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Abstract

This study delves into the ubiquitous presence of plastic, now designated as key
indicators of the distinct historical era called "The Plasticene.” The durability of plastics
and their fragmentation into microplastics have raised concerns about global
environmental issues. Microplastics, which result from the decomposition of larger
plastic debris, signify the Anthropocene with widespread global distribution and
diverse origins, including everyday items. They pose challenges in understanding their
behavior in marine and coastal environments, because they accumulate in various
reservoirs. Impacts are shifting to the ingestion of microplastics, which act as vectors
for contaminants. Plastic pollution extends to humans through trophic transfer,
potentially causing adverse health effects. Concerns include indirect economic impacts,
safety issues, and damage to human activities. Various polymer types contribute to
plastic pollution, so precise methods are needed to accurate investigate microplastic
pollution. The exponential growth of global plastics production requires urgent research
to quantify contamination and assess its impact, emphasizing the importance of

informed management solutions for marine ecosystems and human health.

This study highlights the pervasive issue of microplastics in marine environments by
presenting their characteristics, distribution, and impacts. Below, the origin and types
of plastic are clarified, the term plastic is defined and the transition from plastics to
microplastics is explained. The focus then shifts to the identification of polymer types,
the characterization of microplastics in terms of particle size, shape, and color, and the

understanding of the relationship between these characteristics and abundance.

The transport of microplastics is explored in depth, covering factors affecting
abundance and distribution, distribution in ocean surfaces, and their presence in
terrestrial ecosystems. Additionally, the study investigates the weathering degradation

of microplastics in the ocean, shedding light on the persistence of these pollutants.

The impacts of microplastics on marine ecosystems has been investigated, with a focus

on the exposure through gills, ingestion, and the transferability of these particles up to



the food chain. The study also assesses the broader impacts on the environment and

human health, highlighting the interconnectedness of marine and human ecosystems.

In addressing the management of microplastics, the study explores mitigation
strategies, biodegradation, and mineralization methods. The development of sampling
protocols for microplastics at the sea surface is detailed, covering the environmental
setting of sampling areas, methods and techniques in aquatic environments, and various
microplastic analysis methods. The importance of quality control, contamination
minimization, and data interpretation and analysis are underscored, with validation of

microplastic quality control and analysis methods.

The study concludes by emphasizing the significance of investigating microplastics to
understand their distribution, abundance, and environmental effects. ldentified
knowledge gaps in the field pave the way for future research, while best practices for
reducing microplastic pollution and strategies for education and public engagement are
proposed. The comprehensive exploration culminates in a call for urgent action and
informed management solutions to safeguard marine ecosystems and human health

from the escalating threat of microplastic pollution.



1. Introduction

In the wake of modernity, the ubiquitous utilization of plastic materials has become an
intrinsic facet of human existence. Microplastics, defined as smaller fragments resulting
from the degradation of larger plastic items, through the physical and photochemical
breakdown have emerged as a critical concern in environmental discourse (Kye et al.,
2023). The enduring nature of plastics, coupled with their widespread utilization, has
led to their omnipresence in natural ecosystems, including terrestrial and aquatic
environments. Their diverse origins, including items such as bags, clothes, household
goods, and industrial materials, contribute to their pervasive presence. The intricate
pathways and destinations of plastics in marine and coastal environments pose
challenges in understanding their behavior generically. Microplastic debris has been
found in various reservoirs, including coastlines, sea surfaces, seafloors, biota, water
columns, sediments, and sea ice (Law, 2016). This introduces a myriad of questions
regarding the ecological implications of microplastics and their potential impact on
human health.

Due to the higher abundance of ecosystems in coastal seas compared to the open ocean,
microplastics are more likely to infiltrate coastal ecosystems. This makes coastal food
webs more at risk of getting affected by microplastics transferring through the food
chain (Lusher et al., 2015). Beach sediments, serving as long-term storage, accumulate
microplastics and holding onto microplastics during their drift history (Kane et al.,
2019).

The impact of plastic on marine biota has transitioned from visible physical impacts,
such as entanglement and harm to seabirds, to a focus on the ingestion of microplastics.
This shift in focus highlights the cascading effects in marine and coastal food webs
(Frias et al., 2014). The ingestion of microplastics by organisms leads to the transfer
and bioaccumulation of toxic, carcinogenic, and mutagenic compounds, potentially
impacting fitness, reproduction, and lifespan.

Plastic pollution extends its impact to humans through trophic transfer, potentially
causing adverse health effects due to the unintentional ingestion of microplastics
through the food chain or inhalation (Wright and Kelly, 2017). The trophic transfer of



microplastics can have significant consequences for seafood, posing risks to human
health (Carbery et al., 2018).

Beyond direct ecological impacts, plastic pollution raises concerns about indirect
economic impacts, safety issues, and damages to human activities, such as the tourism
and fishing industries.

In conclusion, the exponential growth of global plastics production raises significant
concerns about the environmental impact on marine and coastal ecosystems and, by
extension, human health. The urgent need for research to quantify plastics
contamination and assess its biological, social, and economic impacts underscores the

importance of informed management solutions (Law, 2016; Campanale et al., 2020).



2. Plastic

2.1. Origin and types of plastic

Plastic is a versatile and widely used material that has become an essential part of
modern life. It is a synthetic material made from polymers, which are large molecules
made up of repeating units. These polymers are derived from petrochemicals, which
are non-renewable resources (Ellen MacArthur Foundation, 2016).
The history of plastic can be traced back to the mid-19th century when natural polymers
such as rubber and cellulose were first used in industrial applications. However, the
development of synthetic plastics, beginning with the invention of Bakelite in 1907,
revolutionized the material world and opened new possibilities for manufacturing and
design (PlasticsEurope, 2021).
Today, there are many different types of plastic, each with its own unique properties
and uses. One way to categorize plastics is by their chemical structure, which can be
divided into three main types:
1. Thermoplastics: These are plastics that can be melted and re-molded multiple
times without undergoing significant chemical changes. Examples include
polyethylene (PE), polypropylene (PP), and polyvinyl chloride (PVC).
2. Thermosetting plastics: These are plastics that are chemically cured and cannot
be re-melted or re-molded once they have been set. Examples include epoxy resins
and phenolic resins.
3. Elastomers: These are plastics that can stretch and return to their original shape.
Examples include natural rubber and synthetic rubbers such as neoprene and
styrene-butadiene rubber (SBR).
Another way to classify plastics is by their properties and applications. For example,
some plastics are used primarily for packaging, such as polyethylene terephthalate
(PET) and low-density polyethylene (LDPE), while others are used for construction,
such as PVC and high-density polyethylene (HDPE) (PlasticsEurope, 2021).
In addition to these categories, there are also many plastics that are specialized and used
in specific applications. For example, polycarbonate is used in the production of
eyeglass lenses and electronic components, while polyimide is used in high-

temperature applications such as aerospace and electronics (PlasticsEurope, 2021).



2.2. Defining ‘Plastic’

As we said before the term "plastic™ can refer to a wide range of materials with different
properties and uses such as heat resistance and electrical conductivity. Simpler though,
for example, polyethylene is a commonly used plastic for packaging and bags, while
polystyrene is often used for insulation and disposable food containers (Plastics Europe,
2020).

The versatility of plastic is due to its ability to be molded and shaped into various forms
and structures. This property is achieved through the addition of plasticizers, which are
chemicals added to the polymer to make it more flexible and malleable (Ellen
MacArthur Foundation, 2016). Plastics can also be made to have different textures and
colors, making them suitable for a variety of applications.

Despite the benefits of plastic, its excessive use has led to a global plastic pollution
crisis. Plastic waste is a significant environmental problem, with an estimated 8 million
tons of plastic waste entering our oceans every year (Ritchie & Roser, 2023). This has
led to calls for greater regulation and reduction of plastic use, as well as increased

investment in recycling and waste management infrastructure.

2.3.  From Plastics to Microplastics

Plastics become microplastics through a variety of physical and chemical processes.
These can occur during the manufacture, use, and disposal of plastic products. One
major source of microplastics is the breakdown of larger plastic items through
mechanical forces such as wave action, abrasion, and UV radiation from the sun. This
process, known as fragmentation, creates smaller and smaller plastic particles,
eventually leading to the formation of microplastics (Cole et al., 2011).

Another process that contributes to the formation of microplastics is the degradation of
plastic by exposure to the environment, such as sunlight, oxygen, and water. This
process can take years to occur, but as plastics degrade, they release smaller and smaller
particles into the environment. For example, polyethylene (PE) can degrade into
microplastics in as little as 200 days when exposed to sunlight (Sutkar et al., 2023).
Additionally, microplastics can be released directly into the environment through the
use of plastic products such as personal care items (e.g., microbeads) and synthetic

fabrics (e.g., polyester) ("Microplastics from Textiles: Towards a Circular Economy for



Textiles in Europe,” 2022). These products can shed microplastic particles during use
and laundering, which then enter wastewater treatment plants and ultimately end up in
aquatic environments.

Finally, microplastics can also be intentionally added to the environment, such as
through the use of plastic pellets in industrial processes or the intentional release of
plastic waste into aquatic environments (“European Commision Finally Restricts
Intentional Use of Microplastics in First Concrete Victory for Ecosystems and Human
Health - Rethink Plastic,” 2023). These intentional releases can have severe ecological
and environmental consequences.

In summary, the formation of microplastics can occur through a variety of physical and
chemical processes, including fragmentation, degradation, direct release from plastic
products, and intentional release into the environment. Understanding the sources and
mechanisms of microplastic formation is critical for developing effective strategies to
mitigate the impacts of microplastic pollution on the environment and human health.

Figure 1: Figure 1: Polyethylene (LDPE) trash bags (A), Polystyrene (PS) single-use plates
(B), Polypropylene (PP) single-use drinking glasses (C), and Foamed PS building insulation
sheets (D) are the most prevalent types of plastic litter found on Baltic Sea beaches (Efimova
et al, 2018)
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3. Microplastics

Microplastics are small plastic particles that range in size from 1 micrometer to 5
millimeters (Bermudez & Swarzenski, 2021). They can be formed from the breakdown
of larger plastic products, such as bags and bottles, or from the wear and tear of
synthetic textiles, tires, and other materials (Prasittisopin et al., 2023). Plastic debris are
ubiquitous in the environment, and microplastics are one of its most insidious
components (Farady, 2019). They have emerged as a major environmental and public
health concern in recent years (Priya et al., 2022).

The definition of microplastics has evolved over time, with different size thresholds
and classifications used by various researchers and organizations. For example, the
European Chemicals Agency (ECHA) defines microplastics as "small, typically
microscopic, particles of synthetic polymer materials that persist in the environment”
Committee for Risk Assessment [RAC] & Committee for Socio-economic Analysis
[SEAC], 2020), while the National Oceanic and Atmospheric Administration (NOAA)
defines them as "plastic debris less than five millimeters in length (smaller than a pencil
eraser)" (NOAA, 2020).

i P .
£ - S " . - /
L -:: ‘
‘e > \
.‘~ .\

Ly Ly RELERLLE Lk st
S

Figure 2: Hand-selected visible microplastics particles from environmental samples (National

University of Singapore. (2022)
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3.1. ldentification of polymer types

Microplastics are an emerging global pollution problem that is attracting increasing
attention due to their potential adverse impacts on the environment and human health.
To assess the ecological and health risks of microplastics, it is necessary to identify
their polymer types. Microplastics can be composed of a variety of polymer types,
including polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC),
polystyrene (PS), and polyethylene terephthalate (PET), among others (Haque & Fan,
2023).

Identification of polymer types is an important aspect of microplastic research, as it can
help determine the sources and fate of microplastics in the environment. There are
several technigues that are commonly used for polymer identification, including
Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy, and pyrolysis
gas chromatography-mass spectrometry (py-GC-MS) (Fan et al., 2021).

One of the most widely used methods for identifying polymer types in microplastics is
Fourier transform infrared (FTIR) spectroscopy. This technique is based on the
principle that different polymer types have characteristic vibrational frequencies that
can be identified through their spectra. FTIR spectroscopy can be used to identify a
wide range of polymer types, including polyethylene, polypropylene, polystyrene, and
polyethylene terephthalate (PET) (Fan et al., 2021). Many studies though are using
FTIR spectroscopy to identify the polymer types of microplastics in freshwater
environments. They found that the most identified polymer types were PE and PP,
which are commonly used in packaging and consumer products.

Another commonly used method for identifying polymer types in microplastics is
thermal analysis. Thermal analysis consist of differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). DSC measures the changes in the heat flow of
a polymer as it is heated or cooled, while TGA measures the changes in the weight of
a polymer as it is heated. These techniques can be used to identify the melting
temperature and decomposition temperature of different polymer types, which can help
to distinguish between them (Mansa & Zou, 2021).

According to chromatography techniques, such as gas chromatography (GC) and liquid
chromatography (LC), can also be used to identify polymer types in microplastics. GC

can be used to separate and identify individual monomers or oligomers of certain
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polymers, while LC can be used to separate and identify different types of polymers
based on their chemical properties (Knol et al., 2021).

Other studies are using Raman spectroscopy to identify the polymer types of
microplastics in marine sediments. They found that the most common polymer types
were PE, PP, and PS, which are commonly used in packaging, textiles, and construction
materials (Koelmans et al., 2019).

Py-GC-MS is another technique that has been used for microplastic polymer
identification. Many studies are using this technique to identify the polymer types of
microplastics in beach sediments. They found that the most common polymer types
were PET and PS, which are commonly used in food packaging (Matsui et al., 2020).
In addition to the techniques mentioned above, there are also some other methods that
can be used to identify microplastic polymers, including scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX). They found that the most
common polymer types were PE, PP, and PS, which are commonly used in packaging
and consumer products (Issaka et al., 2023).

GESAMP (Joint Group of Experts on the Scientific Aspects of Marine Environmental
Protection) report from 2016 presented a summary of 42 different studies on
microplastic debris sampled from marine sediments and sea surface waters. The table
shows the frequency of occurrence of different polymer types found in these samples,
with polyethylene (PE) and polypropylene (PP) being the most common types found in
both sea surface waters and sediments. Other types of polymers commonly found in
these samples include polystyrene (PS), polyethylene terephthalate (PET), and nylon.
However, the frequency of occurrence of these different polymer types varies widely
among the different studies, highlighting the need for standardized methods for

sampling and analyzing microplastic debris in the marine environment.
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Polymer type % studies (n)

Polyethylene (PE) 79 (33)
Polypropylene (PP) 64 (27)
Polystyrene (PS) 40 (17)
Polyamide (nylon) (PA) 17 (7)
Polyester (PES) 10 (4)
Acrylic (AC) 10 (4)
Polyoximethylene (POM) 10 (4)
Polyvinyl alcohol (PVA) 73
Polyvinyl chloride (PVC) 5(2)
Poly methylacrylate (PMA) 5(2)
Polyethylene terephthalate (PET) 2(1)
Alkyd (AKD) 2(1)
Polyurethane (PU) 2(1)

Figure 3: The frequency of appearance of various polymer types of microplastic debris
(GESAMP,2016).

It's worth noting that while these techniques can be effective for identifying the polymer
types of microplastics, there are also some limitations to their use. For example, some
types of microplastics may be difficult to identify using these techniques, particularly
if they are heavily weathered or degraded. Additionally, some types of microplastics
may be composed of more than one polymer type, which can make identification more
challenging (GESAMP, 2016).

Furthermore, there are some challenges associated with the identification of
microplastics. For instance, it can be difficult to distinguish between microplastics and
natural particles that are similar in shape and size, such as mineral grains or biological
fragments. Additionally, the detection and quantification of microplastics can be
affected by factors such as sample preparation, extraction methods, and analytical
techniques.

To address these challenges, some researchers have developed new methods for
microplastic identification and quantification. This method was developed for the
detection of microplastics in environmental samples using fluorescence microscopy.
They found that this method was effective for identifying and quantifying microplastics
in a range of different environmental matrices (Meyers et al., 2022).

Another study by Suaria et al. (2018) developed a protocol for the identification and

quantification of microplastics in seawater using flow cytometry. They found that this
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technique was able to detect and quantify microplastics at concentrations as low as 1
particle per liter (Tse et al., 2022).

Despite these limitations, polymer identification remains an important aspect of
microplastic research, as it can help to improve our understanding of the sources, fate,
and environmental impacts of these particles.

3.2.  Characterizing Microplastics: Particle Size, Shape, and Color

Microplastics can vary in size, shape, and chemical composition depending on their
source and history. The shape and size of microplastics play an important role in their
environmental fate and impact because they can influence their movement and
distribution in the environment. Smaller microplastics are more likely to be transported
by air or water, while larger particles may be more likely to settle on the ground or
accumulate in sediment.

Smaller particles, such as nanoplastics (less than 100 nm in size), have been found to
have unique properties that can make them more mobile, reactive, and potentially more
harmful than larger microplastics. Additionally, studies found that nanoplastics could
penetrate the cell membranes of algae, potentially leading to negative effects on growth
and photosynthesis (Shi et al., 2024). Furthermore, the small size of microplastics
enables them to be easily ingested by small organisms such as zooplankton, leading to
biomagnification in the food chain (Wright et al., 2013). The shape of microplastics can
also impact their movement in the environment, with spherical particles being more
likely to be transported long distances by wind and water currents (Kye et al., 2023).
Additionally, the size of microplastics can influence their ability to absorb and transport
contaminants, such as persistent organic pollutants, which can accumulate in organisms
and potentially cause negative effects on health (Yuan et al., 2022).

They can be divided into two main categories: primary and secondary microplastics.
Primary microplastics are intentionally manufactured small plastic particles that are
used in various products such as cosmetics, cleaning agents, and abrasive materials.
Secondary microplastics, on the other hand, are formed through the degradation and
fragmentation of larger plastic products such as bottles, bags, and fishing gear, as well

as the shedding of microfibers from synthetic textiles (European Environment Agency,
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2019). These secondary microplastics can then be further classified into subcategories
such as fragments, fibers, and granules (Haque & Fan, 2023).

There are also four different categories of microplastics based on their size, shape, and
composition.

More specifically, pellets, which include pre-production pellets, microbeads found in
personal care products, and other small spherical particles that originate from a primary
source (Jain et al., 2023). Microbeads are small, spherical particles of plastic that are
added to personal care products, such as facial scrubs, toothpaste, and body washes, to
provide exfoliation. They are typically made from polyethylene or polypropylene and
can range in size from 10 to 500 micrometers (um) in diameter. Studies have shown
that microbeads are a major source of microplastic pollution in freshwater and marine
environments (Kye et al., 2023).

The second category is fragments, which are small pieces of plastic that come from the
breakdown of larger plastic debris such as plastic bottles (Clark et al., 2023). The third
category is lines, which are particles that come from fishing lines and nets and have a
longitudinal aspect with a thickness of about 1mm. The fourth category is fibers, which
come from synthetic textiles and have a longitudinal aspect with a thickness less than
1mm (Sait et al., 2021).

In recent years, the use of microplastics in various applications has increased
significantly, leading to a substantial increase in their production and release into the
environment. Similarly, the production of synthetic textiles has increased, leading to a
significant increase in the release of microfibers into the environment. As an example
of this pollution is worthy to note that 6 million MPFs can be released from a 5 kg load
of PET textiles (Sait et al., 2021).

The contribution of different sources of microplastics to the overall microplastic
pollution varies depending on the location and type of ecosystem. In marine
environments, for example, primary microplastics such as microbeads are less common
than secondary microplastics, which account for up to 90% of the total microplastic
pollution (Pourebrahimi & Pirooz, 2023). In freshwater ecosystems, however, primary
microplastics such as microfibers from textiles can account for a significant proportion

of microplastic pollution (European Environment Agency, 2019).
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The shape of microplastic particles is an important characteristic that can influence their
behavior and potential impacts in the environment. Researchers have also found that
the shape of microplastics can impact their interactions with other pollutants in the
environment (Haque & Fan, 2023). Many studies found that microplastics with
irregular shapes, such as fragments and fibers, were more abundant in the environment
than spherical microplastics. This could be because irregular-shaped microplastics are
more likely to break down from larger plastic debris or to be generated from sources
such as textiles. The shape of microplastic particles can also affect their interactions
with the environment. Microplastic fibers were more likely to become embedded in
sediments compared to spherical microplastics, which could lead to greater impacts on
benthic organisms. Additionally, the shape of microplastics can influence their behavior
in water, such as their ability to float or sink, and their potential for transport over long
distances. Interesting though is that among the low-density microplastic particles,
which are less dense than the ocean density, the fibrous form remains afloat on the
surface around 6 to 8 months, and the spherical particle floats for 10 to 15 years until
they sinks (Kye et al., 2023).
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Figure 4: Microplastic morphologies (Makridis et al.,2021)
The shape of microplastics can also influence their potential impacts on organisms.
Studies have shown that microplastic fibers were more likely to cause negative effects
on zooplankton than spherical microplastics. This could be because fibers could
become tangled in the digestive tract or other parts of the organism (Botterell et al.,
2019).
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The shape of microplastic particles is an important characteristic that can influence their
abundance, behavior, and potential impacts in the environment. Further research is
needed to better understand the effects of microplastic shape on ecological and human
health.

Microplastics can come in a range of colors, depending on their original source and
how they have been weathered and degraded in the environment. In general,
microplastics can be white, black, grey, blue, green, red, yellow, or any combination of
these colors (Ugwu et al., 2021).

The color of microplastics can have implications for their effects on the environment
and organisms that interact with them. For example, darker-colored microplastics in
polar ice have more potential to absorb sunlight. Therefore, due to the fact that they
intensify the process of melting polar ice, they are regarded as a threat that exacerbates
the impacts of climate change and global warming through higher water temperatures
and altered ecosystems (Saeedi, 2023). Researchers have also found that different
colors of microplastics can impact their interactions with marine organisms, with some
colors being more attractive to certain species than others (Borriello et al., 2023).

In addition to size, shape and color, the chemical properties of microplastic particles
are also important characteristics that can influence their potential impacts in the
environment. Microplastics can be composed of a variety of polymers, each with
different properties that can affect their behavior and toxicity. For example, polyvinyl
chloride (PVC) and polyethylene terephthalate (PET) have been found to leach
chemicals that could potentially cause negative effects on organisms (Gallo et al.,
2018).

Figure 5:The environment contains a wide range of polymer types, shapes, and sizes of
microplastics (Martindale et al., 2020).
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3.3. Relationship between microplastic characteristics and abundance

The characteristics of microplastics, such as their size, shape, and polymer type, can
have an impact on their abundance in the environment. For instance, some types of
microplastics may be more persistent and resistant to degradation, which can lead to
their accumulation in the environment over time (Sutkar et al., 2023). Additionally, the
size and shape of microplastics can influence their transport and deposition in different
environmental compartments, such as water, sediment, and air (Haque & Fan, 2023).
Through a lot of studies, it is estimated that there are between 15 to 51 trillion
microplastic particles in the world's oceans, with a total mass of 93 to 236 thousand
metric tons. These particles can be found in various forms, including fragments, fibers,
and microbeads, and can originate from both land-based and marine sources (Kaandorp
et al., 2020).

Several studies have investigated the relationship between microplastic characteristics
and abundance in the environment. More specifically, the size of microplastics has been
identified as a critical factor affecting their abundance in different environments. For
instance, smaller microplastics (less than 1 mm) are more abundant in marine sediments
than larger particles, suggesting that smaller particles may be more mobile and prone
to transport and accumulation in sediments. Also, microplastics less than 1 mm, are
more abundant in marine systems than larger microplastics, likely due to their increased
availability for ingestion by smaller organisms. Similarly, in freshwater systems,
smaller microplastics (<1 mm) have been found to be more abundant than larger
microplastics (Ugwu et al., 2021).

Shape is another important characteristic that affects the abundance of microplastics.
Studies have found that fibers and fragments are the most abundant shapes of
microplastics found in the environment. This is likely because fibers and fragments are
more likely to be released from textiles and other products and are more easily
transported by water currents. Moreover, the abundance of microplastics in beach
sediments was positively correlated with the proportion of irregularly shaped particles,
which are thought to be more resistant to degradation than spherical particles. This
suggests that microplastics with certain shapes may be more likely to accumulate in the

environment over time. (Kye et al., 2023)
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The polymer type of microplastics can also influence their abundance in the
environment. For instance, it was found that polyethylene (PE) and polypropylene (PP)
microplastics were the most abundant types of microplastics in coastal sediments, while
polystyrene (PS) particles were less abundant. This may be because PE and PP are more
commonly used in packaging and consumer products and are therefore more likely to
enter the environment as microplastics (Erni-Cassola et al., 2019).

Furthermore, the abundance of microplastics can also vary depending on the type of
environment. For instance, microplastics were more abundant in urban estuaries than
in remote coastal areas, possibly due to the higher concentration of plastic sources in
urban environments. Similarly, microplastics were more abundant in rivers than in
marine environments, possibly due to the proximity of plastic sources to freshwater
systems (Kye et al., 2023).

In addition to their abundance in the environment, the characteristics of microplastics
can also influence their potential impacts on ecosystems and organisms. For example,
the small size of microplastics can make them easily ingested by marine organisms,
potentially leading to negative effects on growth, reproduction, and survival. The
chemical properties of microplastics, such as their ability to absorb and concentrate
contaminants, can also make them a potential source of exposure to toxic pollutants
(Yuan et al., 2022).

In conclusion, the relationship between microplastic characteristics and abundance in
the environment is complex and context dependent. However, understanding the factors
that influence microplastic abundance can provide insights into the sources, transport,
and fate of microplastics in the environment, as well as their potential impacts on

ecosystems and organisms.

3.4. Properties of microplastics

The properties of microplastics can vary depending on their origin, shape, and size.
Microplastics can be made from different types of polymers, including polyethylene,
polypropylene, and polystyrene, which can affect their physical and chemical
properties. Microplastics can have a range of shapes, including spheres, fibers, and
fragments, which can affect their ability to transport and accumulate in different

environmental matrices. In addition, the size of microplastics can also affect their
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behavior in the environment, with smaller particles being more easily transported and
ingested by organisms (Haque & Fan, 2023).

The surface properties of microplastics can also play a role in their interaction with the
environment. Microplastics can adsorb and accumulate other pollutants, such as heavy
metals and persistent organic pollutants (POPs), which can increase their potential
toxicity to organisms. Furthermore, the surface charge of microplastics can affect their
aggregation and settling behavior in aquatic systems (Martin et al., 2022).

Overall, understanding the properties of microplastics is crucial for developing
effective strategies to mitigate their environmental and health impacts. Further research
is needed to investigate the properties of microplastics in different environmental

matrices and to develop methods for the detection and characterization of microplastics.

3.5.  Sources of Microplastics

Microplastics are a ubiquitous pollutant that can be formed through a variety of
mechanisms. One of the most common mechanisms is the fragmentation of larger
plastic products, such as bottles, bags, and packaging materials. This process can occur
through a variety of natural and human-induced factors, such as exposure to sunlight,
temperature changes, and mechanical stresses. As these larger plastic products break
down, they can generate many microplastic particles that can enter the environment
through different pathways (GESAMP, 2019).

Land-based sources of microplastics include stormwater runoff, wastewater effluent,
agricultural runoff, and industrial discharges. These sources can transport microplastics
to coastal areas and ultimately to the ocean. Studies have shown that microplastic
concentrations in rivers and estuaries can be as high as or even higher than those in the
ocean (Kye et al., 2023). Indeed, research was conducted by Coyle and his colleague at
2020 estimated that up to 80% of the microplastics in the ocean come from land-based
sources.

Anthropogenic activities are a significant source of land-based sources of microplastics
in the environment. The production and disposal of plastic products are major
contributors to microplastic pollution. Other human activities, such as agriculture and
construction, can also contribute to the release of microplastics into the environment

(Salama & Geyer, 2023). For example, plastic bags are one of the most used plastic
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items worldwide and are a significant source of microplastic pollution. As plastic bags
degrade over time, they break down into smaller pieces that can persist in the
environment for hundreds of years. Research has found that plastic bags are a major
contributor to microplastic pollution in marine environments (Coyle et al. 2020).

In addition to these, plastic packaging is another significant source of microplastic
pollution. Packaging materials, such as food containers and bottles, can break down
into smaller pieces over time, contributing to the overall amount of microplastics in the
environment (Siddiqui et al. 2022).

Tire abrasion is another important source of microplastics. As vehicles drive on roads,
the friction between tires and the pavement causes tiny particles of rubber to be released
into the air, water, and soil. These particles can ultimately end up in the ocean, where
they contribute to the overall microplastic pollution problem (Sommer et al., 2018).
Microplastics can also be released from textiles during washing and wear. Synthetic
textiles, such as polyester and nylon, shed fibers that can enter the environment and
contribute to the overall amount of microplastics. In addition to that, industrial
processes, such as the abrasion of plastic pellets during manufacturing, can also
generate microplastic particles, which can enter the environment through wastewater
discharge and can accumulate in sediment and soil (Ghosh et al., 2022).

Moreover, recent studies have shown that wastewater treatment plants can also be
significant sources of microplastics in the environment. More specifically, wastewater
treatment plants contributed up to 5.5% of total microplastic pollution in rivers. It is
mentioned that up to 77 trillion microplastic particles are released into the environment
annually from wastewater treatment plants worldwide (Nyang et al., 2023).

On the other hand, ocean-based sources of microplastics include activities such as
fishing, shipping, and aquaculture. Fishing gear can break down over time, for example
nets and lines, and release microplastics into the ocean. Similarly, shipping activities
can contribute to the problem through the discharge of plastic waste and the wear and
tear of plastic components on ships (Napper et al., 2022).

Overall, while both land-based and ocean-based sources of microplastics contribute to
the overall microplastic pollution in the ocean, the relative contribution of each source

may vary depending on the location and local environmental conditions.
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4. Transport of Microplastics

Microplastics can enter aquatic and terrestrial ecosystems through various pathways
(Dissanayake et al., 2022). It is important to note that the distribution of microplastics
in different environments can vary depending on several factors, such as the type of
plastic, the size of the particles, and the local environmental conditions. Due to their
small size, microplastics can be difficult to detect and quantify in the environment,
requiring specialized sampling and analysis techniques (Adhikari et al., 2022).

In aquatic ecosystems, microplastics can originate from sources such as urban runoff,
wastewater treatment plants, industrial discharges, and marine debris (Prata et
al.,2021). Wastewater treatment plants, which discharge treated effluent into local
waterways, have been identified as a major source of microplastic pollution in
freshwater and marine settings. Microplastics can also be released into the environment
through the disposal of plastic waste and debris, which can break down into smaller
particles over time. More specifically, in the ocean, microplastics have been found in
different water layers, from the surface to the deep sea. They have been detected in
areas such as the Arctic, Antarctic, and other remote locations. They can also be found
in sediment and seafloor habitats, as well as in the digestive tracts of marine organisms.
In coastal areas, microplastics are often found in the intertidal zone, where they can
accumulate in high densities. They can also be found in estuaries, mangrove forests,

and other near-shore habitats.

4.1. Factors affecting microplastic abundance and distribution.

Microplastic abundance and distribution are influenced by a myriad of factors,
reflecting the complex dynamics of their transport in aquatic environments. One
significant factor is ocean currents, a study found that microplastics were present in all
surveyed ocean basins, with varying concentrations attributed to the influence of
different current patterns. In particular, the North Atlantic and Indian Ocean exhibited
the highest concentrations, underscoring the role of currents in the spatial distribution
of microplastics (Peeken et al., 2018).

Wind patterns also play a crucial role in microplastic dispersal. Haque et al. (2023)
demonstrated that in terrestrial environments, microplastics can be transported by wind,

especially in urban areas with high levels of plastic waste. This wind-driven transport
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contributes to the presence of microplastics in diverse settings, including soils, rivers,
lakes, and urban spaces.

Geographical factors contribute significantly to microplastic distribution. Alfaro-Nufiez
et al. (2021) reported variations in microplastic concentrations across different oceanic
regions. The Atlantic Ocean exhibited the highest average concentration, followed by
the Pacific and Indian Oceans, indicating geographical disparities in the prevalence of
microplastics. Furthermore, the study identified polar regions, particularly the Arctic,
as hotspots for microplastic accumulation, emphasizing the impact of geography on
their distribution (Alfaro-Nufiez et al., 2021).

Additionally, human activities such as improper waste disposal, fishing, boating, and
water sports contribute directly to the release of microplastics into the environment.
Atmospheric deposition, where tiny plastic particles are carried by the wind and
deposited onto land and water surfaces, also serves as a pathway for microplastics to
infiltrate ecosystems (Haque et al., 2023).

Climate change is another key factor that influences the fate of microplastics. The
primary avenues for microplastic discharge consist of the release of microplastics
preserved in the ice into the sea because of global temperature increase, flushing of
plastic/microplastic debris from shorelines into adjacent water bodies because of
increased rainfall, redistribution of microplastics away from the source of plastic debris
as a result of increased wind, and accumulation of microplastics in the soil as a result
of drought. The influence of climate change and microplastic contamination on aquatic

and soil species was also explored (Haque & Fan, 2023).
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Figure 6: Impact of climate change on microplastic distribution (Haque & Fan,2023).

4.2. Distribution of microplastics in ocean surface

As it is already mentioned, the spatial distribution of microplastics (MPs) in the ocean
is complex and influenced by various factors, including ocean currents, wind patterns,
proximity to pollution sources, and the physical characteristics of the plastics.
Generally, microplastics have been found across all ocean basins, from surface waters
to the deep sea and even polar regions.

Temporal variations in microplastic concentrations have also been observed. A study
by Kye et al. (2023) found that microplastic concentrations in the ocean surface have
increased by two orders of magnitude in the past 40 years. They attributed this increase
to the rise in plastic production and improper disposal practices.

In addition to spatial and temporal variations, microplastic concentrations also vary by
size and type. A study by Suaria et al. (2018) found that microplastics less than 1 mm
in size were the most abundant, while another study by Gago et al. (2019) showed that

fragments and fibers were the most common types of microplastics found in the ocean.
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The Global Microplastics Initiative is a collaborative effort among scientists from
around the world to investigate the distribution and impacts of microplastics in marine
ecosystems. They published a paper that presents some preliminary findings from the
sampling effort, including the presence of microplastics in all regions of the world's
oceans. In their study, the researchers found that microplastics were present in 90% of
1393 ocean samples taken around the world, with an average concentration of 118
particles per liter. The majority of these microplastics, 91%, were microfibers that came
from plastic components in fabrics. The researchers also observed differences in
microplastic concentrations across different locations. Open ocean samples had
consistently higher concentrations, averaging 179 particles per liter, compared to
coastal regions, which averaged 59 particles per liter. The polar regions had the highest
concentrations, with the Arctic having an average of 313 particles per liter and the
Southern oceans at 154 particles per liter. Within the Arctic, there was significant
variation, with Canada and Alaska having higher concentrations compared to Svalbard,

which had very low concentrations ranging from 0 to 6 particles per liter. The Atlantic
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Figure 7: Global locations for collecting samples of marine microplastics (Borrelle et
al.,2018).

had the highest average concentration of microplastic particles at 134 per liter, followed

by the Pacific at 70 per liter and the Indian Ocean at 42 per liter (Borrelle et al.,2018).
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4.3. Terrestrial ecosystems

In terrestrial ecosystems, microplastics can enter the environment through atmospheric
deposition, sewage sludge application to soil, and the use of plastic mulch in agriculture
(Campanelle et al., 2020). The use of plastic mulch, which is a thin layer of plastic film
placed on the soil surface to control weeds and retain moisture, has been identified as a
major source of microplastic pollution in agricultural soils (Salama & Geyer, 2023).
Microplastics can also be transported by wind, especially in urban areas with high levels
of plastic waste. More specifically, in terrestrial regions, microplastics have been
detected in soils, rivers, and lakes. MPs can also be found in urban areas, where they
can accumulate in streets, parks, and other public spaces (Haque & Fan, 2023).

Once microplastics enter the environment, they accumulate in various ecosystems.
They can persist for long periods and can be transported across ecosystems.
Microplastics in aquatic environments can be transported downstream by rivers and
eventually reach the ocean (Kye et al., 2023). Additionally, in marine environments,
microplastics can accumulate in specific areas, such as ocean gyres, where ocean
currents converge and trap the particles (Lusher, 2015). In freshwater ecosystems,
microplastics can accumulate in sediment and on the surfaces of aquatic plants and
animals. Similarly, microplastics in terrestrial environments can be transported by wind
and water erosion and deposited into nearby waterways (Campanelle et al., 2020).
Additionally, microplastics can also be released directly into the environment through
various human activities such as fishing, boating, and water sports. Microplastics can
also infiltrate the environment by atmospheric deposition, in which tiny plastic particles
are carried by the wind and deposited onto land and water surfaces (O'Brien et al.,
2023).

4.4. \Weathering degradation of microplastics in the ocean

Once microplastics are released into the environment, they undergo various physical
and chemical processes that can affect their behavior and distribution. The degradation
of plastic in the ocean is a complex process that involves different physical, chemical,
and biological factors.

For instance, exposure to UV radiation and mechanical forces can lead to the

degradation of microplastics, causing them to break down into smaller particles that can
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be transported more easily (Sutkar et al., 2023). In addition to UV radiation, exposure
to heat and water can also contribute to the degradation of plastics. A study by Krauklis
et al. (2021) found that exposure to high temperatures and humidity can cause the
breakdown of plastics by accelerating the diffusion of water molecules into the polymer
matrix, leading to hydrolysis and the subsequent release of small molecules.

One of the most important factors that contribute to the degradation of plastics in the
ocean is weathering. Weathering is the process by which plastics are degraded by
exposure to environmental factors such as sunlight, heat, and water. UV radiation from
sunlight is known to cause the breakdown of plastics by breaking chemical bonds and
inducing photo-oxidation reactions. This is leading to the formation of free radicals,
which can cause more degradation of the polymer chain.

The fragmentation of microplastics can also increase their surface area, which can make
them more vulnerable to chemical reactions and adsorption of contaminants from the
surrounding environment (Joo et al., 2021).

In addition to fragmentation, microplastics can also interact with chemicals and toxins
present in the environment, which can lead to the uptake of these substances by
organisms that ingest the particles. Microplastics can enhance the transport of
contaminants, both organic and inorganic, in aquatic environments (Kinigopoulou et
al., 2022). Several studies have shown that microplastics can adsorb a variety of
pollutants, including persistent organic pollutants (POPs) and heavy metals, and
transport them to different locations (Joo et al., 2021).

Moreover, microplastics can accumulate in the digestive tracts of organisms, leading to
blockages, reduced nutrient uptake, and other physiological effects (Bhuyan, 2022).
Additionally, microplastics can have a range of harmful effects on marine and terrestrial
organisms, such as ingestion, entanglement, and physical damage. Microplastics can
also adsorb and concentrate toxic chemicals and pollutants, such as phthalates and
bisphenol A, which are known to have endocrine-disrupting effects, which can then be
transferred up the food chain and pose risks to human health (Campanale et al., 2020).
Microplastics can be ingested by a wide range of organisms, from plankton to humans,
and can cause physical harm, as well as transfer chemicals and toxins to organisms. As
a result, there is a growing concern about the potential ecological and health impacts of

microplastics in the environment.
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5. Impacts of microplastics on marine ecosystems

As previously discussed, the intricate interplay between weathering processes and
subsequent interactions with contaminants heightens environmental concerns
surrounding microplastics in aquatic ecosystems. More specifically, it is important to
focus on the two principles of environmental toxicology of MPs in the aquatic

environment: their bioaccumulation and toxicity.
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Figure 8:Microplastics' environmental toxicology: a concise focus on aquatic environments.
(Wang, 2023)

Bioaccumulation of microplastics (MPs) in marine environments encompasses their net
uptake through various exposure routes (ingestion, contact, and respiration) and sources
(water, sediment, and prey). Marine animals acquire MPs directly through water uptake
and ingestion, utilizing pathways like endocytosis/phagocytosis (Yan et al., 2021).
Additionally, trophic transfer processes, from prey to predator, contribute to MPs
uptake. Due to MPs' small sizes, marine organisms may selectively or accidentally
ingest them, as observed in various aquatic species (Miller et al., 2020; Wang et al.,
2020).

The functional physiology of marine animals plays a crucial role in MPs' interactions
within the environment. Accumulation is contingent on MPs crossing intestinal barriers
and being transported to other body sites post-ingestion. The fate of accumulated MPs
in the digestive tract depends on particle characteristics such as size, surface

modification, and chemical composition. Smaller particles are likely to enter and
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remain in the circulatory system, while larger ones stay in the intestinal tract (Shen et
al., 2020). Figure 3 illustrates the potential transport of MPs across different food

chains.

5.1. Exposure through the qills

Microplastics can come into contact with the outer surfaces of marine organisms,
including their gills, leading to possible translocation into the organism (Yang et
al.,2021). This is known as exposure through the gills, which is a potential route of
microplastic uptake in marine and freshwater species. The amount of external exposure
depends on the concentration and size distribution of microplastic particles and the
specific nature of the organism (GESAMP, 2019). External exposure is typically small
compared to exposure through ingestion, except for very small particles that can pass
across gills (Khan et al.,2023)

Nonetheless, very small microplastic particles (less than 40 um) may pass across the
gills of marine organisms that do not actively feed, such as the shore crab (Carcinus
maenas). Non-filter feeding marine organisms, such as the shore crab (Carcinus
maenas), have been shown to take up microplastics through inspiration across the gills,
as well as through ingestion of pre-exposed food. Ingested microspheres were retained
within the body tissues of the crabs for up to 14 days following ingestion and up to 21
days following inspiration across the gills, with uptake significantly higher into the
posterior versus anterior gills (Walkinshaw et al.,2020).

These findings highlight the importance of considering ventilation as a possible route
of microplastic uptake in marine organisms and suggest the need for further research

on the potential impacts of microplastic exposure through the gills.

5.2. Ingestion

The ingestion of microplastics by marine organisms is a growing concern for the health
of marine ecosystems. Microplastics, which are particles less than 5 mm in size, are
commonly mistaken by marine organisms as food and ingested. Ingestion of
microplastics can have various ecological effects on marine organisms, including
physical harm, reduced feeding efficiency, and decreased reproductive success
(Pothiraj et al.,2023).
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One of the most significant effects of microplastic ingestion is physical harm to marine
organisms. Microplastics can cause damage to the digestive tract, leading to
inflammation and blockages that can impair nutrient absorption and result in starvation
(Bhuyan et al., 2022). The presence of microplastics in marine environments can also
lead to the entanglement of marine organisms, resulting in injury or death (Prinz et al.,
2020).

Another ecological effect of microplastic ingestion is reduced feeding efficiency.
Marine organisms may mistake microplastics for prey, leading to a reduction in their
consumption of actual food. This can result in decreased energy levels and growth rates
(Nanthini et al., 2022). Additionally, the ingestion of microplastics can lead to a feeling
of fullness in marine organisms, causing them to stop feeding and reducing their overall
food intake (Pannetier et al., 2019). A study conducted on oysters exposed to
microplastics showed that these particles can lead to changes in their feeding behavior
and physiology. Ingestion of microplastics was found to decrease the clearance rate and

Figure 9: Microfibers found in situ and in organisms that have consumed them include: (a) a
blue microfiber from a sea pen polyp’'s mouth. (b) sea pen, JC066-3717; (c) example sea pen
polyp. (Wang W. et al.,2016)
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increase the absorption efficiency of the oysters, leading to reduced growth and
reproduction rates (Jiang et al., 2021).

Microplastic ingestion can also have negative impacts on the reproductive success of
marine organisms. Studies have found that the presence of microplastics in marine
environments can lead to a decrease in the reproductive output of certain species,
including mussels and oysters (Sharifinia et al., 2020). This decrease in reproductive
success can have cascading effects on the entire ecosystem, as the populations of
affected species may decline and alter food webs.

Additionally, microplastics have been found to affect the behavior of marine organisms.
A study by Browne et al. (2013) demonstrated that lugworms exposed to microplastics
were less likely to burrow and exhibited decreased feeding rates. Similarly, a study by
Qiang & Cheng (2019) found that the presence of microplastics reduced the swimming
speed of larval fish, which could potentially impact their ability to escape predators.
Apart from physiological effects, microplastic ingestion has also been linked to
behavioral changes in marine organisms. For instance, a study on mussels exposed to
microplastics showed that they displayed reduced attachment ability, which could
affect their survival and ability to obtain food (Cole et al., 2023).

The effects of microplastic ingestion on marine organisms and their associated food
webs can have far-reaching consequences. The ecological impacts of microplastic
ingestion by marine organisms are not limited to individual-level effects but can also
extend to ecosystem-level effects. As these organisms are consumed by larger
predators, microplastics can accumulate and potentially transfer up the food chain,

ultimately affecting humans who consume seafood (Khalid et al., 2021).

5.3. Potential for microplastics to transfer up the food chain

Microplastics are known to be ingested by a wide variety of marine organisms, from
zooplankton to fish and mammals. These microplastics can accumulate in the gut of
these organisms and potentially transfer up the food chain to higher trophic levels.

A study by Steer et al. (2017) found that when small fish ingested microplastics, the
particles remained in their digestive system for longer periods of time, which could

increase the potential for these particles to be transferred to predators. Similarly, a study
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by Lusher et al. (2013) found that microplastics were present in the stomachs of fish
sold for human consumption, suggesting that these particles have the potential to

transfer to humans.
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Figure 10: How plastic pollution travels up the food chain (The Ocean Cleanup, 2023).

Research has also shown that microplastics can transfer to higher trophic levels via
marine mammals. A study by Parfitt et al. (2021) found microplastics in the feces of
gray seals in the Baltic Sea, indicating that these particles were ingested by the seals
and potentially transferred through the food chain to predators such as killer whales.
Additionally, a study by Novillo et al. (2020) found microplastics in the stomachs of
stranded dolphins in the Mediterranean Sea, indicating that these particles can also be
transferred to marine mammals.

Furthermore, many studies demonstrated that microplastics can pass through the gut
wall and enter the circulatory system of fish, indicating that they can potentially
accumulate in tissues and be transported to other organs. This means that microplastics
have the potential to transfer up the food chain as predators consume prey containing
microplastics. For example, marine birds and mammals that feed on fish and other

marine organisms can also ingest microplastics (Ugwu et al., 2021).
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5.4. Impacts of microplastics on the environment and human health.

It is important to monitor the trajectory of microplastics because various studies have
shown that MPs can have a range of negative impacts (Bostan et al., 2023). In marine
environments, for example, microplastics can affect the feeding behavior and survival
of many marine species, including fish, crustaceans, and seabirds. Microplastics are not
only toxic itself but also carriers for many pollutants to enter biological tissues and
organs (Li et al.,2023). More specifically, MPs can transport pollutants and toxins, such
as persistent organic pollutants (POPs) and heavy metals, which can accumulate in the
tissues of organisms that ingest the particles (Ziani et al., 2023).

Physical impacts of microplastics include blockage of the digestive system or
entanglement in tissues of organisms that ingest them (GESAMP 2015). Such impacts
can reduce feeding and growth rates, reproductive failure, and mortality (GESAMP
2015). In addition, microplastics can smother benthic habitats and alter sediment
properties, causing physical damage to ecosystems (Seeley et al. 2020).

Microplastics can act as a vector for the transport of chemical pollutants, such as
persistent organic pollutants (POPs) and heavy metals, which can accumulate on their
surface over time (GESAMP 2015). When organisms ingest microplastics, the
pollutants can leach into their tissues, leading to potential toxicity and bioaccumulation
(GESAMP 2015; Saud et al., 2023).

Biological impacts of microplastics include the disruption of hormone systems and
alteration of gene expression, which can lead to changes in behavior, growth, and
reproduction. Such impacts can have cascading effects on the ecosystem as a whole
(GESAMP 2015).

Apart from environmental impacts, microplastics can also pose potential risks to human
health. Humans are potentially exposed to microplastics through oral intake, inhalation,
and skin contact and can accumulate in human tissues over time. (Lee et al., 2023).
Some studies suggest that microplastics may cause negative impacts on human health,
such as inflammation, oxidative stress, and changes in gut microbiota (GESAMP 2015;
Li et al.,2023).
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Figure 11: Potential adverse effects of microplastics on human health (Li et al.,2023)

Inflammation is the body's response to injury or infection, and chronic inflammation
has been linked to a range of health problems, including heart disease, cancer, and
diabetes (Chen et al., 2022). Research has shown that exposure to microplastics can
cause an increase in inflammation in laboratory animals, indicating that chronic
exposure to microplastics could potentially lead to chronic inflammation in humans
(Lee etal., 2023).

Oxidative stress occurs when there is an imbalance between the production of reactive
oxygen species (ROS) and the body's ability to detoxify them, leading to damage to
cells and tissues (Sies and Jones, 2020). Studies have suggested that microplastics can
induce oxidative stress in organisms, including humans, by generating ROS (Koelmans
etal., 2019).

Gut microbiota are the microorganisms that live in the gastrointestinal tract and play an
important role in human health, including digestion, metabolism, and immune function
(Thurshy et al., 2017). Recent studies have suggested that microplastics can disrupt the
composition of gut microbiota in laboratory animals, potentially leading to negative

health impacts (Tamargo et al., 2022).
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6. Management of Microplastics

Given the potential impacts of microplastics on the environment and human health,
there is a growing need to develop effective management strategies to reduce their
release and minimize their impact. These strategies can be divided into two categories:
source reduction and removal.

Source reduction strategies aim to reduce the amount of microplastics released into the
environment by limiting the use of microplastics in various applications. For example,
many countries have implemented bans or restrictions on the use of microbeads in
personal care products, and some manufacturers have pledged to phase out the use of
microfibers in textiles. In addition, improvements in waste management and recycling
practices can help reduce the amount of plastic waste that ends up in the environment
and contributes to the formation of secondary microplastics.

Removal strategies aim to remove microplastics that are already in the environment.
These strategies include the use of physical and chemical methods to remove
microplastics from water and sediment, as well as the development of technologies to
capture microplastics before they enter the environment, such as filters on washing
machines and stormwater treatment systems.

Analytical techniques have also been developed to identify and quantify microplastics
in environmental samples. These include Fourier-transform infrared spectroscopy
(FTIR), Raman spectroscopy, and scanning electron microscopy (SEM) (Liu et al.,
2023). These techniques allow for the identification of different types of microplastics,

their sizes, shapes, and chemical composition.

6.1. Mitigation Strategies

The global nature of the microplastics issue, as well as the complex and varied sources
and distribution pathways of microplastics, make mitigation strategies challenging.
However, a range of strategies have been proposed to address the issue of microplastics,
including various alternatives.

Primarily, reducing the production and use of plastics is a key strategy for reducing the
amount of microplastics entering the environment (GESAMP 2015). In addition to this,
the management of plastic waste should be one of the primary policies followed.

Improving plastic waste management practices, such as recycling and proper disposal,
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can help to prevent plastic debris from entering the environment. Also, companies
should aim at reducing its production and recycling during manufacturing through a
combination of voluntary and mandatory measures. It is also important to improve the
efficiency of production of plastic products. The use of plastics can be decreased at the
production level by (a) using recyclable, biodegradable, or alternative materials (such
as glass); (b) enhancing product design to minimize plastic usage, increase product
longevity, permit repair and reuse, and enhance recyclability by reducing the number
of polymers, additives, and mixtures; and (c) outlawing specific single-use plastics.
(Prata et al,.2018). Full prohibitions on other single-use plastics are helpful (Fendal et
al.,2009), such as cotton buds and microbeads added to cosmetics, which often include
marine litter and can be replaced with biodegradable materials, even though plastic is
rarely substituted in some items (e.g., food packaging). In fact, the United States, the
United Kingdom, Canada, and New Zealand have all outlawed microbeads (Dauvergne,
2018). Additionally, implementing stormwater management practices, such as green
infrastructure and permeable surfaces, can help to reduce the amount of microplastics
entering freshwater ecosystems (Pereira et al., 2019). Another alternative is to
improving wastewater treatment processes that can help to prevent the release of
microplastics into the environment (GESAMP 2015).

Finally, it is imperative to underscore the significance of education and awareness in
heightening public understanding regarding the issue of microplastics and fostering
behavioral change. These endeavors are instrumental in reducing the influx of

microplastics into the environment.

6.2. Biodegradation and Mineralization

Biodegradation and mineralization are two mechanisms that could potentially mitigate
the negative impact of microplastics (Li et al., 2023).

Biodegradation refers to the breakdown of plastics by microorganisms such as bacteria
and fungi. Several studies have reported the biodegradation of microplastics under
different environmental conditions. For instance, Ghatge et al. (2020) reported the
biodegradation of polyethylene (PE) microplastics by the bacterial strains Bacillus
cereus and Pseudomonas aeruginosa. The authors found that the bacterial strains were

capable of degrading PE microplastics and producing CO2 as a by-product. Similarly,
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Zhang et al. (2022) reported the biodegradation of polystyrene (PS) microplastics by
the bacterial strain Pseudomonas putida. The authors found that the bacterial strain
could use PS as a carbon source and degrade it into smaller fragments.

One study conducted by Bule Mozar et al. (2023) investigated the biodegradation of
PVC microplastics by a marine fungus strain Z. marinum. Results showed that the strain
was able to utilize PVC as its sole carbon source and degrade it within 60 days,
indicating its potential for biodegradation of PVC microplastics in marine
environments.

Another study by Tareen et al. (2022) reported the biodegradation of PET microplastics
by a bacterial consortium consisting of Comamonas sp., Pseudomonas sp., and Bacillus
sp. The consortium was able to degrade PET microplastics by 52.3% within 28 days,
suggesting its potential for bioremediation of PET microplastics in contaminated
environments.

Mineralization, on the other hand, refers to the complete conversion of plastics into
their constituent elements such as carbon dioxide, water, and inorganic salts (Degli
Innocenti et al., 2020). This process is more desirable than biodegradation as it results
in the complete removal of microplastics from the environment. Several studies have
reported the mineralization of microplastics under different conditions. For instance,
Temporiti et al. (2022) reported the mineralization of PE microplastics by the fungal
strain Pestalotiopsis sp. The authors found that the fungal strain could degrade PE
microplastics and convert them into CO2, water, and other inorganic compounds.
Furthermore, some microorganisms are capable of mineralizing microplastics, which
refers to the complete conversion of microplastics into CO2 and H20. For instance,
Lee et al. (2021) reported the mineralization of PS microplastics by the bacterial strain
Pseudomonas sp. The study showed that the bacterial strain was able to mineralize PS
microplastics into CO2 and H20, indicating its potential for complete biodegradation
of microplastics.

However, it is important to note that the biodegradation of microplastics is not a
complete solution to plastic pollution. While biodegradation can break down plastic
materials into smaller particles, these particles can still persist in the environment and
pose a threat to ecosystems and human health. Therefore, mineralization is considered

a more desirable outcome as it converts plastic waste into harmless inorganic
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substances. More research is needed to understand the efficiency and limitations of
these processes in different environments. Additionally, the potential impacts of the by-
products of biodegradation and mineralization processes on ecosystems need to be
investigated further to ensure their safety and sustainability.
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7. Development of Sampling Protocols for Microplastics at the Sea

Surface

A comprehensive understanding of microplastics' composition and distribution stands
as a cornerstone in refining and optimizing sampling methodologies. The intricate
nature of microplastics, varying in size, type, and origin, necessitates a nuanced
comprehension to develop effective sampling protocols. The composition of
microplastics influences their behavior in aquatic environments, impacting their
transport, fate, and potential ecological consequences. Moreover, a precise
understanding of their distribution across different marine settings enables the design
of targeted and representative sampling strategies. Without such insights, sampling
methodologies may fall short in capturing the true extent of microplastic presence,
hindering accurate assessments of environmental impact. Therefore, the refinement and
optimization of sampling techniques hinge upon a thorough grasp of microplastics'
intricate characteristics, ensuring that research efforts yield meaningful and actionable

results in the ongoing pursuit of mitigating their environmental impact.

7.1. The environmental setting of Sampling areas

A critical initial step in microplastics research is understanding the environmental
setting of sampling areas. The characteristics of the environment, such as water
currents, temperature, and proximity to potential pollution sources, profoundly
influence the distribution and concentration of microplastics. By thoroughly assessing
the environmental context, researchers can strategically select sampling locations,
ensuring representative data that reflects the true presence and impact of microplastics
in specific ecosystems. This foundational understanding of the environmental setting
establishes the groundwork for effective and meaningful investigations into the extent
of microplastic pollution and its potential ecological consequences.
1. Oceanographic Conditions:

Microplastic distribution is influenced by oceanographic conditions such as currents,
wind patterns, and temperature. More specifically, temperature and water depth are
important variables impacting microplastic distribution. Warmer waters may accelerate

the breakdown of larger plastic debris into microplastics, while colder temperatures
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could slow down such degradation processes. Sampling in different depth zones
provides insights into whether microplastics tend to accumulate near the surface or
disperse throughout the water column (Lusher, 2015).

2. Proximity to Coastal Urban Centers:
Coastal areas in close proximity to urban centers serve as critical zones for studying
microplastic pollution due to the increased human activities in these environments.
Urbanization typically brings about heightened industrial, commercial, and residential
activities, leading to higher chances of plastic usage and improper disposal practices.
As a result, microplastics from various sources, such as plastic packaging, single-use
items, and industrial processes, can find their way into nearby water bodies. Sampling
efforts conducted near these regions yield valuable insights into the specific sources
and types of microplastics present. For example, analyses might reveal a prevalence of
microplastics derived from common consumer items, shedding light on potential areas
for targeted intervention and waste management strategies. Furthermore, the
identification of specific polymers and additives in microplastics can provide clues
about the industries contributing to the pollution, facilitating more precise regulatory
measures (Ghosh et al.,2022; Chen et al., 2022).

3. Biotic Factors:
The presence of marine organisms, such as plankton and neuston, significantly
influences the distribution of microplastics in aquatic environments. Plankton can
interact with microplastics by becoming entangled or ingesting them, affecting their
movement within the water column. Neuston, living at the water's surface, plays a
crucial role as it inhabits the sea surface microlayer, where microplastics often
accumulate. Sampling in biodiverse areas provides a holistic understanding of the
ecological implications of microplastic pollution. Studying the interaction between
microplastics and marine organisms helps assess their potential transfer through the
food web, impacting entire aquatic ecosystems. Considering these biological
interactions in sampling efforts contributes to a more comprehensive assessment of
microplastic pollution and its consequences for marine life and ecosystems (Lusher et
al., 2017).
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4. Temporal Variability:
Microplastic concentrations exhibit temporal variability influenced by seasonal
changes and anthropogenic activities. Long-term sampling in various seasons enhances
the robustness of the data and aids in identifying trends and patterns (Wakkaf et al.,
2022).
Incorporating such factors into sampling strategies ensures the collection of
representative data, facilitates accurate assessments of microplastic pollution and

informs targeted mitigation efforts.

7.2. Sampling Methods and Techniques on aquatic environments

From the Arctic to Antarctic seawater, sediments, rivers, soil, and even the air we
breathe, microplastics are pervasive across various environmental matrices. The
growing concern about these particles has led to a burgeoning body of literature seeking
to measure microplastics in the environment and understand their impact on organisms.
In accordance with that, the pervasive issue of microplastic pollution in marine
environments has prompted the need for standardized and effective sampling protocols
to assess the extent of contamination. Sampling at the sea surface is crucial, as this is
where microplastics accumulate and can have significant ecological and environmental
impacts.

Nevertheless, the absence of universally accepted and validated methods has resulted
in a diverse array of analytical approaches, hindering a comprehensive interpretation of
current findings. Nowadays, due to the wide range of readily accessible options,
investigators might have difficulty selecting methods for sampling microplastics (Prata
et al.,2018).

The first step in microplastics sampling methodologies is the collection of water and
sediment samples. The selection of the sampled medium relies on the available
equipment and the specific objectives of the study. For instance, if the aim is to assess
the exposure of pelagic organisms, sampling the water column may be the most
appropriate choice. However, the distribution of microplastics is significantly
influenced by various factors like meteorological conditions, temporal variations, and
geographical locations, posing challenges to result reproducibility (Lusher et al.,2017;
Prata et al.,2018).
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On the contrary, the methodology employed, and the quantity of sampled material play
crucial roles in determining the representativeness of the results. Typically, findings are
presented as total microplastics per unit of sample, sometimes accompanied by detailed
classifications based on size, color, and shape (e.g., fiber, particle, or fragment). It is
recommended that authors include all available data, presenting results in both total
microplastics and standardized classes. Establishing a uniform classification for what
constitutes a microplastic is also suggested, addressing the inclusion or exclusion of
items such as fibers and polymeric rubbers. Consequently, much of the current research
on environmental concentrations of microplastics offers a snapshot limited by specific
time and space, which hinders direct comparisons between studies (Lusher et al., 2020;
EU COM, 2023).

e Water Column
e Sediment
e Biota

LITTORAL CUT BANK

Figure 12: Different sampling locations are represented in the aquatic environment. Water
samples can be retrieved with nets such as manta trawls, filter cascades, continuous-flow
centrifuges, sediments with corers, graspers, and shovels or from divers, and biota with nets,

trawls or electrofishing (Stock et al., 2019).

The collection of water samples for microplastic analysis involves various methods,
each with its own set of advantages and disadvantages.
Water Sample Collection Methods:

Neuston and Manta Nets: Neuston and Manta nets are popular for their ease of use
and their ability to sample large volumes of water. Widely utilized for comparative
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studies between locations, these nets produce a substantial number of microplastics for
further analysis. However, they come with drawbacks, including the need for expensive
equipment, a boat for operation, time-consuming processes, and the potential for
contamination by vessels and tow ropes. The lower limit of detection for these nets is
333 um (Montoto-Martinez et al., 2022).

More specifically, the Neuston nets are specialized surface-towing nets designed for
collecting materials at the sea-air interface, particularly microplastics. Constructed with
fine mesh, these nets effectively capture floating particles on or near the water's surface.
Their versatility allows for adjustments to target specific size fractions, enabling the
capture of both large and small microplastics. However, like other surface trawling
methods, Neuston nets may be influenced by surface currents, introducing a potential

limitation to the representativeness of the samples (Tokai et al.,2021).

3

Figure 13: The neuston net (Park & Park, 2021)

The Manta Trawl, named for its resemblance to the wings of a manta ray, is a
specialized sampling device designed to collect surface water samples for microplastic
analysis. It typically consists of a floating frame supporting a mesh net. The net is
positioned vertically to capture microplastics present at the sea surface. Manta trawls
are effective in capturing larger-sized microplastics. The design minimizes disruption
of the water column, allowing for a more accurate representation of surface microplastic
concentrations. However, the efficiency of Manta trawls can be influenced by surface
currents, and they may underestimate the abundance of smaller microplastic particles
(Pasquier et al.,2022).
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Figure 14: A Manta net sampling device (Park & Park, 2021).

Plankton Net: Plankton nets, known for their ease of use and a low limit of detection
at 100 um, offer quick sampling of medium volumes of water. However, their usage
requires expensive equipment, a boat, and may pose challenges such as potential
clogging or breakage. Static sampling is contingent upon water flow, and they sample

lower volumes compared to the Manta trawl (Kundu et al.,2021).

)

I
Figure 15: Plankton net (Park & Park, 2021).

Bongo nets consist of paired nets designed for collecting replicate samples from the
water column. Plankton nets are typically towed or hauled at low velocities due to the
risk of clogging associated with their small mesh size (approximately 100 pum). In
addition to horizontal towing or hauling, these nets facilitate vertical or oblique
sampling. Attaching a flow meter to these nets is essential to estimate the sampled water
volume, allowing for result expression in cubic meters. Alternatively, water pumps,
sourced from vessel intakes, deck pumps, or coastal areas, provide an alternative to nets
(Sadri, 2015).
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Figure 16: Bongo net (Park & Park, 2021).
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The Manta Trawl, Neuston Net, Microplastic Traps, and Bongo Net each offer unique
advantages and limitations, addressing different aspects of microplastic sampling
needs. Understanding these considerations is vital for researchers and environmental
practitioners to make informed choices tailored to their specific study objectives. It is
always crucial to consider critical factors such as particle size range, surface disruption,
current sensitivity, and continuous monitoring capabilities.

Particle Size Range: The Manta Trawl is effective for larger microplastics, while the
Neuston Net is versatile, capturing both large and small particles. Microplastic Traps
have a variable size range depending on the design, and the Bongo Net is versatile,
capturing a wide range of sizes.

Surface Disruption: Manta trawls minimize water column disruption, while Neuston
Nets may experience potential disruption, especially in high currents. Microplastic
Traps cause minimal disruption as they rely on passive sampling, and the Bongo Net
may disrupt the water column during towing.

Current Sensitivity: The Manta Trawl is sensitive to surface currents, as is the Neuston
Net, which can influence its representativeness. Microplastic Traps are less influenced
by currents, and the Bongo Net may experience potential efficiency issues due to
currents.

Continuous Monitoring: The Manta Trawl provides snapshot sampling during trawls,
while the Neuston Net offers continuous sampling during towing. Microplastic Traps
provide a continuous record of presence, and the Bongo Net offers information on
vertical distribution.

All things considered, these sampling techniques play a crucial role in gaining a holistic
insight into the distribution and attributes of microplastics at the sea surface, with each
method presenting distinct strengths and limitations. Researchers frequently utilize a
combination of these methods to enhance the accuracy and representativeness of the
data collected (Park & Park,2020; Campanale et al.,2020).

Prata et al. (2018) concluded, based on their review of 20 studies on water sampling,
that nets were the most commonly used method (11 studies), followed by pumps (5
studies) and sieves (3 studies). Notably, only one study utilized bottles and buckets for
water sample collection. Among these studies, only 8 provided information on the

approximate volume of sampling, ranging from 10 to 2000 L. The inclusion of this
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information is crucial, as it can significantly impact the representativeness of the results.
It is noteworthy that NOAA recommends the use of manta nets, followed by sieving
(0.3 mm) and filtration (0.3 mm) (Masura et al., 2015).

7.3. Microplastic analysis methods

The analytical techniques employed in the analysis of microplastics (MPs) in real
aquatic samples offer various merits and limitations, each catering to specific analytical

needs.

Figure 17: Analysis of microplastics in aquatic samples (Kalaronis et al.,2022)

The stereo-microscope, utilizing upper-side light illumination, provides a rapid and
cost-effective characterization of MPs' morphology and determination of their size (<
100 um). However, its feasibility for particle identification is limited, necessitating
coupling with other techniques (Mariano et al.,2021).

Fluorescence analysis is a powerful method that involves the collection of fluorescent
emission excited by a specific wavelength, providing detailed insights into the size,
shape, and color of microplastics (MPs), particularly those smaller than 5 um.
Renowned for its simplicity, speed, and cost-effectiveness, this technique stands out for
its ability to deliver valuable information without the need for specific pretreatment.
However, it comes with certain limitations. Notably, fluorescence analysis is unable to
detect non-fluorescent polymers, and the application of Red Nile solution, while
beneficial for enhancing fluorescence signals, may inadvertently stain organic matter,

potentially affecting the accuracy of the analysis (Kalaronis et al.,2022).
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Atomic Force Microscopy (AFM), employing horizontal scanning with a cantilever,
offers topographic analysis of samples' surfaces and morphological descriptions at a
very high resolution (< 0.3 nm). This technigue is advantageous for its quick and low
time-consuming process, identification of polymer blends, and generation of 3D
images. However, it is prone to external contamination, and the cantilever's tip can

damage the sample, leading to potential incorrect images (Dufréne et al., 2022).

Hyperspectral imaging, involving the measurement of reflectance spectra of images,
facilitates the identification of plastic or non-plastic components and chemical
composition of samples at a resolution of < 0.5 mm. This technique boasts high
detection efficiencies and rapid sample analysis but requires coupling with other

techniques for comprehensive results (Kalaronis et al.,2022).

Confocal Laser Scanning Microscopy (CLSM) involves the collection of reflected
light to detect small-sized MPs and nanoparticles (< 100 nm), allowing for the
identification of polymer blends and detection of adsorbed organic compounds onto

MPs. However, its resolution is not specified (Moud et al.,2023).

Transmission Electron Microscopy (TEM), utilizing an electron beam, offers very
high resolution (< 0.1 nm) that increases the wavelength of the electron transmission.
This allows for morphological and structural analysis. It is promising for the analysis of
both MPs and NPs. Furthermore, this electron microscope can also be paired with
Energy Dispersive X-ray Spectroscopy (EDS) and image-processing software. This
combination enables the identification of the elemental composition of nanoparticles
(Bonfanti et al., 2021). Simultaneously, the software facilitates the processing of
extracted images. When it is coupled with Energy Dispersive X-ray (EDX), elemental
analysis is achievable. However, this technique demands substantial time and
preparation for analysis. More specifically, despite TEM being widely used for
characterizing nanomaterials, has limitations in detecting Microplastics (MPs) and
Nanoparticles (NPs) due to the amorphous nature and weak contrast of polymers. To
improve detection, staining with heavy elements is required, but this may impact the

chemical composition and structure of the polymers (Campagnolo, et al., 2021).
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Scanning Electron Microscopy with Energy Dispersive X-ray (SEM-EDX)
interaction provides a comprehensive analysis, including number, size, shape, and
composition of MPs, applicable across a wide spectrum of particles. However, it is a

destructive and time-consuming technique requiring meticulous sample preparation.

Micro-Raman spectroscopy (u-Raman), involving UV/near IR laser application and
scattering light from molecular vibrations, offers a chemical fingerprint analysis up to
1 um. Raman imaging, a non-invasive vibrational spectroscopic technique, is based on
the phenomenon of light Raman scattering. It generates a molecular fingerprint for each
pixel in the resulting image, providing comprehensive information about the molecular
composition of the analyzed sample without inducing any damage. Regarding the
analytical insights offered by Raman spectroscopy, it encompasses both chemical and
morphological details (such as size and shape) for each individual particle. This
information is obtained through either an imaging approach or a particle measurement
method. In the case of imaging analysis, the entire substrate or a specific portion of it
is scanned, and a spectrum is acquired from each pixel within the image. Its advantages
include hyperspectral imaging, low interference from water signal, high spatial
resolution, and non-destructive analysis. Yet, it faces challenges of a low Raman signal,
suppression of ionic signals, weak signals, and potential sample burn (Schymanski et
al., 2021).

Micro-Fourier Transform Infrared spectroscopy (u-FTIR), relying on the
interaction of infrared radiation, provides a chemical fingerprint analysis at a resolution
of <10 um. This technique relies on the interaction between radiation and the molecular
vibrations of specific chemical bonds (Xu et al., 2019). It enables simple sample
mapping with a lower detection limit, though it may face challenges related to particle
thickness and reflective errors. More scans can be obtained, and higher resolution is
achievable through single-point analysis (Lee et al.,2021).

The majority of the microscopic techniques are recognized for their simplicity and
efficiency, making them valuable tools for the detection and analysis of plastic
particles. Despite certain limitations in the identification and quantification of
polymeric fragments, particularly in techniques like TEM and SEM, the effective

combination of various microscopic methods enhances their capabilities, providing
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detailed insights into examined particles. These techniques are considered highly
promising for the detection of plastic particles in aquatic environments, attracting
significant interest from the research community. However, there exists a literature gap
in the examination of nanoparticles (NPs) in real samples, posing a crucial need for
further investigation. Given the small size of both microplastic particles (MPs) and NPs,
their potential ingestion by aquatic organisms underscores the importance of ongoing

research to explore the capabilities of microscopic techniques in this regard.

7.4. Quality control and assurance

Quality control (QC) and assurance (QA) are paramount in ensuring the accuracy and
reliability of data collected during microplastic sampling in marine environments. A
comprehensive quality control and assurance framework is essential for the
development of accurate and reliable data on microplastics in marine environments.
The implementation of these measures ensures that the results obtained are robust,
reproducible, and can withstand scientific scrutiny.

First of all, inclusion of blank samples, is a fundamental QC practice. Blank samples
replicate sampling equipment but remain unexposed to the environment. Practically,
these aid in identifying and quantifying background contamination introduced during
sample collection and processing (U.S. Geological Survey, 2004).

In alignment with the use of blank samples during fieldwork, laboratory blanks play a
vital role in overseeing and managing potential contamination sources during sample

processing and laboratory analysis. These blanks serve to account for any contaminants
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that may be introduced during the handling and processing of samples (Raynie et al.,
2018).
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Figure 18: Important precautions and advice for the analysis of microplastics
(Schymanski et al., 2021).

Also, thorough cleaning is essential, involving methods such as acid washing and heat
treatments like autoclaving. These procedures ensure the removal of any organic or
inorganic residues adhering to equipment surfaces, thereby minimizing the risk of
contamination (Schymanski et al., 2021).

Collecting multiple samples at each site provides statistical robustness and aids in
identifying spatial variability in microplastic distribution. This approach enhances the
reliability of the data collected and allows for a more comprehensive understanding of
microplastic abundance and characteristics (Miller et al., 2021).

Additionally, calibration of instrumental analysis methods, such as spectroscopy or

microscopy, is required on a regular basis to ensure the precision and reliability of
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analytical instruments. Calibration should be performed using known standards to
ensure the precision and reliability of analytical instruments (Kotar et al.,2022).

The establishment and strict adherence to Standard Operating Procedures (SOPs) are
imperative for ensuring consistency in both sampling and analysis procedures. SOPs
serve as a comprehensive, step-by-step guide throughout all stages of the study,
facilitating uniformity and mitigating variability introduced by different operators
(Akyar et al., 2012).

Subsequently, engaging in inter-laboratory comparison exercises is a valuable practice
that promotes external validation of results and aids in identifying potential
discrepancies between different laboratories. These collaborative initiatives
significantly contribute to the standardization of methodologies and, consequently,

enhance the overall reliability of microplastic data (Isobe et al., 2019).

7.5. Contamination Minimization

Contamination minimization stands as a critical imperative in shaping robust sampling
protocols for sea surface microplastics, ensuring that the amassed data faithfully reflects
the authentic state of marine microplastic pollution (Miller et al., 2020). Proper
personnel training emerges as a paramount element in controlling contamination,
encompassing the correct handling of sampling equipment, utilization of personal
protective equipment, and adherence to established protocols, with knowledgeable and
skilled personnel significantly enhancing data reliability.

Furthermore, the selection of sample containers plays a pivotal role in preventing
contamination, with containers made of contaminant-free materials, such as pre-
cleaned HDPE or glass, mitigating the risk of introducing additional microplastics
during sample storage and transport (Sol et al., 2023). To minimize airborne
contamination, strategic choices in sampling locations and the implementation of
protective measures, such as coverings for sample containers, are imperative (Baztan
et al., 2018). Rigorous cleaning and decontamination procedures for sampling
equipment, including common methods like acid washing and heat treatments, are vital
to eliminate potential contaminants and ensure the reliability of collected microplastic
samples (Rafiq et al., 2023).
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By seamlessly integrating these contamination minimization strategies into sampling
protocols, researchers can elevate the accuracy and reliability of microplastic data

collected at the sea surface.

7.6. Data interpretation and analysis

Data interpretation and analysis play a paramount role in the realm of microplastic
research, serving as the linchpin for extracting meaningful insights from complex
datasets. The significance of these lies in its ability to unveil patterns, trends, and
correlations within microplastic data, facilitating a deeper understanding of the
dynamics and impacts of plastic pollution. As the field of microplastics continues to
evolve, the importance of precise and thorough data interpretation cannot be overstated,
serving as a cornerstone for advancing scientific knowledge and promoting efficient
sustainable development. There are a few important factors that need to be considered.
1. Particle Size Distribution: Understanding the size distribution of microplastics is
vital for assessing their environmental impact. Prinz et al. (2020) emphasized the
importance of size analysis in determining the transport, ingestion, and bioavailability
of microplastics. Techniques such as sieve analysis, dynamic light scattering (DLS),
and laser diffraction contribute to categorizing particles into size classes, providing
valuable insights into the dynamics of microplastic particles in marine environments
(Schwaferts et al.,2019).

2. Polymer Identification: ldentifying the polymer composition of microplastics is
crucial for source tracking and evaluating their persistence. Loder et al. (2015)
highlighted the significance of polymer data in understanding the origins and potential
ecological consequences of microplastics. Specifically, Raman and Fourier-transform
infrared spectroscopy (FTIR) are reliable techniques for identifying polymers, and they
enable a thorough analysis of the information gathered during the sampling process.

3. Spatial Distribution Mapping: Analyzing the geographical spread of microplastics
assists in identifying areas of contamination concentration and enhancing strategies for
mitigation using the utility of Geographic Information System (GIS) tools in creating
maps that illustrate microplastic concentrations. More specifically, integration with
oceanographic data enhances the understanding of transport pathways, providing a

holistic view of the distribution patterns (Li et al., 2020).
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In addition to this, accurate data analysis is essential for deriving meaningful
conclusions from microplastic sampling efforts. The essential components of data
analysis in relation to microplastics at the sea surface are highlighted in the following
sections.

1. Quantification and Statistical Analysis: Quantifying microplastic abundance
is a fundamental step in understanding the scale of pollution (Jung et al.,2021). Various
quantification methods, such as volumetric assessments and weight-based calculations,
are employed. Statistical analyses play a crucial role in identifying significant trends,
variations, and relationships within the data. Analysis of Variance (ANOVA) and
regression analyses are commonly used to assess the statistical significance of observed
patterns (Ali et al.,2016).

2. Polymer Identification: Polymer analysis contributes valuable information for
source identification and assessing the potential ecological impact of microplastics.
Techniques such as Fourier-transform infrared spectroscopy (FTIR) and Raman
spectroscopy are employed for polymer identification. Combining polymer data with
an abundance of information enhances the understanding of the types and sources of
microplastics in a given environment (Leusch et al.,2023).

3. Spatial Distribution Mapping: Geographic Information System (GIS) tools
are used to create spatial maps illustrating microplastic concentration patterns. Mapping
the spatial distribution of microplastics aids in identifying hotspots and potential
sources. Correlating spatial data with ocean currents, wind patterns, and anthropogenic
activities contributes to a more comprehensive understanding of the dynamics of
microplastic distribution (Li et al., 2020).

4. Temporal Trends: Long-term data sets enable the identification of temporal
trends in microplastic abundance (Kunz et al., 2023). Seasonal variations, as well as
trends over multiple years, provide insights into the dynamic nature of microplastic
pollution. Assessing temporal trends is crucial for understanding the impact of changing
environmental conditions and human activities on microplastic distribution.

5. Ecological Impact Assessment: Data analysis extends beyond quantification,
spatial mapping, and temporal trends to assess the ecological impact of microplastics
on marine organisms. Understanding how microplastics interact with and affect marine

ecosystems is crucial for effective mitigation strategies (Prinz et al.,2020).
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7.7. Validation of microplastic quality control and analysis methods

In the field of environmental research, it is imperative not only to be acquainted with
diverse analytical methods but also to possess the skill to validate their effectiveness
(Dwivedi et al.,2023). Method validation is crucial for ensuring the accuracy and
reliability of collected data, thereby reinforcing the robustness of scientific conclusions.
Beyond mere familiarity with methodologies, researchers should consistently prioritize
the selection of the most optimal technique for a given study, considering factors such
as precision, sensitivity, and cost-effectiveness. Embracing a comprehensive approach
that integrates both a profound understanding of methods and rigorous validation
practices is key to elevating the credibility of research efforts and contributing to the
progress of environmental science (Meyn et al.,2023).

The Validation of Microplastic Quality Control Methods is a foundational step in
ensuring the integrity of microplastic analyses. Quality control methods play a pivotal
role in guaranteeing the accuracy and reliability of the results obtained during
microplastic studies. This validation process encompasses a comprehensive evaluation
of key aspects such as precision, accuracy, and sensitivity.

Techniques like Fourier-transform infrared spectroscopy (FTIR) and Raman
spectroscopy stand out as widely employed methods for the identification and
quantification of microplastics due to their ability to provide detailed information about
the chemical composition of particles.

However, a study states that the conventional use of transmission Fourier-transform
infrared (FTIR) imaging for microplastic analysis faces limitations due to the restricted
infrared transparency of standard filter materials. To overcome this, a study introduces
anovel silicon (Si) filter substrate with enhanced transparency and mechanical stability,
allowing for direct analysis of environmental samples without visual presorting. This
Si filter facilitates the identification of common microplastics, such as polyethylene
(PE) and polypropylene (PP), in the characteristic fingerprint region. Importantly, it
enables the differentiation of microplastics with similar chemical structures, like
polyethylene terephthalate (PET) and polybutylene terephthalate (PBT), enhancing the

visualization of their distribution in samples through FTIR imaging. Additionally, the
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Si filter serves as a substrate for Raman microscopy, offering a complementary
spectroscopic technique for microplastic identification. Overall, this innovative Si filter
substrate proves instrumental in advancing the precision and scope of microplastic
analysis in environmental samples (Képpler et al., 2015).

In addition to ensuring quality control, the validation of methods for microplastic
analysis includes evaluating the effectiveness of extraction, identification, and
quantification processes. Numerous studies underscore the significance of method
validation across various sample matrices, such as water and sediment (Kooi et al.,
2016). It is crucial to validate methods to guarantee the representativeness of samples
and the dependability of results, ensuring precise evaluations of microplastic pollution.
The establishment of standardized sampling protocols and the validation of
microplastic quality control and analysis methods are pivotal endeavors in
comprehending and addressing microplastic pollution in marine environments. This
necessitates collaborative initiatives among researchers, institutions, and regulatory
bodies to formulate and widely disseminate these protocols, thereby elevating the
uniformity and dependability of microplastic data on a global scale. While considerable
strides have been made in refining analytical techniques and validating methods, it is
crucial to recognize and address the persistent knowledge gaps within the field.
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8. Significance of Investigating Microplastics: Understanding

Distribution, Abundance, and Environmental Effects

Studying microplastics is of paramount importance due to their pervasive presence in
the environment and potential adverse effects on ecosystems and human health. More
specifically, investigating their distribution is crucial to understanding the extent of
their impact on various environments, including oceans, freshwater systems, and
terrestrial ecosystems.

The distribution of microplastics is a global concern, with research indicating their
presence in diverse ecosystems, from remote polar regions to densely populated urban
areas. Understanding the abundance of microplastics is essential for assessing their
environmental impact. Their ubiquity raises concerns about the potential for
bioaccumulation and biomagnification through the food web, as microplastics can be
ingested by a variety of organisms, ranging from plankton to larger marine animals
(Wright and Kelly, 2017). This poses a significant threat to biodiversity, as the
ingestion of microplastics can lead to physical harm, reduced feeding efficiency, and
disruption of reproductive processes in marine life (Wright et al., 2013).

Continued research on the effects of microplastics also underscores their potential
impact on human health. As it has already been mentioned, microplastics can enter the
human food chain through the consumption of contaminated seafood and other food
items. The transfer of microplastics and associated pollutants from marine organisms
to humans raises concerns about the potential health risks, including inflammation,
oxidative stress, and disruption of endocrine functions (Wright and Kelly, 2017). The
examination of these possible health impacts is crucial to determine the total risk that
microplastics pose and develop policies to minimize human exposure.

Furthermore, understanding the effects of microplastics on the environment is critical
for implementing effective management and mitigation strategies. Research has shown
that the presence of microplastics in the environment can lead to a range of ecological
consequences, including altered nutrient cycling, changes in microbial communities,
and increased vulnerability to invasive species. Additionally, the persistence of

microplastics in the environment raises concerns about long-term ecological
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consequences and the potential for cumulative impacts over time (Wright and Kelly,
2017).

Moreover, the persistence of microplastics in the environment and their resistance to
degradation highlight the need for proactive measures to manage and reduce their
impact. Strategies such as improving waste management practices, developing
alternative materials, and implementing policies to limit the production and use of
single-use plastics are crucial for addressing the root causes of microplastic pollution
(Geyer et al., 2017). Understanding the distribution and abundance of microplastics
provides valuable information for designing targeted interventions to prevent further
pollution and protect ecosystems.

In conclusion, the significance of studying microplastics lies in their widespread
distribution, potential for bioaccumulation, abundance, and adverse effects on the
environment. This research is crucial for developing informed policies and
interventions to mitigate the impact of microplastics on ecosystems and safeguard

human health.
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9. What are the knowledge gaps in the field?

The field of microplastics research is dynamic, with several knowledge gaps warranting
further investigation. A significant knowledge gap lies in the absence of data regarding
the enduring impacts of microplastic exposure on organisms and ecosystems. Existing
studies have predominantly concentrated on short-term effects, leaving the long-term
consequences largely unexplored (UNEP,2018).

Enhancing our knowledge of the origins and dispersal of microplastics in various
environmental matrices is a crucial field of research. Microplastics can come from a
variety of sources, including tire wear, the breakdown of bigger plastic waste, and the
shedding of synthetic fibers from textiles, as was previously described. Finding the
primary sources of microplastics in various ecosystems can be useful in developing
successful mitigation plans (Osman et al.,2023). For example, a recent study by
Jarlskog et al (2020) proposed that one practical way to lessen microplastic pollution in
metropolitan areas would be to reduce tire wear.

Mitigation strategies could include measures to reduce the production and use of plastic
products, as well as the development of new technologies for removing microplastics
from the environment. Several studies have suggested that different types of filters and
adsorbents could be effective in removing microplastics from wastewater and other
environmental matrices (Honarmandrad et al.,2023).

Another facet of ongoing research explores the potential for microplastics to act as
vectors for pollutants and their subsequent impact on ecosystems. Knowledge gaps
persist in comprehending the complex interactions between microplastics and
associated chemicals, as well as uncertainties regarding bioaccumulation and
biomagnification possibilities (Sarkar et al., 2023).

Standardized methodologies for sampling, analysis, and quantification of microplastics
across different environments are crucial for ensuring consistency and comparability in
research findings. Additionally, the sources, transport pathways, and accumulation
patterns of microplastics in various ecosystems, including terrestrial environments,
remain areas requiring further exploration (Campanale et al., 2020).

Another gap involves the limited comprehension of the synergistic effects arising from

the interaction between microplastics and other stressors, including climate change,
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pollution, and overfishing. These stressors can compound the impacts of microplastics
on ecosystems (Browne et al., 2013). Therefore, it is imperative to grasp the collective
effects of these stressors to enhance the prediction and mitigation of microplastic
impacts on ecosystems.

Additionally, there is a call for more research on the repercussions of microplastics on
species interactions, such as predation and competition. Microplastics have the
potential to modify the behavior and physiology of organisms, influencing their
interactions with other species and, consequently, impacting the structure and function
of ecosystems (Sarkar et al., 2023).

Conclusively, a deficiency in uniformity exists in the sampling, analysis, and reporting
of microplastics, posing challenges in comparing and synthesizing results across studies
(Hidalgo et al., 2012). Thus, there is an imperative for the establishment of standardized

protocols and guidelines to guarantee the comparability and reproducibility of data.
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10. Best practices for reducing microplastic pollution

Microplastic pollution has become a major concern for environmental scientists and
policy-makers worldwide, due to their abundance in the marine and terrestrial
ecosystems. It poses a significant threat to marine ecosystems and public health. To
address this issue, it is important to implement best practices for reducing microplastic

pollution.

One of the most effective ways to reduce microplastic pollution is to reduce the amount
of plastic waste generated in the first place. This can be achieved through the
implementation of policies that encourage the use of biodegradable materials, such as
paper bags, instead of single-use plastic bags. Additionally, recycling programs can be
expanded to include more types of plastic products, reducing the amount of plastic

waste that ends up in landfills or the ocean (Jambeck et al., 2015).

Another strategy for reducing microplastic pollution is to improve wastewater treatment
systems. Wastewater treatment plants can be modified to include microplastic filtration
systems, which can effectively capture microplastics before they enter rivers and oceans
(Eerkes-Medrano et al., 2015). Furthermore, improvements in industrial wastewater
treatment can prevent the release of microplastics from industrial sources (Lusher et al.,
2017).

In conclusion, reducing microplastic pollution requires a multi-faceted approach that
includes the implementation of policies to reduce plastic waste, the improvement of
wastewater treatment systems, and public awareness campaigns. By implementing best
practices for reducing microplastic pollution, we can protect marine ecosystems and

public health for generations to come.
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11. Education and Public Engagement

By 2050 it is estimated that there could be more plastic in the ocean than fish
(MacArthur, 2016). Thinking of that, huge emphasis should be given on reducing
microplastic pollution through various strategies, and a very important one is through
public education and engagement.

Public awareness campaigns can also be effective in reducing microplastic pollution.
These campaigns can raise awareness of the dangers of microplastics and encourage
individuals to adopt more sustainable lifestyles. Such campaigns can promote the use
of reusable water bottles and shopping bags, reducing the need for single-use plastic
products (Fendall and Sewell, 2009). The prohibition of single-use plastics (SUPs) and
the adoption of reusable bags have been identified as effective preventive measures for
reducing plastic waste.

Educating individuals on the sources of microplastics, such as microbeads in personal
care products and microfibers from clothing, can help them make informed decisions
about their consumer choices. In a study conducted by Anderson et al. (2016), it was
found that a targeted public education campaign led to a significant reduction in the use
of microbeads in personal care products.

Another effective approach is through public engagement. Engaging the public in
activities such as beach cleanups and citizen science initiatives can raise awareness
about the prevalence and impacts of microplastics on the environment. Citizen science
projects, such as The Plastic Tide, which uses crowdsourcing to map plastic pollution
on beaches, have shown to be effective in engaging the public in scientific research and
increasing their knowledge on the issue (Severin et al., 2023).

Furthermore, public engagement can also lead to changes in policy and regulation. In
2015, a group of concerned citizens in California initiated a public campaign to ban
microbeads in personal care products, which resulted in the state becoming the first to
pass legislation on the issue (JP McDevitt et al., 2017).

In summary, the importance of educating and engaging the public in tackling
microplastic pollution cannot be overstated. Disseminating information about
microplastic sources and promoting participation in awareness initiatives is key to

cultivating a cleaner and healthier environment. Additionally, it is imperative to
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underscore that mere public awareness is inadequate; addressing the existing gaps in
our understanding of microplastics requires making these discrepancies clear and

understandable.
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12. Conclusion and Future Directions

Microplastics are a pervasive and complex environmental issue that poses a range of
challenges for mitigation and management. The widespread distribution of
microplastics in the environment, as well as their potential impacts on ecosystems and
human health, highlight the need for urgent action to address this issue. While a range
of strategies have been proposed to address the issue of microplastics, a coordinated
and comprehensive approach will be necessary to effectively mitigate the impacts of
microplastics on the environment and human health.

To efficiently address the issue of microplastics, it is essential to continue research
efforts to better understand the sources, distribution pathways, and impacts of
microplastics. This includes efforts to develop new analytical methods and monitoring
programs to better track the movement of microplastics through the environment.

In addition, there is a need for policy and regulatory action to reduce the production
and use of plastics, and to improve plastic waste management practices. This may
include policies such as bans on single-use plastics, extended producer responsibility
programs, and improved recycling and waste management infrastructure.

Finally, public education and awareness campaigns are critical to changing behaviors
and reducing the amount of microplastics entering the environment. This includes
efforts to increase awareness of the impacts of microplastics on ecosystems and human
health, and to promote individual actions such as reducing plastic use, properly
disposing of plastic waste, and supporting policy and regulatory action.

Addressing the issue of microplastics will require a significant and sustained effort not
only from individuals, but also from the governments, and the private sector. While
progress has been made in recent years, there is still much work to be done to effectively
mitigate the impacts of microplastics on the environment and human health.

At the same time, efforts to reduce the production and use of plastics, improve plastic
waste management practices, and promote public awareness and behavior change will
be critical to reducing the amount of microplastics entering the environment.

In conclusion, given the global nature of the issue, international collaboration and

coordination will be essential in developing effective solutions. This includes sharing
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data, knowledge, and best practices, as well as supporting initiatives such as

international agreements and conventions that aim to address the issue of microplastics.
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