthesized by bacteria. Researchers also work on the
enzyme—catalyzed degradation processes, where the idea is to embed the enzymes in the plastic
structures so that the biodegradation process starts rapidly when exposed to certain conditions. Further,
3D printing technology is now allowing the production of biodegradable plastic components for
industries such as healthcare, aerospace, and construction. One of the major drawbacks of biodegradable
plastics is that they have poor mechanical and thermal properties compared to traditional plastics. To
overcome these issues, researchers are developing blended bioplastics that combine different
biodegradable polymers to achieve improved properties. For example, the addition of PLA to PBS
enhances toughness, heat resistance, and impact strength, making it more suitable for industrial uses.
Nanocomposite materials where biodegradable plastics are used along with natural fibres or
nanoparticles are also developed for improving the durability and barrier properties for packaging and
automotive applications. These hybrid materials have superior performance but still possess eco-
friendly characteristics. Despite its merits, biodegradable plastics still have issues with cost, efficiency
at degradation, and mass-scale production. One of the solutions currently being investigated in this
regard is by reducing costs through bio-based feedstocks, where non-food agricultural wastes, algae,
and other renewable resource materials can be used in making biodegradable plastics, thus making them
more economically feasible. Another idea is the formulation of additives that enhance biodegradation
to speed up the process under environmental conditions, thus ensuring quicker decomposition in nature.
Others, like the degradation of home-compostable plastics in standard environments for regular
composting, are currently underway with a reduced need to utilize commercial composting plants.
Trends for future biodegradable plastic advancements focus on enhancements of material
characteristics, development of hybrid materials, and addressing present flaws for improved usability
in industry-specific applications. These are set to make bioplastics progressively economical, adaptable,
and more eco-friendly, and make an overall clean, green world.
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CONCLUSION

Biodegradable plastics are gaining popularity as an alternative and more sustainable replacement for
traditional petroleum-based plastics in all sectors, answering the long-held need for the environment-
friendly use of materials in various industries. This paper analysed the various kinds of biodegradable
plastics, such as PLA, PHA, starch-based bioplastics, and PBS, in relation to their properties,
production, and industrial use. Biodegradable plastics, despite many advantages, also suffer from high
cost, weak mechanical strength, and less-efficient degradation, thereby not being well-suited for
industrial production. Continued research and innovation will improve properties and increase the areas
of application of biodegradable materials. Advances in hybrid material preparation, innovative
production methods, and degradation pathways will lead to wider use of biodegradable materials in
various industries. As sustainability is being placed at the centre of global industries, biodegradable
plastics are poised to have a promising future. With more investments in research, policy support, and
consumer awareness, they are expected to integrate faster into mainstream markets. Addressing the
current limitations and optimizing the production strategy can make biodegradable plastics
revolutionize many industries while drastically reducing environmental impact. Therefore, continuous
innovation and collaboration among scientists, manufacturers, and policymakers are needed to ensure
the successful transition toward a more sustainable and eco-friendly future.
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