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Abstract

Microplastic pollution poses a growing threat to aquatic ecosystems. This review explores green
chemistry strategies for mitigating this issue. The focus is on preventing microplastic generation at
the source. Strategies include designing plastic products for reusability and recyclability,
developing biodegradable plastics, and utilizing alternative materials. Improved wastewater
treatment processes to capture microplastics before they enter aquatic environments are
addressed. Biodegradable plastics and microplastic capture methods in wastewater treatment
facilities are highlighted as promising green solutions. Green chemistry principles are
emphasized throughout, highlighting the importance of environmentally friendly solutions. By
implementing these strategies, we can significantly reduce microplastic pollution and protect our
precious water resources.
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1. Introduction

Microplastic pollution has emerged as a major environmental issue, posing
significant threats to aquatic ecosystems worldwide. These tiny plastic particles, which are
typically invisible to the naked eye, are caused by the breakdown of larger plastic waste or
are deliberately produced for various applications. Their widespread prevalence in marine
and freshwater ecosystems has caused concerns about their impact on aquatic life, human
health, and ecosystem integrity (1). Microplastics are microscopic plastic particles with a
diameter of less than five millimeters that are produced as a result of both commercial
product development and breakdown of bigger plastics. They are divided into two types:
primary microplastics, such as microfibers from textiles and microbeads in cosmetics, and
secondary microplastics, which are created by the degradation of bigger plastic products like
water bottles owing to causes such as sunshine and waves (2). These tiny plastic particles
pose significant environmental and health dangers. Microplastics in aquatic environments can
be consumed by aquatic organisms, potentially causing harm to marine life and ecosystems.
They have been found in marine organisms, commercial seafood, and even drinking water,
raising concerns about the potential impact on human health as seen in fig 1. Microplastics
can also build in soil, influencing soil characteristics, microbes, and animals, with possible
implications for human health and the environment (3).
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Figure 1. Microplastics generation, transportation and ingestion in the environment affecting
the whole ecosystem (4).

Green chemistry offers promising strategies to mitigate plastic pollution in aquatic
ecosystems. The principles of green chemistry as shown in fig 2 centres on the design,
synthesis, and disposal of chemicals and materials with the goal of reducing or eliminating
hazardous substances (5).

One important component of green chemistry is the development of analytical
methods that minimize the usage of harmful solvents and reagents. This is particularly
significant in the detection of microplastics, because standard procedures may unintentionally
produce environmentally harmful compounds. Green analytical chemistry techniques seek to
minimize waste, energy consumption, and the usage of hazardous compounds throughout the
analytical process (6). Another green chemistry technique involves using coagulants and
flocculants to improve microplastic removal from wastewater. Previous studies have shown
that using the right chemicals can effectively remove even tiny microplastics from
wastewater, preventing their release into aquatic habitats. Green chemistry, by enhancing
coagulation and flocculation processes, can help to remove microplastics more effectively
from wastewater.

Green chemistry principles can help guide the design of alternative materials that are
inherently less damaging to the environment. This includes creating biodegradable or
recyclable polymers that do not remain in the environment as microplastics. Green chemistry
can contribute to the development of more sustainable alternatives to conventional plastics by
focusing on the complete material life cycle, from synthesis to disposal (7-8).
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Figure 2. Principles of green chemistry (5)
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2. Pathways of Microplastic Entry into Aquatic Environments

Microplastics, which are plastic particles smaller than five millimetres, can pose

serious biological and environmental problems when they infiltrate aquatic habitats through a
variety of channels (9). The following are the primary entrance points for microplastics into
aquatic environments:

1)

2)

3)

4)

5)

6)

Primary Microplastics: These are the microplastics that are purposefully made for a
particular function, including the synthetic fibres found in textiles, the microbeads in
personal care products, and the pellets used to make plastic (10). Primary
microplastics enter aquatic habitats directly through industrial effluents, runoff from
production sites, wastewater discharges, and transportation-related plastic pellet spills.
Secondary Microplastics:Plastic items like bottles, bags, and fishing gear degrade
over time due to physical, chemical, and biological processes. UV radiation,
mechanical abrasion, wave action, and microbial activity break down these items into
smaller fragments, generating secondary microplastics (11). Plastics used in
construction, transportation, and marine activities can also undergo abrasion, releasing
microplastic particles into the environment, such as tires and boat hulls.

Atmospheric Deposition: Through precipitation, atmospheric fallout, and dry
deposition, microplastics can travel great distances through the atmosphere and end
up in aquatic habitats. Airborne microplastics are emitted into the atmosphere as
airborne particles or fibres from sources including metropolitan areas, industrial sites,
agricultural fields, and marine ecosystems (12). Airborne microplastics can reach
aquatic bodies by direct deposition or surface runoff after they are deposited.

Sewage and Wastewater Effluents: Domestic, industrial, and agricultural wastewater
and sewage effluents release microplastics into aquatic habitats. Microplastic
pollution in wastewater is caused by plastic trash flushed down toilets, microbeads
from personal care items, and synthetic fibres lost from clothing during laundry (13).
While some microplastics may be eliminated by treatment facilities, a sizable amount
can still enter rivers, lakes, and the ocean through effluent discharges.

Surface Runoff: Microplastics are carried into aquatic habitats from land-based
sources by urban and agricultural runoff. Litter, plastic trash, and microplastics from
streets, sidewalks, and storm drains are carried into rivers, streams, and coastal waters
by urban runoff from rainwater (14). In a similar vein, runoff from agriculture
pollutes water bodies with soil particles, fertilisers, pesticides, and plastic waste from
fields.

Natural Sources: Although natural sources sometimes contribute to the existence of
microplastics in aquatic habitats, human activities are the main cause of microplastic
contamination (15). These include the disintegration of biodegradable polymers and
fibres formed from plants, as well as the weathering and erosion of naturally
occurring objects that contain microplastics, such as volcanic rocks, sand grains, and
organic matter.

3. Green Chemistry Approaches for Microplastic Mitigation
3.1 Biodegradable Polymers
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Biodegradable polymers are a promising alternative to conventional plastics due to
their environmentally friendly properties. These materials can be broken down into simpler,
non-toxic compounds by microorganisms, reducing pollution and environmental impact.
They offer a sustainable solution to plastic waste accumulation and are versatile for various
industries. Biodegradable polymers are environmentally friendly, reducing pollution and
harm to ecosystems (16). They are sourced from renewable resources, reducing reliance on
finite fossil fuel reserves. They can be engineered to possess specific properties, such as
flexibility, strength, and biocompatibility, making them suitable for various applications.
Some biodegradable polymers are compatible with living tissues, allowing their use in
biomedical applications without adverse effects (17). Additionally, biodegradable polymers
offer comparable mechanical properties to conventional plastics.

Biodegradable polymers are used in various applications as sustainable alternatives to
traditional plastics. They are used in food packaging, agriculture, medical and healthcare,
consumer goods, and textiles (18). Biodegradable mulch films, plant pots, and agricultural
nets reduce plastic waste and environmental contamination. They are also used in surgical
sutures, drug delivery systems, tissue engineering scaffolds, and biodegradable implants.
They are also used in disposable cutlery, cups, straws, and hygiene products, providing eco-
friendly alternatives to single-use plastics. They are also used in clothing, footwear, and
textile fibers (19).

Biodegradable microbeads are replacing microbeads in personal care products,
reducing microplastic pollution in water bodies (20). Fishing gear made from biodegradable
polymers break down in marine environments, reducing the risk of entanglement and
ingestion by marine animals. Biodegradable packaging materials degrade into harmless
compounds in composting facilities, preventing microplastic accumulation in soil and water.
Biodegradable mulch films made from polymers like PLA or PBS degrade after use in
agriculture, reducing soil contamination and microplastic release into the environment (21).

3.2 Eco-Friendly Additives and Coatings

As the negative effects of traditional plastics on ecosystems and human health become
more apparent, there is an urgent need for sustainable alternatives that reduce environmental
damage while keeping plastics' functionality and versatility. Eco-friendly additives and
coatings play an important role in this paradigm change by increasing the biodegradability,
recyclability, and environmental compatibility of plastics (22). These additives and coatings
are intended to improve the inherent qualities of plastics, making them more suitable for eco-
friendly disposal and lowering their environmental footprint throughout their existence. Eco-
friendly additives and coatings, which use renewable resources, creative formulations, and
green chemistry principles, pave the way for a more sustainable future in plastic manufacture,
consumption, and waste management (23)

3.2.1 Role of Additives and Coatings in Enhancing Biodegradability and Reducing
Microplastic Fragmentation
Some additives and coatings enhance biodegradability by stimulating microbial
activity, promoting the breakdown of plastics by microorganisms in various environments
like soil, water, and composting facilities. These additives provide nutrients or substrates that
promote microbial colonization and enzymatic degradation, leading to the formation of
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harmless compounds like water, carbon dioxide, and biomass. They also facilitate hydrolytic
degradation, breaking down polymer chains into smaller fragments through hydrolyzable
bonds or chemical groups. This process enables microbial assimilation and mineralization of
plastic waste. Additionally, some additives and coatings catalyze oxidative degradation
processes, such as oxidation or photodegradation, which break down plastic polymers into
smaller, more biodegradable fragments (24). This process generates reactive oxygen species
(ROS), making plastics more susceptible to microbial attack and enzymatic degradation.

Additives and coatings can enhance the durability and mechanical integrity of
plastics, reducing their susceptibility to fragmentation and abrasion. These additives enhance
tensile strength, flexibility, and impact resistance, mitigating physical stressors that lead to
microplastic generation. Surface modification can reduce friction, adhesion, and wear on
plastic surfaces, minimizing abrasion and fragmentation. Surface-modifying coatings provide
a protective barrier against environmental factors like UV radiation, moisture, and chemical
exposure. Anti-fouling properties, such as biocides or surface-active compounds, inhibit the
attachment and growth of organisms on plastic surfaces, reducing the accumulation of
organic matter and debris that can exacerbate microplastic fragmentation and degradation in
aquatic environments (25).

Several examples of sustainable additives and coatings have shown promise in
mitigating microplastic pollution by enhancing the biodegradability of plastics and reducing
fragmentation. Enzymes like lipases, esterases, and proteases can be added to plastics to
facilitate enzymatic degradation. These additives accelerate the breakdown of polymer chains
into smaller fragments, making plastics more accessible for microbial assimilation and
biodegradation in natural environments. Studies show these additives enhance plastic
biodegradability and reduce microplastic persistence in soil, water, and composting facilities.
Also, oxo-biodegradable additives, which contain transition metal salts and pro-degradant
catalysts, accelerate the oxidative degradation of plastics. These additives reduce the
persistence of plastics as macroplastics by fragmenting them into smaller fragments under
exposure to oxygen and UV radiation, promoting microbial degradation (26). However,
concerns about microplastic pollution arise from incomplete degradation and fragmentation
processes. Natural compounds like chitosan, lignin, and cellulose can be used as additives or
coatings to improve the biodegradability and environmental compatibility of plastics. These
natural alternatives offer renewable, biocompatible alternatives to petroleum-based additives,
reducing the environmental impact of plastics. Chitosan, derived from crustacean shells,
improves plastics' biodegradability in marine environments, while lignin and cellulose-based
coatings enhance water resistance and mechanical properties (27). Bio-based polymers like
PLA, PHA, and PBS are sustainable alternatives to traditional petroleum-based plastics.
These renewable materials are biodegradable, compostable, and recyclable. PLA undergoes
enzymatic hydrolysis, transforming into lactic acid, which can be metabolized by
microorganisms. PHA and PBS offer similar benefits, reducing microplastic pollution and
promoting circularity in plastic production and waste management.

3.3 Advanced Filtration and Remediation Technologies

Green filtration technologies utilize sustainable and environmentally friendly methods
to remove contaminants from water, air, or other fluids. Biofiltration involves the use of
living organisms like bacteria, fungi, and plants to degrade or remove contaminants from air
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or water. In water biofiltration, microorganisms break down organic pollutants, nutrients, and
pathogens through biological processes like biodegradation and adsorption. In air
biofiltration, microorganisms convert gaseous pollutants into harmless by-products like water
and carbon dioxide. Adsorption filtration involves binding contaminants onto a solid surface,
such as activated carbon, zeolites, or biochar, through physical or chemical interactions. This
method effectively removes a wide range of pollutants, including organic compounds, heavy
metals, and micropollutants, from water and air streams (28). Membrane filtration uses semi-
permeable membranes to separate contaminants from water or air based on size, charge, or
solubility. Different processes include microfiltration, ultrafiltration, nanofiltration, and
reverse osmosis, each with varying pore sizes and filtration capabilities. Membrane filtration
is effective in removing suspended solids, bacteria, viruses, salts, and dissolved contaminants
from water, producing clean and potable water for drinking, industrial processes, and
wastewater treatment.

Green filtration technologies have various efficiency and cost-effectiveness factors
that influence their effectiveness. Biofiltration systems can remove organic pollutants and
pathogens with high removal efficiencies, but their performance may vary based on factors
like temperature, pH, and nutrient availability. Adsorption filtration is effective but may
require frequent regeneration or replacement of adsorbent materials. Membrane filtration
processes offer high removal efficiencies for a wide range of contaminants but may be
influenced by fouling, scaling, and membrane integrity issues. The cost-effectiveness of
green filtration technologies depends on capital investment, operational expenses,
maintenance requirements, and the lifespan of filtration systems. Biofiltration systems may
have lower capital costs but higher operating and maintenance costs due to regular
monitoring, nutrient supplementation, and system optimization. Adsorption filtration systems
may incur expenses related to procurement and regeneration of adsorbent materials and
energy consumption for system operation (29). Membrane filtration systems typically have
higher capital costs but lower operating costs, offering long-term cost savings through
reduced chemical usage, energy consumption, and waste disposal.

Green filtration technologies contribute to sustainable water and air management
practices, promoting resource conservation, pollution prevention, and ecosystem protection.
However, membrane filtration processes may generate concentrate streams or membrane
waste, posing environmental challenges related to energy consumption and waste
management (30).

4. Emerging Trends and Innovations in Green Chemistry for Microplastic Mitigation
Green chemistry principles are increasingly being used to develop long-term solutions
to prevent the spread of microplastics in aquatic environments. Researchers are working to
create less hazardous synthesis processes for chemicals and solvents used in a variety of
industries, including organic synthesis and pollutant extraction (31). Green chemistry is
helping to create a more sustainable industrial landscape by reducing the negative
environmental effects of chemical production processes. In today’s waste recycling scenario,
value-added fractions, such as monomers and functional components, are recovered from
complex waste items such as composite and unsorted plastics (32). Green chemistry seeks to
lessen the environmental impact of plastic waste by improving waste recycling procedures.
Studies such as the techno-economic assessment of co-generation of food packaging
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bioplastic and food supplements from edible microalgae show that sustainable bioplastic
manufacturing processes are economically viable. Such assessments shed light on the
profitability and feasibility of green chemistry approaches to microplastic reduction (33-35).

Conclusion

The Increasing threat of microplastic pollution in aquatic environments demands
innovative solutions. This article explored green chemistry strategies that tackle the problem
at its source, emphasizing prevention over remediation. These strategies focus on designing
plastic products for reusability and recyclability, developing biodegradable polymers, and
exploring alternative materials altogether. Green chemistry principles were underscored
throughout, promoting environmentally friendly solutions across the plastic lifecycle.
Microplastic pollution is a significant environmental threat to aquatic ecosystems worldwide.
Green chemistry offers a promising approach to mitigating this issue by focusing on
preventing plastic pollution at its source. Biodegradable polymers can be broken down by
microorganisms, reducing plastic accumulation in the environment. They are derived from
renewable resources and can be used in various applications, including packaging,
agriculture, and textiles. Eco-friendly additives and coatings can enhance the biodegradability
and recyclability of existing plastics. This reduces their environmental impact throughout
their lifecycle. By implementing green chemistry strategies like these, we can significantly
reduce microplastic pollution in aquatic environments. However, continued research and
development are necessary to improve the performance, scalability, and cost-effectiveness of
these solutions.
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