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Abstract

1.1.1. Polymers play a crucial role in various industries due to their versatility, affordability, and lightweight characteristics. However, their
extensive production and limited biodegradability have become significant environmental challenges. Traditional plastics, often destined for
landfills, persist for centuries or contribute to pollution through incineration. The growing environmental concerns surrounding plastic waste
have driven the development of biodegradable polymers. These polymers, derived from renewable resources such as starch, cellulose, and
vegetable oils, or synthetic bio-based monomers like lactic acid, are designed to degrade naturally through microbial action or
photodegradation. The degradation process of these polymers results in harmless byproduct, such as water which supports environmental
sustainability. This study provides a detailed examination of the degradation mechanisms of both synthetic and bio-based polymers,
identifying key factors that influence polymer degradation in various applications. The study highlighted the significant role of bacteria and
fungi in the biodegradation of polymers in freshwater environments, with optimal pH values for landfill degradation ranging between 5.8 and
8.5. The impact of blending biodegradable and non-biodegradable polymers on the overall biodegradation process was thoroughly explored.
The findings contributed to a deeper understanding of polymer degradation, offering valuable insights into enhancing the biodegradability of
polymers for a more sustainable future.
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Introduction
Polymers are now incorporated into practically all items,

production, excellent chemical and physical
properties, broad resistance to temperature and light,

including clothing, vehicles, computer equipment, and
medical and technological devices that we encounter daily.
Polymers are necessary materials in modern society as they
are found in a vast array of applications ranging from
packaging and textiles to medical devices and electronics.
Their versatility, durability, and cost-effectiveness have
made them a cornerstone of contemporary technology and
everyday life. However, the widespread use of polymers
particularly those derived from petrochemicals has led to
significant environmental challenges, primarily due to their
continuity in the environment and poor biodegradability.

The environmental impact of traditional plastics has
spurred research into more sustainable alternatives such as
biodegradable and biobased polymers. These materials
offer the potential to reduce the environmental footprint of
plastics by facilitating natural degradation processes. The
adoption of biodegradable polymers presents challenges
related to their mechanical properties, degradation
behavior, and environmental performance in various
conditions [1]. With the 140 million metric tonnes of
plastic that are produced each year, more than 99% of the
ingredients in plastics come from hydrocarbon sources [2].

Currently, plastics serve as the primary ingredient in
a wide range of products due to their ease of

low cost, strong mechanics, and high durability. The
favourable attributes of plastic have increasingly been
incorporated into many of the relevant industries,
such as automobiles, textiles, packaging, agriculture,
building, and consumer goods. These fibers are
frequently used in food, pharmaceuticals, cosmetics,
detergents, and chemical packing materials as they
assist in increasing the shelf life of those
commodities [3]. Biodegradable and non-
biodegradable polymers differ fundamentally in their
environmental impact and degradation processes.
Biodegradable polymers are designed to break down
into natural byproducts like water, carbon dioxide,
and biomass through microbial action or
photodegradation. These polymers can be derived
from both renewable resources (e.g., starch, cellulose,
and vegetable oils) and synthetic bio-based
monomers like lactic acid. The key advantage of
biodegradable polymers lies in their ability to
decompose within a relatively short period, thereby
reducing long-term environmental pollution. In
contrast, non-biodegradable polymers are resistant to
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natural degradation processes, persisting in the
environment for extended periods. These materials
are primarily derived from petrochemical sources,
such as polyethylene and polypropylene, and
contribute significantly to landfill accumulation and
environmental pollution when improperly disposed
of. It is also crucial to distinguish between biobased
and biodegradable polymers. Biobased polymers are
derived from renewable biological sources, but this
does not inherently make them biodegradable. For
instance, some biobased polymers, like polyethylene
produced from bioethanol, have the same molecular
structure as conventional polyethylene and, therefore,
do not readily degrade in natural environments. On
the other hand, not all biodegradable polymers are
biobased; some are synthesized from petrochemical
sources but designed to degrade through specific
mechanisms.

Synthesis and disposal of biodegradable and non-
biodegradable polymers are shown in Figure 1.

Carbon source

Synthesis

Biodegradable

Landfill

Figure 1 An overview of biodegradable versus non-
biodegradable polymers

About 30% of plastics are for packaging, and 90% of
them are required for food packaging materials only.
Plastics have surprisingly become the leading
commodity since the 1950s, as more than 9 billion
metric tonnes of polymeric products were produced
worldwide, with most of them processed in the last
decade [3]. Unfortunately, more than 50% of all those
polymers were thrown away and finally became
waste. The waste is dealt with using different
approaches by being either incinerated, landfilled, or
recycled. Environmental pollution is caused by
improperly disposing of plastics because many
polymeric substances could take up to hundreds of
years to break down and degrade. That’s why they
remain a persistent form of pollution in the
environment. In addition to these plastic products
being incorrectly disposed of, other pollutants may
also appear, like furans and dioxins [4]. Because of
their long-term durability, the manufacturing of these
materials is inexpensive, and they possess excellent
mechanical characteristics as well as physical
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properties;  therefore,  their  disposal and
biodegradation  represent a  high  priority
environmental issue. Thus, large numbers of biobased
and biodegradable polymers have been under
experimentation over the last few years to minimise
environmental and marine pollution originating from
this source. Nevertheless, biobased as well as
biodegradable polymers are known for their potential
to decrease waste; however, despite their seeming
ability to solve the problem, the production of these
types of polymers remains too expensive. Thus far,
the bio-based polymers have not been able to reach
the level of the non-biodegradable polymers'
applications since they have lower physical
properties, mechanical strength, and pricing. These
problems may just be overcome by using
biodegradable blends or biobased polymers with the
right properties. Most polymers or plastics decay
somehow, regardless of whether it is in a biological,
chemical, or physical way. This outcome is
influenced by the causes and environment, as shown
in Figure 2. While most polymers degrade at some
level, they do not fully degrade; nevertheless, they
produce either massive or micro sized plastics. The
greatest sources of microplastics are the wear and tear
of vehicle parts, the loss of plastic particles from
industrial transport, and the plastic in synthetic
clothing that is washed [5].

‘ Degradation Process
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Figure 2 Different environmental degradation processes of
polymers.

Polymers and plastics have been designed to facilitate
degradation by methods other than conventional. For
instance, hydro- and oxo-degradable polymers are
made to decay via hydrolysis or oxidation processes.
Another type of plastic is not biodegradable in nature
and requires multiple steps to degrade as it is
frequently made from fossil carbon compounds
combined with solutions or natural polymers like
starch. This kind of polymer produces microplastics
via its end-of-life process since it does not
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decompose completely in the environment. However,
the public often misinterprets biobased and
biodegradable plastics as being the same. There are
two types of polymers: biobased and biodegradable,
which have different environmental particularities.
Biobased polymers are obtained from renewable
feedstocks (for example, plants), and biodegradable
polymers decompose with the help of microbial
digestion or sunlight exposure. Specific examples of
biobased polymers are polylactic acid (PLA), which
can be derived from corn starch or sugarcane, and
polyhydroxyalkanoates (PHA), which are made by
microorganisms. These materials may have an
advantage over traditional petroleum-based polymers
because they come from renewable resources, which
can contribute to the reduction of the carbon footprint
of the products made from them [6].

However, biodegradable polymers can be derived
from many types of materials, including both
biobased and non-biobased sources. These
compounds can be decomposed by the action of
natural processes and offer environmental benefits in
comparison to the non-degradable traditional
polymers. It should be highlighted that not all
biobased polymers are biodegradable, and not all
biodegradable polymers are made from renewable
resources [7]. For instance, some petroleum-based
polymers, such as po. lycaprolactone (PCL) and
polylactic acid (PLA), are biodegradable. A
shortcoming of biodegradable polymers is that they
often require special conditions, like high
temperatures and humidity, to degrade effectively.
On the other hand, during the process of
biodegradation, some biodegradable polymers can
release greenhouse gases as byproducts. In general,
material dependence on biobased or biodegradable
polymers is determined by the material's application
and end-of-life  management. It's crucial to
thoroughly assess the environmental impact of
various polymer alternatives and pick sustainable
materials that are in line with sustainability goals.

Table 1 Biodegradable Polymer Application

Biodegradable polymers offer a more sustainable
alternative to traditional plastics due to their ability to
decompose naturally. Table 1 outlines some of their
key applications. This study aimed to explore the
degradation processes of polymers, with a focus on
understanding the factors that influence their
biodegradability  in  different  environments.
Investigating the effects of molecular weight,
crystallinity, and chemical modifications and
comparing degradation rates in freshwater and
seawater were discussed in detial. The study was
conducted to provide insights that can guide the
development of more sustainable polymeric
materials. The goal was to contribute to a clearer
understanding of how polymer design can be
optimized to address the pressing issue of plastic
waste and its long-term environmental impact.

Biological degradation

Biodegradation of polymers as biological procedures
involves the breaking down of polymeric materials
by microorganisms, like bacteria and fungi, in the
presence of oxygen and other materials that serve as
nutrients. This process is part of the natural exchange
in the environment and facilitates organic matter
recycling. In freshwater environments, polymers like
polylactic acid (PLA), polyhydroxyalkanoates
(PHAS), and starch-based materials generally exhibit
relatively faster degradation rates. This is largely due
to the higher levels of microbial activity and the
presence of enzymes that can break down polymer
chains. For instance, PLA was degraded within
months in freshwater environments, especially under
warm, aerobic conditions. Similarly, PHAs, which
are naturally produced by microorganisms [13].
Apart from the above-mentioned biodegradable
polymers, polyhydroxyalkanoates (PHAS) are other
biodegradable polymers that are manufactured by
microorganisms and later degraded in water and soil
by bacteria.

Application Biodegradable Polymer Examples Notes References

Packaging PLA, PHAs, Starch-based blends Food packaging, disposable tableware, [8]
composting bags.

Agriculture Mulch films, seed coatings Improve soil moisture retention, promote seed  [9]

germination, reduce reliance on chemical
herbicides.

Biomedical Devices PLA, PCL, PHA copolymers

Sutures, drug delivery systems, implants, tissue  [10]

engineering scaffolds.

Waste Management ~ Compostable bags, liners

Reduce plastic waste going to landfills, promote  [11]

composting practices.

Textiles PLA fibers, cellulose derivatives

Apparel, sportswear, disposable wipes. [12]
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Nevertheless, the degradation rate of biopolymers
depends on the combination of various factors, such
as types of associations, size and shape of material,
and the type of environmental conditions [14].
Furthermore, not all biodegradable polymers are
environmentally friendly, as some of them may
release harmful substances during degradation. In
order to develop the utilization of biodegradable
polymers along with proper disposal, many standards
and regulations have been enacted. For instance, the
European Union has determined compostable
packaging materials standards, and the United States
has published rules and regulations for packaging
labelling and disposal [13]. In the end,
biodegradation of polymers shows a reliable
approach for minimizing the negative influence of
polymers on nature. While biodegradable polymers
are an excellent alternative to conventional waste
management practices, it is essential to undertake an
environmental impact assessment and ensure that all
conditions for proper disposal are met.

Factors influencing synthetic polymer disintegration
in a biological environment

Biodegradation of solid wastes resulting from
synthetic materials is a complex process that is
dependent on various factors. Knowing about this is
an important step in designing and selecting materials
suitable for environmentally friendly degradation
[15].

The chemical composition of a polymer is the most
influential factor that not only defines its degradation
properties by microorganisms but also its rate of
degradation. For example, polymers composed of
ester or amide bonds are more biodegradable than
those having a carbon-carbon bond [16].
Microorganisms are more likely to degrade polymers
with groups of water, such as carboxyl and hydroxyl
groups.

The polymer's molecular weight also influences
biodegradability. The molecular weight of a polymer
significantly  affects its degradation process.
Generally, polymers with lower molecular weights
degrade faster due to their shorter polymer chains,
which are more susceptible to hydrolysis and
microbial attack. For example, studies have shown
that poly(lactic acid) (PLA) with a molecular weight
below 100,000 g/mol can degrade in as little as a few
months under composting conditions, while PLA
with higher molecular weights may take several years
to fully degrade. This correlation is attributed to the
increased mobility and accessibility of the polymer
chains to degrading agents in lower molecular weight
polymers. However, the specific degradation rate also
depends on other factors, such as environmental
conditions and the presence of catalysts. Polymers
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having higher tensile strength and a high molecular
weight undergo biodegradation at a slower rate in
comparison to low-molecular-weight polymers [15].
Additionally, the use of large polymer chains inhibits
microbes from degrading them more easily compared
to smaller polymer chains.

The degree of crystallinity of a polymer remains an
important factor that may affect its biodegradability.
Crystallinity refers to the degree of structural order in
a polymer. Polymers with high crystallinity have
tightly packed molecular chains, which create more
stable and less accessible regions for degradation. For
instance, in polyhydroxyalkanoates (PHAS), highly
crystalline regions resist microbial attack, leading to
slower degradation rates. On the other hand,
amorphous regions, which lack ordered structure, are
more prone to degradation. Reported data indicated
that the degradation rate of PHA decreased
significantly as crystallinity increased, with
degradation times varying from a few months for
low-crystallinity samples to several years for highly
crystalline ones [16]. This is the reason why the
crystalline areas of a polymer are less available to a
microbe, so it is difficult for the microorganisms to
breakdown the polymer.

Environmental conditions in the place where the
polymer is found can also influence the rate of its
biodegradation. Such factors as temperature,
moisture, pH, salinity, sunlight, oxygen, the presence
or absence of microorganisms, and microorganism
growth conditions are the variables that impact the
rate of biodegradation and enzyme activity, as well as
the microbial population. Therefore, they can either
arrest or accelerate the organic matter degradation
process [15, 17].

The presence of additives and stabilizers, such as
plasticizers and stabilizers, also affects a polymer's
biodegradability. Some additives may hinder or
facilitate the breakdown process, depending on their
chemical composition and concentration [18]. They
may also hold the process of breaking down as well
as be a poison to microbes.

The biodegradability pathway of a polymer also
governs the rate and extent of degradation along with
it. On the other hand, some polymers may suffer
surface erosion, where the polymer surface is
degraded first, while other polymers undergo bulk
erosion, where the material degrades uniformly over
its whole cross-section [15].

Since they are inversely proportional, the service
temperature of polymers will alter the enzymatic
degradation process. As the melting temperature of
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polymers increases, the rate of biodegradation of
polymers is accordingly reduced [19].

Radiation, as well as chemical treatments, cause
polymer degradation by providing photolysis and
chain confining X-ray radiation. This procedure may
be harmful because oxidation may occur, which may,
in turn, change the degradability of the polymer [19].

Microbes respond to the existence and activity of
polymeric substances. Bacteria perform critical
biodegradation. Microorganisms can exhibit the
properties of an enzymatic activity that breaks these
polymers into smaller molecules, which can be
harmlessly digested by the soil microbes. [15] The
diversity of microorganisms can vary depending on
environmental conditions, and other specific
microorganisms may be more effective in degrading
specific polymers, as shown in Table 2.

The morphology of polymers, which are found in
different shapes or as surface areas, leads to
differences in biodegradability. Cells may be

absorbed more quickly than integrated structures such
as blocks or particles because the former have a
greater surface area for microbial activity [27]. In
general, the decomposition of polymeric materials in
the biological environment is a complex process that
is affected by various factors. The debate over such
aspects would be critical for the design of
biodegradable materials as well as their
environmental performance.

Biodegradation of synthetic polymers
4.1 Polyesters

Polyesters are a group of synthetic polymers that are
being utilised in different sectors, such as textiles,
films, coatings, and packaging. These polymers are
synthesised through the esterification reaction
between the diacids and diols. These can be modified
to have a great variety of physical and chemical
properties. Biodegradation of the polyesters is of
great interest because they have long-term exposure
to the environment when not disposed of properly.

Table 2 Conditions, degradation factors corresponding to degrading bacteria.

Plastics Conditions Mechanism of degradation Enzyme Reference
PET Temperature 70-75 °C Hydrolysis PETase, MHETase [20]
PLA Temperature 50 °C Hydrolysis - [21]
PBS Temperature 50 °C Hydrolysis - [22]
PHB Temperature 50 °C Hydrolysis - [22]
PVC, PP, PE, PS (PAEs) Temperature 30-70 °C Hydrolysis and oxidation PME hydrolases [23]
PC (BPA) Adding electron donors The expression of different functional A spore-laccase [24]
and co-substrates genes
PCL Temperature 50 °C Genes colonization Catalase, Protease [25]
Various plastic Salt, low, or high pH, Hydrolysis Bacteriophilic [26]
temperatures enzyme
chemical composition of these microorganisms is

In a nutshell, polyesters can sometimes be biodegraded if
exposed to the moisture of microorganisms that cause the
enzymes. The three polyesters (i.e., the enzymes)
underwent tests and observations. The results showed that
they were all degradable by the hydrolysis reaction
enzymes. Nevertheless, all the polymerases would show
damage, to one extent or another, because of the different
enzyme categories that they contain in their reaction with
the polyester [28].

PLA is the abbreviation of biodegradable polyester, which
is obtained from renewable materials like cornflour and
sugarcane. Microorganisms can break down PLA into lactic
acid in a short time under both aerobic and anaerobic
conditions [29]. Nevertheless, the depletion rate is strongly
determined by a wide spectrum of factors, such as the
molecular weight of the polymer itself, the possible
presence of additional additives, and the hostile outdoor
environment [13]. Poly (butylene succinate) (PBS) is
another biodegradable polyester nowadays derived from
fossil fuels, but since it is a semicrystalline material, it can
be entirely made from renewable resources like plant oils.
PBS can be biodegraded by a diversity of microorganisms
like bacteria and fungi, thereby generating carbon dioxide,
water, and other naturally occurring chemicals [30]. The
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environment-friendly and easily biodegradable.

4.2 Polyether

Since 1962, polyether degradation by bacteria has been the
subject of many biological studies, in particular
polyethylene glycol, or PEG metabolism. There have been
experiments conducted that show that the ability of a
variety of microbes to break down PEG and the degree of
their degradable capacity are influenced by the peg
molecular mass. Polymers that are showing a drastic
deviation in relative molecular mass (almost close to
20,000) have been recorded in the breakdown stage. In the
background of the molecular data were the findings of PEG
researchers, who said that bacteria with an average
molecular weight below 1000 Dalton could break down
different molecules on their own, but molecules with a
molecular weight above 6000 Dalton would only work in
mixed cultures with symbiosis [28]. Many enzymatic
processes, which were under PEG biological degradation,
have been reported in this case. Besides having hydroxyl
end groups, PEG hydroxyl end groups initially involve the
enzymatic dehydrogenation of a primary alcohol to its
aldehyde. In the second reaction, the terminal carboxylic
acid is formed as the product of dissociation. Here is the
fourth step, in which the enzymatic oxidation at the a-
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position is believed to form the hemiacetal linked to
glyoxalic acid and weight reduction by losing one unit of
mass once the PEG molecules are hydrolysed. Finally, the
huddling together involves the hydrolysis of the methylene
groups within the PEG group, which is further oxidised as
the last enzymatic step. The result is a phase when ester
groups come together [28].

4.3 Polyethylene

Polyethylene is a commonly synthesised plastic material
known as one of the polymers that are resistant to
degradation. Nevertheless, the last decade or so has brought
advances in the biodegradation of polyethylene. It is noted
that some microorganisms can breakdown polyethylene,
and this process can be enhanced by means that facilitate it.
The study, which was published in the journal
Environmental Pollution, revealed that a blend of mixed-
cultured microorganisms could degrade LDPE under low
oxygen conditions in a soil or non-soil environment. The
research found that after 6 months of organism exposure,
microorganisms had caused the weight of the LDPE
samples to lose 6.7%. A different report in PLoS One
revealed the isolation of a bacterial strain that could
degrade polyethylene plastics. The data showed that the
species could degrade up to 5% of a thin film of
polyethylene for only 10 weeks, which was higher than the
previously reported rates of polyethylene degradation.
Furthermore, this study performed in the Marine Pollution
Bulletin focused on the ability of marine bacteria to
degrade polyethylene. The research showed that marine
bacteria were able to degrade polyethylene bags and films
under both aerobic and anaerobic conditions. Based on
these investigations, some microorganisms can decompose
polyethylene, which can take longer under other conditions.
Nonetheless, the whole process needs to be investigated to
fully understand the mechanisms of polyethylene
degradation biologically and to also establish strategies that
are applicable for utilising this process [31].

4.4 Polyvinyl alcohols

Polyvinyl alcohol is a polymer with multifunctionality and
is widely used in many industries. The biodegradable
carbon-carbon bonds that make up the backbone of its
molecules are what stand out the most. Water-soluble
composites and their copolymers with high vinyl alcohol
contents that are useful for coatings and adhesives are
achievable. This polymer that is easily soluble in water is
degraded in a randomised chain cleavage process, the
catalysts of which are two types of enzyme-catalysed
oxidation reactions. In its primary form, the process
involves the dehydrogenation activity of extracellular
enzymes that target the hydroxyl groups sequentially. The
1,3-glycol structure in the two repetitions of the two
progressively larger units is converted to a 1,3-diketone.
Following the carbon bond breaking process, the
subsequent reaction will involve one of the ketone groups,
which will convert to the carboxylic group, resulting in
chain rupture. The product of the concluding reaction
mimics a Claisen condensation shown in organic chemistry,
and as a result, the resultant compound is acetic acid, which
microorganisms may utilise [28].

4.5 Polyacrylic acids

Polyacrylic acid is a synthetic polymer with a wide range of
applications, such as personal care, detergents, and
wastewater treatment. Due to its high solubility in water, it
is simply transported through wastewater treatment systems
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and, eventually, ends up in the natural environment. While
polyacrylic acid demonstrates a tendency to biodegrade
under natural conditions, the degradation mechanism is not
well defined. In contrast, it has been found that only
samples of low molecular weight (less than 4000) are active
and biodegradable, while greater ones degrade at a very
slow rate [28]. Other researchers have pointed out that the
biodegradation process of polyacrylic acid may involve the
hydrolysis of the ester bonds or oxidative reactions with
enzymatic catalysis. Even though it is necessary to do the
research in order to comprehend all the mechanisms of
polyacrylic acid biodegradation and identify the
microorganisms that have the capability to break down this
polymer, this knowledge can help identify feasible
alternatives to polyacrylic acid in various sectors.

4.6 Nylon 6,6

Nylon 6 represents a kind of synthetic polymer that is
called polyamide polymer. And this is where the name
"6,6" comes from: it is a 6 “string” repeated unit form of
hexamethylene diamine (HDMA) monomers and adipic
acid monomers. Nylon 6, or more generally known as
polyamides, serves a wide variety of purposes because of
their many desirable properties, like great strength,
toughness, and good resistance to heat and chemicals. The
structure of nylon 6,6 is formed by a straight chain with
amide (-CO-NH-) linkages between the repeating units of
HDMA and adipic acid. The molecular organisation of
polymers increases the strength of molecules. To give rise
to the amide bonds that create polyamide polymers, the
HDMA monomer results in the formation of the amine
group (-NH-), while the adipic acid monomer leads to the
generation of the carboxylic acid groups (-COOH-) [32].
Nylon 6,6 production, for all intents and purposes, has been
where it is because of its exceptional properties, its
adaptability, and the multiple uses that it has. Nylon 6,
which differs from all natural polymers like cellulose by
being created from mainly non-renewable resources like oil
or natural gas, it is created by complex chemical processes
such as the polymerization of hexamethylenediamine and
adipic acid. Nylon 6's high manufacturing rate is due to its
desired properties, which include high tensile strength,
durability, heat resistance, and chemical durability. Such
characteristics make it suitable for use in a variety of fields,
including fabrics, car accessories, electric insulation, food
covering, and mechanical tools. It is due to nylon 6's
versatility and high utilization requirements across different
sectors and industries. It is important to recycle Nylon 6 as
illegible since it does end up becoming an inexorable part
of marine life after some time. It entails improper disposal
or contamination of the article, which contains Nylon 6
products, and can lead to the collection of these products in
marine water and water systems like seas and rivers. Nylon
6,6 waste that may appear as food may be consumed and
retained within a fish’s belly, seabirds’ stomachs, and
marine mammals’ stomachs, as well as getting entangled in
discarded. Fishing nets made from nylon 6,6. It can lead to
the mortality or asphyxiation of fish or marine organisms,
resulting in significant environmental damage and species
extinction. Even despite the concerning issues, the polymer
Nylon 6,6 still has wide applications in various areas
because of its above merits. It can be said that the textile
sector, owing to Nylon 6, which is the major raw material
for the manufacture of textiles, threads, and other cloth,
forms the largest market. Its heavy tensile strength,
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resistance to abrasion, and feasibility for use in dyeing,
finishing, and other procedures are vital factors in the
popularity of its use for fabrics in carpets, fisheries, and
upholstery.

Because nylon 6 is a polymer that embraces
multifunctionality, flexibility, and versatility, it has a wide
range of applications in various sectors because of its
exceptional properties. The utilisation of nylon 6 is not
limited to a particular field. Textiles can be made of it for
clothes and garments; it can be used as automotive parts,
electronics and electrical components, packaging materials,
industrial components, consumer goods, filament yarn, and
for medical purposes. These applications denote that nylon
6 presents this mildness as a suitable and versatile material
with a wide range of qualities and properties that perform
optimally within different industries. However, it is also
essential to study the environmental consequences of
polymer production, examine the sustainability of the
polymer itself to lessen the environmental impact of the
process, and research for new substitutes for sustainability
to replace or at least reduce the polymer's drawbacks on the
environment.

Polymer modifications to facilitate biodegradation

With a view to providing "weakly" connected backbones of
polymers that may include bond breakage facilitating
biodegradation, several approaches have been employed.
Polymers like polyvinyl alcohol and others having only C-
C- bonds in the main chain backbone have shown that as
giant chains, they are resistant to enzymatic breakdown
processes in general. As is the case, research efforts have
been focused on the development of polymer modifications
that are tailor-made to generate polymers with efficient
biodegradability. One of the ways to make these materials
biodegradable is to put functional groups into the main
chain, like the dynamic ester groups that can be broken by
chemical hydrolysis. The other strategy is embedding polar
groups, and especially carbonyl groups, in or on the main
chain of molecules to be exposed to chemical chain
cleavage photochemical activations as well [33].

Biodegradable and non-biodegradable polymer blends

The rate at which a blend breaks down that contains both
bio- and non-biodegradable polymers can differ
tremendously depending on several factors, including how
the components are located relative to each other and the
mixing process itself. These parameters moderately affect
the shape of the blend, which is the focus of the activity to
monitor the penetrability of the decomposable component
using this shape. Therefore, the process of polymer
selection, their ratios, and the blending technique should be
carefully  selected to  maintain these  optimal
biodegradability aspects alongside those of the desirable
physical properties of the blend. Different ways to improve
the qualities of biodegradable resins, accelerate the rate of
decomposition, increase hydrophilicity, and increase
mechanical resistance are through the blending of natural
and synthetic polymers. Mixing two or more polymers
together is known as polymer blending and is aimed at
creating a new super material that will combine the
desirable properties of both polymer systems. This kind of
biodegradable polymer blend is carried out through the
blending of a thermoplastic biodegradable resin with a non-
biodegradable one. Those blends are anticipated to be much
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more bio-based and break down in nature as opposed to
conventional petroleum-based plastic materials [34].

Starch-based plastics are a kind of biodegradable plastic
that is extracted from renewable sources; thus, they have
gained much attention as an environmentally friendly
material instead of oil-based plastics because of their
superior environmental properties. Most carbohydrates
available today are derived from natural sources. Starch
stands out as the most cost-effective and abundant. Starch
can be extracted from a variety of sources, including corn,
wheat, and potatoes, making it an easily accessible raw
material. Due to its availability and biodegradability, starch
is widely used in the manufacture of biodegradable plastics.
However, starch has limitations in its mechanical
properties, such as brittleness and poor water resistance,
which restrict its use in many applications. To enhance its
properties and make it more suitable for a broader range of
applications, starch is often blended with other
biodegradable polymers, such as polylactic acid (PLA) or
polyhydroxyalkanoates (PHA). These polymers
complement starch by providing improved strength,
flexibility, and processability, while also maintaining high
biodegradability. The blending process creates a composite
material that leverages the natural biodegradability of
starch and the enhanced physical properties of the synthetic
polymers, resulting in a more versatile and sustainable
plastic. To further expand the utility of starch-based
materials, chemical modifications can be applied to alter
the molecular structure of starch. Esterification or
etherification is used as a chemical engineering processes.
Functional groups of starch can be modified to improve its
compatibility with other polymers, increase its water
resistance, and enhance its thermal stability. These
modifications allow starch-based plastics to be tailored for
specific applications such as packaging, agricultural films,
and disposable items. Additionally, starch can be
transformed into a thermoplastic material through a process
known as gelatinization. In this process, starch is mixed
with water and subjected to heat and pressure, causing the
starch granules to swell and break down into a viscous,
moldable mass. This thermoplastic starch (TPS) can then be
processed using conventional plastic manufacturing
techniques, such as extrusion and injection molding, to
produce a variety of biodegradable plastic products. The
ability to convert starch into TPS further extends its
applicability in the production of eco-friendly plastics [35].
This property can be attained with a small percentage of
hydrophobic plastics like polyethylene and poly (methyl
methacrylate) blended with plasticized starch, which in turn
leads to products with inhibitory degradation and good
mechanical features. This class of starch-based polymeric
materials can be an eco-friendly alternative to
conventionally produced plastics that are not biodegradable
and might be the cause of increasing landfill waste. Apart
from several studies that have been carried out for the use
of starch-based plastics in several applications, such as
packaging, agricultural films, and disposable goods, reports
show that they can replace the synthetic polymers. In the
food industry, they serve this function well; almost every
snack, confectionery, and frozen food pack is made of
them. They also serve as soil filtration films, adding
fertility to agricultural land. Other than this, there has been
an exploration of their involvement in biomedical devices
(such as drug delivery systems and tissue engineering).
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[36]. The decomposition process of starch-based plastics
can be one of the truly desirable alternatives to
conventional plastics, which can easily stay alive in nature
for many decades. Although the biodegradability of starch-
based plastics is influenced by numerous parameters, such
as the level of their crystallisation, the type of plasticizers,
and the oxygen and humidity levels in the surroundings, it
is simply not enough to use this type of material to
manufacture packaging. So, given that the starch
degradation process is influenced by a lot of variable
factors, it is very difficult to track the starch degradability
for a particular application and in different disposal
conditions [37].

Rate and mechanism of polymer biodegradation
Polymer biodegradation is a complex process that involves
several pathways, including hydrolytic degradation,
oxidative degradation, and microbial degradation. Each of
these pathways is influenced by specific factors such as
molecular weight, crystallinity, and cross-linking, which
determine the rate and extent of degradation. In comparison
to their non-fluid equivalents, liquid-state polymers have
faster break-down times in comparison to their equivalents
in the non-fluid state. The speed of degradation of polymers
associated with the solid state is a multifactorial process
that is conditioned by the polymer composition, molecular
weight, morphology, crystallinity, and degree of cross-
linking. Polymers can provide multiple processing paths
that include physical, chemical, and biological degradation.
Biodegradation utilizes physical processes to pull down the
polymeric chains through friction, water attack, or analysis
(chemical breakage). Biodegradation is a chemical process
that involves the splitting of the polymer links, which are
opened by some chemical reaction like oxidation,
reduction, or hydrolysis. Microorganisms degrade plastics
in a biological decomposition process, which is mediated
by enzymes breaking the polymer chains forming the
plastics. For example, in the case of polyester, the
hydrolysis of the ester bonds occurs quickly. The pace of
biodegradation can be increased by the modification of the
polymer with the function group, which is prone to the
attack of enzymes or hydrolytic degradation. Alternatively,
hydrolytic additives and fillers may be introduced into the
polymer matrix. Alongside this, more effective processing
techniques, such as blending or copolymerization, could
also provide the necessary improvements in the mechanism
and breakdown rate of solid polymers [38].

The process of biodegrading polymers in the solid state can
be very variable duration-wise, with wide alternative ranges
depending on the chemical composition of the polymer and
environmental conditions. For example, in soil and
compost, the degradation rate of PCL and PLA is higher
than in water. The rate of biodegradation is also influenced
by the molecular weight of the polymer, with lower-
molecular-weight polymers degrading faster than higher-
molecular-weight ~ polymers.  The  physicochemical
conditions in the solid phase that control the mechanism of
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polymer degradation are also dependent on the degree of
crystallinity and cross-linking of the polymer. High
crystallinity and  cross-linking  polymer  systems,
meanwhile, inclusive of amorphous and non-cross-linked
ones, are less prone to being degraded. However, a
significant concern is that the addition of plasticizers or
other structural changes might increase amorphous regions,
decrease the extent of cross-linking, and hence reduce the
biodegradability of the polymer [39]. In PLA, hydrolytic
degradation is the primary pathway for PLA. The
degradation rates are strongly influenced by molecular
weight and crystallinity. Studies have shown that PLA with
lower molecular weight and lower crystallinity degrades
more rapidly in composting environments.
Polycaprolactone, another biodegradable polyester, exhibits
a degradation rate that is inversely proportional to its
crystallinity. Highly crystalline PCL degrades slowly, while
amorphous PCL can degrade much faster in the presence of
microbes. Cross-linked polymers, such as wvulcanized
rubber, are highly resistant to both oxidative and microbial
degradation due to their stable network structure. However,
this resistance makes them less suitable for applications
where biodegradability is desired.

There are two ways in which the enzymes act on the
polymer. In the first approach, it is reared, not particularly
with a group of monomers from the polymeric chain. The
introductory approach consists of either a diffusion of
extracellular hydrolases or hydrolysis of the polymer into
water-soluble compounds. This microorganism variably
releases an enzyme, which then disintegrates the plastics
into microparticles that move in the aquatic environment. In
the second, more complicated example, the enzyme relates
to or is bonded to the microorganism's outer cover or cell
surface, which then attaches itself to the polymer surface, to
which the output of the enzyme leads to seeking and
binding to that part of the polymer that it can see and may
bind to. On the other hand, the enzyme proteins are high-
molecular-weight proteins; therefore, they are largely
complex with the solid polymer’s molecule and lack the
capability to penetrate the bulk of the polymers unless the
polymers are swollen by solvent [40].

7.1 Mechanism of Biodegradation

Microorganism degradation is how living things break
down organic substances into simpler substances, such as
carbon dioxide, water, and biomass. It is this process that is
of paramount importance regarding carbon cycling and
other elements cycling through the environmental
ecosystem, and it is also an indispensable feature for the
elimination of many pollutants in our environment. The
biodegradation process typically involves three key steps:
(1) amylase and protease; (2) reduction; and (3) absorption.
This is an enzymatic hydrolysis phase in which the
microorganisms secrete extracellular enzymes, resulting in
the degradation of complex organic compounds into
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simpler compounds. The resultant simpler compounds are
subsequently allowed to transport into the microbial cells
and undergo an oxidation process. The oxidation process is
just the opposite of obtaining electrons from exogenous
compounds. At last, the oxidised compounds are taken up
by the microbial biomass, which is utilised as a source of
energy and organic products to be used for cell biochemical
processes [41].

The catalysts that participate in biodegradation are
generally defined by the types of compounds. For example,
lipase breaks down the triglycerides to form two fatty acids
and one monoglyceride, and proteases break down proteins
into peptide compounds. These are organs that are
synthesised by a range of microorganisms, including
bacteria, mushrooms, and yeast cells. They are inducible,
involving a switch that is 'on' and marking high synthesis
levels in the presence of specific compounds in the
environment. The reductive biodegradation process has an
oxidation step, which works by using oxygen or other
electron acceptors to remove electrons. This mechanism
usually occurs either at the cell membrane or in the
microorganism's cytoplasm, while enzymes such as
dehydrogenases and oxygenases are two of the many others
mentioned as catalysts of the process [42]. In many cases,
the electrons taken away are used in the generation of
adenosine triphosphate (ATP), which is the primary cell
currency of energy. Also, the integration phase, basically
the formation of oxidised compounds that are assimilated
by the same biomass, is included in the overall process of
biodegradation.

7.2 Kinetics of Biodegradation

Biodegradation kinetics is the study of the intensities and
degrees of conversion brought about by the
microorganisms, considering the concentration of solutes,
temperature, and pH of the medium. The breakdown of an
enzyme-polymer system is a result of the bond scission
number that the enzyme causes on the molecule prior to
disassociating from it; it depends on whether the bond
breakup is reversible or not. For different enzyme-polymer
bonds, the actual dissimilation procedures can differ.
Whether microbial biodegradation is measured through
weight loss measurements, gas dispersal, CO2 emissions,
or microbial growth measurements, the rates of these
processes can vary significantly. The basis of this rate is
calculated by calculating the number of materials that have
been reduced over time. This way, researchers would be
able to determine how much biodegradation and the rate of
the process occurred. The data obtained by this kinetic
phenomenon can be studied by implementing different
models based on existing theories like first-order, second
order, and mixed-order kinetics. They are virtual tools that
allow you to access information on the reaction mechanism,
how fast the material decays, and how long it takes to
decompose. Numerous experiments have been carried out
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by wvarious institutions to look at the Kinetics of
biodegradation of different polymers such as polyesters,
polycaprolactone, polyhydroxyalkanoates, and starch
plastics. As such, using polycaprolactone as the material for
biodegradable purposes can be recommended as it achieves
the desired life span of 22 weeks [43]. Research published
in 2016 about the biodegradation of bacterial
polyhydroxyalkanoates demonstrated that the process was
followed by mixed-order kinetics, and the rate constant
depended on the molecular weight of the polymer [44].

In their research, the scientists presented a broad general
approach to biodegradation kinetics, mediating both single
and multi-scission mechanisms, which are common. The
concept is based on attack at any selective location on
polymeric chains. When the enzyme makes an initial
cleavage, it can eventually either disengage from the chains
and do a single scission process, or it can stay attached and
there can be multiple bond cleavages on the chain as the
enzyme keeps moving along it. Three variables are the
decent substrate polymer, the fragment size built by the
first assault, and the number of repetitive scissions
accommodated when the enzyme remains complexed with
a fragment of the two produced from the initial
polysaccharide molecule, and these elements define the
therapy effectiveness [28]. The study other researchers
conducted employed a theory that explains the way
microorganisms attack and utilise such anaerobic digesters
of dead organic matter as cellulose and fatty acids. The
notion says that not only enzymes that are in a soluble state
are responsible for deterioration, but microorganisms that
fix themselves onto the substrate's surface, carry the
substrate or molecular fragments into cells, and attack them
at the point of adhesion and enzyme assault are also to
blame. The contact of the cell with the growth medium, the
number of adsorptive points on the growth medium per
enzyme complex and attack, the average particle size and
total surface area of the medium, cell concentration, and
cell loading are the main variables that affect the process
under question [28]. This inevitably requires the inclusion
of biodegradation kinetics in the list of parameters that a
biodegradable product manufacturer must consider when
creating and determining its bioavailability for
environmental purposes.

Plastic waste management

At present, there are few options for proper disposal of
plastic waste other than incineration, burying in landfills, or
recycling the material. Conversion is the process of burning
down the plastic waste that contains hazardous chemicals in
the air. The horizon of plastic burial in landfills has
gradually moved from a technically simple way analogous
to chemical neutralisation to a biologically active method
supported by water that is not far from the landfill surface
to have organised microorganism growth. These
microorganisms may then retrieve the organic material
already present in the waste, which can be driven by the by-
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products of water, carbon dioxide, and methane. By
recycling plastic waste, we mean that it is processed into
materials that can help lower the volume of plastic that is
thrown into landfills and burned with other waste.
Nevertheless, the recycling of plastic waste is poised to be
quite a challenge since the rates for the recycling of such
material are generally low, and it might be difficult to
recycle certain kinds of plastic [45].

Plastic waste management has become one of the major
environmental problems because of the rising quantity of
plastic waste produced internationally. This dilemma has
been alleviated with numerous methods suggested and
implemented, as shown in Figure 3. The single way may be
all that is aimed at reducing the waste of plastic by
appealing to consumers and governments around the globe
to less use of plastics like bags, bottles, and plan containers
and even minimising single use of plastics. In addition to
these, there is reusing, which refers to turning plastics into
other items. Yet, sorting the plastic waste, the high price of
recycling, and the few places for recycling equipment are
the most evident issues in the plastic recycling efforts. The
other ways to deal with this issue should be the raising of
biodegradable plastics in the system of nature as well as the
implementation of regulations and policies thereby
decreasing the amount of plastic waste. In addition to this,
innovative technologies are being brought about for plastic
waste processing into valuable products, for instance, fuel
and chemicals, by simple burning processes such as
pyrolysis and gasification [46]. An equal focus is placed on
the improvement of the collection and disposal of plastic
trash, primarily in countries now in the development stage
where waste management is often not up to date. This
entails the implementation of municipal waste management
systems that promote community involvement in waste
collection, in addition to the application of relative waste
collection and disposal technologies. Though wise, efficient
management of plastics requires a combination of
techniques, including reducing waste generation, recycling,
using biodegradable plastics, government policies and
regulations, technological advancement, and improving
waste collection and disposal infrastructure.

Fecycling

Figure 3 Degradation of polymers in different environments
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8.1 Seawater

Oceans occupy 71% of the earth’s surface and are home to
97% of the planet’s water [47]. The sea water is usually
regarded as having a high salt content of 34-37 ppt. Up to
99% of the salts are ionic compounds containing chlorine,
sodium, sulphur, magnesium, calcium, and potassium [48].
Surface temperatures range from 30 °C in summer to -1 °C
in winter on the seabed, and they depend not only on the
season but also on the depth and location [49]. Standard
seawater is typically considered to be 15 °C. The pH value
of seawater is neutral, 7.5-8.4, a little more in the alkaline
milieu [48]. Only very few fungi can withstand seawater,
while anaerobic microorganisms dominate among the
existing bacteria, especially in deep layers with low oxygen
content as compared to aerobic microorganisms [50].
Alongside the temperature, the availability of light is also
of paramount importance since it is a resource that is used
by photosynthetic microorganisms and algae [51].
Understanding how various factors influence the
degradation of polymers in seawater is crucial to mitigating
plastic pollution. The type of polymer itself plays a key
role, with biodegradable options like polyesters (PLA,
PHB) degrading under specific conditions (warm, aerobic
environments), while resistant polymers like polyethylene
(PE) require significant time (hundreds of years). Abiotic
factors like sunlight (UV radiation can break down polymer
chains) and temperature (warmer water accelerates
degradation) further influence the process. Biotic factors
also play a significant role, with marine microbes like
bacteria and fungi utilizing enzymes to break down
polymers. The specific marine environment (salinity,
oxygen levels, and currents) also impacts the degradation
rates and distribution of microplastics formed during
breakdown. Research is actively developing new, targeted
degradable polymers and modifying existing ones for
marine applications. By understanding the interplay
between these factors, scientists can optimise the
degradation behaviour of polymers, minimising their
negative impact on marine ecosystems. The degradation of
polymers in seawater is a complex process influenced by
factors such as salinity, temperature, UV radiation, and
microbial activity. The persistence of plastics in the marine
environment is a significant concern due to the formation of
microplastics, which have detrimental effects on marine life
and ecosystems. Polyethylene (PE) and polypropylene (PP)
are widely used non-biodegradable polymers that are highly
resistant to degradation in seawater. The low water
permeability coupled with the lack of functional groups
susceptible to hydrolysis means that PE and PP can persist
for hundreds of years in marine environments. Physical
forces such as wave action and UV radiation cause these
plastics to fragment into smaller pieces. This leads to the
formation of microplastics. These microplastics can be
ingested by marine organisms leading to bioaccumulation
and potential harm throughout the food chain. Polylactic
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acid (PLA) is a biodegradable polymer designed to degrade
under industrial composting conditions. However, its
degradation in seawater is slow due to the low temperatures
and reduced microbial activity compared to terrestrial
environments. Studies have shown that PLA can persist in
seawater for several years gradually breaking down into
microplastics that pose similar risks to marine life as
conventional plastics. Polyhydroxyalkanoates (PHAS) are
naturally ~ occurring  biopolymers  produced by
microorganisms. They are more susceptible to microbial
degradation in seawater compared to synthetic polymers.
The degradation rate of PHAs in marine environments is
influenced by factors such as polymer composition,
salinity, and the presence of specific marine microbes
capable of metabolizing PHA. Although PHAs degrade
faster than conventional plastics, the rate is still slow
enough that they can contribute to microplastic pollution if
not properly managed. Polymers degrade in seawater, they
often break down into microplastics—tiny plastic particles
less than 5 millimeters in size. These microplastics are
ubiquitous in the marine environment and pose a significant
threat to marine life. Microplastics can be ingested by a
wide range of marine organisms from plankton to large
marine mammals. These particles can cause physical harm
such as internal injuries and blockages, and can also
introduce toxic chemicals into the organism’s body.
Microplastics can bioaccumulate leading to higher
concentrations of harmful substances up the food chain,
potentially impacting human health. The widespread
presence of microplastics in marine ecosystems can disrupt
the balance of these environments. Microplastics can alter
sediment properties, affect the behavior and reproduction of
marine organisms, and even influence the availability of
food resources. The long-term ecological impacts of
microplastic pollution are still being studied, but evidence
suggests that they contribute to the decline of marine
biodiversity and the degradation of ecosystem services.

8.2 Fresh water

The two main types of freshwater bodies are stagnant and
dynamic waters. The environmental conditions are like
those in seawater, with a salt concentration of less than 1
ppt [52]. Temperatures vary by season, rainfall, location,
and depth of water. Lake Constance in Central Europe
measures temperatures from 4 to 25 °C [53], while in the
African Lake Victoria, temperatures range from 24 to 29 °C
[54]. The pH of freshwater ranges from 6 to 9 [52, 55]. It is
amazing to learn that bacteria and fungi are the main
biological decomposers in fresh water, with fungi located a
millimetre or two below the water surface. In freshwater
environments, polymers like polylactic acid (PLA),
polyhydroxyalkanoates (PHAS), and starch-based materials
generally exhibit relatively faster degradation rates. This is
largely due to the higher levels of microbial activity and the
presence of enzymes that can break down polymer chains.
For instance, PLA has been shown to degrade within
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months in freshwater environments, especially under warm,
aerobic conditions. Similarly, PHAs, which are naturally
produced by microorganisms, degrade efficiently in
freshwater, with complete degradation occurring within a
year depending on the specific conditions. In contrast, the
degradation of polymers in seawater is often significantly
slower. The high salinity, lower temperatures, and reduced
microbial activity in seawater can inhibit the breakdown of
polymers. For example, PLA, which degrades relatively
quickly in freshwater, can take several years to degrade in
seawater due to the reduced enzymatic activity and lower
temperatures. Additionally, the presence of biofilms on the
surface of plastics in seawater can further slow down the
degradation process by creating a barrier that limits the
exposure of the polymer to degrading agents.

8.3 Soil

The biodegradation within the soil is even more diversified
than in other environments. The soil texture can be
different in different regions. Densely packed loamy soil
with particles < 2 m leaves very little space for gas
diffusion with the environment, whereas this process is
almost impossible in coarse sand with particle sizes up to 2
m. Depending on precipitation and climate, temperatures
and pH values vary; the former may range from 2 to 11
inches. This process at the same time regulates the
population density and activity of microorganisms in the
soil [56]. Nevertheless, aerobic decomposition is usually
postulated in the soil environment [57]. The effectiveness
of polymer degradation in soil is influenced by the
polymer’s chemical structure, the presence of specific
microorganisms, and environmental conditions (soil type,
moisture, and temperature). Polylactic acid (PLA) is a
popular biodegradable polymer that degrades in soil under
composting conditions. However, its degradation rate in
natural soil environments is slower due to the lower
temperatures and variable moisture levels compared to
industrial composting settings. It was reported that
polylactic acid degradation occurred through hydrolysis
where the ester bonds in the polymer backbone were
broken down by water followed by microbial assimilation
of the resulting lactic acid. Polyhydroxy acids (PHAS) are a
class of biodegradable polyesters produced by
microorganisms. They are known for their effective
degradation in soil particularly in environments rich in
organic  matter.  Soil-dwelling  bacteria such as
Pseudomonas and Bacillus species can metabolize PHAs,
breaking them down into carbon dioxide, water, and
biomass. The degradation rate of PHAs in soil is influenced
by factors such as polymer composition, crystallinity, and
the presence of microbial communities. Blends of starch
with  other  biodegradable  polymers such as
polycaprolactone (PCL) exhibited good biodegradability in
soil. Starch is a natural polysaccharide that is readily
consumed by soil microorganisms. The biodegradation of
starch-based polymers is initiated by the enzymatic
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breakdown of starch into glucose which is then metabolized
by microbes, leading to the degradation of the entire
polymer blend. Soil microorganisms play a pivotal role in
the biodegradation of polymers. The microbial community
in soil is diverse. It is consisting of bacteria, fungi, and
actinomycetes that produce enzymes capable of breaking
down complex polymer structures. Certain bacterial species
such as Pseudomonas, Bacillus, and Rhodococcus, are
effective at degrading polyesters like PHAs and PLA.
These bacteria secrete depolymerases that cleave the
polymer chains into smaller oligomers which are further
broken down into monomers that can be metabolized. Soil
fungi, including species from the genera Aspergillus and
Penicillium contribute to polymer degradation by
producing extracellular enzymes such as cellulases, lipases,
and esterases. These enzymes are particularly effective at
breaking down starch-based polymers and
polycaprolactone. The rate of polymer biodegradation in
soil is highly dependent on soil type, moisture content,
temperature, pH, and the presence of organic matter. Sandy
soils with their lower organic content and microbial activity
generally exhibit slower biodegradation rates compared to
loamy or clayey soils which have higher moisture retention,
organic matter, and microbial density. Polyhydroxy acids
(PHAs) degrade more rapidly in loamy soils rich in organic
carbon which supports a thriving microbial community.
Adequate moisture is essential for microbial activity and
the hydrolysis of biodegradable polymers. However
excessive moisture can lead to anaerobic conditions which
may slow down degradation. Optimal temperatures for soil
biodegradation are typically in the range of 20 - 30 °C.
Degradation rates decrease significantly at lower
temperatures as microbial activity slows down. The pH of
the soil can influence enzyme activity and microbial
growth. Most biodegradable polymers degrade more
efficiently in neutral to slightly acidic soils (pH 6-7). High
levels of organic matter in the soil provide a rich substrate
for microorganisms enhancing the biodegradation of
polymers such as starch-based materials and PHAs. The
OECD Protocol 307 is a laboratory soil biodegradation test.
Here, the temperature is set at 20 °C, an interval of 120
days, and a pH of 5.5-8 [58].

8.4 Composting

The composting environment is frequently looked upon as
a homogeneous ecosystem where aerobic conditions govern
the ecological niche, and the composting process can be
better controlled in terms of composition, pH, humidity,
and size than biodegradation in soil [56]. While the
composition of compost material varies depending on the
source, green waste and agricultural residues are widely
used. The purpose is to achieve a relative humidity of 45—
60% and a pH value of 6.5-8.0 [59]. No ISO standard or
ASTM qguidelines are available for home composting
conditions. This means polymeric is characterised as home
compostable if at least 90% (measured after CO2 release) is
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degraded within 12 months at ambient temperatures of 20—
30 °C [60].

8.5 Industrial composting

In contrast to home compost, commercial composting units
operate at 50-60 °C [61], which gives a boost to the
thermophilic bacteria and fungi at that temperature. This
causes the process of biological degradation to take place
for a shorter period. Aside from that, the size and structure
of the compost pile also play an important role. In addition,
regular and thorough aeration are other measures to boost
degradation [62]. The temperature set for the industrial
composting method mentioned in DIN EN 14855 is 58 °C
at a maximum duration of 6 months. Composting and
industrial composting are the same word in the same
context given the circumstances and are grouped.

8.6 Recycling

Mechanical recycling involves the collection, sorting, and
processing of plastic waste into new materials. This method
is limited by the quality of the recycled material which
often degrades with each cycle reducing its usability for
high-performance applications. Contamination, the mixing
of different polymer types, and the presence of additives
reduce the effectiveness of mechanical recycling. However
mechanical recycling remains a cornerstone of current
plastic waste management strategies [63-65]. Chemical
recycling offers a promising alternative to mechanical
recycling by breaking down plastic waste into its
monomers or other chemical feedstocks which can then be
repolymerized into new plastics [66-67]. This method
allows for the recycling of mixed and contaminated plastics
that are difficult to process mechanically [68-70]. Emerging
technologies such as pyrolysis, gasification, and solvolysis
are driving the advancement of chemical recycling.
Pyrolysis, for example, converts plastic waste into fuels or
raw materials for new plastics, reducing reliance on virgin
fossil resources. Gasification transforms plastic waste into
syngas, which can be used to produce chemicals and fuels,
while solvolysis uses solvents to depolymerize plastics into
their constituent monomers [71]. Although chemical
recycling holds significant potential, it faces challenges
such as high energy requirements and the need for clean
feedstock. However, ongoing research aims to improve
process efficiency and scalability [72].

8.7 Landfill

Landfilling remains one of the most common disposal
methods for plastic waste. However this approach has
significant drawbacks, including the long-term persistence
of plastics which can take hundreds of years to degrade,
and the risk of leachate contamination in surrounding
environments and ground water. Like seawater and fresh
water, landfills decay under anaerobic conditions.
Anaerobic decomposition at first proceeds under dry
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conditions with the aid of the microorganisms that come
from digestion tanks. To speed up decay, moisture and
oxygen can be added during and after the operation of the
plant. The pH value lies in the range of 5.8 and 8.5 [56, 73].
The leachate that is collected from the bottom is recycled
and then no longer allowed to re-enter the soil and
groundwater, which may lead to an increase in the
performance of a landfill [74]. Table 3 summarizes the
main environmental factors, as well as the most important
ones for biological disintegration. The biodegradation of
various polymers in all environments is presented in Tables
4 and 5.

8.8 Incineration

Incineration is another widely used method, particularly for
reducing the volume of plastic waste. While it provides
energy recovery, it also generates harmful emissions such
as dioxins and furans, which pose health and environmental
risks. The inefficiency of some incineration processes
further exacerbates these issues.

Limitations of biodegradable polymers

Biodegradable polymers are an excellent option for
removing plastic waste and establishing sustainability.
They have some limitations in comparison with non-
biodegradable polymers; understanding allows choosing
the right material for the specific purpose.

With advancements in research and development, it is
possible to make biodegradable polymers a more attractive
and accessible alternative. The benefits of biodegradable
polymers include environmental friendliness, which
reduces plastic pollution and promotes a more sustainable
future, as well as renewable resources. Utilising renewable
resources, lessening dependence on fossil fuels, and
improving waste management, compost offers a sustainable
option for disposal [75]. Biodegradable polymers have
limitations: Slower biodegradation rates: biodegradation
can differ widely depending on the environment and
microorganisms utilized. Lower mechanical strength: This
may be inappropriate for applications that require high
strength. Production cost may be higher than for non-
biodegradable materials [76]. Table 6 provides the
comparative analysis.

Table 3 The major environmental variables along with their key degradation parameters.

Environment Temperature pH Oxygen Availability Moisture Key Microorganisms Ref.
(©)
Seawater 30 (surface) 7.5-8.4 Mostly anaerobic  High Anaerobic bacteria [48-50]
-1 (seabed) (alkaline) (deeper layers)
Freshwater 4-29 6-9 Variable (aerobic &  High Bacteria, Fungi (limited depth) [52-55]
anaerobic zones)
Soil Varies depending  2-11 Aerobic (generally  Variable Bacteria, Fungi, Archaea (in some  [56-58]
on region and assumed) cases)
depth
Composting 20-30 (ambient) 6.5-8.0 Aerobic Moderate-High (45-60%  Bacteria, Fungi [59,60]
(Home) relative humidity)
Composting 50-60 Neutral Aerobic High Thermophilic bacteria, fungi [61,62]
(Industrial) (around 7)
Sewage sludge 37-50 Variable Variable (aerobic &  High Diverse bacteria, archaea  [63-65]
anaerobic zones) (anaerobic)
Landfill Varies with depth 5.8-8.5 Anaerobic Variable (initially dry, = Methanogenic archaea (anaerobic) [65-67]
moisture added later)
Table 4 The polymer degradation in various environments at standard conditions 25°C.
Polymer Landfill Soil Seawater Compost Fresh Water Ref.
PLA Slow till 11  No change It is not suitable for Minimal change No change [68]
months biodegradation over one year
PHB 90% after 4  0.12%/day at 28 °C 7% was detected after 1 year. ~ 6% was observed at 150 7% was measured after  [69-70]
weeks days. 180 days, and 35% after
358 days.
PCL - Very Slow degrades completely in justa  Degradation can be - [71-73]
few weeks observed after a few
weeks
PBS - Degradable but - - - [74]

after 180 days only
11%
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Table 5 The polymer degradation in various environments.

Polymer Landfill Soil Seawater Compost Fresh Water Ref.
Copolymer of PLA and Slow till 15 Degradation occurs at Mass loss after High Temp at 45-70 °C - [75-77]
glycolic acid, poly (lactic-  months 45°C after 8 Weeks. 270 days degradation occurs after
co-glycolic At 50 °C occurs at 5 17 days
acid) (PLGA) Weeks
PHB 13 daysat 30 different pH values at 160 days at 29  temperature of 55 °C - [78-79]
(Polyhydroxybutyrate) °C different  temperatures °C observed nearly 80%

and humidity over a biodegradation after 30

period of 200 days days
PHBV total mass loss  Degradation occurs at At 29 °C, a total  100% after 21 mol% was [80-81]
(Polyhydroxybutyrate- of 60% could different temperature mass loss of 70 daysat20-24°C degraded within

co-valerate)

be determined
after 350 days

46% within 160
days

254 days, at 6 °C

at 35°C

Table 6 A comparative analysis between biodegradable and non-biodegradable polymers

Property Biodegradable Polymers

Non-Biodegradable Polymers

Origin

Renewable resources (plants, microorganisms)

Fossil fuels

Biodegradability

Degrade by microorganisms into harmless byproducts

Persist in the environment for centuries

Environmental Impact
emissions

Reduced reliance on fossil fuels, minimized CO,

Contribute to plastic pollution in landfills and oceans

End-of-Life
Management

Composting or anaerobic digestion

Landfill disposal, limited recycling options

Mechanical Strength

Can be lower than non-biodegradable counterparts

Generally higher mechanical strength

Cost Production cost can be higher due to feedstock and  Typically, lower production cost
processing
Applications Suitable for short-lived applications (packaging, food Wide range of applications due to durability

service)

(construction, textiles)

Economic and environmental impact analysis

Table 7 displays the selling price of poly lactic acid (PLA)
and various PLA composites. The low price of cellulose
and lignin reduces the cost of PLA-composite. The selling
price of PLA composites with cellulose and lignin at 5—
30% is 1.43-1.90 $/kg [77].

Table 7 A selling price of PLA and different composites.

Type Selling price ($/kg)
PLA 1.99

P CL5 1.89-1.90

P CL_10 1.80-1.81

P CL_20 1.61-1.64

P _CL_30 1.39-1.43

Commercialization of bioplastics

In recent years, the commercialization of bioplastics has
become a topic of great interest as people seek alternatives
to address the growing plastic waste problem. Bioplastics
constitute less than 1% of the synthetic plastics
manufactured every year [78]. Plastic production has been
decreasing globally, but bioplastic production has
increased. The drivers are the rising awareness among the
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masses about the adverse effects of synthetic plastics and
different countries imposing stringent rules on the usage of
bioplastics. The transition to bioplastics has a few
challenges, including the trade-off between
biodegradability and reusability, as well as the requirement
to meet the same design and formulation standards as
conventional plastics [79]. The major companies in the
bioplastic manufacturing sector are in several countries,
such as the USA, Japan, Germany, and the Netherlands.

GLOBAL PRODUCTION

Biodegradable Non- Biodegradable

3.56

Global production (million ton )

I 2.45
I 2.46
I 2.66
—— 3.11
I 2.74

2
=3
I
o
1)
I
N
9
=3
N
w
2
=]
N
ES
o
1)
N
a
1
o
I
-3
2
=]
IS
3

Figure 4



BIODEGRADABLE POLYMERS CONVERTING ENVIRONMENTAL CHALLENGES INTO.. .. 2029

The current global production capacity of bioplastics is
estimated to be about 1.05 million metric tonnes in 2021
and 3.11 million metric tonnes in 2026, as shown in Figure
4. The global market value for bioplastics

The Figure 4 The global production capacity of
biodegradable and non-biodegradable will grow by about
four times. $ 46 billion From $11.2 billion in 2021 to
$15.02 percent the usage of biodegradable and bio-based
non-biodegradable plastics in 2021 is forecast at 58.3%,
41.7%, and 7%, respectively, reflecting the trend towards
the use of biodegradable products. According to the
bioplastic market share by region, Europe holds the largest
share at 43.5%, followed by North America (19.6%), and
Asia (19.6%). In Europe, bioplastics are mostly used for
food packaging, plastic mulch for agriculture, and plastic
shopping bags and bottles. In addition, the market will be
propelled by the increase in the use of bioplastics in key
application areas such as packaging, consumer goods,
textiles, medical devices, automotive, and transport, among
others [80-82].

Conclusions and recommendations

Polymers are materials composed of the unit’s monomers.
This is a kind of molecule consisting of a repeating
structure. Polymers were widely used in many industries as
they featured less cost and weight, as well as higher
flexibility. It has been argued that there are risks to the
environment because most polymers are made in large
quantities with low biodegradability. Most of the plastic
waste created is incinerated or landfilled, where it stays
forever for hundreds or even thousands of years until
organic decomposition occurs. Inadequate or deliberate
disposal of plastic waste may also result in the release of
toxic materials into the environment, making the air and
water particularly polluted. To face up to the problems of
which disposal of such plastics has become more and more
challenging, people have recently become more interested
in creating biodegradable polymers that can decompose by
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