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Abstract

This article focuses on the critical problem of plastic waste, with a view towards its damaging impact
towards biodiversity, human wellbeing, and the environment. It highlights the role played by chemical
sciences in converting plastic waste into useful materials through mechanical, chemical, and biological
processes of recycling. The article highlights the necessity for supportive policies and community
mobilization in raising such scientific breakthroughs. By supporting extended producer responsibility
and academia - industry collaboration, a multi-faceted intervention for effective waste management
was advocated for a coordinated intervention in transitioning towards a circular economy, in a manner
that addresses plastic waste in a sustainable way.
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INTRODUCTION

Plastic waste comes in different sizes, from large pieces known as macroplastics, which are
more than 25 millimeters wide, to tiny particles called nanoplastics, which are smaller than 1
micron. These five polymers are those primarily used in packaging (Table 1). High-density
polyethylene (HDPE) and polyethylene terephthalate (PET) are utilized in the manufacture of
bottles for toiletries, food, and cleaning supplies. Linear low-density Polyethylene (LLDPE),
low-density polyethylene (LDPE), and polyvinyl chloride (PVC) are used for the production
of several films used in packaging (John et al., 2023; Kalu et al., 2024; Moshood et al., 2022).
Plastic drink bottles are produced from PET, HDPE, and PVC, although the latter is facing
some legislative scrutiny (Gerassimidou et al., 2022). LDPE and LLDPE are the main materials
used for manufacturing single-use plastic bags. Polystyrene (PS) in its solid or expanded form
is mainly used as an economical lightweight material for packaging in food and consumer
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goods industry (Geyer et al., 2017; Kalkanis et al., 2022; Schyns and Shaver, 2021). They
represent a selection of ordinary forms of plastics while the United Nations Sustainable
Development Goals (UN-SDGs) demonstrate the grim magnitude of the situation through
responsible consumption and production. Target 12 on objectives, chemical sciences can offer
innovative solutions in this context for converting plastic waste into useful products. The
focus of the investigation is on the interaction between science, society, and politics to figure
out how treated plastic waste can be turned into a resource, and how to pave the way towards
sustainability.

Table 1 The five major packaging polymers by percentage collection and their
applications (Schyns and Shaver, 2021).
Polymer matrix Percentage of overall waste Packaging applications
PS <2.0 To-go boxes, consumer goods, disposable cutlery,
insulation.
pPVC <2.0 Pipes, flooring, packaging, electrical insulation,
construction materials.
PP 10.2 Medical supplies, textiles, straws, automotive
parts.
HDPE and LDPE 22.0 Plastic bags, pipes, packaging films, bottles, liners,
bottle caps.
PET 40.0 Jam containers, trays, and beverage bottles.

The Plastic Waste Crisis

Discarded plastic is one of the foremost issues which greatly threatens biodiversity and
human health as well as the environment as a whole (Azevedo-Santos et al., 2021; Bottari et
al., 2024; Single-Use Plastics, a Roadmap for Sustainability, 2018). This prevalence, along with
microplastics can be attributed to their durability and resistance to degradation, thereby
penetrating food chains, and into ecologies (Shehu et al., 2023).

The way industries produce and consume disposable plastics has led to a significant depletion
of resources and serious environmental damage, and this linear approach to using
microplastics has created many unsightly problems in our modern world (Kalu et al., 2024;
Rauniyar et al., 2024).

The effect of waste plastics in the environment such as the release of greenhouse gases (GHGs)
as a result of the production and burning of plastics (Figure 1), inevitably contributing to
global warming has been profound (‘Burden of Plastic Waste in Nsukka Metropolis’, 2024;
Shen et al., 2020). Hence, there is a need to seek for veritable solutions to curbing the impact
of waste plastics in the environment and combating climatic changes.
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Figure 1 Lifecycle of plastic waste and path to sustainability (Source: This Study).

Valorization through Chemical Sciences
The development of new chemical techniques for the recycling and utilization of plastic waste
is likely to encourage and boost resource recovery and economic development.

Mechanical Recycling

One of the most used methods for processing plastic waste is mechanical recycling. It consists
of collecting plastic materials, sorting and shredding them, and subsequently melting and
reforming them into new products (Figure 2) (Ragaert et al., 2017; Roy et al., 2023)
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Figure 2 Mechanical recycling of plastic waste (Source: This Study).

Because packaging plastic waste is very sensitive, mechanical recycling is very critical. It
entails the physical reclamation of plastics, which takes place by extrusion, where post-
consumer marked plastic waste is transformed to regranulated plastic material. The five
primary types of polymers in focus for this process include: poly (ethylene terephthalate)
(PET), polyethylene (PE), polypropylene (PP), polystyrene (PS) and poly (vinyl chloride)
(PVC) - Table 1.

In recycling plastic materials, the mechanical force and heat put out into the material has the
potential to cause degradation through chain scission and crosslinking. This process becomes
problematic due to the physical attributes of the plastic material that is set aside for recycling,
as it tends to lose its tensile strength and elongation at break (Schyns and Shaver, 2021).
Stabilizers, chain extenders and compatibilizers are used in attempts to improve the recyclate
and the overall efficiency of the processes to try to address this issue (Schyns and Shaver,
2021). Further challenges still remain such as contamination with materials that are non-
recyclable and the low levels of sorting that is required, despite the efforts that have been put
in place. Adopting a circular economy model will need the development of new innovations
that target the mechanical recycling technologies to enhance the effectiveness of plastic reuse
and damage mitigation plastic industries impact on the environment.

Chemical Recycling

One of the most innovative techniques of recycling is advanced or chemical recycling. It is a
solution to the problems of conventional mechanical recycling. Advanced or chemical
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recycling, which makes use of chemical reactions, includes breaking down plastic into its base
monomers or other chemicals of high worth (Harasymchuk et al., 2024). One of such ways of
this process is pyrolysis, which is the thermal breakdown of plastic materials into char, oil,
and gas in the absence of oxygen. The products from this process could then be used for new
plastics or as a fuel source. Doing this helps a lot in keeping the waste from reaching landfills
and aids in the lowering of the need for brand new materials (Hou et al., 2021; Ragaert et al.,
2017; Tang et al., 2024).

Another approach is termed depolymerization, which is the disintegration of polymers into
their monomeric forms. This allows for high-grade recycled materials to be produced. It might
also work for polyesters like PET, which are widely used as beverage containers. Chemical
recycling can generate products that are the same as the new plastics by converting the waste
back into its original monomers and essentially closing the loop in the lifecycle of plastic (Long
et al., 2019; Schade et al., 2024).

Biochemical Process

The use of biochemical methods in plastic waste valorization are gaining recognition over the
conventional chemical methods. Enzymes are now been adopted to breakdown plastic waste
through enzymatic recycling into its monomeric units (Figure 3). Some enzymes have been
discovered to be able to breakdown polyethylene terephthalate (PET), which has a potential
to revamp the process of recycling and fostering an environmentally friendly and more
efficient waste management system (Adekunle and Okolie, 2015; Lee et al., 2023; Moshood et
al., 2022).
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Figure 3 Biochemical process of PET recycling (Source: This Study).

Factors affecting the biochemical process
Several factors impact the biodegradation process such as the morphology and structure of
the polymer, chemical treatment, and molecular weight (Pan ef al., 2020).

i.  Hydrolysable linkages within the chains of Biodegradable polymers are susceptible to
degradation by microorganisms and hydrolytic enzymes, this makes polymer
structure one of the most crucial aspects. Polymers containing both hydrophobic and
hydrophilic parts are more likely to be degrade than polymers having hydrophobic or
hydrophilic structures alone (Ghanbarzadeh and Almasi, 2013).
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ii. In terms of polymer morphology, enzymes cleave the amorphous regions of the
polymers with much greater ease than crystalline portions because the intermolecular
forces in the amorphous regions are weaker than those in the crystalline regions.

The melting temperature (Tm) of the polymer also influences degree to which
extracellular enzymes can biologically degrade polymers.

The ease of biodegradation is inversely proportional to the melting point of the
polymers (Saini, 2017).

AH
Tm = 2s 1)

Where;
AH is the enthalpy change due to melting and,
AS is the entropy change due to melting (Samir et al., 2022).

iii. ~ The photolysis of polymers using UV or y-rays irradiation gives rise to radicals or ions
that cleave and crosslink polymers. The process of oxidation also takes place that
further complicates, and alters, the polymers propensity for biodegradation (Samir et
al., 2022).

iv.  Increased molecular weight leads to reduced biodegradability of the polymer (Saini,
2017; Singh, 2024).

The Role of Policy and Society

Even though the transformation of plastic waste into beneficial commodities is made possible
by chemical sciences, there are benefits that can only be attained if such plans are implemented
within a well-defined policy framework that fosters the support of the society (Alaghemandi,
2024). Governments have an important function in ensuring their supportive legislation of the
regulations, incentives, and public educational programs aimed at the valorization of waste.

Policy Frameworks

Policies that encourage extended producer responsibility can lead manufacturers to pay
attention to product design with regard to the end of the life cycle of the products. (Browne et
al., 2011). Additionally, economic businesses that develop new waste mitigation technologies
can benefit well economically as well as contribute towards economic development and job
opportunities within the green economy.

In the concern of effective waste management, it is advisable for the governments to
contribute towards schemes in plastic waste valorization techniques. This can be done by
supporting the collaboration of academic institutions and industry so that these developments
can be put to practical use (Vuppaladadiyam et al., 2024). In addition, there is an opportunity
for policy-makers to create a stakeholders” market that can increase investment in recycling
technologies development by restricting the use of single-use plastics and encouraging the
consumption of recycled plastics. Governments and grant providers should introduce
targeted funding programs that specifically support waste conversion strategies, in order to
accelerate the growth and innovation within recycling industries. These grants could
prioritize collaboration between stakeholders, including businesses, researchers, and
policymakers, to ensure that recycling solutions are scalable, economically viable, and
environmentally impactful.

Societal Engagement

It is essential to engage the public to imbibe the culture of accountable utilization and
sustainability. This can take the form of enlightenments or awareness programs aimed at
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empowering people and the community towards efficient reduction in plastic waste. Through
encouraging a sense of responsibility towards the management of waste plastic, the society at
large can take active part in supporting the change to a circular economy (Obidike Nnaemeka
et al. 2024). Additionally, involving members of the society in the process of decision-making
as pertains the disposal of waste and its management policies can result to a more efficient
and effective solutions (Costa et al., 2010; Vorobeva et al., 2022).

Challenges and Realism: What More Needs to Be Done

There are still drawbacks related to the potential of chemical sciences in solving the issues
associated with plastic waste disposal, like the implementation of innovative recycling
systems, which is often too costly (Jung et al., 2023). Most of the chemical technological
processes are stuck in laboratory or pilot stages and need huge injections of financial support
to make them commercially viable. There is a critical need for cooperation among universities,
private companies, and the public sector in order to apply research (Ahmed et al., 2022).

Secondly, challenges exist with regards to the economic feasibility of waste-to-wealth
technologies. There is a likelihood that changes in the market price of feedstock and energy
supply will affect the recycling and valorization margins (Jung et al., 2023). These technologies
cannot compete with conventional ones unless some form of market guarantee and subsidies
are provided by the government.

Finally, tackling the social aspects of plastic waste management is critical. Underprivileged
groups tend to suffer most from plastic pollution and often do not have the means or chances
to engage in the circular economy. Integration of equity and social justice in the policies is
crucial in effectively addressing plastic waste valorization.

CONCLUSION

By transforming plastic waste into useful products using chemical science, we can tackle the
problem of sustainable development. In using advanced chemical processes, we can mitigate
the harsh realities of plastic waste, climate change, and resource shortage. On the other hand,
to achieve this, there is a need for a multi-dimensional plan that includes policies, civic
support, and a willingness to resolve such issues. This consultation of scientists, policymakers,
and the general community is very important in establishing an effective environment that
can turn plastic waste into useful resources. All of these efforts can also lead to increased
research as well as proper utilization of new technologies. It is also necessary to change
society’s attitude towards the management of plastic waste through education and increased
public awareness. Lastly, the elimination of a plastic waste is a problem that rests with
everyone and relates to the economy, society, and the environment. Adopting a circular
economy model encourages the utilization of chemical science to decouple plastic waste from
its negative stigma while transforming a problem into a new opportunity for innovation and
economic development.
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