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The widespread existence of microplastics and their potential negative impacts
on ecosystems and human health make them one of the most prevalent global
environmental challenges today. Microplastics are either formed by the
fragmentation of large plastics or are purposefully manufactured for specific
applications. Several studies have revealed that microplastics pose severe risks to
both marine life and humans among which the undesirable effects on the human
food chain are serious and inevitable. To control the level of such pollution in
the environment, systematic regulatory measures, public awareness, and advanced
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removal technologies should be simultaneously considered. After a short
introduction to the basic global concerns, this chapter discusses the mechanism
of formation and environmental distribution of microplastics alongside their
potential threats to natural life. Additionally, it evaluates a variety of removal
techniques for adsorbing and/or degrading microplastics in terms of kinetics,
removal reaction pathways, and toxicity assessment of byproducts, while
considering their physical, chemical, and biological properties. It also delves into
recent advancements in this field, provides insights into the current state of
knowledge, and points out areas that need more research.

1. Introduction

The invention of plastic in 1907 (1) was a major turning point in history after the Industrial
Revolution. For the first time, humans could manufacture material with no roots in nature. The
affordable plastics as the raw ingredient meant a plethora of affordable tools, kitchen appliances, and
other possible products to become accessible to the public- for this reason, plastic was called the
material of a thousand uses. This accessibility helped a more equitable distribution of wealth and
caused economic growth.

However, it was only in recent years that researchers found the potential threat of this synthetic
material (2), the pollution of nature with microplastics the building blocks of plastics. This
contamination poses significant environmental risks and raises concerns regarding its impact on
ecosystems and human health.

In particular, the discovery of nanoplastics (less than 1 pm) and microplastics (MPs) with
particle sizes between 1pm to Smm is of major concern. These MPs come from the decomposition of
larger plastics used in the production of goods such as textiles and personal care items. The existence
of these particles has been studied and confirmed in marine, atmospheric, and soil environments
which highlights the destructive role human activities could have on nature (3).

Itis, therefore, essential for the environment and ecosystem health to develop and study efficient
methods for MP removal and degradation. The current methods for this purpose are categorized
into three sections; physical, chemical, and biological techniques. The first methods rely on the
isolation of the MPs from the contamination source using filters and/or membranes. The chemical
method, meanwhile, takes advantage of certain chemical reactions to degrade these microplastics
into less harmful materials. Lastly, biological MP degradation uses living organism and their natural
capabilities to degrade and break down plastic particles. Each of these methods could be employed
depending on the level of the pollution, the source of contamination, and the type of MP.
Undoubtedly all these removal approaches have their advantage and disadvantages which will be
explored in the upcoming sections.

2. Definition

The term “Microplastic” was first used in an article titled “Plastic and Other Artifacts on South
African Beaches: Temporal Trends in Abundance and Composition” in 1990 (4). This definition
was refined in 2009 when Arthur et al. (5) suggested microplastics have an upper limit size of 5
nanometers. In the next two years, Cole et al. (6) introduced another dimension to the microplastics

definition, besides their size, which was the source of the plastic fragments. They divided
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microplastics into primary sources and the secondary sources. The former are the plastics that were
originally made in microscopic sizes while the latter are the ones that are degraded from larger pieces
of plastics. One globally accepted definition of microplastic is proposed by the Aspects of Marine
Environmental Production (GESAMP) which describes microplastics as plastic particles with sizes
smaller than S millimeters (7). Table 1 illustrates the properties of typical microplastic monomers in
the environment.

Table 1. Polymeric microplastics and their monomers, chemical formula, and density?

Polymer name Monomer name Chemical formula Density (g.cm™)
Low-density polyethylene (LDPE) Ethene C,Hy 0.91-0.92
High-density polyethylene (HDPE) Ethene C,Hy 0.93-0.97
Polyethylene terephthalate (PET) Ethylene CioHgOy4 1.37-1.38
terephthalate
Polypropylene (PP) Propylene C3Hg 0.89-0.92
Polystyrene (PS) Styrene CgHg 0.28-1.04
Polyvinyl chloride (PVC) Vinyl chloride C,H;Cl 1.10-1.47

2 Adapted with permission from reference (8). Copyright 2024 Springer Nature.

3. Mechanism of Formation and the Source of MPs

The primary factor in microplastic pollution is human activities. This role can be seen in the
widespread use of microplastics in all aspects of our lives from industries such as building and
construction to everyday household tasks such as washing cloth. However, a significant portion
of the microplastic contamination is rooted in raw plastic production, the textile industry, and
laundromats (9, 10). On top of these, water and sewage treatment plants are also another
contributing group releasing microplastic into the environment and spoiling the ecosystem (11).

As discussed, microplastics either originate from primary sources or secondary sources.
Industries usually produce primary microplastics in two main forms. The first form is the small pieces
of polymers used as additives mostly in personal care items such as toothpaste or facial cleanser
creams. The second form is macroscopic fiber polymers resulting from abrasion and washing of
textiles. Additionally, oil and explosive industries are two other contributors to the creation of
primary microplastics (11).

On the other hand, secondary microplastics are created by the degradation of larger pieces of
plastics through chemical, physical, and biological processes into smaller particles (10). The vast
complexity of microplastic sources raises the need for a more accurate and thorough database
indicating the role each source of pollution plays in the overall contamination level of microplastics
(12). Nevertheless, as a consensus, it is believed that the main source of microplastic pollution is the
secondary sources as larger plastics make their way into the environment one way or another (13).

Figure 1 depicts the main sources of microplastic pollution released into the environment
gathered by the International Union for Conservation of Nature (IUCN) in 2017.
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Figure 1. Main sources of microplastics (Data from IUCN, 2017).

These secondary forms of microplastics are degraded and fragmented before entering the
environment. This process can be divided into two separate pathways; abiotic degradation and biotic
degradation. In the first path, the degradation and fragmentation are caused by UV irradiation,
heat, chemical, or mechanical stress. The biotic path, however, includes biodegradation and
biodisintegration of plastics. While biodegradation is caused by enzymes, hydrolysis, or chain
scission, biodisintegration is simply a result of fragmentation (14).

4. Distribution in the Environment

The small size and the low-weight nature of microplastics means that they can be easily carried
away and enter a different part of the environment depending on the source of the contamination.
For instance, water and wind erosion are two means that can transport microplastics from residential
areas, landfills, and roads to the environment (15). Direct ingestion and inhalation are also two other
means of microplastic contamination which adversely affects living creatures’ well-being. Indirect
ingestion is also another way of getting contaminated by MP which is caused by the MP-infected
food chain and ecosystems (oceans, lakes, food, salt, and water) (16, 17). This contamination will not
just infest the human or animal body but it will circle back to the environment through defecation.
Nevertheless, the extent of this contamination requires in-depth and reliable quantitative studies to
understand the amount of MP released to the environment as well as the temporal and spatial scales
of it (18).

Regarding MP transportation in soil, there are various influencing factors; namely soil and wind
erosion, infiltration, runoff, and animal migration (19). An example of this transportation is

earthworms that could easily ingest microplastics and displace these particles in the soil.
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Microplastics could also be released from the soil (to the water sources) via the flow through
the holes created by animals” movement (20). Holes created via physical processes such as planting
and root deterioration could also cause groundwater MP contamination (21). These are just a few
examples of the many ways through which Earth’s resources and environment have been
contaminated with microplastics and for this reason, even the remote and uninhabited regions of our
planet are reported to be infected with these tiny toxic plastic particles (22).

5. Hazards on the Biotic Systems

S.1.Plants

Microplastics are toxic to both aquatic and terrestrial ecosystems. This toxicity can majorly affect
oil and plants’ health as MPs can diffuse into water and soil resources. There has been much research
studying the negative effects of microplastic contamination on the soil and plants’ ecosystem. There
are two major paths that plants are affected by MP particles; direct way and indirect way. The first path
causes major issues for the plant’s natural life cycle as the minuscule particles can block seed probes,
interfere with nutrient uptake through roots, and constrain aggregation (23). On the other hand, MP
particles also cause issues for plants in indirect ways. For instance, the physicochemical properties
of the soil such as pH, porosity, and bulk density would alter if contaminated by microplastics. It is
worth noting that the effects of MPs on each soil property should be studied separately as it can be
misleading to draw an overall conclusion. For example, while the MP particles could cause lower pH
and therefore more bioavailable heavy metals, they could help respiration in the soil. Another indirect
effect of MP contamination is the decline in the soil’s microbes and organisms population (24).

Depending on the microplastic size, shape, and concentration, plants’ roots and leaves absorb
the particles and this causes major interference with the plant’s normal growth cycle. The size of
particles profoundly affects the level of toxicity as the smaller the size means a higher danger to
the plant’s life. This is particularly true for nanoscale particles as they can penetrate the biological
membranes of the plant (18).

5.2.Animals

The effects of MP contamination on animals’ health can be seen in three different ways. First,
particles can attach to the surface of small animals causing them damage and hindering their
movement. Then, larger animals can directly or indirectly ingest these particles which depending on
the level of toxicity can result in a damaged digestive system and interference with the metabolism.
Lastly, as MPs have a very low degradation rate, they can accumulate inside the animal’s tissues
causing a long-term danger to its well-being. This also threatens animals higher on the food chain
ladder (predators) as they also would be in danger if they consume the contaminated animal (25).

A common biological model for studying the toxicity of MPs on animal life is the fish population.
Experiments indicate that microplastics can disrupt nutrient absorption in fish by accumulating in
their intestines. The MP accumulation hinders the fish’s immune system, lowers their reproduction
rate, and could also lead to organ failure. Nevertheless, as these experiments were conducted in
a controlled laboratory environment, they may not necessarily reflect the actual consequences of
the microplastic contamination on the fish population. But they can give a rough picture of what
effect can microplastic have on aquatic ecosystems. According to reports, in an environment polluted
with heavy metal and fabric softeners MPs could have even more severe negative effects on the fish
population’s health (26, 27).
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5.3. Human

As the head of the food chain, humans are more vulnerable to the contamination caused by
microplastics. Ingesting, inhalation, and direct skin contact with microplastics can seriously affect
people’s health. Accordingly, microplastics act as a stimulus for the inflammatory response in
humans. These toxic particles also affect the cellular system, tissues, and organs in the human body
(28-30). Moreover, an average of 20 microplastic particles (50-500 micrometers), mostly PP and
PET, have been identified in every 10 grams of human feces, highlighting the extent of MP pollution
and drawing global attention (22). Additionally, according to recent reports our drinking water,
both tap and bottled water, is also contaminated by microplastics with a concentration of 0.01 to
100 million particles per one square meter of water, depending on the type and the source of the
water (31). As the last concern, there is a big concern about the potential of MNPs (micro/nano-
plastics) to induce cancer in human organs and tissues in the long term. Subsequent exposure to these
small particles is associated with the development of some adverse signs including, bioaccumulation,
oxidative stress, genetic damage, inflammation, fibrosis, or long-term toxicity, indicating the
progressive growth of carcinogenesis in human body. DNA damage has been also detected for the
healthy human cells treated with MNPs periodically, which remarks the urgent care of such pollution
in the human communities.

5.4. Aquatic and Soil Microorganisms

Microorganisms have a vital role in soil health; they participate in the geochemical substance
cycle, enhance pollution degradation, and help the soil to adapt to the changes in the environment
(32). Microplastics could heavily impact these microorganisms and thereby the soil’s health. This
impact usually is seen as a decline in the bacteria and fungi population in an ecosystem. The MPs
effect, however, may vary depending on the type of pollution. For instance, polyester and polyacrylic
presence in the soil causes a decline in the activity and diversity of microbial communities, while
fibrous PP and membranous PE do the opposite. Nevertheless, there is a lack of a wholesome
understanding regarding the role of MP pollution in the soil and the effects it can have on the
microorganism communities. This has led researchers to continue studying this field to better
understand the interaction of the soil biota with plastic particles (33).

Microplastics also affect the microorganisms in the aquatic environment. These particles can act
as microorganism carriers by offering an ecological niche for microbial communities’ colonization
through biofilm colonization which is called plastisphere. These carried organisms are associated
with antibiotic-resistant genes, pathogenic islands, and diverse metabolic pathways. The plastic
particles could also change the function and the structure of the microorganism’s communities. For
instance, they can change the metabolism of carbon in these communities and the food webs which is
considered to have unknown effects on the animals higher on the food chain (larger organisms) (34,

35).
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6. Removal Technologies
6.1. Physical Methods

6.1.1. Adsorption

Adsorption is one of the most effective techniques for microplastic removal especially in the
solution phase. This method is a surface phenomenon in which particles are adsorbed on the surface
of the adsorbent via Van Der Wall interactions. Therefore, the adsorbents with high adsorption
capacity such as activated carbons (36), Metal-Organic Frameworks, zeolites, and hydrogels should
be utilized for effective MP removal (37). The adsorption capability and the regeneration rate of the
adsorbent depend on various factors such as the nature of the adsorption sites and the strength of the
adsorbent material.

Even though surface adsorption of the MPs is the objective of this method, certain materials used
as adsorbents can also provide other removal pathways simultaneous to the adsorption. For instance,
studies show that MOFs with catalytic properties could play a role in microplastic removal through
both adsorption and oxidation pathways. Additionally, Aerogels and hydrogels possess active sites
that potentially could initiate degradation pathways such as hydrolysis or oxidation. These pathways
alongside the adportion of MPs to the surface of the adsorbent result in effective particle degradation

(37).

Kinetics

The degradation of microplastic through this approach can be explained in various steps. First is
the adsorption of particles on the surface which is defined as the rate at which the MPs are captured
and held on the surface of the adsorbents. This is followed by the degradation of particles through
certain chemical, physical, or biological pathways. In this process there are various influencing
factors; environmental factors such as temperature and pH and material-specific properties such as
specific surface area and porosity. In a study titled “Removal of microplastics from aqueous solutions
by magnetic carbon nanotubes” Tang et al. investigated the reaction kinetics for the removal of
microplastic through adsorption using magnetic carbon nanotubes as adsorbent material. They fitted
the gathered data with different kinetics models and found out that the reaction can be described by
both pseudo-first-order and pseudo-second-order kinetics models (38).

Product Toxicity Assessment

A crucial factor in assessing the overall performance of a removal technique is the toxicity of the
products and the potential threats the method itself poses. For instance, MOFs might release metal
ions during the degradation process, and these metallic ions have severe toxic effects on the health
of ecosystems. On the other hand, toxic byproducts generated through the removal process itself
are another worrying source of contamination. As an example, carbon-based adsorbents were used
for the efficient degradation of polyethylene (PE) particles and it was found that the intermediates
produced during this process are even more toxic than the initial contaminant. Therefore, when
suggesting an adsorption approach for MP removal it is essential to have a thorough evaluation of the

overall contamination level before and after treatment (39).
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6.1.2. Membrane Filtration

A recently developed advanced method for microplastic removal filtration with membranes.
This process involves the contaminated water moving across membranes with different pore sizes
which act as filters and trap the particles. The size of pores is chosen based on the type and size of the
microplastic particles. The reasons for the increasing attention toward this method for MP removal
are its easy operation, low energy consumption, scalability, and stability. It is worth noting that
membrane filtration itself includes nanofiltration, ultrafiltration, microfiltration, and reverse osmosis
(40). An overall schematic of membrane filtration for water treatment and MP separation is given in
Figure 2.
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Figure 2. A schematic of an ultrafiltration membrane (41). Copyright the authors. Licensed under CC BY
4.0 DEED: https://creativecommons.org/licenses/by/4.0/deed.en.

There are also other membrane-based techniques for MP removal known as Membrane
Bioreactors and Dynamic Membrane methods. For effective removal efficiency, certain approaches
are suggested such as using membranes with varying pore sizes. Another approach is using external
pressure to increase the operation’s overall removal. The deciding factors in the MP removal via
membranes are the permeability and pore size of membranes, their durability, as well as the type and
concentration of the particles (42).

When used in conjunction with other removal methods membrane filtration can have up to
99.9% efliciency. An example of this conjunction is the combined membrane bioreactor (MBR) with
the wastewater treatment process (WWTP) for MP degradation. The comparison was done between
MBR and an activated sludge approach and the result indicated the membrane method had a higher
efficiency for particle separation, comparatively (43).

However, this method is not without fault, and usually, the membrane faces fouling which is a
result of MP accumulation inside the pores, and the presence of bacteria. Clogging is a direct result of
this problem which in turn causes a decline in the ability of the membrane for MP removal. To avoid
this problem, a pre-treatment stage before the membrane filters was suggested. Usually, disinfectants
and/or coagulants are the best candidates for this job and lower the chance of fouling. A successful
example of these pre-treatment systems is done by UV and chlorine oxidation which decreased the
fouling rate of the membrane by roughly fifty percent (44).
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6.1.3. Coagulation, Flocculation, and Sedimentation (CFS)

One of the most widely used physical methods for MP removal is the combination of
coagulation, flocculation, and sedimentation, or CFS in short. Fundamentally this process uses the
density difference of solids and liquids to separate these two phases which results in the
sedimentation of the particles. First coagulant agents are in the liquid phase which results in the
destabilization of MPs. Then, the resulting solution is mixed at a low rate over a long period, a process
known as flocculation. During this process the particles stick together and form flocs which are
aggregates of plastic particles. The formation of these flocs is heavily controlled by the properties of
the liquid phase such as pH and ionic strength (45).

The sedimentation part, which is controlled by the MP’s density, is the settlement of particles
with the gravitational force. This part is particularly useful for particles with irregular shapes as
these particles can easily stick together and form high-density flocks that easily settle. The CFS
process is mainly controlled by the particle’s properties such as their shape, size, and surface features
(45). Similar to membrane filtration, this method is also used in conjunction with other removal
methods to achieve maximum removal efficiencies. Table 2 summarizes the main advantages and

disadvantages of CFS and membrane filtration methods for MP removal.

Table 2. Advantages and disadvantages of MP removal with membrane filtration and CFS

methods?
Method Advantages Disadvantages
Membrane filtration -Facile and cheap operation -Fouling
-High efficiency -The pretreatment process
-Stable outcome
CFS -Simple operation -Need for chemicals
-Versatility towards MP particle size -Only studied at smaller scales

a Data from reference (45).
6.2. Degradation Techniques

6.2.1. AOPs

Another possible MP degradation method is a chemical treatment that uses certain materials
or chemical processes to break down plastic particles into less harmful components. This method
can be used as the only treatment procedure or be combined with other methods such as physical
and biological to reach high efficiencies. Among the degradation or chemical methods, advanced
oxidation processes, or AOPs in short, is a promising approach that uses reactive oxygen species
(ROS) such as hydroxyl and superoxide radicals to degrade plastic particles. These reactive species are
the result of the catalyst reaction with oxidizing agents like ozone (O3) or hydrogen peroxide (H,0O;)

(46).

Decomposition Pathways

In this method, the reactive radicals stick to the plastic particles and break certain chemical
bonds producing reactive intermediates. Then the radicals cause further oxidation that breaks down
the MP to small fragments or even produce other products (46).
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The chemical degradation of MPs is affected by factors such as particle type, operation
conditions, and specific treatment techniques. For instance, in research done by Venkataramana et
al., they showed that the MP degradation rate increases as the photocatalyst (TiO,) concentration
and UV light intensity are set to higher values. In the meantime, this rate falls if the particle
concentration is higher than the initial concentration (47).

Advantages and Disadvantages

AOPs could offer various positive points for MP degradation. First, they break down toxic plastic
particles into smaller less harmful byproducts that can break down naturally (48). On top of that,
certain AOPs such as photocatalytic treatment have low energy consumption and can reduce the
overall environmental impact of these treatment methods (49). Then there is the versatility of this
method meaning that it could be used for treating water, air, and soil MP pollution (50). On the
other hand, this method like any other treatment method has its problems. The first issue is the
reactive oxygen species which despite their positive role in MP degradation, could have harmful
effects on aquatic ecosystems (51). The use of chemicals means there are negative environmental
impacts (greenhouse gas emissions and chemical pollution) that accompany this method (52). The
final downside is that environmental factors such as pH and temperature limit the applicability of
AOQPs to different environments (53). It is therefore necessary to evaluate the positive sides and
negative sides of this method thoroughly before deciding to employ AOPs for MP degradation in a

specific environment.

6.2.2. Photocatalytic Treatment

Photocatalysis is an AOP method that has recently gained attention due to its ability to effectively

degrade microplastics. This process uses semiconductors, mostly metal oxides such as TiO,, known

as photocatalysts to generate reactive radicals. These materials can generate ROS when irradiated
with UV and/or visible light. However, the efliciency of this process for MP degradation depends on
several factors such as the photocatalyst choice, temperature, light source, and exposure time (54).

Decomposition Pathway

Photocatalysts have a distinct activation energy known as a band gap. This gap’s energy value
is the difference in the electro-potential levels of the conduction band (CB) and valence band (VB).
The exact amount of this value is material-specific and describes the amount of energy needed for
the photocatalyst to be activated and create electrons which in turn generates ROS. These reactive
species then participate in the oxidation and reduction reaction that results in the MP degradation.
In reality, if the irradiated light has enough energy to overcome this barrier, electrons become excited
and travel from VB to CB and leave holes behind. These electrons and holes join forces with other
ROS and cause the MP to break down into small fragments (55). A schematic of this process can be

seen in Figure 3 (56).
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Figure 3. Photocatalytic plastic removal. Reproduced with permission from reference (56). Copyright 2024
Elsevier.

Kinetics of the Reactions

One of the reasons why photocatalysis has not caught on despite its many benefits is the long
reaction time it has to degrade the MPs after irradiation compared to other methods. The length of
the reaction depends first on the photocatalyst itself, then the environmental operation conditions,
and by changing these two variables we can achieve faster degradation (54). The below reactions are

the pathways through which the ROS are generated that in turn degrade the particles.

h* + H,0 - h*+.0H Eq.1
2ht + 2H,0 - 2h* + H,0, Eq.2
H,0, - 2.0H Eq.3
e +0, ».05 Eq.4
.0; +h* + HO; » H,0,+ 0, Eq.5
H,0, - 2.0H Eq.6

An example of the kinetics study of photocatalytic plastic removal is the study done by Tofa et
al. that used rod-shaped ZnO to evaluate the photocatalytic removal of low-density polyethylene.
They found that there is a direct correlation between catalyst concentration and the length of light
irradiation. Additionally, they fitted the experimental data with kinetic models and proposed a
pseudo-first-order model for the LDPE removal reaction (57).
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Toxicity of the Products to the Environment

Photocatalytic plastic degradation could result in toxic byproduct generation and this problem
depends on the semiconductor type and nature as well as the MP type and size. An example of this
is the formation of toxic carbonyl compounds during polyethylene degradation using polypyrrole/

TiO, as photocatalyst (58). These toxic materials were also found in another study that used nanorod
ZnO for propylene removal (59). The MP degradation products could become a source of
contamination so it is necessary to have a thorough evaluation of contamination level before and after
photocatalytic treatment (58, 59).

Advantages and Disadvantages

This treatment method, similar to other techniques, has merits turning attention toward it. First
is the high degradation efliciency of photocatalytic MP removal which can reach a very high removal
rate. On top of that, this process is considered to be an economically affordable method compared to
other treatments (60). It is also an environmentally-friendly procedure without the need for any toxic
chemicals which perfectly aligns with sustainable practices (61). Also, this method is highly versatile
as it can treat both solutions and air and it is capable of treating bacteria, dies, plastics, CO, and
various other pollutants that are resistant to other methods.

But photocatalysis is not without its shortcomings especially when considering that light source
is a necessary part of this treatment. So, a limitation arises that only surface MPs can be removed
and the particles buried in sediments will not be affected by this method (62). Another problem
is catalyst deactivation over time decreases the overall efficiency in the long run (63). Lastly, the
toxic byproducts are another downside of this method highlighting the need for careful consideration
before implementing it in treatment systems (64).

Figure 4 compares four methods we have discussed thus far in seven distinct categories. It
is evident that except for the method costs, photocatalysis is the superior technique with higher
efficiencies, high flexibility, and safety compared to the other three methods.

6.2.3. Thermal Treatment

Another chemical method for microplastic removal in thermal processes such as pyrolysis,
gasification, and direct combustion (66).

Decomposition Pathways

When subjected to thermal treatment MP particles undergo processes like thermal cracking,
pyrolysis, and gasification. This high-temperature exposure and the resulting thermal cracking cause
chains in the polymer (plastic) to break down forming smaller fragments. Meanwhile, when particles
undergo pyrolysis the plastics degrade to volatile compounds, gases, and char (65).

The main appeal of this method is the ability to produce energy from plastic while reducing
contamination levels. This is due to the high calorific value of plastic which can generate hydrocarbon
gases such as methane, which is a form of renewable energy, when thermally treated (67). However,
it is important to note that this method is best combined with other physical techniques to reach a

high overall removal rate.


Mobile User


Adsorption

Cost Cost

Safety | Flexibility Safety Flexibility

Opportunity Sustainability

Opportunity /\ Sustainability

Conversion Separation Conversion Separation

efficiency efficiency efficiency efficiency
AOPs Photocatalysis
Cost Cost
Safety { Flexibility Safety [ Flexibility
i Ny e
\\\ I ///
PV
2 —~ ‘,,’\\" =
Opportunity ./ - Sustainability Opportunity /. Sustainability
/ \ \,
Conv9rsion Sepafation Conversion Separation
efficiency efficiency efficiency efficiency

Figure 4. A comparative schematic of the strategies including coagulation, adsorption, AOPs, and
photocatalysis towards MP removal (65). Copyright the authors. Licensed under CC BY 4.0 DEED:
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Kinetics of the Reactions

The kinetics of thermal MP treatment is the rate at which particles degrade under the influence of
heat. The study of this kinetics is necessary to understand the degradation pathways that microplastic
particles take under high temperatures experienced during processes such as pyrolysis. Additionally,
this study can give insight into the kinetics parameters involved in this process which In turn helps to
design highly efficient removal systems (68).

An example of these studies is the work done by Chen et al. where they applied the Independent
Paralle]l Reaction (IPR) model and Particle Swarm Optimization (PSO) algorithm to investigate the
kinetics of microplastic pyrolysis. It was found that the activation energy was between 273.89 and
292.9 kJ/mol and these values increased with higher heating rate and lower dispersion degrees. This
heating rate dependence on the activation energy shows that this rate could control the microplastic

degradation rate as expected.

Toxicity of the Products to the Environment

The thermal treatment of microplastics could generate and release harmful gases such as dioxin
and Furnas. In a work by Wang et al., the efficiency of Mg/Zn-modified magnetic biochar’s
(pyrolysis catalyst) MP degradation from water was studied. It was found that pyrolysis of MP in
the operational conditions generates benzene, toluene, and styrene which are Volatile Organic
Compounds (VOCs). Despite this finding of toxic byproducts in the outlet, their concentrations
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were within the acceptable exposure level guideline established by the US Environmental Protection
Agency (EPA) (69).

Advantages and Disadvantages

The thermal treatment of microplastics, especially through pyrolysis, is a highly eflicient
degradation technique breaking microplastics down into smaller pieces and even mineralizing them
into non-toxic products (68). On top of that, thermal treatments such as gasification have the extra
benefit of generating clean energy in the form of syngas or biofuel in general by incineration of plastic
waste (70). And this method can reduce the plastic waste volume significantly helping the handling
and disposal of plastic waste. These benefits of MP thermal treatment are not limited to the type of
plastic and this means they can be a very attractive option for waste management (68).

In the meantime, thermal treatments are not the most environmentally friendly approach as they
emit greenhouse gases and generate VOCs among other toxic byproducts. So, to prevent further
contamination, the residues and byproducts of these treatments should be carefully handled and
stored (68). Another issue of these processes is the high energy consumption which undermines their
sustainability goals (70). Also since combustion is involved in these methods, there is always the

possibility of incomplete degradation which leads to the formation of toxic compounds (68).

6.2.4. Biological Removal

The degradation of plastics by microorganisms is commonly referred to as biological MP
removal. These microorganisms bite, chew, and digest plastic particles through biochemical
processes (71, 72). Bacteria, fungi, and algae are the main microorganisms responsible for biological
plastic degradation (73).

Algae:

The essential function of various photosynthetic and heterotrophic algae in bioremediation has
been well investigated. Through accumulation, adsorption, or metabolism, they can eliminate
organic and mineral contaminants from various environments to relatively safe levels (74). On the
other hand, compared to other microorganisms, the ability of algae to break down synthetic plastic
polymers has not been thoroughly investigated. Nevertheless, various reports have demonstrated
the capacity to consume plastics by marine algae. It has been demonstrated that some algae species,
including Anabaena, Chlorella, Spirogyra, Nostoc, Oscillatoria, and Spirulina, degrade various kinds
of plastic, even in terrestrial habitats. However, since algae, as opposed to bacteria, primarily obtain
their carbon from sunlight and ambient carbon dioxide, there is no proof that they metabolize
polymers (75, 76).

Fungi:

Fungi and bacteria are most significant in maintaining Earth’s vital nutrients and biogeochemical
cycles. Because these fungal species can use these synthetic polymers as their main or only source of
carbon and energy, their potential to break down different synthetic plastic polymers is emphasized.
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Particularly, many fungal strains have been shown to eliminate plastics. The majority of recent
research has demonstrated that Aspergillus is the most significant group of fungi that can degrade
synthetic plastic polymers. It has been indicated that Aspergillus species A. clavatus and A. niger,
which were isolated from various terrestrial environments, breakdown polyethylene and
polypropylene plastics. Additional fungi that can significantly break down plastic include Geomyces
pannorum, Fusarium solani, Alternaria solani, and Spicaria spp (77, 78). Moreover, contrary to
much research that has concentrated on the potential of pure cultures, various fungal consortiums
have additionally been demonstrated to synergistically degrade different plastics, such as
polyethylene (79). Similar to many biological processes, these investigations have emphasized the
function of fungal enzymes, particularly depolymerase. In addition, these enzymes’ diverse
properties, which enable them to break down different polymers, are remarkable (80).

Bacteria:

Bacteria are the engine of the Earth’s nutrient cycle as they are at the forefront of converting
and cycling environmental nutrients. Like other microorganisms, their function in decomposition
guarantees the release of carbon and nutrients from various natural and synthetic complex polymers.
Due to their essential role in bioremediation, they have been studied and shown to break down
various substances such as antibiotics, metallic compounds, oil, and plastic materials. Among
bacteria species, Pseudomonas, Escherichia, and Bacillus species have demonstrated a high degree
of capability for degrading plastic polymers (78). Bacteria’s ability to break down plastics depends
on the natural ability to break down long-chain fatty acids (81). Although most research has focused
on the biodegradation of pure bacterial cultures, bacteria typically work cooperatively in consortia in
nature (82).

Degradation Pathway

Microplastic degradation aims to mineralize particles into CO, and H,O (CH4 under anaerobic

conditions). The first step towards achieving this objective involves breaking the plastics into smaller
fragments by depolymerizing them into smaller chains or smaller molecules that may be critical
for microbial uptake and growth. Extracellular enzymes and free radicals that microbes produce
catalytically cleave the biodegraded plastics.

The premise of enzymatic degradation is microbial colonization on the plastic surface through
adhesion or exposure. Afterward, catalytic hydrolysis and cracking occur by combining enzyme and
polymer matrix, known as hydrolysis. This hydrolysis catalysis by hydrolase as the bound enzyme.
Extracellular enzymes, such as depolymerase and hydrolases, cause hydrolytic breakage of the
polymer chain, resulting in tiny oligomers or monomers with which bacteria can integrate. Small
oligomers or monomers can also be absorbed in the cell after being metabolized by cell enzymes (83).

The biological degradation process of microplastics can be summarized as follows (84):

1) Polymers are initially degraded into smaller particles with shorter chains.
2) The degradation of polymers to oligomers, dimers, and their monomers.
3) The mineralization of microplastics by microbial communities.

These steps are schematically exhibited in Figure 5 (85) for further attention of the reader.
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Microorganisms have adapted to survive under the harsh conditions brought on by microplastics
in the environment. Microorganisms react to this stress in several manners, including accelerated
growth, increased metabolic rate, and the creation of new macromolecules for cellular defense. Since
these enzymes play a significant role in regulating cellular function, there is a close relationship
between enzymatic activity and these stress responses. Enzymes play a role in cellular function,
regulation, and degradation of human pollutants, including microplastics (8). Each enzyme shows
unique interaction mechanisms during the degradation of microplastics. Typically, the mechanism
can be broadly classified into two primary categories.

The surface modification mechanisms by hydrolytic enzymes (Lipase, Carboxylesterase,
Cutinase, and Protease) are responsible for modifying the surface of microplastic polymers
susceptible to degradation. These enzymes increase the hydrophilicity of microplastic surfaces. They
may create specific sensitive links in the polymer side chains or new chemical groups on the polymer
chain, increasing the chain cleavage. However, due to their size, it is unlikely that they will be released
into the polymer structure; therefore, degradation may occur at the surface level, and the building
blocks of microplastics would not be destroyed (85, 86).

In the second mechanism, degrading enzymes secreted by microorganisms can specifically target
the polymer structure of microplastics and break them down into their monomers, oligomers, and
dimers, which can later be used as a carbon source in the energy production of microorganisms.
Many studies have been conducted in the past decade to find these enzymes. It is claimed that several
groups of enzymes can degrade polymers into their monomeric forms. Oxidase, Amidase, Laccase,
Hydrolase, and Peroxidases are groups of enzymes that play a role in polymer degradation (87, 88).

Kinetics

The kinetics of microplastic biological degradation refers to the rate at which microorganisms
remove the microplastic. Microplastic biological degradation kinetics could vary based on the kind of
microplastic and the microbial species involved. Bacillus cereus and Bacillus gottheilii, for example,
have been discovered to break a variety of microplastics, including polyethylene, polypropylene,
polystyrene, and polyethylene terephthalate, at different rates. Environmental parameters, including
temperature, salinity, pH, and nutrition availability, can also impact the kinetics of microplastic
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biological degradation. Plastic characteristics may also influence the kinetics of microplastic
biological removal. For instance, the molecular weight and chemical structure of plastic can influence
its biodegradability (89, 90).

Determination of weight loss of residual, reduction rate, and half-life of residual microplastic
particles are three ways to evaluate the plastic polymer degradation pathway and its kinetic, which are
shown in the following formulas.

%weight loss = (W°T_OW) x 100 )

where W, is the initial weight of the microplastics (in grams), and W is the residual weight of the

microplastics (in grams).

1 w
K=—1(iny) @)
where Kis the first-order rate constant for the microplastics uptake per day, tis time in days, W is the
weight of residual microplastics, and WO is the initial weight of microplastics.

Towicity Assessment of the Products

A necessary step for evaluating the efficiency of this method is to assess the toxicity levels of
products. There have been several studies focusing on this subject an example of which is the study by
Miloloza et al. In this study, Pseudomonas putida was used to degrade polystyrene microplastics and
the assessments indicated that the products had less toxicity than PS highlighting the effectiveness of
this microorganism in PS particle removal (91).

This finding, on top of many similar research, shows that the byproducts of biological MP
degradation are usually less toxic than the original contaminants. Nevertheless, it has to be noted that
the toxicity level of byproducts depends on the type of MP, the microorganism involved, and the
environmental conditions (45).

Advantages and Disadvantages

Using biological plastic removal is commonly seen as an environmentally-friendly approach. The
removal can occur by various biological procedures resulting in much lower contamination levels. On
top of that, this method can even be more affordable than alternative chemical or physical removal
techniques. So, wastewater treatment plants usually incorporate this technique in their systems to
maximize plastic removal. However, biological removal can be relatively slow requiring extended
time for efficient MP degradation. Additionally, the long-term effect of plastic removal by
microorganisms on human health is not a fully understood subject and it requires more investigation.
Certain organisms lack removal versatility and may only be effective for certain MP types which limits
their application. Therefore, more investigation is required to find the optimum biological removal
method for MPs, understand this method’s effect on the ecosystems, and establish environment-
specific protocols for applying it (92, 93).

7. Perspective

The removal of microplastics is still being researched in several exciting directions. Future
research may concentrate on developing new catalysts and adjusting type-specific parameters of MPs.
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Creating new catalysts with higher photocatalytic activity is another pathway forward. To increase
the effectiveness and selectivity for MP removal, research proposes looking into modified catalyst
materials as well as examining the synergistic effects between various types of catalysts (94).

Further, developing new materials with improved adsorption kinetics and capabilities for
effective microplastic removal is another promising research path that may be pursued by enhancing
sorbent materials. This may include composite materials, functionalized surfaces, or tailored
nanostructures (38). Additionally, investigating cutting-edge thermal degradation methods like
plasma treatment or microwave-assisted pyrolysis provides novel approaches to improve the
effectiveness and selectivity of MP degradation (68). Finally, incorporating current biotechnological
techniques, such as gene editing tools and bioinformatics, may enhance the selectivity and efficiency
of microbial degradation processes, providing creative answers to the problems brought on by MP
contamination (93). Together, these research directions provide practical approaches to reducing

microplastic contamination in various environmental settings.

8. Conclusion

In summary, this chapter discussed the importance of plastic in recent history as well as its
problems later discovered. Then, the removal approaches (physical, chemical, and biological) were
discussed to lessen the harmful effects of microplastic particles in different environments. Each
method was discussed in detail highlighting its benefits, drawbacks, MP degradation pathway, and
the kinetics. On top of these, the toxicity of byproducts was also mentioned as a factor to consider
when assessing the viability of each technique. Overall, as discussed, each method has its drawbacks
limiting its applicability, so it is essential to pursue further research to improve the techniques.
Doing this will ensure the degradation methods become more environmentally friendly and follow

sustainable development guidelines.
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