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Abstract: Microplastic (MP) pollution is a widespread global environmental concern, representing
an emerging contaminant with major implications for ecosystems and human well-being. While
extensive research has focused on MPs in aquatic environments, their impact on sediments and
soils remains inadequately explored. Studies have confirmed the harmful effects of MPs on soil
and sediment biota, as well as on the properties of these ecosystems. Furthermore, the long-term
persistence of MPs within the environment contributes to their accumulation in terrestrial and marine
food chains, with potential consequences for groundwater quality. Although several methods have
been applied to mitigate MP pollution, some methods have drawbacks and some are not studied well,
necessitating the urgent exploration of novel, sustainable, and eco-friendly approaches. Biochar is a
remarkable solution for pollution removal; recently it has been used in addressing the increasingly
concerning issue of microplastic contamination. This review aims to shed light on the difficulty
posed by MPs in soils and sediments, while highlighting the remediation methods and the potential
advantages of utilizing BC as an environmentally friendly solution for MP removal and remediation.
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1. Introduction

Recently, the potential negative impacts of emerging contaminants (ECs) have globally
received massive attention over environmental and health concerns [1–4]. Anthropogenic
activities are recently considered as the primary drivers of environmental degradation [5].
The widespread distribution of MPs in natural ecosystems originates from different activi-
ties, either land-based or marine-based, and MPs are extensively distributed in freshwater,
marine, and terrestrial ecosystems [6,7]. The United Nations Environment Programme
recently listed MP pollution as one of the top ten environmental problems. As a result,
plastic pollution is increasingly regarded as a major contributor to the worldwide decrease
in biodiversity, as well as a severe danger to the functioning of the Earth’s systems and
human health [1,8].

Every year, 381 million tons of plastic waste are produced globally (only 5–9% of
that has been recycled). Of that, 38 million tons are generated by the US alone [9,10],
and 15 and 32% of global plastic production in 2020 was accounted for by Europe and
China, respectively [11]. Shopping bags are robust, inexpensive, and lightweight plastic
goods that are frequently utilized on a worldwide scale. Shopping bags are made from
nonrenewable resources such as petroleum and natural gas. They were first introduced in
the 1970s, but nowadays, about 500 billion plastic bags are used globally every year [12].
Palansooriya et al. [13] reported that by 2050, it is predicted that 12,000 Mt of plastic trash
would have entered natural ecosystems due to current plastic manufacturing patterns and
inadequate waste management techniques. Therefore, a better understanding of the effect
of MPs on soil ecosystems is required.
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The three most often used plastic polymers in packaging are polypropylene, low-
density polyethylene, and high-density polyethylene [14]. After prolonged exposure to
sunlight and atmospheric factors, plastic products, especially bags, become fragile and
readily fragment into small sizes, producing persistent particles, usually referred to as
MPs [15]. Thus, the plastic waste may comprise micro- and macro-plastic; the size of MPs
is <5 mm, mainly fragments, granules, fibers, films, foam, etc. [6,16,17]. O’Kelly et al. [8]
stated that MPs can be degraded into smaller-sized plastics, like nano-plastics (NPs),
or totally transformed into carbon dioxide and water in soil ecosystems. Because of
their incredible endurance and durability and resistance, they are practically considered
indestructible in specific environmental circumstances, such as those prevailing in the
ocean [18]. However, plastic waste, including biodegradable plastic, is more susceptible
to physical fragmentation than degradation, resulting in smaller plastic sizes. Due to the
combined action of physical, chemical, and biological factors, plastic waste exposed to
the natural environment will undergo weathering processes, such as decomposition and
degradation [5]. Lee et al. [19] added that environmental weathering, by chemical oxidation
and photo-oxidation by UV, causes the breakdown of plastics into small parts. Thus, MPs
are classified into two types based on their origin (Figure 1): primary MPs that are generated
as pellets, that is, micro-sized particles from manufactured plastics and domestic products
such as cosmetics and personal care products, and secondary MPs, which are derived from
the degradation of large-sized plastics or the biological, chemical, or physical weathering
of plastics into forms such as fibers, foams, fragments, or films [4,6,16,20].
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Most of the work about MPs has been performed on aquatic ecosystems, particularly
oceans, or even on sediments, beaches, and sludges [21]. Worldwide reports of MPs
in the water column and marine sediments have been documented [22]. As a result,
there is a knowledge gap regarding MP contamination in agricultural soil and terrestrial
ecosystems [21]. Biofouling by prokaryotes, eukaryotes, and invertebrates can increase the
density, size, form, and fluid density of MPs, causing them to sink to the bottom sediments.
It has been noted that sediments are important MP sinks, and thus an accumulation of
MPs in sediments can be harmful to both marine and human life [22–24]. A growing
body of research suggests that MP particles and films can be digested by wildlife and
hence enter the food chain, resulting in larger environmental and health effects of MPs
than previously. These negative effects may be attributed to the oxidative stress caused by
MPs in addition to the ability of MPs to selectively adsorb xenobiotics and other chemical
compounds, particularly those with poor water solubility [15,25]. Due to their unique
surface structures and characteristics, MPs have the capacity to absorb heavy metals and
organic contaminants from soil solution and concentrate them locally in the soil [26]. As



Soil Syst. 2023, 7, 110 3 of 23

well, MP accumulation in the environment can result in various problems and potential loss
of ecosystem services [27]. Increasing information suggests that MPs can also impact the
soil–plant system and they are more likely to accumulate throughout the soil food chain. It
is reported that MPs affect biological, chemical, and physical soil characteristics, including
its evaporation and water-holding capacity, porosity, aggregate size and formation, pH,
and nutrient availability. However, the research of MP pollution is still in its early stages,
particularly in soil environments [26]. Thus, there was and still remains a knowledge
gap in this area of research [16,28–30]. Several methods, either physical, chemical, or
biological methods, are used to remove MPs from the environment. Biochar (BC) has been
considered in MP remediation; it basically acts as a filter that separates MP particles by
trapping, adsorbing, and entangling these particles on its surface. It is a cost-effective and
eco-friendly method of removing MPs [31]. However, there is a lack of reviews about MP
removal and remediation by BC (or its modified forms such as activated, mineral-oxidated,
magnetic, or nano), as well as its mechanisms and effectiveness. Therefore, this review
highlights some objectives, such as addressing the MP dilemma in soil and sediment and
its fate in the environment, as well as focusing on the use of BC in MP removal from
the environment to highlight its potential advantages as an eco-friendly method in this
widespread issue.

2. Microplastic in Soil

MP pollution in soil has attracted minimal scientific attention compared to that in the
marine environments, despite the fact that it has recently been documented that soil is a
major sink of MPs (4–23 times larger in its mass than marine environments) [5,25,32,33].
Microplastics have been found in soils all over the world, including Asia, Europe, North
America, Africa, and Oceania, with abundances ranging from 870 particles kg−1 in home
garden soil to 42,960 particles kg−1 in farmed regions. The great majority of MPs in soil were
polyethylene (PE) and polypropylene (PP) [34]. However, the potential impacts of MPs
in terrestrial environments are largely unexplored, despite the fact that more than 80% of
plastic pollution in the oceans is usually produced, used, and disposed of on land [33]. Thus,
MPs tend to accumulate more in terrestrial soil than in aquatic environments. According to
the United Nations Environment Programme (UNEP), huge amounts of particulate plastics
detected in the marine ecosystem worldwide are generated from land-based sources.
Annually, 4.8 to 12.7 Mt of terrestrial plastic waste reaches the ocean, accounting for
1.7–4.6% of total plastic waste created. Sediment transfer through soil erosion is a process
that enables plastic particulates to be transported from land to aquatic habitats. Despite
this connection to land sources, most scientific studies on plastic particulates have ignored
their consequences [5].

2.1. Sources of Microplastics in Soil

The sources of MPs in soil include landfills, inorganic fertilizers and organic waste
application (such as sewage sludge and compost) that are contaminated by plastics, irri-
gation by wastewater, irrigation pipes, wastewater treatment plants, agricultural usage
of plastic films (such as plastic mulch (broadly used to improve water use efficiency and
plant growth) and greenhouse coverings), packaging bags, plastic-coated fertilizers, fer-
tilizer/seed containers, textile applications, industrial waste, road dust, and dispersed
atmospheric depositions of fibers and fragments [1,3,25,32,33,35–39]. As well, irrigation
water and other diffuse sources can all introduce plastic into agricultural soils [35]. In
addition, some products of personal care, abrasive industrial resin tablets, fragmented
plastics produced through photolysis, abrasion, and biodegradation, and treated wastewa-
ter from the textile processing industry are other sources of MPs [40]. Agricultural films
and compost applications are the most likely important sources of MPs in soil among the
previous sources [1,41]. Thus, generally, the source of MPs in terrestrial environments can
be classified into two groups: (1) point sources (such as plastic factories, landfills, and
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wastewater treatment plants) and (2) non-point sources (such as roads and agricultural
lands) [42] (Figure 2).
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2.2. Risks of Microplastics in Soil

It has been stated that soil has been polluted with plastic to concentrations up to 7%.
However, some of the recent reviews on MPs in soil have revealed that little is understood
about the plastic effects in soil systems [35,43,44]. As a result, MP pollution and its hazards
in terrestrial ecosystems have received much attention in the past few years [30,34].

2.2.1. The Impact on Soil Ecosystem Services, Soil Properties and Functions

The persistence and limited biodegradability of MPs in the soil ecosystem is one of the
reasons that has attracted the interest of ecologists and environmental scientists worldwide.
Furthermore, easy transfer of MPs to the soil environment from various sources poses a
threat to the soil ecosystem [45]. Because MPs are abundant in many habitats, they are
readily accessible to a wide range of organisms, including plants (a vital component of the
terrestrial ecology), animals, and, eventually, humans [30]. It is confirmed that MPs can also
exert certain eco-toxicological effects on the physicochemical, faunal, and microbiological
properties of the soil and its biodiversity [17,45]. Once accumulated in the soil, MPs also
directly or indirectly affect the soil ecosystem functions. The MPs have been noticed to
cause soil health deterioration by negative effects on the soil bulk density, soil porosity,
water-holding capacity, aggregates, and soil structure. In addition, it slows nutrient cycles
and has harmful effects on soil organisms [21,43]. Moreover, it is argued that MPs could be
a part of soil C storage, which complicates the mixture of soil organic matter by simplifying
the formation of high-molecular-weight aromatic compounds [43]. Also, it was shown
in research on the impact of MPs and biodegradable mulch on soil chemistry that the
examined MPs increased soil pH through interactions with different cations and protons in
both organic and inorganic components. This demonstrates how these MPs change pH in
various soil types, reducing pH in acidic soils and raising pH in alkaline soils, for example.
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For a wide variety of soil and MP types, further field and lab investigations are advised
because it is unknown what processes are responsible for these alterations [46].

Upon reaching the soil, MPs may have an impact on the stability and operation of
soil ecosystems because of the differing characteristics of MPs and soil components (such
as soil minerals and soil organic matter). For instance, because of their lower density,
MPs often diminish soil bulk density. MPs are a form of solid pollutant that may embed
inside soil aggregates and alter the structure of the soil. According to several research
studies, MPs may cause a decrease in soil aggregates [47]. According to Li et al. [47], this
is explained by the possibility that MPs might cause fracture spots in soil aggregates. In
contrast, Zhang et al. [48] discovered that in the pot experiment, numerous wet–dry cycles
increased the production of macro-aggregates (>2 mm), while this was not proved in the
field experiment. Changes in bulk density and soil structure had an impact on soil porosity,
which in turn had an impact on soil permeability and water-holding and supplying capabil-
ity. Additionally, MPs had an impact on several soil chemical characteristics, including pH,
electrical conductivity, organic carbon content, and nutritional components [31,47]. MPs
may also have impacts on soil biological indicators such soil enzyme activity in addition
to their influence on soil’s physicochemical attributes. For instance, the fluorescein diac-
etate hydrolase activity was lowered by PE and PVC MPs, whereas the urease and acid
phosphatase activities were elevated [46].

2.2.2. Association with Other Pollutants

Microplastics have been labeled as Trojan horses (vectors) since they can absorb and
transmit other contaminants while also releasing toxic organic compounds [49]. Due to
the unique characteristics of MPs, they have a remarkable adsorption capacity for several
contaminants [3,14] via H bonding, ion complexation, and electrostatic interaction [25].
The MPs have an affinity for some hazardous hydrophobic organic chemicals, persistent
organic contaminants, and non-essential trace elements (such as polychlorinated biphenyls,
additives, dichlorodiphenyltrichloroethane, plasticizers, and heavy metals) [14]. Thus,
contaminant adsorption by MPs enables MPs to behave as contaminant carriers or drivers,
complicating the research of MPs’ eco-toxicology [50]. Evidence suggests that MPs can
serve as a vector for the transmission of pollutants (such as heavy metals, hydrophobic
organic pollutants, pharmaceuticals, personal care products, and even human pathogens)
absorbed from soil, including plastic additives and some other pollutants. In addition, it
affects the transport of pollutants, posing potential dangers to soil biota [1,34,51,52].

Yao et al. [53] reported that colloidal particles in porous materials are known for their
ability to aid or hinder the transport of heavy metals. Soil MPs, like other colloidal particles,
can react with metals due to their highly reactive functional groups (e.g., CH3-, NH2-, COO-,
-C-C-, and -SO3H) and large specific surface areas. Plastic may cause synergistic pollution
with heavy metals, posing a risk to ecosystems. Joint exposure to MPs and cadmium, for
instance, may result in varying degrees of toxicity to plant development. As well, organisms
that consume MPs that have toxic chemicals adsorbed to them may face significant health
concerns since these chemicals can be transmitted into their organs and tissues. It has been
established that MPs can act as carriers for harmful substances (such as polychlorinated
biphenyls, nonylphenols, and polyaromatic hydrocarbons) into organisms [54].

As the surface of plastic is negatively charged, it reacts with positively charged soil
particles or ions, forming a complex combination of minerals and organic matter. As a result
of this interaction, it can influence dissolved organic matter, extractable ions, bulk density,
water-holding capacity, and aggregate stability, which affects the soil physical and chemical
environment, soil (micro)organism habitat, and consequently plant development [35]. The
interactions between MPs and pollutants are unavoidable when they coexist, and these
interactions can influence the toxicity of particular pollutants. A small number of research
studies have shown that hydrophobic organic pollutants can affect MPs’ ecotoxicity. The ad-
sorption capability of triclosan on MPs, for example, can have a direct impact on the toxicity
of various MPs. It is reported also that MPs can boost the effects of an organophosphorus
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flame retardant on mice to promote oxidative stress, amino acid metabolism, neurotoxicity,
and energy metabolism [55]. The Cd adsorption by soil was reduced by the presence of
high-density polyethylene MPs, while Cd desorption from soil was increased. Plant perfor-
mance and soil fungi are influenced directly and indirectly by the co-occurrence of MPs,
which prompts changes in Cd availability and soil characteristics [3]. As well, Li et al. [45]
reported that MPs, due to their high surface area, may bind hydrophobic compounds like
PAHs effectively, which raises their risk when taken by biota. As a result, the impacts of
combined pollution from MPs and other pollutants on terrestrial species should be more
closely considered [34].

2.2.3. The Impact of Microplastics on Soil Biota, Microbes, and Food Chain

The presence of MPs has an impact on soil microbes, resulting in alterations in both
the diversity of the microbial community and the activities of enzymes within the soil
ecosystem. This affects the overall health of the soil ecosystem. However, the influence of
MPs on soil microbiota and associated biogeochemical processes is not well-understood.
Despite the increasing attention given to this phenomenon, the underlying mechanism
remains unknown. Therefore, it is necessary to conduct further research to investigate the
dosage dependence and specific types of MPs that affect soil microbial communities and
enzyme activities [45]. Ma et al. [55] stated that MPs may present an emerging danger
to terrestrial ecosystems by influencing soil biota at various trophic levels. MPs can also
be ingested by terrestrial organisms such as ciliates, flagellates, amoebae, collembolans,
and earthworms, which causes a decrease in their survival and growth rate, digestive
damage, disruption of immunity, neurotoxicity, oxidative stress, abnormal gene expression,
DNA damage; they can even be transferred up the food chain (Figure 3) [36]. After
ingestion, MPs pass on to bigger soil species, resulting in unknown consequences for soil
fauna and microbes. Several species were more widespread in MP-contaminated soil,
including plastic-degrading bacteria and pathogens, revealing that MPs can work as a
unique microbial habitat, possibly changing the biological processes of soil ecosystems [33].
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Since the diversity and relationships between soil microorganisms are important
causative factors in soil aggregation, soil exposure to MPs can alter the relationship between
microbial activity and water-stable aggregates. Soil microorganisms are the essential pool
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of soil living biomass and they play key roles in biogeochemical cycles. As a result, C and
N biogeochemical cycling may vary if microbial populations are significantly changed by
MPs, influencing soil ecosystem functions and services [43].

Although the impacts of MP pollution on soil macro-organisms have gained a lot of
attention, research on their impacts on the microbial community is uncommon, especially
when it comes to plant–soil–microbe interactions and its significant impacts, such as nutri-
ent cycling, soil organic matter, C storage, pollutant attenuation, and total CO2 flux [33].

2.2.4. The Impact of Microplastics on Ground Water

Groundwater is one of the most significant natural resources on the planet. Ground-
water accounts for 1.69% of total water accessible on Earth, with just 0.76% of fresh and
usable water. Despite its scarcity, groundwater contributes significantly to many nations’
daily water requirements [56]. Groundwater is a key source of water for many purposes,
such as drinking, agriculture, residential, and industry, for over two billion people [37,57].
The urbanization and population growth of rural regions puts pressures on and depletes
groundwater systems, which reduces groundwater quality. Microplastics, among other
emerging contaminants, became highly concerning, owing to their persistence in the
environment [57]. A substantial amount of plastic garbage is dumped into landfills and
thrown in rivers and other surface water bodies and the ocean, where it degrades into
smaller fragments due to the action of biotic and abiotic processes and eventually finds its
way into groundwater. However, there is little known regarding the presence of MPs in the
groundwater [56].

Microplastics in soil can also be a source of MPs in groundwater. Seepage via pores
and cracks, in addition to interactions with colloidal aggregates, can have effects on the dy-
namics of MPs in the subsurface soil, which makes the identification of MPs in groundwater
systems problematic. Microplastics gradually migrate from the topsoil to deeper layers
of the soil, where they accumulate and ultimately move to other areas of the ecosystem
with the aid of water and animals. The risk of loss of MPs is estimated to be much greater,
especially in artificial drainage agricultural soils, huge quantities of macro-pores, and
with occurring surface runoff [1,53,57,58]. Furthermore, the combinations of mechanical
corrosion, UV light, weathering, and (micro)biological degradation would break plastics
into small particles and disintegrate plastic waste in natural aquatic and soil systems at
the micro-to-nano scale [53,59]. The health risks that are posed by MPs are induced in
three ways: (1) hazards caused by MP particles through ingestion; (2) hazards caused by
different chemicals, colors, plasticizers, and ingredients present in the MPs; and (3) hazards
caused by the creation of biofilm by micro-organisms over MP particles. Furthermore,
when introduced into the aquifer system, MP pollution poses serious risks to groundwater
ecology and the soil environment, ranking it among the top 10 environmental issues [56].

Microplastics have the potential to contaminate groundwater through various con-
tamination pathways. This contamination is influenced by hydrogeological factors such
as the source of groundwater recharge (such as the vadose zone or surface water) and the
timing of recharge or recession periods. The source of MPs can be diffuse (like a losing
river) or point-specific (such as leaks from the drainage system). The characteristics of the
aquifer, such as hydraulic conductivity, also play a role in the percolation and transport
of MPs. Additionally, the interaction between surface water and groundwater further
affects the movement of MPs. Unlike solute contaminants, the movement of MPs in the
aquifer is also influenced by the size of MP pores and dimensions [60]. Khant and Kim [37]
stated that even though groundwater contamination can have an impact on human health,
plant varieties, and subsurface micro-organisms, there have been far less investigations on
MPs in groundwater compared to soil. Thus, the presence of MPs in groundwater should
not be ignored. It requires immediate focus from the scientific community, particularly
hydrogeology and environmental impact research, to reduce their adverse effects and
evaluate the potential risks on human society and the environment.
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3. Microplastics in Sediments

From an ecological perspective, sediments are regarded as the primary and most
important component of water systems and have been identified as a location for the
deposition of a variety of contaminants, including MPs [61]. The worldwide distribution
of MPs in the marine environment is well-established based on the information presented
thus far. Their widespread presence in the marine ecosystem causes significant levels of
contact with the biota in sediments, deep abysses, and surface waters [62]. In the aquatic
ecosystem, MPs can float or sink to the bottom based on the polymer composition. Low-
density polymers like polypropylene and polyethylene can float on the surface; thus, these
polymers stay on the surface, whereas high-density polymers such as PVC, polyamide,
and polyester sink to the bottom (Figure 4) [52]. It is indicated the MP distribution in the
sediment is higher than the surface of the water bodies (approximately up to 5 times) [63].
Plastics can undergo density modification once they are in the water by processes such
as additive leaching, biofouling, and assimilation within marine aggregates. Even if their
initial densities kept them floating, these processes make it easier for MPs to sink to the
ocean floor. The degradation of plastic trash may then be slowed by the low-energy
environment, low oxygen levels, freezing temperatures, and lack of solar UV light in the
benthic zone. This could make MPs in the marine environment more persistent [64]. Thus,
sediments, like soils, serve as a long-term sink for MPs in deep-sea and river-estuary areas,
which either allow them to be adsorbed on their surfaces or be trapped between their
spaces [25,65]. Denser polymers sink and tend to accumulate in the sediment at the bottom.
The disruption caused by wind conditions affects the dispersion of MPs in the water column.
Thermal, chemical, hydrolysis, mechanical degradation, and photodegradation of MPs
can also reduce the particle size at the bottom [52]. Synthetic polymers are found in lakes,
rivers, and seas across the world and accumulate in sediments because of their properties,
which include resistance and high durability. Tiny particles are readily ingested by a variety
of aquatic species, accumulating in their cells and tissues until being transferred via the
food chain (Figure 5). Thus, most plastics are highly robust and long-lasting [14].
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Given that many sediment organisms are filter or detrital feeders and are thus more
vulnerable to swallowing MPs, the widespread presence of MPs in sediments raises possible
eco-toxicological issues. Once consumed, MPs can harm aquatic species physiologically,
producing molecular, cellular, and systemic effects as well as apical endpoint damage
and hepatic stress. In addition, up to 90% of the biomass of fish food comprises benthic
invertebrates, so exposure to MPs in sediment may result in its bioaccumulation and trophic
transmission. Exposure to MPs may completely reduce the quantity of macro-invertebrates
and other benthic species at the community level. Therefore, a better understanding of MP
contamination in sediments is crucial [66].

3.1. Sources of Microplastic in Sediments

The main sources of MPs in the sediments are drainage from domestic and industrial
wastes, household wastewater, and cosmetic exfoliants [25]. Irfan et al. [52] elucidate some
reasons for high MP concentrations in lakes and water bodies, and thus its accumulation in
sediments, such as (1) higher population density as the main cause of greater MP amount;
(2) the inflow of domestic sewage; (3) proximity to residential and industrial areas, in
addition to tourist and aquaculture activities; (4) transporting of MP particles by the land–
sea breeze at the water with increasing solar irradiance; and (5) small surface areas of
water bodies.

3.2. The Impacts of Microplastic on the Sediments

Microplastics either accumulate directly in seabed sediments by sinking through the
water column or indirectly by being carried by currents and by sediments that are carried
down continental slopes. However, a variety of practical considerations make it difficult
to determine the degree of deposition of MPs in deep-sea sediments. In particular, the
ocean is deep and wide; therefore, acquiring samples from deep-sea settings is linked to
high expenses and practical obstacles. Despite these restrictions, it is crucial to look at
MPs in the benthic environment since the deep seafloor may be hiding a lot of plastic
waste. MPs have so far been discovered in deep-sea sediments in investigated regions of
all significant seas [67]. The fundamental difficulty with the existence of MPs in the aquatic
environment is its large surface area and its high affinity for toxins such as dyes, pesticides,
heavy metals, medicines, and antibiotics [4]. Low-density particles have a tendency to float
on the water’s surface or remain suspended in the water column, whereas plastics with
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densities greater than seawater’s (1.02 g cm−3) would sink and collect in the sediment. Even
low-density polymers can, however, sink to the ocean floor thanks to density alteration.
MPs may also sink to the ocean floor because of biofouling by prokaryotes, eukaryotes,
and invertebrates, which increases density [23]. However, MPs in water bodies may be
diluted due to seasonal variations in water volume and water dynamic behavior. However,
dilution hardly happens in the sediment in a static environment, and sediment can easily
work as an accumulation environment. Sediments provide also be a source of MPs and
habitats for benthic species, which are key parts of food chains [14]. As in the soil, MPs
can be ingested by different aquatic organisms, causing physical and psychological harm
in these organisms [36]. Microplastics can act as selective niches for fungi and bacteria
and change the microbial communities of the water and sediment [43]. Various substances
in sediments, including organic carbon, total nitrogen, biogenic opal, carbohydrates, and
lignin, have been shown to be influenced by sediment grain size. As grain size decreased,
organic carbon increased, as well as mercury and total organic carbon variation. These
chemical interactions indicate that the concentration of MPs varies with sediment grain
size, indicating that MPs are deposited and accumulate differently in sediment, which has
consequences for benthic species and the whole food chain [23].

4. Environmental Fate and Risk Assessment of Microplastics

The connection of the cause/effect response is a crucial feature in the research of the
repercussions of MPs in the environment. If such experiments are possible using laboratory
assays, numerous environmental factors could play a part in the impacts on biota, including
the particle itself, the additives and chemical release used during synthesis, plastic back-
ground contamination, and the existence of microbial pathogens. Due to the difficulties
of identifying all involved chemicals, assessing the risk of environmental “contaminated
plastics” is challenging [68]. In soil environments, MPs migrate, partition, and degrade
based on their properties (polymer type, shape, size, density), the climate (temperature,
rainfall, wind), the physics and biochemistry of the soil (e.g., soil biota), and other environ-
mental conditions (e.g., mechanical disturbances). A negative or positive charge may be
present on MP surfaces by oxidation and friction between soil particles, which affects MP
properties and migration processes. Soil physical characteristics, soil biota, and agricultural
techniques can all have an impact on the vertical and horizontal distributions of MPs in the
soil. Surface runoff and/or wind erosion both contribute to the horizontal movement of
MPs. It has been discovered that with the rising frequency of wetting–drying cycles, MP
migration into the depth increases noticeably [8]. Thus, characterizing and assessing MPs’
environmental fate and mobility necessitates an understanding of the impact of numerous
environmental processes and routes. When MPs are released from various sources, they
form a heterogeneous combination of particles, shapes, and sizes that are released into
the environment [69].

However, degradation rates and half-lives of some plastics have been recently esti-
mated in natural environments; for example, low-density polyethylene plastic bags and
high-density polyethylene plastic bottles (100 and 500 µm thick, respectively) show half-
lives of 3.4 and 58 years, respectively, in marine environments [70]. It is worth mentioning
that interactions between microbes and MPs can affect MPs’ fate, chemistry, as well as
eco-toxicity [54]. After arriving in the soil, the residues of MPs generally degenerate into
micro- and nano-plastics and absorb a variety of heavy metals or release organic contami-
nants into the soil, particularly phthalic acid esters, posing potential risks to soil biology
and human health [1]. Previous research showed that commercialized polymers degraded
slowly in the soil. It was found that just 0.4 percent of polypropylene (PP) degraded after
one year of soil incubation, but no weight loss was detected in the case of polyvinyl chloride
(PVC) after 10–35 years of soil incubation. The texture and composition of the soil both play
a significant role in the breakdown of synthetic polymers in the soil. It was revealed that
clayey soils degraded polymers faster than sandy soils, which might be related to increased
soil organic matter (SOM) [5].
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The harmful consequences of MPs on humans remain unknown; nonetheless, every-
one eats MPs because these particles have been reported in food and drinking water [71].
Furthermore, the leaching of toxic organic additives, which are commonly utilized in
the manufacture of plastics, has been identified as a key concern associated with MP
contamination [72]. In 2018, 39 experts from the International Council of Chemical Associa-
tions stressed the importance of developing an ecological risk assessment system that gives
a comprehensive knowledge of the possible implications of MPs. The most commonly used
ecological risk assessment methodologies for MPs now employ the pollution load index
and pollution hazard index to measure MP pollution levels in different locations, taking
MP richness and polymer chemical toxicology into account. The National Research Council
of the United States asks that the risk assessment of pollutants include both environmental
exposure and biological toxicity. The species sensitivity distribution (SSD) is frequently
used to analyze the biological pollutant toxicity, allowing for the risk assessment of pollu-
tants at the levels of the organism’s community as well as the ecosystem level. Furthermore,
MP pollution is directly linked to human activities, and socioeconomic aspects should be
thoroughly included when developing an ecological risk assessment methodology for MPs.
Because MPs may migrate to lakes and seas via surface water and atmospheric depositions,
MP ecological risk assessment based on multiple environmental media provides a base for
future plastic pollution mitigation [73].

5. Remediation of Microplastics

Applying remediation strategies to an MP-contaminated environment can change its
general characteristics and improve its processes and functions. However, little is known
about how remediation may enhance the quality of environments that have been polluted
by MPs [13].

5.1. Traditional and Emerging Method in Microplastic Remediation

Many traditional chemical or physical methods are used to remediate MPs. Chemical
approaches involve the use of chemicals that either act to change or degrade MPs into less
complicated forms or produce floc or adhesion, thus removing MPs them by filtering or
other procedures. Chemical procedures are those ways in which chemicals are utilized
in the treatment/removal of MPs. The essential idea of chemical addition is aggregation,
agglomeration, and floc development, which allows MPs to be sedimented or filtered.
Coagulation and flocculation are two major methods for MP elimination that have been
extensively studied. Coagulation/ flocculation is primarily concerned with the separation
of colloidal particles in a solution by neutralizing their charge, forming flocs, and remov-
ing them by sedimentation or filtering [31]. Physical and chemical approaches, such as
micro/nano-filtering in treatment facilities, are now the more mature technology to remove
MPs from the environment. Physical remediation techniques, however, are regarded as
inefficient in the cleanup of MPs from contaminated environments. Likewise, the use of
synthetic chemicals for remediation in MP-contaminated areas is a less appealing technique
because of its complexity, non-green character, and polymer and environmental variability.
As a result, given the environmental hazard posed by MPs, there are urgent needs to
create cost-effective and ecologically sustainable remediation techniques [11]. However,
Arbabi et al. [74] stated that various methods have been applied to remove MPs from the
environment, such as replacing microbeds in ocean water with natural materials and using
fewer plastic materials. Also, using filtration methods to filtrate the particles between 1
and 5 microns, such as ultrafiltration, membrane, reverse osmosis, and carbon filters that
can separate these harmful substances, is also used effectively. Most efficient removal
methods for the four dominant MP types (i.e., polyethylene, polystyrene, polypropylene,
and polyethylene tetraphthalate) are integrated methods (i.e., physical, physicochemical,
chemical, and biological, respectively). When the removal of only polystyrene is considered,
the biological methods come first [74]. Badola et al. [31] stated that the adsorption method
is effective, but it necessitates extensive study on the size of MPs as well as the adsorbent
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substances employed in the process. Magnetic polyoxometalate-supported ionic liquid
phase, a physical separation method based on adsorption, is also an effective MP removal
technique. In addition to eliminating MPs, it filters organic, inorganic, and microbiological
contaminants and may be tuned for a large volume of water at a time. With a 90% success
rate, this approach effectively removed polystyrene-type MPs with sizes of 1 and 10 µm.
Particles from polyoxometalate-supported ionic liquid phases bond with MPs, which may
then be readily extracted using a magnet. Most of the traditional MP removal methods
have been used in treating wastewater, such as in Table 1.

Table 1. Traditional microplastic removal techniques.

Media Remediation or Removal
Technique Efficiency Ref.

Wastewater

Membrane bioreactor and
different technologies such
as rapid sand filtration,
discfilter, and dissolved
air flotation

99.9% by Membrane
bioreactor, 97% by rapid sand
filtration, 95 by dissolved air
flotation, and 40–98.5
by discfilter

[75]

Wastewater
Dynamic membrane
supports mesh
through filtration

Turbidity 1 NTU after
filtration to 20 min verifying
the effective removal of MPs

[76]

Wastewater Electrocoagulation More than 90% [77]

Wastewater

Coagulation and some
technologies like ozone,
membrane disc-filter, and
rapid sand filtration.

Ranged between 75% to
91.9% and increased into
>98% after tertiary treatment

[78]

Drinking water

Coagulation together with
sedimentation and
filtration by granular
activated carbon

40.5–54.5% in the first
method, 56.8–60.9% in the
second method

[79]

Drinking water Coagulation by alum
and Al

Water turbidity less than 1.0
NTU (the starting was with
turbidity of 16 NTU)

[80]

Sea water

Adsorption by fabricated
hollow microsubmarines
from “hedgehog” magnetic
microsubmarine based on
sunflower pollen grains.

Removing MPs controllably
in a noncontact method [81]

Drinking water
and sea water

Series of zirconium
metal–organic
framework-based foam
materials combined
with filtration

Up to 95.5 ± 1.2% [82]

Borah et al. [83] stated that using a biological catalyst is an emerging green technique
for degrading MPs. Plastic particles in soil can be degraded by a variety of bacteria, fungi,
and algae [84]. It is widely recognized that only some microbes can breakdown MPs, while
some others may be discovered, and only some enzymes play a specialized role in the
biodegradation of MP when the polymer type is unknown [11,84]. It has been demon-
strated, for example, that the bacterial stain 201-F6 (Ideonella sakaiensis) produced enzymes
like PETase and MHETase, which hydrolyze PET to an eco-friendly monomer [84]. The
chemical compounds of plastic that enable microbial development by providing nutritional
sources for them are responsible for its breakdown or decomposition. Microorganisms play
an important part in the degradation of plastic materials. For plastic degradation, bacterial
(aerobic or anaerobic breakdown) and fungal (anaerobic breakdown) species have been
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reported. In comparison to other degrading techniques, microbial degradation of synthetic
polymers is a suitable strategy. Examples of the most prominent microbial strains reported
for degrading plastic polymers include Paenibacillus sp., Oscillatoria subbrevis, Pseudomonas
aestusnigri, Corynebacterium sp., Bacillus sp., Aureobasidium pullulans, Enterobacter sp., Pseu-
domonas geniculate, Aspergillus fumigatus, Bacillus niacin, Agromyces sp., Aspergillus fumigatus,
Pseudomonas stutzeri, Comamonas acidovorans, Comamonas acidovorans TB-35, Streptomyces
badius, Arthrobacter paraffineus, Microbacterium paraoxydans, Micrococcus luteus, Phanerochaete
chrysosporium, Cladosporium sphaerospermum, and Penicillium chrysogenum [85]. Biotechnol-
ogy is a new bioremediation method that is gaining popularity [11]. Microbial degradation
is a practical and cost-effective method of removing MP pollutants [86]. As well, it is
an environmentally beneficial approach and merits more investigation to address the
MP problems in aquatic and terrestrial ecosystems. Very few studies and reviews have
gone into depth into the biological degradation of MPs, but the approach and probable
pathways of MP degradation in these ecosystems remain unknown [11]. The microbial
breakdown of MPs involves a number of biochemical reaction pathways. The degradation
processes of MPs vary depending on their chemical composition and must be properly
studied to conserve our environment. Bio-stimulation (the supply of limiting nutrients
to stimulate growth of microorganisms) and bio-augmentation (the supply of live cells
able to breakdown) are two major mechanisms for increasing the rate of biodegradation of
pollutants [86].

Nanotechnology also has recently gained popularity in soil remediation. New novel ap-
proaches are also being studied which combine classic cleanup methods with nanobiotech-
nological approaches. Modern research shows that nanotechnology has a bright future
through interaction with other fields. Because of their unique properties, nanoparticles and
associated devices and techniques are employed for a wide range of remedial applications.
The applications include, but are not limited to, heavy metal pollution treatment, wastewa-
ter purification, hydrocarbon remediation, solid waste cleanup, and radioactive material
remediation [87]. Thus, nanotechnology might be a viable field to investigate acceptable
solutions for cleaning up MPs in the environment. There are a few intriguing ways in
which nanotechnology might help with plastic breakdown. The inclusion of nanoparti-
cles in microbial cultures improves plastic biodegradation. For example, the inclusion of
SiO2 nanoparticles at various concentrations has been shown to alter the proliferation of
plastic-degrading bacteria [86].

5.2. Biochar Application in Microplastic Remediation

Harvest agricultural crops produces a big amount of waste in the environment. For
example, oilseed rape, which is planted for seed oil production, produces approximately
70% of the above-ground biomass which remains as straw after harvesting the seeds. Also,
softwood is a plentifully available biomass in forests, in the form of wood chips, which
results from timber production. Thus, the conversion of these waste biomasses and animal
wastes also into BC would be helpful to overcome the challenge of this waste handling
and at the same time using the produced BC in many environmental applications [13,88].
Biochar-based remediation has shown promise for a variety of contaminants, including
persistent organic pollutants, heavy metals, and other sources of toxins. The distinctive
characteristics of BC, such as its expanded surface area, enhanced porosity, enrichment in
certain types of functional groups, and eco-friendliness, make it the ideal remedy for the
removal of various environmental toxins [89]. Because of their tiny size, these particles
frequently have a significant surface area and a high capacity for sorbing organic and inor-
ganic pollutants (and potentially toxic metals, pesticides, hormones, pharmaceuticals, etc.),
which may have an impact on the persistence, bioaccumulation, toxicity, and mobility of the
pollutants in the environment. The importance of particle size in influencing a material’s
qualities such as specific surface area and sorption capacity cannot be overstated [90–92].

Guo et al. [93] and Zhao et al. [94] stated that as a developing carbonaceous substance,
BC is produced primarily from the biomass of different raw materials, such as straw,
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defoliation, and animal manure, at low temperatures (less than 700 ◦C) and in the absence
of oxygen. The primary sources of feedstock are agriculture, the food industry, and
agricultural biowaste. The most often used materials include rice husks, bagasse, sludge,
feces, distiller grains, press cakes from the oil and juice sector, wood chips and pellets,
tree cuttings, and crop waste and straw. However, in addition to lignocellulose matter,
manufacturing can also be based on biomass sources including sewage sludge, poultry
litter, dung, bones, dairy manure, etc. [88,90].

The primary cause of the remarkable stability of BC is the nature of carbon struc-
tures because it is a C-rich material. It consists of minerals and many functional groups,
enabling it to adsorb different types of contaminants [88,91,92]. In comparison to other
aromatic structures of soil organic matter, such lignin, BC has a substantially larger amount
of aromatic C and condensed aromatic structures. Amorphous C, which predominates
at lower pyrolysis temperatures, turbostratic C (produced at higher temperatures), and
graphite C are three different types of condensed aromatic structures that may be found
in BCs. High total and organic carbon content, as well as ideal concentrations of micro-
and macro-elements (potassium, sodium, magnesium, calcium, copper, zinc, iron, etc.) are
all characteristics of BC that make it highly biodegradable [88]. Due to its biodegradation,
dispersion, and bioaccumulation, BC has received a lot of interest as a surface sorbent in
recent years. BC can be utilized as an adsorbent for immobilizing organic and inorganic
contaminants since they are abundant in functional groups that include oxygen and in-
organic elements (such as minerals). Temperature, size, and replacement doping with
accidental atoms all have a significant impact on the physical and chemical characteristics
of BC, which determine how well it performs in the removal of various impurities. Thus,
the pyrolysis conditions play a critical role in the process efficiency, degradation behavior,
and cost-efficiency of using BC in MP removal. The biochar’s structure and surface area are
affected by pyrolysis temperatures, which results in differences in its removal effectiveness.
However, BC’s weak pore structure and few surface-active sites reduce its ability to absorb
substances [93,95,96]. However, Siipola et al. [97] reported that the resulting porosity of BC
is dependent on its feedstock characteristics; however, physical activation of char and BC to
produce activated carbon (AC) using steam, for example, can reduce the need for chemical
substances and following washing processes, minimizing the cost of chemical activation
and promoting the creation of larger pores in AC. The sorption effectiveness is related to
the surface functionality of the adsorbent C, such as a relatively considerable number of
O groups, which enhances the sorption of cationic contaminants. However, the number
of surface functional groups in physical AC is mostly less than for chemical AC due to
the use of higher temperatures. Activated BC has suitable porosity and adequate surface
area for tertiary purification of wastewater. Qiu et al. [98] reported that BC generated at
relatively high pyrolysis temperatures, in general, may efficiently control organic pollutants
by increasing surface area, microporosity, and hydrophobicity. Lower-temperature BC is
thought to be more appropriate for eliminating polar organic and inorganic contaminants
via O-containing functional groups, electrostatic attraction, and precipitation.

Hanif et al. [4] stated that some advantages of BC in the adsorption or filtration of many
pollutants in continuous-flow removal are intriguing, since the preparation procedure is
easy and requires no chemicals, and the precursor material is widely available, diverse,
and affordable. Nkoh et al. [99] stated that owing to BC’s capacity to act as an adsorbent
and an immobilizer of contaminants, the use of BC in the remediation of pollutants is more
successful. The reactive surfaces of BC contribute to fixing or immobilization. First, the
surface of BC has variable charge sites as well as an abundance of O-containing functional
groups that interact with the functional groups of contaminants via various methods such
as complexation and electrostatic contact. Second, BC’s ability to change the soil surface
chemistry is critical in immobilizing pollutants and lowering their bioavailability in soil
and following uptake by plants. However, the fixation or immobilization of pollutants
with BC types can be varied, and they can also be dynamic since BC characteristics change
over time. In addition, BC can change the soil properties, and the interaction with soil
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components (either mineral or organic components) can also change BC’s properties and
effect its capacity for removing MPs and other pollutants [100]. Other factors can also affect
BC’s efficiency in MP removal; Ahmed et al. [101] reported that the retention of MPs by
BC is enhanced by increasing the pyrolysis temperature of BC. As well, with time, the
retention of MPs by BC is increased, due to entrapping the MPs in the pore spaces of BC
or, as reported in Shang and Chi [100], MPs can aggregate with BC by the formation of
physical trapping or chemical surface complexes.

When compared to other carbon-based substances, BC is also effective in the removal
of MPs from complicated and changeable environmental circumstances from soil as well
as water [89,102,103], as in Table 2. The adsorption porosity and surface area are two key
elements that must be taken into account for the removal of MPs to be successful, and BC
has both characteristics [104]. Badola et al. [31] reported that besides basic sand filters,
BC filters also proved positive for MP removal. The BC filters operate on the same basic
adsorption and filtering mechanism. The MP retention is due to the large pores of BC filters.
The coarse filter surface promotes physical adsorption of MPs within BC particles.

Many authors also stated that BC was an efficient method to remove or mitigate the neg-
ative effects of MPs either in water or soil such as Badola et al. [31] and Elbasiouny et al. [29].
Tursi et al. [62] added that MPs may be eliminated at a reasonable cost using BC. Biochar
can change the MPs in the medium by sorption and/or suggested microbial biodegra-
dation [83,105,106]. The efficient sorption of MPs and BC with the pollutants may have
aided in this separation process [106]. Furthermore, applying BC to MP-polluted soil
might enhance soil quality depending on the ingredients of BC and the temperature of
pyrolysis [84].

It has been demonstrated that magnetic BC, or iron (II, III) oxide-BC, is efficient in
immobilizing MP particles in soil and groundwater [107]. The used magnetic BC also
improved the separation of MPs from other pollutants, such as heavy metals, by speeding
up the oxidation process [108]. Tong et al. [107] and Kumar et al. [109] also reported BC
as a low-cost and efficient adsorbent and its application is carbon-negative and ecologi-
cally effective to remediate both inorganic (such as heavy metals) and organic (such as
MPs) contaminants in soil and water. Li et al. [110], Tong et al. [107], and Yang et al. [111]
stated that the addition of BC or modified BC (ion-modified BC or magnetic BC) to the
media affects the plastic retention and the removal of many pollutants, as well their fate in
the environment. Tong et al. [107] synthesized BC and magnetic BC (Fe3O4-BC) through
a superficial precipitation at room temperature. They compared the significance of BC
and Fe3O4-BC applications in the deposition and transport behavior of MPs through the
breakthrough curve and retained profile of MPs in quartz sand with and without BCs.
Their results revealed that the addition of BC and Fe3O4-BC decreased the transport of
MPs and increased their retention in porous media. Fe3O4-BC more effectively inhibited
MP transport than BC. Thus, the addition of BC/Fe3O4-BC might change the suspension
property and increase the adsorption capacity of porous media. This may be attributed to
the increased roughness of porous media surface and the negative decrease in zeta poten-
tials of porous media, which contributes to the increasing deposition of MPs. Furthermore,
when simulating a rainstorm (by eluting the columns with extremely low ionic strength
solution at high flow rate), they revealed that negligible BC and Fe3O4-BC (<1%) amount
were released from the experimental columns after the transport of MPs. Also, a small
amount of MPs were detached from the media under these extreme conditions (quartz sand
of 16.5%, quartz sand of 14.6% with BC, and quartz sand of 7.5% with Fe3O4-BC). Hence,
their results indicated that magnetic BC can be potentially applied to immobilize MPs in
soil or groundwater. The mechanism of action of using magnetic BC in the removal of
contaminants may be explained by Yang et al. [111] in their study of the removal of tetracy-
cline hydrochloride (TCH) by magnetic BC, which may be the same for other contaminants,
including MPs. They reported that the internal diffusion model revealed that the TCH
adsorption by magnetic BC at 700 ◦C is not only associated with the porous adsorption in
BC, but also with other adsorption forces. Furthermore, its remarkable adsorption efficiency
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was mostly ascribed to physical (pore filling effect and the pore size distribution, which
aids in the diffusion of TCH into the adsorbent’s inner surface) and chemical adsorption.
The adsorbent’s oxygen-containing functional groups and magnetic iron oxides capture
TCH through surface complexation, and π-π interaction may facilitate the adsorption. The
adsorption trend may also be due to magnetic BC’s zeta potential and dissociation constant.
Wang et al. [105] studied the efficiency of Mg/Zn-modified magnetic BC (MBC) as adsor-
bents for MPs (100 mg mL−1) in aqueous solution. The removal efficiencies of Mg-MBC
and Zn-MBC were 98.75% and 99.46%, respectively. The adsorption process is thought
to have occurred due to electrostatic interaction and chemical bonds between MPs and
BC. Therefore, they suggested the promising potential application of Mg/Zn-MBCs in MP
removal as a low-cost, powerful, and eco-friendly material. As well, Wang et al. [105] stated
that the active sites and porous structure of BC are variable and easy to produce, making BC
more appealing. Magnetic BC has received a lot of attention for the following reasons. (1) It
is simple to obtain by loading magnetic compounds, (2) in a magnetic field, it is simple to
separate the magnetic adsorbents, (3) the loaded Fe3O4 may improve adsorption efficiency,
(4) Fe3O4 is a biocompatible, non-toxic, and recyclable magnetic material. Kumar et al. [7]
also outlined the implications of BC with the co-existence of MPs to better understand the
coupled effects of both on soil physicochemical characteristics, plant growth, microbial
communities, and heavy metals and other toxic substances. The BC was synthesized from
different biomasses (i.e., hardwood, corn straw, corncob, pine and spruce bark, and Prosopis
juliflora) and set batch experiments. The BCs had highly adsorbed MPs (>90%) under vari-
able environmental circumstances, temperature, pH, dose, particle size, and ionic strength,
as a result of chemical bonds and electrostatic attraction. Higher temperature promoted
higher adsorption in the aqueous solutions; on the other hand, higher dissolved organic
matter, nutrients, and pH might show declined adsorption capacity for MPs using BC. They
added that BC-amended sand filters showed higher efficiency in removing MPs in column
experiments compared to other available biological, physical, and chemical methods. As
well, Kumar et al. [7] demonstrated that using BC in saturated column porous media could
inhibit various MPs and this is attributable to decreased steric hindrance, electrostatic
repulsion, and competitive sorption because of humic acids, cations, and ionic strength.
They also recommended more investigation in this field.

Table 2. The application of biochar for microplastic removal in soil, water, and sediment.

Biochar Type Pyrolysis Temp. Media Response Mechanism Ref.

Pine and spruce bark
475 ◦C then it was
steam activated at
800 ◦C

Wastewater and
storm water

The steam-activated BC were
suitable adsorbent for MPs
removal

Ion’s exchange [97]

Sugarcane bagasse 350, 550, 750 ◦C Water

Nano-plastics removal from
BC produced at 750 ◦C was
dramatically greater (>99%),
compared to BC-550 (39%)
and BC-350 (24%,)

Electrostatic interaction [89]

Sawdust and Mg/Zn
modified
magnetic BC

550 ◦C Water
Polystyrene removal
efficiency ranged from
94.81%, to 99.46%,

Electrostatic and chemical
bonding interactions [105]

Peanut shells and
Fe3O4-BC 500 ◦C Sandy porous

media

Fe3O4-BC highly inhibited
the transport of polystyrene
in porous media (until 92.36%
retention efficiency).

Electrostatic adsorption
and complexation [112]

Cellulose-BC and
Fe3O4-BC 400 ◦C Porous media

(quartz sand)

Decreasing the transport of
MPs and increasing their
retention in the media

Deposition [107]

Woodchips 500 ◦C Soil BC could accelerate the
removal of MPs

High sorption rate due to
increasing soil DOC and
larger specific
surface area

[113]



Soil Syst. 2023, 7, 110 17 of 23

Table 2. Cont.

Biochar Type Pyrolysis Temp. Media Response Mechanism Ref.

Oil seed rape and
soft wood pellet 550 and 700 ◦C Soil

Soft wood pellet BC enhanced
soil enzyme activity and
bacterial diversity and
evenness compared with oil
seed rape in MPs
contaminated soil

Microbial activation due
to high surface area, high
C content and providing
essential elements

[114]

Rice straw 700 ◦C Water BC adsorbed 99.96% of MPs
Electrostatic attractions,
surface complexation,
H-bonding and π-π

[59]

Date nuclei 500 ◦C Soil
BC mitigated the negative
effect of MPs n soil, plant,
and microorganisms

Electrostatic interaction
and chemical bonding [30]

Corn straw 500 ◦C Soil

BC amendment enhanced
bacterial community species
evenness and richness and
facilitated N and P
metabolism cycle of MPs
contaminated soil plants.

BC can promote the
balance between roots’
nutrient absorption and
bacterial community
micro-environment in MP
contaminated soil.

[115]

Palm kernel
and coconut shells 600 ◦C Water

Palm kernel shell
BC removed higher
percentage of MPs (96.65%)
than coconut shell.

Filtration or
adsorption [4]

Cotton stalk 650–750 ◦C Soil

BC improved shoot dry
matter production and
significantly alleviated the
hazardous effects of MPs.

Promoting microbial
activity, enhancing soil
nutrients including N, P,
and dissolved organic
C content

[116]

By controlling pyrolysis or adding other substances like magnetite, metal nanoparticles,
and nano zero-valent iron, BC is activated and changed to improve its characteristics and
composition. Nano-biochar (NBC) is also a good waste management solution since it can
absorb pollutants and nutrients better than BC can [117]. Additionally, creating BC-based
nanocomposites is an approach to creating a new composite material that combines the
benefits of BC and other nano-materials while also enhancing the characteristics of BC.
It is stated that as compared to micro-sized BC, NBC with a smaller size than 100 nm
exhibited higher metal icon mobility in water and soil environments. NBC’s ability to act as
a carrier may let natural substances and pollutants move more easily than bulk BC, which
has the tendency to retain nutrients and immobilize dangerous compounds [95]. However,
the utilization of NBC in MP removal, remediation, or negative effect mitigation is rarely
studied and needs more investigations in the future.

6. Conclusions

The global concern over emerging contaminants and their negative impacts on health
and the environment has increased. Anthropogenic activities are seen as the main cause of
environmental degradation. Microplastics have also become a major concern, as they are
widely distributed in natural ecosystems and originate from various sources. It is addressed
as one of the top ten environmental problems, highlighting its impact on biodiversity
and human health. Although the production and use of plastics are rapidly increasing
and thus its waste, the recovery rate of plastics is very low. Environmentalists have
primarily focused on the environmental impacts of microplastics, but there has not been
much attention from scientists and the general public. There is a lack of knowledge
about MP contamination in agricultural soil and terrestrial ecosystems. Microplastics
can be ingested by wildlife and enter the food chain, causing environmental and health
effects. They can also absorb heavy metals and organic contaminants from soil solutions,
potentially causing problems and loss of ecosystem services. MPs can impact the soil–plant
system and soil organisms, but research on MP pollution in soil environments is still in
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its early stages. Although microplastics are well-studied in marine environments, more
research is also needed in sediments because of a lot of reasons, such as the depth and
the difficulty in collecting samples. Various methods, including physical, chemical, and
biological approaches, are used to remove MPs from the environment; however, many
of their disadvantages are reported. Biochar is an effective and eco-friendly method
to remove and adsorb MP particles with many advantages, since the process is simple,
requiring no chemicals. Additionally, biochar is readily available and affordable. Therefore,
biochar has a successful track record in remediating pollutants due to its ability to act as
an adsorbent and immobilize contaminants. The reactive surfaces of BC play a crucial
role in immobilization. The variable charge sites and abundance of oxygen-containing
functional groups on biochar’s surface allow it to interact with contaminants through
complexation and electrostatic contact. Furthermore, biochar can alter the chemistry of soil
surfaces, reducing the bioavailability of pollutants and their uptake by plants. However, the
immobilization of pollutants with different types of biochar can vary, and the characteristics
of biochar may change over time, making the process dynamic. Modified biochar is also
widely used in removing or mitigating microplastics’ negative effects in the environment
and nano-biochar may also be a promising method in this process. However, it requires a
lot of research.

6.1. Limitation and Challenges of Using Biochar in Microplastic Removal from Soil and Sediment

Some limitations and challenges in this regard are considered:

1. Particle size and adsorption efficiency: The surface area and particle size of biochar
are two important variables that affect its capacity to adsorb microplastics. Specific
biochar characteristics that effectively trap microplastics may be necessary for opti-
mum adsorption efficacy; these characteristics should be carefully taken into account
throughout selecting and producing the biochar.

2. Residence period, movement, and mobility: Biochar can remain in the soil or sediment
for a considerable amount of time with restricted mobility. It may sink to the bottom
of the soil and become buried, minimizing its interaction with microplastics hanging
in the top layers. Biochar may occasionally move from its intended place and cause
less successful microplastic removal.

3. Heterogeneous distribution of microplastics: The concentrations of microplastics in
soils and sediments may spatially and temporally vary and they are not uniformly
distributed. It might be difficult to identify hotspots of microplastic pollution, which
makes it problematic to apply biochar for successful remediation in the targeted locations.

4. Costs and scalability: One of the biggest obstacles to using and producing biochar on
a wide scale is its cost. Significant energy, infrastructural, and resource requirements
are involved in the large-scale manufacturing of biochar. Furthermore, the laborious
and costly nature of spreading biochar to polluted regions limits its use for large-scale
microplastic removal.

5. Environmental hazards and trade-offs: Although biochar is a viable option, it is crucial
to take into account any possible trade-offs and risks to the environment related
to its use. According to some research, using biochar in some situations may have
unexpected ecological effects, such as changing the microbial populations in the soil
or the availability of nutrients; these effects should be carefully considered.

6.2. Future Research into Biochar and Microplastic Pollution in Soil and Sediment

Biochar has a lot of potential for tackling environmental issues. To improve the
effectiveness of biochar for microplastic remediation in soil and sediment, it is imperative
to carry out more study and overcome the constraints and difficulties mentioned above.
We can pave the path for sustainable management practices and preventive measures
by concentrating on the interaction of biochar with microplastics, lowering microplastic
mobility, evaluating soil and sediment health, creating better detection tools, and analyzing
ecological implications. Interdisciplinary research collaborations can play a critical role
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in determining the future of biochar and microplastic research, eventually leading to a
healthier and more sustainable world. Thus, more advances in the research into biochar’s
potential for reducing microplastic contamination and developing sustainable soil and
sediment remediation solutions are essential.

Author Contributions: H.E. and F.E. have contributed equally to conceptualization, methodology,
investigation, data curation, writing—review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data are available when required under the responsibility of the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Qi, R.; Jones, D.L.; Li, Z.; Liu, Q.; Yan, C. Behavior of microplastics and plastic film residues in the soil environment: A critical

review. Sci. Total Environ. 2020, 703, 134722. [CrossRef] [PubMed]
2. Lin, L.; Pan, X.; Zhang, S.; Li, D.; Zhai, W.; Wang, Z.; Tao, J.; Mi, C.; Li, Q.; Crittenden, J.C. Distribution and source of microplastics

in China’s second largest reservoir-Danjiangkou Reservoir. J. Environ. Sci. 2021, 102, 74–84. [CrossRef] [PubMed]
3. Yang, W.; Cheng, P.; Adams, C.A.; Zhang, S.; Sun, Y.; Yu, H.; Wang, F. Effects of microplastics on plant growth and arbuscular

mycorrhizal fungal communities in a soil spiked with ZnO nanoparticles. Soil Biol. Biochem. 2021, 155, 108179. [CrossRef]
4. Hanif, M.A.; Ibrahim, N.; Dahalan, F.A.; Md Ali, U.F.; Hasan, M.; Azhari, A.W.; Jalil, A.A. Microplastics in facial cleanser:

Extraction, identification, potential toxicity, and continuous-flow removal using agricultural waste–based biochar. Environ. Sci.
Pollut. Res. 2023, 30, 60106–60120. [CrossRef] [PubMed]

5. Kumar, M.; Xiong, X.; He, M.; Tsang, D.C.; Gupta, J.; Khan, E.; Harrad, S.; Hou, D.; Ok, Y.S.; Bolan, N.S. Microplastics as pollutants
in agricultural soils. Environ. Pollut. 2020, 265, 114980. [CrossRef]

6. Khoironi, A.; Hadiyanto, H.; Anggoro, S.; Sudarno, S. Evaluation of polypropylene plastic degradation and microplastic
identification in sediments at Tambak Lorok coastal area, Semarang, Indonesia. Mar. Pollut. Bull. 2020, 151, 110868. [CrossRef]

7. Kumar, R.; Verma, A.; Rakib, M.R.J.; Gupta, P.K.; Sharma, P.; Garg, A.; Girard, P.; Aminabhavi, T.M. Adsorptive behavior of micro
(nano) plastics through biochar: Co-existence, consequences, and challenges in contaminated ecosystems. Sci. Total Environ. 2023,
856, 159097. [CrossRef]

8. O’kelly, B.C.; El-Zein, A.; Liu, X.; Patel, A.; Fei, X.; Sharma, S.; Mohammad, A.; Goli, V.S.N.S.; Wang, J.J.; Li, D.; et al. Microplastics
in soils: An environmental geotechnics perspective. Environ. Geotech. 2021, 8, 586–618. [CrossRef]

9. Plastic in the OceanStatistics 2020–2021, 2021. Shocking Ocean Plastic Statistics: The Threat to Marine Life, The Ocean & Humanity.
Available online: https://www.condorferries.co.uk/plastic-in-the-ocean-statistics (accessed on 9 June 2021).

10. Zhou, Y.; Kumar, M.; Sarsaiya, S.; Sirohi, R.; Awasthi, S.K.; Sindhu, R.; Binod, P.; Pandey, A.; Bolan, N.S.; Zhang, Z.; et al.
Challenges and opportunities in bioremediation of micro-nano plastics: A review. Sci. Total Environ. 2022, 802, 149823. [CrossRef]

11. Yuan, M.; Zhang, Y.; Guo, W.; Chen, S.; Qiu, Y.; Zhang, P. A rapid staged protocol for efficient recovery of microplastics from soil
and sediment matrices based on hydrophobic separation. Mar. Pollut. Bull. 2022, 182, 113978. [CrossRef]

12. Tziourrou, P.; Kordella, S.; Ardali, Y.; Papatheodorou, G.; Karapanagioti, H.K. Microplastics formation based on degradation
characteristics of beached plastic bags. Mar. Pollut. Bull. 2021, 169, 112470. [CrossRef] [PubMed]

13. Palansooriya, K.N.; Sang, M.K.; Igalavithana, A.D.; Zhang, M.; Hou, D.; Oleszczuk, P.; Sung, J.; Ok, Y.S. Biochar alters chemical
and microbial properties of microplastic-contaminated soil. Environ. Res. 2022, 209, 112807. [CrossRef] [PubMed]

14. Razeghi, N.; Hamidian, A.H.; Wu, C.; Zhang, Y.; Yang, M. Microplastic sampling techniques in freshwaters and sediments: A
review. Environ. Chem. Lett. 2021, 19, 4225–4252. [CrossRef] [PubMed]

15. Accinelli, C.; Abbas, H.K.; Bruno, V.; Nissen, L.; Vicari, A.; Bellaloui, N.; Little, N.S.; Shier, W.T. Persistence in soil of microplastic
films from ultra-thin compostable plastic bags and implications on soil Aspergillus flavus population. Waste Manag. 2020, 113,
312–318. [CrossRef] [PubMed]

16. Gao, D.; Li, X.Y.; Liu, H.T. Source, occurrence, migration and potential environmental risk of microplastics in sewage sludge and
during sludge amendment to soil. Sci. Total Environ. 2020, 742, 140355. [CrossRef]

17. Li, Y.; Yao, J.; Nie, P.; Feng, X.; Liu, J. An effective method for the rapid detection of microplastics in soil. Chemosphere 2021,
276, 128696. [CrossRef]

18. Anagnosti, L.; Varvaresou, A.; Pavlou, P.; Protopapa, E.; Carayanni, V. Worldwide actions against plastic pollution from
microbeads and microplastics in cosmetics focusing on European policies. Has the issue been handled effectively? Mar. Pollut.
Bull. 2021, 162, 111883. [CrossRef]

19. Lee, H.; Kim, S.; Sin, A.; Kim, G.; Khan, S.; Nadagouda, M.N.; Sahle-Demessie, E.; Han, C. Pretreatment methods for monitoring
microplastics in soil and freshwater sediment samples: A comprehensive review. Sci. Total Environ. 2023, 871, 161718. [CrossRef]

https://doi.org/10.1016/j.scitotenv.2019.134722
https://www.ncbi.nlm.nih.gov/pubmed/31767311
https://doi.org/10.1016/j.jes.2020.09.018
https://www.ncbi.nlm.nih.gov/pubmed/33637267
https://doi.org/10.1016/j.soilbio.2021.108179
https://doi.org/10.1007/s11356-023-26741-8
https://www.ncbi.nlm.nih.gov/pubmed/37017846
https://doi.org/10.1016/j.envpol.2020.114980
https://doi.org/10.1016/j.marpolbul.2019.110868
https://doi.org/10.1016/j.scitotenv.2022.159097
https://doi.org/10.1680/jenge.20.00179
https://www.condorferries.co.uk/plastic-in-the-ocean-statistics
https://doi.org/10.1016/j.scitotenv.2021.149823
https://doi.org/10.1016/j.marpolbul.2022.113978
https://doi.org/10.1016/j.marpolbul.2021.112470
https://www.ncbi.nlm.nih.gov/pubmed/34049063
https://doi.org/10.1016/j.envres.2022.112807
https://www.ncbi.nlm.nih.gov/pubmed/35093312
https://doi.org/10.1007/s10311-021-01227-6
https://www.ncbi.nlm.nih.gov/pubmed/34025333
https://doi.org/10.1016/j.wasman.2020.06.011
https://www.ncbi.nlm.nih.gov/pubmed/32570156
https://doi.org/10.1016/j.scitotenv.2020.140355
https://doi.org/10.1016/j.chemosphere.2020.128696
https://doi.org/10.1016/j.marpolbul.2020.111883
https://doi.org/10.1016/j.scitotenv.2023.161718


Soil Syst. 2023, 7, 110 20 of 23

20. Kieu-Le, T.C.; Thuong, Q.T.; Tran, Q.V.; Strady, E. Baseline concentration of microplastics in surface water and sediment of the
northern branches of the Mekong River Delta, Vietnam. Mar. Pollut. Bull. 2023, 187, 114605. [CrossRef]

21. Ding, W.; Li, Z.; Qi, R.; Jones, D.L.; Liu, Q.; Liu, Q.; Yan, C. Effect thresholds for the earthworm Eisenia fetida: Toxicity comparison
between conventional and biodegradable microplastics. Sci. Total Environ. 2021, 781, 146884. [CrossRef]

22. Van Cauwenberghe, L.; Devriese, L.; Galgani, F.; Robbens, J.; Janssen, C.R. Microplastics in sediments: A review of techniques,
occurrence and effects. Mar. Environ. Res. 2015, 111, 5–17. [CrossRef] [PubMed]

23. Alomar, C.; Estarellas, F.; Deudero, S. Microplastics in the Mediterranean Sea: Deposition in coastal shallow sediments, spatial
variation and preferential grain size. Mar. Environ. Res. 2016, 115, 1–10. [CrossRef] [PubMed]

24. Amin, B.; Febriani, I.S.; Nurrachmi, I.; Fauzi, M. The occurrence and distribution of microplastic in sediment of the coastal waters
of Bengkalis Island Riau Province. In IOP Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK, 2021;
Volume 695, p. 012041. [CrossRef]

25. Duan, J.; Bolan, N.; Li, Y.; Ding, S.; Atugoda, T.; Vithanage, M.; Sarkar, B.; Tsang, D.C.; Kirkham, M.B. Weathering of microplastics
and interaction with other coexisting constituents in terrestrial and aquatic environments. Water Res. 2021, 196, 117011. [CrossRef]
[PubMed]

26. Chai, B.; Wei, Q.; She, Y.; Lu, G.; Dang, Z.; Yin, H. Soil microplastic pollution in an e-waste dismantling zone of China. Waste
Manag. 2020, 118, 291–301. [CrossRef]

27. Zhou, J.; Gui, H.; Banfield, C.C.; Wen, Y.; Zang, H.; Dippold, M.A.; Charlton, A.; Jones, D.L. The microplastisphere: Biodegradable
microplastics addition alters soil microbial community structure and function. Soil Biol. Biochem. 2021, 156, 108211. [CrossRef]

28. Möller, J.N.; Löder, M.G.J.; Laforsch, C. Finding Microplastics in Soils: A Review of Analytical Methods. Environ. Sci. Technol.
2020, 54, 2078–2090. [CrossRef]

29. Elbasiouny, H.; Mostafa, A.A.; Zedan, A.; Elbltagy, H.M.; Dawoud, S.F.M.; Elbanna, B.A.; El-Shazly, S.A.; El-Sadawy, A.A.;
Sharaf-Eldin, A.M.; Darweesh, M.; et al. Potential Effect of Biochar on Soil Properties, Microbial Activity and Vicia faba Properties
Affected by Microplastics Contamination. Agronomy 2023, 13, 149. [CrossRef]

30. Iqbal, B.; Zhao, T.; Yin, W.; Zhao, X.; Xie, Q.; Khan, K.Y.; Zhao, X.; Nazar, M.; Li, G.; Du, D. Impacts of soil microplastics on crops:
A review. Appl. Soil Ecol. 2023, 181, 104680. [CrossRef]

31. Badola, N.; Bahuguna, A.; Sasson, Y.; Chauhan, J.S. Microplastics removal strategies: A step toward finding the solution. Front.
Environ. Sci. Eng. 2022, 16, 1–18. [CrossRef]

32. Xu, Z.; Qian, X.; Wang, C.; Zhang, C.; Tang, T.; Zhao, X.; Li, L. Environmentally relevant concentrations of microplastic exhibits
negligible impacts on thiacloprid dissipation and enzyme activity in soil. Environ. Res. 2020, 189, 109892. [CrossRef]

33. Zang, H.; Zhou, J.; Marshall, M.R.; Chadwick, D.R.; Wen, Y.; Jones, D.L. Microplastics in the agroecosystem: Are they an emerging
threat to the plant-soil system? Soil Biol. Biochem. 2020, 148, 107926. [CrossRef]

34. Ma, X.; Zhou, X.; Zhao, M.; Deng, W.; Cao, Y.; Wu, J.; Zhou, J. Polypropylene microplastics alter the cadmium adsorption capacity
on different soil solid fractions. Front. Environ. Sci. Eng. 2022, 16, 3. [CrossRef]

35. Blöcker, L.; Watson, C.; Wichern, F. Living in the plastic age-Different short-term microbial response to microplastics addition
to arable soils with contrasting soil organic matter content and farm management legacy. Environ. Pollut. 2020, 267, 115468.
[CrossRef] [PubMed]

36. Cheng, Y.; Song, W.; Tian, H.; Zhang, K.; Li, B.; Du, Z.; Zhang, W.; Wang, J.; Wang, J.; Zhu, L. The effects of high-density
polyethylene and polypropylene microplastics on the soil and earthworm Metaphire guillelmi gut microbiota. Chemosphere 2021,
267, 129219. [CrossRef]

37. Khant, N.A.; Kim, H. Review of current issues and management strategies of microplastics in groundwater environments. Water
2022, 14, 1020. [CrossRef]

38. Yadav, S.; Gupta, E.; Patel, A.; Srivastava, S.; Mishra, V.K.; Singh, P.C.; Srivastava, P.K.; Barik, S.K. Unravelling the emerging
threats of microplastics to agroecosystems. Rev. Environ. Sci. Biotechnol 2022, 21, 771–798. [CrossRef]

39. Wang, B.; Smith, M.; Liu, Y.; Pileggi, V.; Chang, S. Microplastic isolation method for wastewater and sludge samples by removal
of excess organic and inorganic interferences. Chemosphere 2023, 329, 138625. [CrossRef]

40. Wang, Q.; Zhang, Y.; Wangjin, X.; Wang, Y.; Meng, G.; Chen, Y. The adsorption behavior of metals in aqueous solution by
microplastics effected by UV radiation. J. Environ. Sci. 2020, 87, 272–280. [CrossRef]

41. Munir, M.A.M.; Yousaf, B.; Ali, M.U.; Dan, C.; Abbas, Q.; Arif, M.; Yang, X. In situ synthesis of micro-plastics embedded
sewage-sludge co-pyrolyzed biochar: Implications for the remediation of Cr and Pb availability and enzymatic activities from the
contaminated soil. J. Clean. Prod. 2021, 302, 127005. [CrossRef]

42. Katsumi, N.; Kusube, T.; Nagao, S.; Okochi, H. The input–output balance of microplastics derived from coated fertilizer in paddy
fields and the timing of their discharge during the irrigation season. Chemosphere 2021, 279, 130574. [CrossRef]

43. Chen, H.; Wang, Y.; Sun, X.; Peng, Y.; Xiao, L. Mixing effect of polylactic acid microplastic and straw residue on soil property and
ecological function. Chemosphere 2020, 243, 125271. [CrossRef] [PubMed]

44. Elbasiouny, H.; Mustafa, A.A.; Zedan, A.; Amer, S.M.; Albeialy, N.O.; Alkharsawey, D.S.; Aeash, N.R.; Abuomar, A.O.; Hamd,
R.E.; Elbltagy, H.; et al. Impact of Pollution by Microplastic on Soil, Soil Microbes and Plants and Its Remediation by The Biochar:
A review. Egypt. J. Soil Sci. 2022, 62, 325–334. [CrossRef]

45. Wan, L.; Cheng, H.; Liu, Y.; Shen, Y.; Liu, G.; Su, X. Global meta-analysis reveals differential effects of microplastics on soil
ecosystem. Sci. Total Environ. 2023, 867, 161403. [CrossRef]

https://doi.org/10.1016/j.marpolbul.2023.114605
https://doi.org/10.1016/j.scitotenv.2021.146884
https://doi.org/10.1016/j.marenvres.2015.06.007
https://www.ncbi.nlm.nih.gov/pubmed/26095706
https://doi.org/10.1016/j.marenvres.2016.01.005
https://www.ncbi.nlm.nih.gov/pubmed/26803229
https://doi.org/10.1088/1755-1315/695/1/012041
https://doi.org/10.1016/j.watres.2021.117011
https://www.ncbi.nlm.nih.gov/pubmed/33743325
https://doi.org/10.1016/j.wasman.2020.08.048
https://doi.org/10.1016/j.soilbio.2021.108211
https://doi.org/10.1021/acs.est.9b04618
https://doi.org/10.3390/agronomy13010149
https://doi.org/10.1016/j.apsoil.2022.104680
https://doi.org/10.1007/s11783-021-1441-3
https://doi.org/10.1016/j.envres.2020.109892
https://doi.org/10.1016/j.soilbio.2020.107926
https://doi.org/10.1007/s11783-021-1437-z
https://doi.org/10.1016/j.envpol.2020.115468
https://www.ncbi.nlm.nih.gov/pubmed/32891047
https://doi.org/10.1016/j.chemosphere.2020.129219
https://doi.org/10.3390/w14071020
https://doi.org/10.1007/s11157-022-09621-4
https://doi.org/10.1016/j.chemosphere.2023.138625
https://doi.org/10.1016/j.jes.2019.07.006
https://doi.org/10.1016/j.jclepro.2021.127005
https://doi.org/10.1016/j.chemosphere.2021.130574
https://doi.org/10.1016/j.chemosphere.2019.125271
https://www.ncbi.nlm.nih.gov/pubmed/31760289
https://doi.org/10.21608/ejss.2022.156330.1526
https://doi.org/10.1016/j.scitotenv.2023.161403


Soil Syst. 2023, 7, 110 21 of 23

46. Li, Z.; Yang, Y.; Chen, X.; He, Y.; Bolan, N.; Rinklebe, J.; Lam, S.S.; Peng, W.; Sonne, C. A discussion of microplastics in soil and
risks for ecosystems and food chains. Chemosphere 2023, 313, 137637. [CrossRef] [PubMed]

47. Li, J.; Yu, Y.; Zhang, Z.; Cui, M. The positive effects of polypropylene and polyvinyl chloride microplastics on agricultural soil
quality. J. Soils Sediments 2023, 23, 1304–1314. [CrossRef]

48. Zhang, G.S.; Zhang, F.X.; Li, X.T. Effects of polyester microfibers on soil physical properties: Perception from a field and a pot
experiment. Sci Total Environ. 2019, 670, 1–7. [CrossRef]

49. Alvarado-Zambrano, D.; Rivera-Hernández, J.R.; Green-Ruiz, C. First insight into microplastic groundwater pollution in Latin
America: The case of a coastal aquifer in Northwest Mexico. Environ. Sci. Pollut. Res. 2023, 30, 73600–73611. [CrossRef] [PubMed]

50. Li, J.; Mao, S.; Ye, Y.; Lü, J.; Jing, F.; Guo, Y.; Liu, H.; Wang, P.; Ma, W.; Qi, P.; et al. Micro-polyethylene particles reduce the toxicity
of nano zinc oxide in marine microalgae by adsorption. Environ. Pollut. 2021, 290, 118042. [CrossRef]

51. Li, J.; Song, Y.; Cai, Y. Focus topics on microplastics in soil: Analytical methods, occurrence, transport, and ecological risks.
Environ. Pollut. 2020, 257, 113570. [CrossRef]

52. Irfan, T.; Khalid, S.; Taneez, M.; Hashmi, M.Z. Plastic driven pollution in Pakistan: The first evidence of environmental exposure
to microplastic in sediments and water of Rawal Lake. Environ. Sci. Pollut. Res. 2020, 27, 15083–15092. [CrossRef]

53. Yao, J.; Wang, H.; Ma, C.; Cao, Y.; Chen, W.; Gu, L.; He, Q.; Liu, C.; Xiong, J.; Ma, J.; et al. Cotransport of thallium (I) with
polystyrene plastic particles in water-saturated porous media. J. Hazard. Mater. 2022, 422, 126910. [CrossRef] [PubMed]

54. Rai, P.K.; Lee, J.; Brown, R.J.; Kim, K.H. Environmental fate, ecotoxicity biomarkers, and potential health effects of micro-and
nano-scale plastic contamination. J. Hazard. Mater. 2021, 403, 123910. [CrossRef] [PubMed]

55. Ma, J.; Sheng, G.D.; O’Connor, P. Microplastics combined with tetracycline in soils facilitate the formation of antibiotic resistance
in the Enchytraeus crypticus microbiome. Environ. Pollut. 2020, 264, 114689. [CrossRef] [PubMed]

56. Singh, S.; Bhagwat, A. Microplastics: A potential threat to groundwater resources. Groundw. Sustain. Dev. 2022, 19, 100852.
[CrossRef]

57. Viaroli, S.; Lancia, M.; Re, V. Microplastics contamination of groundwater: Current evidence and future perspectives. A review.
Sci. Total Environ. 2022, 824, 153851. [CrossRef] [PubMed]

58. Lwanga, E.H.; van Roshum, I.; Munhoz, D.R.; Meng, K.; Rezaei, M.; Goossens, D.; Bijsterbosch, J.; Alexandre, N.; Oosterwijk, J.;
Krol, M.; et al. Microplastic appraisal of soil, water, ditch sediment and airborne dust: The case of agricultural systems. Environ.
Pollut. 2023, 316, 120513. [CrossRef] [PubMed]

59. Wu, J.; Yang, C.; Zhao, H.; Shi, J.; Liu, Z.; Li, C.; Song, F. Efficient removal of microplastics from aqueous solution by a novel
magnetic biochar: Performance, mechanism, and reusability. Environ. Sci. Pollut. Res. 2023, 30, 26914–26928. [CrossRef]

60. Severini, E.; Ducci, L.; Sutti, A.; Robottom, S.; Sutti, S.; Celico, F. River–Groundwater Interaction and Recharge Effects on
Microplastics Contamination of Groundwater in Confined Alluvial Aquifers. Water 2022, 14, 1913. [CrossRef]

61. Ghanbari, N.; Fataei, E.; Naji, A.; Imani, A.A.; Nasehi, F. Microplastic pollution in sediments in the urban section of the Qara Su
River, Iran. Appl. Water Sci. 2022, 12, 192. [CrossRef]

62. Tursi, A.; Baratta, M.; Easton, T.; Chatzisymeon, E.; Chidichimo, F.; De Biase, M.; De Filpo, G. Microplastics in aquatic systems, a
comprehensive review: Origination, accumulation, impact, and removal technologies. RSC Adv. 2022, 12, 28318–28340. [CrossRef]

63. Huang, Y.; Fan, J.; Liu, H.; Lu, X. Vertical distribution of microplastics in the sediment profiles of the Lake Taihu, eastern China.
Sustain. Environ. Res. 2022, 32, 44. [CrossRef]

64. Martin, J.; Lusher, A.; Thompson, R.C.; Morley, A. The Deposition and Accumulation of Microplastics in Marine Sediments and
Bottom Water from the Irish Continental Shelf. Sci. Rep. 2017, 7, 10772. [CrossRef]

65. Silori, R.; Shrivastava, V.; Mazumder, P.; Mootapally, C.; Pandey, A.; Kumar, M. Understanding the underestimated: Occurrence,
distribution, and interactions of microplastics in the sediment and soil of China, India, and Japan. Environ. Pollut. 2023,
320, 120978. [CrossRef] [PubMed]

66. Langknecht, T.; Lao, W.; Wong, C.S.; Kotar, S.; El Khatib, D.; Robinson, S.; Burgess, R.M.; Ho, K.T. Comparison of two procedures
for microplastics analysis in sediments based on an interlaboratory exercise. Chemosphere 2023, 313, 137479. [CrossRef] [PubMed]

67. Barrett, J.; Chase, Z.; Zhang, J.; Holl, M.M.B.; Willis, K.; Williams, A.; Hardesty, B.D.; Wilcox, C. Microplastic pollution in deep-sea
sediments from the Great Australian Bight. Front. Mar. Sci. 2020, 7, 808. [CrossRef]

68. Oliveira, M.; Almeida, M. The why and how of micro (nano) plastic research. TrAC Trends Anal. Chem. 2019, 114, 196–201.
[CrossRef]

69. de Ruijter, V.N.; Redondo-Hasselerharm, P.E.; Gouin, T.; Koelmans, A.A. Quality criteria for microplastic effect studies in the
context of risk assessment: A critical review. Environ. Sci. Technol. 2020, 54, 11692–11705. [CrossRef] [PubMed]

70. Wei, X.; Bohlén, M.; Lindblad, C.; Hedenqvist, M.; Hakonen, A. Microplastics generated from a biodegradable plastic in freshwater
and seawater. Water Res. 2021, 198, 117123. [CrossRef]

71. Udovicki, B.; Andjelkovic, M.; Cirkovic-Velickovic, T.; Rajkovic, A. Microplastics in food: Scoping review on health effects,
occurrence, and human exposure. Food Contam. 2022, 9, 7. [CrossRef]

72. Bridson, J.H.; Gaugler, E.C.; Smith, D.A.; Northcott, G.L.; Gaw, S. Leaching and extraction of additives from plastic pollution to
inform environmental risk: A multidisciplinary review of analytical approaches. J. Hazard. Mater. 2021, 414, 125571. [CrossRef]

73. Qiu, Y.; Zhou, S.; Zhang, C.; Qin, W.; Lv, C. A framework for systematic microplastic ecological risk assessment at a national scale.
Environ. Pollut. 2023, 327, 121631. [CrossRef] [PubMed]

https://doi.org/10.1016/j.chemosphere.2022.137637
https://www.ncbi.nlm.nih.gov/pubmed/36572363
https://doi.org/10.1007/s11368-022-03387-6
https://doi.org/10.1016/j.scitotenv.2019.03.149
https://doi.org/10.1007/s11356-023-27461-9
https://www.ncbi.nlm.nih.gov/pubmed/37188938
https://doi.org/10.1016/j.envpol.2021.118042
https://doi.org/10.1016/j.envpol.2019.113570
https://doi.org/10.1007/s11356-020-07833-1
https://doi.org/10.1016/j.jhazmat.2021.126910
https://www.ncbi.nlm.nih.gov/pubmed/34416700
https://doi.org/10.1016/j.jhazmat.2020.123910
https://www.ncbi.nlm.nih.gov/pubmed/33264963
https://doi.org/10.1016/j.envpol.2020.114689
https://www.ncbi.nlm.nih.gov/pubmed/32388302
https://doi.org/10.1016/j.gsd.2022.100852
https://doi.org/10.1016/j.scitotenv.2022.153851
https://www.ncbi.nlm.nih.gov/pubmed/35176372
https://doi.org/10.1016/j.envpol.2022.120513
https://www.ncbi.nlm.nih.gov/pubmed/36374801
https://doi.org/10.1007/s11356-022-24130-1
https://doi.org/10.3390/w14121913
https://doi.org/10.1007/s13201-022-01712-5
https://doi.org/10.1039/D2RA04713F
https://doi.org/10.1186/s42834-022-00154-7
https://doi.org/10.1038/s41598-017-11079-2
https://doi.org/10.1016/j.envpol.2022.120978
https://www.ncbi.nlm.nih.gov/pubmed/36586556
https://doi.org/10.1016/j.chemosphere.2022.137479
https://www.ncbi.nlm.nih.gov/pubmed/36513195
https://doi.org/10.3389/fmars.2020.576170
https://doi.org/10.1016/j.trac.2019.02.023
https://doi.org/10.1021/acs.est.0c03057
https://www.ncbi.nlm.nih.gov/pubmed/32856914
https://doi.org/10.1016/j.watres.2021.117123
https://doi.org/10.1186/s40550-022-00093-6
https://doi.org/10.1016/j.jhazmat.2021.125571
https://doi.org/10.1016/j.envpol.2023.121631
https://www.ncbi.nlm.nih.gov/pubmed/37058862


Soil Syst. 2023, 7, 110 22 of 23

74. Arbabi, A.; Gholami, M.; Farzadkia, M.; Djalalinia, S. Microplastics removal technologies from aqueous environments: A
systematic review. J. Environ. Health Sci. Eng. 2023, 21, 463–473. [CrossRef] [PubMed]

75. Talvitie, J.; Mikola, A.; Koistinen, A.; Setälä, O. Solutions to microplastic pollution–Removal of microplastics from wastewater
effluent with advanced wastewater treatment technologies. Water Res. 2017, 123, 401–407. [CrossRef] [PubMed]

76. Li, L.; Xu, G.; Yu, H.; Xing, J. Dynamic membrane for micro-particle removal in wastewater treatment: Performance and
influencing factors. Sci. Total Environ. 2018, 627, 332–340. [CrossRef]

77. Perren, W.; Wojtasik, A.; Cai, Q. Removal of microbeads from wastewater using electrocoagulation. ACS Omega 2018, 3, 3357–3364.
[CrossRef]

78. Hidayaturrahman, H.; Lee, T.G. A study on characteristics of microplastic in wastewater of South Korea: Identification, quantifi-
cation, and fate of microplastics during treatment process. Mar. Pollut. Bull. 2019, 146, 696–702. [CrossRef]

79. Wang, Z.; Lin, T.; Chen, W. Occurrence and removal of microplastics in an advanced drinking water treatment plant (ADWTP).
Sci. Total Environ. 2020, 700, 134520. [CrossRef]

80. Skaf, D.W.; Punzi, V.L.; Rolle, J.T.; Kleinberg, K.A. Removal of micron-sized microplastic particles from simulated drinking water
via alum coagulation. Chem. Eng. J. 2020, 386, 123807. [CrossRef]

81. Sun, M.; Chen, W.; Fan, X.; Tian, C.; Sun, L.; Xie, H. Cooperative recyclable magnetic microsubmarines for oil and microplastics
removal from water. Appl. Mater. Today 2020, 20, 100682. [CrossRef]

82. Chen, Y.-J.; Chen, Y.; Miao, C.; Wang, Y.-R.; Gao, G.-K.; Yang, R.-X.; Zhu, H.-J.; Wang, J.-H.; Li, S.-L.; Lan, Y.-Q. Metal–organic
framework-based foams for efficient microplastics removal. J. Mater. Chem. A 2020, 8, 14644–14652. [CrossRef]

83. Borah, S.J.; Gupta, A.K.; Gupta, A.; Bhawna; Kumar, S.; Sharma, R.; Kumar, R.; Kumar, P.; Dubey, K.K.; Kaushik, S.; et al. Grasping
the supremacy of microplastic in the environment to understand its implications and eradication: A review. J. Mater. Sci. 2023, 58,
12899–12928. [CrossRef]

84. Roy, T.; Dey, T.K.; Jamal, M. Microplastic/nanoplastic toxicity in plants: An imminent concern. Environ. Monit. Assess. 2023,
195, 27. [CrossRef] [PubMed]

85. Bhatt, P.; Pathak, V.M.; Bagheri, A.R.; Bilal, M. Microplastic contaminants in the aqueous environment, fate, toxicity consequences,
and remediation strategies. Environ. Res. 2021, 200, 111762. [CrossRef] [PubMed]

86. Tiwari, N.; Santhiya, D.; Sharma, J.G. Microbial remediation of micro-nano plastics: Current knowledge and future trends.
Environ. Pollut. 2020, 265, 115044. [CrossRef] [PubMed]

87. Ajith, M.P.; Aswathi, M.; Priyadarshini, E.; Rajamani, P. Recent innovations of nanotechnology in water treatment: A comprehen-
sive review. Bioresour. Technol. 2021, 342, 126000. [CrossRef] [PubMed]

88. Tomczyk, A.; Sokołowska, Z.; Boguta, P. Biochar physicochemical properties: Pyrolysis temperature and feedstock kind effects.
Rev. Environ. Sci. Biotechnol. 2020, 19, 191–215. [CrossRef]

89. Ganie, Z.A.; Khandelwal, N.; Tiwari, E.; Singh, N.; Darbha, G.K. Biochar-facilitated remediation of nanoplastic contaminated
water: Effect of pyrolysis temperature induced surface modifications. J. Hazard. Mater. 2021, 417, 126096. [CrossRef] [PubMed]

90. Ambaye, T.G.; Vaccari, M.; van Hullebusch, E.D.; Amrane, A.; Rtimi, S. Mechanisms adsorption capacities of biochar for the
removal of organic inorganic pollutants from industrial wastewater. Int. J. Environ. Sci. Technol. 2021, 18, 3273–3294. [CrossRef]

91. Elbasiouny, H.; Darweesh, M.; Elbltagy, H.; Abo-Alhamd, F.G.; Amer, A.A.; Elsegaiy, M.A.; Khattab, I.A.; Elsharawy, E.A.;
Elbehiry, F.; El-Ramady, H.; et al. Correction to: Ecofriendly remediation technologies for wastewater contaminated with heavy
metals with special focus on using water hyacinth and black tea wastes: A review. Environ. Monit. Assess 2021, 193, 542. [CrossRef]

92. Tan, M.; Zhang, H.; Chi, J. Responses of bioavailability and degradation of phenanthrene in soils with or without earthworms to
the addition of mixed particles of biochar and polyethylene. J. Soils Sediments 2022, 22, 185–195. [CrossRef]

93. Guo, R.; Yan, L.; Rao, P.; Wang, R.; Guo, X. Nitrogen and sulfur co-doped biochar derived from peanut shell with enhanced
adsorption capacity for diethyl phthalate. Environ. Pollut. 2020, 258, 113674. [CrossRef] [PubMed]

94. Zhao, X.; Yang, B.; Li, Y.; Tang, D.; Xu, K.; Li, D. Application of biochar in the remediation of contaminated soil with high
concentration of lead and zinc. Adv. Civ. Eng. 2021, 2021, 1–7. [CrossRef]

95. El-Ramady, H.; El-Henawy, A.; Amer, M.; Omara, A.E.-D.; Elsakhawy, T.; Elbasiouny, H.; Elbehiry, F.; Elyazid, D.A.; El-Mahrouk,
M. Agricultural waste and its nano-management: Mini review. Egypt. J. Soil Sci. 2020, 60, 349–364. [CrossRef]

96. Zuhara, S.; Mackey, H.R.; Al-Ansari, T.; McKay, G. A review of prospects and current scenarios of biomass co-pyrolysis for water
treatment. Biomass Convers. Biorefinery 2022, 1–30. [CrossRef] [PubMed]

97. Siipola, V.; Pflugmacher, S.; Romar, H.; Wendling, L.; Koukkari, P. Low-cost biochar adsorbents for water purification including
microplastics removal. Appl. Sci. 2020, 10, 788. [CrossRef]

98. Qiu, M.; Liu, L.; Ling, Q.; Cai, Y.; Yu, S.; Wang, S.; Fu, D.; Hu, B.; Wang, X. Biochar for the removal of contaminants from soil and
water: A review. Biochar 2022, 4, 19. [CrossRef]

99. Nkoh, J.N.; Ajibade, F.O.; Atakpa, E.O.; Abdulaha-Al Baquy, M.; Mia, S.; Odii, E.C.; Xu, R. Reduction of heavy metal uptake from
polluted soils and associated health risks through biochar amendment: A critical synthesis. J. Hazard. Mater. Adv. 2022, 6, 100086.
[CrossRef]

100. Shang, Q.; Chi, J. Impact of biochar coexistence with polar/nonpolar microplastics on phenanthrene sorption in soil. J. Hazard.
Mater. 2023, 447, 130761. [CrossRef]

https://doi.org/10.1007/s40201-023-00872-z
https://www.ncbi.nlm.nih.gov/pubmed/37869596
https://doi.org/10.1016/j.watres.2017.07.005
https://www.ncbi.nlm.nih.gov/pubmed/28686942
https://doi.org/10.1016/j.scitotenv.2018.01.239
https://doi.org/10.1021/acsomega.7b02037
https://doi.org/10.1016/j.marpolbul.2019.06.071
https://doi.org/10.1016/j.scitotenv.2019.134520
https://doi.org/10.1016/j.cej.2019.123807
https://doi.org/10.1016/j.apmt.2020.100682
https://doi.org/10.1039/D0TA04891G
https://doi.org/10.1007/s10853-023-08806-8
https://doi.org/10.1007/s10661-022-10654-z
https://www.ncbi.nlm.nih.gov/pubmed/36279030
https://doi.org/10.1016/j.envres.2021.111762
https://www.ncbi.nlm.nih.gov/pubmed/34310963
https://doi.org/10.1016/j.envpol.2020.115044
https://www.ncbi.nlm.nih.gov/pubmed/32806397
https://doi.org/10.1016/j.biortech.2021.126000
https://www.ncbi.nlm.nih.gov/pubmed/34587582
https://doi.org/10.1007/s11157-020-09523-3
https://doi.org/10.1016/j.jhazmat.2021.126096
https://www.ncbi.nlm.nih.gov/pubmed/34229390
https://doi.org/10.1007/s13762-020-03060-w
https://doi.org/10.1007/s10661-021-09345-y
https://doi.org/10.1007/s11368-021-03071-1
https://doi.org/10.1016/j.envpol.2019.113674
https://www.ncbi.nlm.nih.gov/pubmed/31831224
https://doi.org/10.1155/2021/6630982
https://doi.org/10.21608/ejss.2020.46807.1397
https://doi.org/10.1007/s13399-022-03011-0
https://www.ncbi.nlm.nih.gov/pubmed/35855911
https://doi.org/10.3390/app10030788
https://doi.org/10.1007/s42773-022-00146-1
https://doi.org/10.1016/j.hazadv.2022.100086
https://doi.org/10.1016/j.jhazmat.2023.130761


Soil Syst. 2023, 7, 110 23 of 23

101. Ahmad, M.; Lubis, N.M.; Usama, M.; Ahmad, J.; Al-Wabel, M.I.; Al-Swadi, H.A.; Rafique, M.I.; Al-Farraj, A.S. Scavenging
microplastics and heavy metals from water using jujube waste-derived biochar in fixed-bed column trials. Environ. Pollut. 2023,
335, 122319. [CrossRef]

102. Dong, M.; He, L.; Jiang, M.; Zhu, Y.; Wang, J.; Gustave, W.; Wang, S.; Deng, Y.; Zhang, X.; Wang, Z. Biochar for the Removal of
Emerging Pollutants from Aquatic Systems: A Review. Int. J. Environ. Res. Public Health 2023, 20, 1679. [CrossRef]

103. Jaafarzadeh Haghighi Fard, N.; Jahedi, F.; Dehdarirad, H. The Possibility of Microplastic Removal by Earthworms and Comparing
With Conventional Chemical Removal Methods (A Global and Deeply Systematic Review). J. Polym. Environ. 2023, 31, 1–15.
[CrossRef]

104. Dad, F.P.; Khan, W.-U.; Kirkham, M.B.; Bolan, N.; Tanveer, M. Microplastics: A review of their impacts on different life forms and
their removal methods. Environ. Sci. Pollut. Res. 2023, 30, 86632–86655. [CrossRef] [PubMed]

105. Wang, J.; Sun, C.; Huang, Q.-X.; Chi, Y.; Yan, J.-H. Adsorption and thermal degradation of microplastics from aqueous solutions
by Mg/Zn modified magnetic biochars. J. Hazard. Mater. 2021, 419, 126486. [CrossRef] [PubMed]

106. Osman, A.I.; Fawzy, S.; Farghali, M.; El-Azazy, M.; Elgarahy, A.M.; Fahim, R.A.; Maksoud, M.I.A.A.; Ajlan, A.A.; Yousry, M.;
Saleem, Y.; et al. Biochar for agronomy, animal farming, anaerobic digestion, composting, water treatment, soil remediation,
construction, energy storage, and carbon sequestration: A review. Environ. Chem. Lett. 2022, 20, 2385–2485. [CrossRef]

107. Tong, M.; He, L.; Rong, H.; Li, M.; Kim, H. Transport behaviors of plastic particles in saturated quartz sand without and with
biochar/Fe3O4-biochar amendment. Water Res. 2020, 169, 115284. [CrossRef] [PubMed]

108. Ye, S.; Cheng, M.; Zeng, G.; Tan, X.; Wu, H.; Liang, J.; Shen, M.; Song, B.; Liu, J.; Yang, H.; et al. Insights into catalytic removal and
separation of attached metals from natural-aged microplastics by magnetic biochar activating oxidation process. Water Res. 2020,
179, 115876. [CrossRef] [PubMed]

109. Kumar, N.S.; Shaikh, H.M.; Asif, M.; Al-Ghurabi, E.H. Engineered biochar from wood apple shell waste for high-efficient removal
of toxic phenolic compounds in wastewater. Sci. Rep. 2021, 11, 2586. [CrossRef]

110. Li, X.; Wang, C.; Zhang, J.; Liu, J.; Liu, B.; Chen, G. Preparation and application of magnetic biochar in water treatment: A critical
review. Sci. Total Environ. 2020, 711, 134847. [CrossRef]

111. Yang, H.; Yu, H.; Wang, J.; Ning, T.; Chen, P.; Yu, J.; Di, S.; Zhu, S. Magnetic porous biochar as a renewable and highly effective
adsorbent for the removal of tetracycline hydrochloride in water. Environ. Sci. Pollut. Res. Int. 2021, 28, 61513–61525. [CrossRef]

112. Wang, X.; Dan, Y.; Diao, Y.; Liu, F.; Wang, H.; Sang, W.; Zhang, Y. Transport characteristics of polystyrene microplastics in
saturated porous media with biochar/Fe3O4-biochar under various chemical conditions. Sci. Total Environ. 2022, 847, 157576.
[CrossRef]

113. Ren, X.; Tang, J.; Wang, L.; Sun, H. Combined effects of microplastics and biochar on the removal of polycyclic aromatic
hydrocarbons and phthalate esters and its potential microbial ecological mechanism. Front. Microbiol. 2021, 12, 647766. [CrossRef]
[PubMed]

114. Dissanayake, P.D.; Palansooriya, K.N.; Sang, M.K.; Oh, D.X.; Park, J.; Hwang, S.Y.; Igalavithana, A.D.; Gu, C.; Ok, Y.S. Combined
effect of biochar and soil moisture on soil chemical properties and microbial community composition in microplastic-contaminated
agricultural soil. Soil Use Manag. 2022, 38, 1446–1458. [CrossRef]

115. Ran, T.; Li, J.; Liao, H.; Zhao, Y.; Yang, G.; Long, J. Effects of biochar amendment on bacterial communities and their function
predictions in a microplastic-contaminated Capsicum annuum L. soil. Environ. Technol. Innov. 2023, 31, 103174. [CrossRef]

116. Khalid, A.R.; Shah, T.; Asad, M.; Ali, A.; Samee, E.; Adnan, F.; Bhatti, M.F.; Marhan, S.; Kammann, C.I.; Haider, G. Biochar
alleviated the toxic effects of PVC microplastic in a soil-plant system by upregulating soil enzyme activities and microbial
abundance. Environ. Pollut. 2023, 332, 121810. [CrossRef]

117. Elbasiouny, H.Y.; Elbehiry, F.; Al Anany, F.S.; Almashad, A.A.; Khalifa, A.M.; Khalil, A.M.M.; Elramady, H.; Brevik, E.C.
Contaminate Remediation with Biochar and Nanobiochar Focusing on Food Waste Biochar: A Review. Egypt. J. Soil Sci. 2023, 63,
641–658. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.envpol.2023.122319
https://doi.org/10.3390/ijerph20031679
https://doi.org/10.1007/s10924-023-02954-3
https://doi.org/10.1007/s11356-023-28513-w
https://www.ncbi.nlm.nih.gov/pubmed/37438501
https://doi.org/10.1016/j.jhazmat.2021.126486
https://www.ncbi.nlm.nih.gov/pubmed/34214855
https://doi.org/10.1007/s10311-022-01424-x
https://doi.org/10.1016/j.watres.2019.115284
https://www.ncbi.nlm.nih.gov/pubmed/31739235
https://doi.org/10.1016/j.watres.2020.115876
https://www.ncbi.nlm.nih.gov/pubmed/32387922
https://doi.org/10.1038/s41598-021-82277-2
https://doi.org/10.1016/j.scitotenv.2019.134847
https://doi.org/10.1007/s11356-021-15124-6
https://doi.org/10.1016/j.scitotenv.2022.157576
https://doi.org/10.3389/fmicb.2021.647766
https://www.ncbi.nlm.nih.gov/pubmed/33995304
https://doi.org/10.1111/sum.12804
https://doi.org/10.1016/j.eti.2023.103174
https://doi.org/10.1016/j.envpol.2023.121810
https://doi.org/10.21608/ejss.2023.229851.1642

	Introduction 
	Microplastic in Soil 
	Sources of Microplastics in Soil 
	Risks of Microplastics in Soil 
	The Impact on Soil Ecosystem Services, Soil Properties and Functions 
	Association with Other Pollutants 
	The Impact of Microplastics on Soil Biota, Microbes, and Food Chain 
	The Impact of Microplastics on Ground Water 


	Microplastics in Sediments 
	Sources of Microplastic in Sediments 
	The Impacts of Microplastic on the Sediments 

	Environmental Fate and Risk Assessment of Microplastics 
	Remediation of Microplastics 
	Traditional and Emerging Method in Microplastic Remediation 
	Biochar Application in Microplastic Remediation 

	Conclusions 
	Limitation and Challenges of Using Biochar in Microplastic Removal from Soil and Sediment 
	Future Research into Biochar and Microplastic Pollution in Soil and Sediment 

	References

