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Preface

Worldwide, more than 400 million tons of plastic are produced annually. These
plastics break down into small particles and those with a length of < 5 mm are called
microplastics (MPs). The World Health Organization (WHO) has identified MPs

as an emergency pollutant for the environment and human health. MPs hold toxic
chemicals (such as plasticizers and colorings) that are used as ingredients during the
polymerization process. Moreover, MPs act as transport vectors of other hazardous
substances (pesticides, heavy metals, and biofouling), which can accumulate in the
environment and induce toxicity to biodiversity. In addition to the inhalation of MPs,
their existence in drinks and foods is the main pathway for entering the human body.
The accumulation of MPs in the human body places people at risk for respiratory
problems, cytotoxicity, and inflammatory as well as autoimmune illnesses. Therefore,
itis crucial to identify the safest and most effective strategies for removing MPs
from the environment. This book provides a comprehensive summary of MPs and
discusses advances and challenges in removing them from our environment.

We would like to express our gratitude to all the contributing authors. We also wish to
thank the publishing process manager at IntechOpen for being generously helpful.

El-Sayed Salama
Lanzhou University,
Lanzhou, China






Chapter1

Why Microplastics Are Exceptional
Contaminants?

Dalia Saad

Abstract

Due to the heterogeneous nature of the physiochemical properties of microplastics
(MPs), their behaviour in the environment is quite complex compared to other con-
taminants. The variety of polymers, wide range of sizes, variable shapes and numerous
colours influence their mobility, transport and distribution in the different environ-
mental compartments. For example, different shapes and sizes are distributed differ-
ently, which influence their bioavailability and ecological impacts. The uptake of MPs
by aquatic biota also depends, among others, on their characteristics. This book chapter
aims to discuss the ecological and toxicological impacts of MPs in relation to their
physical and chemical properties. The chapter starts with a brief introduction explain-
ing the uniqueness of MPs as emerging contaminants and a driver of environmental
change. The following two sections then provide deeper insights into their ecological
impact at all levels of the ecosystem and highlight the complexity associated with their
toxicological effects. Finally, the last section provides more discussion about their prop-
erties in the context of their environmental behaviour, fate, bioavailability and toxicity.

Keywords: microplastics, physiochemical properties, behaviour, bioavailability,
toxicity

1. Introduction

Plastic pollution was one of the biggest environmental challenges until the discov-
ery of microplastics (MPs) in the early 21st century. While plastics are easily visible
and their environmental impacts are well documented, MPs are not visible and their
ecological impacts are less understood [1].

MPs are exceptional pollutants with a broad range of individual properties. For
instance, they are made of different polymers with different densities and chemical
compositions (there are currently more than 5,300 types of synthetic polymers); they
exist in variable shapes (fibres, fragments, foams, films, spheres, flakes, foils, sheets
and granules) and are found in a wide range of sizes. These heterogeneous properties
result in heterogeneous behaviour, fates and effects that are far more complex com-
pared to other environmental pollutants. To add to this complexity, their properties
and behaviour can also change over time, thus their ecological effects [1-3].
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According to their physio-chemical properties, MPs are distributed differently
in aquatic environments, which makes them available for uptake by a wide range of
aquatic biota including plants. MPs are reported to interact with aquatic plants and
accumulate into plants’ tissues. This enables them to penetrate aquatic food webs
at multiple trophic levels and ecological niches. Yet, the degree and type of effects
that they cause when consumed by organisms depend on their properties including
polymer type, size, shape and colour, as well as their constituent chemicals [4-8].

Due to their greater surface area, MPs have a propensity to adsorb other pollutants
such as metals, pharmaceuticals and persistent organic pollutants (POPs). They also
host pathogens, such as bacteria and viruses, thus, providing an additional pathway
of exposure of aquatic species to contaminants. In other words, MPs can serve as a
micro-vector for a mix of toxic chemicals and pathogens [9-14].

2. Ecological impact

Over the years, several studies across the globe have reported MPs in different
environmental compartments including rivers, lakes, estuaries, oceans, harbours,
groundwater and in the atmosphere, as well as in Antarctica. Once they enter the
environment, their residence time lasts for decades due to their low degradation rates,
resulting in long-lasting impacts [15-19].

In natural environments, MPs are exposed to a variety of degradation processes
through different environmental conditions including weathering, biodegradation,
oxidation, mechanical forces and phytodegradation. Phytodegradation of MPs is
reported to produce greenhouse gases (GHGs), mostly, methane and ethylene, thus,
contributing to climate change. The emission of GHGs by the degradation of MPs is
relatively low, however, with continuous degradation, the same amount of MPs may
release more GHGs over time [20-23].

In the atmosphere, MPs can be transported with winds around the earth. Airborne
MPs may influence earth’s climate by scattering and absorbing solar and terrestrial
radiation, leading to atmospheric warming or cooling depending on particle size,
shape and composition. However, the radiative effects of airborne MPs on climate are
less understood [22, 24].

In marine environments, the widespread of MPs affects the light transmis-
sion, thereby influencing the efficiency of phytoplankton photosynthesis, which
impacts both their growth and role in balancing the marine environment. Studies
have shown that the photosynthetic rate of phytoplankton (Dunaliella tertiolecta)
is reduced by 45% after being exposed to MPs. Additionally, MPs may influence
the circulation of organic matter and nutrients, which affects the carbon stock of
ocean [25].

In terrestrial ecosystems, MPs can cause significant environmental changes with
potential consequences on soil function, plant growth, soil biota and microbial
communities; ultimately, MPs have the potential to impact the biodiversity. When
dispersing in the soil matrices, MPs form aggregates and cause alteration in the
physical properties of the soil, including water holding capacity, soil bulk density
and soil structures. For example, MPs can create channels for water movement in the
soil, thus, accelerating the evaporation of soil water. This further leads to destruction
in the soil structure, which may result in desiccation cracking on the soil surface.

The impact of MPs on the soil is not limited to the physical properties, MPs can also
affect soil chemistry, for instance, by altering the levels of dissolved organic carbon,
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Figure 1.
Ecological impacts of MPs. Source: Shen et al. [20].

phosphorus, and nitrogen. This leads to changes in the nutrient cycling processes in
the soil. There is also a growing body of evidence suggesting that MPs can affect soil-
plant interactions, which in turn impacts plant growth. Several studies have reported
significant changes in plant biomass, leaf and root traits and tissue elemental com-
position [26-36]. In short, MPs have profound effects on the ecosystem at all levels
(Figure1).

3. Toxicity

The toxicity of MPs comes from (i) their chemical constituents, which include
both the polymers (polyaromatic hydrocarbon) and the chemical additives; (ii) the
environmental pollutants adsorb onto their surfaces; (iii) pathogens colonized onto
their surfaces.

During plastic processing and manufacturing, a variety of chemicals are added
to enhance/adjust their properties and to make them into materials fit for intended
purposes. Most of these chemicals are toxic and harmful to the environment, such
as dyes, phthalates, flame retardants, pigments and stabilizers. Some of these addi-
tives tend not to be strongly bound within the matrix of the polymer and they can
potentially desorb and be leached out into the host environment [37-39].
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On the other hand, due to their small size and greater surface area, MPs
have a tendency to adsorb wide range of contaminants from the surrounding
media. Pollutants such as persistent organic pollutants (POPs), metals, pesti-
cides and pharmaceuticals are readily bound to MPs. In natural environments,
and depending on the prevailing environmental conditions, MPs may act as a
sponge removing and/or concentrating these contaminants. It is reported that the
concentrations of contaminants on the surface of MPs may reach up to 100-fold
higher than the concentrations reported in the surrounding media. Once MPs
are ingested, these concentrated contaminants can be released inside organisms.
Arguably, the virgin MPs will release plastic additives, while the aged MPs will
most likely release adsorbed pollutants. Most of these chemicals are reported
to be toxic; for instance, POPs are known to be carcinogenic, while metals are
known as endocrine disruptors. Additionally, in aquatic environments, MPs are
susceptible to biofouling different pathogens/microbial organisms including
fungi, bacteria and algae colonize MPs’ surfaces and form biofilms. Therefore,
MPs act as carriers or micro-vector for transporting a complex mixture of con-
taminants (Figure 2). The leaching of additives from plastic combined with the
chemicals adsorbed to plastic renders MPs a ‘cocktail’ of toxic contaminants.
When particles containing adsorbed chemicals are ingested by an organism,
pollutants can be released [9-11, 38, 41-47].

The toxicological effects of the uptake of MPs by several aquatic biotas are
reported in a variety of exposure studies, including both physical and bio-chemical
changes. For instance, MPs were observed to cause oxidative stress, immune destruc-
tion and alterations in the level of enzyme activity, tissue morphologies, kidney func-
tions, gene expression and the total protein and glucose. Further, MPs may inhibit
weight gain and growth. This, in addition to physical changes, such as abnormally
impaired movement coordination, increased respiration and abnormal swimming
patterns [48-53].
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Interaction of MPs with co-existing pollutants. Source: Wang et al. [40].
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4. Characteristics of MPs: implications on their behaviour, bioavailability
and toxicity

The unique nature of MPs is clearly illustrated in comparison with other environ-
mental pollutants. While toxicity of other contaminants is merely dependent on their
composition, that of MPs is more complex. The toxicity of MPs includes the particle-
related toxicity, which is driven by size, shape, colour and the polymer type; and the
chemical toxicity, which is driven by adsorption-desorption kinetics of additives, and
co-existing pollutants [6]. This section reviews the implications of MPs’ character-
istics in their behaviour and fate, and further highlights the consequences of these
implications on their bioavailability and potential toxicity.

4.1 Size

The size of MPs influences their distribution in the environment, dispersal in
water column, magnitude of buoyant, biofilm formation and sedimentation. It
also determines the extent of their impacts on soil properties, bioavailability, plant
growth, GHGs emission rates and their potential health risks [21, 54-56].

For instance, their impact on the climate depends to a great extent on their size.
For example, the larger surface area of the small-sized MPs increases the emission rate
of GHGs. Meaning, with the frequent degradation of MPs, the very same amount of
MPs will continue to release more and more GHGs [23, 24].

In terrestrial environment, small-sized MPs are more likely to block soil micro-
pores, absorb by plants and be consumed by soil organisms compared to larger MPs.
In addition, they are transported through the soil to groundwater more easily than
larger MPs [57].

In aquatic systems, the size range of MPs overlaps with the preferred particle size
ingested by a wide range of aquatic biota, including filters, detritus and suspension
feeders. In addition, some organisms such as diatoms can aggregate on the surfaces of
small-sized MPs and construct biofilms that could be attractive to organisms causing
a higher probability of being mistakenly ingested. Smaller MPs generally have larger
surface area, which makes them a good carrier for other pollutants such as heavy
metals [5, 58-62].

In terms of toxicity, pollutants’ adsorption and release from MPs depend, among
other parameters, on the total surface area and thus on the size of the particles.

The greater surface area of small-sized MPs thus facilitates the adsorption of other
pollutants from the surrounding environment, resulting in additional health risks
[63]. Consequently, small-sized MPs are considered to be more harmful to aquatic
organisms. Hamed et al. [51] examined the effects of varying sizes of MPs in fish, and
they observed toxicological effects including oxidative stress, biochemical changes
and immune destruction. These toxicological effects were found to be augmented
with decreasing MP size, thus, implying a direct correlation between the toxicity of
MPs and their size. Additionally, the small size may facilitate their translocation into
other organs. For instance, MPs have been reported in tissues, muscles and organs,
confirming their ability to be translocated into these parts of the body, and it was
noted that translocation rates increased with decreasing particle size [64-66]. This
represents higher potential for health risks and higher level of toxicity if small MPs
are regularly translocated into other parts of the body.
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4.2 Shape

MPs’ shape is a key attribute affecting their behaviour in the environment. It
influences biofouling, rising and fall velocities and drag force. Thus, the shape plays
a significant role in the sedimentation of MPs [67-69]. The shape of MPs is also
important with regards to their impact on soil properties.

Some studies have suggested that MPs with different shapes may affect soil
properties differently. For instance, fibres and films may have more significant effects
on soil properties compared to beads and spheres [57, 70, 71]. This was explained by
Rillig et al. [72] that the pollutants with dissimilar shapes to soil particles may have
stronger effects. This was further supported by Lozano et al. [57]; they reported dif-
ferent effects on soil based on different shapes. They observed different effects caused
by different shapes; according to their findings, fibres increased water-holding
capacity, films decreased soil bulk density, while foams and fragments increased soil
aeration and porosity.

In terms of bioavailability and toxicity, the shape of MPs is essential to prey percep-
tion by visual predator and the preference for certain MP shapes by several aquatic
organisms have been reported in several studies. For instance, Saad et al. [5] and Yuan
etal. [73] observed that common carp fish and goldfish preferably consumed fibrous
MPs in the presence of other shapes, whereas, Hurley et al. [74] and Schessl et al. [75]
reported an absence of pellets in the freshwater worm Tubifex tubifex and bivalves
(Dreissena polymorpha and D. bugensis) despite their presence in the environment. This
confirms the role of MPs shape in their bioavailability to different aquatic organisms.

Further, MPs’ shape is pertinent to their potential toxic effects due to the different
retention time, accumulation and physical damage. For example, fibres are reported
to have longer intestinal residence time and accumulation, stronger acute toxicity and
intestinal epithelial cell necrosis compared to other shapes in zebrafish, amphipods
and grass shrimp. This could be attributed to the non-spherical shape, which is more
easily embedded in tissue and takes longer time to pass through the gut. It is known
that the longer the particles remain within the organism, the greater the potential to
release associated toxins [76-79].

4.3 Surface morphology

The surface morphology of MPs influences their interaction with the surrounding
environment. For instance, adsorption/desorption of co-existing pollutants as well
as biofilm formation are influenced, to a great extent, by the surface nature of MPs.
Ultimately, surface morphology impacts the distribution and sedimentation, thus
bioavailability of MPs [80].

Cracks, pitting, flaking and fracturing result in an increased surface area, which
increases the emission of GHGs. The increased surface area also facilitates the adsorp-
tion of other pollutants as well as the formation of biofilms. As a result, MPs may
become a cocktail of pollutants with varying toxicity effects [10, 11, 23, 30, 47, 81].

4.4 Colour

A variety of colourant agents such as pigments and dyes are widely used during
plastic manufacturing, these colourants contain some toxic chemicals. Coloured
MPs are, therefore, considered to have higher potential health risks compared to
non-coloured MPs [82].
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The uptake of coloured MPs by aquatic biota is well documented and exposure
studies have suggested that aquatic organisms may actively prey on plastic particles
that possess similar colours to their natural prey. For instance, the preferential uptake
of certain colours (MPs with artificial food-like colours) was reported in common
carp (Cyprinus carpio). The authors observed an increase in the number of ingested
food-like MPs with increasing concentrations of MPs in the water, while no increase
in the number of non-food-like colours was observed [83]. Similarly, Ory et al. [84]
reported significant uptake of MPs with artificial food-like colours by palm ruff
(Seriolella violacea) more often than other colours, whereas MPs of other colours were
mostly co-ingested when floating close to food pellets. Another study by de Sa et al.
[85] reported a preferential uptake of white MPs by common goby (Pomatoschistus
microps), compared to black and red MPs. The authors attributed this to the similarity
in colour with the brine shrimp (Artemia nauplii), a prey that is commonly consumed
by the common goby.

4.5 Chemical composition

Generally, MPs consist of a high molecular polymer as the main body and a variety
of additives such as stabilizers, plasticizers, flame retardants and colouring agents as
auxiliary materials. These various potential compositions determine their properties
such as density and degradability, behaviour and environmental impact. For instance,
their distribution in different environmental compartments is greatly influenced by
polymer density. MPs with low density are buoyant, while those of high density tend
to sink into sediments [37, 68].

The chemical composition of MPs also influences their interaction with the co-
existing contaminants. For instance, the tendency of MPs to adsorb metals depends
mainly on the functional groups pendent on the backbone structure of the polymer
[86-92]. Ultimately, the chemical composition of MPs shapes their toxicological
effects.

It is reported that the effect of MPs on soil properties varies based on the polymer
type. The polymer type further influences the degradation of MPs, as a result, MPs
may release the contaminants that are adsorbed onto their surfaces. The degrada-
tion also increases the emission rate of GHGs by MPs. The rate of GHGs emission
also depends on the polymer type, for instance, polyethylene is found to emit higher
GHGs compared to a number of other polymers [22, 30, 34, 80, 93].

5. Concluding remarks

The ubiquitous detection of MPs in different environmental compartments has
made them a prominent environmental concern. Due to the chemical modification
of plastic materials, receiving environments are potentially exposed to a cocktail of
pollutants (polymers, leached additives and degradation products). This chapter
provided a brief overview of the environmental challenges associated with MPs. The
complexity of their ecological impact is discussed in light of their heterogeneous
physicochemical characteristics.

Over the past decade, monitoring and ecotoxicological studies have improved
our understanding of their nature and potential health risks. However, a better
understanding of their long-term effects is needed. Considering that MP pollu-
tion is a symptom of human-made environmental change and a valid example of
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society-nature interaction, their mitigation requires a lot more than technological
innovation. For instance, strategies such as reuse, design for recycling, improved
waste management, standardized labelling and sustainable consumption are impor-
tant. However, such strategies are only effective through social action and regulations.
Examples include behavioural change campaigns to reduce the use of single-use
plastics and policy measures to reduce the use of microbeads.
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Chapter 2

Bioplastics against Microplastics:
Screening of Environmental
Bacteria for Bioplastics Production

Aisha S. Alwuhaib, Vitaly Zinkevich, Tamar Kartvelishvili,
Nino Asatiani and Nelly Sapojnikova

Abstract

Polyhydroxyalkanoates (PHAs) are biopolymers produced by numerous bacteria
and can be used in the production of bioplastics. PHAs are synthesized by microor-
ganisms by fermentation of carbon sources. Due to the different monomer structures
of PHAs, there are many kinds of PHAs, and their corresponding material properties
are also very different. Thus, the search for bacteria producing the PHAs is of great
interest. In this study, the bacteria isolated from the environment were analyzed for
the presence of PHA. PHA production was tested with staining methods Sudan Black
B, Nile Blue, and Nile Red. The presence of a PHA synthase gene (phaC) was con-
firmed by PCR amplification. PHAs were extracted from the strains and characterized
by the FTIR spectroscopy method. A biochip for a fast screening of environmental
samples for the presence of PHA-producing bacteria was designed. The biochip
contained 11 probes for coding class 1, 2, and 3 PHA synthase genes.

Keywords: polyhydroxyalkanoates (PHAs), PHA synthase gene, environmental
bacteria, biochip, bioplastics

1. Introduction

Plastics (polymeric materials) are highly functional materials that have become an
essential part of the products we use in our daily life due to their ease of production
and robustness. Around 360 million tons of plastics have been produced in 2020
around the world [1]. As more plastics are used, especially with their short-use life
span, more waste surfaces. Plastic trash photodegrades into smaller fragments
(microplastics). As it was emphasized in Ref. [1], the worldwide use of disposable
face masks during the pandemic time and still now is an additional source of
microplastics in the environment. Plastics are majorly manufactured from petro-
chemical feedstock, accounting for 80% of the total produced plastics. The building
blocks for the polymerization of bioplastics are biopolymers cultivated from renew-
able production pathways, such as polymers from microorganisms [2, 3]. Bio-based
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polymers have a lower carbon footprint than petrochemicals because they utilize
biological materials and waste, which convert biocaptured CO, into durable
polymeric materials. It is a well-established fact that microorganisms are equipped
with diverse metabolic activities that enable them to work as biorefineries for
transforming a wide range of petrochemical and organic wastes into high-value spe-
cific products, such as polyhydroxyalkanoates biopolymers, while positively
impacting the carbon cycle by consuming atmospheric CO, [4]. The chemical struc-
ture of PHA is shown in Figure 1. PHA is a linear polyester that contains 3-hydroxy
fatty acid monomers [5]. The most commonly produced PHA is poly 3-
hydroxybutyrate (PHB), where the alkyl group is R = CH;. However, there are over
150 different monomers, such as polyhydroxyvalerate (PHV, R = C,Hs), polyhydrox-
yhexanoate (PHH, R = C3H;), and polyhydroxyoctanote (PHO, R = C4Hy). PHAs are
high molecular weight linear polyesters, ranging in size from 50 to 10,000 kDa [2],
characterized by a diversity of structures defined by the length of the carbon chain,
referred to as short-chain length (SCL), medium-chain length (MCL) [6], and long-
chain length (LCL) [7] PHAs.

A very important property of biopolymers is hydrophobicity, which determines
their solubility, biodegradability, and biocompatibility. As PHAs contain chains of
hydrophobic groups with different lengths and structures, and at the same time
PHAs are poorly hydrophilic due to the presence of carbonyl groups, the
hydrophobicity-hydrophilicity balance is a very important point in the selection of
appropriate bacteria that give the desired biomaterials [2]. PHAs can exist as homo or
copolymers. PHB is a homopolymer, which has a linear isotactic structure, that is,
highly crystalline making it brittle and unsuitable for many applications. This
problem can be circumvented by forming a copolymer. The first commercially
manufactured PHA, Biopol®, is copolymer produced from poly (3-hydroxybutyrate-
co-3-hydroxyvalerate (PHB/PHV) that had an increased side chain length making it
less crystalline and more ductile [8]. These biopolymers have been produced
commercially since the 1980s, and are currently marketed as Mirel®. The
combinations in different proportions of the available PHAs create copolymer
plastics with various properties [9]. PHAs are synthesized by various types of bacteria
in the form of water-insoluble granules, and are stored as carbonosomes within the
cell cytoplasm [10]. Bacteria capable of producing PHAs include species of Alcaligenes,
Bacillus, Burkholderia, Ralstonia, Pseudomonas, Aeromonas, and Thiococcus, among
others [11, 12]. PHA synthases and depolymerases, which are the catalyst enzymes for
PHA production and degradation, respectively, are located at the membrane of the
storage organelles and control the amount of PHA stored by the cell. There are eight
major pathways for PHA synthesis. The main metabolite, acetyl-CoA, provides the
various lengths of 3-hydroxyalkanoyl-CoA, which act as substrates for PHA
production [13]. These pathways are intricately linked to central metabolic pathways

R group Chemical Name

Hydrogen Poly-S-hydroxxgropionate

f{- R O.“\\
#\ /K) Methyl Poly-3-hydroxybutyrate
Ethyl Poly-3-hydroxyvalerate
(o] * Epyl Poly~3-hydrox-yhexanoa!e
e ~ n

Pentyl Poly-3-hydroxyoctanoate

Figure 1.
Chemical structure of polyhydroxyalkanoates (PHAs).
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via glycolysis, Kreb’s cycle, p-oxidation, fatty acid synthesis, and others. Many
enzymes and genes are involved in PHA synthesis. Bacterial cells normally grow when
carbon (i.e., fructose and glucose) and nitrogen (ammonium) are present in the
medium/environment. Polyhydroxybutyrate (PHB) is produced when the nitrogen
source is depleted and carbon is present and will be utilized after refeeding cells with a
nitrogen source [14].

The limiting step in the commercial development of non-petrochemical-based
produced plastics is the biopolymer yield obtained after fermentation and the cost of
its recovery. As the main drawback of bioplastics is the cost of the fermentation
process, this has led to searches for cheaper carbon sources for fermentation, which
has included activated sludge, paper and food wastes, wastewater, and various oil
wastes [15]. Additionally, a lot of effort has been directed toward isolating PHA-
producing bacteria from high carbon, low nitrogen, or phosphorus environments that
might give greater yields in batch or continuous cultures [16]. The use of different
carbon sources in fermentations and isolating producing strains from carbon-rich
environments has led to the discovery of novel PHA polymers with different proper-
ties. In this study, the results of screening of environmental samples for PHA-
producing organisms, isolation and characterization of the microorganisms, detection
of genes, coding for enzymes involved in PHA synthesis, and physical characteriza-
tion of the produced PHAs biopolymers are presented.

2. Analysis of single bacterial isolates for PHA production using staining
methods

Two types of samples were collected for this study. The sludge samples were
collected from the Petersfield Southern Water Treatment plant (Hampshire, UK). The
three compost samples were collected from (1) a graveyard, (2) food-based waste and
(3) garden waste (Portsmouth, UK). A mass of 0.5 g of sludge and compost was added
to the 50 ml of the mineral salt medium (MSM) and Lysogeny broth (LB) medium
(Fisher BioReagents, UK); each sample was inoculated in duplicate for each media and
was transferred to the Laboratory of Molecular Microbiology (University of Ports-
mouth, UK). These bottles were incubated overnight in Innova™ 4000 incubator
shaker (New Brunswick Scientific, USA) at 150 rpm at 25°C. Overnight-grown cul-
tures were used for the isolation of single bacterial colonies. Serial dilutions were made
into six concentrations using 0.9% NaCl in dH,O for each culture after incubation. Six
dilution tubes were generated for each media (two types of media) and sample (two
types of samples), resulting in a total of 48 tubes. Each individual sample from each of
the 48 tubes was used to inoculate one LB agar Petri dish. Some of the single colonies
that grew from the two most diluted cultures were collected. The collected single
colonies were regrown on separate LB agar to ensure that each Petri dish contains a
pure colony. The colonies were picked up from Petri dishes and inoculated in indi-
vidual universal tubes with 5 ml LB, rotating at 37°C overnight at 150 rpm. As a result,
73 bacterial isolates were recovered.

Different approaches have been used for the screening of PHA-producing
microbes and/or the imaging of PHA granules [17]. The methods most widely used for
detecting PHAs are staining techniques using Nile Red [18], Nile Blue A [19], and
Sudan Black B [20]. Due to the lipophilicity of the dyes, the tests are very useful, but
they have the ability to nonspecifically bind to other lipid droplets, membranes, and
cell envelopes, leading to an incorrect answer [21, 22]. Sudan Black B (SBB) is a diazo
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fat-soluble dye. PHAs are observed as black granules with SBB by bright-field micros-
copy. Nile Blue A and Nile Red are highly fluorescent organic dyes belonging to the
benzophenoxazine family. Nile Red is a neutral molecule that is poorly soluble in
water, and its chromophore is highly susceptible to changes in solvent polarity, show-
ing little or no fluorescence in most popular solvents. Nile Blue A is a cationic dye and
is thus more soluble in water than Nile Red. Both fluorescent dyes are particularly
useful for visualizing hydrophobic cell structures, such as membranes or lipid-like
inclusions (PHA granules). PHA inclusions appear as brightly fluorescent red/orange
granules with Nile Blue A and Nile Red [23].

In this study, 73 bacterial isolates were tested for PHAs production using all above
mentioned staining methods. When the ability of isolates to produce PHA was
screened by Sudan Black B staining, cultures showed granules filled up with dark
staining, as PHA granules can be observed as bluish dark spots under a light micro-
scope (Figure 2). Out of the tested 73 isolates, 48 isolates tested positive for SBB
staining and were considered to produce PHA granules.

To test the possible presence of PHAs additional stains were used. The Sudan Black
B-positive strains were stained by Nile Blue A and Nile Red. Both of these dyes are
used to detect PHAs production in bacteria grown on solid media. Bacteria were
grown on the LB agar plates in the presence of DMSO, incubated at 37°C overnight,
and then exposed to UV light to check the fluorescence in the cells (Figure 3).

Eighteen colonies out of 73 showed bright orange fluorescence by both fluorescent
dye staining. Unfortunately, the staining methods cannot give an unambiguous
answer. Therefore, other testing methods were essential to confirm the presence of
PHAs in bacteria on the genetic and structural levels.

Negative result with SBB (white)

Positive result with SBB (bluish black)

Figure 2.

Screening of bacterial strains for PHA production using Sudan Black B dye. Panel A shows the positive result with
different isolates from compost samples stained with SBB. Panel B shows the positive and negative vesults for
different isolates from the sludge sample stained with SBB.

Figure 3.
Screening of different isolates for PHA production using Nile Blue A dye (Panel A) and Nile Red dye (Panel B).
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3. PCR amplification of PHAs genes

The genomic DNA from the 48 strains that tested positive in the SBB staining test
was analyzed for the presence of the PHA synthase gene (phaC) using the PCR
amplification method. Genomic DNA was recovered using the DNeasy Blood and
Tissue kit (Qiagen®) according to the manufacturer’s instructions. The phaC gene
was amplified using F I-179 L forward primer and R I-179R reverse primer (Table 1)
[24]. Final reactions contained: 2x GoTaq® Green Master Mix and 10 pM of each
oligonucleotide primer. PCR was carried out as indicated: initially denatured at 94°C
for 10 min; followed by 35 cycles of 94°C for 1 min, 53°C for 1 min, and 72°C for 1 min
followed by the final extension step at 72°C for 10 min.

The phaC gene was also amplified using the PhaCF1BO forward primer and
PhaCR2BO reverse primer (Table 1) [25]. Final reactions contained: 2x GoTaq®
Green Master Mix and 10 pM of each oligonucleotide primer. PCR was carried out as
indicated: initially denatured at 95°C for 10 min; followed by 30 cycles of 95°C for
1 min, 57°C for 45 sec, and 72°C for 2 min followed by the final extension step at 72°C
for 5 min.

The selective results of the amplification using the pair of primers F I-179 L/R
I-179R are presented in Figure 4. The isolates tested positive for the presence of the

Primer Sequences of primers 5’ — 3 Gene target  Size of amplicon, bp
8F AGAGTTTGATCCTGGCTCAG 16 SrRNA 1500

1492R GGTTACCTTGTTACGACTT

FI-179L ACAGATCAACAAGTTCTACATCTTCGAC phaC & phbC 540

RI-179R GGTGTTGTCGTTGTTCCAGTAGAGGATGTC

PhaCF1BO TCMYCTSKACTGCSCTGGYG phaC 247
PhaCR2BO YWGCTRGACYAGACCTGGAT
Table 1.

Oligonucleotide primers are used in PCR.

A B

540 bp

Figure 4.

The DNA amplicons of phaC gene (540 bp) with primers: F I179L/ R I179R from the bacterial isolates. Panel A:
Lane 1: 1 kb DNA Ladder; Lane 2: 3/1; Lane 3: 10/1; Lane 4: 12/1; Lane 5: 17/1; Lane 6: 19/1; Lane 7: 20/1;
Lane 8: 22/1; Lane 9: 25/1; Lane 10: 100 bp DNA Ladder; Lane 11: 9/1; Lane 12: 6/2; Lane 13: 8/2; Lane
14:10/2; Panel B: Lane 1: 1 kb DNA Ladder. The isolates presented in the Lanes 2 to 13 ave as follows: Lane 2: 13/
2; Lane 3: 16/2; Lane 4: 17/2; Lane 5: 18/2; Lane 6 to 9 negative vesults for isolates 2/1, 4/1, 3/2, 14/2; Lane 10:
9/2; Lane 11: 19/2; Lane 12: 24-1/2; Lane 13: 24/2.
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247 bp

247 by

Figure 5.

The DNA amplicons of phaC gene (247 bp) with primers: PhaCF1BO/PhaCR2BO from the bacterial isolates.
Panel A: Lane 1: 1 kb DNA Ladder; Lane 2: 3/1; Lane 3: 10/1; Lane 4: 12/1; Lane 5: 17/1; Lane 6: 19/1; Lane 7:
20/1; Lane 8: 22/1; Lane 9: 25/1. Panel B: Lane 1: 1 kb DNA Ladder. The isolates presented in the Lanes 2 to 12
are as follows: Lane 2: 9/1; Lane 3: 6/2; Lane 4: 8/2; Lane 5: 10/2; Lane 6: 3/1; Lane 7: 10/1; Lane 8: 12/1; Lane
9:17/1; Lane 10: 19/1; Lane 11: 20/1; Lane 12: 22/1.

phaC gene in case in their DNA correct amplicon size (540 bp) was revealed when run
on the 1.2% agarose gel (Figure 4A and B).

The selective results of the amplification using the pair of primers PhaCF1BO/
PhaCR2BO are presented in Figure 5. According to Figure 5, some of the isolates
tested positive for the presence of the phaC gene in their DNA as shown in lanes (3, 4,
6,7,and 9) (Figure 5A) and lanes (2, 7, 9, 11, and 12) (Figure 5B). These isolates
produce the correct amplicon size (247 bp) when run on the 1.2% agarose gel.

Pseudomonas oleovorans NCTC 10692 (Bacteria Collection from Public Health
England, ATCC 8062), which is the producer of PHA [26, 27] was used as a positive-
control strain. Escherichia coli XL-1 Blue (Agilent Technologies), which is not able to
produce PHA, was used as a negative control strain.

Out of the tested 48 strains, 18 strains tested positive for the presence of the phaC
genes confirmed by one or both types of PCR and by the presence of PHA granules
confirmed by the Nile Blue A and Nile Red staining methods. These 18 strains, in
addition to two strains (9/1 and 9/2) that tested negative with PCR and positive with
Sudan Black B were sent for sequencing after cloning their 16S rRNA PCR products
into competent E. coli cells (Table 2). The 16S rRNA gene was amplified using the
primer pair 8F and 1492R (Table 1) [28], the conditions were pointed in Ref. [29].

Sample Strains Presence of Sudan Nile Blue Presence of NCBI BLAST Identity,
No. phaC gene, Black A and plasmid matches (Strain %
PCR B Nile Red identification name)
1 3/1 + + + + Citrobacter sp. 97
2 91 - + - + Arthrobacter sp. 97
3 10/1 + + + + Raoultella/Klebsiella 99
4 1211 + + + + Raoultella/Klebsiella 98
5 17/1 + + + + Alcaligenaceae; 97
Achromobacter
6 19/1 + + + + Citrobacter sp. 99
7 20/1 + + + + Raoultella/Klebsiella 99
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Sample Strains Presence of Sudan Nile Blue Presence of NCBI BLAST Identity,
No. phaC gene, Black  Aand plasmid matches (Strain %
PCR B Nile Red identification name)
8 22/1 + + + + Raoultella/Klebsiella 99
9 25/1 + + + + Servatia 98
10 6/2 + + + + Aeromonas 99
1 8/2 + + + + Alcaligenes 98
12 972 - + - + Arthrobacter 929
13 10/2 + + + + Bacillus 929
14 13/2 + + + + Bacillus 29
15 16/2 + + + + Bacillus 929
16 1712 + + + + Alcaligenes 929
17 18/2 + + + + Alcaligenes 929
18 19/2 + + + + Acinetobacter 99
19 24-1/2 + + + + Pseudomonas 929
20 24/2 + + + + Pseudomonas 99

Note: (—) indicates a negative test result; and (+) indicates a positive test result.

Table 2.
The characteristics and sequence identification of the selected bacterial isolates from the environmental samples.

PCR products were ligated into a vector plasmid DNA and transformed into E. coli
competent cells using the TOPO® TA Cloning® Kit (Invitrogen by Life Technologies,
UK) following the manufacturer’s protocol. Sequencing was performed by GATC
Biotech Ltd., London Bioscience Innovation Center, the identification was done
through the BLAST search. The strains, which were isolated from sludge and
compost samples, belonged to multiple bacterial families (Table 2), including the
Enterobacteriaceae (7 strains, 35%), Micrococcaceae (2 strains, 10%), Alcaligenaceae

(4 strains, 20%), Movaxellaceae (1 strain, 5%), Aeromonadaceae (1 strain, 5%),
Bacillaceae (3 strains, 15%), and Pseudomonadaceae (2 strains, 10%). Most of the
isolates from the environmental samples belong to Enterobacteriaceae (Citrobacter sp.,
Raoultella, Klebsiella, Serratia, and Acinetobacter), and they are commonly known as
producers of polyhydroxyalkanoates [30]. The genomes of the identified isolates
contain different classes of PHA synthase (I, II, and IV), producing different types of
PHA based on the number of carbon atoms. Thus, Pseudomonas contains either class I
or II of PHA synthase [12] and can produce medium-chain length PHA, but some
strains are able to synthesize both SCL- and MCL-PHAs; Alcaligenes can produce
short-chain length PHA.

4. Confirmation of the presence of a PHA pathway

The isolates were screened for the presence of plasmids, as they often carry the
PHA biosynthetic pathway. Plasmids were detected in all 20 selected strains for
PHA production (Table 2). To show that the plasmid and PHA production were
co-inherited, a non-PHA-producing strain of E. coli XL-1 Blue (Agilent Technologies)
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was transformed with a plasmid. This will allow the identification of plasmids that can
express the PHA operon in E. coli. As a control, a known PHA-producing plasmid
from Pseudomonas oleovorans NCTC 10692 was transformed to show that the insertion
was successful. The plasmid DNA was purified from the bacterial isolates grown in
culture in the LB media using the Zyppy miniprep kit (ZYMO Research, Irvine, CA)
according to the manufacturer’s protocol. Purified plasmid DNA was used for the
transformation of E. coli XL-1 Blue by electroporation (MicroPulser Electroporator,
BioRad). Before performing the transformation experiments, the PHA-producing
strains were characterized for their antibiotic resistance profiles. This was done to
identify possible determinants that could be used as counter-selective agents, assum-
ing that it was plasmid bourn. The 20 strains were tested for their susceptibility to 16
different antibiotics, delivered in discs to check the resistance profiles of these strains
grown on solid media. Four of the PHA-producing strains (6/2, 8/2, 10/2, 13/2) were
sensitive to all the tested antibiotics. As all the PHA-producing strains were resistant
to ampicillin and/or nalidixic acid, but the E. coli XL-1 Blue host strain was not, these
two antibiotics were then used as a selection for the plasmid when it was transformed
into the PHA-negative strain (E. coli XL-1 Blue). After the electroporation,
transformed cells were inoculated on LB agar containing ampicillin or nalidixic acid.
After overnight incubation, the colonies obtained were picked up and grown in LB
medium with the appropriate antibiotics chosen (ampicillin and nalidixic acid). These
cultures were then screened for PHA-producing genes by using the staining methods,
PCR amplification, and sequencing. Four strains (3/1, 10/1, 17/1, and 19/1) in addition
to the positive-control strain were successfully transferred into E. coli XL-1 Blue, and
were tested positive for PHA production and the presence of the phaC gene. These
four strains were isolated from the sludge samples collected from the Petersfield
Southern Water Treatment plant. The pointed bacterial strains provide plasmids,
which have the potential to synthesize PHA for industrial/commercial purposes when
co-introduced into the same genetic background.

5. Physical characteristics of PHAs

The PHA extracted from the 20 environmental samples that tested positive for
phaC genes and/or the staining methods were analyzed using the FTIR spectroscopy
method.

Pure bacterial overnight culture grown in LB media (10 ml) at 37°C was used for
the PHA extraction and purification. Bacterial cells were pelleted at 4000 rpm for
25 min at RT using glass conical centrifuge tubes (Sigma, UK). The pellet was
suspended in 10 ml of 0.1% sodium hypochlorite and centrifuged for 30 min at
4000 rpm. The supernatant was removed, and the pellet was washed with 5 ml of
sterile water, 5 ml of acetone, and 5 ml of methanol consequently. The pellet was
dissolved in 5 ml of chloroform and left overnight at RT to evaporate on a glass Petri
dish (Figure 6) [31]. The PHA biopolymer was collected, weighed, and analyzed
using a physical method.

The PHAs extracted from the isolates were analyzed using PerkinElmer®'s Spec-
trum 1™ FT-IR Spectrometer (USA); spectral range 4000-400 cm ™" with a spectral
resolution of 4 cm ™" [32]. The characteristic absorption peaks were used to interpret
the presence of specific functional groups in the extracted polymers. The yield of PHA
in mg/10 ml extracted from the environmental pure bacterial isolates varied from
0.1 mg (24/2) to 8.8 mg (20/1). The main FTIR spectral peaks for the presumptive
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Figure 6.
PHA was obtained as a white powdery substance on a glass Petri dish.

PHAs extracted from 20 studied bacterial isolates; from the PHA-producing bacterial
strain (+ve), used as a positive control, along with peaks for the commercial PHB
(Sigma, USA) are presented in Table 3.

According to Table 3, the spectra of the standard PHB show the peak at
1720.88 cm ', which corresponds to the C=0O stretch of the ester group, and the peak
at 1278.59 cm ™', which corresponds to —~CH group [33]. These peaks are similar to the
published spectra peaks of PHB [34]. The positive PHA production bacterial strain
(+ve) showed the peak at 1650.05 cm ™, which corresponds to ester carbonyl group
(C-0), and accompanying peak at 1275.33 cm ™, which corresponds to ~-CH group.

Strain Bond name and functional group
ID
carbonyl Ester group N-H amide C-H stretching -CH -OH
group C=0 stretching protein in methyl and group group
Cc-0 the polymer methylene

Wavelength cm ™

PHB 1720.862 — — 2976.133 1278.590 —
+ve — 1650.054 1536.889 2961.977 1275.334 3282.092
311 — 1650.212 1532.606 2961.507 1285.725 3283.034
9/1 — — 1531.962 — — —
10/1 — 1649.884 1537.600 2163.595 1234.149 —
12/1 — 1632.607 1531.058 2922.235 1258.489 —
17/1 — 1633.190 1533.594 2961.555 1258.594 3282.994
19/1 — 1645.382 1537.159 2962.102 1285.469 —
20/1 — 1634.394 1530.941 2962.579 1285.454 3284.661
22/1 — 1643.354 1532.321 2961.308 1259.401 3280.077
25/1 — 1650.201 1533.100 2962.169 1285.953 3282.528
6/2 — 1650.268 1537.788 — 1233.206 —
8/2 — 1653.275 1532.055 2357.763 — —
9/2 — 1637.733 1532.606 — — —
10/2 — 1646.277 1530.920 2922.692 1259.232 —
13/2 — 1650.393 1538.062 2357.890 1215.417 3272.019
16/2 — 1650.650 1536.901 2159.899 1236.901 —
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Strain Bond name and functional group
P carbonyl Ester group N-H amide C-H stretching -CH -OH
group C=0  stretching protein in methyl and group  group
Cc-0 the polymer methylene
17/2 — 1638.042 1526.125 2965.548 1229.005 3297.117
18/2 — 1643.042 1537.981 2161.182 1234.679 3282.213
19/2 — 1635.190 1530.788 2361.236 1248.539 3277.935
24-1/2 — 1632.858 — 2933.581 1226.658 —
24/2 — 1635.579 — 2359.462 1249.115 3347.794
Table 3.

Functional groups identified by the FTIR method for PHA analysis.

The results of the FTIR analysis of the PHA extracted from the 20 environmental
samples showed a resemblance to the positive strain’s characteristic absorption peaks,
which indicates the presence of the PHA functional groups in the samples. As it was
mentioned above, the positive-control strain was confirmed as a PHA producer by
PCR and the staining methods. The strain 9/1 was tested positive by Sudan Black B,
negative for the phaC gene by the PCR method, and it did not show any characteristic
absorption peaks corresponding to PHA production. As a result, it was concluded that
this strain was not a PHA producer.

6. Biochip analysis of environmental samples for the presence of
PHA-producing bacteria

A low-density biochip as a collection of DNA probes arranged on a solid matrix
was the first time applied for rapid screening of PHA-producing organisms in the
environment. This technique performs detection using a single undivided environ-
mental sample and allows the identification of different genes in one reaction. The
development of a biochip includes the following steps: design of the appropriate
probes; equalization of the hybridization capacity of the probes for their inclusion in
the biochip prototype; environmental DNA preparation for hybridization; and the
fine-tuning of a biochip for the optimization conditions of bacteria detection.

Eleven oligonucleotide probes for the phaC genes responsible for the metabolic
pathways involved in PHA production were designed (Table 4). The phaC gene codes

Species Gene Probe Sequence 5' — 3’ Probe
length, bp
Burkholderia spp. PHA synthase (phaC) gene Probe1l  TCA ACA AGT TCT 21
poly-beta-hydroxybutyrate ACA TCCTCG

polymerase gene

Burkholderia spp. poly-beta-hydroxybutyrate Probe2  CGT GCA TCA ACA 21
polymerase gene AGT TCT ACA

Burkholderia pseudomallei  poly-beta-hydroxybutyrate Probe3  TCT GCG GAA TAC 21
polymerase gene CTA TCT CGA

26



Bioplastics against Microplastics: Screening of Environmental Bacteria for Bioplastics...
DOI: http://dx.doi.org/10.5772 /intechopen.109756

Species Gene Probe Sequence 5' — 3’ Probe
length, bp

Synechococcus sp. MA19 PhaC (phaC) gene Probe 4  TTT AGG TAA CAT 21
TCG CAT GCC

Synechococcus sp. MA19 PhaC (phaC) gene Probe5  TTT AAT GCT CAA 21
ACC CCG ACA

Pseudomonas sp. Poly(R)-hydroxyalkanoic ~ Probe 6 ~GCC ACA GAT CAA 21
acid synthase CAA GTT CTA

Pseudomonas sp. Poly(R)-hydroxyalkanoic ~ Probe7  TGA TCT GGA ACT 21
acid synthase ACT GGG TCA

Pseudomonas chlovoraphis Poly(R)-hydroxyalkanoic ~ Probe 8 = CCG GGT ACT TAT 21
acid synthase GTC CAT GAA

Aquabacterium sp. A7-Y PHA synthase (phaC) gene Probe9  TAT CTC GAA AAC 21
AAG CTC AGC

Cupriavidus sp. polyhydroxyalkanoate Probe 10 ATG GCG ACC GGC 21
synthase (phaC) gene AAG GGT GCG

Uncultured bacterium PHA synthase (phaC) gene Probe1l CGT GCA TCA ACA 21
clone, Cupriavidus sp. poly-beta-hydroxybuterate AGT ACT ACA

polymerase
Table 4.

Probes used in the biochip.

a subunit common to the four known PHA synthase classes (class I, class II,

class I1I, and class IV) [35], which are found in different species of bacteria; the

PHA C polypeptide subunit varies in molecular weights. The BLAST search in the
NCBI database (http://www.ncbi.nlm.nih.gov) was used to derive the sequences
used for the probe design. The complete nucleotide sequence for the genomic DNA
of PHA-producing microorganisms was downloaded and saved in FASTA format.
The sequence was loaded into the SeaView software, which is a sequence alignment
editor allowing manual or automatic alignment through an interface with the
CLUSTALW program. Region variations in the sequences were identified from
multiple alignments generated by the Clustalo option in SeaView [36] or creating
multiple alignments of protein sequences by Muscle [37]. Based on final

alignments, conserved parts of the sequences of each gene were chosen and used

for probe designing using the OLIGO 7 program [38]. The phylogenetic tree generated
after a distance-based analysis using the Kimura 2 model and neighbor-joining algo-
rithm showed a clear distinction between the classes of phaC genes. After the phylo-
genetic analyses, the probes were designed to cover different classes of PHA synthase.

Probes (4-10) target PHA synthase (phaC) gene, probes (2,3) target poly-beta-
hydroxybutyrate polymerase gene, and probes 1 and 11 target both genes.

The 3D dendrimeric matrixes for biochip preparation were manufactured at Tbilisi
State University, Andronikashvili Institute of Physics, Georgia. All procedures
concerning dendrimeric matrix activation for probes immobilization, and
dendrimeric matrix deactivation for environmental DNA hybridization are presented
in our previous publication [39].

In order to check and evaluate that the chosen probes have similar hybridization
capacities, the cassette approach developed and published in Ref. [40] has been used.
If the probes exhibit the same hybridization characteristics, they should give equal
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fluorescent signals in hybridization reactions. The result of the estimation of the
hybridization capacity of the proposed probes showed that the probes exhibited
comparable hybridization signals and were characterized by the mean signal-to-noise
ratio S/N = 12 (data not shown). These probes were tested against DNA obtained
from environmental samples (sludge and compost) samples. Total DNA was purified
from the environmental samples (sludge or compost) using MO BIO PowerSoil®
DNA Isolation Kit (MO BIO technologist, Inc.). The procedures for DNA preparation
for hybridization that include DNA amplification, fragmentation, and fluorescent
labeling are described in Ref. [40]. Two sludge and three compost environmental
samples were analyzed for the bacterial assemblage, revealing PHAs producing
capacity using a biochip method. Figure 7 represents the proportion/interrelation of
the issued by the probes” bacterial species in the functional assemblage of sludge T2,
as the equalized biochip is the basis for the estimation of the microbial ratio. The
hybridization signal S/N above 1.5 was counted as a reliable result.

According to Figure 7 and Table 4,

* Probes 1, 2, and 3 are probes for the identification of Burkholderia sp. For all of
them, the identification on the biochip is under the threshold of detection (S/N
< 1.5).

* Probes 4 and 5 are different probes for the identification of Synechococcus sp.
MA19. The probes are characterized by identical hybridization capacity (cassette
assay); however, probe 5 is more efficient in the case of real ecological samples.

* Probes 6, 7, and 8 are probes for the identification of Pseudomonas sp. All of them
are characterized by S/N > 1.5.

* Probe 9 is a probe for the identification of Aquabacterium sp. A7-Y. The
hybridization signal is reliable (S/N > 1.5).

* Probes 10 and 11 are probes for the identification of Cupriavidus sp. The
identification of this bacteria on the biochip by probe 10 is reliable, but by probe
11 under the threshold of detection (S/N < 1.5).
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Figure 7.

Thgeuremlts of DNA from T2 sludge sample hybridization with the biochip. Panels A and B represent the
arrangement of the probes on the biochips. The red circles and PCM are the position control markers. The white
circles mark the position of the reliably visible signals detected after hybridization with the probes for phaC gene.
Panel C shows the hybridization signal, presenting a signal-to-noise ratio, for the probes on the biochip. The data
presented are mean values + SD.
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Figure 8.

Thgeuresults of DNA from Ts5 compost sample hybridization with the biochip. Panels A and B represent the
arrangement of the probes on the biochips. The red circles and PCM ave the position control markers. The white
circles mark the position of the veliably visible signals detected after hybridization with the probes for phaC gene.
Panel C shows the hybridization signal, presenting as a signal-to-noise ratio, for the probes on the biochip. The data
presented are mean values + SD.

Therefore, the bacteria species present in sample T2 are Synechococcus;
Pseudomonas; Cupravidus, and Aquabacterium. The first three species are very
well-known PHA producers.

Figure 8 represents the proportion of the bacterial species in the functional
assemblage of compost T5.

According to Figure 8 and Table 4,

* Probes 1, 2, and 3 are probes for the identification of Burkholderia sp. For all of
them, the identification on the biochip is above the threshold of detection (S/
N > 1.5).

* Probes 4 and 5 are different probes for the identification of Synechococcus sp. MA19.
The probes are characterized by identical hybridization capacity (cassette assay);
however, probe 5 is again more efficient in the case of real ecological samples.

* Probes 6, 7, and 8 are probes for the identification of Pseudomonas sp. All of them
are characterized by S/N > 1.5; however, the signals from probes 6 and 7 are
much stronger than for probe 8.

* Probe 9 is a probe for the identification of Aquabacterium sp. A7-Y. The
hybridization signal is reliable (S/N > 1.5).

* Probes 10 and 11 are probes for the identification of Cupriavidus sp. The signal
from both probes is reliable; however, the signal of probe 10 on the biochip is
again much stronger than of probe 11.

Therefore, all studied types of bacteria are present in sample T5. Dominant bacte-
ria species in sample T5 are Synechococcus, Pseudomonas, and Cupravidus, well-known
PHA producers.

Table 5 summarizes the result obtained with biochips for the studied
environmental samples.

The compost samples T5 and T6 contain all studied bacteria species with phaC
gene. The bacteria spp. Synechococcus and Cupravidus (probes number 5 and 10) were
detected in all environmental samples (sludge and composts). The absence of hybrid-
ization signals on the biochip for some bacteria might be explained by the absence of
these bacteria in the samples.
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T2 T4 T5 compost T6 compost T7 compost

sludge sludge (food-based waste) (warm garden waste) (graveyard)
Probe 1 — + + ¥ _
Probe 2 — — + + —
Probe 3 — — + - —
Probe 4 - - + + +
Probe 5 + + + + +
Probe 6 + + + ¥ _
Probe 7 + — + + +
Probe 8 - - + ¥ _
Probe 9 + — + ¥ _
Probe 10 + + + + +
Probe 11 — — + + —

Table 5.
Summary of the phaC gene detected in the biochip from environmental samples.

7. Conclusions

Bioplastics are dramatically favored over oil-based plastics due to their ability to
degrade. The use of such natural polymers would help counteract the current accu-
mulation of standard nonbiodegradable polymers in the global environment.
Bioplastics have many applications, such as packaging materials, biomedical
implants, drug delivery systems, and biofuels. The screening of the indigenous
bacteria in the environmental samples is the first key step on the way of the
selection of bioplastic-producing organisms. In this study, the conventional chemical,
molecular biological, and physical methods were successfully applied for the screening
of the environmental bacteria-producing PHAs, biopolymers that can be used to
produce bioplastics. Twenty bacterial strains have tested positive for phaC genes
using the PCR method and/or the Sudan Black B, Nile Blue, and Nile Red staining
methods. The PHAs were extracted from these bacterial strains and characterized
using the FTIR method. The main FTIR spectral peaks for the PHAs extracted
from 19 studied bacterial isolates resemble the peaks for the PHAs isolated from
PHA-producing bacterial strain (+ve) that was used as a positive-control strain,
indicating the presence of the PHA functional groups in the samples. Diagnostic
biochip was first time explored as a fast method for primary screening of
PHA-producing microorganisms in environmental samples. The hybridization results
showed that the designed probes successfully detected the phaC genes, which covered
three classes of PHA synthase in the environmental samples. Class I resides in
Cupriavidus sp.; classes I and II are detected in Pseudomonas sp., and class III are
found in the Synechococcus and Burkholderia spp. The bacterial composition in the
environmental samples revealed the frequently encountered Synechococcus, Pseudomo-
nas, and Cupravidus species, well-known PHA producers. Moreover, the use of bio-
chips and staining procedures for the detection of biopolymers-producing bacteria
will allow the screening of microorganisms for novel PHA production pathways.
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Chapter 3

Preparation and Analysis of
Standard Microplastics
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Enrico Gasparin and Tiziano Battistini

Abstract

Over 14 million tons of microplastic have been accumulated in water resources
and they are increasing yearly. About 8% of European microplastic released into the
water are from synthetic textiles. This kind of microplastic is generally in the form of
microfilaments. They have a higher potential to enter the food chain due to their size
and shape. Although microfilaments generate great concern, no precise guidelines
for their quantification and qualification are yet available. Thus, in this chapter, the
origin of microfilaments is fully investigated. After that, a novel approach for iden-
tifying and counting microplastic with fiber shape is presented. An accurate method
for preparing microfilament standard suspensions is described to facilitate lab tests
and have a reliable methodology for monitoring microplastic pollution.

Keywords: textiles, synthetic thread, microplastics with fiber shape, standard suspension,
quantification

1. Introduction

This chapter presents a reliable method for preparing standard microfilaments to
facilitate lab testing and monitoring of microplastics in different matrices. The scope
is to achieve a positive impact on the quality control of all operations, from sampling
to counting and identification. Using standard synthetic microfilaments as references
for the validation of common experimental procedures could reduce differences
between data. Furthermore, a standard synthetic fiber material would allow the mon-
itoring of the ecotoxicological impacts of microplastics on biota and human health in
line with the European Commission’s Green Deal, the Circular Economy Action Plan
and the proposed remedial actions supported by the UN SDGs under Goal 14.

2. What is plastic?

Plastics are defined as synthetic organic polymers typically made from
petrochemicals.

Specifically, synthetic polymer molecules consist of many monomers which react
in different ways. Many simple hydrocarbons, such as ethylene and propylene, can be
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transformed into polymers by adding monomers to the growing chain. The combina-
tion of these monomers creates various kinds of polymers. Other substances can be
added to polymers to give the final product some desired characteristics [1].

Sometimes, the term plastic is also used to indicate blends with different synthetic
polymers or other low molecular weight compounds such as additives, UV or thermal
stabilizers, flame retardants, dyes, antioxidants, plasticizers, etc. [2].

Because plastics are considered chemically, physically, biologically stable and
resistant materials, once in the environment, they can undergo degradation upon
exposure to different factors, such as sunlight, water, and wind, and break down
into tiny plastic particles known as microplastics. After fragmentation, they can be
transported by wind and water due to their lightweight [3].

Thus, once in the environment, microplastics accumulate and persist.
Consequently, they are ubiquitous in terrestrial, fresh water and marine environ-
ments [4]. The source of microplastics includes wastewater treatment plants, land-
fills, automotive tires, pre-production plastic pellets, synthetic clothing, road signs,
and paint [5], (Figure1).

Among all sectors, the textile one is considered one of the major sources of micro-
plastic pollution.

Textile processes are responsible for 20% of global water pollution and the wash-
ing of synthetic garments contributes to about 35% of the global release of primary
microplastics. These materials are not retained during the filtration systems of
wastewater treatment plants (WWTPs) and, therefore, enter the marine ecosystem
directly [6].

These microplastics occur in different forms (e.g., cylindrical, spherical, etc.)
and partly escape the filtration systems of WWTPs, reaching seas and oceans
directly. In this respect, the identification and classification of fiber fragments are
necessary to spot any weak points in the textile production process and in the life
cycle of synthetic garments. The release of microplastics can occur during the dif-
ferent processes and use phases, including spinning, weaving, finishing (gauzing,
finishing, dyeing), packaging, wear, washing, drying, and finally, at the end of life,
landfill disposal [7].

Figure 1.
Example of microplastic sources in water system (https://unsplash.com).
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Figure 2.
Plastics spread in the environment (https://unsplash.com).

Hartline et al. have estimated that a WWTP plant with a 94% of removal per-
centage and considering 0.35 m® of wastewater per person a day would produce for
100,000 people about 1.02 kg of microfilaments (Figure 2) [8].

The term microplastics was first coined by R. Thomson in 2004 by observing
micrometer-sized plastic fragments in marine sediments and then refined by Arthur
et al. by setting size limits above 5 mm [9, 10]. Later in 2011, Cole et al. divided micro-
plastics into two categories: primary ones produced at a micro size and secondary
ones that only reach that size through fragmentation and degradation due to environ-
mental biodegradation effects. In 2016, nano-sized particles were also included in the
definition of microplastics GESAMP [11].

Although the definition of microplastics is still being debated, the current one fol-
lows the European Chemical Agency (ECHA), “a material composed of solid poly-
meric-containing particles to which additives or other substances may be added. The
family of microplastics includes synthetic-based particles, such as polyethylene (PE),
polypropylene (PP), polystyrene (PS), polyamides (PA), polyethylene terephthal-
ate (PET), polyvinyl chloride (PVC), polyacrylonitrile (PAN), polymethylacrylate
(PMA), elastomers and silicone rubber with particles ranging from 1 nm to 5 mm and

Figure 3.
Optical images obtained with an optical microscope coupled to MicroFTIR of a) polypropylene microparticle and
b) polyester microfilaments.
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fiber lengths ranging from 3 nm to 15 mm and a length-to-diameter ratio of > 3” [12].
The difference between particles and filaments is reported in Figure 3.

2.1 Textile fibers

Fibers are a class of materials consisting of a fibrous structure whose length is
thousands of times higher than its diameter. Fibers are the units from which all textile
materials are made. They are incredibly important to textile production as they have
properties that allow them to be spun into yarn or directly made into fabric. This
means they must be strong enough to hold their shape, flexible enough to be shaped
into a fabric or yarn, elastic enough to stretch, and durable enough to last. Textile
fibers also have to be a minimum of 5 millimeters in length as shorter ones cannot
be spun together. Textile fibers are generally classified as natural or man-made. An
outline is reported in Figure 4.

Natural fibers are further subdivided into animal (e.g., wool, mohair, cashmere,
angora, silk), vegetable (e.g., cotton, flax, kapok, jute, hemp), or mineral (e.g.,
asbestos), as shown in Figure 4. Animal fibers are typically obtained from the coats
or fleeces of animals, or in the case of silk, the raw material is the extruded filaments
of the silkworm cocoon [13]. Vegetable fibers grow as seeds, leaves and bast fibers,
whereas mineral ones are mainly asbestos fibers. In Figure 5 an optical picture of
animal (a) and vegetable (b) fibers is reported.

Wool fibers have the form of elliptical cylinders. The range diameter of around
20 pm is typical of merino wool, the most commonly used for clothes. It shows a scale

Textile fibers
Natural Fibers Man-made Fibers
Animal Vegetable Mineral Regenerated Synthetic
fibers fibers fibers fibers fibers

Figure 4.
Classification of textile fibers.

Figure 5.
Optical microscopy image of merino loose wool (a) and cotton fibers (b) obtained in transmission mode. (500 X).
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Figure 6.
Optical microscopy image of PA 6 (a) and PA 6.6 (b) fibers obtained in transmission mode (500 X).

structure with an irregular profile and a stopped one due to overlapped cuticle cells, like
a tiled roof. Cotton fibers show a flat band structure with corkscrew-like twisting. The
convolution frequently varies between 3.9 and 6.5 per mm and the number of reversals
per mm ranges between 1.0 and 1.7. The longest cotton fiber is 2.8 cm and can be found
in Scottish thread. The section of the fibers shows variable shapes such as elliptical,
oval, and kidney with a well-defined central lumen parallel to the outer wall [14].

Man-made fibers are any fiber that is derived from an artificial process. The fibers
made from chemical synthesis are called synthetic fibers, e.g., Polyamide 6 (PA 6),
Polyamide 6.6 (PA 6.6), polyester (PET), polyacrylic (PAN), cholorofibers (PVC),
and aramids (kevlar), while the fibers generated from natural polymer sources are
called regenerated fibers or natural polymer fibers e.g.: Viscose, Rayon, cellulose
triacetate, etc. [13]. An optical micrograph of synthetic fibers is reported in Figure 6.

The fibers are uniaxially oriented during the melt, dry, or wet spinning process,
which gives the fibers high tenacity and strength. Typically, they appear as smooth
filaments, cylindrical or slightly elliptical.

Figure 6 and b shows the morphology of two nylon fibers (PA6 versus PA 6.6).
[15]. They are generally semicrystalline polymers extruded and drawn in various
cross-sectional shapes, which can be circular, kidney-shaped or three-lobed with
smooth edges. In Figure 6b, the fiber shows the presence of fillers.

2.2 Why do fibers from clothes pollute?

Man-made fibers have tripled their market share from 23% in 1965 to nearly 72%.
In addition, synthetic fibers have continued to grow to 75%, while cellulosic fibers,
for example, have remained constant at about 6.4% [15]. Compared to natural ones,
synthetic fibers do not depend on animal breeding or cultivation and are not affected
by environmental factors such as seasonality and climate change.

Polyester is considered the best fiber in terms of production cost, raw material
quality, and ability to improve performance and properties. Polyester fibers have
reached 85% of the market share of the synthetic sector [16].

Moreover, in recent years, synthetic fibers have become the main protagonists of
fast fashion (a clothing industry that produces low-quality and low-priced clothing
and constantly launches new collections in a short time), generating large amounts of
waste from unsold, unwanted and/or landfilled goods.

Furthermore, synthetic textiles are estimated to be responsible for a global dis-
charge of between 0.2 and 0.5 million tons of microplastics into the oceans yearly [17].
Synthetic fragments can enter the aquatic environment during use, machine wash-
ing and drying of garments, or through leaching of waste material (pre-consumer,
post-consumer) that accumulates in landfills.
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Textile process

Washing & Drying

R
— &M i Clothing Wear & Tear
i

Landfill accumulation

Figure7.
Source of micvoplastic fibers velease during textile life-cycle.

According to [18] approximately 35% of microplastics released into oceans
globally originate from washing synthetic textiles, as shown by their incidence in
freshwater and saline environments, near urban centers, in sewage sludge and its
by-products, in wastewater treatment plant effluents, in sediments and in some biota
such as invertebrates, birds, and fish.

Although wastewater from washing machines is considered the main transport
route for synthetic microfilaments, air can be a possible way, too. The fibrous frag-
ments are comparable to dispersed solid particles suspended in the air. Several
researchers have pointed out that textile products, especially during manufacture,
packaging, drying and use, can release microplastics. Furthermore, synthetic textiles
used for upholstered furniture can release fibrous microplastics through friction and
abrasion. Many works have shown that the amounts released are comparable to those
produced during a washing machine cycle [19-21], as shown in Figure 7.

In recent years, concerns have grown about the environmental and health impacts
associated with microplastic pollution. Textiles made of fibers of natural origin shed
micro fragments, too. All fibers undergo a biodegradation process in water. However,
natural fibers (e.g., cotton) are completely degraded in the aqueous matrix, whereas
in the case of synthetic fibers, there is no complete degradation but fragmentation

Figure 8.
Example of fiber material veleased from: a) the synthetic fabric during a 40-minute washing cycle (Wash ¢
Wear) in laundry machines; b) tumble dryers (60-minute drying time).
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into smaller filaments or particles that can reach nanometric dimensions. Another
finding from the experimental data is that PET fibers are the most commonly found
in the environment, followed by PAN, PP, and PA fibers (Figure 8) [22, 23].

2.3 Environmental impact

In recent years, a growing concern about microplastic environmental pollution and
health impacts has emerged. Several studies have shown a certain degree of chronic
exposure to microplastic pollution is an integral part of contemporary life [24]. Due
to their shape, microplastic can be ingested by all living organisms, from plankton to
humans. Furthermore, another source of concern is the potentially toxic chemicals that
they can contain, such as additives, monomers, catalysts and other by-products. Once
microplastics have been released into the environment, due to their fragmentation,
degradation and chemical contents, they can reach the biota and consequently enter the
food chain. In addition, microplastics have characteristics such as size, shape, polymer
composition and even color that can potentially be more important than their concen-
tration in the environment to induce adverse effects, making it more challenging to
identify their impact on organisms. In addition, fibrous microplastic fragments in terms
of size (length and diameter) geometry, physical properties and surface characteristics
may be responsible for the levels of biological interfaces with tissues and cause pathol-
ogy. Small microplastics can easily penetrate cells and organs and carry a considerable
content of harmful substances due to the high surface area unit they possess [24, 25].

2.4 Microplastic textiles: related problems

Nowadays, estimating and measuring the quantities of microplastics, particu-
larly those with fiber shapes, is challenging. Estimating the number of released
microplastics is highly uncertain because of the lack of standardized sampling and
measurement methods. Furthermore, the obtained data are not fully shared by the
scientific community and are not validated with inter-laboratory tests. At present,
the experimental and the analytical protocols under study are mainly focused on the
determination of microplastic with particle shapes, leaving out fiber-shaped ones.

Indeed, microplastic textile standard methods are rarely used in the study cases.
Existing methods for preparing MFs (microfilaments) are focused on cutting or
cryogenically grinding synthetic filaments, resulting in a wide distribution of fiber
lengths [26]. Some scientists have prepared nylon, polyethylene terephthalate (PET)
and polypropylene (PP) microplastic fibers with pre-determined lengths (40, 70 or
100 pm) using a cryotome protocol. They proved that this method effectively pro-
duces tens of thousands of MFs suitable for testing [27].

Despite these promising results, the proposed analytical techniques have several
drawbacks since they are limited in counting and separation.

Thus, a novel approach to counting and identifying fibrous microplastics is
becoming fundamental. For this reason, a standardized analytical method and its
subsequent validation must be obtained.

A possible solution to this lack could be the use of appropriate standard microfila-
ments. The more specific issues are microplastic cut-off size, sample type, sampling
procedure, laboratory sample processing, identification techniques and reporting
units. Therefore, a new routine for qualitative and quantitative microplastic analysis
with fiber shape could be established to have a standardized analytical method to
compare different lab results.
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3. Strategy to solve the problem

Since microfilaments of standard material are not commercially available, a possible
solution for the determination of microplastics could be the preparation and analysis of
standard microfilaments in aqueous suspensions. This reliable method can help labo-
ratories to monitor the quality of their analytical procedures. The advantage of such a
procedure is that it is possible to produce different types of microfilaments with a narrow
size distribution as well as blend them. This protocol could fill the gap in the knowledge
of the identification and quantification of fibrous microplastics in textile or environmen-
tal matrices. In particular, the proposed procedure achieves the following objectives:

* The preparation of suspensions of known concentration of standard synthetic
microfilaments, representative of the textile industry.

* The use of microfilament suspensions as an internal standard during the analysis
of a real sample to monitor the quality of all operations and analyses.

* The preparation of suspensions of known concentration that can be used for
inter-laboratory and inter-calibration tests.

Standard Method

Figure 9.
Schematic diagram of the standard method steps.
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* Identification, counting and analysis of fibrous microplastics in aqueous and
non-textile aqueous matrices (Figure 9).

Mossotti et al. [28] developed a user-friendly method to prepare microfilament
standard suspensions that can facilitate lab tests. Specifically, different synthetic
threads of PA 6, PA 6.6, PET, and PP, which are shown in Figure 10, were used for
the preparation of standard suspensions. They are commercial materials supplied by
Aquafil S.p.A with a known number of filaments.

The parameters associated with all the yarns are: 1) Yellow PA 6 (180 filaments;
3450 dtex). 2) Blue PA 6.6 (68 filaments; 200 dtex). 3) Cream PET (256 filaments;
2970 dtex). 4) Orange PP (72 filaments; 70 dtex). An example of synthetic thread is
shown in Figure 11.

PA 6.6

Figure 10.
Image of synthetic threads used for the preparation of the standard solution.

a

Figure 11.
a) Yarn; b) filaments; c) single filaments.

Figure 12.
a) Standard fibers and wool placed in a microtome slide; b) the protruding fringe removed by razor blade b) the
fiber length chosen using a suitable pusher d) the cut fibers measure about 200 pm.
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All synthetic threads were subjected to microtome cutting at a length of 200 pm
according to IWTO-8-97. For the cutting step, synthetic fibers were blended with
wool, as shown in Figure 12.

The wool is added to the synthetic yarn to fill the microtome slot completely and
consequently have the correct number of synthetic filaments. The wool fibers are then
removed using a hypochlorite solution. This treatment successfully eliminates the
wool fiber without altering the structure of the synthetic yarns. The effect of hypo-
chlorite on the synthetic yarn is checked using FTIR analysis.

As shown in Figure 13 the oxidative treatment does not modify the chemical
structure of the synthetic yarns since no significant changes can be seen in the
absorption bands.

The presence of wool fibers can be observed using an optical microscope (OM), as
shown in Figure 14.

The wool fibers can be easily recognized using MO analysis, as shown in Figure 15.
Indeed, they have an irregular diameter and a surface structure consisting of overlapping
scales. On the contrary, synthetic fibers typically have a wider diameter and a regular
shape with a homogenous and smooth surface.

Figure 15 shows an example of wool fibers used during the cutting stage.

After the hypochlorite treatment, the synthetic fibers were placed in an
Erlenmeyer flask. For each polymeric yarn, three suspensions at 300, 500 and 900 ml
were prepared and then filtered using silicon filters. The microfilaments collected on
the filters were counted and the average value and standard deviation of 5 replicas
were calculated.
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Figure 13.

Spectra of the synthetic fiber before (solid line) and after hypochlorite treatment (dotted line) of a) PA 6; b) PA
66; ¢) PET; d) f PP, No significant differences can be seen.
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Figure 14.

Optical microscopy images (200x) of synthetic fibers (e.g., PA 6) and wool (1) cut with a microtome to 200 um.

--

Figure 15.
a) Example of wool fine fiber used for the sample cutting stage; b) optical microscopy image of wool at 200X; c)
optical microscopy image of wool at 500X. Average diameter: 16,2 pm.

An optical microscope associated with a micro-FITR was used to count the micro-
filaments on the filters. This technique has several advantages:

It is fast, non-destructive, reproducible, and able to collect IR signals at a high
spatial resolution. Furthermore, the coupling of a MicroFTIR with an OM opens the
possibility of visualization and mapping samples across the entire surface exposed.

The MicroFTIR has become an increasingly popular instrument for characterizing
samples with very small dimensions which are difficult to be chemically analyzed
using the conventional FTIR.

Indeed, the microscopic component provides information about morphology, size,
color, and shape. On the other hand, the spectroscopic component provides informa-
tion about the specific chemical bonds by capturing the absorption spectrum of the
microplastic, thus performing qualitative analysis. Finally, the possibility of develop-
ing an automated spectroscopic analysis procedure is more efficient and labor-saving
than other analytical methods. In MicroFTIR mapping mode, it is possible to collect
spectra in different sampling points that are measured and integrated and then used
to map the distribution, as shown in Figure 16 [29].

This technology also allows the determination of the presence of contaminants
inside the sample. For instance, some cellulosic fibers were found in the control water
sample (hypochlorite, wool and demineralized water). Through OM analysis, the
typical ribbon shape was recognized and MicroFTIR identified the characteristic
absorption bands related to cellulosic fibers, as shown in Figure 17.

All the collected data were statistically elaborated using a logit regression analysis
to study the relationship between the concentration and probability of detection of an
individual microfilament, as well as the impact of the type of polymer used as shown
in Figure 18 [30]. It is as well used to investigate the relationship between a binary
response variable and some other explanatory ones.
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Figure 16.
Counting and chemical mapping of the microfilaments (PET) collected on a silicon filter using MicroFTIR.
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Figure 17.
a) Optical image and b) spectra of cellulosic contaminants fibers collected in a control water sample.

It was chosen because of the binary nature of the data, in which a dependent
variable has two possible values expressed as identification or non-identification
for each individual microfilament in the suspension. Let Yy, i = 1,..., n,j = 1,... m,
denote the response, that is the number of detected microfilaments for the i-th
sample and j-th replication. Let K be the theoretical number of microfilaments in
the sample, that is the number of independent trials that can be performed on it.
Then Yj; is distributed as a binomial random variable of size K and probability of
identification p;. The logit model used explicitly the relationship between the prob-
ability of detection of the single microfilaments, p;, and the covariates by modeling:
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Figure 18.
Boxplot of the fraction of counted versus theoretical burrs in velation to material and solution volume.

Iogit(E(Zijkl’X1,ij |’X2,ij )) = log(Pi /(1 —Ps )) =B, +B, Xt BM(i) 1)

where Z, k = 1,...,K is a Bernoulli random variable representing the detection of
the k-th microfilament in the i-th sample and j-th replication, X, ; the concentration
used and Py the parameter representing the material’s effect used for the i-th sample.

This statistical elaboration underlines that there is a strict relationship between
the concentration of the microfilaments detection probability. Indeed, increasing the
number of microfilaments there is a reduction of the detection probability.

The results of statistical analysis show that:

* the fraction of microplastics detected is not the same for all materials;
* the fraction of microplastics increases with the amount of solution;

* the greater the number of theoretical microfilaments, the lower the probability
of detecting all filaments;

* the type of material influences the fraction of microplastics detected;

* the probability of detecting microfilaments is greater than 95% when the micro-
filament concentration is less than 200 N° microfilaments/L.

* Thus, if the microfilament concentration is too high, overlapping microfilaments
may occur, resulting in a loss of material identification and counting. Therefore,
it is necessary to proceed with the division into several aliquots and filtration
through several filters.

4. Conclusions
This chapter has tackled the problem of microplastic release from textiles by

trying to identify a suitable protocol for the preparation of standard microfilaments.
Indeed, there is a growing concern about the microfilament from textiles released in

49



Advances and Challenges in Microplastics

the environment. Since the average textile consumption is increasing, the number of
synthetic microfilaments released in particular in water is rapidly enhanced. Thus,
the necessity to have a reliable method for the identification and quantification of
microplastic released by textiles are becoming mandatory. For this reason, in this
chapter, it has been proposed not only a complete overview of the problem of the
microplastics related to the textile sector but also a novel approach for the quantifica-
tion and identification of them. Therefore, this chapter describes a protocol in which
some standards of different synthetic fibers have been prepared in order to introduce
them in a real sample. Actually, it describes the preparation of standard suspensions
with a 76-853 N filaments/L concentration range using polymer threads cut at pre-
determined lengths of 200 mm following IWTO-8-97 and dispersed in three solutions
of 300, 500, 900 ml to obtain three different concentrations. Afterward, the solutions
were filtered through a silicon filter, and the collected microfilaments were counted
with optical microscopy coupled with a MicroFTIR instrument. Five replicates were
carried out for each sample and the data were statistically analyzed using a logit
method. The probability of detecting the microfilaments is higher than 95% when the
concentration of microfilaments/L is lower than 200. Thus, these microfilaments can
actually work as an internal standard and the micro-FITR can be a suitable tool for the
correct identification and quantification of microplastics.
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Chapter 4

Round Robin Test on Microplastic

Counting and Identification
Method

Raffaella Mossotti, Giulia Dalla Fontana, Anastasia Anceschi,
Enrico Gasparin and Tiziano Battistini

Abstract

The aim of this work is to verify the quality, robustness, and accuracy of a standard
analytical protocol for the determination of microplastics in aqueous textile matrices.
In order to reach this objective, a round robin scale identification and quantification
test program was conducted. In particular, this chapter describes the round robin test,
an interlaboratory comparison test on standard microfilament suspensions initiated in
November 2021 by an expression of interest open call. In total, 18 laboratories
expressed their interest, and 13 participants sent their results. Each of these laborato-
ries received a set of 10 samples, accompanied by a protocol. The 10 samples consisted
of three replicates per type of three different synthetic yarns and a control sample.
The data required were the number of microplastics per sample recognized as fibers or
particles, microplastic fiber lengths and diameters, and identification of the polymer
using vibrational spectroscopy (u-FTIR and/or p-Raman). The data collected were
statistically elaborated. The results highlighted that the laboratories had different
recovery rates directly related to their specific procedures and equipment. Although
there were issues related to the correct use of the standard method and to the behavior
of operators, the method proved to be valid for the determination of microplastics in
aqueous matrices.

Keywords: standard microplastic suspensions, interlaboratory test, quantification of
microplastics, vibrational spectroscopy, microplastic counting

1. Introduction

Microplastics are considered to be emerging pollutants in aquatic and terrestrial
environments. Microplastics are generally defined as particles with dimensions in the
range of 5 mm, and this term denotes microscopic plastic particles such as fragments,
beads, or fibers [1]. They have been detected worldwide and are currently present
even in remote areas such as Antarctica [2].

In recent years, a particular kind of microplastic has gained the attention of
researchers and scientists after its problematic occurrence in the water environment.
Indeed, among the different microplastic forms, studies have demonstrated that the
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predominant shape is the fibrous or the filament form in marine and freshwater
ecosystems [3, 4]. Microplastic fibers, also called microfilaments, can be produced by
the fragmentation of large plastics, in particular from textile garments [5]. Many
synthetic and natural microplastics are released from textiles during domestic or
industrial washing processes [6]. Out of all the released microfilaments found in the
environment, the synthetic ones play a crucial role as pollutants of the environment.
Polyesters (PET), acrylics (PAN), and polyamides (PA) are the major contributors
[7]. Thus, all the source of microplastic in water are summarized in Figure 1.
Synthetic microplastics are released from different sources, such as personal care
products, city dust, and textiles [8]. Specifically, textiles can be a source of micro-
filaments during their production, use, and disposal stages. The mechanical abrasion
and the physical stress applied to garments in any life stages are responsible for the
shedding of microplastics with a fibrous shape [9].

Furthermore, domestic filters and wastewater treatment plants (WWTPs) are
sometimes unable to trap them totally. It has been estimated that significant numbers
of microfilaments escape from the traps and up to 40% can enter rivers, lakes, and
oceans downstream [10]. Moreover, the sludge removed from treatment plants is
usually stored or landfilled, allowing microfilaments to reach the environment again.

Despite the concerns about microplastics, the consumption of synthetic textiles is
constantly growing, mainly due to fast-fashion trends. For instance, more than 45
million tons of polyester garments are produced every year [10]. Consequently, the
world-released microplastic keeps rising, especially in marine and freshwater ecosys-
tems [11]. Fortunately, several scientists worldwide have been moving in this direc-
tion in recent years to identify and limit microplastic pollution.

In particular, the occurrence of microfilaments in the aqueous environment is causing
increasingly colossal concern. For this reason, in order to have a clearer view of microfil-
ament pollution, a brief overview of the potential identification method is proposed.

1.1 Overview of qualitative and quantitative identification methods

In literature, different approaches for the determination of microplastics in aque-
ous matrices are reported [12]. They are chosen according to the data to be obtained
and their usefulness. Mainly, several methods are used to acquire microplastic data
such as color, size, shape, composition, and chemical concentration expressed in terms
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Figure 1.
Source of microplastics from textiles sources.
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of number, weight, or size per unit volume or area. However, in order to obtain
reliable and reproducible results, it is necessary to eliminate all possible contaminants
that may interfere with the acquisition of such data.

Usually, the analysis of microplastics, as suggested by some guidelines [13],
requires several steps that mainly include 3 phases: sampling, sample preparation, and
determination of the type of microplastic polymer. Sample preparation is preceded by
purification treatments that can be chemical or physical and are used to obtain sus-
pensions of microplastics with reduced presence of organic and inorganic contami-
nants. This approach acts as a bridge between sampling and detection of microplastics
as its effects influence the analytical quality of the final data in relation to specific
pretreatment conditions and volumes. The identification system is applicable to any
type of sample containing microplastics. An appropriate analytical approach for the
identification of microplastics is shown in Figure 2.

2. Analytical approaches for the determination of microplastics

Microplastics are synthetic polymers of a wide variety of different shapes and
colors. The choice of the analytical approach to characterize them depends on the data
to be obtained in order to estimate their impact on the environment and human
health. Scientific literature proposes a wide variety of techniques that provide data
ranging from morphological characterization to the determination of their concentra-
tion and polymer type. The data obtained are closely related to the technique used to
obtain them. Visual inspection techniques (optical and electron microscopy) are gen-
erally used for the study of morphology, color, and counting, while the study of
composition is carried out by means of thermoanalytical methods, molecular spec-
troscopy (FT-IR and Raman), and liquid chromatography as shown in Figure 3.

Visual sorting is a method based on observing and counting microplastics with a
stereomicroscope or optical microscope. This method allows for an error of over 70%
for particles smaller than 50 pm and false positives for fibers larger than 200 pm
[14, 15]. Environmental aqueous matrices are rich in cellulosic or fibrous protein
material, which can be mistaken for degraded plastic material. Therefore, the lack of
recognition of the chemical nature of the polymer leads to possible errors. In some
cases, optical screening involves the use of dyes to increase the accuracy during visual
inspection. For example, some authors identified microplastics such as PE
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Figure 2.
Identification system for microplastics.
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Figure 3.
Microplastic identification methods.

(polyethylene), PS (polystyrene), PP (polypropylene), and nylon 6 by using Nile Red
fluorescent tagging [16, 17]. However, the coloring does not highlight polymers such
as polyurethane (PU) and polycarbonate, and therefore, it limits its use.

In comparison with optical microscopy, scanning electron microscopy (SEM) can
give images at high resolution of morphology, examine surface condition, and provide
a qualitative determination of the chemical composition by energy dispersive x-ray
spectroscopy (EDS) [18]. It is a technique coupled with SEM microscopy, generally
used for the identification of organic material with high content of inorganic minerals
and salts (Ca/Mg/Sr) and microplastics rich in chemical elements such as C/Cl/S/Ti.

At the same time, some authors proposed chromatography techniques coupled to
high-resolution mass spectrometry (LCHRMS) for the quantification and chemical
identification of microplastic (e.g., PS in natural waters). However, this technique
does not provide data concerning the shape and size [9, 19].

Within visual sorting, the gravimetric method can be used to quantify microplastic
particles or filaments with different sizes [20] in samples with high water volumes
such as wastewater from laundry machines.

During a washing cycle of different synthetic standard fabrics or clothes at
different operative conditions, the gravimetric method can be used for the
determination of the mass of microfilaments released through a sieve at
predeterminate porosity [6, 7, 21, 22].

At present, thermal techniques such as differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA), sometimes coupled with chromatography-
mass spectrometry (TDSGC-MS) or pyrolysis (Py-GC-MS), are used for the quanti-
tative determination of microplastics [12, 23].

The samples are subjected to high-temperature treatments in order to produce
thermal degradation, and the volatile compound products are analyzed for their
polymer identification by means of a mass spectrometer. However, these techniques
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have the disadvantage of being able to analyze only samples with a size >500 pm, and
this prevents the determination of microplastics. The technique requires basic sample
preparation, compared to others, but it is destructive and does not allow for multiple
or parallel analyses. In this field, liquid chromatography can be used, too. However, it
requires high quantities of sample volumes for the preliminary extraction step of the
sample. Moreover, it only provides reliable results for a limited number of polymers
such as PET and PE.

The drawback of all these analytical techniques is that they work for the identifi-
cation of polymer nature and other additives such as, UV or thermal stabilizers, flame
retardants, dyes antioxidants, plasticizers, and so on, but they do not give any infor-
mation about the physical characteristics such as shape, number of microplastics, or
color [24].

Other analytical methods available for the identification of microplastic are vibra-
tional spectroscopic techniques, such as mid-infrared (FTIR), near-infrared (NIR),
and Raman spectroscopy. FTIR and Raman spectroscopy are complementary tech-
niques that transform the interaction of light with the sample into a spectrum that
contains all the information about the chemical structure [25]. Raman spectroscopy is
sensitive to the variation of the polarization of the molecule during vibrational
motion, while FTIR is affected by the variation of the dipole moment in reflection,
transmission, and total attenuated reflection (ATR).

Raman is a fundamental technique for the recognition of aromatic compounds and
double bonds, while FTIR is used for the identification of polar functional groups of
molecules such as hydroxyl, carbonyls, carboxyl, amino groups, and so on. Both are
nondestructive techniques; Raman can be performed on any type of matrix, even liquid;
it requires minimal sample preparation and allows for the identification of contami-
nants of inorganic nature, too. The Raman and FTIR techniques can be coupled with an
optical microscope and, at the same time, be applied for sorting and recognizing
microplastics. p-FTIR can be used for the identification of particles larger than 10 pm
and p-Raman for particles larger than 0.2 pm [26]. Moreover, SEM or AFM (Atomic
Force Microscopy) in combination with infrared spectroscopy can be used to visualize
and chemically identify microplastics [27]. Although many approaches can be applied
for the quantification and identification of microplastic, there are no precise guidelines
to follow in relation to microfilament identification. In this chapter, a standard protocol
for identification of microplastic with fibrous shape is proposed by using p-Raman and
p-FTIR, respectively, or in a complementary approach [26, 28].

2.1 Analytical approach for the determination of microplastic with fibrous shape

The analytical approach for the determination of microplastics are summarized in
Figure 4. Typically, it involves three main stages. The first step is related to the
sampling of microplastics coming from wastewater; the second step is related to the
sample preparation and the third to the choice of an appropriate detection method to
identify all their characteristics.

The standard protocol proposed is used to carry out qualitative and quantitative
analyses of fibrous microplastics in textile aqueous matrices by means of analytical
vibrational spectroscopy techniques (p-FTIR and p-Raman).

Textile wastewater is a complex matrix because it is rich in organic material,
microplastics with fibrous shape, dyes, salt, fiber contaminants (natural fiber), and
activated charcoal from the production or finishing processes of the fiber. In order to
obtain information on the nature of the polymer constituting the microplastics,
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Figure 4.

Identification system for microplastics in the textile sector.

particularly when spectroscopic techniques are used, it is necessary to reduce any

interference from other substances. In this regard, the analytical protocol provides

suitable information on the reduction of contaminants during the sample preparation.
The following steps have been identified:

* Preliminary identification in the sample of chemical-physical parameters such as
conductivity, chemical oxygen demand, and total suspended solid (TSS);

* Optical pre-screening of samples;

* Pre-treatment according to preliminary results with oxidation/digestion, acid/
basic treatment, sonication, and so on;

* Filtration of microplastic samples through filters;

* Characterization of microplastics: counting and identification by optical
microscopy and molecular spectroscopy.

In addition, a protocol for the preparation of standard microfilament suspensions
was also prepared to facilitate the control of the whole laboratory tests (counting,
monitoring, and identification of microplastics). This aspect is an added value of the
method because standard fibrous microplastics with established dimensional and
structural parameters are not available in the market. For this purpose, four standard
suspensions of the most commonly used synthetic fibers such as PA6, PA 6.6, PP, and
PET were prepared [29].

In conformity with ISO 5725 and ASTM E691 standard procedures, the protocol was
validated by means of a round robin test (RRT). However, during the preparation, it
was not possible to use samples from textile wastewater obtained from production
processes or washing machines as they are not homogeneous and highly variable.

In order to reduce their variability, 3 replicates of 3 standard water suspensions of
PA 6, PET, and PP at different concentrations were used.

3. Round Robin test
3.1 What is a RRT?

The identification and counting of microplastics face challenges due to the com-
plexity and heterogeneity of the materials. These challenges are also paired with the
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lack of referenced certified methods and standards for microplastic analysis. In the
absence of accredited procedures and standards, the robin round test (RRT) is one of
the best approaches to identify and quantify microplastics.

The RRT is an advantageous approach since it is specific, pre-defined, and requires
the involvement of several labs worldwide. It involves the presence of an organization
that is able to supply samples and precise instructions and consecutively to evaluate
the lab results [12]. Thus, RRT allows for the determination of the reproducibility of a
process or analysis by means of multiple analyses performed independently. The
statistical elaboration of the results provides a top-down evaluation of the variability
by analyzing the outcomes of different labs [30]. Thus, the benefits and applicability
of the RRT are diverse and can be strategically designed for various purposes.

In microplastic analysis, few studies carry out the RRT for the comparison of the
results. For instance, Muller et al. presented the results of an international compara-
tive study on the common analytical technique used in microplastic analysis [31].
Since there is a large discrepancy between the 17 labs involved in the study, the study
pointed out the urgent necessity of a standardized method for microplastic analysis.

A novel approach to microplastic analysis was proposed by Mossotti et al., who
found out an optimized protocol for the determination of microplastic with fibrous
shape in water [29]. Three different synthetic filaments cut at predetermined lengths
can be used as internal standards for microplastic identification. For the first time, an
analytical method for microplastic identification was subjected to a RRT involving 18
labs around the world.

3.2 Aim of STANDARD METHOD prEN ISO 4484-2 PROTOCOL

The purpose of this RRT is to identify with adequate accuracy the number and type
of standard microfilaments in suspension.

All the analyzed data of the samples were divided into polymer groups, counted,
and then compared with their targets, thus obtaining the evaluation of the accuracy
and reliability of the method.

3.3 Round Robin test design
3.3.1 General information

The RRT on prEN ISO 4484-2 was carried out from January to March 2022, and the
trial was organized by Aquafil S.p.A (Italy) and CNR-STIIMA (Italy).

18 laboratories based in 17 European countries and a non-European one took part
in the RRT. The study participants were from Italy, Germany, the U.K, Sweden,
Spain, and South Korea. In Figure 5, the number of participants from each country is
reported.

The laboratories that participated in this study represent universities, research
institutions, laboratory equipment suppliers, and laboratories owned by private com-
panies, as reported in Figure 6.

10 samples divided into 3 sample types called Sample 1, Sample 2, and Sample 3
(Table 1) were prepared for each laboratory, and in addition, 3 replicates per sample
were prepared. The tenth sample corresponded to the Control Sample.

Considering the RRT membership of 18 laboratories, a total of 180 samples
were prepared. The preparation of the samples, in particular the cutting of the
microfilaments, is described in detail elsewhere.
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South Korea; 1

Sweden; 1 Germany; 5

France; 1

UK; 2

Italy; 7

Figure 5.
Laboratories involved from different countries.
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M Lab equipment suppliers m Lab private companies

Figure 6.
The participants came from various sectors, including universities, research institutions, laboratory equipment
suppliers, and laboratories owned by private companies.

After cutting, the procedure follows these steps:

a. The fibere are dispersed in 10 ml of demineralized water and 7 ml of sodium
hypochlorite to remove the wool used for the microtome cutting. * ISO
1833-4:2017, Textiles-quantitative chemical analysis-Part 4: Mixture of certain
protein fibers with certain other fibers.

b. The suspension was shaken in a 50 ml flask with a mechanical stirrer at 130 r.p.
m. for 40 min at room temperature.
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SAMPLES STANDARD MF (microfilaments)

SAMPLE 1 MF 1 Yellow PA 6 thread (180 filaments; 3450 dtex).

SAMPLE 2 MF 2 White PP thread (80 filaments; 1300 dtex).

SAMPLE 3 MF 3 Cream PET thread (256 filaments; 2970 dtex).
Table 1.

Microfilaments used for the preparation of the standard samples.

c. The vial was washed with 50 ml aliquots of demineralized water and
subsequently with a 40 ml aliquot of H,O/ethanol (1:1) in order to recover any
fibers left attached to the walls and transfer them to the bottle.

d. The sample was filled with demineralized water to a volume of 500 ml.

The described procedure is reported in Figures 7 and 8.

Each participating laboratory was provided with the analytical protocol (see
Annex) to be followed in order to perform the determination of the microfilaments
contained in the standard samples, as well as instructions for the results. For each

Figure 7.
Procedure for the preparation of standard sample.

Sample 1 Sample 2 Sample 3 Control
3 replica 3 replica 3 replica

Figure 8.
A total of 10 samples were prepaved for each lab.
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sample, the number of total microplastics present in the sample, polymer type, and
physical characteristics (microfilament lengths) had to be reported. In addition, the
presence of contaminants had to be described.

4. Data collection and analysis

4.1 Working conditions

Table 2 shows the working conditions used by the laboratories when available.
As shown in Table 2, the main drawbacks reported by laboratories are:

* Two labs used LDIR equipment (laser direct infrared imaging).
* One lab used Sterlitech silver filters.

* One lab decided to use only one filter per replicate, which made it difficult to
filtrate the water sample and subsequently to count the microfilaments.

Lab. Instrument Filter material Filter dimensions

Labl Micro-FTIR iN 10 Thermo Silicon Diameter 13 mm

Pore size 1 pm

Lab2  Micro-FTIR: reflection Cellulose Diameter 47 mm

acetate nitrate .
Pore size: unknown

Lab3  Micro-Raman (Horiba XploRA Plus) Silicon Diameter 13 mm; pore size 5-6 pm

Lab4 Micro-FTIR: transmission (iN 10 Silicon Diameter 13; pore size 5-6 pm
Thermo)

Lab6  Micro-FTIR (iN 10 Thermo) Allumina Diameter 47 mm

Pore size 0.2 pm

Lab7 Micro-FTIR (LUMOS II, Bruker, USA) Silicon (1) Diameter 10 mm; pore size 17 pm

Micro-Raman for second filtration (2) Diameter 10 mm; pore size 5 pm
(XploRA PLUS, Horiba, France)

Lab9 Micro-FTIR (micro-ATR) (PerkinElmer Sterlitech Diameter 25 mm; pore size 3 pm
Spotlight 400) silver

Lab10 8700 LDIR Au-coated Diameter: Unknown; pore size

polycarbonate 0.8 pm

Lab11l 8700 LDIR Polycarbonate  Diameter: Unknown; pore size 8 pm

Lab12 8700 LDIR Metal Diameter 47 mm; pore size 20 pm

Lab13 Micro-Raman (XploRA Plus Esters of Diameter 47 mm: pore size 0.45 pm
Microspectrometer, Horiba Scientific). Cellulose

Lab16 Micro-FTIR (PerkinElmer Spotlight Sterlitech Diameter 11 mm; pore size 3 pm
400) silver

Labl7 Micro-Raman Silicon Diameter 13 mm; pore size 1 pm

Table 2.

Laboratory working conditions.
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* One lab decided to carry out two filtration steps: the former with a 17 pm silicon
filter and the latter with a 5 pm silicon filter. The former was analyzed by p-FTIR
and the latter by p-Raman.

* One lab had difficulty in the identification and counting of the microfilaments in
some replicates due to the presence of yellowish mush (probably wool not
completely degraded during treatment with hypochlorite solution).

* One lab highlighted the presence of silicates and iron probably due to
contamination of demineralized water.

5. Results
All the laboratories processed the data as follows:
* Total count per target polymer type,
* Normalization of the data n° detected /n° target,

* Total count and normalization of nontarget material data.

5.1 Data analysis and visualization

After the collection of the data from each participant, the results were statistically
elaborated. Actually, graphical descriptive analysis was used to compare the data
obtained from the laboratories. They were not always homogenous as sometimes
diverse working conditions were applied, and in few cases, some data were missing or
incomplete.

5.2 Available data

Table 3 shows all the missing data in red. Eight laboratories could not perform the
study due to several drawbacks, such as instrumental breakdown or unavailability of
filtering systems.

5.3 Rate calculation

It was required to report all the microplastic materials found in each replicate.
Since many microplastics not belonging to standard microfilaments were found in the
suspensions, the recovery rate was evaluated by dividing the microplastics found in
each sample by the number of standard microfilaments. This number was interpreted
as the fraction of the total standard microfilaments over their theoretical quantity.

5.4 Recovery rates

Figure 9 shows the fraction of standard microfilaments found in each sample
(Sample 1, Sample 2, and Sample 3) and for each replicate [1-3] obtained from all the
different laboratories.
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Sample 1 Sample 2 Sample 3 Control

R1 R2 R3 R1 R2 R3 R1 R2 R3

Lab. 1
Lab. 2
Lab. 3
Lab. 4
Lab.7
Lab. 9
Lab. 10
Lab. 11
Lab. 13
Lab. 17

Table 3.
Data collected from each laboratory. Red (missing data).

Only the relative fraction of the target material identified was calculated, and the
absolute values were not reported.

If no evident problems of contamination occurred, the fraction of standard
microfilaments was just above 0.5. However, some significant differences were
found between the laboratory data. Lab 1 did not obtain accurate data for
Sample 3 because during the filtration of the 1st replicate of the 3rd sample, the
filter broke. The data of Lab 2 were not processable for each reference sample
due to the incorrect acquisition mode of the spectra of the microplastics collected
on the chosen filter. Moreover, the use of an automatic analysis system and the
lack of a good reference spectral library could have amplified the mistakes. Lab 4
did not find any microplastic fibers in Sample 1 for all the replicates due to
problems of working conditions during micro-FTIR automatic analysis identification,
as indicated by the lab itself, for example,. selection of brightness and contrast.

In fact, in this case, Lab 4 obtained data only for PP particle contaminants and not
for microplastic fibers. This drawback determined a lower fraction target for all
other samples Labs 6, 11 (replicate 1 of sample 2), and 16 had a recovery rate

above 1, which means that they found a number of standard microfilaments higher
than the present quantity. Laboratory 10 performed only one replicate for each sample
and did not report anything different from the target material. Laboratory 17 did not
carry out the analysis on two of the three samples and reported only the data of
replicate 3 of Sample 2. The lack of results did not depend on the quality of the
standard samples.

Labs 3, 7, 9, 11, and 13 reached good recovery rates for all the three samples
analyzed. Labs 7 and 9 reached a recovery rate of 80-90%. The results highlighted
that the labs that followed all the steps in the standard protocol reached the target
fraction, confirming the quality and reproducibility of the method.

Moreover, the analysis of the results highlighted that the p-FTIR and p-Raman
techniques also allow the identification, counting, and monitoring of the pollutants
and their sources of contamination.
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The main contaminants identified in analyzed samples were polypropylene (parti-
cles), natural fibers deriving from the storage system, sample preparation, and labo-
ratory environment.

In particular, polypropylene particles were found by all the labs as a result of the
containers and caps used in sample preparation. The presence of cotton fibers was
identified, but it was not possible to understand whether it depended on
demineralized water or dissolved wool tops.

However, when the nature of contamination was different, the source was the
result of incorrect procedure. For example, one lab carried out additional sample
manipulation before IR analysis, thus increasing the risk of microplastic loss and
contamination (Figure 10).

Finally, a few participants did not perform the dimensional analysis of the
microplastics identified in all the samples as suggested in the standard protocol.
However, some dimensional data showed that the identified microplastic fibers were
classified in the length range between 100 pm and 500 pm and diameters between
40 pm and 66 pm, confirming the control data.
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Figure 10.
Fraction of contaminant material identified in the laboratories.
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6. Conclusion

This chapter has proven that the standard protocol 4484-2 allows for the determi-
nation of microplastics in aqueous textile matrices. Indeed, the round robin test was
successfully carried out for an interlaboratory comparison test on the standard micro-
filament suspension. 18 laboratories expressed their interest, and 13 participants had
sent their results. The data obtained were the number of microplastics for each sample
recognized as microfilaments or particles, and identification of the polymer using
vibrational spectroscopy (p-FTIR and/or p -Raman) had been performed. Moreover,
some microfilament sizes were also indicated. The data collected were statistically
elaborated by using the graphical descriptive analysis. The RRT statistical analysis has
shown that the proposed protocol can be applied for the identification and counting of
microfilaments in water suspension. It can be easily applied in routine analysis in
order to verify the correctness of the microplastic identification procedure. Indeed,
several laboratories reached a high value of recovery rate (85%), confirming the data
obtained by Mossotti et al. [29]. Thus, the proposed protocol can be a suitable tool to
evaluate the recovery quality of the single real sample as well as the presence of
environmental contaminations.
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Annex
A. STANDARD PROTOCOL (prEN ISO 4484-2)
prEN ISO 4484-2 protocol comprises:
* A1 Filtration equipment
* A.2 Filters and their cleaning procedure
* A.3 Filtration procedure

* A.4 Results: counting, identification, and length range of microplastic with
fibrous shape.

¢ A.4.1 Note

¢ A.4.2 Calculations
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* A.4.3 Identification of microplastic with fiber by p-FTIR and p-Raman
* A.4.4 Measure of microplastic fiber lengths

* A.4.5 Test Report

A.1 Filtration equipment

The collection of microparticles with fibrous shapes is performed on one or more
filters with porosity lower than the minimum diameter of the fibers used for the
standard.

Equipment:

* Erlenmeyer flask containing standard solution

* Feeding funnel filter system

* Filters

* Vacuum pump

o Filter materials: silicon, alumina, PC gold coated, cellulose acetate nitrate, or
any other material with a circular or square shape.

o The filter diameter is a choice of the lab depending on the filtration
apparatus and on the spectrometer capability/availability.

o However, in prEN ISO 4484-2 method, filter size and porosity are as follows:

o In the case of p-FTIR (reflection and transmission) analysis, the possible
filters that can be used have a pore size not exceeding 5 pm.

o In the case of p Raman filters, the pore sizes that can usually be used are
0.45 pm, 0.8 pm, 1 pm, and 5 pm.

o Vacuum pump (vacuum system filtration of 47 mm, 25 mm, 13 mm
diameter, or any other diameter depending on the used filter diameter).

A.2 Cleaning procedure

* Store the filters in glass (not plastic) Petri dishes to reduce contamination from
the dish itself.

* Keep filters covered whenever possible before observing the results.

* All filters must be new or clean before being used.
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* Before filtration, check the filters by an optical microscope to verify that there are
no interfering particles on the surface that could come from the packaging, from
their handling, or from the production process itself.

* Cleaning depends on the type of filters. A physical procedure such as an
ultrasonic bath or a chemical treatment by simple immersion in solvent (pure
ethanol RPE) for 10 min can be used.

A.3 Filtration procedure
* Shake the bottle vigorously before filtration (possible clumps may have formed).

* Gradually filter all the stock suspension contained in the 500 ml glass bottles
(50 ml at a time) through one or more filters.

* Shake the bottle each time before pouring the suspension to make sure that all the
microplastic fibers on the bottle walls are removed and filtered.

* After filtering the entire stock suspension, wash the sample bottle including the
cap and the funnel walls with a few ml of water/ethanol 1:1 using a glass Pasteur
pipette in order to recover the possible microparticles adhering to the glass.

* Carry out the final recovery wash (of the filtering system, the gasket, and the
flask containing the stock solution) with a 1:1 solution of water/ethanol and filter
through Filter 2. (see below).

* The washing operations need to be repeated at least three times, each time using
an aliquot of 50 ml of water/ethanol 1:1. Use an aliquot of the last wash with a
glass Pasteur pipette to wash thoroughly the filter funnel, and gasket.

* One or more filters can be used to collect all the microparticles derived from all the
filtering and washing procedures for each solution. Normally, we suggest to use:

* One or more filters where microparticles are collected from the filtration of the
sample and from the solution of the first rinse of the flask and of the filtering system.

* One or more filter where microparticles are collected from the filtration of the
subsequent rinses with the washing solution and from the solution of the
subsequent thorough rinsing of the Erlenmeyer flask and all the components of
the filtering system.

A.4 Results

For each replicate, the number of particles at a given volume is given by the sum of
the particles collected on all the filters used for that sample (main solution and
washing water).
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A.4.1 Note

For more accurate results, we suggest counting the number of fibers on each
section of the filter to avoid losing the count of overlapping fibers.

Zoom in and break the image into square sections to cover the entire filter, and
then, manually count the microparticles in each of the sections and the number of
fibers on each section of the filter.

The same procedure can be used to identify the chemical composition of microfil-
aments. As an alternative to manual counting, it is possible to perform automatic
counting of microplastics with the software of the optical instrument.

A.4.2 Calculation

N°microfilaments x 1000
Solution volume

Nefilaments (1)/L = (1)

where N° filaments means number of filaments obtained by automatic or manual
counting as sum of filaments counted on filters.

NOTE: samples have been prepared with an initial volume of 500 ml.

Tables (Test Report) show how the data shall be entered for each sample analyzed:

* Name of the sample

* Number of replicates

* N° of total synthetic filaments (sum of fibers counted on FILTERS), from the
filtration of the whole solution, washing phase of the flask, and the filtration
system with water and ethanol 1:1.

* N° of total synthetic filaments (sum of fibers counted on FILTERS), from the

filtration of the whole solution, washing phase of the flask, and the filtration
system with water and ethanol 1:1.

A.4.3 Identification of Fibers by p-FTIR and p-Raman
The operative conditions of identification and analysis of microfilaments can be
optimized both with p-FTIR and p-Raman instrument (full mapping and/or particle

by particle). FTIR can be carried out using different kinds of detectors (single
detector, line array dector, focal plane array (FPA) detector).

A.4.4 Measure of microplastic fibers lengths

Moreover, the measurements of the microplastic fiber lengths and diameters can
be carried out with

* Optical microscope in reflected light at 50 x and 100 x magnifications on a filter

* Optical microscope coupled with FTIR or Raman spectroscopy
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* (*) Please define the dimensional aspect of the length in classes as in Table 4 and

also refer the diameter in microns

* 5000-1000 pm,

* <1000-500 pm,

* <500-100 pm,

e <100-50 pm,

¢ <50-10 pm,

* <10-5 pm,

* <5-1pm. (only for Raman, if present),
* <1-0.1 pm (only for Raman, if present),

* (**) In this area, also report, if present, any microparticle not fibrous shaped or

any presence of nonsythetic fibers

Sample 1 Replicates  N° of total Identification Range Others () N°
synthetic synthetic dimensional filaments/L
filament component classes ()

10
20
30
Average
Table 4.

Example of test report to have for each sample.
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Chapter 5

Mechanical and Thermal Properties
of HDPE/PET Microplastics,
Applications, and Impact on
Environment and Life

Mikail Olam

Abstract

Microplastics (MPs), which have recently threatened living organisms, are widely
distributed throughout the world’s fresh waters, oceans, and seas. HDPEs and PETs
are produced and used in significant quantities in plastics. High-density polyethylene
(HDPE) and polyethylene terephthalate (PET), which can survive in the natural
environment for many years, are resistant to thermal, mechanical, and biological
effects. This study examined the current developments in the sources of high-density
polyethylene microplastics (mHDPE) and polyethylene terephthalate microplastics
(mPET), and their disposal and properties. mHDPE and mPET microplastics consist of
several sources, including their debris that breaks down their waste into smaller pieces
as a result of physical and chemical processes, as well as micro-sized pieces of plastic
commonly applied in personal care products or synthetic textiles. mHDPE and mPET
pollution has become an important environmental problem with the potential to harm
human health by entering the human and animal food chain. mHDPEs and mPETs,
which enter the living organism through ingestion, inhalation, and dermal contact in
general, adversely affect the cellular mechanisms in different parts of the body. In addi-
tion, they are decomposed into free radicals by the effects of external factors such as
light and temperature, as well as biological agents and chemical wastes in the environ-
ment, which significantly affects the sustainability of the ecological environment.

Keywords: microplastic, waste, pollution, environment, properties, application

1. Introduction

Microplastics (MP) are defined as smaller pieces of synthetic plastic polymers, which
are between 1 ym and 5 mm [1, 2]. MPs are used in many areas such as personal care
products and synthetic textile products. However, MPs, also formed by the breakdown
of plastic waste in the environment, are a global concern in today’s world, where they
are ubiquitous in all environmental environments [3]. They are commonly found in
air, soil, and water [4-6]. MPs are highly discussed due to their adverse effects on the
ecological environment, social economy, and human health. However, despite their
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negative effects on the environment, they are frequently used in fields such as medicine
and industry. MPs are divided into two groups as primary and secondary [7]. The
primary group is the industrial production of plastic microbeads of different sizes. These
products are widely used in areas such as raw materials in the manufacturing industry,
personal care products, and sandblasting media [8, 9]. The secondary MPs are formed
both during the use of products and when plastic wastes are broken down into smaller
sizes depending on weather conditions that are exposed to light, heat, and mechanical
stress [10]. However, the properties of plastics such as thermal, mechanical, electrical,
and physical may vary depending on the production processes and the raw material used
[11, 12]. Therefore, their mechanical and chemical properties may vary. Zhang et al. [13]
reported that the glass transition temperature (Tg), melting temperature (Tm), and ten-
sile strength values of the polylactic acid (PLA) filament, which was purchased from the
NatureWorks company, were 61°C, 153°C, and 84 MPa, respectively. Olam and Tosun
[14] showed that Tg, Tm, and tensile strength values of PLA, which was purchased from
the PLA Max company, were 66°C, 160°C, and 53 MPa, respectively.

Plastics are used effectively in almost all industries, including construction, packag-
ing, textiles, transportation, education, electricity, electronics, consumer products,
and industrial machinery [15, 16]. Since the use of plastics is increasing day by day,
their production is also increasing [17, 18]. According to ASTM D883 80c, plastics are
divided into two groups; they are thermoset plastics and thermoplastics according to
their chemical and mechanical properties [19, 20]. Thermoplastics are resins that liq-
uefy when heated and harden when cooled [21]. Thermosets, on the other hand, do not
reform under heat and pressure after they are produced [22]. Thermosetting plastics
are alkyds, amine, silicones, allylics, phenolics, epoxies, urethanes, and polyester [23].
Thermoplastics are polypropylene (PP), polyamide (PA), polycarbonate (PC), high-
density polyethylene (HDPE), low-density polyethylene (LDPE), polybutylene tere-
phthalate (PBT), polyethylene terephthalate (PET), polystyrene (PS), polyether ether
ketone (PEEK), polyphenylene sulfide (PPS), polyetherimide (PEI), polyamide imide

Figure 1.
Distribution of the global plastics production by type in 2021 [27].
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(PAI), acrylic (PAA), acrylonitrile butadiene styrene (ABS), polylactic acid (PLA),
polyvinyl chloride (PVC), polyurethanes (PUR), polyvinylidene fluoride (PVDF), and
polytetrafluoroethylene (Teflon) [24-26]. PP, LDPE, PVC, HDPE, and PET consti-
tuted significant proportions in the world plastic production in 2021 (Figure1).
HDPEs and PETs, which have a significant usage rate today, have an important
ratio among the microplastics existing in the environment. The presence of mHDPE
and mPET is commonly detected by scanning electron microscopy, Fourier-transform
infrared spectroscopy, X-ray photoelectron spectroscopy, and Raman spectroscopy
[28, 29]. Removal of MPs is mostly done by coagulation, filtration, adsorption,
oxidation, and photocatalysis methods. However, these methods are rarely used
[30, 31]. There is a need to increase the prevalence of the use of the methods and to
develop new methods. Due to their small size, MPs can easily enter the environment
and living organisms through air and contact [32]. If these wastes are disposed of, it is
obvious that it will have many negative effects on the environment and life.

2. High-density polyethylene (HDPE)
2.1 Properties of HDPE

Polyethylene is used commonly as several types that grouped by density. These
are high-density polyethylene (HDPE), low-density polyethylene (LDPE), linear
low-density polyethylene (LLDPE), and very low-density polyethylene (VLDPE)
[33]. The mechanical properties of PE are highly dependent on variables like its
crystal structure, molecular weight, and extent and type of branching. Physical and
thermal properties of HDPE are given in Table 1; mechanical and electrical proper-
ties are given in Table 2. Although the O, permeability of HDPE is higher than most
plastics such as PLA, PVC, PET, and PVDC, its water permeability is quite low [50].
The thermal conductivity of HDPE is about 0.5 W/mK at 23°C, while that of PLA,
ABS, and PP is 0.2 W/mK, and PA is 0.3 W/mK [51]. However, its Tm temperature is
134°C, which is low compared to other plastics (>200°C) [52]. Although this limits
HDPE’s use at high temperatures, it is still a thermoplastic with adequate mechanical
and thermal properties for many applications. Although its tensile strength is as good
as PA, PC, and PS, it is one of the polymers with the highest impact strength value
[53]. Due to HDPE’s low water absorption (<0.4), high glass transition temperature
(102°C) and hardness (94), satisfactory tensile strength (18 MPa), antibacterial
properties, and chemical and UV resistance, it is widely used in the chemical and
food packaging industry.

2.2 HDPE applications

Polymers, which are used as one of the materials in the manufacture of implants,
are one of the most popular synthetic materials [54]. They are preferred because of
their low price, good electrical properties, chemical inertness, and easy processing
[55]. PE is also used in the medical sector, both in the production of medical equip-
ment and in the production of implants. HDPEs are commonly used for catheters,
facial restoration, acetabular endoprosthesis, ear reconstruction, nasal dorsal augmen-
tation, mandibular contours, facial contouring, orbital floor, and socket reconstruction
(Figure 2a) [58-63]. High-density polyethylene (HDPE) is also preferred as a low-cost
alternative material to replace the lost tissue in living tissue (Figure 2b) [64].
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Chemical formula (CHy)n

Density (g/cm’) 0.960 [34]
Specific Heat Capacity (J/KgK) 133 [35]
Thermal conductivity (W/mK, 23°C) 0.45 [35]
Mw (g/mol) 150,000 [36]
Mn (g/mol) 14,600 [36]
PDI (Mw/Mn) 10.3 [36]
O, permeability (cm®pm/m*h atm) 166-3041 [37]
CO, permeability (cm*um/m’h atm) 9979-18,215 [37]
Water absorption (%, after 24 h) <04 [38, 39]
Resistance to ultraviolet Good [40]
Tg (°C) 102 [35]
Tc (°C) 116 [41, 42]
ATc (J/g) 172 [43]
ATm (J/g) 215 [35]
Tm (°C) 134 [41, 42]
Xc (%) 65 [44]

Table 1.

Physical and thermal properties of HDPE.

Storage modulus at 25°C (MPa) 1200 [41]
Storage modulus at 80°C (MPa) 500 [41]
Loss modulus at peak (°C) 80 [45]
Tensile strength (MPa) 1520 [46, 47]
Young’s modulus (MPa) 1095 [48]
Flexural strength (MPa) 682 [45]
Elongation at break (%) 53 [46, 47]
Flexural modulus (MPa) 904 [49]
Impact strength (IJ/m?) 31 [49]
Hardness (Shore-A) 94 [34]
Dielectric constant (1 MHz) 2.3 [42]
Dielectric strength (kV/cm) 22 [42]
Table 2.

Mechanical and electrical properties of HDPE.

Thermoplastic matrix composites are used in semi-structural and engineering
applications. HDPE-based hollow particle-filled composite materials can be produced
using the polymer injection molding process (Figure 3a) [70, 71]. In addition, HDPE
is used in products such as storage boxes, beverage bottles, consumer electronics
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(a) (b)

Figure 2.
Implant application of HDPE (a) MedPor implant (left: before, right: after) [56] (b) Microtia vepair (left:
before, right: after) [57].

(a)

©

Figure 3.
HDPE applications (a) Foam [65, 66] (b) Microducts [67] (c) Pipes [68] (d) Package [69].

products, and cases for automotive molded parts. HDPE with good dielectric property
is used as electronic material in the form of microduct (Table 2) (Figure 3b). HDPE
is used as a pipe due to its good mechanical properties such as impact strength, hard-
ness, and tightness (Tables 1 and 2). HDPE pipes, unlike ferrous pipe systems, does
not corrode, so there is no structure that will create internal resistance against the
liquid flowing through it (Figure 3c). Therefore, it is preferred due to features such as
long service life, high flow capacity, and ease of assembly. In addition to good bar-
rier properties against oxygen and water vapor, packaging materials must also have
antibacterial properties to preserve the physicochemical and organoleptic properties
of food and beverages [72]. Since HDPE meets these features, it has an important use
in the packaging industry (Figure 3d).
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3. Polyethylene terephthalate (PET)

3.1 Properties of PET

PET is a thermoplastic with high resistance to most solvents, weak acids, and
bases; strength; gloss; high impact resistance; and hardness [73]. It is also resistant to
many other chemicals such as hexane, methanol, sulfur dioxide, and solutions with
low acid concentrations [74-76]. The physical and chemical properties of PET are
examined in Table 3; it is a valuable hydrocarbon containing 62% C, 4% H, and 34%
O and has a high calorific value. PETs are self-extinguishing and have very low gas
permeability, good adhesion and weldability, high hardness, good refractive index,
and good resistance to ultraviolet [89]. They have very low O, and water permeability

Chemical formula C10HgOy4
Density (g/cm®) 1.38-1.56 [77-79]
Specific Heat Capacity (J/kg K) 1000-1350 [77,79]
Thermal conductivity (W/mK, 23°C) 0.15-0.4 [77-79]
Mw (g/mol) 30,000-80,000 [80, 81]
Mn (g/mol) 8775 [80]
PDI (Mw/Mn) 3.5-37 [80, 82]
Elements content (wt%) 62%C, 4%H, 34%0 [83, 84]
Lower heating values 22 MJ/kg [85, 86]
Higher heating values 36 MJ/kg [87]
Opacity 0.71 [88]
Flammability Self-extinguishing [89]
Refractive index 1.58-1. 64 [89]
Resistance to ultraviolet Good [89]
Freezing resistance (°C) -50 [78]
Usable max. Temperature (°C) 70 [90]
O, permeability (%) 0.1-04 [50, 89]
CO, permeability (%) 0.46 [89]
Water absorption (%, after 24 h) 0.3-0.5 [79, 81]
Tg (°C) 67-80 [80, 91-93]
Tee (°C) 115-140 [91-94]
ATcc (J/g) 12-34 [88,91, 94]
Tc (°C) 194-205 [88,91, 95]
ATc (J/g) 29-55 [88,92, 95, 96]
ATm (J/g) 35-50 (88, 94, 96]
Tm (°C) 248-250 [91-95]
Xc (%) 13-36 [88,91,92]
Table 3.

Physical and thermal properties of PET.
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compared to most plastics (PS, PVC, etc.) [97]. The thermal conductivity of PET is
also very low compared to PLA, ABS, HDPE, PP, and PA. Although it is a fairly trans-
parent and colorless material, it usually appears opaque and off-white as the thickness
increases. Depending on the thermal and process conditions, it can be found in semi-
crystalline or amorphous form. Because of this, it may appear dull, white, or glassy.
It depends on process parameters such as crystal structure, processing temperature,
cooling rate, and stretching. Crystallization is an important parameter that affects
the properties of polymers. The benzene ring in the main chain of PET provides both
slow crystallization during cooling and hardness. This adversely affects the spinning
process of high-speed fibers [98]. Glass transition temperature (Tg) is an important
value that affects the material properties and potential applications of a polymer [99].
Mechanical properties (deformation modulus, etc.) and physical properties (density,
volume, specific heat, etc.) of polymers in glass transition state are not. Due to the Tg
temperature, PET loses its glassy property and becomes viscous at 67-80°C; its cold
crystallization (Tcc) is in the range of 115-140°C, melting temperature is 248-250°C,
and enthalpy of melting (ATm) is 35-50 J/g; its hot crystallization temperature (Tc) is
194-205°C, and its enthalpy (ATc) is 29-55 J/g (Table 3) [100]. PETs begin to ther-
mally degrade at temperatures above 340°C [101]. Although the melting temperature
(Tm) of PET is not as high as PEEK (334°C), it is higher than that of PP (170°C),
LDPE (134°C), PS (106°C), and PVC (199°C) [102].

PETs have excellent mechanical properties, creep resistance, fatigue resis-
tance, friction resistance, and dimensional stability over wide temperature
ranges (Table 4) [99, 110]. However, the disadvantages of slow crystalliza-
tion rate, machining difficulties, high molding temperature, and poor impact

Storage modulus at 25°C (MPa) 2000-4200 [91, 103]
Storage modulus at 80°C (MPa) 242 [91, 103]
Loss modulus at peak (°C) 65-80 [91, 103]
Tensile strength (MPa) 40-60 [91, 104]
Young’s modulus (MPa) 1000-3500 [91, 104, 105]
Flexural strength (MPa) 55-100 [91, 104, 105]
Elongation at break (%) 19-46 [104, 106, 107]
Flexural modulus (MPa) 2000-3500 [91, 103, 105, 107]
Impact strength (kJ/m?) 46 [105]
Hardness (Shore-A) 96 [105]
Tan & at peak (°C) 75-100 [91, 108]
Tan & values at peak 042 [91]
Dielectric constant (1 MHz) 3.0-35 [78, 93, 109]
Dielectric strength (kV/cm) 150-200 [78, 93, 109]
Dissipation factor (1 kHz) 0.002 [78, 93, 109]
Surface resistivity (Ohm/sq) 1013 [78, 93, 109]
Volume resistivity (Ohm/cm) >1014 [78, 93, 109]
Table 4.

Mechanical and electrical properties of PET.
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performance limit their use [111]. The storage modulus of PET, which is the
plastic deformation energy of a polymeric material, is 2000-4200 MPa at 25°C
and 242 MPa at 80°C [112]. Tensile strength, flexural strength, Young’s modulus,
elongation at break, impact strength, flexural modulus, and hardness of PET are
approximately 40-60 MPa, 55-100 MPa, 1000-3500 MPa, 19-46 MPa, 4.6 kJ/m?,
2000-3500 MPa, and 96, respectively (Table 4). PET’s tensile strength (26 MPa)
at 77 K is higher than PA (14.5 MPa), PC (13.5 MPa), Teflon (4.3 MPa), and PVC
(9.5 MPa), and its elongation at break value is higher than theirs [113].

Dielectric is an important property of insulating materials. When an ever-increas-
ing voltage is applied to an insulating material, it eventually reaches a point where
its electrical properties deteriorate, causing a drop in resistance, and it begins to lose
dielectric strength. PET shows a dielectric property of 150-200 kV/cm (Table 4).

3.2 PET applications

PET has wide use in many fields (packaging, textile, medical, etc.) due to its
satisfactory properties [114-116]. In fact, PETs that have completed their useful life
(waste) are ground to micron sizes and used as concrete additives [117]. Micro PETs
are generally produced and used in spherical and fibrous structures [118]. They are
used in protective fabrics, filters, wound dressings, drug delivery, and scaffolds
[119-121]. Because of PET’s properties such as biocompatibility, high uniformity,
mechanical strength, and chemical resistance, it has been successfully used in
vascular prostheses for large vascular grafts and in various surface modification
methods to improve the cell adhesion properties (Figure 4a) [127]. PETs are also
used in a variety of biomedical applications such as implants, heart valves, sutures,
scaffolds, surgical nets, and urinary and blood circulation catheters [122, 128].
Micro PET fibers are the most widely used synthetic fibers in textile yarn produc-
tion, and their consumption is expected to be 50 Mton/year by 2050 (Figure 4b)
[129, 130]. However, although PET’s usage has become widespread in many special
applications (Figure 4a and b), it is mostly used in food and beverage packaging
(Figure 4c and d) [131].
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Figure 4.

PET applications (a) vascular prostheses [122, 123] (b) carpet [124] (c) beverage bottles [125] (d) food
packaging [126].
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4. The formation of mHDPE and mPET in nature

HDPE microplastics (mHDPE) and PET microplastics (mPET) are discharged
into the environment in two ways [132]. The first of these is that they are fabricated
by producers in <5 mm dimensions in the form of granules, powders, or pellets for
later use in applications [133]. During the production process and during their use in
the application areas, they are discharged into the environment through the disposal
in air, wastewater, and other waste. The second is formed by the degradation of
HDPEs and PETs under environmental conditions, which have reached the end of
their useful life and are collected directly into the environment as waste or in munici-
pal waste collection areas [134]. In nature, HDPE and PETs are resistant to chemical
degradation and take decades for theenvironmental residues to decompose completely
[135]. This degradation is the reduction of molecular weight as a result of chemical
changes in the structure of the polymer [136]. Waste HDPE and PET exposed to sun-
light undergo photooxidation as a result of the absorption of high-energy wavelengths
of the ultraviolet (UV) spectrum [137]. As long as decomposition continues in the
presence of oxygen, temperature-dependent thermo-oxidative reactions may occur.
In addition, degradation may occur due to both biological and mechanical stresses. As
aresult, these decomposed HDPE and PET wastes become brittle and gradually break
up into smaller pieces of micron size [138].

Photodegradation is one of the common degradation processes of polymers, which
provokes cross-linking and chain scission reactions [139]. In the photooxidation
mechanism that occurs during the UV-irradiation period, first carbonyl groups are
formed; then, vinyl and hydroxyl/hydroxyperoxide groups are formed, and these
chemical changes can be observed by FTIR spectroscopy [140, 141]. In the FTIR spec-
tra of HDPE, its peaks are occurred at 3300-3600 cm™" of hydroxyl groups (—OH),
1700-1800 cm ™ of carbonyl groups (>C—0), and 16001650, 989 and 908 cm™
of vinyl groups (—C—C—) [142, 143]. The effect of UV irradiation on polymers,
carbonyl, vinyl, and hydroxyl groups is studied as an indicator of polymer basic scis-
sion [144]. Since the main photooxidation product groups of HDPE are carbonyl and
vinyl, the effect of UV radiation can be examined by looking at the carbonyl index
and vinyl index [145]. When HDPEs in thin film form are exposed to UV irradiation
at 280 nm at a light intensity of 500 W/m? at 25°C and 50% constant relative humid-
ity, the carbonyl and vinyl indexes increase over time [139, 142]. After 30 days, the
carbonyl and vinyl indexes of HDPE increase significantly [61, 140, 144]. As a result,
it can be said that waste HDPEs, which are exposed to UV irradiation in nature, start
to decompose after 30 days and turn into smaller particles. However, the carbonyl
index of PET does not change significantly over time [146]. It can be said that PET is
more resistant to UV irradiation than HDPE. In short, waste PETs take more time to
decompose in nature by UV irradiation compared to HDPE.

The degradation of plastics, which exist as waste in nature, by using microorgan-
isms is of great interest. Biological agents (bacterial and fungal species) and their
metabolic enzymes, which are abundant in nature, have different degradation abilities
for natural and synthetic polymers [147]. The biodegradation process of HDPE
in nature is quite slow [148]. Therefore, it is necessary to recover HDPE wastes by
appropriate methods such as physical, chemical, and biological processes [149]. Moog
et al. [150] highlighted the potential for biodegradation of waste PETs and stated
that PET substrates under varying conditions have enzyme functionality, secretion,
and production of recombinant proteins. Shabbir et al. [151], in their experimental
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study with PE, PET, and PP microplastics, stated that there was weight loss in all
MPs, indicating structural, morphological, and chemical changes, and confirmed this
situation with SEM and FTIR analyses. Farzi et al. [152] investigated the biodegrada-
tion of mPETs by streptomyces bacterial species at laboratory scale and stated that the
degradation is slow compared to physicochemical methods, and additional physical/
chemical methods should be applied to increase the degradation rate. The biodegrada-
tion of 500 m particle size HDPE under laboratory conditions is approximately 10%
in 24 days [153].

Mechanical degradation of polymers is typically limited to chain scission [154].
As given in Tables 2 and 4, due to the good mechanical properties of PET and HDPE
such as tensile strength and elongation at break, they are slow to decompose as waste
by mechanical forces in nature.

However, although the mechanical, biological, and chemical degradation times
of mPET and mHDPE, which exist as waste in nature, are long separately, this time
becomes shorter when it is considered that they occur together. As the use of PET and
HDPE increases day by day, it creates more waste in nature, and accordingly, more
microplastics are formed.

4.1 The effect of mHDPE and mPET on nature and life

Plastics are the most useful synthetic polymers used in packaging industries,
agriculture, household applications, and many similar applications [155]. The unpre-
dictable use of these synthetic polymers leads to an ever-increasing accumulation
of solid waste in the natural environment [156]. This causes soil and water pollution
at alarming rates, affecting the natural system and creating various environmental
hazards [157]. Plastics, which are resistant to environmental influences, are seen as
an environmental threat. MPs, both leaching into the environment in micron sizes
during the production and usage processes by the manufacturers and occurring
as small-sized plastic particles by the degradation of plastics found as waste in the
environment, can lead to potential ecotoxicological effects [158, 159]. In general,
the densities of microplastics found in nature vary in the range of 0.8-2 gcm ™. The
microplastic particle has the average weight of 12.5 pg, volume of 0.011 mm?, and
density of 1.14 gecm™ [160]. Therefore, MPs can enter the body through airborne
inhalation and food intake, which exist in many places in atmospheric environments
today. When inhaled, they may cause inflammation or other biological responses in
the lung [161]. In addition, they can cause health effects such as genotoxicity, which is
due to the desorption of pollutants associated with polycyclic aromatic hydrocarbons
(PAH); reproductive toxicity, which is due to the plastic itself and additives (plasticiz-
ers, dyes, etc.); mutagenicity; and carcinogenicity [161, 162]. Khalid et al. [163] stated
that there are various inorganic and organic chemicals absorbed on MPs and that this
poses a greater threat to living things than to MPs. In addition, MPs affect some plant
community structure [164]. Issac et al. [165] stated that PE (about 54%) is the most
abundant microplastic floating in the ocean.

Cheng et al. [166] investigated the effect of HDPE (25 pm) and PP (13 pm)
microplastics on earthworms (Metaphire guillelmi) using Nile red fluorescent staining
and observed ingestion by earthworms exposed to HDPE and PP microplastics. PP
microplastics significantly reduced bacterial diversity and changed the bacterial com-
munity structure in the soil. Bringer et al. [167] exposed oyster embryos to different
sizes of mHDPE for 24 hours and observed that the mHDPEs bind to the locomotor
eyelashes of oyster D-larvae, influencing the swimming activity and development
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of oyster D-larvae. Kim et al. [168] conducted an experimental study using the
nematode caenorhabditis elegans and zebra fish to determine the effects of mHDPEs
on human health. They stated that it affected caenorhabditis elegans reproduction and
zebra fish larval death at a concentration of more than 200,000 particles/mL. Jemec
et al. [169] observed that mpETs, formed by abrasion and washing of textiles, were
ingested by daphnia magna and increased the death rate of daphnia magna in their
guts. Shen et al. [170] observed that the higher the concentration of mPETSs, the more
pronounced was the negative effect on Drosophila, with reduced egg production of
the female flies and lower lipid, glucose content, and starvation resistance of the male
flies. Najahi et al. [170] studied the effects of mPETs on human bone marrow mes-
enchymal stromal cells and adipose mesenchymal stromal cells. They found that it
caused an approximate 30% reduction in proliferating cells associated with the onset
of senescence or an increase in apoptosis.

Existing studies on mPETs and mHDPEs show that there is a lot of evidence that
these wastes have a negative impact on living life. However, this does not cover all living
things. Weber et al. [171] investigated the effect of the freshwater invertebrate amphi-
pod Gammarus pulex exposed to mPETs for 48 hours and observed that the survival,
development, metabolism, and nutritional activity of Gammarus pulex did not change
significantly depending on the amount of mPET and the age of Gammarus pulex.

5. Conclusions

Microplastics are pollutants that accumulate in large quantities in the environ-
ment with each passing day and cause significant pollution. In addition to leaking
into the environment during the production and usage processes of MPs, they can be
formed by the mechanical, thermal, and biological decomposition of plastics, which
are discharged into the environment after the completion of their useful life. HDPE
and PETs, which have significant usage and application areas among plastics, have
avery long life in the natural environment due to their chemical and mechanical
resistance. In the current studies, it was seen that mHDPEs and mPETs indirectly or
directly affect the habitat characteristics of living things and basic ecosystem func-
tions. mHDPEs and mPETs can affect the living organism in which they are infested
directly with their function and properties, as well as with the impurities they absorb.
Although mPETs and mHDPEs do not cover all living organisms in the world, they
adversely affect life and the environment. However, more scientific studies are needed
to predict this situation.
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Chapter 6

The Risks of Microplastic Pollution
in the Aquatic Ecosystem

Paul Agbekpornu and Isaac Kevudo

Abstract

Microplastic pollution is a global issue that has a detrimental effect on the food
chain in the marine ecosystem. They are found in their highest concentrations along
coastal lines and within mid-ocean gyres. In marine environments, microplastics are a
threat to marine organisms, as they are often in the same size range as prey and are
mistaken as food. When ingested can have a deleterious range of effects on marine
organisms, a process which may facilitate the transfer of chemical additives or hydro-
phobic waterborne pollutants to aquatic lives. In this chapter, we looked at the risk of
microplastic pollution and its impact on marine organisms and humankind. The study
shows that consumption of microplastics has led to ingestion of chemical toxins in
aquatic fish, which leads to damage of digestive organs, choking of marine organisms,
channel for the spread of microbes, and a reduction in growth and reproductive
output. These threats increase the risk to aquatic fishes and human survival. Hence,
the need to educate the public on the dangers of using products that pose an immedi-
ate and long-term threat to the marine ecosystem and the health of its organism, and
the food we eat by marine scientists.

Keywords: microplastic pollution, marine ecosystem, food chain, aquatic,
microbeads, cosmetics

1. Introduction

Plastics are synthetic polymers that are pliable (flexible) in nature and may be
molded into various shapes [1]. Plastic is made up of long chains of polymers made up
of carbon, oxygen, hydrogen, silicon, and chloride, which are derived from natural
gas, oil, and coal [2]. Polyethylene (PE), polyamide (PA), polypropylene (PP), poly-
ester (PES) polyurethane (PU), acrylic (AC), polystyrene (PS), polyethylene tere-
phthalate (PET), polyvinyl chloride (PVC), high-density polyethylene (HDPE), low-
density polyethylene (LDPE), polyimide (PI), poly-methyl methacrylate (PMMA),
polytetrafluoroethylene (PFE), polyvinyl chloride (PVC), and high-density polyeth-
ylene (HDPE) are the most common synthetic polymers, accounting for 90% of global
plastic manufacturing [3, 4]. Materials made from plastics are cheap. And because of
its low production cost, simplicity, durability, strength, corrosion resistance, good
thermal and electrical conductivity, and physiochemical properties, plastic has
become an essential and general material in all aspects of our lives.
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The mass production of plastics began in the 1940s, and thereafter microplastic
pollution of the marine ecosystem has been a growing problem [5]. Global plastic
production has nearly tripled in the last three decades, and it is expected to reach
33 billion tons by 2050 [6-8]. Despite rising knowledge of plastic pollution and
measures to reduce it, annual plastic output continues to rise. Research conducted by
[4] has revealed that over 280 million metric tons of plastics wastes are generated by
the manufacturing industrial sector yearly. An estimated amount of 275 million metric
tons of territory plastic garbage from 192 coastal countries entered the marine,
resulting in 4.8-12.7 million metric tons [9]. The percentage of worldwide aquatic
plastic pollutants entering into the marine ecosystem [10] based on data published
recently has been shown in Figure 1. The majority of the world’s largest polluting
water bodies are in Asia, with a few in Africa as well.

Microplastics are microscopic plastic pieces with diameters of 5 mm found in
marine environments [11]. These microscopic plastics can be ingested by a variety of
marine living organisms, including corals, planktons, marine invertebrates, fish, and
whales, and are then passed through the food chain. These biodegradable plastics
directly endanger marine species and have an indirect influence on the ecosystem by
decontaminating other marine pollutants. Microplastics accumulate hydrophobic
contaminants from the aquatic environment due to their huge surface area-to-volume
ratio [12]. Thus, microplastic contamination is becoming a source of concern due to its
negative impact, particularly on marine life.

2. Microplastics

Microplastics are pieces of plastic that are between a millimeter and a nanometer in
size and are invisible to the human eye. The term “microplastics” has been defined
differently by various researchers (see [13-16]), including a workshop on the topic.
Microplastics are defined as being in the size range <5 mm [17] (recognizing 333

Asia

Africa . 7.99%
South America . 5.51%
North America l 4.5%

Europe

80.99%

0.6%

Oceania | 0.37%

0% 10% 20% 30% 40% 50% 60% 70% 80%

Figure 1.
Over 1000 rivers are accountable for 80% of worldwide aquatic plastic pollution in the ocean.
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nanometers as a practical lower limit when neuston nets are used for sampling).
Particles of plastics of sizes ranging from a few nanometers to 500 nanometers (5 mm)
are commonly present in marine waters [18, 19]. For better understanding, the size
range stated above is referred to as “microplastics” here. Other larger particles such as
virgin resin pellets are referred to as “mesoplastics” [14].

Also, microplastics are tiny plastic granules used as scrubbers in cosmetics and air-
blasting, and small plastic fragments are derived from the breakdown of macroplastics
[20-22]. The presence of small plastic fragments in the open ocean was first
highlighted in the 1970s [23], and a renewed scientific interest in microplastics over
the past decade has revealed that these contaminants are widespread and ubiquitous
within the marine environment, with the potential to cause harm to aquatic lives
[24, 25]. Typically, these are the smaller pieces of bigger plastic objects, which are
introduced into the marine ecosystem by a variety of mechanisms, such as industrial
processes, human clothes (microfibers), and cosmetics (small beaded plastic). Due to
their microscopic nature, they gradually make their way through the water systems
where they are not cleaned out before being pumped back into the drainage channels.
Persistent organic pollutants (POPs) that occur globally in marine waters at very low
concentrations are picked up by these meso-microplastics via partitioning. The
hydrophobicity of POPs facilitates their concentration in the meso-microplastic litters
at a level higher than that in the marine ecosystem [26]. These contaminated plastics
when ingested by aquatic organisms pose a serious problem by which the POPs can
enter the marine food web. Unlike macroplastics, microplastics are not readily visible
to the naked eye; even resin-pellets (mesoplastics) mixed with sand are not easily
discernible. Net sampling does not of course collect the smaller microplastics and no
acceptable standard procedure is presently available for their enumeration in water or
sand [26].

2.1 Types of microplastics

Microplastics are classified into two groups based on their origin: primary and
secondary microplastics [27].

2.1.1 Primary microplastics

Primary microplastics are micro-sized synthetic polymers that are directly intro-
duced into the environment as minute particles. They are utilized as exfoliates in a
variety of operations, such as chemical compositions, abrasive media, chemical and
petrochemical cleaning, and synthetic clothing manufacturing. They can be added
voluntarily to items like cleaning agents in hygiene and cosmetics (e.g., shower gels).
They can also be caused by the abrasion of big plastic objects during manufacturing,
usage, or maintenance, such as tyre erosion, while driving or the abrasion of synthetic
textiles during washing [28]. Microbeads are a form of primary plastic (size 2 mm)
that is made up of polyethylene (PE), polypropylene (PP), and polystyrene (PS)
beads and are used in cosmetic and health care goods [12].

2.1.2 Secondary microplastics

Secondary microplastics are microplastics that result from the decomposition of
larger plastic products into microscopic plastic pieces in the marine ecosystem. This
occurs as a result of ecological changes, such as microbial degradation, photocatalysis,
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Primary Sources Size

Pellets, Microbeads,

: i ‘Microplastics (< Smm
Glitter from cosmetics P ( )

and personal care -Nanoplastics (< 1um)
products
Type
Microplastics ‘High-density microplastic (PET, PVC)

‘Low-density microplastic (PS, HDPE, LDPE,
PP)
Secondary Sources

-Effluent from wastewater
treatment plant

- Wear and Tear from Shapa

normal plastic use Pellets, Microbeads, Foam, Fiber, Film,

« Airborne dust Fragment, Microfiber

Figure 2.
Classification of microplastic based on sources, size, type, and shape [29].

high-temperature degradation, thermal decomposition, hydrolysis, and other
weathering processes of indiscriminate dumping, such as abandoned plastic bags or
unexpected losses, such as fishing gear. Microplastics in the waters can either circulate
or sink. Microplastics that are lighter than seawater, such as polypropylene, will flow
and spread across the oceans. They subsequently congregate in gyres formed by tidal
currents (Figure 2) [28].

3. Sources of microplastics emission into the marine ecosystem

General littering, plastic waste mismanagement, tires, synthetic textiles, marine
coatings, road markings, personal care products, plastic pellets, city dust, and release
of wastewater from sewage treatment plants have been the main sources of
microplastic pollution in the marine ecosystem [30]. Marine litter results from the
indiscriminate disposal of refuses that are either directly or indirectly transferred to
our seas and oceans [22, 31]. Whilst the emphasis of this study is on microplastics, in
this section, we also consider the indiscriminate disposal of macroplastics, as with
time, they eventually degrade into mesoplastics and microplastics. Plastic litter from
land [terrestrial] sources contributes 80% of the plastics found in marine litter [26].
Such plastics include primary microplastics used in cosmetics and air-blasting,
improperly disposed “user” plastics, and plastic leachates from refuse sites. With
approximately half the world’s population residing within 50 miles away from the
coast, these kinds of plastic have a high likelihood of entering the marine ecosystem
via rivers and wastewater systems, or by being blown off-shore [16, 32]. Plastic
microbeads are utilized as components in cosmetic and personal care products for a
range of functions, including an adsorptive state for active substance distribution,
exfoliating, and viscosity control. Some products carry quite so much plastic as ingre-
dients in which they are packaged [33]. These account for up to 10% of the product
weight and thousands of microbeads per gram of product [34]. Microplastics used
both in these cosmetics and as air-blasting media can easily enter waterways through
domestic or industrial drainage systems [21]. The traditional use of products for
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Figure 3.
Microplastic and garbage pollution present in the ocean [35].

personal care culminates in the direct input of microplastic into industrial wastewater
from homes, hotels, hospitals, and sports facilities, such as beaches. Cosmetic
microbeads have been detected in field investigations conducted in many parts of the
world (Figure 3) [36].

Tourism and recreational activities had contributed to the discarded plastics left
along beaches and coastal resorts [21], as well as those from marine debris, observed
on beaches arising from the beaching of materials carried on in-shore and ocean
currents [32]. Whilst wastewater treatment plants will trap macroplastics and some
small plastic debris within sewage sludge, a greater percentage of microplastics will
pass through such filtration systems [13, 37, 38]. Plastics that enter river systems—
either directly or indirectly—will then be transported out into the ocean. A couple of
studies conducted have shown how the high single-directional flow of freshwater
systems drives the movement of plastic debris into the oceans [39, 40]. Another
common marine source of plastic debris is fishing gear [26]. Discarded or lost fishing
gear, including plastic monofilament line and nylon netting, which is typically
buoyant and can therefore drift at variable depths within the oceans. This is partic-
ularly problematic due to its inherent capacity for causing entanglement of marine
organisms, known as “ghost fishing” [31]. Historically, marine materials have been a
great contributor to marine litter, with estimates indicating that during the 1970s the
global commercial fishing fleet dumped over 23,000 tons of plastic packaging mate-
rials in the ocean [41]. Additionally, the manufacture of plastic products that use
granules and small resin pellets, known as “nibs,” as their raw material is another
source of plastic debris [microplastics] [41-43]. Many plastics are introduced into
the marine as pellets (usually 2-5 mm in diameter) or powders. Pellets are
discharged into the marine environment through little or big occurrences along the
entire plastic value chain during manufacturing, processing, transport, and
recycling [44]. In the US alone, production rose from 2.9 million pellets in 1960 to
21.7 million pellets by 1987 [41].

4. Distribution of microplastics in the marine environment

Plastic contamination and microplastics have spread throughout the world’s
aquatic ecosystems [21, 22, 31]. Plastic pollution and microplastics can be transported
over long distances by ocean currents, winds, river outflow, and drift [19, 45, 46],
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Shape of Type of marine Type of Source of References
microplastic ecosystem microplastic transport
microfiber Deep sea Atlantic ocean PS, PA, AC, Sewage treatment  [48]
acetate plants
Microplastic Tamar estuary PVC, PES, PA Wind, wave, and [49, 50]
fragments tides
Microfibers Shorelines PES, AC fibers Sewage treatment  [50]
plants
Fibers or fragments  Irish continental shelf PP, PET, PA, AC  Sewage treatment  [51]
plants
Fibers Deep sea and southern PVC, PES, PA Wind, seabird [45]
ocean
Resin pellets North Atlantic ocean and  HDPE, LDPE, Wind, plankton [52]
Caribbean sea PP, PE
Fragments, sheets, Cape cod, Massachusetts PP, HDPP, LDPP  Wind, dust, wave  [53]
pellets, foam to the Caribbean sea PVC, PS, PET
Fragments, fishing Northeast Pacific ocean HDPP, LDPP, PP Wind, wave, wear [54]
net, pellet, fibers PVC, PS, PET and tear
Fishing gear, vinyl,  East China sea and South  PA, PP, PES, PE,  Wear and tear, [55]
rubber sea of Korea pvC fishing operation
microfibers mid-Atlantic, south- PP, PES, AC, Deep sea [56]
western Indian Ocean viscose organisms
Table 1.

Classification of microplastic, source of transport, and type of marine environment found.

including mid-ocean islands [42], poles[47], and ocean depths [31]. Pellets are lost
during loading and transit, both on land and at sea, as well as during processing at

plastic molding plants. Because of their lightness and durability, lost pellets can travel
long miles in the ocean before being stranded, either temporarily or permanently [42].

While plastic litter can be found across the whole of the marine ecosystem, the
distribution of this debris and microplastics varies in type and nature [16, 46].

Beached litter descriptions frequently mention a variety of plastic manufacture pellets

(Table 1) [57].

5. Risks of microplastic pollution in the aquatic ecosystem

Plastics have really been recognized as a substantial component of marine plastic
pollution for centuries, but their biological and environmental implications on marine
ecosystems have only recently been emphasized and appreciated [16, 21].
Microplastics pose a great risk to aquatic life, as their small size makes them readily
available to a wide range of marine organisms, and it is of increasing scientific concern
(Figure 4) [13, 19-21, 34, 45].

Chemical toxins, indigestibility, choking dangers, and a channel for the spread of
microbes are just a few of the potential risks that microplastics provide to organisms.
These threats increase the risk to aquatic fish and human survival. In this section, we
discussed the various risks microplastic pollution posed to the marine ecosystem.
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5.1 Chemical toxins

Plastic’s durability and corrosion resistance make it an appealing and preferable mate-
rial to employ, but it also makes it very resistant to deterioration, making the dumping of
plastic litter troublesome [45]. The composition of this plastic waste, as well as the
enormous surface area of microplastics, makes them vulnerable to attaching watery
organic contaminants and hazardous plasticizer leaching. Ingestion of microplastics may
thus introduce toxins to the bottom of the food chain in the marine ecosystem, where
toxic chemical buildup in the tissues of aquatic living species is possible [59].

Perhaps because plastics are commonly considered to be biochemically inert
[59, 60], plastic additives, also known as “plasticizers,” may be fully integrated into
plastics during manufacturing and injection molding to improve their properties or
extend their life by providing resistance to heat (e.g., polybrominated diphenyl
ethers), oxidative damage (e.g., nonylphenol), and antimicrobials (triclosan) [37, 61].
These additives are harmful to the environment and the marine ecosystem. Because
they both prolong the decomposition time-frames of plastic and may seep out
potentially hazardous chemicals into marine aquatic life [45, 62, 63].

A few of these chemicals can move away from the synthetic matrix of plastic due
to inadequate polymerization of polymers during manufacture. The extent to which
these additives leak from polymers is determined by the pore size of the polymer
matrix, which varies by polymer, the additive’s size and characteristics, and environ-
mental circumstances, such as weathering [16, 19, 59]. Because microplastics have a
high surface-area-to-volume ratio, live species in the marine ecosystem may be
directly exposed to leached additives after ingesting microplastics. These chemicals
and monomers have the potential to disrupt biologically vital processes, perhaps
leading to endocrine disruption, which can have an impact on movement, reproduc-
tion and development, and carcinogenesis [45, 62, 64].

109



Advances and Challenges in Microplastics

Polybrominated diphenyl ethers, phthalates, and the component monomer
bisphenol A are well-known endocrine disruptors because they can mimic, compete
with, or alter the synthesis of natural hormones [63]. Chemical imbalance can result in
temporary or permanent morphological changes in aquatic creatures during their
formative phases, as well as sexual disruption in adults. In aquatic invertebrates and
fish, phthalates have been related to a variety of molecular and whole-organism
consequences, including genotoxic damage (micronuclei and death in mussel hemo-
cytes), restricted motility in invertebrates, and intersex abnormalities in fish [65].

5.2 Indigestibility

While larger forms of garbage are easier to remove from a beach, microplastics are
more challenging to eliminate but appear less apparent. Microplastics, due to their
microscopic size, have the potential to be consumed by a variety of marine biota
[15, 66]. Microplastic consumption in the wild is difficult to observe methodologically
[67], however, an increasing number of studies are reporting microplastic ingestion
across the food chain. The marine ecological danger associated with microplastics is
the increased likelihood of ingestion by animals, such as birds, fish, and invertebrates,
resulting in diminished foraging capacity and feeding stimulation, nutritional loss,
and gastrointestinal issues [22, 68].

Microplastics pose a significant risk to aquatic life due to their small size, which
makes them easily accessible to a wide range of marine creatures, and it is a growing
scientific concern [13, 18-21, 31]. In addition to the possible negative effects of
swallowing microplastics, toxic responses could emerge from endogenous pollutants
leaking from the microplastics and external pollutants adhering to and trying to
disassociate from the microplastics. Moreover, utilizing fluorescent nanospheres,
phagocytic uptake of nanoplastics in a heterotrophic ciliate was observed. These
lower-trophic level creatures are especially susceptible to swallowing microplastics
since many of them are indiscriminate feeders with poor ability to distinguish
between plastic particles and food particles [16]. As a result, microplastics will be
widely and easily available to a wide range of planktonic creatures, including the
larval stages of a number of industrially useful species found in the euphotic zone
[13, 38]. This interaction between plankton and microplastics is theoretically ampli-
fied in gyres, where plankton numbers are low and microplastic intakes are high due
to plastic deposition by ocean currents [16].

Microplastics can be consumed by a variety of marine living animals, including sea-
birds, crustaceans, and fish [69, 70]. Microplastics were found in the intestines of 35% of
the planktivorous mesopelagic fish dissected in the north Pacific central gyre [71]. Plastic
fibers, pieces, and coatings were also discovered in 13 of 141 mesopelagic fish captured in
the north Pacific gyre [72]. In total, 83% of Nephrops sp. sampled in the Clyde sea
(Scotland) had consumed pollutants. This economically useful, omnivorous, benthic
crustacean primarily ate portions of monofilament line, and plastic bag shards [73].

Plastic fibers in the ecosystem can be as small as one nanometer in diameter and
15 nanometers in length, making them easily accessible to minute planktonic species
[74]. Such fibers may be particularly hazardous as they may clump and knot, poten-
tially preventing egestion [73]. In all of the preceding situations, the marine species
may have consumed the microplastics intentionally, mistaking them for prey or food.
It is yet to be determined whether the consumption of non-polluted microplastics has
any substantial detrimental health impacts on biota, such as sickness, death, or
reproductive success [75]. Once eaten, microplastics may pose a mechanical hazard to
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tiny animals, comparable to the consequences reported with macroplastics and bigger
species [13, 45].

5.3 Channels for the spread of microbes and adhered pollutants

Marine plastic pollutants, particularly microplastics, are vulnerable to contamina-
tion from a variety of waterborne contaminants, including aqueous metals [15, 27],
produce harmful chemicals [19], and persistent organic pollutants (POPs), also
known as hydrophobic organic contaminants (HOCs) [57]. Such compounds are typ-
ically found in the highest quantities in the sea-surface microlayer, which also con-
tains the largest concentrations of low-density microplastics [19, 57, 59].

Under optimal circumstances, phenanthrene was more likely to stick to plastics
than to sediments. However, if heavily polluted microplastics come into interaction
with non-contaminated sediments, the deposition differential would allow phenan-
threne desorption to organic materials in the sediment [5]. A variety of contaminants,
including PCBs, PAHs, DDTs and their metabolites, PBDEs, and bisphenol A, were
found adhering to the surface of plastic pieces (less than 10 mm) tested from pelagic
and neritic stations [76].

Microplastic waste containing POPs may be carried across seas, damaging marine
ecosystems [77], or swallowed by marine creatures, transmitting poisons from the
environment to aquatic life (i.e., a “Trojan horse” effect) [20, 38]. Many POPs are
hazardous, causing endothelial dysfunction, mutagenesis, and/or cancer, and have the
potential to biomagnify in higher-trophic organisms [5]. Ref. [78] came to a similar
conclusion when they discovered that ingestion of plastic particles hampered the accu-
mulation of fat deposits in migratory red phalaropes (Phalaropus fulicarius), affecting
long-distance migration and possibly their reproductive effort on breeding places.

5.4 Choking effect

Plastic pieces and microplastics may also obstruct feeding tentacles and/or impede
food transit through the digestive tract [70] or produce pseudo-satiation [the feeling
of being full], resulting in reduced food consumption [21, 32]. However, [26, 32] argue
that numerous marine organisms have the ability to eliminate foreign particles, such as
sediment, natural decaying organic matter, and particulates from their bodies without
harm, as illustrated by polychaete worms, which ingested microplastics from their
surrounding sediment and then egested them in their fecal contamination casts [20].

Ingestion of plastics may cause blocking of stomach enzyme secretion, decreased
eating stimulation, decreased steroid hormone balance, prolonged ovulation, and
fertility problems in several marine animals [79]. Ingestion of plastic waste by small
fish and seabirds, for example, can limit food intake, induce internal damage, and
death due to intestinal infection [22, 23, 80]. Nonetheless, the magnitude of the injury
will differ between species. Because of their inability to excrete ingested plastic mate-
rial, Procellariiformes, for example, are more vulnerable [79, 81].

6. The role of microbes in removal of micro-plastic from marine
ecosystem

The environmental problems caused by microplastics in the marine ecosystem are
continuously growing [82]. The most common microplastics, also known as synthetic
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polymers, that are found in the marine ecosystem include PE, PA, PP, PS, PES, AC, PU,
HDPP, LDPP, PI, PMMA, PFE, PVC and PVDC [4]. Nevertheless, many conventional
plastics, such as PE, PP, PS, PVC, and PET, are not biodegradable, and their increasing
accumulation in the ecosystem has posed a danger to the environment [83]. To contend
with this man-made challenge, contemporary wastewater treatment facilities need to
necessitate fresh technologies [84]. Modern technology provides methods for limiting
the availability of microplastics in an aquatic environment. However, such technologies
seem to be either inadequate or prohibitively expensive, in addition to being time-
consuming in both circumstances. Despite the fact that several microplastic products are
considered structural pollutants that do not readily biodegradable or deteriorate at an
extremely slow rate, microbial degradation is still a prevalent remediation technique
because it is inexpensive and environmentally friendly nature [84, 85].

Microbial degradation can be achieved by using single or connected bio-cultures,
including bacteria, algae, and fungi, which have been demonstrated to consume these
polymeric materials and generate them into environmentally sustainable carbon com-
pounds. In essence, no microbial techniques can eliminate microplastics from the
ecosystem entirely and in an acceptable amount of time [84]. According to research,
saturated synthetic polymer chains do not favor microbe degradation, whereas biode-
gradable polymers incorporate heteroatoms inside the hydrocarbon chains and hence
degrade quickly when exposed to favorable weather conditions [86].

The removal rate of microplastic is determined by its creation and the circum-
stances under which it is exposed, which can range from abiotic factors (wind, waves,
heat, and humidity) to microorganism assimilation, such as bacteria, algae, and fungi
[87]. As a result, polymer degradation can be categorized as either abiotic or biotic
[88]. Abiotic degradation refers to decomposition characterized by factors in the
environment, such as temperature, UV irradiation, wind, and waves. Biotic degrada-
tion, on the other hand, is defined as the degradation process triggered by the actions
of microorganisms that transform and ingest the polymer, modifying its qualities [89].

6.1 Mechanism of biodegradation of microplastics by microbes

The adherence of the microorganism to the surface of the polymer, preceded by
the colonization of the external surface, growth of the microbial, use of the polymer as
a source of carbon and energy, and final degradation of the polymer is the primary
mechanism for microbial degradation [88, 90]. Microorganisms can stick to the sur-
face of a polymer if it is hydrophilic. Once anchored to the surface, the organism can
grow by utilizing the polymer as a source of carbon and energy. Polymer biodegrada-
tion happens by hydrolysis after colonization; first, the enzyme catalyzes the substrate
material and then facilitates the hydrolysis reaction. Polymers degrade into small
molecular weight oligomers, dimers, and monomers before finally mineralization to
CO; and H,O [83]. The surface composition can quantify the scope of colonization on
the polymer, as hydrophilic areas are much more conveniently colonized by microbes.
This is a restriction since the polymer’s water-repellent surface contradicts the porous
structure of the microorganisms (Figure 5) [89].

6.2 Biotic degradation

Microplastic biodegrades as a consequence of degradation by microbes in the
marine environment. However, because of their size, macroplastics (larger plastic
debris) do not make the optimum source of nutrients for biotic degrading agents;
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Figure 5.
Mechanism of microbial degradation of microplastic [91].

either the enzymes secreted by the microbes are insufficient to denature the
macroplastics, or they contain not easily and quickly biodegradable for biological
cell uptake [29]. Synthetic polymer plastics must first be changed into carbon mol-
ecules prior to being mineralized by microbial pathogens during the degradation
reaction. Plastics’ (polymers’) organic molecules' size is bigger than the particle sizes
of a microorganism’s cellular membrane. As a result, they must be metabolized into
tiny pieces before being assimilated and biodegraded within microbial cells. As a
result, finer particles of plastic created as the result of environmental factors degra-
dation are of sufficient size to be broken down even more by microbial cells [92].
Bacteria, fungi, and algae are the most common microorganisms found in marine
ecosystems.

Microbial enzymes are responsible for biotic degradation. Chemical compounds
are converted into simplified chemical compounds, metabolized, and deposited in
primary-level cycles, such as carbon, nitrogen, and sulfur through microbial degrada-
tion. Carbon dioxide, methane, and microbial extracellular matrix components are
among the by-products of this system [93, 94]. Microbial character traits, such as
microbe form, propagation, developmental stage (temperature, pH, availability of
oxygen, essential minerals, etc.), and enzymatic categories (intracellular and/or
extracellular enzymes contributing to exo or endo polymer cleaving). Surface condi-
tions (size, water-soluble, and hydrophilicity properties), first-order frameworks
(chemical composition, molecular mass, and molecular dissemination), and relatively
high structures (thermodynamic stability, melting temperature, fracture toughness,
crystalline structure, and degree of crystallinity) are among the chemical and physical
properties of polymers [83].
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6.2.1 Biodegradation by bacteria

Many bacteria genera that are commonly found in the marine environment like
Bacillus species (e.g., Bacillus subtilis and Bacillus cereus, and Bacillus megaterium),
Brevibacillus, Streptomyces, Amycolatopsis, Clostridium, Methanosarcina barkei,
Schlegelella, Pseudomonas aeruginosa, Azotobacter spp., Alcanivorax, Hyphomonas,
and Cycloclasticus species, Rhodococcus ruber, Serratia marcescens, Staphylococcus
aureus, and Streptococcus pyogenes, and other bacterial strains also lead to the
microbial degradation of plastics [29, 95-102]. The Bacillus species were discovered to
secrete extracellular hydrolytic enzymes, such as lipase, xylanase, keratinase,
chitinase, and protease, which resulted in the biodegradation of microplastics [103].
Methanosarcina barkei bacteria strain can degrade the most commonly used plastic
polymer, PVC. They can stick to the surface of PVC surfaces and discharge
exopolymeric compounds to produce a biofilm, preceded by the discharge of enzymes
to breakdown the plastic through enzymatic hydrolysis of the synthetic polymer
bonds which resulted in the biodegradation of PVC [104, 105]. Likewise,
Rhodococcus ruber will also degrade PE by producing an enzyme laccase, which
ultimately resulted in PE degradation [106]. Azotobacter spp., which releases hydro-
quinone peroxidase, could also degrade PS. PET can also be degraded by Alcanivorax,
Hyphomonas, and Cycloclasticus species, which could also alter the physiochemical
properties through the use of ester bond hydrolysis [107].

6.2.2 Biodegradation by fungi

Many fungal genera, such as Acremonium, Zalerion maritimum, o Curvularia sp.,
Cladosporium, Debaryomyces, Emericellopsis, Eupenicillium, Fusarium, Mucor,
Paecilomyces, Pullularia, Rhodosporidium, Verticillium, Aspergillus sp.,
Aureobasidium, Chaetomium, Cryptococcus, Fusarium, Rhizopus arrhizus,
Trichoderma, Penicillium sp., Thermoascus, Tritirachium album, Humicola insolens,
Rhodotorula aurantiaca, and Kluyveromyces sp. [83, 108-112] also contribute to the
microbial degradation of plastics. It has been demonstrated that Aspergillus clavatus
can biodegrade LDPE [113]. Zalerion maritimum, the ocean’s dominant fungal spe-
cies, could also degrade PE [114]. The main mechanism of plastic degradation by
fungi, such as bacteria, involves fungi adhering to the polymer surface, in which they
grow to create a biofilm and produce enzymes that degrade the carbon-carbon bonds
occurring in the plastic. The above enzymes have the potential to accelerate the
oxidation process as well as degrade plastic into tiny pieces (e.g., oligomers, dimers,
and monomers). For example, fungi found in marine habitats, such as Penicillium
citrinum and Fusarium oxysporum, breakdown PET, and Trichoderma harzianum
release manganese peroxidase, lignin peroxidase, and laccase that breakdown PE
and PU [114].

6.2.3 Biodegradation by algae

Algae are frequently used throughout tested microorganisms for investigating the
harmful effects of microplastics. However, various algae, both photorespiration and
heterotrophic, have been extensively researched for their key responsibilities in the
microbial degradation of microplastics [84, 85]. They are capable of removing both
inorganic and organic contaminants from a diverse range of environments by soaking
up, removing impurities, or metabolizing them into healthy and safe levels [115, 116].
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They colonize the outer layer of microplastics by secreting extracellular polymeric
compounds, and this colonization could well result in effectual deterioration. The
existence of polymeric materials, as well as plastic wastes, encourages the generation
of extracellular polymeric compounds [117]. Several algal species are effective at
microbial degradation of microplastics. These include Phormidium lucidum,
Oscillatoria subbrevis, Scenedesmus dimorphus, diatom Navicula pupula, Chlorella,
Spirogyra, Nostoc, Spirulina sp., Anabaena spiroides, and Navicula pupula [118-120].
Bioactive compounds produced by some algae have been found to biodegrade
microplastics. Phormidium lucidum and Oscillatoria subbrevis, for example, can
break down easily PE and LDPE [121]. Discostella spp., Navicula spp., Amphora spp.,
and Fragilaria spp. algal biofilms have been discovered to deplete LDPE, PP, and PET
in the marine ecosystem [122]. After forming a biofilm on the plastic surface, algae use
the carbon available on the plastic as a feed ingredient, softening and lessening the
plastic. Furthermore, species can produce extracellular polymeric compounds and
enzymes, such as PETase, which degrade PET [123]. Plastic degradation by algae
remains in its early stages and requires more research.

7. Conclusion and recommendation
7.1 Conclusion

Plastic pollution in the marine ecosystem is a growing concern due to the negative
effects it has on aquatic habitats. Microplastic pollution has become a serious global
issue that has a detrimental effect on the food chain in the marine ecosystem. The
main sources of microplastic pollution in the marine ecosystem have been identified
to result from general littering, plastic waste mismanagement, fishing gears, synthetic
textiles, marine coatings, personal care products, plastic pellets, city dust, and release
of wastewater from sewage treatment plants. This is the outcome of indiscriminate
waste dumping, which is either directly or indirectly transmitted to our seas and
oceans. Because microplastics are the same size as prey and are mistaken for food,
they pose a threat to many marine organisms. When swallowed, it has a negative
impact on marine organisms, facilitating the transmission of artificial chemicals or
hydrophobic watery toxins to aquatic life. Microplastic pollution has contaminated
various drinking sources, salt water, and other regularly consumed foods. Chemical
toxication, indigestibility, choking of marine ecosystems, and a pathway for microbial
propagation are all negative effects of microplastic contamination on the marine
environment. Furthermore, the effects of microplastic pollution vary from the molec-
ular level of an organism to its physiological mechanisms and include bad organism
health and poor economic services. These threats increase the risk to aquatic fish’s and
human survival. Significant awareness about the harmful effects of microplastics has
prompted some regions of the world, including the United Kingdom, the United
States, and Canada, to take action. These initiatives have focused almost entirely on
prohibiting the use of microbeads in various items, such as personal care and skincare
products.

7.2 Recommendation

Microplastics have been found to be consumed by a variety of marine organisms in
laboratory and field research. More research is needed to determine whether
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microplastic consumption alone causes unfavorable health impacts, such as mortality,
morbidity, and reproductive success, or whether such a contaminant can be consis-
tently transferred up the food chain in the marine ecosystem. Toxic chemical transfer
to biota via microplastic intake is a major concern. However, just a few studies have
reported on toxicity investigations, including microplastic vectors. More quantitative
research should be conducted to investigate the toxins [toxic chemicals] transfer of
microplastics to marine species, as well as any possible dangers of transfer from
consumable marine organisms to people.

The most pressing need in this subject is to raise public understanding about the
inert impacts of microplastics. This would encourage numerous inventions aimed at
reducing the use and consumption of plastic and its byproducts. The most essential
way to reduce plastic entry into the ecosystem is to gather and reuse plastic particles.
To avert future threats, the best answer is to discontinue production and seek alter-
natives to plastic items.
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Chapter 7

Micro Plastic Challenges in River
Delimi Due to Its Interaction
with Physicochemical Parameters

Terwase Wuave and Ahmed Sabo

Abstract

Physicochemical interaction with micro plastic at River Delimi represents one of the
most pressing threats to water and plant resources as it is a challenge to human health.
Micro plastics in the food chain constitutes a major threat to water, soil and plants
which affect food safety, it affects public health when consuming products that have
this pollutant, such as fruits, and vegetables. Micro plastics (MPs) are tiny particles
broken down from larger pieces of plastics, accumulated in River Delimi. This study
aimed at assessing the physicochemical parameters (Cd, Zn, Co, Pb and Ni) in water
and (Ba, Ce, Rb, La, Nd, Ta, Sm, Sc and Th) while mercury and silver show high
concentration (Hg, Ag) plants as it interaction with micro plastics (majorly polyethyl-
ene terephthalate (PET) concentration and plasticized polyvinylchloride (PVC both dry
and rainy season)in the study area, along Rivers Delimi in Jos North LGA of Plateau
State. Water and plant samples were collected from six (6) different irrigation sites in
the area, namely Delimi village, Delimi area, Marhaba Masjd, Malam Adamu and Tudun
Wada along the River Delimi, Barakin Kogi, and Baraki Naraguta along River Bonga,
contain micro particles in edible plants due to the contamination of water-irrigated soils
and methods to determine them. The negative effect of micro plastics on various food
products and their interaction with physicochemical properties especially heavy metals
impact on the environment is determined. Samples were analyzed to determine the
concentration of the physicochemical parameters using the Atomic Absorption
Spectrometer. Micro plastic are carriers for physicochemical parameters and exhibit
diverse interactive effects, these interactions are poorly understood especially how they
pose risks on living organisms. The challenges of their combined toxic effects and the
potential hazards to human health were also discussed. Results show that the concen-
tration of the physicochemical parameters in water as electrical conductivity,
hydrocabonate, chloride, sodium carcium, chromium and lead while plasticized
polyvinylchloride (PVC) both dry and rainy season, in river Delimi and river Bonga
were pronounce. In plants potassium, phosphorus, molybdenum, manganese, mercury
and silver were also high.

Keywords: micro plastics, heavy metals, interactions, microbe, aquatic environment
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1. Introduction
1.1 Micro plastics

Additives increase specific properties of plastic polymers; those called butyl tins
stabilize polyvinyl chloride polymers (butyl tins)are found also in animal and human
livers due to diet uptake [1]. Plastic items, which can be of different polymers or
shape, can be classified according to size, and in particular, items ranging within 1 pm
and 5 mm are called micro plastics (MPs) [2, 3]. Micro plastics (MPs) are small pieces
of plastic, less than 5 mm (0.2inch) in length, that occur in the environments resulting
to plastic pollution., Physicochemical factors accelerate the degradation time of plas-
tics by mechanical stimuli, biological, thermal, and photo-oxidative degradation [4].
Micro plastic are varied contaminant suite originated from different product types,
composed of various polymers and chemical additives, characterized by a broad range
of colors and shape [5].

Micro plastic consist of carbon and hydrogen atoms bond together in polymer
chain, other chemicals such as phthalates, polybrominated diphenyleither’s (PBDEs)
and tetrabromobisphenol A (TBBPA), are present in micro plastic and many of these
chemical additive leach out of the plastic after entering the river. They are divided
into primary or secondary, according to their origin. Primary micro plastic (fMPs) are
the final products of industrial activities used in cosmetic [6].

Primary micro plastic: include micro bends (personal care products), plastic pellets
(used in manufacturing), and plastic fibers (used in synthetic textiles or nylon).
Secondary micro plastics (sMPs) are products of plastics litter/degradation. Exposure
of plastic waste in the environment causes deterioration in its mechanical and physi-
cochemical properties, leading to the formation of plastic fragments, which are con-
sidered as micro plastics (MPs) when their size is less than (<5 mm). Delimi river is
an important natural drainage and irrigation system, ensuring water flows through is
of paramount important, as the cultivation of vegetable crops in Jos, depend on it. The
presence of micro plastic in River Delimi is a health risk. The primary challenges of
MPs to ecosystems are their ubiquity and bioavailability for ingestion, entanglement
or inhalation [7]. MPs can be accumulated in the environment due to their inert nature
[8]. They have been found in table salts and potable water [9]. The health implications
of MPs may be physical by blocking the digestive system due to particle localization,
chemical with associated toxic chemical effects and biological involving toxins [10].
The exposure of aquatic organisms to MPs has been associated with short- and long-
term adverse effects on organism’s health, including biological feeding, reproduction,
antioxidant defense and innate immunity [11-14]. A contaminant that is widespread
in the environment, heavy metals can enter water bodies continuously due to their
non-degradable nature and are recycled and enriched in the aqueous environment.
MPs and heavy metals are not only acting as persistent pollutants, their combined
pollution poses a new threat to the world. Due to the large surface area, MPs can act
like magnets for toxic pollutants and concentrate them to a very high level [15, 16].
The need to reduce the amount or quantity of plastic waste emitted to safeguard
environmental and human health is a task to be involved every stakeholder in the
environment. Heavy metals are present in the environment from both naturally
occurring and anthropogenic sources. As a contaminant that is widespread in the
environment, Aquatic ecosystems contain a great diversity of microorganisms, which
play critical roles in many biogeochemical processes. Their existence makes the inter-
action between MPs and heavy metals more complicated [16]. There is no existing
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baseline study concerning the micro plastic challenges of River Delimi in Jos Plateau
hence this study seek to provide the baseline.

1.2 The chemical composition of micro plastics

Aquatic ecosystems contain a great diversity of microorganisms, which play
critical roles in many biogeochemical processes. Their existence makes the interaction
between MPs and heavy metals more complicated. MPs provide an emergent
ecological niche for microorganisms by the formation of microbial biofilms, named
plastisphere [17, 18]. Primary micro plastics are intentionally manufactured in small
sizes for different industrial purposes, such as housing and transportation applications
and are generally made of polyethylene or polystyrene [19-21].

1.3 The boundaries of the study

The general aim of this study is to investigate the interaction between micro plastic
and physicochemical parameters with challenges of micro plastic in River Delimi,
Plateau State, Nigeria. River Delimi is within urban and commercial centre of Jos
Plateau State capital, the investigated areas include; Delimi village, Delimi area, Congo
Road, Tudun Wada, Anguwan Rogo, and BarakinNaraguta.

2. Materials and methods
2.1 Study area

Rive Delimi covers a distance of about 15 km as it passes through Jos metropolis.
It originates from Delimi village moves through Delimi area, Anguwan Rogo, Yelwan
Mista Bow, Toro Bauchi, meeting up with the Rafin Zaki and extending to the Hadeja/
Jamaare River Basin and Lake Chard. It shares a boundary to the North with Toro
Local Government Area of Bauchi State; to the South with Jos-South Local Govern-
ment area; to the North-East with Jos-East Local Government Area; and to the West
with Bassa Local Government Area [22]. Jos enjoys a temperate climate with average
temperatures of between 280C (81.70F) maximum and 110C (51.70F) minimum. It
covers a total land area of 291 km? (112 sq mi) with a 2006 census of 429,300 people.
The warmest temperatures usually occur in the dry season months of March and April
Jos is characterized by a mean annual rainfall of between 1317.5 mm (131.75 cm) and
1460.00 mm (146.0 cm), mostly from May to August The Onset and Cessation of
rainfall in Jos are experienced in April (£15 days in April), and October (£15 days in
October). The relative humidity is characterized by a marked seasonal variation [23].
The Jos Plateau is a high land region in North Central Nigeria. River Delimi is the
major drainage system in Jos Metropolis. The river serves as a source of water for
domestic use, fishing and irrigation. The River Delimi in Jos Plateau is the source of
many Rivers in northern Nigeria including the Kaduna Gongola, Hadejia and Yobe
River [23].

Plates 1, 2 and 3, show the type of menace that the disposal of solid wastes in water
resources with cumulative effect micro plastic challenges which affect the water of the
urban centers and the health hazards to the people who are exposed. The waste
collection containers that were seen to be available at most locations in Jos are no
longer in place at most of these locations.
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2.2 Data collection
2.2.1 Sampling methods and analysis

Water samples were collected from 6 different sampling points marked WT1-WT6
(plate 1-3). Bulk water sampling, which facilitates sampling of smaller micro plastics but
it, is limited by the size of the area.. The collection of samples from surface water was done
using bulk water technique. Temperature, electrical conductivity (EC) and total dissolved
solute (TDS) were measured in-situ during the sampling process. Water samples were
filtered through Millipore filter paper of reweighed 0.45 um pore size. The filtered water
samples were acidified with 0.2%(v/v) concentration HNO; and kept in glass bottles. For
anions analysis the sample were not acidify and titration carried out to ascertain the
concentrations of the Anions. The filter papers containing the suspended solids were
air-dried and reweighd. They were digested with 4/I (v/v) HNO3/HCl mixture using a
microwave device. After cooling, digestions were diluted to 30 ml with mili-Q water.

At each of the sampling stations three samples of plants were collected close to water
sampling station while water were collected using 1 liter polyethylene bottles with screw
caps which were acid washed and rinsed with distilled water prior to the sampling... A total
of 16 samples comprising of different types of plants alongside water samples each from
the six sites along River Delimi and River Bonga were taken for laboratory analysis (see
Tables 1 and 2). Specimens were labeled and transported to the laboratory in tempera-
ture - controlled boxes for analysis. An ambient temperature of 28° was maintained during
transportation. Samples were digested with aqua regia solutions 3/I (v/v) HCI/HNO3 in
microwave device. After cooling, digestions were diluted to 30 ml with mili-Q water.

2.2.2 Microplatics analysis

The different instrumental methodologies for determining and quantifying micro
plastics in different matrices such as water, fruits and vegetables (see Table 1). The

Type Technique Application Size Type of Micro
(Quantification plastic
Method
Water Bottled water <100 um PP
and water
Micro-Raman Surface waters 0.5-5 mm Polystyrene,
spectroscopy polypropylene, and
polyethylene
Fruits and Electron Lettuce PVC-a with particle sizes from PVC,PET
vegetables microscopy (Lactuca sativa 100 nm to 18u m PVC-b with
L.) particle sizes from 18to 150 um
Scanning electron Cucumber 100, 300, 500, and 700 nm Polystyrene
microscopy (SEM) plants nanoplastics
(PSNPs)
Other Scanning electron  Personal care 24-52 nm NP polyethylene
microscopy (SEM), products micro beads
X-ray
Table 1.

Identification and quantification micro plastics in viver Delimi water, fruits and vegetables.
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Parameter Sample Stations TEM°C pH TDS EC S0, ClI- HCO;  Coordinates
Mg/l p/m mg/l mg/l mg/l

WT1 Delimi Area 20 99 21 435 235 709 3838 9°55'15” N
8°53'48" E
WT2 Marhaba Masjd 20 82 123 265 355 3545 98.98 9°55'15” N
8°53'48" E
WT3 Tudun Wada 20 83 124 250 303 63.81 9293 9°54'49” N
8°53'50" E
WT4 Delimi Village 20 82 111 220 303 2836 88.88 9°56'01” N
8°53'48" E
WT5 Barkin Kogi 22 83 105 210 262 99.26  90.90 9°56'35"N
8°53'04'E
WTé6 Barkin Naraguta 23 84 107 213 265 56.72 86.86 9957'06"N
8952'45'E
Table 2.

Concentration of physical parameters and anions in water from all the sampling sites.

techniques are focused on a physical type (non-destructive) determination; the compo-
sition of the micro plastic of the polymer that was separated from the sample by different
analytical procedures is visualized. Reagents for separating the micro plastics from the
samples [3, 19, 24, 25] with a high concentration of organic matter, where their action is
to destroy the organic matter and release the micro plastics from the matrix in order to
later be separated by filtration processes [7, 26-30]. Mesoplastic (MEP,>5 mm) and
coarse micro plastic (Cmp,>2 mm) were visually identified from sieving fractions using
a stainless-steel bowl with an imprinted grid (1x1 cm grid size) and inspected under
stereomicroscope. Large micro plastics (L-Mp,>1 mm) and medium micro plastics
(M-Mp,>0.3 mm) were analyzed after density separation micro plastics ZnClI2 and Nal.
Separating micro plastics from water samples was done either by direct filtration

[7, 31, 32] or organic materials such as dried leaves which showed recovery rate of 82%
[33]. For density separation, solution of chemicals such as NaCl, Nal, NaCl, and ZnCI2
are used. After density separation, sieving, and filtration of floating sample material
[30, 34]. Stained filters were visually detected under a stereomicroscope. Concentrated
samples retained on the filters were identified and quantified. In the identification and
quantification of micro plastics in samples, light microscopes have been applied in
studies conducted in laboratories. Final identification of each potential plastics particle
within the MEP, CMp, and L-Mp and M-Mp sizes was performed.

3. Results and discussion
3.1 Concentration of physical parameters (tem, pH, TDS and EC)

Figure 1 illustrates the concentration of Physical parameters in all sample
locations. The highest concentrations of electrical conductivity (EC) are in sample
locations WT1 (near Delimi street Bridge) along Delimi river and WT2 (katako) also
along the Delimi river. Concentrations were lower in WT5-WT6 (AngwanRogo)
(Naraguta) and along the Delimi, both along River Bonga.

The characteristic of physical parameters of samples from six samples that were
analyzed for physical parameters in River Delimi (see Table 2).
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Concentration of Physical Parameters in River Delimi Jos
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Figure 1.
Concentration of physical parameters in water from the entire sampling site.

Variation of physical parameters in River Delimi showed EC has highest concen-
tration at WT1-WT?2. Value of electrical conductivity EC of the water sample at WT1
(435 ohm/m), while WT5 exhibits lowest value of EC (210 ohm/m). Temperatures,
pH and TDS have lower values (presented in Figure 1).

3.2 Concentration of anions (S04> Cl and HC03")

The concentration of Anions in water from all sample location. The concentration
of hydrocarbon ate was high in sample WT2 ~-WT6 (Congo) along river Bonga and
chloride at sample and WT5 -WT6 (Anguwan Soya) along river Bonga. However, the
lowest concentration was recorded at sample station WT1 (Delimi street Bridge) for
hydrocarbon ate and WT4 (Anguwan Rogo) for chloride.

The highest (see Table 2 and presented in Figure 2) concentration of
hydrocarbonate 98.98 (WT2) while the lowest concentration 38.38 (WT1), chloride
highest concentration 99.26 (WTS5) while the lowest concentration 28.36 (WT4) and
sulfite which the least,highest concentration 35.5 (WT2) while lowest concentrations
23.5 (WT1). Hydrocarbon ate and chloride has higher values in River Delimi.

Concentration of Anions of River Delimi Jos

100 =
2 m S042- mg/l
2 50
5 m Cl- mg/l
0 m HC03- mg/l
WT1

WT4

WT5

Sample Stations

Figure 2.
Concentration of anions in water from the entire sampling site.

130



Micro Plastic Challenges in River Delimi Due to Its Interaction with Physicochemical...
DOI: http://dx.doi.org/10.5772 /intechopen.107150

Parameter Sample Na* K* Mg”> Ca>* Cr Ni Pb Fe Zn Coordinates
Stations mg/l Mg/l Mg/l Mg/l Mg/l Mg/l Mg/l Mg/l Mg/l

WT1 Delimiarea 1738 4.43 0.49 1443 362 0 236 0 012 9°5515”N
8°53'48" E

WT2 Marhaba ~ 18.04 4.44 0.48 1450 355 0 228 021 0.08 9°5506”N
Masja 8°53'48" E

WT3 Tudun Wada 1850 4.48 0.47 1449 317 0 229 0 0.09 9°5449”N
8°53'50” E
WT4 Delimi Village 1720 450 0.46 1448 291 0 230 0 0.09 9°5130”N
8°56'01" E

WT5 Barakin Kogi 16.71 454 0.45 1443 283 0 231 0 01 9°56'35"N
8953'04"E

WT6 Barakin 14.48 457 040 1442 277 0 232 O 0.1 9°5706°N
Naraguta 80 52/45"E

Table 3.

Concentration of cations and heavy metals in water from all the sampling sites.

3.3 Concentration of cations (Na*, K*, Mg2+ and Ca2+)

The concentration of cations in all sample locations. The concentration of Sodium
(Na*) and calcium (Ca**) are higher in the sample locations from WT1-WT6 both
along river Delimi and Bonga. Highest (see Table 3 and presented in Figure 3)
concentration of sodium in river Delimi 18.50 (ST6) mg/1 while the lowest 14.48
(WT6), calcium highest concentration 14.50 (WT2) while the lowest concentration
14.32 (WT6).

3.4 Concentration of heavy metals (Cr, Ni, Pb and Fe)
The concentration of heavy metals in all sample locations. The concentration of

chromium is higher in all the sample locations from WT1-WT6 both along river
Delimi and Bonga. Lead is higher in the sample locations WT4-WT6. Figure 4

Concentration of Cations in River Delimi Jos

w "_-—*_i—_'%_ﬁ——i_\_____

5 = - ——— —

g 20 —iﬁ_ﬁ__*_i_-—i—_.*

5 15

S 10 ® Na+ mg/|
'

g 5 m K+ Mg/l

g 0 u Mg2+ Mg/
S m Ca2+ Mg/
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Figure 3.
Concentration of cations in water from the entire sampling site.
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Concentration of Heavy Metal in River Delimi Jos
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Figure 4.
Concentration of heavy metals in water from the entire sampling site.

revealed high concentration of chromium 3.62 (WT1) and lowest value of 2.77 (WT6)
while lead higher value 2.36 (WT1), least value 2.28(WT2) (see Table 3 and presented
in Figure 4).

Micro plastics in River Delimi.

Concentration o f micro plastics (MPs) in river Delimi both dry and rainy season
were abundant in color and dominated by fibrous items. Polyethylene terephthalate
(PET) concentration 22.65% and Plasticized polyvinylchloride (PVC) concentration
50% while others 27.55% (dry season). Polyethylene terephthalate (PET) concentra-
tion 18.20%(and Plasticized polyvinylchloride (Plasticized (PVC) concentration
80.50% while others 11.70% (rainy season) Plasticized polyvinylchloride (Plasticized
(PVC) were the predominant accounting for 50% and 80.50% in both dry and rainy
season (presented in Figures 5 and 6).

3.5 Concentration of metals (Ca**, Mg2+ and K*)
The concentration of potassium (K*) in all sample locations. The concentration of

potassium is higher in all the sample locations from WT1-WT16 both along river
Delimi and Bonga (see Tables 4 and 5 and presented in Figure 7).

Percentages

Percentages

OTHERS

[ PVC PET | OTHERS
| m Percentages| 50 22.65 \ 27.35

Figure 5.
Concentration of micro plastic in viver Delimi water from the entive sampling site (dry season).
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Figure 6.
Concentration of micro plastics in river Delimi water from the entire sampling site (vainy season,).

3.6 Concentration of nonmetals (S and P)

The concentration of sculpture and phosphorus in PT4-PT16 sample locations. The
concentration of sulfur and phosphorus in sample locations PT4-PT16 are higher both
along river Delimi and Bonga (presented in Figure 8).

3.7 Concentration of metals and nonmetals

The concentration of metals and nonmetals in all sample locations. The concentra-
tion of metals is higher in all the sample locations from PT1-PT16 both along river
Delimi and Bonga (Presented in Figure 9).

3.8 Concentration of heavy metals (Mo, Cu, Pb and Zn)

The concentration of heavy metals n all sample locations. The concentration of
molybdenum is higher in all the sample locations from PT1-PT16 both along river
Delimi and Bonga (see Table 6 and presented in Figure 10).

3.9 Concentration of heavy metals (Ni, Co, Mn, Cr, Ba, Ti and B)

The concentration of heavy metals in all sample locations. The concentration of Mn
is higher in all the sample locations from W T1-WT16 both along river Delimi and
Bonga. The concentration of B, Ti and Ba also show high concentration (presented in
Figure 11).

3.10 Concentration of heavy metals (W, Sc, Tl, Se and Ga)

The concentration of metals in all sample locations. The concentration of metals
that are less than or equal to one in all the sample locations from WT1-WT16 both
along river Delimi and Bonga..Ba, Ce, Rb, La, Nd, Ta, Sm, Sc and Th were high
(presented in Figure 12).

3.11 Interaction between MPs and heavy metals in plants irrigated with river
Delimi water

Micro plastics particles can interact with biological and synthetic systems due to
their small size, enormous specific surface area, and high functionalization capacity,
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PT1  Tomatoes Delimi Area along Rive Delimi Solanum lycopersicum  9°55'15” N
PT2 8°53'48" E
PT3
Spinach Delimi Area along River Delimi Spinacia oleracea 9°55'15” N
8°5348"E
Banana Delimi Area along River Delimi Musa acuminata 9°55'15” N
8°5348" E
PT4  Pear Marhaba Masjd along River Delimi ~ Pyrus communis 9°55'15” N
PT5 8°53'48"E
PT6 . . . . o »
Mango Marahaba Masjd along River Delimi ~Mangifera indica 9°55'15” N
8°53'48" E
Tomatoes Marhaba Masjd along River Delimi  S. lycopersicum 9°55'15” N
8°53'48" E
PT7  Cassava Tudun Wada along River Delimi Manihot esculenta 9°54'49” N
PTS8 8°53'50" E
PT9 . .. . »
Tomatoes Tudun Wada along River Delimi S. lycopersicum 9°54'49” N
8°53'50" E
Tomatoes Tudun Wada along River Delimi Solanum 9°54'49” N
lycopersicum 8°53'50" E
PT10 Tomatoes Malam Adam along River Delimi Solanum Iycopersicum ~ 9°55 ‘45” N
PT11 8°5339"E
PT12 . . . em
Sweet Pepper Malam Adam along River Delimi Capsicum annuum 9° 55 ‘45” N
8°53'39"E
Shambo Pepper Malam Adam along River Delimi C. annuum 9° 55 ‘45” N
8°53'39"E
PT13  Sweet Pepper Barakin Kogi along River Bunga C. annuum 9% 56/35”N
PT14 8 953'04"E
PT15 . . . 0 DI~
Shambo Pepper  Barakin Kogi along River Bunga C. annuum 9" 56'35”N
8 %5304'E
Tomatoes Barakin Kogi along River Bunga Solanum Iycopersicum  9° 56'35"N
8 953'04'E
PT16 Irish Potatoes Irish Potatoes Solanum tuberosum 9°57'06”’N
PT17 8% 52/45'E
PT18 . . 0 »
Cucumber Cucumber Cucumis sativus 9” 57'06”N
8°52/45'E
Tomatoes Tomatoes S. lycopersicum 9°57'06”"N
8°52'45'E
Table 4.

Concentration of metals and non metals in plants irrigated with river Delimi water from all the sampling sites.

capable of even permeating biological membranes [3] Various sources of water and
soils contaminated with micro plastics, are the source from where plants absorb water
and nutrients.

The consumption of vegetable crops with a high level of heavy metals (Ba, Ce, Rb,
La, Nd, Ta, Sm, Sc and Th) while mercury and silver show high concentration (Hg,
Ag) (see Tables 6 and 7) due to high content of PVC in both dry and rainy season
which is a challenge to humans. This showed that the use of water from river Delimi
for irrigation may cause danger to the crops growing. Micro plastics increase cations of
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Method 1VE 1VE 1VE 1VE 1VE 1VE 1VE
Analyte Ca Mg K Na Al P S

Unit % % % % % % %

MDL 0.01 0.001 0.01 0.001 0.01 0.01 0.01
PT1 0.2 0.224 5.14 0.283 0 0.72 0.25
PT2 3.08 0.762 6.53 0.017 0.1 0.34 0.34
PT3 0.03 0.15 1.63 <0.001 <0.01 0.16 0.1
PT4 0.09 0.097 2.33 0.002 <0.01 0.22 0.16
PT5 0.16 0.081 1.24 0.005 <0.01 0.14 0.12
PT6 0.26 0.316 6.05 0.403 0 0.58 0.33
PT7 0.06 0.063 1.28 0.002 <0.01 0.25 0.07
PT8 0.17 0.263 5.79 0.188 <0.01 0.75 0.34
PT9 0.26 0.224 471 0.036 <0.01 0.57 0.25
PT10 0.29 0.213 2.8 0.014 <0.01 0.51 0.41
PT11 0.1 0.176 2.98 0.018 <0.01 0.41 0.27
PT12 0.08 0.194 3.97 0.032 <0.01 0.4 0.2
PT13 0.13 0.263 6.22 0.173 0 0.57 0.29
PT14 0.04 0.13 2.45 0.035 <0.01 0.31 0.2
PT15 0.45 0.272 5.2 0.040 <0.01 1.02 0.27

Table 5.

Concentration of heavy metals in plants irrigated with viver Delimi water from all the sampling sites.

Metals Concentrations in Plants Irregated with River Delimi

Water Jos
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PTIL pT12 pryg —
PT1
Sample Stations
Figure 7.

Concentration of metals in plants irrigated with river Delimi water from the entire sampling site.

Na*, Ca** and decrease K*, Mg®" and Fe concentrations. Fragment, fiber shapes were
identified in the surface water of the rivers, with fragment shape having the highest
occurrence. The distribution of the plastics was as follows: polyethylene terephthalate
(PET) - 22.65%, polyvinyl chloride (PVC) - 50%, others — 27.35% (Dry season),
(PET) - 18.20%, polyvinyl chloride (PVC) - 80,50%, others — 11.70% (Rainy season)
[35]. Estimated that humans are exposed to about 27 types of micro pollutants by
consuming fruits and vegetables derived from irrigation water contaminated with
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Nonmetals Concentrations in Plants Irregated with River
Delimi Water
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Figure 8.
Concentration of nonmetals in plants irrigated with river Delimi water from the entire sampling site.
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Figure 9.
Concentration of metals and nonmetals in plants irvigated with river Delimi water from the entire sampling site.

these compounds [36], indicates that the concentration of micro plastics. Environ-
mental factors may indirectly exert influence on MPs by changing biofilm structures
on the MPs surface [10] found that nutrient salts, total nitrogen, total phosphorus,
and pH have a greater influence on colony structure, while MP physical and chemical
properties such as particle size and contact angle have less influence. Both MPs and
heavy metals can accumulate at high level in the environment and consequently
contaminate the food. Many studies have shown that MPs can absorb and release
heavy metals, and their combined exposure may pose a potential threat to ecological
system and human being [37].

3.12 Effects of environmental factors on interactions between MPs and
physicochemical parameters

The result of physic-chemical properties has been evaluated with a statistical test.
The result computed between physicochemical properties as it affect the concentra-
tions of different micro plastic formed in River Delimi presented in Figures 1-4. The
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Method 1VE 1VE 1VE 1VE 1VE  1VE 1VE 1VE 1VE
Analyte Mo Cu Pb Zn Ag Ni Co Mn Fe
Unit ppm ppm ppm  ppm ppb ppm ppm ppm %
MDL 0.01 0.01 0.01 0.1 2 0.1 0 1 0.001
PT1 1.02 12.49 0.76 33 4 11 0.2 14 0.009
PT2 171 9.5 4.45 89 19 1.4 0.5 48 0.08
PT3 0.54 6.65 0.03 8.5 <2 0.3 <0.01 5 0.003
PT4 0.18 11.71 0.06 29 <2 12 0.4 4 0.005
PT5 0.04 2.06 0.12 11 <2 0.3 0 17 0.005
PT6 1.29 14.52 0.27 101 8 0.5 0.2 19 0.013
PT7 0.02 4.71 0.38 2 <2 25 0.3 8 0.003
PT8 1.58 12.56 0.24 40 7 0.8 0.1 15 0.012
PTY 0.76 17.55 0.14 40 4 11 0.1 19 0.01
PT10 0.26 17.76 0.12 47 2.7 0.2 44 0.011
PT11 0.38 11.87  0.06 2 <2 1.6 0.4 20 0.006
PT12 037 1097  0.08 31 5 11 0.2 23 0.008
PT13 2.32 15.37 0.15 333 6 0.4 0.11 20 0.012
PT14 0.11 10.6 0.1 26 4 0.4 0.1 8 0.005
PT15 3.41 8.5 0.18 32 5 11 0.07 6 0.009

Table 6.

Concentration of heavy metals in plants irrigated with viver Delimi water from all the sampling sites.
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Concentration of Mo,Cu,Pb and Zn in Plants Irregated with River
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Concentration of heavy metals in plants irrigated with viver Delimi water from the entire sampling site.

concentration of physical parameters were statistically tested. The result showed
different environmental factors interactions between physicochemical parameters
and micro plastics(MPs). This study considered the following factors:. Temperature,
pH, electrical conductivity (EC) contact time, ionic strength, and particle size. As for
the temperature, in this study the temperature range from 20 to 23°C (Figure 3), the
general opinion is that high temperature will benefit the adsorption of heavy metals
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Concentration of Ni,Co,Mn,Cr,Ba,Ti and B in Plants Irregated with River
Delimi Jos
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Figure 11.
Concentration of heavy metals in plants irrigated with viver Delimi water from the entire sampling site.
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Figure 12.
Concentration of Heavy Metals in Plants Irrigated with River Delimi Water from the Entire Sampling Site.

on MPs [10, 38]. The possible explanation for this observation is that the adsorption
process is an endothermic reaction; thus, the spontaneity of the adsorption process
may increase with the increase of temperature.The pH, in the study area range from
8.2 t0 9.9.The pH is greater than 7.(pH < 7) and metal ions were considered to
precipitate under alkaline conditions. The pH can significantly affect the adsorption
capacity of MPs to heavy metals. pH is very important for mobility because metal
availability is low when pH, is around 6.5 to 7, MPs will not interact with heavy
metals. Generally, increased pH level results in increased adsorption capacity for
heavy metals. The absorbed heavy metals released with the change of pH in water
(see Tables 1 and 2).

3.13 Challenge of Microplastis to human health

The increasing amount of heavy metals has caused an imbalance in aquatic eco-
systems and the biota growing under such habitats accumulate high amounts of heavy
metals (Cu, Zn, Cd, Cr, and Ni ) which are being assimilated and transferred within
food chains by the process of magnification. Many researchers tried to use different
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Method 1IVE 1VE 1VE 1VE 1VE 1VE 1VE 1IVE 1VE 1VE 1VE

Analyte Cr Ba Ti B w Sc Tl Hg Se Te Ga

Unit ppm  ppm ppm ppm ppm ppm  ppm  ppb ppm  ppm  ppm
MDL 0.1 0.1 1 1 0.1 0.1 0.02 1 0.1 0.02 0.1

PT1 2.6 7.6 14 10 <01 0.3 <0.02 95 0.1 <0.02 <01
PT2 2.8 113.6 16 20 <0.1 0.3 0.17 162 0.3 0.03 0.3

PT3 3 2.5 4 4 <0.1 0.5 <0.02 24 0.2 <0.02 <01
PT4 2.6 1 5 20 <01 0.3 <0.02 55 0.2 <0.02 <01
PT5 2.8 6.8 4 5 <0.1 0.4 <0.02 55 0.2 <0.02 <01
PTé6 2.9 5.5 12 14 <0.1 0.3 <0.02 115 0.1 <0.02 <01
PT7 3 6.4 5 2 <0.1 0.3 <0.02 23 0.2 <0.02 <01
PT8 2.9 4.9 14 1 <0.1 0.3 <0.02 135 0.2 <0.02 <01
PT9 3.2 111 10 9 <0.1 0.2 <0.02 125 0.2 <0.02 <01
PT10 2.9 8.2 9 <0.1 0.2 0.4 220 0.1 <0.02 <01
PT11 33 3.3 7 9 <0.1 0.4 0.42 156 0.1 <0.02 <01
PT12 31 9.7 7 8 <01 0.4 <0.02 116 0.2 <0.02 <01
PT13 2.9 25 9 12 <0.1 0.2 <0.02 87 0.2 <0.02 0.1

PT14 3.1 13 6 4 <0.1 0.5 0.06 35 0.2 <0.02 <01
PT15 2.6 16.3 14 8 <01 0.4 0.04 116 0.1 <0.02 <01

Table 7.

Concentration of heavy metals in plants irrigated with viver Delimi water from all the sampling sites.

test methods or models to assess the potential human health risks of MPs. The results
showed that physicochemical parameters concentration in River Delimi undergo
changes due to micro plastics concentration.

River Delimi water has moderately interacted with microplastics. Physicochemical
parameters especially heavy metals,bond to the microplastic. Emphasis should be
placed on protection of river Delimi considering its sensitive nature of its use for
irrigation and addition of value to food chain, toward reducing micro plastic
interaction with physicochemical parameters.

4. Conclusion

The observed interaction between physicochemical parameters and micro plastics
in Delimi River is a general one affecting the majority of inland waters of Nigeria. It is
evident that, there is a serious problem with micro plastic interaction in River Delimi
and its environs. The reason is mainly as a result of population increase in the Jos
metropolis leading to enormous solid wastes generation. The use and throw away
attitude of the residents have contributed immensely in the quantity of plastic gener-
ated every day. Physicochemical analysis and interaction with micro plastic items can
contribute to the water pollution: that is used for irrigation of crops planted within the
proximity of River Delimi.
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Chapter 8

Microplastics Derived from
Commercial Fishing Activities

Tore Syversen and Grethe Lilleng

Abstract

Ordinary fishing activity is a source of microplastics to the sea that is often
overlooked and scarcely reported in the literature. In this paper, we estimate the
number of microplastics in the ocean that originates from the wear and tear of
different fishing gear used during ordinary, commercial fishing. The wear comes
mainly from rope abrasion caused by the haulers and gear dragged along the sea bot-
tom. The types of fishing gear considered are pots, gillnets, longlines, Danish seine,
and trawls. Our calculations show that about 208 tons of microplastics are produced
annually from the Norwegian fishery. Globally, it sums to 4 622 tons annually.
However, the calculations have several questionable parameters, and these numbers
must be considered a first rough estimate of the generated microplastics. More
research is needed to get better estimates, particularly regarding trawl dolly ropes.

Keywords: microplastics, wear and tear, gillnet, crab pots, longlines, Danish seine,
trawls, fishing ropes

1. Introduction

Plastic pollution in the sea is a widespread problem that has gained much focus
recently. One of the most prominent sources of this pollution is fishing gear accounting
for about 18% of the total marine plastic debris [1]. This plastic pollution causes lots of
damage to the wildlife in and around the oceans. Some review papers discussing this
damage are [2-8]. Furthermore, several studies have reported on the occurrence of
microplastics in marine animals from the Middle East [9], Europe [10-15], Asia [16],
South America [17], Africa [18], and Australia [19].

This chapter reports the plastic pollution caused by fishing gear during ordinary
fishing activities, that is, wear and tear from the plastic ropes due to sea bottom contact
and abrasion caused by the hauling equipment. Modern fishing gear is composed of dif-
ferent plastics, with polyethene (PE), polypropylene (PP), and polyamide (PA) being
the most widely used [1]. These plastic ropes are worn during everyday use and regu-
larly replaced when the wear gets too high. The amount of microplastics originating
from fisheries is difficult to estimate, and the literature reports very little on the subject.
However, a recent report from the University of Plymouth states that the total number
of microplastic fragments in the oceans originating from the use of fishing gear in the
United Kingdom can range from 326 million to 17 billion pieces annually [20]. Another
study from the University of Alicante shows that the concentration of microplastics in
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marine sediments on the coast of Spain is higher close to the three coastal fish farms
investigated [21]. There are also other sources of plastic pollution caused by fishing that
we do not consider, such as lost and abandoned gear that remains in the ocean indefi-
nitely. Lost and abandoned gear causes severe problems, such as ghost fishing [22] and
entanglement [2]. A recent report claims that lost and abandoned fishing gear contrib-
utes to more than 45000 tons of plastic pollution annually [23].

The objective of this chapter is to determine the number of microplastics in the sea
originating from fishing gear globally. Due to the complexity, it must be considered
a first approach, aiming for better and more accurate calculations in the future. We
omit small-scale fishing and consider commercial fishing only, that is, fishers having
a quota and regularly delivering catch registered in the catch statistics.

2. Methodology
2.1 Causes of wear on fishing gear

The leading causes of fishing gear wear are abrasion with the sea bottom and
hauling equipment. Specifically, ropes and nets dragged along the seafloor create
heavy wear on trawls and Danish Seine ropes, and for these gear types, it is common
to change the parts that are in contact with the sea bottom after 1-2 years and in some
cases even more often. The extent of wear depends on the seafloor condition, mean-
ing that a rocky bottom creates much more wear than a sandy bottom.

Another significant cause of abrasion is the onboard hauling equipment.
Hydraulic net haulers, as shown in Figure 4, or net drums are the two most common
haulers in use, and for both, the heavy stress caused by the ropes pressing toward the
equipment causes abrasion that gradually tears down the ropes. For the net hauler, the
rope is squeezed between two plates, creating even more stress on the rope.

In addition to the gradual abrasion caused by contact, plastic ropes also get
degraded by other causes. The most common is UV radiation, leading to the fragmen-
tation of the plastic fibers. Fishing gear is constantly exposed to UV radiation, and
proper storing of the gear is essential to prevent degradation. In addition, fragmented
plastic ropes have accelerated wear when in contact with the hauler or the seafloor.
According to a study from the United Kingdom, plastic ropes lying in the sea at 10 m
depth lose an average of 0.39% (PP), 1.02% (PA), and 0.45% (PE) per month caused
by abrasion due to UV radiation [24].

Also, gear dragged in the water wears due to the friction force between water and
gear. This effect is much less than bottom contact but still significant, combined with
the fragmentation effect caused by UV radiation. However, dragging occurs mainly
during hauling, and the hauling equipment is considered a much more significant
source of depletion.

2.2 Methodological approach

The research and reports on the wear and tear of fishing gear are scarce. Thus,
we need to establish a methodology we can use to approach the solution. Due to the
complexity, it requires an enormous effort to get exact numbers of microplastics
generated from fishing gear. Instead, our goal is to get a rough estimate of the number
of microplastics in the sea to get a feeling of how severe the problem is and determine
which fishing gear causes the most pollution.
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For each fishing gear considered, we interviewed five fishers to get basic information
on their use of the gear. This information includes the average number of gear in use, the
length of the ropes, the average lifetime, and their estimate of the wear and tear when
the gear is replaced. In addition, we checked some of these figures against the sales
figures from leading gear manufacturers. Furthermore, the Norwegian statistics for
fisheries [25] provide the number of vessels for each fishing gear and their total catch.

Additionally, we collected samples from dispatched gear, mainly seine ropes and
longlines, and measured the diameter and weight of the ropes to calculate the deple-
tion. These calculations were then compared with the information from the fishers,
further providing a better estimate of the wear and tear. The result gives the average
percentage of wear for each type of fishing gear. We then calculate the total wear and
tear by finding the total number of gear used.

Expanding the scope to include all fishing gear worldwide is indeed a challenging
exercise. Unfortunately, an overview of all fishing vessels and their gear is not readily
available, nor are the conditions for their fishing. Therefore, we must settle for rough
estimations. We have statistical data for the global catch produced by FAO since 1950
[26], and our first approach is to use this data and assume the same conditions apply
to other nations than Norway. In this way, we assume the amount of microplastics
generated per ton of fish is equal for every nation. Using the statistical data from FAO
[26], we find that Norway accounts for about 3.0% of all catches worldwide, which is
a starting point for our calculations.

3. Danish seine

In a recent report, we have described the plastic pollution caused by the Danish
seine fishery [27]. Therefore, we do not go into detail but briefly describe this fishing
gear and the main findings. For details, we refer to [27].

3.1 Usage and causes of wear

The Danish seine comprises a conical net with rope arms at each side. The ropes
usually have a steel wire core since they must withstand heavy forces when dragged
along the seabed. Several variants of this fishing method exist, including the original
Danish seine method, called Anchor seining. Other methods are fly-dragging, also
called Scottish seine, and tow-dragging, also called the Japanese method. For all of these
variants, the rope arms are dragged along the seabed while the net wraps around the
catch. The rope arms may be several kilometers in length. The sea bottom contact tears
heavily on the ropes, and usually, the fishers replace them after 18 months. This replace-
ment rate may be specific for Norway and possibly differ for other countries’ fisheries.

3.2 Calculated wear

By comparing the weight of new and used seine ropes, we estimate the loss due
wear and tear. Furthermore, based on interviews with the fishers, we get statistics on
the ropes used. We calculate the annual wear on the Danish seine fishery in Norway
to be 77-97 t plastic. These figures depend on several factors, such as the average life-
time, sea bottom conditions, stretching of the ropes, and the average rope arm length
and number of seine in use. In other words, there are many possible sources of error,
but we believe we are close to the actual value. Then, by finding the number of vessels
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in use for other countries and assuming the same wear is also valid, we estimate the
annual worldwide plastic pollution from seine fishery to be about 311 t [27].

4. Bottom trawl
4.1 Usage and causes of microplastics

Bottom-trawl fishing, i.e., beam trawls, otter trawls, and dredges, is used world-
wide and provides about a quarter of the marine catch [28]. A rich body of literature
assesses the impacts of sea bottom trawling on benthic invertebrate disturbances and
seabed alterations [29, 30]. However, research on the wear and tear of sea bottom
trawl remains relatively understudied.

In Norway, the rockhopper ground gear has been commonly used in the sea
bottom trawl fisheries for the last 30 years. In contrast to the previously used bob-
bin ground gear, the rockhopper has shown improved catch efficiency for Haddock
(Melanogrammus aeglefinus) and Atlantic Cod (Gadus morhua) due to its increased
contact with the seabed [31].

The trawl comprises trawl doors, bridles, sweeps, and ground gear (rockhopper).
The fish is caught by dragging the trawl net along the seabed. The water is released
through the net mesh, and the fish remains in the trawl bag. The ground gear consists
of steel and rubber, while the wipers and doors consist of steel. Dolly ropes or other
protective ropes used to protect the net consist of bundles of plastic (PE) threads.
The ground gear discs are made from old dump truck tires and threaded onto heavy
wires or chains. The most common are discs of 21 inches in diameter, but on the rough
seafloor or when fishing for halibut, the discs can be 24 inches. The material composi-
tion of a standard dump truck tire is approximately one-third natural rubber, while
the rest is a mixture of synthetic rubber and filler.

The lifespan of a sea bottom trawl depends on several factors, such as seabed
composition, trawl type, traction speed, and local hydrodynamic forces (i.e., cur-
rent). However, the seabed condition, like the roughness, is the decisive factor in how
quickly the trawl components wear. Areas with fungus, followed by stone or rocky
bottoms, are abrasive, while clay is the most gentle seafloor type. It is difficult to esti-
mate the wear and tear on the trawl net itself. The line is rarely so worn that it peels
off. Before this occurs, sections are exchanged or the line repaired. Fishers replace the
protecting net regularly, but exact replacement rates are challenging to obtain from
fishers and manufacturers. However, it is possible to estimate wear on the ground
gear, which the fishers replace when worn out.

4.2 Calculated wear

To calculate the annual mass loss from the rockhopper gear, L, we use the following

equation:
12
w,.N,N,P, — 1
disc™ Y tw” Yot w LT ( )

Here, Nyjs is the number of discs at the rockhopper, Wy is the weight of each
disc, Ny, is the number of trawls in use, N, is the number of vessels, P,, is the
average percentage wear when replaced, and LT is the average lifetime in months
(Figure1).

Lvh :N

disc
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Figure 1.
Worn-out rockhopper gear (a) and dolly rope used to protect the trawl (b). Photo: SINTEF.

In conversations with Norwegian shipping companies and gear manufacturers,
Norwegian vessels mainly use 21-inch discs weighing between 20 and 23 kg, depend-
ing on the manufacturer. Thus, in the calculations, we used a weight per disc Wy;q.
= 21 kg. Gear has five sections, two starboards, two ports, and one center gear. Each
section consists of 21 discs, giving a total of Ny, = 105.

A rockhopper gear is touching the seafloor in all its length and thus causing
massive depletion of the gear, see Figure 1a. The manufacturers state that the gear is
replaced every 6-10 months, at which they are approximately 20% worn. However,
the fishers in our study claim the gear last longer, approximately 12-18 months, but
with more significant wear, usually 30-40%. In our calculations, we make a sober
estimate of the lifetime to 10 months for a standard gear with a percentage weight
loss of 20%. The wear is vessel-specific, so these numbers must be considered aver-
age for the fleet.

We consider only vessels that delivered more than 100 t catch during 2019, in which
case the number of vessels is 63. Half of them use twin trawl. Table 1 summarizes the
calculations on wear and tear from rockhopper gear, which is close to 50 t annually.

The protecting ropes, like dolly ropes, are also heavily exposed to wear and tear. A
Dutch research consortium, DollyRopeFree, has reported weight loss of 10-25% after
2 weeks of use [32]. Unfortunately, they do not mention from which type of trawl the
samples were taken. We have not been able to calculate the annual plastic fragmenta-
tion from dolly ropes due to a lack of information. However, there is no doubt that
dolly ropes and other protective ropes contribute to plastic debris in the ocean on a
large scale. A worn dolly rope is shown in Figure 1b.

Ndiscs Wd.iscs Ntw 1\]v Pw LT Lrh
Single 105 21kg 1 32 20% 10 months 169t
trawl
Twin 105 21kg 2 31 20% 10 months 328t
trawl
Total 49.7t
Table 1.

Calculated annual mass loss from rockhopper gear.
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4.3 Trawling worldwide

Unfortunately, there are no registrations on trawlers worldwide, making it difficult
to estimate the global share of microplastics from this gear. Also, the catch statistics are
difficult to use since they are sorted by species, not gear type. Therefore, acknowledg-
ing that the Norwegian catch share is about 3% is the only way, we can now estimate
the global loss. Hence, using the Norwegian numbers for trawl and dividing by the
Norwegian share, we end up with a total global microplastic loss due to trawls of 1 656 t.

5. Gillnets
5.1 Usage and causes of microplastics

Gillnets are the most important commercial fishing gear for the Norwegian coastal
fleet, where cod (Gadus morhua) and saithe (Pollachius virens) are the most important
target species. In 2019, 74 864 t cod and 32 032 t saithe were caught using this gear.

A gillnet consists of the float line, the lead line, and the netting. The float and lead lines
usually consist of polypropylene and polyethene, but the lead line also has lead inside the
core to make it sink. In addition, a drop line connects to a buoy at the sea surface. The drop
line consists of polypropylene and polyethene at the lower part and polyester at the upper
part. The netting consists of single or multistrand monofilament nylon.

The lifetime of a gillnet is highly variable and based on geographical location,
vessel size, and hauling frequency, which in turn depends on the type of fishing. For
example, some vessels fish all year round and replace a thousand nets yearly. Others,
who only operate during the cod season, may replace the net each 4-5 years, or even
after10 years. Also, as for the trawl, there are significant variations in the lifetime
depending on the seabed quality.

Drop and float lines are rarely in contact with the seafloor, and abrasion mainly
occurs during hauling and setting. Although it is challenging to calculate wear and
tear solely from the hauling equipment, gillnet fishing at great depth causes more
significant stretches and squeezes during hauling than fishing in relatively shallow
waters. Blue halibut is one of the species caught at such great depth. Lead lines, on
the other hand, are more prominent to wear and tear due to their contact with the
sea bottom. Figure 2 shows an example of a worn-out lead line (a) and a typical
gillnet hauler (b). The ropes are squeezed between two plates at the hauler, creating

Figure 2.
Worn-out lead line (a) and a typical gillnet hauler (b). Photo: SINTEF.
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significant abrasion. Another common type of hauler is the drum winch, which also
creates abrasion of the ropes but is much more gentle.

5.2 Calculated wear and tear

To estimate the wear and tear on gillnets, we need knowledge of several param-
eters, such as the average number of gillnets per vessel, the thickness of the ropes, the
average lifetime, and the average percentage mass loss. We got these numbers from
our interviews with fishers, confirmed by information from gear suppliers.

On average, a fisher has 200 gillnets consisting of netting, lead, and float lines.
They are tied in strings of different lengths, where the length of each component is
275 m. The total length (Lg) of all 200 gillnets is 5500 m. In addition, a fisher has
2000 m of drop lines on average. For the netting, the weight is 2.2 kg for one net,

i.e., the complete 27.5-meter length, giving a weight per meter (W,,) of 80 g. For the
drop line, 14 mm is the typical diameter, weighing 88 g per meter. For the float line,
a 15 mm rope is used with a weight of 100 g per meter, and for the lead line, a 12 mm
diameter is used with a weight of 73 g per meter, excluding the lead.

Next, we have to estimate the annual loss percentage. The fishers estimate a percent-
age loss, Pp, of about 8% when the ropes are worn out, and for the average lifetime (LT),
they estimate 15 years for lead lines, 20 years for float lines, and 25 years for drop lines.
The numbers are based on an average of 40-60 trips per year. The netting is replaced
every 4 years on average. The netting often gets stuck in rocks at the sea bottom, creating
holes and small pieces that are torn apart. Due to this, it must be replaced more often. We
estimate a loss percentage of 3%, giving an annual loss percentage of 0.75%. To calculate
the annual loss (L) for each component, we then use the following formulae:

L=N,LW,P, /LT @)
Table 2 shows the calculated loss per component and vessel and the total loss per
fleet. According to the Norwegian statistics for fisheries [25], the number of vessels
using gillnets is Ny = 1472.
5.3 Gillnets worldwide

Gillnets are perhaps the most used fishing gear worldwide. However, in many
areas, there are differences in use from the Norwegian method described above.

Lg (m) W, (kg) W (kg) P LT (years) Ly (kg) L (kg)
Lead 5500 0.073 401.5 15% 15 4.02 5910
lines
Float 5500 0.1 550 15% 20 413 6072
lines
Drop 2000 0.088 176 15% 25 1.06 1554
lines
Netting 5500 0.08 440 3% 4 33 4 857
Total 18 394

Table 2.

Calculated annual microplastics loss from gillnets per vessel and total per fleet.
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Smaller boats are typical, with other types of equipment and ropes with other dimen-
sions. Therefore, estimating the global amount of microplastics based on Norwegian
numbers is very challenging. Our approach is to use the Norwegian numbers and
divide them by the estimated Norwegian share of the total catch. Unfortunately,
the statistics are grouped on species, not gear type, meaning we cannot know the
Norwegian catch share for a specific gear type. To overcome this problem, we assume
the catch share for gillnets is the same as the total catch share for all gears in use. This
approach is a gross simplification, which we have to keep in mind.

According to FIGIS [26], Norway accounts for 3.0% of the total catch of marine
and diadromous species. Thus, the global amount of microplastics generated from
gillnets estimates to 613.1 t.

6. Pots
6.1 Usage and causes of microplastics

Crab pots are tied in strings, but the number of pots in each string varies on the
type of fishery. They come in many different shapes, but the basic idea is to trap the
crabs inside the pots. King crab pots are collapsible to ease storage, and Snow crab
pots are conical so that they can be stacked.

In Norway, we have identified 426 vessels catching crabs based on the criteria that
they have landed more than 400 kg per year. On average, we assume 15 strings with 15
pots per string, based on the interviews with fishers. The pots usually stand at 30-40 m
depth with 20 m spacing. In addition, we have 772 vessels fishing for King crab in the
northern part of Norway. For King crab, the depth is about 200 m, which causes more
stress and more wear on the ropes during hauling. The typical rope diameter is 10 mm.
There are different rope qualities, mostly polypropylene, polyethene, or nylon.

Fishing for snow crab takes place in the Barents Sea (Norwegian and Russian
fishers) and the Northwest Atlantic and North Pacific, usually at depths of 220-300
m. A large number of pots in the string is typical for snow crab fishery, usually 200 on
average. The ropes typically have a diameter of 22-24 mm due to the heavy stress they
are exposed to. Thus, the rope thickness and number of pots are unique for this type
of fishery. The pots have a conical shape, as seen in Figure 3a. A vessel fishing for
snow crab may have 35 strings and thus a total of 7500 pots.

The hauling equipment is the most significant cause of wear and tear on the drop
line and the connecting ropes between the pots. Ropes are hauled quickly from a depth
of 220-300 m, causing significant abrasion. The winch also contributes to wear and
tear on the ropes, pulling the ropes backward and through the boat to the bins behind.

Also, the plastic coating around the steel cracks during use, but there are signifi-
cant differences in the quality and how much it cracks. Some of the cheaper pots are
of low quality and tend to rust. When the iron rusts, the plastic coating explodes, as
seen in Figure 3b, releasing large plastic flakes into the sea. We do not include the
plastic originating from this coating in our calculations.

6.2 Calculated wear

To estimate the wear on the ropes, we distinguish between Snow crabs and other
crabs and lobsters. Then we find the number of vessels involved in both categories
and estimate the length of the ropes based on the average number of strings and pots
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Figure 3.
Snow crab pot (a), with cracked coating (b). Photo: SINTEF.

in each string. Finally, we estimate the average wear percentage based on fishers’ and
manufacturers’ information.

For crabs and lobsters, the total number of vessels involved in Norway is 1198,
half of them catching King crab. The average number of pots at each vessel depends
on the type of crab, but we use 100 pots divided into 10 strings with 10 pots each. The
distance between each pot is 20 m, and the drop line length is 50 m on average.

For snow crabs, there are only nine active vessels. After dialogue with the fisher-
men, we estimate an average of 7000 pots, spread over 35 strings with 200 pots in
each string. The typical distance between each pot is 30 meters. The drop line at each
end of the string is usually three coils of 110 meters.

To calculate the total length of ropes (Lg) for the whole fleet, we use the following
formula:

L,=N,N, [Ld +(N, —1)L,,] 3)

Here, Ny is the number of vessels, N is the average number of strings, N;, is the
number of pots in a string, Ly is the dropline length, and L; is the rope length between
the pots in the string. The above information is summarized in Table 3, where the
length calculations are based on Eq. (3).

Finally, we calculate the annual mass loss (L) due to wear and tear from Eq. (4):

L=W,L,P, 4)

Here, W, is the rope weight per meter, and Py, is the annual percentage loss.
Finally, Wt in Table 4 is the total rope weight. In particular, the annual loss percent-
age is challenging to estimate. However, the results from [24] can be used as a starting
point. The ropes are mainly PP/PE, and [24] suggests a monthly mass loss of 0.4% for
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Category Nv Np Ng L; Lq Lg (m)

Snow crab 9 200 35 30 660 2088 450

Other crabs 1198 10 10 20 50 2755400

Lobster 50 5 10 20 50 65000
Table 3.

Calculation of the total rope lengths in meters for crab fishery in Norway.

Category Wi, (kg) Lg (m) Wr (kg) P L (kg)

Snow crabs 0.259 2088 450 540 909 2.5% 13523

Other crabs 0.045 2755400 123993 1.5% 1860

Lobster 0.045 65000 2925 1.5% 44

Total 15427
Table 4.

Calculation of the annual amount of microplastics due to crab fishing in Norway.

such ropes just by lying in the sea. Additionally, the haulers contribute significantly
to this loss. Since the ropes are not constantly in the sea, and their lifetime often is
10 years or more, we estimate an annual loss percentage of 1.5% for crab and lobster
pots. The loss is set to 2.5% annually for snow crab ropes since the stress is much
higher. The results are then summarized in Table 4.

6.3 Pots worldwide

Crabs and lobsters are caught all over the world. Asia is the most significant area,
with China and Indonesia as the leading nations. For lobster, Canada is the primary
nation.

In Norway, King crab and Snow crab (Queen crab) represent a significant source
of income for the Norwegian seafood industry and are commercially more valuable
than other crab types. Worldwide, Canada is the leading nation in fishing for Snow
crab, but the USA, Japan, Russia, and Greenland are also active nations. However,
there are significant differences in the use of snow crab pots compared with other
pots, as previously explained; hence, we consider them separately. Table 5 shows the
crab catch in 2019 divided by type and area. Worldwide, snow crabs account for only
13% of the total crab and lobster catch.

The total catch of Snow- or Queen crabs worldwide is 116 748 t. Out of this,
Norway accounts for 3.5%. The total catch for crabs is 1 461 581, and the majority is
from Asia. Norway accounts only for 0.5% of the total crab catch. Finally, the total
lobster catch is 320 057 t, where Norway accounts for 0.1% of the catch.

To estimate the total global generated microplastics from crab fishery, we use
data from Table 5 and divide by the Norwegian share. The results are shown in
Table 6.

In Norway, fishing for Snow crabs is the main contributor to microplastics, even
with a small number of vessels involved. However, other crabs account for the more
significant part of the wear and tear worldwide. The global amount of microplastics
originating from the crab fishery is 802.2 t.
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Total Africa Asia Oceania America Europe Norway
Snow 116 13 89 678 13870 4049
(Queen) 748 200
crab,
catchin
tons
Other 1461 42380 1 1762 180 072 151 840 7078
crabs, 581 085
catch in 526
tons
Lobster, 320 16 966 15 13 845 208 041 65298 433
catchin 057 907
tons
Table 5.
Crab catch in 2019 divided by type and area — derived from [26].
Category Microplastic loss in Norway Norwegian share Annual worldwide
(kg) microplastic loss (kg)
Snow crab 13523 3.5% 386 363
Other crabs 1860 0.5% 371979
Lobster 44 0.1% 43 875
Total 15 427 802217
Table 6.

Annual worldwide microplastics generated from cvab fishery.

7. Longlining

In longline fishing, we distinguish between three different modes of operation:
bottom longline, surface longline, and autoline. In Norway, autoliners in the high
seas account for 70% of the total catch. This fleet consists of 20 vessels, and the total
annual catch in 2019 from this segment was 57 428 t. Target species are demersal fish,
such as cod and saithe.

A longline consists of a long rope (the mainline) attached to branch lines with
hooks. The mainline is a multifilament line (polyester and polyamide) consisting of
three or four cord sections twisted together to form a long rope. The length can be
up to 180 kilometers. Depending on the fishery, the mainline generally ranges from
4 to 11 mm in diameter. The supply is made of polyester, but the hooks, swivels, and
stoppers are steel; see Figure 4a.

7.1 Usage and causes of microplastics

Most of the wear and tear occur during hauling. Hauling is performed by a
powered line hauler, where the rail roller guides the longline over the rail of the
ship before the de-hooker and hook cleaner remove the fish and unused bait from
the hooks. Furthermore, the twist remover takes out the twist in the line before
the hook separator guides the hook into the storage rack, where they are held in
magazines.
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Figure 4.
Autoline with stoppers, swivels, and clamps (a) and a worn-out autoline with the covds split apart (b). Photo:
SINTEF.

On a traditional autoline vessel, the hauling equipment is located on the vessel’s
starboard side. However, there has been a shift toward hauling through moonpools in
the center of the vessels. As the moonpool is placed with the lowest magnitude, it may
reduce wear on the line. However, this is only an assumption as no such research exists
in the area.

7.2 Calculated wear

To calculate the annual mass loss due to wear and tear from longlines (L), we use
the following formulae:

L=N,N,L,W,P, /LT (5)

Ny is the number of vessels in the fleet, which we get from the Norwegian statis-
tics for fisheries [25]. N is the average number of lines for each vessel, L; is the average
length of each line, Wy, is the average weight per meter, Py, is the average percentage
loss when the line is worn-out, and LT is the average lifetime. All of these parameters
were acquired through our interviews with fishers.

Additionally, we got one worn-out line, Figure 4b, which we measured to estab-
lish the mass loss. This line has been in operation for 1.5 years and has been hauled
approximately 300 times. A new line is 180 m long and weighs 16 kg. Our worn-out
line weighs 14.9 kg, thus reduced by 1.9 kg. This gives a percentage loss of 11.9%,
which coincides with what our fishers told us (12%). Measuring only one line does not
give a statistically sound result, but it underpins the statements from the fishers.

Table 7 shows the calculated loss for longlines and the parameters used for the cal-
culations Eq. (5). We split the lines into four categories as each category’s parameters
differ. The total loss from longlines sums to 37.2 t annually.

7.3 Longlining worldwide

As for gillnets, we cannot provide well-founded numbers on the usage of longlin-
ers worldwide. Typically, longlines are used to catch tuna in Japan, Taiwan, Korea,
Cuba, and Oceania. Other nations use longlines to catch halibut in the northern
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Nv N L; (m) Wi (kg) Py LT (years) L (kg)

Autoline, high 20 500 180 0.078 12% 1.5 11232

seas

Autoline, 53 80 180 0.100 12% 1.5 6105

coastal

Bottom 415 120 540 0.035 8% 4 18 824

longline

Surface 103 120 540 0.013 5% 4 1042

longline

Total 37205
Table 7.

Calculated annual mass loss for different types of longlines.

Pacific. Therefore, our best estimate is to use the method for gillnets, assuming the
Norwegian share of worldwide longline use is about 3%. In that case, the total micro-
plastics from longlining worldwide is 1 240 t.

8. Discussion
8.1 On the methodology

The methodology is based on interviews with fishers to acquire essential param-
eters we need to calculate loss from gear. The annual loss percentage is a crucial
parameter we have tried to check using different methods, such as measuring worn-
out ropes and using numbers from the literature [24]. However, the many uncer-
tainties are a weakness of the study. To get better estimates, we believe performing
comprehensive studies on different types of worn-out gear is the way forward.

For calculating the global wear and tear, we need access to the number of gears
used globally for each gear type. This may be available for some countries but is very
hard to find. In addition, statistical parameters, such as rope lengths, diameters, and
average lifetime, are necessary to perform reliable calculations for different areas. We
acknowledge that our methodology for finding the global wear and tear on fishing
gear has many weaknesses, but on the other hand, it is the best we can do for now.
Improving the methodology is an important area for future work.

8.2 The results

Table 8 summarizes the worldwide microplastics generated from the wear and
tear of the different fishing gear we have considered, together with the Norwegian
numbers. We have used the Norwegian fishing fleet as the basis for our calculations.
Although the Norwegian numbers are uncertain, we believe they, in general, are close
to reality, considering that the uncertainties may equalize each other.

The UK study [20] concludes with 326 million to 17 billion fragments of micro-
plastics from the UK fishery. It would be great to compare this to our calculations,
but unfortunately, the size and weight of a fragment are undefinable. However, their
measurements show the mass loss from haulers ranges from 12 pg to 1050 pg per
meter hauled for new and 10-year-old ropes, respectively [20], indicating that older
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Fishing gear Calculated annual microplastics Calculated annual microplastic from
from the Norwegian fishery (tons) the global fishery(tons)

Danish seine 87 311

Bottom trawl 497 1656

Gillnet 184 613

Longline 372 1240

Crab pots 154 802

Total 2077 4622

Table 8.

Summary of the Norwegian and global microplastics generated from wear and tear on fishing gear.

ropes wear more quickly than new ones. Therefore, we calculated the mass loss per
meter rope hauled based on our calculated mass loss in Norway for some gear compo-
nents worn primarily due to the hauler. The results are shown in Table 9, indicating
that for surface longlines our results are comparable to [20], whereas, for gillnets and
crab pot ropes, we are possibly underestimating the wear. Another explanation is that
the haulers used for crab pots and gillnets are of the drum types that are more gentle
to the ropes than the ones tested by [20].

For Danish seine, we have a reasonable understanding of the number of vessels
involved worldwide; hence, the total numbers are well founded. Also, the wear and
tear from the Norwegian fleet are based on interviews with fishers backed up by
measurements on worn-out ropes. Thus, the numbers presented for the Danish seine
are probably the ones best founded.

For trawls, we only consider sea bottom trawls as these are the ones contribut-
ing the most to the pollution. We do not consider Shrimp trawls as the demanded
information is more challenging to get, and these trawls do not have plastic parts
in contact with the seafloor. Yet, dolly ropes and other protective ropes are dragged
along the seafloor, contributing considerably to the total plastic pollution. Hence,
we believe that the numbers we present for trawl pollution are highly underesti-
mated. The microplastic pollution originating from dolly ropes and other protec-
tive ropes is undoubtedly a topic that needs further investigation. Also, we do not
have numbers for the worldwide use of trawlers; this is also a field in which more
research is needed.

For gillnets, we use average numbers for the number of nets per fisher. These are
based on interviews with fishers but are still questionable as the fishing fleet is large,
and there may be significant differences between fishermen. Further differences are
introduced when we consider gillnet fishing worldwide. Fishers in many countries
probably use other types of ropes than Norway, and the average number of nets is

Annual mass loss Total length Average hauls Mass loss per
(kg) (m) peryear meter hauling (pg)
Gillnet float line 413 5500 50 15.0
Crab pot ropes 1860 2755400 20 33.8
Surface longline 1042 64 800 70 2297

Tableg.
Calculated mass loss per meter hauling for some gear components.
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tough to estimate. Hence, the amount of microplastics from global gillnet fishing is a
very rough estimate, and better statistics on using gillnets globally are needed.

For pots, we split between snow crab and other types of pots due to the different
operating modes. As for the other gears considered, there are many uncertainties
in the parameters used for the calculations, with the percentage loss being the most
dubious. However, the numbers for Norway are considered well founded. For the
global loss, there are probably significant differences in how the fishery is performed,
and the average amount of pots and ropes used varies from country to country.
Therefore, our estimates for the global loss are highly uncertain, and more research is
needed to establish more accurate numbers.

Also, the main uncertainty for longlining is establishing a correct number for the
annual percentage loss. Our fishers have estimated this to be 8%, which may be cor-
rect but difficult to verify. We don’t have information on the global number of vessels
and the parameters for each type of line. Hence, our numbers for the global loss are
based on loose assumptions. More research must be performed on the global use of
longlines to get more accurate results.

9. Conclusions

Our results show that the number of microplastics originating from fisheries world-
wide is 4 622 t, which is probably a conservative estimate. We omitted some gears, like
ordinary seine, and we only considered the rockhopper gear for the trawl. Hence, dolly
ropes and trawl mats are not included, and we believe they contribute significantly to
the total amount. The number of microplastics from lost and abandoned fishing gear
is estimated to be 45000 tons [23]. This number is almost 10 times higher than our
calculation but can make sense since lost and abandoned gear are complete, not only
fragments. If correct, this suggests that the effort should be put into avoiding such lost
and abandoned gear. However, we believe that finding ways to reduce microplastic
wear and tear from commercial fishing activities is an important task too.

Despite many uncertainties, our calculations and results can provide helpful
information and are essential to highlight the topic of microplastics originating from
ordinary fishing activities. Then, we believe future research will lead to more accurate
numbers. Specifically, more research on the global use of longlines, gillnets, and crab
pots is needed, and a better understanding of dolly ropes and trawl mats is essential
since these components contribute significantly to the total pollution.
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Abstract

Microplastic contamination in the sediment of the east coast of Saudi Arabia was not
addressed by any study. The objective of this study is to obtain the first measurement
of microplastic abundance at four different beaches on the east coast of Saudi Arabia
(Khafji, Jubial, Dammam, and Salwa). Sediment samples were collected from both high
tide and low tide zone. A total of 586 microplastic particles were collected from all the
sites with an average particle size of 1.55 + 0.94 mm. The majority of microplastic par-
ticles (77%) were less than 2 mm in size. Microplastic abundance ranged from 5.5 + 1.55
t021.2 + 0.68 particle/kg (51.1 + 14.71 to 152.8 + 21.32 particle/m”) in low tide region,
and from 6.3 + 4.05 to 16.5 + 4.98 particle/kg (50.6 + 31.21 to 204.5 + 64.15 particle/m*)
in high tide region. The most dominant colors were transparent (34%) and blue (30%),
while the fiber was the most common shape (96%). Polyethylene terephthalates were
the common polymer type of fibers, while polyethylene and high-density polyethylene
were common in fragments and filaments.

Keywords: microplastic, marine contamination, sediments, Arabian Gulf, microplastic
contaminants

1. Introduction

The plastic production rate is increasing exponentially since the 1950s reaching more
than 400 million tons per year in 2020 [1]. People favor plastic over other materials
mainly because of its properties, such as durability, lightweight, and flexibility. A study
done by Ritchie and Roser in 2018 estimated that the total plastic floating on the global
ocean surface is about 269,000 [2]. Plastic polymers are often combined with an additive,
which includes chemical compounds, metals, or persistent organic pollutants (POP)
[3-5]. Some of these additives are significantly toxic to humans if ingested, inhaled, or
even during dermal contact [6]. Plastic litter can degrade or break into smaller micro-size
plastic via various routes, such as mechanical forces, UV light from the sun, biological
degradation, oxidation, or hydrolysis [7-9].

Microplastics are defined as synthetic polymer particles, that is, less than 5 mm in
diameter. The first identification of microplastic was done in 1972 by carpenter et al. in
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the Sargasso Sea in plankton net trawls [10]. Microplastic is introduced to the marine
environment either as primary or secondary microplastic. Primary microplastics are
plastic particles that are manufactured to be less than 5 mm in size. Secondary micro-
plastics are created by the fragmentation of large plastic products into smaller particles
[11]. Microplastic is usually introduced to the marine environment through wastewater,
surface runoff, or fragmentation of plastic products in landfill and coastal areas [11].
Microplastic pollution is measured in water, sediments, and organisms. In marine
environments, beaches are considered to be the reservoir of macroplastic and micro-
plastic debris [12]. They receive plastic pollution from land and transport it to coastal
water, and then open ocean. However, the fate of microplastic spatial distribution is
uncertain and it depends on several factors: (1) chemical structure of microplastic, (2)
seawater density, (3) weather, (4) microplastic additives, (5) polymer type, (6) ecologi-
cal impact, and (7) fragmentation ability [13, 14]. Rivers are also considered a major
source of microplastic contamination in the marine environment, and this is because
they usually pass through several urban areas before discharging into the ocean [15].
Microplastics can interact with marine organisms mainly through ingestion due
to their small size similar to organisms’ natural food. Several studies were done to
measure microplastic contamination and risk in microorganisms [10, 16, 17], fish
and mammals [18-21], and birds [22]. It was found by scientists that biota exposed
to microplastic will have negative health effects, such as decreasing food consump-
tion [23], decrease in weight [24], growth rate [25], and fertility [26]. In the aquatic
environment, bivalves are the most commonly used organism in the labs for exposure
studies [27]. Also, because of their filter-feeding behavior, bivalves are used in several
studies as a bioindicator for microplastic contamination [28].

2. Study area

Arabian Gulf is an important sea to the surrounding countries due to the existence
of huge oil and gas reservoirs, supplying the countries with domestic water through
desalination plants, and because of its richness in a variety of biological resources that
supply the countries. Saudi Arabia has a coastline of around 800 km long on the Arabian
Gulf starting from Khafji and ending in Salwa Bay [29]. The kingdom’s territorial water
covers an area of 27,050 km?, which is more than 10% of the total Arabian Gulf area
(240,000 km?) [30]. Arabian Gulf is considered one of the most stressful environments
for marine organisms due to its high salinity caused by the high temperate and low pre-
cipitation rate [29]. The gulf is a semi-enclosed sea surrounded by arid lands in the west
and the Zagros mountains in the east and connected to the Indian Ocean through the
Straits of Hormuz. The average depth of the gulf is 35 m and reaches a maximum depth
of 100 m near the Straits of Hormuz [29]. The circulation in the Arabian Gulf is coun-
terclockwise mainly driven by wind, and thermohaline [29]. A model of the gulf was
created by Yousef Alosairi et al. [31] using a three-dimensional numerical model estuary,
lake and coastal ocean model (ELCOM) which shows that the flushing time along the
Arabian coast is more than 3 years, a slow process compared to other seas. The Arabian
Gulf is surrounded by eight developing countries, including Saudi Arabia, Bahrain,
Qatar, United Arab Emirates, Oman, Kuwait, Iraq, and Iran. Each of these countries has
several cities and projects along the Arabian Gulf coastline, such as desalination plants,
treated sewage disposal, nuclear plants, and many oil and gas production industries.

Only 17 published studies related to microplastic were done in the Arabian Gulf
in which most of which are on Iranian coasts and the Strait of Hormuz. Therefore,
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Figure 1.
Location of the four different beaches on Saudi Arabia’s east coast.

the objective of this study is to characterize and compare microplastic contamination
in the sediment at Saudi Arabia’s east coast at four different beaches (Khafji, Jubail,
Dammam, and Salwa Bay) (Figure 1). By measuring the following parameters:

* The microplastic abundance will be reported as particle/kg of sand, and particle/m”.
* The microplastic size will include sizes from 5 mm down to 1 mm.

* The microplastic shape which usually classifies as fragment, foam, fiber, or pellet.

* Microplastic polymer types will be identified using ATR-FTIR.

3. Methodology
3.1 Sampling

To have a representative sample, samples were collected from beaches that were not
developed and prepared for recreational purposes. The sand of recreational beaches usu-
ally is replaced or cleaned on regular basis. Therefore, it is recommended to sample from
the original uncleaned sand. Moreover, low tide (LTZ) and high tide (HTZ) zones must
exist and be identifiable in the sampling site to achieve our sampling objective. Northing
and easting coordinates were recorded for each sample using global positioning system
(GPS). Six samples were collected from each beach of which three samples were from
the high tide zone (HTZ), and three from the low tide zone (LTZ). A wooden quadrat
with 50x 50 cm was used for sampling with a small metal shovel. After removing the
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debris and other liters, the top 5 cm sediment within the quadrat was collected in a metal
bucket, weighted, and covered with foil aluminum. Then, 2 kg of each sample was filtered
through 5, and 0.5 mm mesh-size stainless steel sieves. The remaining sand in between the
sieves was collected in labeled glass bottles and sent to the lab for the next steps.

3.2 Sample preparation

The density separation method was used to separate microplastic from the sand.
Sodium Chloride salt (NaCl) was added gradually to a beaker filled with distilled
water. The beaker was placed under a magnetic stirrer for continuous stirring. NaCl
was added to the distilled water up to saturation point when the salt is not dissolving
in the water anymore. To confirm the density of the brine, the weight of 1 L of brine
was measured which was around 1.18 g/cm”. Sand samples were extracted from the
glass bottles into a stainless-steel container using a stainless-steel spoon and distilled
water to make sure all the samples is collected. Brine was filtered through 100 pm mesh
and then added to the containers using a volume equal to two to three times the sand
volume to submerge the sample. Sand then was stirred for 5 minutes to allow light
components like microplastics to float. The container then was covered with aluminum
foil and kept for 24 hours to settle. After 24 hours, the brine in the samples along
with the supernatant material was filtered through 100 pm stainless-steel mesh. The
materials caught in the mesh were then washed using distilled water into a glass beaker.
Then, the collected materials in the beaker were filtered using a 47 mm Whatman glass
microfiber filter, ceramic funnel, and electric vacuum pump. Glass microfiber filter
was then kept in a glass petri dish to dry and covered with aluminum foil.

3.3 Sample analysis

Glass filters are then analyzed under the stereo microscope “Olympus” with 450x
magnification for any suspected microplastics. Suspected particles are collected using
metal forceps and placed in a glass slide to be analyzed using Leica CME 1000x compound
microscope. Particles are then identified as microplastic based on the following criteria
[32-33]: 1. the absence of organic and cellular structures, 2. the color is homogenous, and
3. not segmented and evenly thick. After that, the color and shape of microplastics were
recorded and a picture was taken of each sample with the scaled optical glass inserted in
the microscope lens. Later with the help of a calibration slide, the length of each particle
was measured using IC Measure software. Part of the identified microplastics was isolated
in a small glass bottle and was analyzed for polymer types using Bruker ATR-FTIR. To
cover all possible polymer types, samples with different characteristics (shape and color)
were used. The resulting spectrums were matched with referenced polymer spectra using
the library in OPUS-spectroscopy software. Statistical analysis was performed on the data
using Microsoft excel. First, using the Kolmogorov—Smirnov test for normal distribution.
Then, one-way analysis of variance (ANOVA) was applied for microplastic abundance,
size, and color considering p < 0.05 as statistically significant.

4, Results

Microplastics were found in all 24 samples taken from the four different beaches
Dammam, Jubail, Khafji, and Salwa (Table 1). A total of 586 particles were extracted
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with an average size of 1.55 + 0.94 SD mm and an overall average abundance of

11.5 + 5.02 SD particle/kg (109.4 + 50.26 SD particle/m?). The highest abundance among
the low tide is found in the Dammam sample with an average of 21.2 + 0.68 SD particle/
kg (152.8 + 21.3 SD particle/m?), while the lowest is in the Jubail sample with an average
of 5.5 + 1.56 SD particle/kg (51.1 + 14.71 SD particle/m”). On the other hand, Salwa has
the highest abundance among the high tide with 16.5 + 4.98 SD particle/kg (204.5 + 64.15
SD particle/m”) and Jubil is the least with 6.3 + 4.06 SD particle/kg (50.6 + 31.21 SD par-
ticle/m?) (Figures 2 and 3). No significant differences were reported between the overall
low tide average abundance (12 + 5.94 particle/kg, 112.5 + 40.08 SD particle/m?) and
overall high tide average abundance (11 + 3.85 particle/kg, 106.3 + 58.54 SD particle/m?).
However, when low tide and high tide average microplastic abundance were compared
for each site separately, discrepancies were observed in all of the beaches except the
Jubail sample. The low tide abundance average was higher than the high tide in Dammam
and Khafji, but the opposite was reported in Salwa.

Average particle size was showing no significant variation between both low tide
(1.53 mm) and high tide (1.58 mm). Microplastics with a size range from 1 to 2 mm
were the most common size with 44%, followed by particles that were less than 1 mm
in size (33%), then the range from 2 to 3 mm (14%). Therefore, only 9% of the col-
lected particles were bigger than 3 mm (Figure 4).
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Figure 2.

Average microplastic abundance (particle/kg).
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Average microplastic abundance (particle/m?).
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Figure 4.
Microplastic size distribution.

Regarding microplastic types, 96% of the collected particles were fibers leaving
only 4% as fragments and filaments. Fragments and filaments were found in both
low-tide and high-tide samples.

Different colors of microplastic particles were observed in all the samples. The
majority is for transparent (34%) followed by blue (30%), black (17%), red (15%),
and green (4%).

Using ATR-FTIR analysis, four different polymers as polyethylene terephthalate
(PET), polyethene (PE), high-density polyethylene (HDPE), and polypropylene (PP)
were identified. Fibers with different colors (transparent, blue, and red) were found
to be PET. PE and HDPE were found in fragments and filaments with blue, green, and
transparent colors while only one white fragment was found in PP (Figure 5).

Statistical analysis using the Kolmogorov—Smirnov test shows that microplastic
abundance and size are normally distributed. One-way analysis of variance (ANOVA)
shows no significant differences between microplastic abundance, size, and color
considering p < 0.05 as statistically significant.

5. Discussion

Numerous studies were conducted around the world to characterize microplastic
abundance in water, sediment, and biota. However, still the methodology and report-
ing unit is not yet standardized. Different sampling procedures for sediment can be
found in the articles. For example, sample quadrat varies in the studies from 1 x 1m
to 0.3 x 0.3 m [34, 35], and the most common quadrat is 0.5 x 0.5 m. This is the case
with sampling thickness in which some studies collect the sample from 5 cm [36]
while others take only the top 1 cm [33, 36, 37]. Also, density separation fluid density
varies from 1.2 g/ml for NaCl to 1.8 g/ml for Nal. In this study, NaCl was used since
it is the most popular choice, easy to use, and low cost. Moreover, reporting units in
the published papers are different such as particle/kg, particle/m?, mg/g sediment,
mg/m’, and particle/0.0125m’. Weight in some studies is presented as dry sediment
weight, while in others is a wet sediment weight. Therefore, comparison between the
results is not a straightforward process. Multiple published articles and review papers
summarized the methodologies and results of many microplastic studies done around
the world [38-40].
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Blue Fiber, PET

Figures.
Spectrum for different shapes and colors of microplastic.

Microplastic abundance per area was estimated in this study since part of the stud-
ies done in the Arabian Gulf described microplastic abundance as particle/m? [33, 41].
To calculate the abundance in particle/m?, equal vertical distribution along the 5 cm
depth must be assumed. Also, it is important to clarify that the reporting unitisa
particle of microplastic in an area of 1 m” and at 1 cm depth. The results showed an
average abundance of 112.5 particles/m” for the low tide zone and 106.3 particles/m’
for the high tide zone.

Comparing microplastic abundance on the east coast of Saudi Arabia against
worldwide countries shows that the Saudi east coast of the Arabian Gulf is among
the least polluted coasts (5.5 to 21.2 particles/kg, 50.6 to 204.5 particles/m?). Multiple
studies with similar microplastic extraction procedure done on the southwestern side
of the USA coast and at several European beaches [42, 43] shows a higher abundance
of microplastic [42-44]. Same with Asian countries where microplastic abundance
tends to be higher than our results [12, 45, 46]. Table 2 summarizes some results of
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various studies around the world taking into consideration similar methodologies and
reporting units. Higher abundance in smaller particle sizes is also observed in most of
the studies. Black and blue were the most common colors in these articles, and fiber is
the common shape.

With regards to the gulf countries, a review paper by Saif Uddin et al. [38]
summarizes all the studies carried out in the Arabian Gulf in terms of the type of
samples, sampling methodology, and results. From the Iranian coast to the Oman
sea through the Strait of Hormuz to Bander Abbas city beaches, studies show
greater microplastic abundance compared to the Saudi east coast [36, 41, 47, 48].
This might be due to the geology of the area and the counterclockwise movement
of the seawater [29]. In these studies, density separation was done using brine
density higher than NaCl which led to extracting more microplastic particles.

As stated by Naji et al. [49] in their study that around 74% of microplastic was
extracted using NaCl, while the remaining 26% was recovered by Nal. However,
the studies done in Qatar by Abayomi [50] and UAE by Aslam [33] used the KI
solution for density separation and it shows much lower microplastic abundance
than that of the Iranian coast. The results of both studies are comparable with this
study’s numbers and that gives more confidence in our methodology. This was
also supported by the similarity in having fiber, blue, and PE as the most common
properties of the collected microplastic.

Despite that the average of low tide and high tide abundance is very close to each
other; it may vary a lot when compared site by site. The difference is observed in
all the sites except Jubial which has the lowest abundance among all the sites. Low
tide shows higher abundance in Dammam and Khafji samples while it was less in
Salwa. Therefore, there is no trend between the high tide and low tide abundance
which was also observed [47]. It was expected to have higher microplastic abundance
in Dammam, Jubail, and Khafji since they are both crowded and industrial cities.
However, Jubail shows a very low number which was unexpected for the biggest
industrial city in the eastern region. Several reasons might cause these low numbers
which are as follow:

1. The geology and location of Jubail city where the counterclockwise current is
blocked by Abu Ali Island in the north.

2.The effective recycling of the wastewater, which is treated and reused for irriga-
tion instead of discharging it in the sea.

3.The frequent cleaning of the developed beach will reduce the amount of plastic
runoff to the seawater.

On the other hand, Salwa which is considered a rural city showed high microplas-
tic abundance and this also can be explained by the following reasons:

1. Although Salwa has a very low population, the sea there is surrounded by land
from three directions which makes it a trap for floating contamination.

2.Multiple resorts in Qatar side in front of Salwa beach.

3. Salwa beach is considered a destination for tourism to practice fishing and camping.
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Since Salwa is located near the border of Qatar, it will be useful to compare its
results with Abayomi’s results [50]. Umm Bab sampling site is the closest one to Salwa
beach, and it shows a microplastic abundance of 8.3 particles/kg which is similar to
our results for Salwa average low tide (8.4 particles/kg) (Figure 4).

Microplastic with a size <2 mm was the most common size among the samples
(77%). It is expected to have even smaller (<0.5 mm) microplastics that already
passed the 0.5 mm stainless steel sieve. The smaller the microplastic particles are,
the more vulnerable they became to a smaller organism. Based on a study done by
Naji et al. [49], microplastics with sizes ranging from 0.02 to 1.68 mm were the most
common size found in cyclopoids, shrimps, and zoea. Having microplastic induced in
the organisms at the base of the food web could cause biomagnification in the bigger
organisms that feed on them.

As mentioned before, around 96% of the collected particles were fiber. This result
is similar to all the studies done in the Arabian Gulf and most worldwide stud-
ies (Tables 2 and 3). This could be due to disposing sewage rich in synthetic fiber
released from textiles, or clothes into the sea [6, 57]. Degraded fishing ropes and nets
are considered a source of microplastic fiber in seawater. Treatment of wastewater
before disposing to the sea may remove more than 80% of the microplastic [58].
Unfortunately, some countries dispose of the wastewater without primary treatment
[59] which may increase the microplastic fiber in the oceans. Microplastic fibers were
found to be one of the most shapes to be ingested by zooplankton [33, 60, 61]. More
studies also showed that microplastic fiber is the most ingested by turtles, fish larvae,
and Mesoplodon mirus [62-64].

Transparent and blue colors like most of the studies in the area were the most
common colors followed by black color (Figure 6). No significant change in color
distribution was found among the sampling sites. The importance of quantifying
microplastic color was described by Shaw et al. [65] research which shows that
colored microplastic is more likely to be ingested by organisms as prey, and the white,
transparent, blue, and black colors were the most commonly found [65]. During
microscope analysis, some particles were found with a partially faded color. This indi-
cates that some of the originally colored microplastic particles turned into colorless
particles and that could be because of the physical or chemical reactions between the
particles and the surroundings. The changing of color was also mentioned by Chen
et al. [66] and by Wibowo et al. [67] which show that time is playing a role in chang-
ing the microplastic color and size.

Attenuated total reflectance fourier transform infrared spectroscopy (ATR-FTIR)
analysis shows that different colors of microplastic fibers had similar polymer types
which are polyethylene terephthalate (PET). Since fiber was the most common shape
(96%), then this suggests that PET is the most common polymer type in the collected
samples. This result is consistent with the studies done in the Arabian Gulf, and most
of the studies around the world. PET is commonly used in making ropes and drinking
bottles which are heavily used in KSA specifically for water bottles. Fragments and
filaments particle were identified as polyethylene (PE) and high-density polyethylene
(HDPE). These polymer products are also commonly used in our daily life, such as
bags and shampoo bottles. Only one particle was identified as polypropylene (PP)
which was also reported in Qatar by Abayomi et al. [50]. This suggests that most of
the microplastic contamination in Saudi east beach is coming from the daily used
plastic product which reaches the sea through wastewater effluent, direct dumping of
plastic into the sea, or run-off.
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Figure 6.
Microplastic color fading and changing.

6. Conclusion and recommendation

This study is the first study to measure microplastic pollution in the sediment of
the eastern coast of the kingdom of Saudi Arabia. The common size of microplastic
particles measured (77%) was less than 2 mm in size. Microplastic abundance within
the study sites ranged from 5.5 to 21.2 particles/kg (51.1 to 152.8) in the low tide region,
and from 6.3 to 16.5 particles/kg (50.6 to 204.5 particles/m?) in the high tide region. The
main goal of this study is to provide a baseline and glimpse of the quantity and identity
of microplastic in our selected sites, however, those values consider to be a baseline for
a coast length of 800 km. The future researcher will have some expectations of micro-
plastic distribution along this coastline. Several recommendations can be suggested to
whom is interested in curry microplastic research on Saudi Arabia’s eastern coast:

* Identify the effect of sampling time in microplastic quantity by collecting the
sample from a single location at a different time interval.

* Measure microplastic contamination in both water and sediment in the same area
to find the relationship.

* Identify an organism to be used as a bioindicator in our area, such as Clam in
China [28].

* Use multiple brine solutions with different densities to find the difference
between the quantity and type of microplastic extracted from each one.

* Measure microplastic abundance in sediment with respect to depth
* Provide the results with a different unit to allow comparison with different studies.

* Measure microplastic in a protected area (mangroves and islands) which is
important to preserve the area and the organisms living there.

* Digestion of organic material by acids can make microplastic identification
easier, however, it can affect color and shape identification.

* Filtering the supernatant using a fine mesh size stainless steel (300 pm) can ease
the filtration of supernatant later in the glass filter paper.
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Micro(Nano)Plastics as Carriers of
Toxic Agents and Their Impact on
Human Health

Karla Lizzeth Morales-Cano, Leandro Hermida-Castellanos,
Carlos M. Adame-Adame, Luis Alberto Pevalta Peldez
and Carolina Peria-Montes

Abstract

Currently, globally the demand and production of plastic items are increasing
exorbitantly, generating a large amount of waste, and polluting the ecosystem, a
site in which degradation processes are triggered, which give rise to smaller particles
such as micro(nano)plastics (MNP). Continuous human exposure to these particles
generates negative alterations in the host’s health. Three routes of MNP exposure or
contact have been established: inhalation, ingestion of particles, and dermal absorp-
tion. Recently, it has been pointed out that microplastics (MP) can even be found in
the human placenta. This chapter aims to compile and provide information on their
role as conveyor vectors of agents potentially toxic to humans, mechanisms by which
they enter the human body, their bioaccumulation, and health human effects.

Keywords: microplastics, nanoplastics, conveyor, gut, microbiota, inflammation,

health

1. Introduction

At present, globally, there is an important and relevant environmental and public
health problem; 8300 million metric tons of plastic were manufactured worldwide
between 1950 and 2017, and this production continues to increase, reaching 390.7
million metric tons only in 2021, and is expected to increase to 34,000 million metric
tons by 2050 [1, 2]. Degradation resistance is one of the most critical characteristics
that initially gave an advantage to the use of plastics; however, now, it is a significant
disadvantage since they are resistant to chemical, biological, and corrosive degrada-
tion; therefore, their durability in the environment is greater [3]. Plastics are widely
used in various consumer products because of their low density and costs; there are
about 30,000 types of plastics, being the most widely used polypropylene (PP),
polyethylene (PE), polyethylene terephthalate (PET), polystyrene (PS), polyure-
thane (PU), polyvinyl chloride (PVC), and polycarbonate (PC) [4]. Plastic residues
are transported by rivers, storms, and strong winds or are discarded directly into
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terrestrial or aquatic ecosystems. Plastic residue pieces are classified according to their
size into mesoplastics (50-200 mm), macroplastics (200-1000 mm), and mega-plas-
tics (>1000 mm) [5]. These residues undergo physical changes due to environmental
interactions, such as fragmentation, and changes in their physicochemical proper-
ties, generating new types of micropollutants such as microplastics (MP (less than
5mm)) and nanoplastics (NP (<1 pm)) [6]. These tiny plastic particles are ubiquitous
worldwide and generate great concern for environmental and human health damage.
The impact on human health may be due to their small size, specific surface, and high
biological penetrability [7].

Micro(nano)plastics absorbs and transports external toxic pollutants; these
plastic particles harm human and wild health, altering the physiological functions
of immunity and metabolism and modifying the intestinal microbiota, thereby
facilitating exposure to pathogens [8]. In fact, according to morphology, size, and
concentration, MP can trigger ecotoxicological problems in different organisms [6].
Exposure to MNP causes local inflammation, oxidative stress, metabolic alteration,
gastrointestinal toxicity, hepatotoxicity, reproductive disorders, and neurotoxic
effects [9]. Humans are subjected to prolonged exposure to this type of particle in low
concentrations; however, these effects on the organism need to be profoundly and
widely studied, mainly in the case of NP [9]. So far, eradicating plastic waste remains
challenging, and its impact on health is becoming increasingly evident. Despite the
increase in recent research on plastic waste, it is still in the early stage; therefore, more
research is required. This chapter presents and discusses the role of these particles as
carriers of different molecules or microorganisms that directly impact health. Besides,
it presents the current knowledge about MNP human exposure pathways and the toxi-
cological effects on the intestinal microbiota-immunity, reproductive and neurotoxic.

2. From plastics to micro- and nanoplastics

The term “plastic” refers to any material with high polymer content as the ingredi-
ent; this discovery dates from the beginning of the twentieth century [10, 11]. Plastics
are formed by a set of polymers such as polypropylene (PP), polyethylene (PE),
polyethylene terephthalate (PET), polystyrene (PS), polyurethane (PU), polyvinyl
chloride (PVC), polycarbonate (PC), polymethyl methacrylate (PMMA), polyamide
(PA), polylactic (PL) and additives such as stabilizers, flame retardants, plasticizers,
and pigments [12].

Plastic presence is ubiquitous in the environment due to its excessive use and
polymeric materials’ long permanence in plastic residues. When exposed to the
environment, plastic undergoes an abiotic degradation, either by a physical or by
a chemical weathering process; in the physical weathering process, it suffers from
mechanical wear due to water and wind or photodegradation processes, and in the
chemical weathering process, hydrolysis or oxidation of polymers takes place [3]. As
regards biotic degradation, it is essential to mention that plastic debris in the aquatic
ecosystem is usually resistant to corrosion and degradation by microorganisms, being
fragmented into smaller-sized plastic particles by the already mentioned abiotic fac-
tors [13]. The impressions of the abiotic physical process led to the wear of the plastic
parts forming smaller particles, the microplastics (MP) and the nanoplastics (NP).
Nowadays, plastic pollution is a global problem that has caused the generation of
massive amounts of such MNP, which can be transported through rivers, seas, air, and
rain; the last one causes the particles in the air to fall into different areas [14, 15].
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Figure 1.
Microplastics (MP) and nanoplastics (NP) generation and human exposition to these plastic particles.

Based on the source, MNP can be classified as primary and secondary. Primary are
particles manufactured for indirect or direct use of raw materials with a size between
0.001 and 5 mm. In contrast, secondary are particles that have been manufactured from
macroplastic degradation, defined as plastic material of less than 0.001 mm (<1 pm).
Both particles are part of cleaning products, coating, cosmetics, and medical applica-
tions; these particles are also generated when bottles, clothing, tires, and containers
begin their decomposition by the action of the environment [16-18] (Figure1).

Due to the characteristics of MNP, mainly their size, they become difficult to
detect. Indeed, there are still methodological problems with regard to standardization
in the characterization and quantification of plastic particles in different materials,
media, ecosystems, and the human body [19].

3. Plastic particles as conveyor vectors

The fate of plastic, once discarded, is to follow a long journey. Ultimately, they flow
into local, regional, or global ocean currents and usually travel to the ocean gyres, where
large amounts of debris accumulate [20, 21]. Indeed, plastic pollution has been found
in rivers such as those of the tropical Andes or Germany. Given the above, plastic has
the quality of being able to move through great distances and transport different plastic
additives used for their manufactures, such as flame retardants, vinyl acetates, styrenes,
phthalates, plasticizers, and phenols, which are related to carcinogenic or mutagenic
effects as shown in the examples in Table 1 [27].

Additionally, besides their size, plastic characteristics change because of weathering;
this is a change in the microtopography of plastic; for example, smooth areas can become
rougher, and cracks, bumps, and bumps cavities are formed, changing to irregular par-
ticles with a greater contact surface. These characteristics, together with hydrophobicity,
provide a non-polar surface where various pollutants, such as heavy metals, pesticides,
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Chemical Function Possible effects Authors
Bisphenol A (BPA) It is used in polycarbonate Endocrine disrupter [22]
plastic and epoxy resin
production
Ester phthalates (di(2- Plasticizers Some are toxic for [23]
ethylhexyl) phthalate Increase plastic flexibility, reproduction. Others can
(DEHP), di-n-butyl especially PVC cause damage in high doses.
phthalate (DBP), and Solvents
diethyl phthalate (DEP)) Fixatives of essences
(perfumes and cosmetics)
Nonylphenol (NP) Antioxidant Highly toxic to marine [24]
Plasticizer life. Endocrine disruptor
Stabilizer in fish, where it can cause
feminization.
Toxicity to reproduction and
development of other animals.
Polybrominated diphenyl Flame retardant in plastics, Possible endocrine disruptor, [25]
ether (PBDE) foams, and textiles especially for thyroid
function.
Toxic effects on
neurodevelopment behavior,
immune system, and blood in
humans.
Biphenyls Flame retardants Toxic effects on [26]
(Polychlorinated biphenyl Plasticizers neurodevelopment, immune
(PCB)) Insulators system, and reproduction in

humans
It can produce certain cancer

types.

Table 1.

Main additives in plastics and their effects.

polyaromatic hydrocarbons, antibiotics, fertilizers, and microorganisms, can adhere to
and can be harmful to living beings when they are absorbed (Table 2) [5, 31, 32].
Indeed, MNP are substrates for colonization by microorganisms and the formation
of biofilms [33-36]. These biofilms are communities of microorganisms that adhere
to the surface of the plastic and form an extracellular matrix that protects them from
adverse environmental conditions, changing the chemical characteristics of the piece,
as we will explain widely in the next section. In conclusion, weathering processes
change physical and chemical properties of MNP, leading to changes in the environ-
mental behavior of MNP. It is essential to know that these changes in MNP affect the
transport and end up in large amounts of toxic contaminants. In addition, weathering
affects sedimentation, ingestion by other organisms, and pathogen transportation
[15]. Considering this behavior, MNP can be transport vectors for different toxic

agents [37].

3.1 Toxic agents carried by plastic particles

Micro(nano)plastics with various functional groups have been considered to inter-
act with organic and inorganic pollutants; size and electrically neutral surfaces allow
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Pollutant Function Possible effects Authors
Polycyclic aromatic Result of incomplete burning All are persistent and [28]
hydrocarbons of fossil fuels bioaccumulated; some are
(PAHs) Ingredients of fuels and tar carcinogenic, mutagenic,
and toxic to reproduction.
Pesticide residues Control various pests and DDT is highly toxic to [29]
disease carriers aquatic life, a possible
Insecticides in agriculture and endocrine disruptor, and
urban area. toxic to reproduction.
DDT use is limited to malaria Hexachlorocyclohexane
control. (HCH) is toxic to the liver
and kidneys and may act as
an endocrine disruptor and a
human carcinogen.
Metals and Many uses for the construction Suppress the immune [29]
metalloids industry. system, damage the
Electronics and area of endocrine system, and cause
medicine . reproductive dysfunction.
Machinery, refractory, and
automobile industries.
Decorative products.
Microorganisms Play a leading role in countless Harmful to health, such [30]
natural processes, e.g.; they as Escherichia coli and
help produce foods, treat Enterococci.
wastewater, creating biofuels
and a wide range of chemicals
and enzymes. Still, they can
also cause many essential
diseases.
Table 2.

Plastic particles transport the main toxic agents.

these particles to be easily transported in aqueous media, which allows MNP to be
considered vehicles of importance in the long-range transport of pollutants. In recent
years, several research have been developed to evaluate the impact of MNP absorption
on human and animal health; being essential to know the distribution and transport
mechanism in marine environments, in freshwater, as well as in food chains [38-40].
However, the environmental and biological toxicity of MNP is the genesis of current
studies because, to some extent, there are pollutants, which are toxic agents that are
adsorbed on the surface of MNP [15, 41].

Rodrigues and coworkers describe that the sorption of a compound can refer to
two separate processes: absorption and adsorption. On the one hand, absorption
refers to the coupling between a compound and a sorbent mediated by low Van-
Der-Waals forces, which allows dissolved molecules to be retained by the sorbent.
On the other hand, adsorption needs gamma forces, from Van-Der-Waals forces
to ionic or covalent bonds concerning the adsorbent surface [33, 35, 36, 42]. On
the one hand, the physical and structural characteristics of MNP are determinants
for their transport; however, they also allow the development of absorption and
adsorption processes of organic and inorganic compounds on the plastic particle,
as well as interfere with the bioavailability of contaminants and their effects on
organisms [43, 44]. On the other hand, the characteristics of the contaminants,
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such as heavy metals, present in plasticizers, stabilizers, pigments, fillers, diluents,
solvents, and other additives, as well as in the medium where the MNP particles
lie, should also be considered, which may ultimately influence the absorption and
adsorption behavior [45, 46].

Furthermore, the characteristics of plastic residues such as size, shape, and
polymorphism, as well as environmental conditions (pH of medium, ionic strength,
organic matter, microorganisms, and temperature) are involved in MNP pollutant
interactions, as well as in hydrophobic and electrostatic interactions [47]. When
trying to remove MNP particulate debris by membrane filtration, particle size,
biofilm formation, and the interactions described above influence the final fate of
these environmental elements [47, 48]. So, MNP undergoing physical, chemical, and
biological interactions are released into the environment with the sorption capacity of
contaminants that eventually accumulate in the environment in the form of metabolic
by-products, degradation by-products, or residual MP [49].

Relevant studies that distinguish between the effects of the synthetic polymer
itself and the incorporated additives or chemicals in the polymer itself are still
scarce [50]. As we mentioned above, MNP have other constituents (e.g., plasticizers,
stabilizers, pigments, fillers, extenders, solvents, and other additives), which have the
potential to influence their absorption/adsorption behavior [45, 46, 51]. The follow-
ing section describes how MNP carries the environment’s most frequently encoun-
tered toxic agents.

3.2 Microorganisms

The chemical qualities already mentioned of MP, their size, and their physical
changes brought about by weathering cause different organisms to adhere to the sur-
face of microplastics. Cracks in the pieces and the hydrophobicity of MP give rise to
the adhesion of microorganisms and, consequently, to the formation of glued micro-
organism biofilms; this ecosystem developed in MP has been named the plastisphere
[52]. Plastisphere causes changes in the physicochemical properties of plastic, having
a higher level of adsorption pollutants that can be transported using the currents
reaching other sites. It should be noted that these biofilms increase the probability of
MP ingestion by animals since they attract organisms that depend on chemoreceptors
to select prey through olfactory and taste cues [5, 53].

Since the discovery of biofilm-forming microorganisms on MP in marine ecosys-
tems by Carpenter and Smith [54], little research has been done to describe the named
plastisphere in 2013. From this date, the research on the microbiota associated with
plastic debris has started to receive attention. In the beginning, the marine plasti-
sphere was described, which comprised diverse microbial communities, including
opportunistic pathogens transported through MNP worldwide [13, 55].

Marine plastisphere differs from the surrounding water, natural and artificial
substrates, and within the plastic types [13, 52]. For example, the microbiota colo-
nizing MP and NP from different polymers in the Bay of Brest (France) presents a
prevalence of Pseudomonadales and Oceanospirillales on PE, alpha-Proteobacteria on
PP, and Rhodospirillaceae on PS [56]. Pseudomonas predominate on fresh and marine
water microbiota associated with MP and NP; now, n their capability to degrade a
wide array of plastics is well known [57]. In addition, Firmicutes and Proteobacteria
were also detected, confirming that some microorganisms may use MP as a raft to
migrate from one ecosystem to another [58, 59]. A little research has been done on
fungal communities associated with MNP.
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The potential role of MNP in dispersing pathogenic species such as Vibrio,
Pseudomonas, Acinetobacter, and even the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) virus has been reported [58, 60]. For the last case,
interaction mechanisms between MNP and the SARS-CoV-2 RNA fragment involve
electrostatic and hydrophobic forces, and the interaction affinity is associated with
the inherent structural parameters of the MNP. Humans are exposed to SARS-CoV-2-
contaminated MNP via their lungs [60].

The transportation feasibility of pollutants and pathogenic microorganisms needs
to be better understood by MNP across the waters and their introduction into the
food web. Nonetheless, aquatic organisms’ ingestion of MNP has been described as a
possible transport mechanism of hazardous substances and microbial communities
associated with MNP [61].

3.3 Heavy metals (HM)

Not only can microorganisms be transported by MNP, but they can also trans-
port other hydrophobic organic contaminants due to their hydrophobic nature and
increased available sites on their contact surface. They can also adsorb heavy metals
[62]. Although the mechanisms are being studied, it is observed that the biofilms
formed in the MP increase the adsorption of heavy metals through electrostatic
interaction, cationic ion exchange, and the formation of complex groups with the
functional ones in the biofilms [63, 64].

The first reported interaction between plastics and heavy metals (HM) took place
as early as in 2010. Later, some studies proved that HM (Cr, Co, Ni, Cu, Zn, Cd, Pb,
Ag, and Hg) could be enriched in MP from different polymers such as PE, PP, PS, PA,
PVC, and polyformaldehyde (POM). Interestingly, the adsorption of heavy metals
on pristine MP without surface modification is almost negligible, while the eroded/
weathering MP, as well as those modified through the attachment of organic matter,
accumulate HM [41].

Heavy metals, non-biodegradable inorganic pollutants, cause direct toxicity in the
organism; exposure to these pollutants has been linked to the development of cancer
and chronic diseases due to their bioaccumulation [65, 66]. As both pollutants (MP
and HM) are persistent in environmental degradation and transformation, being
resistant and challenging to eliminate, the threat posed by their combined exposure
to ecosystems and human beings can be worrisome. A limited number of studies have
been conducted on the combined effects of MP and HM, suggesting that the interac-
tion between the two types of pollutants may trigger synergistic, antagonistic, or
potentiating effects on organisms. However, since assessment of co-exposure risks in
organisms is complex, their effects on humans still need to be determined [41].

3.4 Polycyclic aromatic hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons are a class of chemicals that occur naturally
in coal, crude oil, and gasoline. PAHs have been detected in surface water, drinking
water, and wastewater treatment plants, thus representing a risk to public health and
the environment [67-71]. Epidemiological studies have demonstrated that exposure
to polycyclic aromatic hydrocarbons (PAH) causes damage to human health, ranging
from decreased immune response, altered thyroid function, liver, and kidney disease,
altered lipid and insulin metabolism, involvement in the development of cancer and
non-Hodgkin’s lymphoma, and may even negatively influence reproduction and
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human development. They also have a high carcinogenicity and mutagenicity index,
and some cases have been reported where the descendants of mothers exposed to
these pollutants have alterations in neuronal development. Therefore, it is crucial to
determine the mechanisms of PAH adhesion or absorption in MNP [72, 73].

The interaction of MNP with emerging contaminants of clinical interest and
importance for their health effects (per- and polyfluorinated substances (PFAS),
PAHs, and BCP) are recalcitrant to environmental degradation. Industrialization
development and anthropogenic activities are the primary sources of PAHs in the
environment. There are three principal anthropogenic sources of PAH emissions. One
is pyrolysis, which includes the incomplete combustion of coal, wood, petroleum,
and organic polymer compounds. Another is the leakage and discharge of oil during
the mining, transportation, production, and use of crude oil, coal tar, asphalt, shale
oil, carbon ink, and industrial mineral oils. The third includes food cooking processes,
municipal waste incineration, and agricultural surface emissions (sewage discharge,
use of pesticides and herbicides during agricultural irrigation) [2, 74].

Polycyclic aromatic hydrocarbons are transported in the environment in different
ways, including leakage, volatilization, and biosynthesis. Like MNP, PAH can also
migrate through rivers, precipitation, and air [2, 74]. The main factors affecting the
adsorption of PAH by MNP are related to their physical characteristics, including
spatial structure, particle size, specific surface area, crystallinity, and glass transition.
As regards the chemical interaction between MP and PAH, the major forces are n-n
interaction and halogen or hydrogen bonding [75].

Another point of biological and environmental importance to consider in the case
of PAHs is their phototoxicity, as the PAH organism exposure in the environment is
inevitably accompanied by sunlight. Studies based on various aquatic organisms and
mammals have shown that ultraviolet (UV) light amplifies the toxicity of PAH and
cannot be neglected [2, 74]. The phototoxicity of PAH in humans has been done in
vitro at the cellular level, where benzo (2) pyrene (BaP) is a hot research topic. Under
ultraviolet A (UVA) and ultraviolet B (UVB) irradiation, BaP significantly promoted
the production of hydrogen peroxide (H,0,) from human epidermoid carcinoma cells
(A431) and human primary keratinocytes in a dose-dependent manner [76]. UVA and
BaP showed a 7-fold increase in synergy in comparison to UVB. Another study also
proved that BaP and its metabolites induced the production of reactive oxygen species
(ROS) in human skin keratinocytes (HaCaT) under UVA irradiation, which mediated
the formation of intracellular lipid peroxides in a low dose-response manner [77].

3.5 Pesticides

Pesticides have favored the generation of economic income from commercializing
agricultural products; however, they are potentially harmful to the environment and
human health [78]. These pesticides can bind to organic matter, to PE (polyethylene)
agricultural films, or to the soil’s clay mineral fraction, making their eradication in
the ecosystem difficult. Carbofuran and carbendazim (CBD) are pesticides that are
potentially harmful to human health by inhibiting the acetylcholinesterase (AChE)
activity, damaging the parasympathetic nervous system, and causing bradycardia,
abnormalities in blood pressure, bronchoconstriction, gastrointestinal hypermotility,
among other disorders. Unfortunately, these pesticides can adsorb on the surface of
MNP, thus becoming internalized in the human organism and increasing the toxi-
cological risk [79]. The pH, ionic strength, and temperature are parameters that are
considered to evaluate the interactions between plastic particles and pesticides [80].
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It has been considered that the interactions between these compounds with plastic
particles start in the farmland and thus are maintained during transport to the ocean.
Therefore, it is necessary to consider the search for new strategies to reduce the
presence of MNP in the environment since they are vectors that can affect human and
animal health and irreparably damage our ecosystems.

3.6 Antibiotics

As mentioned above, in the aquatic environment, MNP are colonized by micro-
organisms, mainly bacteria that form dynamic biofilms. These biofilms promote
antibiotic resistome (AR) in the plastisphere. AR is conformed mainly by antibiotic-
resistant bacteria (ARB) and antibiotic or multi-drug-resistant genes. MP have a
specific function in the enrichment and transportation of AR through processes such
as horizontal gene transfer, conjugation, gene transduction, and transformation. The
levels and types of mobile genetic element (MGE), especially integrase genes (intI1
and intl2), besides the structure and density of bacterial communities, the incubation
period, and anthropogenic chemicals promoting the co-selection are all significant
factors in the development, enrichment, and transportation of plastisphere-associ-
ated AR and pathogens in the aquatic environment [81].

Several studies have reported that tetracyclines, macrolides, fluoroquinolones,
sulfonamides, aminoglycosides, chloramphenicol, and beta-lactams are frequently
encountered antibiotics adhered to MP detected in worldwide marine environments
[82]. AR associated with MP (AR-MP) can be a vector for bioaccumulation of these
antibiotics and have higher lethality than MP [83].

Exposure to AR-MP and pathogens could be linked to disruption in food chain,
enzymatic and genetic toxicity, oxidative stress, altered feeding behavior, gut
microbiota dysbiosis, metabolic disorders, pathogen-induced diseases, and drug
resistance [81].

The adsorption of antibiotics on microplastics can span a very wide transport range
and cause a large combination of effects. One study investigated the adsorption of
mainly five types of antibiotics (sulfadiazine (SDZ), amoxicillin (AMX), tetracycline
(TC), ciprofloxacin (CIP), and trimethoprim (TMP)) on five types of microplastics
(polyethylene (PE), polystyrene (PS), polypropylene (PP), polyamide (PA), and
polyvinyl chloride (PVC)) in freshwater and seawater systems. It was shown that PA
had higher adsorption capacity for antibiotics in the freshwater system, which can be
attributed to its porous structure and the ability to form many hydrogen bonds [83].

In resume, from the time we used plastic products, they have had a journey
through tributaries, suffered weathering in the sea, they journeyed through the chain
trophic and the air, which causes them to absorb contaminants on the way, becoming
a conveyor vector.

4. Human exposure to plastic particles

Plastic particles, as mentioned above, have become a multifactorial and far-reach-
ing problem; this does focus not only on the nutritional consequences or damage to
aquatic systems but also on the epidemiological consequences [84, 85]. Microplastics
and nanoplastics (MNP) are ubiquitous in the environment, and the effects of human
exposure to these particles have not been fully described, representing a challenge and
point of studies related to human health [86]. Even exposure to low concentrations

193



Advances and Challenges in Microplastics

| Airinhalation
_———— N

Hematoencephalic
barrier

Cutaneous
barrier

4 >
( Dermal contact

@/"it!lﬁﬂ barrier
Figure 2.

Human exposure routes to plastic particles and sites where their absorption occurs.
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of these particles for prolonged periods is a worrying situation, as they are present in
food and drinking water [87].

The Center for Diseases Control and Prevention (CDC), in [88], verified that the
main routes of exposure to MNP for humans are inhalation, ingestion, and dermal
contact (Figure 2). According to data reported by Cai and coworkers in [89], marine
animals ingest MNP contained in water, and as they are eaten, they can be passed
mainly in this way to humans; likewise, MNP have been found in table salt [90].
Moreover, other MNP exposition vias also occur by ingestion of food and plastic pack-
aged consumer goods, which can become contaminated by package degradation or by
ingestion of contaminated food or water and inhaling contaminated air; for all vias, it
has been determined that they impact negatively human health [91] (Figure 2).

The main absorption sites are related to the principal body barriers (Figure 2).
Contact exposure begins with penetration through the pores of the skin, ingestion
through the consumption of MNP-contaminated water or food, articles of personal
use, etc., which pass the intestinal barrier. Exposure via area or inhalation is brought
about by the presence of MNP in the air, and through breathing, enters the body and
accumulates in the respiratory system. The three main routes of exposure to MNP are
described in more detail below.

4.1 Exposure by ingestion

The most evaluated and common route by which humans are continuously
exposed to MNP is the oral route; it occurs through the intake of contaminated
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water, food, and personal cleaning items such as toothpaste. Extensive use of plastic
components in drinking water networks and filtration of particles from water pipes
under long-term use can lead to high exposure to large concentrations of MNP that
can impact health [92]. Several studies have proven that humans consume hundreds
of millions of MNP particles from packaging tea bags, seafood, table salt, honey, beer,
and bottled beverages. In food, MNP can be present in animals that become contami-
nated through their environment or food chains, such as shellfish. MNP absorbed by
microorganisms lower in the food chain are ingested by higher organisms in it and are
finally ingested by humans affecting human health through bioaccumulation [93, 94].
MNP can also be present in contaminated food during its production or packaging
processes [95-98].

Deng et al. [99] used pristine particles of fluorescent polystyrene microplastics
with two diameters, 5 and 20 pm, to evaluate their distribution in the tissues, their
accumulation, and the specific effect on the health of the mice that formed both
experimental groups. The results indicated an accumulation of particles in the liver,
kidneys, and intestine; the distribution of these particles depends on the size. It was
determined that the intake of MP alters energy and lipid metabolism and intervenes
in oxidative stress. It has also been determined that particles up to 150 pm can move
through the mammalian intestinal barrier and that the absorption rate is <0.3% [100].
On the other hand, Campanale et al. [101] report that most particles down to 10 pm
can penetrate all organs, including the brain; however, the consequences have not
been established.

Due to the permanence and accumulation of MNP in the food chain and in
wildlife, whose resources are destined for human consumption, they are of great
relevance because, as we depict above, they act as transporters of pathogens, pol-
lutants, and potential toxins with negative impacts on health [102]. In addition, the
accumulation of plastic particles at all trophic levels potentially exposes humans
[103]. The European Food Safety Authority (EFSA) and World Health Organization
(WHO) suggest that exposure to MNP in humans has low adverse effects; however,
more evidence is needed on the preliminary signs, which propose better analytical
methods to assess this problem. Auta and collaborators [104] studied the toxic effects
of exposure to MNP in marine organisms, observing that depending on the type of
organism, there is bioaccumulation of particles, metabolic changes, inflammatory
processes, reproductive problems, changes in behavior between others, and all of this
will determine the ability to survive in nature.

The lack of an established and validated method providing non-destructive evidence
of the presence of MNP in the tissue limits estimates of the degree and effect of their
exposure [103]. Ultra-thin tissue fractions are used in medical research, making assess-
ment of the possible presence of MNP and their influence on disease processes even
more challenging. It is essential to deepen studies on the possible immunological effects,
gastrointestinal alterations derived from modifying the intestinal microbiota due to
exposure to these particles, and the damage they generate. Murine models are a tool of
choice to evaluate these processes, which allow us to know the risk to health in animals
and humans and evaluate the sensitivity of specific pathologies to such exposure.

4.2 Inhalation exposure

Inhalation itself is considered one of the main human exposures to MNP; it also
occurs because these particles are found in the air, some of the sources of which can
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be synthetic textiles, tire erosion, and some types of polymeric fibers such as PP,
PE, PS, and PET. The exposure per individual has been estimated at 26,130 airborne
plastic particles daily [105].

Once inhaled, MNPs reach the respiratory epithelium, causing their translocation
by diffusion, penetrating the cell directly or by uptake of MNPs by endocytosis or
phagocytosis. In the alveoli, phagocytosis is carried out for particles between 1 and
3 pm in size, being this mechanism the main one for this route of exposure. Smaller
particles could be passively transported by diffusion across the membrane [106].
However, the number of studies evaluating MNP in indoor and external environ-
ments is scarce [107].

After studying MNP presence in the air of private residences and public offices,
it was reported that indoor air contains a higher concentration of MNP than outdoor
air, implying that exposure in humans is higher [108]. Likewise, MNP can be inhaled
through fine dust suspended in the air and then release chemical additives [109].
Plastic fragments and fibers are the most common means that favor the inhalation of
MNP [46].

Removal of inhaled particles can be done through mucociliary transport, result-
ing in minimal MNP concentration in the airways or phagocytosis by macrophages.
However, it has been reported that MNP can circumvent these mechanisms by accu-
mulating in the lungs and entering the systemic circulation [110]. Another conduit
through which inhaled nanoparticles can reach the central nervous system (CNS) is
the olfactory bulb [111]. Some studies indicate that in some neurological diseases,
the absorption of plastics in neonates (plasticenta) and its consequences are associ-
ated with inhalation to MPN [112]. One of the studies by Fournier and collaborators
[110] shows that an intratracheal dose of microplastics during gestation undergoes
maternal-fetal translocation, generating secondary damage to fetal development.

4.3 Dermal exposure

Topical exposure to MNP contained in personal hygiene products and contami-
nated water affects skin health, and epidermal cells have shown stress in oxidative
experiments i vitro [113]. Tiny synthetic fibers (<25 pm) penetrate skin pores mea-
suring around 40-80 pm and will bypass the stratum [114, 115]. However, nanopar-
ticles smaller than 100 nm can be exclusively absorbed in the stratum corneum [100].
Exposure by this means is based on individual susceptibility because the pores of
human skin have different characteristics between one living being and another.

The nanotoxicology of nanoengineered materials indicates that nanoparticles
(NPs) with a size <40 nm can enter the body through the epidermal barrier [116, 117].
This exposure occurs when there is contact between the dermis and NP in the
environment, which can occur when showering with water or using personal care
products containing, for example, nanopolystyrene [31, 118]. Indeed, the Food and
Drug Administration (FDA) passed the microsphere-free water law that went into
effect for products manufactured after the 2017-2018 law that restricts the use of MP
in exfoliating products, toothpaste, and other cosmetics to reduce dermal exposure
and decrease residues in water systems. In the medical field, there is also a wide use
of MP for drug administration; it is considered that people may have been exposed to
4594-94,500 MP particles in just 5 mL of the product [35].

Considering the seriousness of plastic pollution in recent decades, it is necessary to
act and raise awareness about its effects on the human body. More research is cur-
rently needed to analyze whether there is a risk of absorption of MNP through the
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dermal exposure route in humans. For example, it has not been determined whether
rigid MNP cross the subcutaneous barrier under normal conditions; however, it

has been shown that they accumulate in hair follicles, and it was observed that
Langerhans cells absorbed them [119]. The following section describes the most criti-
cal effects of MNP exposure on human health.

5. Human digestion of toxic agent-contaminated MP and NP

When we eat food with MNP contaminants, they can be released into the digestive
system. The contaminants can then be absorbed through the lining of the gastrointes-
tinal tract (GIT) and transported through the circulatory system to various organs in
the body [120]. The exact process has yet to be fully understood, but it is believed that
contaminants are released by the action of stomach acids and digestive enzymes, as
well as by interaction with gut microbiota. So far, research on MP digestion is scarce;
it has been performed in vitro and using single-batch models, and studies of MP with
adsorbed toxicants are even scarcer.

An example is the study on MP with Chromium (Cr) in a human static in vitro
digestion model, including mouth, gastric, small intestinal, and large intestinal diges-
tive phases where no microbiota was included. The results showed high desorption
under acidic conditions, which means that Cr adsorbed on MP with different poly-
mers, such as PE, PP, PVC, PS, and PLA, 150 pm, was more bioaccessible due to acidic
conditions favoring the desorption of anionic Cr species from the MP surface. At the
same time, no release was observed in the oral phase. Additionally, PLA exhibited
the highest oral bioaccessibility compared to other polymer types, probably due to its
degradation enhanced by the action of enzymes in simulated digestive juices [121].

Moreover, it has been reported that there is no striking alteration in the physi-
cochemical characteristics of the five types of MP (PE, PP, PVC, PET, and PS) by
artificial digestive juices mimicking the saliva, gastric, and intestinal phases of
human digestion. However, corona formation on the MP surface due to the adsorption
of organic compounds, such as proteins, mucins, and lipids during digestion, should
be considered [122].

Increasing attention is paid to the gastrointestinal tract (GIT) as the first barrier
and a portal of entry and target for MP. As we have reviewed above, MP harbors a
unique microbiome shaped by polymer type and environmental factors. After MP
ingestion, several human pathogenic microbial species associated with MPs represent
a potential risk for humans. In addition, ingestion of AR-MP could enhance the
antibiotic release and the development of antibiotic-resistant bacteria in the human
gut acting as vehicles for transferring antimicrobial resistance genes to the intestinal
microbiome and favoring human infection related to resistant bacteria. However, reli-
able in vitro gut models could then be made relevant to mimic such exposure scenarios
considering the consequences on at-risk populations (children and elderly) and,
ultimately, pathophysiological conditions (obese patients and inflammatory bowel
disease patients) [123].

6. Principal health effects associated with plastic particles’ exposure

As mentioned before, there is still a lack of definitive evidence linking the con-
sumption of MNP with human health; in correlation studies on people exposed to
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high concentrations of microplastics, experiments with animal models and cell cul-
tures have shown that microplastics can cause the activation of the immune response,
stress and induce increased or developed toxicity.

6.1 Effects on physical barriers

Ingestion is considered the main route of exposure to MNP, so the tissues of the
human gastrointestinal tract are considered the most exposed, data supported by
changes in the intestinal microbiota. Information has been found on morphologi-
cal alterations in Peyer’s plaques, which are part of the lymphoid tissues associated
with the intestine, leading to the activation of inflammatory processes. Other cells
that undergo morphological and functional changes are the M cells responsible
for the absorption of particles from the intestinal lumen to the basolateral region,
where many lymphocytes and others are found. Cells of the immune system;
These, in turn, transport antigens in an integral way because on their surface,
there are receptors for specific antigens, proteins, viruses, and bacteria incorpo-
rated into endocytic vesicles in the luminal plasma membrane and transported to
pre-lysosomes and lysosomes; site of presentation of antigens and their epitopes
to dendritic cells, macrophages, and lymphocytes present in the epithelium of
lymphoid follicles or in the mucosa; this feature of a carrier cell also allows it to
transport plastic nanoparticles from the intestine to lymphoid tissues; therefore,
it is associated with pro-inflammatory processes in humans [31, 101, 124]. These
particles can sometimes concentrate and disrupt immunity processes in the intesti-
nal barrier.

The persorption process for larger particles up to 130 pm in diameter, performed
by the epithelial cells of the gastrointestinal tract, is another pathway of uptake but
not absorption of MNP.

In addition to the particle size of MNP, their chemical composition, shape, and
hydrophobicity are other factors that affect absorption and translocation to other
organs. However, it has been determined that hydrophobic surfaces can be trans-
ported more efficiently through the intestinal mucosa. These characteristics allow
corona formation by the adhesion of microorganisms, proteins, and other biomole-
cules [125]. MNP, after being internalized in the intestinal epithelium, can be released
into the intestinal lumen due to tissue cell renewal that occurs approximately every
other day; therefore, it has been determined that they do not reach the bloodstream.
Some studies assume that the continuous accumulation of particles in the liver and
digestive tract generates toxic effects [126]. Li et al. [127], in a mouse model, fed PE
particles, reported increased inflammation in the small intestine, followed by changes
in the microbiota and an increase in systemic pro-inflammatory markers.

6.2 Effects on gut microbiota (GM)

The gut microbiota plays a vital role in human health; this term refers to the
microbial ecosystem that colonizes the gastrointestinal tract. The relevance and
impact of resident bacteria on host physiology and pathology are documented, as
are the main functions of GM ranging from metabolic activities to their translation
into metabolic activities, in the recovery of energy and nutrients, protection of the
host against foreign microorganisms; trophic functions essential for the development
and homeostasis of the immune system; absorption of vitamins, etc. On the other
hand, evidence implicates the intestinal microbiota in pathological processes such as
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multiorgan failure, colon cancer, inflammatory bowel disease, obesity, neurocogni-
tive disorders, and even personality disorders. Variations in GM after in vivo exposure
to microplastics are being investigated in several contexts. Metagenomic studies have
been developed to explore changes in GM; for example, in the springtail Folsomia can-
dida, exposed to PVC microspheres of 80 to 250 pm, 1 pg/kg of dry soil for 56 days,
intestinal microbial diversity was significantly higher, and its composition showed a
significant decrease in Bacteroidetes and an increase in Firmicutes [128]. On the other
hand, in the crab Eriocheir sinensis, during 21 days of exposure to PS microspheres
of 5 pm at doses of 40 mg/L, a decrease in the relative abundance of Firmicutes and
Bacteroidetes was reported, and an increase in the relative abundance of Fusobacteria
and Proteobacteria [129].

Within the studies carried out in murine models, a large number of signifi-
cant modifications have been found in the composition of the bacterial phyla of
the GM after chronic exposure to PS microspheres of 5 pm at a concentration of
100 pg/ day for 5-6 weeks, the relative abundance of the phylum a-Proteobacteria
decreased, the relative abundance of the phyla Actinobacteria and Firmicutes was also
reduced [38, 130, 131]. In the study by Luo et al. [132], they used a protocol with simi-
lar exposure, used PS beads of 5 pm and a dose of 1000 pg/L for 6 weeks, exposure was
performed in pregnant and lactating mice, some transcriptome studies and 16 s RNA
sequencing indicated that MP caused metabolic disorder in pregnant mice associated
with dysbiosis and intestinal barrier dysfunction. Simultaneously, maternal exposure
to MP triggered intergenerational effects and even caused long-term metabolic con-
sequences in generations 1 and 2. MP and PN influence the development of intestinal
dysbiosis; these variations can, in turn, cause functional alterations in the immune
system.

6.3 Effects on immune response

Plastic particle accumulation has been demonstrated in the liver, kidneys, brain,
spleen, and reproductive organs (Figure 2) [40, 113, 133]. The intestinal immune
system interacts with non-pathogenic commensal microorganisms and harmless food
antigens that generally must be immunologically tolerated. In turn, the immune sys-
tem must retain the ability to respond quickly to infectious toxins. This event depends
on the different mechanisms involving myeloid, lymphoid, innate, and T cells found
in the intestinal lamina propria and mesenteric lymph node. The immunotoxicity
of MNP has yet to be thoroughly evaluated; however, until now, it is known that the
immune system is compromised by exposure to these.

There are several examples of immune response after MP exposure. One of this is
the exposure in Daphnia magna to carboxylate-modified PS-NP with a size of 500 nm
at a concentration of 85 mg/L for 1 year, which increases the number of hemocytes.
Studies on invertebrates have determined that exposure to PS alters the immune
system [134]. After exposure to amino-modified nanoplastics with a particle size
of 50 nm at 10 pg/L after 24 h, hemocytes presented mitochondrial and lysosomal
alterations; after 72 h, the levels of bactericidal activity and transcription of genes
related to the immune system were elevated, and after 96 h of exposure, hemolym-
phatic phagocytosis, oxidative stress levels, and microbiota were modified [135]. On
the other hand, a specific dysregulation of proteins involved in the immune response
in the hemolymph of mussels exposed to PE and PA-MP at doses of 845 and 1296
particles/L, respectively, for 52 days was observed. Finally, exposing mollusks of
Mytilus spp. to a mixture of PE and PS microspheres with a size <400 pm, 10 pg/L,
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for 10 days, improves the activity of acid phosphatase in hemolymph and causes DNA
damage, as published by Revel et al. [136].

After in vivo evaluation of the effects of exposure to PS-NP (41 nm, 0.025-

0.2 pg/pL) in fish, Pimephales promelas modify their neutrophil function. This
activity is dose-dependently administered, and myeloperoxidase activity is also
modified [137].

As mentioned above, there are intergenerational effects of exposure to MNP, for
example, after a 90-day administration of 2 mg/day/mouse of PE particles. In mice,
exposure to PE-MP for 5 weeks at administered doses of 20 and 200 pg/g modifies
serum interleukin la (IL1a) and granulocyte colony-stimulating factor (G-CSF),
decreases regulatory T-cell count, and increases the proportion of Th17 cells in
splenocytes [83]. In a mouse model of pregnant and lactating female, it has also been
reported that blood neutrophil counts and immunoglobulin A (IgA) levels were
elevated in mothers and spleen lymphocytes in mothers and offspring [138].

The presence of macroplastics in the gastrointestinal tract of the shark Scyliorhinus
canicula was associated with a significant upregulation in the expression of T-cell
receptor beta (TCRf3) and T-cell receptor delta (TCRS) and immunoglobulin M
(IGM) cell receptors in the spleen [139].

Secretory IgA is one of the main components of the immune barrier present on the
surface of the intestinal mucosa, so it interacts with symbiotic bacteria to protect against
pathogens. On the other hand, under the intestinal epithelium are located different cells
of the immune system such as T, B, denderitic cells, and macrophages, which coordinate
and are responsible for the presentation of antigen-producing antibodies and secretors of
cytokines in the intestinal barrier [140]. Within the research that have been carried out
to evaluate the immunotoxicity caused by MNP, it is estimated that in immune cells, they
are the target and where toxic effects are present [139].

As the production of plastics increases, so does pollution in the air, water, and food
chain, increasing their permanence and exposure in living beings. It is estimated that
every 10 g of human feces contains at least 20 particles of MP or NP [141]. In1 g of
tissue obtained from adult colectomy samples, 28 + 15 particles were determined, and
approximately 331 MP particles were sampled [142]. Confirming that MP can enter the
gastrointestinal tract and the intestinal permeability caused by MNP allows commen-
sal and pathogenic bacteria to penetrate, causing pro-inflammatory immune responses
[143]. The transcription of genes related to cell proliferation, metabolism, and immu-
nity in epithelial cells is regulated by GM [144], so it is necessary to monitor and deter-
mine damage to the intestinal barrier as the impact of microplastics on GM cannot
be ignored. In addition to the intestinal barrier, studying the effects on the intestinal-
vascular barrier (IVB) is relevant, an additional cellular barrier located under epithe-
lial cells, which controls access to circulation and the liver [145]. Suppose any molecule
or microorganism crosses the epithelial barrier. In that case, they will remain in the
lamina propria, and when the IVB is damaged or exposed, intestinal pathogens can
enter the systemic circulation and cause further damage [146]. The damage caused in
IVB is brought about by bacterial translocation and MP and NP, thus participating in
the pathogenesis of non-alcoholic steatohepatatis (NASH) [147]. However, there is still
not enough evidence on the effects of MP and NP on the intestinal-vascular barrier,
remembering that the intestinal system is a complex and multifunctional organ. The
damage exerted by these particles is not limited to the intestines; they are also causes
of inflammation and metabolic dysfunction through intestinal injuries. It remains to
be clarified whether acute, long-term toxic effects are triggered in humans.
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6.4 Effects on the respiratory tract

Plastic particles are widely distributed in the atmosphere and can be inhaled
directly and continuously, posing a potential risk to the respiratory system [148]. The
translocation vias of MNP into body compartments have been previously described.
Most research to determine the effects of MNP on the respiratory system have been
conducted in vitro to determine lung cell viability, finding that exposure to these par-
ticles and the pollutants they can carry increases cell death, induces oxidative stress
and inflammatory response, and increases epithelial barrier destruction. Specific NPs
have been reported to reduce the repair capacity of the lungs, leading to tissue damage
and lung disease after prolonged exposures [149].

Lu and coworkers [130] administered microplastic droplets (1-5 pm, 300 p/20 pl)
into the nasal passage of mice, where they reported the presence of MP in the airways,
alveoli, and interstitial, indicating that particulate matter (PM) can cross the alveolar
epithelial barrier. In other studies with animal models, pathological examination
showed alveolar structural alteration and disorganized arrangement of the bronchial
epithelium because of tracheal administration of PM at a concentration of 2 mg/200 pl
[150]. The translocation of MPs and NPs to the pulmonary level activates the immune
response by releasing secretory signals (cytokines) because it is estimated that the
airway epithelium detects them in the same way as if they were allergens or other
irritants. The cytokines whose expression is increased are tumor necrosis factor «
(TNF-a), interleukin 6 (IL-6), and interleukin 1§ (IL-1f), and transforming growth
factor beta (TGF-f) [149-151]. These underlying mechanisms are related to refractory
asthma; the aggregate of these data suggests that PMs can differentiate alveolar cells,
activate fibroblasts and extracellular matrix organization, events related to fibrosis and
pulmonary emphysema and even to lung cancer. Therefore, it is necessary to show the
potential risk posed by inhaled MNP.

6.5 Effects on the liver and lipid metabolism

As mentioned above, when responding to oral exposure to MP and NP, multiple
groups showed that the gut microbiota is altered, as well as serum and hepatic
markers of amino acid and lipid synthesis and metabolism, as well as liver inflam-
mation [38, 83, 127]. Exposure to these particles produces hepatocellular edema and
infiltration of inflammatory cells with increased production of IL-1p and TNF-q;
hepatotoxic injury also occurs, whose elevation of serum markers of liver func-
tion depends on concentration, exposure time, and particle size; mice exposed to
250 nm Polyurethane (PUR) particles for 10 days showed elevated serum levels of
alanine transferase (ALT), alkaline phosphatase (ALP), IL-6, and TNF-a, hepatic
vascular congestion, and hepatocyte vacuolization [152]. Subsequently, the expo-
sure was brought about with a mixture of PS particles of 1.4 and 10 pm by the oral
probe in triple transgenic reporter mice (HOTT) with heme oxygenase-1 (HO-1),
which expressed a LacZ indicator sensitive to oxidative stress and pro-inflammatory
processes.

Effects that depend on the concentration of particles [122]. The liver is the main
site where lipid metabolism occurs; it is sensitive to pathologies such as NASH,
which manifests as an accumulation of fatty vesicles combined with cholesterol
and high-circulation triglycerides. The MP and NP alter these performances in
rodents. Hepatic distension increased hepatic triglycerides, total cholesterol,
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and decreased expression of peroxisome proliferator-activated receptor alpha
(PPAR«) and peroxisome proliferator-activated receptor gamma (PPARY) has been
observed. The lipid-sensitive nuclear receptor PPAR«a regulates catabolism and
fatty acid elimination, and some studies concluded that it may have anti-inflam-
matory effects by suppressing the nuclear factor-kappa B (NF-«B) [153, 154].
Thus, the regulation of PPARa is reduced, predicting the potential development of
NASH. It is understood that changes in lipid metabolism depend on particle size, as
mentioned above.

7. Conclusion

When evaluating the effects of MNP in humans, routes of exposure such as
absorption, ingestion, and inhalation have been established; however, a few research
have described the gastrointestinal and pulmonary toxicity that develops oxidative
stress, inflammatory response, and metabolic disorders.

In addition, it is essential to understand whether MNP can be further degraded
after ingestion under acidic conditions of the stomach or within cell lysosomes—the
long-term occurrence and fate of ingested MP and NP in the human body warrant
further investigation.

Given the wide variety of particle sizes, shapes, and chemical compositions of
plastics, the potentially dangerous effects of different types of MNP on human health
remain largely unknown. Therefore, we recommend that future research focus on
understanding the potential hazards and risks of chronic exposure to various types of
MNP at relevant concentrations.

Both MP and NP can significantly affect marine organisms and human health.
Since MP are small and lightweight, human-consumed marine species can ingest
them quickly, accumulating this debris in tissues, circulatory systems, and the brain.
Research on MP bioaccumulation and biomagnification through the food web is
scarce; efforts should be directed toward clarification.

Compared to MP, NPs can spread even more efficiently in animal bodies and
translocate between various organs. They also offer more effective adsorbents,
transport of contaminants, and proven threats to human and animal health. However,
NPs have yet to be noticed in most studies due to their enigmatic existence, limits on
sampling and analysis protocols, and non-standardized basic parameter units, such as
particulate matter abundance.
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Chapter11

Effect of Microplastic on the
Human Health

Ahmad K. Jassim

Abstract

Microplastics are defined as a tiny plastic particle with length less than 5 mm that
result from commercial product development and the breakdown of larger plastics
can be considered as harmful to our environment. The surfaces of plastic tiny frag-
ments can be carrying disease-causing organisms and acts as a vector for diseases. The
microplastics can found in water and soil carrying different types of contaminants.
The small particles of microplastics serve as carriers for bacteria and persistent
organic pollutants, which are considered as biodegradable material that remains
active for years. The main definition of microplastics and their source as well as the
effect of microplastic waste on the human health with the main solution that helps
to eliminate this kind of waste will be explained in this chapter. It was found that the
human person eats high quantity of microplastic particles every year through breath
air, drinking water, and eating plant crops and animals. On the other hand, sea fish
can contain microplastic parts due to drinking and eating sea water with microplas-
tics. Therefore, it is very important to reduce throwing of plastic waste on the ocean
and landfill to avoid the effect of microplastic on the human health.

Keywords: microplastic, human health, environment, waste, soil

1. Introduction

Due to increasing the number of populations worldwide, the consumption of plastic
was increased too and led to produce and generate microplastic waste. The plastics
were entered into all parts of our life from clothing to cleaning products because it is
a cheaper, durable, and lightweight material. Large quantities of plastics are released
into rivers and oceans, which can be classified into large plastic wastes and small
plastic particulates named microplastics [1].

Microplastics are defined as tiny plastic particles that form as a result of the plastic con-
tent in consumer products and the breakdown of large plastics. Once they have entered
the environment become pollutants, causing harm to the environment and animal health.

Microplastics prove much more challenging to remove due to their small sizes,
which are often too small to spot or grab in moving water and can remain active
marine contaminants for up to 450 years. The small particles of microplastics serve as
carriers for bacteria and persistent organic pollutants, which are toxic organic com-
pounds that take years to degrade. Moreover, they consist of chemical materials that
are hazardous to human and animal health in high concentrations. The humans ingest
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microplastics by eating marine animals that have consumed the material or through
drinking water or breathing air. Therefore, it is very important to have idea and
information about microplastics and how to avoid or eliminate their effect on our life.

This chapter will explain the main source and effect of microplastic on the human
health.

2. Microplastic

Increasing consumption of plastic products in modern society has caused
microplastic contamination in nearly all environmental media. Microplastics are tiny
plastic particles that result from both commercial product development and the break-
down of larger plastics. As a pollutant, microplastics can be harmful to the environment
and animal health. Microplastics are fragments of any type of plastic less than 5 mm in
length, according to the U.S. National Oceanic and Atmospheric Administration and
the European Chemicals Agency. Moreover, microplastics can be defined as heteroge-
neously mixed plastics that include plastic fibers, granules, and fragments with diam-
eters less than 5 mm. They are considered to be emerging contaminants of concern [2].

3. Source of microplastic

The main source of microplastics can be defined as tires, synthetic textiles,
marine coatings, road markings, personal care products, plastic pellets, and city dust.
Moreover, the majority of microplastics come from household activity with a percent-
age of 77% and 23% from industrials application [1].

4. Effect of microplastic waste on the human health

Based on the latest global estimate of microplastics, there are 93-236 thousand
tons of microplastics floating on the ocean surface, which corresponds to 51 trillion
particles. 79% of global plastic waste is stacked in landfills, which makes soil a large
microplastic sink. For example, 90% of Swiss floodplain soils have microplastics at
depths between 0 and 5 cm [1].

Plastic products are usually manufactured by using new resources basically
petroleum-based materials. However, they lost their value during their life cycles due
to leakage along the entire value chain such as pellet loss, loss during transportation,
and storage of plastic waste and littering as well as combined sewage overflow and
poorly designed products, which lead to loss into our environment easily and difficult
to recover as shown in Figure 1. This leads to contamination of the environment,
affecting wildlife and human well-being. A small proportion is recycled for remanu-
facturing with remainder utilized for energy recovery [3].

The sources of microplastics are mainly classified as either primary or secondary
microplastics. Primary microplastics are purposefully manufactured for specific appli-
cations, which include cosmetic abrasives, drug vectors, and industrial and engineering
applications such as air blasting. These microplastics are usually difficult to remove
using sewage disposal technologies and once they enter wastewater, they will ulti-
mately accumulate in the environment. Secondary microplastics originate from larger
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Figure 1.
Life cycle of microplastic and plastic products.

plastics as they are progressively fragmented into smaller pieces by multiple, complex
environmental conditions such as wind, waves, temperature, and UV light [2].

The sources of microplastics in the ocean mainly include land-based sources with
a percentage of 80% caused by coastal tourism, recreational, commercial fishing,
or plastic fishing gear applications and 18% caused by marine vessels and marine
industries such as aquaculture and oil rigs. The microplastics enter soil via multiple
sources that include landfills, soil amendments, land application of sewage sludge,
wastewater irrigation, compost and organic fertilizer, residues of agricultural mulch-
ing films, tire wear and tear, and atmospheric deposition. Figure 2 shows source of
microplastic waste in soil [2, 4].

. Large plastics
EEURALS Physical
microplastics Agricultural d;;;ad’nisn and
I mulching film Ll Secondary
Garbage Biological processcs, mlcmplaslu:s
Used directly as raw disposal &g feeding and
materials in industry, digestion /\
medicine and cosmetics Landfill
Synthetic textiles fyre wear
| and l'lbers and tear
WWTPs Washing
efMuent machine 3
efMuent I Atmosphe l
I r \on-puin; pollution —‘Ldepositio
Land application ¢ —
Sludge : Tnll wind, clc.
atilization | Sewage | —{ron polluienlg | Soil l b"rmundinii J
irrigation environment
Compost

Figure 2.
Source of microplastics in soil [2].
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Microplastic waste can be affecting soil by making soil cracking, pores, agronomic
practices by plowing and harvesting, root elongation of plants, the activities of
ingestion, and egestion of geophagies soil fauna. Moreover, the excavating activities
of other soil animals contribute likely to the most vertical transport of microplastics
in soil; however, the activities of hunting and life activities of epigenic earthworms, as
well as agronomical practices can be facilitating the horizontal distribution of micro-
plastics in soil. Additionally, plastic types can also influence the migration, because
those microbeads and microfibers have been proved to show different interactions
with soil aggregation, which may exert potentially blocking effects on the transport
of microplastics in soil. Furthermore, transport may be influenced by plastic surface
properties and eco-corona altered by the process of degradation. Soil nature influ-
ences the migration of microplastics, which lies to change the properties of soil such
as soil structure and function as well as microbial diversity. This microbial may
translate to plant and animal consequences and present potential concerns for food
quality and safety, ultimately threatening human health as shown in Figure 3.

Salt is mostly produced by the distillation of seawater, which will contained micro-
plastic materials. It is difficult to avoid microplastics in final sea salt products without
further purification steps. Thermoplastics such as polyethylene, polypropylene, and
polystyrene comprised the majority of microplastics that can be found in the food, which
account for more than 50%. Fibers are critical because they are thought to cause toxic
effects at lower doses than spherical particles. Fibers including particles classified as “fila-
ments” were dominant in many food items. For example, the fraction of fibers reached
almost 100% of microplastics in sea salts and edible tissues of fish and shellfish [5-11].
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Impact of microplastics on soil function and properties [2].
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Microplastics have been found in different foods such as fish and seafood, table
salt, beer, honey and sugar, and tap water. On the other hand, it is found in soil as a
result of contamination from items such as discarded packaging or plastic agricultural
equipment [12-16].

The studies show that the human person eats at least 50,000 microplastic
particles every year because of the infiltrated food chain, drinking water, and
breathing air. There are seven types of sources can be considered as food sources
of microplastics that includes bottled water, beer, sea food (Shellfish and fish),
salt, tee Bag, canned Food, and ready meals. Water in plastic bottles that is used
for drinking is one of the worst sources of microplastic, which results in ingesting
around 130,000 fragments of microplastic in the human body yearly. The infiltra-
tion only gets worse when the bottle is exposed to direct sunlight. The tap water
contains tiny plastic bits but the level in bottled water is double than tap water. On
the other hand, 1 liter of beer contains 4.05 plastic fibers. Moreover, shellfish is
the second major source of microplastic after water because many marine species
mistakenly eat plastic debris floating in the ocean. Tiny plastic fibers are present
in their entire body including bivalves, which are consumed by humans. In addi-
tion, 1 kilogram of sea salt contains 212 particles of microplastic. Furthermore,
plastic teabags when dipped in hot water leach microplastics in the cup, therefore,
most brands use paper teabags. The biggest health threat with canned foods is the
chemical BPA because it is used to harden the plastic, which seeps into the food
inside and contaminates it. Finally, the quick meals are usually served in plastic
containers, which add a secret ingredient to your diet along with other nutrients
microplastic [17].

There is a different source of plastic waste that can be collected from any wild-
life in or around rivers, which is exposed to the threats of microplastic pollution.
Microplastics can block the gastrointestinal tracts of organisms, or trick them into
thinking they do not need to eat, leading to starvation as shown in Figures 4-6 [18].

Microplastic materials can be carried a range of contaminants such as trace
metals and some potentially harmful organic chemicals. The chemical materials can
be leaching from the plastic surface into the body, which leads to an increase in the

Figure 4.
Plastic and microplastic waste collected around rivers [18].
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Figures.
Municipal workers cleaning plastic wastes from river [18].

Figure 6.
Different types of plastic wastes covering the top surface of rivers [18].

potential of toxic effects. Moreover, microplastics can cause cancer because they have
carcinogenic properties.

Microplastics were found in tap water, which can be carried on their surfaces
disease-causing organisms, and act as a vector for diseases in the environment. It
is interacted with soil fauna, affecting their health and soil functions. Moreover,
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microplastics can be blocked the gastrointestinal tract of small birds and fish as well
as they can be caused internally physical damage such as lacerations or irritation to
sensitive gastrointestinal tissues.

Researchers show that human exposure to microplastics could lead to oxidative
stress, DNA damage, and inflammation, among other health problems. Particularly,
when inflammation becomes chronic, this can pave the way to very serious health
problems.

The fruit and vegetables have contamination that transpires when the plants suck
water that contains microplastic up through their roots. The majority of crops have
microplastics such as pears, potatoes, radishes, and lettuce. However, apples and
carrots have the highest levels of microplastic particles.

A recent study has found that people eat 5 grams of micro and nano plastics every
week. From the most remote depths of the ocean to the deepest section of the lung,
microplastics appear to have invaded every bit of our lives, including the human
gastrointestinal tract. In laboratory tests, microplastics have been shown to cause
damage to human cells, including both allergic reactions, cell death, damaging cells,
and inducing inflammatory and immune reactions.

Regarding the microplastic contamination of soil, the ecological and health risk
resulting from microplastic exposure was of significant concern. Microplastics may
concentrate in human body through various exposure pathways as shown in Figure 7
such as inhalation of dust, consumption of food, or direct drinking water contami-
nated by microplastics [19].

According to European Food Safety Authority (EFSA), still, we do not have
enough information and data that explain how microplastics are present in food
and how to affect human health and their behavior in our bodies. Therefore, it
is very important to make more research to develop new standardization methods
to analyze microplastics and determine their effect and risk on the human body.
At the moment there is no advice from official authorities indicating that we
need to change our eating behavior or avoid certain foods to steer clear of micro-
plastics [13, 14].
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Various contact pathways of concentration microplastics in human body [19].
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5. Solution to eliminate microplastic waste
The ocean cleanup has developed the first scalable solution to efficiently intercept
plastic in rivers before it reaches the oceans. By tackling 1000 rivers around the world.
To eliminate the microplastic waste effect there are seven things that can be done,
which include [20]:
1. Reduce your use of single-use plastics.
2. Support legislation to curb plastic production and waste.
3. Recycle properly.
4. Participate in a beach or river cleanup.
5. Avoid products containing microbeads.
6. Spread the word.
7. Buy a water filter, and stop using bottled water.
8. Buy non-synthetic eco-friendly clothes.
9. Get a laundry ball.
10.Air dry, do not use the dryer.
11.Use public transport, and favor rail infrastructure.
12.Reduce your meat and fish consumption.

13.Use active carbon filter on your tap water

14.Using paper bag instead of plastic bag.

6. Conclusions

Microplastics demonstrate much more challenging to remove due to their small
size and huge quantity, which can be remain active for years. The small particles of
microplastics serve as carriers for bacteria and persistent organic pollutants, which are
considered as biodegradable materials. Moreover, they consist of chemical materials that
are hazardous to human and animal health in high concentrations. Many sources of food
and landfill have microplastic waste that goes directly or indirectly to the human body
by eating food or breathing air, which affect human health. It was found that the human
person eats at least 50,000 microplastic particles every year. Still, there is not enough
data that help to know how microplastics affect humans. However, there are some
solutions to eliminate the effect of microplastics on the humans and animals. Therefore,
it is very important to make more researches to develop new standardization methods to
analyze microplastics and determine their effect and risk on the human body.
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