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Abstract

An increasing global problem is the buildup of improperly handled plastic garbage in the environment. One of the
biggest environmental issues facing aquatic ecosystems today is contamination from bulk plastics and plastic
detritus. Specifically, microplastics (MPs) and nanoplastics, which are small-scale plastic waste, are now the main
causes of pollution in freshwater and marine environments. On the other hand, contamination of aquatic systems is
now acknowledged as one of the major environmental hazards facing our world. Currently, concerns have been
raised regarding the breakdown of plastic products into micro and nanosized particles, because of the ineffective
plastic waste management. To prioritize regions for mitigation policy implementation, it is critical to pinpoint the
precise MPs' transport mechanisms and the locations where trash is created. In order to show the historical and
contemporary circumstances as well as forecasts and scenarios of global plastic waste management from now
until 2060, we used continent-level data on trash management. This study, finally, presents a potential future
scenario of estimates on the destiny, transport, and occurrence of plastic waste in aquatic habitats, highlighting the
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different factors that trigger the transport of MPs into water and the necessity of rational management of plastic
waste.

Keywords: Microplastics, nanoplastics, plastic pollution, aquatic environments, plastic waste management, future
scenarios

INTRODUCTION

Plastics are currently a great material that is employed in many aspects of daily life, as they are utilized in
nearly every industry, including packaging, vehicle, aquaculture, fisheries, biomedical, shipping, agriculture,
building and construction, telecommunications, furniture, transportation, textiles, apparel, and personal
care items. Because of their low weight, elasticity, resilience, flexibility, low cost, long-term persistence,
corrosion resistance, high strength-to-weight ratio, and water-resistant qualities, plastics have supplanted

more traditional materials such as glass and metals" .

The number of anthropogenic stressors in aquatic media, including microplastics (MPs), is making a
significant contribution to the increasing pollution of the environment'*. Because plastic goods are used so
widely in daily life, an increasing number of plastic particles - primary MPs - are making their way into the
water. The global danger that MP pollution poses to human and ecological health is causing the public to
grow more concerned about this issue®. According to the National Oceanic and Atmospheric
Administration (NOAA) of the United States, fragments of any kind of plastic that are smaller than 5.0 mm
can generally be categorized as MPs"*. It is usual to use the mesh size of the neuston nets (333 pm or
0.33 mm), which was used to collect the samples, even if the bottom limit (size) of the MPs is not stated'.
The two main processes by which MPs are produced and discharged into a body of water are primary and
secondary. MPs come from a variety of sources and have a wide range of features*”..

MPs are created when plastics undergo physical, chemical, mechanical, and biological degradation or break
down into tiny fractions". Due to their ongoing manufacture, non-biodegradable nature, persistence, and
extended environmental life span, these plastics are tiny, ubiquitous particles that have been steadily
accumulating in the environment"”. According to Constant et al. (2020), they have been identified as one of
the ten emerging pollutants in the United Nations Environmental Programme (UNEP) Year Book 2014 that

may pose a hazard to the health of humans and other creatures across all biomes""’.

Scientists worldwide are increasingly concerned about the buildup of MPs in environmental components,
with densely inhabited areas showing higher concentrations in lakes, rivers, estuaries, seas, and beaches"**.
Due to their tiny size, MPs can potentially affect human health when they enter the human food chain
through the consumption of seafood and other terrestrial foods"*'”. Furthermore, the disposal of plastic
trash in municipal waste disposal systems generates toxic leachate, which can damage land and water""*.
Plastic trash will keep rising as a result of inappropriate waste management practices and unprecedented

consumption of plastic items">".

Global efforts are focusing on quantifying plastic pollution in seas and freshwater, as it affects marine life
and people. The breakdown of macroplastics into MPs complicates identifying pollution sources and
implementing mitigation strategies. Studying MP life cycles without estuaries undervalues their
contribution to oceans™. Over the past 10 years, the relevance of MP debris in freshwater and marine
ecosystems has increased”*”. The impact of MPs on aquatic organisms is underexplored, with plastic
fragmentation primarily induced by weathering, similar to sunlight photodegradation. In marine
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environments, plastics have a slower rate of degradation due to lower temperatures”**". Mechanical
elements like turbulence and wave action can fragment plastic debris, while improper disposal can cause
secondary MP buildup in marine environments due to non-biodegradable synthetic polymers.
Furthermore, the anerobic conditions required for the breakdown of biodegradable polymers are absent
from saltwater'*>>**. Understanding the mechanisms affecting marine plastic trash dispersion and transit is
crucial due to the heterogeneity of plastic particles and their non-linear behavior throughout the water
column”™**. Variations in density, buoyancy, and residence durations that occur during the MP particle’s

life cycle in the water are linked to discrepancies in their behavior™.

The current focus of the study is to gain a better understanding of this behavior, as knowledge of these
processes is essential for assessing ecological implications and potential health hazards to humans.
Additionally, it helps develop policies and standards for managing coastal areas and put in place appropriate
monitoring systems™. According to Hardesty et al. (2017), numerical models hold great potential for
improving our understanding of plastics’ behavior in dynamic flow systems. Numerous intricacies linked to
flow dynamics can be calculated using numerical models. Furthermore, developments in numerical
methods and processing power have made it possible to apply fine grid resolution for the computation of

28,30]

precise and detailed flow patterns, which serve as MP drivers***.,

Thus, the goals of this work are to: (a) Review the manner in which fresh water is contaminated by various
transport mechanisms; (b) summarize the primary transport mechanisms in the estuaries of some of the
heavily polluted rivers or lakes that leak MPs into the seas, (c) to present MPs’ routes of transportation via
several environmental divisions; (d) to correlate plastic waste management and MPs’ occurrence in water;
and (e) to analyze the forecasts for plastics and MPs in water by 2060, taking into account the improper
handling of plastic trash in the present and the upcoming years.

METHODOLOGY

This mini-review compiles findings from 100 studies about MP transport processes in rivers, lakes, and
oceans. The terms “MPs” and “estuary” were combined with the following keywords to extract literature

» o«

from the databases of Google Scholar, Scopus, and Web of Science: “transport”, “fate”, “plastic waste”,
“nanoplastics”, “litter”, “migration behavior”, and “contamination”. The retrieved studies were categorized
according to the transport mechanisms they covered. Each article located was released between 2010 and
2023. Research addressing the movement of MPs in estuary sediments and water columns was incorporated,
whereas studies examining the effects of MPs on estuarine biota were not. Moreover, research conducted in

aquatic environments - such as lakes, rivers, and oceans - was also included.

We stopped our search when multiple pages of results in Scopus, Google Scholar, and Web of Science
yielded no relevant papers. Since the search was focused on finding publications with literature reviews, case
studies, book chapters, conference papers, postgraduate and doctoral theses, and papers written in
languages other than English were all excluded. As a result, published articles were filtered using the
previously indicated criteria (title, keywords, and abstract), and relevant publications were included in our
collection. We reviewed the content of each article, paying particular attention to the abstracts and
conclusions. The ideal reference criteria for systematic reviews and meta-analyses set by Moher et al. were

used in this review paper’s research approach [Figure 1]%".

The datasets used in this paper have been taken by OECD Library Global Plastics Outlook as Excel files, and
they provide estimates of plastic waste for the different global regions and/or continents. These datasets also
provide estimates of plastic waste measured in millions of tons per year, per end-of-life fate after accounting

[32]

for recycling losses and collected littering, efc.
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Papers identified related on microplastics and the marine environment field
via 3 databases
(Scopus, Web of Science and Google Scholar), 2000-2023

|

Screened papers based on title, keywords and abstract (n=143)
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Assessed full text articles (n=108)
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Final review papers for meta-analysis data processing (n=100)
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|

Figure 1. Comprehensive workflow of the research project™".

TRANSPORT MECHANISMS OF MPS IN FRESHWATER, RIVERS, LAKES AND MARINE
ENVIRONMENTS

MPs’ occurrence and destiny are influenced by physical properties, environmental interactions, and
meteorological and hydrodynamic factors. Factors like size, density, and morphology also influence their
dispersion and sinking rates””. MPs, due to their size, shape, and durability, are easily transported by wind
and water, influenced by human behavior, particle characteristics, weather, and environmental

[34]

topography*.

They can enter aquatic habitats through various routes, including runoff, garbage dumping, air deposition,
and wastewater treatment plant outfall, as mentioned before. Although treatment plants can retain MPs and
filter out some particles, they struggle with synthetic microfibers and nanoplastics”**?. Other MP entry
mechanisms into terrestrial and aquatic environments relate to agricultural sources, including organic
fertilizer products®’.The physical and chemical characteristics of MPs, substrate conditions, and
hydrodynamics at the sediment-water interface affect their transit in lakes and rivers, with different origins
affecting transport qualities, burial likelihood, and interactions**..

Plastics and MPs can enter the environment through various channels, including terrestrial and marine-
based activities, as well as home or commercial drainage systems. For instance, tiny plastic beads commonly
found in toothpaste, scrubs, and clothes can easily find their way into the aquatic ecosystem. Similar to this,
clothing made of synthetic fibers sheds MPs, which end up as effluents in wastewater treatment facilities or
water supplies™. Additional pathways for MPs to infiltrate the marine environment include storm drains,
wind, and waves. Runoff carries some of them out to sea. Unfavorable weather conditions increase the
deposit of macroplastic at shorelines, and the path often passes via landfills and marine recycling ports,
which contribute to the breakdown of macroplastic garbage. Sewage sludge, which enters the aquatic
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ecosystem containing more MPs than garbage, is another possible cause of MP pollution***]. The low
concentrations and huge size of MPs allow currents to carry them over greater distances and distribute

[42]

them widely

Additionally, according to De Witte et al. (2014) and Gauquie et al. (2015), MPs may be found in a variety
of marine animals, including fish, seabirds, bivalves, mammals, and crabs, as well as on beaches and in
seabed sediments and surface waters"***!. The excrement of zooplankton is another way that MPs might
enter the ocean. The MPs were easily consumed by the organisms as they passed through their digestive
tracts, were encapsulated in excrement, and were ingested. After being eaten, the excrement dropped to the
bottom of the exposure vessel, where it was later consumed by the bigger copepod'**’.

Municipal wastewater treatment plants are significant sources of MPs in the environment, primarily
removed through sludge settling and solids skimming. The effluent discharges from these plants can
influence MP burdens in oceans and surface water habitats'“. For instance, MP parts from synthetic fibers
in garments end up as effluents in wastewater treatment facilities or water, and each day, about 65 million
MP particles are released into the receiving water by Glasgow’s wastewater treatment works (WWTW),
which is situated on the River Clyde”*!. Thus, wastewater treatment plant (WWTP) effluent has been
highlighted in a number of published studies as a major pathway for the direct transfer of MPs into aquatic
and soil habitats'”. As we said before, in the first stages of the WWT process, large-size MPs and other
particles may be held in the grit chamber and mechanical screen. The coagulation/flocculation mechanism
causes MP fibers to settle by gravity during the initial treatment phase!..

The human respiratory system is harmed by MPs of various morphologies that are constantly being carried
and settling in soil or sediment after being discharged into the atmosphere. Beaches, seabed sediments,
surface waters, and a variety of marine organisms, such as fish, seabirds, bivalves, mammals, and crabs,
among others, have been reported to contain MPs"*>*. MPs can travel by atmospheric fall and marine
movement. Its low density and tiny size contribute significantly to the widespread dissemination of MPs in
all ecosystems worldwide. According to Obbard et al. (2014), polar ice and marine sediments have therefore

[49]

turned into a worldwide sink for MPs*.

As to terrestrial system concerns, according to He et al. (2018), agricultural operations, precipitation,
fractures, and soil organism activities can all introduce MPs into the subsurface soil*”. These mechanisms
have the potential to induce MPs to seep into deep soils containing water and eventually find their way into
groundwater”". Furthermore, through ingestion, redox, and excretion processes, soil organisms, such as
earthworms, insects, nematodes, bacteria, fungi, algae, etc., affect the transport and destiny of MPs"">*. MP
fragments from wastewater treatment facilities are often retained in sludge due to high efficiency, and large
volumes are dumped into Europe for composting and agricultural fertilizer®. MPs are not yet taken into
account by regulations on hazardous substances found in sludge applied to land, so the mass of MPs
unintentionally applied to land each year may surpass 400,000 tons"*”. Sewage treatment effluent contains
MPs that can enter the environment through rivers’ effluent intake. These particles are primarily applied to
land as sludge or discharged directly into the environment. Other methods for disposing of sludge include
burning, landfilling, and cement production, making it unlikely for plastic particles to leak"***"**. Other
techniques for getting rid of sludge include burning it, dumping it in a landfill, and even using it to make
cement that is used in buildings. Under these circumstances, it is improbable that plastic particles would
leak into the environment because they are well-contained”"***), MPs in wastewater treatment plant sewage
sludge can be as high as 15,385 items/kg, contaminating agricultural soils. Annual discharges in North
America and Europe are estimated to be 63,000-430,000 tons and 440,00-300,000 tons, respectively”>®.
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Organic fertilizers made from composting and fermenting biowaste can introduce MPs into soils, which are
often applied to agricultural crops after drying, and are transported through physical, chemical, and
biological processes"”. Plastic film mulching and greenhouse covering have been widely and heavily used in
agricultural production because of their efficaciousness in enhancing agricultural quality and production
and can be one extra factor for the appearance of MPs in soils””**. The increased concentration of MPs in
terrestrial soils may also be caused by other factors such as roadside littering, illicit trash disposal, and tire
abrasion'.

The air-water transfer of materials is influenced by aquatic conditions, including salinity and organic
colloids. Bubble bursting, a phenomenon where plastic particles transfer from water to air, is influenced by
salinity and gel concentration. In high salinity settings, gel concentration and viscosity significantly affect
MP mobility. The addition of proxies for sea surface microlayer components increases the particle transfer

59]

rate!

The air-water transfer is also reinforced by rivers that are crucial entry points for MPs into the ocean, but
the lack of data on their environmental fate makes it difficult to assess danger and design regulatory
responses. MP prevalence increases upstream and downstream, correlated with natural and man-made
factors. The density and size of MPs influence migration across compartments, with geographic distance
being a strong determinant***. The prevalence of MPs demonstrated significant associations with the
increase and geographic location of sampling sites, the distance from the closest city, demographic density,
and the rate of urbanization, according to Pearson’s correlation analysis provided in a study by Yuan et al.
20221, MPs’ circulation and final sink are influenced by environmental factors, density, shape, size,
hydrodynamics, meteorological conditions, habitat characteristics, and interactions with aquatic biota!™.
The upper soil level is a degradative environment for plastic trash, aided by strong heat, oxygen, and
sunlight. Plastics undergo biodegradation and macroplastic breakdown, accelerated by agricultural
practices. However, plastic degradation takes decades. MPs enter groundwater systems through leaching
and are transported via the biosphere, with soil biota playing a key role in this process'*.

Improper management of rubbish and wind-blown littering might unintentionally introduce plastics from
landfills into the terrestrial ecosystem. MPs can travel through the ecosystem thanks to landfills. The
polymers might be dispersed far from their sources by wind action'®”’. Alternatively, toxic materials derived
from plastic garbage may leak into landfills when plastic waste is disposed of there. If left untreated, the
leachate from the breakdown and leaching of additives such as plasticizers might release toxins that

64,65]

contaminate the surrounding rivers and groundwater system'***".

The amount of plastic litter that is discharged into the environment is difficult to estimate since there are
few data and disposal practices for plastic debris vary between countries. Wind-blown trash and plastic
discharged onto the land are examples of mismanaged garbage. According to estimates from 2010, the
amount of garbage that is mishandled in the European Union (EU) is comparable to that in the US. As
demonstrated by the implementation of EU-wide waste management regulations, this is a realistic
assumption based on parallels in national income and the development of waste management
infrastructure®’. As mentioned before, the amount of mismanaged plastic garbage (plastic waste - managed
waste) in the EU is estimated at 520,000 metric tons. Furthermore, sewage sludge is thought to deposit
between 63,000 and 430,000 metric tons of MPs onto land each year™”..

Larger proportions will eventually find their way into the marine environment as a consequence of
increased aggregation brought on by rising plastic manufacture and natural erosion. Nonetheless, it is still
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probable that for a long while to come, more plastic will be deposited and kept in continental ecosystems
than will enter the oceans. According to estimates, rivers serve as conduits for the transportation of 70%-
80% of marine plastics into the ocean. In addition to being carried by rivers from the land to the ocean,
plastic waste may also come back to the ground during high tides or floods. The same elements that
influence the movement of sediment also influence the movement of plastic particles within river systems,
including environmental parameters and hydrological features”***.. Anything may be deposited in areas
with low flows and changes in stream depth or flow (such as on bends); on the other hand, high-velocity
rainfall and deterioration dislodge previously settled debris to be mobilized instead of introducing particles
through runoff**.

All of the above has been derived from a thorough study of all the published papers included in this review,
which include the most prevalent sources and mechanisms of MP transport in aquatic environments. Below
in Figure 2, the primary mechanisms of MP transport are illustrated, arranged and quantified based on
statistical analysis, ranking from the most dominant and frequent to the least important. More specifically,
the main mechanisms that are referred to in the reviewed published papers have been classified in the
categories below. This was followed by a quantification of the frequency of occurrence in the examined
published papers.

MPS’ ROUTES OF TRANSPORTATION VIA SEVERAL ENVIRONMENTAL DIVISIONS
Atmospheric environment

Due to the lack of limits in the air and the fact that the speed, as well as the direction of the air, primarily
affect the MPs, the moving of MPs in the atmosphere might result in a large dispersal range for MPs.
Variables like temperature, precipitation, wind direction, speed, and pollution concentration gradient
influence MPs’ movement in the atmosphere, with wind modulation impacting urban transportation and
suspension'”**l. Particle density and sedimentation, wind, and precipitation all affect how long particles
remain in the atmosphere and how they fall out or deposit'®. Low-density MPs are frequently carried by the
wind over great distances, which ultimately leads to MP pollution on land and in water!”..

Boucher and Friot (2017) found that wind-borne atmospheric MP transport accounts for 7% of ocean MP
contamination. According to air mass trajectories, MPs were carried up to 95 kilometers from their point of
origin to a region with a low population density"”). According to Abbasi et al. (2019) and Prata (2018),
atmospheric particulates that have settled in the terrestrial environment may also be resuspended in the air
or carried to aquatic systems by rainfall or surface runoff and because MPs and dust share the same pattern
of degradation, MPs observed in the marine environment can be linked to atmospheric dust fallout™”,

Terrestrial environment

Because MPs are resilient, they will build up and come to high concentration levels in the soil, which may
have an impact on the biodiversity of soil””.. Many variables, including abiotic and biotic transport as well as
vertical and horizontal mobility, affect how MPs migrate through the soil. The horizontal and vertical
motions of MPs in soil are controlled by many elements, such as the surface of the soil, accumulation, and
agricultural operations (such as harvesting)"'. The changes in MP properties and structure (size, shape,
hydrophobicity, and chemical composition) also have key roles in MP transport in soil”. The retention
mechanisms of MPs alter as the size of particles grows, and their attachment effectiveness rises
noticeably”. Mobility of MP spherules in soil may be improved by raising the UV hydrophilicity and
negative surface charge of MP particles”. Organic matter and soil water flow rate affect MP transport, with
organic matter increasing transport mechanisms and reducing stability. MPs can be transported through
natural and man-made processes, and most are fibers, which are easily lifted into the atmosphere. Soil

serves as both a source and sink!”””%.
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Main mechanisms of MPs transport in
aquatic environments

%

gravity 1.5
salinity 2.5
topography/geography
density of MPs
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WWTP and sludge
mismanaged plasic waste

physical phenomena & weathering

6% 3%1% M physical phenomena &
[ weathering

B mismanaged plasic waste
M WWTP and sludge

M agricultural and soil activities
(and/or farmland)

M density of MPs

Figure 2. Dominant mechanisms (%) of MP transport in aquatic environments according to the review of the published papers. MP:
Microplastic.

Aquatic environment

Strong hydrodynamic forces, such as wind, waves, tides, and thermohaline gradients, constantly affect the
aquatic environment, making it an active zone. Thus, climatic pressures and coastal transport mechanisms
alter the temporal and geographical distributions of MPs™. Plastics are carried by beaching, drifting, and
settling pathways from terrestrial, riverine, and marine sources to transient reservoirs on beaches, in tidal
wetlands, and in marine sediments. When floodwaters release from upstream locations during wet periods,
the largest concentrations of MPs are found around river mouth areas. Although there is little knowledge of
the physical mechanisms underlying this process, plastics that are carried to aquatic habitats are maintained
nearshore in estuaries, wetland sediments, and beaches””. MPs are transported further into grounds and
ocean sediments by both terrestrial and aquatic biota, primarily via the processes of bioturbation and
biofouling. Various aquatic and soil species can actively participate in the transportation of MPs"”. As
mentioned above, MPs’ physical characteristics are influenced by coagulation, photochemical deterioration,
mechanical decomposition, and biofouling, affecting particle density, size distribution, geometric form, and

[80,81]

surface properties, consequently shaping their ultimate destiny’

One important factor influencing the buoyancy and movement of MPs in water is particle density. Neutral
particles with densities less than seawater float at or close to the sea surface, whereas nonfloating particles
with densities greater than seawater often sink to the sea floor*. Low-density particles have been
discovered in sediments in coastal waters and on the deep ocean floor, suggesting that high-density particles
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may travel great distances. Because plastics have a high material density and coastal seas are turbulent, it is
anticipated that non-buoyant plastic particles will mostly travel by suspended load".

Additionally, the size of plastic particles, which plays an instrumental role in the transport of MPs, may be
altered by a number of processes, such as flocculation, aggregation, biofouling, and fragmentation.
Regardless of their densities, microscopic plastic pieces exhibit the behavior of colloidal particles and
typically exist as suspended particles in the water column™. As such, the size distribution of plastic particles
must be considered a dynamic characteristic that varies with residence duration and transit routes'*”. MPs
can become larger and denser by aggregation with both organic and inorganic particles, leading to a quicker
deposition of the particles on sediments. Given the large quantities of suspended sediments, particulate
organic matter, and detrital particles in the coastal environment, aggregation and subsequent sedimentation
could dominate the fate and dispersion of MPs'*,

It has been shown that, like MPs, the Schulze Hardy rule and Derjaguin Landau Verwey Overbeek (DLVO)
theory may be used to understand the process behind the behavior of MPs. To put it simply, ionic strength,
organic matter, flow velocity, size, and surface charge can all have an impact on MP mobility"***. In relation
to their original form (plastic pieces, pellets, fibers, or filaments) and fragmentation processes, marine
plastic particles come in a variety of forms™®!. Additionally, the shape and specific surface area of the
particles have a significant role in defining the aggregation and biofouling processes that affect the MPs’
transit channel. Particles having high surface area to volume ratios (films, fibers, foams) have a greater rate
of aggregation/biofouling and may sink sooner than big things'*"*.

All in all, taking into consideration all the aforementioned, we can conclude that MPs can be carried by
atmospheric or aquatic currents depending on their weight and density. MPs may move from the
pedosphere into the hydrosphere via surface runoff, rainfall, and ocean circulation. Ocean circulation allows
MPs to not only move from land to water, but also from water to land"***”. In addition, smaller and lighter
MPs have the ability to travel great distances, including high altitudes and glacier zones, as they become
airborne and are transported by the wind. Denser MPs may collect in the pedosphere (soil) or be buried
there, whereas lighter MPs may be carried by wind over the pedosphere®. Surface runoff from cities and
agricultural regions, together with heavy rains, can introduce MPs into surface waterways (the
hydrosphere). Research has indicated that the utilization of plastic mulches to enhance crop development or
the addition of household sewage sludge as a soil amendment in agricultural activities may result in the
introduction of MPs into the soil®. Furthermore, stormwater runoff transports the MPs that are produced
by tires wearing down naturally to nearby surface waterways®. Furthermore, airborne MPs made of light
fibers from trash incineration, landfills, and clothing can travel great distances and deposit themselves in
remote locations by atmospheric fallout'®".

PLASTIC WASTE MANAGEMENT AND MPS

Plastic particles are present in the air, drinking water, sediments, seas, snow ice, and agricultural soils,
among other things. MPs are being released into the environment at an accelerated rate worldwide, which
has an impact on biodiversity, conservation, and water quality. An understanding of the origins, transit, and
destiny of plastics in the environment, as well as multidisciplinary research, and regional and global
collaboration, are necessary for managing plastics in the environment and guaranteeing effective
intervention policies and practices. The accumulation of plastic particles has been found to vary both
temporally and geographically, with differences in dispersal and distribution being attributed to
anthropogenic causes, time, places, hydrodynamic conditions, and environmental pressure™'. In addition,
the varied distribution of MPs, particularly in adjacent rivers, has been linked to population density,
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Municipal solid trash contains a sizable portion of post-consumer plastic garbage. Since the 1950s, when
commercial manufacture of plastics began, 8,600 million metric tons of plastic have been produced. Of this
garbage, 70 percent has been diverted to landfills and the natural environment"”. For example, plastic
leakage in South Africa results in an annual dumping of approximately 40,000 metric tons of plastic waste
into the ocean. Concerns about municipal plastic waste (MPW) have arisen in every country, prompting
proposals for global legislation and control. Currently, many other nations have banned or imposed taxes
on plastics due to popular outcry and political commitment™'.

The greatest solution for a plastics circular economy has been identified as landfill diversion through
recycling and energy recovery. On the other hand, the majority of African countries choose to leave their
garbage - plastic waste in particular - in landfills or rubbish dumps, with the rare badly managed landfill.
While recyclable and reusable items, including plastics, are scavenged and recycled back into the economy,
biodegradable materials use these landfills and dumps as composting beds. Africa has a notably distinct
approach to managing plastics for socioeconomic and political reasons. Systematic recycling is quite
restricted in Africa; the combined capacity for recycling in the most developed systems - South Africa,
Ethiopia, Uganda, Rwanda, Morocco, Algeria, Madagascar, Cameroon, and Mozambique - is less than
591,

In locations where they have been used, recuperative energy interventions in the plastic waste handling
order, such as gasification, pyrolysis, and incineration, have guaranteed a closed-loop system for plastic
waste management. However, only developed and middle-income nations that emphasize waste
management with circular economy concerns are currently able to implement these costly and more
advanced energy recovery technologies. In Africa, there is a dearth of plastic waste-to-energy conversion
technologies, which forces people and organizations to engage in open, unregulated burning activities with
hazardous environmental effects"*>*".

The growth of plastic garbage in many developing nations has been linked to behavioral psychology,
changing consumption habits, and inadequate waste collection and treatment infrastructures”?. Developing
nations frequently have an overwhelming amount of urgent social and infrastructure demands, which
prevents them from coordinating appropriate waste management programs with national development
initiatives. Thus, as indicated by the widening of streets and rivers, overflow from waste disposal sites,
increased composition in municipal solid waste, contamination of shorelines and beaches, and pollution of
aquatic systems, the plastic threat is more severe in low- and middle-income nations'”.

Africa and the Middle East stand out as the two continents where the growing buildup of improperly
handled plastics has been found. For example, plastic waste in Ghana has been attributed to improper
consumption patterns and the rising income of the country’s middle class. The story of plastic leakage is a
prevalent environmental aspect, especially in metropolitan areas where careless dumping has led to clogged
drains, flooding, cholera and diarrhea outbreaks, an ugly landscape, and a threat to tourism®*. The
majority of Africa’s carbon emissions equations do not account for the impact of environmental waste
plastics and their carbon footprints, despite the fact that the manufacture of plastic, burning, and poor waste
management release greenhouse gases that fuel climate change. The outwardness of plastic mismanagement
is mainly attributed to inappropriate social practices and bad political decisions made at the central
government level. Africa is thought to have the greatest number of country-level plastic waste management
systems worldwide, but the continent is also hindered by a lack of producer-consumer responsibilities,
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investment and funding channels, and trash management policies™.

There are huge differences in waste management systems around the globe, and many nations lack any kind
of public trash management system. A significant amount of plastic in mixed household garbage nowadays
is non-biodegradable and cannot be composted. As a result, over time, plastic will accumulate as a result of
traditional garbage disposal techniques including dumping in backyards, rivers, or private or public
landfills. Even tiny towns may experience significant environmental pollution due to plastic litter.

Furthermore, nations even with well-established waste management systems annually deposit millions of
tons of plastic waste into landfills, which is comprised of a sizable amount of controlled and collected post-
consumer garbage". Although the implications in terrestrial systems have not yet been well documented,
there have been reports of animal consumption and livestock and wildlife entanglement that can prove
lethal. According to Lebreton and Andrady (2019), there is a significant potential to reduce the input of
plastic and therefore MP (defined as plastic particles < 5 mm) to the environment through better waste
management and waste reduction”. The annual amounts of mismanaged waste are estimated to triple by
2060 due to continued poor waste management, growing plastic production, and a growing population®®.

As has been noted, municipal trash contains a large number of plastic products, which may wind up in the
environment and disintegrate over time, creating secondary MPs. Consequently, municipal garbage
represents a huge prospective supply of MPs in the future. Globally, the yearly volumes of garbage have
reached hundreds of tonnes and are growing. Consequently, although they mostly exist as macroplastic
products now, municipal garbage has the potential to become the greatest source of MPs in the future*.

The majority of plastic debris that finds its way into the marine ecosystem comes from terrestrial sources.
Among the involved transportation mechanisms are: (1) rain and wind carry street debris into rivers; (2)
inappropriate or forbidden garbage disposal; (3) inadequately maintained landfills; (4) facilities for the
production and processing of plastic; (5) spills from drains and treatment of waste; (6) fishing activities; and

97,98]

(7) facilities for disposing of solid waste along the coast'”**.

Recycling is now the most extensively used method of handling plastics. Global rates have progressively
increased to represent 24% of non-fiber plastic garbage generated in 2014. The countries with the highest
recycling rates in that year were China (25%) and Europe (30%), with the United States having a rate of 9%,
which was average for the globe”. Currently, textiles are either burned or disposed of together with other
solid trash instead of being recycled. Approximately 53% of plastic trash is recycled, 46% is utilized for
energy, and 1% is dumped in landfills. Recycling can extend the lifespan of plastics before they are discarded
into the environment, but the recycling process may result in the generation of MPs"”..

The dataset below, from OECD Library Global Plastics Outlook, provides estimates of plastic waste for the
different global regions and/or continents. This dataset also provides estimates of plastic waste measured in
millions of tons per year, per end-of-life fate after accounting for recycling losses and collected littering, for
the period 2000-2019"”\. Tt is clear that throughout the last two decades, USA, Canada, the European Union,
and Asia have been the dominant regions that contribute to the pollution of aquatic environments due to
the great increase in plastic waste. In Figure 3, it is clear that industrialized and developed regions produce a
higher amount of plastic waste compared to continents such as Oceania, which do not exhibit the same level
of industrial development or population as regions like Asia.

The likelihood that poorly managed plastic garbage will find its way into river systems and eventually the
ocean varies. Mismanaged plastic waste’s likelihood of ending up in the ocean is influenced by a number of
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Figure 3. Total plastic waste by region (2000-2019)5%",

factors, including climate, geography, land use, and distances within river basins. The likelihood of
improperly managed garbage being released into the ocean is displayed in Figures 4 and 5.

To begin, in areas lacking adequate local waste management techniques, plastic pollution prevails. This
indicates that a significant amount of improperly managed plastic debris may initially ends up in rivers and
the ocean, underscoring the necessity for improved waste management practices. In addition, cities closest
to major polluters typically featured paved areas where plastic waste and water runoff can easily reach river
outlets.

While cities in Asia, Africa, or Latin America are often situated alongside relatively small rivers, they
contribute significantly to the continent’s plastic pollutants. Additionally, possible abundant rainfall in these
riverine regions exacerbates the issue, leading to the rapid transportation of plastics into the rivers, which
then swiftly flow into the ocean. Furthermore, proximity matters, as cities near the ocean and major river
sources tend to cause the highest concentrations of MPs in their waters.

Plastic that ends up in our seas can come from both marine and terrestrial sources. The term “plastics
pollution from marine sources” describes the pollution left behind by fishing fleets that employ abandoned
boats, fishing nets, lines, and ropes. The proportional contribution of terrestrial and marine sources to
ocean pollution is a topic of frequent and heated discussion. Figures 6 and 7 present the origin of MPs in the
ocean (regions and application of use correspondingly).

However, it is necessary to underline that surface movements and the direction of the winds in the water
have a significant impact on the dispersion and buildup of plastic debris in the ocean. Plastics often travel
along the primary surface currents and wind patterns due to their buoyancy, allowing them to float on the
ocean’s surface. Consequently, they tend to accumulate in gyres within marine cycles, with the highest
concentrations found at the centers of ocean basins and lower concentrations at the periphery. Once plastics
enter ocean basins from coastal areas, they exhibit a propensity to move toward their central regions.

The most recent estimates indicate that, globally, land-based sources account for around 80% of ocean
plastics, with marine sources contributing to the remaining 20%. Roughly half (10 percentage points) of the
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Figure 4. Accumulated stock in rivers and lakes (2000-2019)%%,
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Figure 5. Plastic leakage to oceans (2000-2019)%7.

20% derived from marine sources are thought to come from fishing fleets (such as nets, lines, and damaged
ships)“. The usage of main plastics by industry is depicted in Figure 5, along with the industry’s
contribution to plastic trash creation. In addition to the product lifespan, primary plastic use has a
significant impact on the development of plastic trash. For example, the active lifespan of packaging is quite
short - typically no more than six months. In comparison, plastic use in architecture
(building),construction, or transportation has an average lifespan of 35 years. Thus, packaging is the
primary source of plastic trash, accounting for about half of the total worldwide.

Figure 8 shows the percentage of plastic garbage generated worldwide in 2000-2019 that is disposed of,
recycled (A), burned (B), landfilled (C), littered (D), and mismanaged (E). It is obvious that each region/
continent manages the plastic waste in a different way and this has a possible impact or a footprint in the
accumulation of MPs in water that is observed. In the past, plastic was typically discarded intact, as
recycling or incineration were uncommon practices. However, starting around 1980, the rate of incineration
began to increase, and from 1990 onwards, there was a notable rise in recycling rates.
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Figure 6. Transport of MPs to oceans (2000-2019)"?. MPs: Microplastics.
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Figure 7. Sources of MPs: Plastic use by application (2000-2019)"%. MPs: Microplastics.

The greatest solution for a plastics circular economy has been identified as landfill diversion through
recycling and energy recovery. Currently, the United States, European Union, and Asia have the highest
rates of plastics ending up in landfills. On the other hand, the majority of African countries choose to leave
their garbage - plastic waste in particular - in landfills or rubbish dumps, often with inadequate
management practices. Africa’s approach to plastic waste management is notably distinct due to
socioeconomic and political reasons. Formal recycling infrastructure in Africa is relatively limited, with
even modern systems in South Africa, Ethiopia, Uganda, Rwanda, Morocco, Algeria, Madagascar,
Cameroon, and Mozambique collectively showing less than 5% capacity for recycling. Plastic packaging
contributes significantly to Africa’s waste stream, especially with the widespread use of bottled and sachet
“pure water”. In South Africa, for instance, plastic leakage results in an annual oceanic loading of
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Figure 8. Plastic waste by region (2000-2019). (A) Recycled; (B) Incinerated; (C) Landfilled; (D) Littered; and (E) Mismanaged"?.

approximately 40,000 metric tons of plastic waste*.

Figures 9 and 10 focus on the analysis of data from the year 2019, specifically examining the presence of
macroplastics and MPs in oceans, rivers, and lakes, as well as their origins. Macroplastics in aquatic
environments predominantly stem from mismanaged plastic waste, particularly originating from countries
with weak economies or/and in stages of development, primarily in Africa, Asia and Latin America. In
Figure 10, it is obvious that the main sources of immediate MPs in aquatic environments are MP dust, tyre
abrasion, primary pellets, wastewater (WW) sludge, and particles from materials used in road construction.

In the next section, future prospects and estimations concerning the fate of MPs in rivers/lakes and oceans
are presented, juxtaposed with the future strategies for plastic waste management. Put simply, by the end of
2060, as depicted in Figure 11, global plastic waste will either undergo recycling or be directed toward
landfilling, followed by incineration or, in the worst-case scenario, complete mismanagement. It is
imperative to address plastic waste appropriately to mitigate future pollution effects. Whenever feasible,
plastics should undergo recycling, and when that is not possible, they should be landfilled hygienically or
incinerated with energy recovery. This reduces the amount of improperly managed trash and leaves only
difficult-to-treat sources of leakage, such as uncollected litter and MPs. Consequently, international
recycling rates will ascend, while rates of improper waste disposal will decline.
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Figure 10. Microplastics in aquatic environments in 201957,

The goal of curbing plastic waste reaching rivers and oceans by 2060 hinges on minimizing leakage to
aquatic habitats. However, the accumulation of plastic in these water bodies persists until all avenues of
leakage are sealed off and the flow completely ceases. Despite efforts, substantial amounts of plastics
continue to leak into the environment [Figure 11], with large volumes ending up in aquatic areas. This is
due to the approximately 40-year timeframe required to decrease mismanaged garbage to minimal levels.
The cumulative volume of plastic will keep rising, mostly in rivers and lakes and less in oceans.

In addition, a future scenario anticipates a decrease in the release of MPs into the environment [Figure 12].
This decline is attributed to the overall economy utilizing less plastic, primarily through recycling and
reusing practices. As a consequence of the worldwide effort to control the primary sources of MPs in the
water in a sustainable manner, primary pellets, wastewater sludge, and road markings account for the most
significant decreases in MP leakage. Future policy measures are poised to prevent a significant rise in
primary plastic consumption, with projections indicating an 11% increase in primary plastic production
between 2019 and 2060 [Figure 13]. This trend stems from secondary plastics penetrating the market more



Belioka et al. Water Emerg Contam Nanoplastics 2024;3:14 | https://dx.doi.org/10.20517/wecn.2024.09 Page 17 of 23

Estimates of plastic waste per end-of-life fate by 2060

Mismanaged ™ Landfilled I Incinerated M Recycled

2060

7501.8

Millions of Tons (t) of plastics
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Figure 12. Estimates of plastic leakage [in millions of Tons (1)] to the aquatic environments at the global level by 206057,

quickly alongside a diminishing total demand. As targets for recycled content escalate in the coming years,
secondary manufacturing is experiencing notably robust growth. This surge is attributable to an overall
reduction in plastic manufacturing, leading to decreased demand for plastics and subsequent waste
generation, thereby decreasing the amount of recyclable plastic scrap available. Finally, forecasts regarding
plastic usage by type up to 2060 [Figure 14], indicate that 89% of MP concentration in aquatic environments
will come mainly from the aforementioned primary MPs, shedding light on their prevalent causes and
sources.

The amount of plastic debris and particles is growing annually due to the rising global population and
greater consumption. These substances pose unknown and untested threats to human health and the
environment since they are easily transported over great distances and widely distributed on land, in the sea,
and in the air. Despite the possible risks to environmental health, there are very few documented cases of
plastic particle pollution of environmental media in Africa. Understanding the origins, transit, and destiny
of plastic particles via regional and international collaboration and multidisciplinary research is necessary
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for managing environmental waste plastics and plastic particles and guaranteeing successful intervention
policies and practices. We advocate for special control of MPs in consumer items due to the possible harm
that plastic particles might cause to ecological functions and health hazards to humans. The data presented
in this work contribute to the expanding corpus of knowledge in the global research of micro- and
nanoplastic particles, with a focus on developing nations'™.

RESEARCH AND KNOWLEDGE GAPS

The amount of micro- and nanoplastics that are present in the globe is unknown, but due to their
detrimental impact on the ecosystem, it is critical to assess the degree of their contamination. It is
challenging to assess the degree of damage to human health due to the information gap surrounding this
pollution, especially in light of the lack of conclusive data about the impact of micro- and nanoplastics on
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human health in the human diet. Additionally, it is imperative to furnish precise data to evaluate the exact
extent of human exposure to these particles in their everyday diets. This can be achieved through the

establishment of standard methodologies for detecting and characterizing micro- and nanoplastics'*'*”.,

It is difficult to determine the presence of micro- and nanoplastics in marine water and sediment since it
depends on the collection technique, sample preparation, and analytical approach. The concentration of
particles in nature and the laboratory varied significantly from one another. Furthermore, despite numerous
attempts, many environmental influences are unfeasible to replicate in the laboratory; as a result,

101]

experimental laboratory conditions and related outcomes are not representative of the field'

The fate of micro- and nanoplastics during the metabolism of seafood is not well understood. Opportunities
exist in the field of scientific research to close the information gap about the long-term effects of micro- and
nanoplastics, particularly with regard to human risk assessment. Numerous investigations have revealed a
connection between metabolic, morphological, and behavioral alterations and the presence of micro- and
nanoplastics in the food chain. The effects of plastic particle pollution will therefore reach the level of
ecosystems. However, the fate of micro- and nanoplastics in marine environments and their consequent
environmental effects remain unclear. This lack of clarity poses a challenge in accurately assessing the
potential harm to human health posed by micro- and nanoplastics®”.

CONCLUSIONS

This paper was organized into two parts: The first part provides an overview of all published papers
focusing on the transport routes of MPs, while the second part analyzes the correlation between improper
plastic waste management and high levels of MP accumulation. Identifying precisely where litter is
generated is crucial for targeting priority areas for future implementation of mitigation policies regarding
MPs in water. Aquatic habitats are threatened by MPs, which have long been recognized as a severe
category of pollutants. Therefore, this review covers the mechanics of MPs transport and the handling of
plastic trash. The relationship between improperly managed plastic trash and the processes leading to MP
accumulation in waterways is not well understood, necessitating further research in this area. After
outlining the potential future paths for MPs, we conducted a statistical analysis of several approaches to
managing plastic waste to reduce MP pollution. The pervasive presence of MPs in aquatic ecosystems poses
a serious threat to both freshwater and marine life. Although research on the presence of MPs in rivers,
lakes, and seas has expanded recently, more needs to be learned about the external factors influencing their
transit and dispersion in freshwater systems. Given the increasing input of plastic into the environment, the
distribution and abundance of MPs in aquatic systems are likely to rise significantly in the coming decades.
Unless urgent global action is taken, it is estimated that by 2060, there will be more plastic in the ocean than
fish.
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