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Chapter 6

Micro- and Nanoplastics as Carriers
for Other Soil Pollutants

Nahid Khoshnamvand

Abstract Annual releases of plastic to the terrestrial environment are 4-23 times as
high as releases to the marine environment. Microplastics can enter the soil in many
routes, for example, compost and sewage sludge as fertilizer, plastic mulching, irri-
gation and flooding, and atmospheric deposition. The process of top-down irriga-
tion into the soil causes MP/NPs to be transported downwards along with soil
cavities and eventually possibly into groundwater. Contact of toxic and harmful
metal pollutants with M&NPs will inevitably occur during the migration process in
the environment. Various factors are considered in their transportation such as
microplastic properties, pore water forms, and properties of packing materials to
influence microplastic transport that can indicate the environmental chance of
microplastics in soil conditions. Among the important roles in the environmental
behavior of M&Ms are absorption and migration. Microplastics or nanoplastic par-
ticles as a carrier, adsorb contaminants and increase or decrease their transportation.
The transfer of microplastics in the soil environment occurs in the form of vertical
and horizontal migration and nonliving transport. Microplastics are known to adsorb
toxic chemicals such as PCBs, PAHs, DDTs, PFASs, PPCPs, and heavy metals.

Keywords Microplastic - Nanoplastic - Soil pollutants - Transportation - Carriers

6.1 Introduction

Microplastics soil pollution was first studied by Rillig (2012), and subsequent
research has focused on this important issue. On World Environment Day 2018, the
United Nations Environment Programme (UNEP) called for a more in-depth con-
sideration of the impacts of microplastic pollution on the soil environment (Schnurr
etal., 2018). The fact that soil is a more important sink for microplastics than marine
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environments has been a critical factor influencing UNEP’s decision. Annual
releases of plastic to the terrestrial environment are 4-23 times as high as releases
to the marine environment (Horton et al., 2017). Plastics are categorized into two
groups: primary plastics produced in the size range, such as MPs/NPs in pharma-
ceutical and personal care products (PPCPs) (Rochman et al., 2015). Secondary
plastics are generated by crushing major plastics, such as agricultural plastic mulch
or car tires (Huang et al., 2020). Therefore, it is necessary to investigate the physical
structure and surface properties of microplastics to facilitate a comprehensive
understanding of the factors influencing the environmental fate of microplastics in
soil. Inputs from agricultural practices, the influence of runoff and deposits, and
degradation or fragmentation of plastic debris are the major sources of entry into the
soil. The shape and composition of microplastics are almost identical to their
sources. Microplastics can enter the soil in many routes, for example, compost and
sewage sludge as fertilizer, plastic mulching, irrigation and flooding, and atmo-
spheric deposition (Bldsing & Amelung, 2018). The degradation by ultraviolet (UV)
radiation also may serve as a significant source of soil plastic pollution. Plastics can
be degraded through various processes, such as hydrolysis, oxidation, photodegra-
dation, mechanical corrosion, and biological degradation (Alimi et al., 2018). Usage
of membranes in modern agriculture led to the discharge of MPs/NPs on the soil.
The process of top-down irrigation into the soil causes MP/NPs to be transported
downwards along with soil cavities and eventually possibly into groundwater (Zeng
et al. 2020a, b). Microplastic accumulation may also occur in the soil, causing a
number of adverse effects on the soil ecosystem, including alterations in the chemi-
cal, physical, and fertility properties of the soil, leading to disruption of the micro-
bial population living in the soil (Zhang et al., 2017).

6.1.1 Micro- and Nanoplastic Transportation to Soil

Based on columnar experiments conducted in laboratory environments, the transfer
of microplastics and nanoplastics has been investigated. Simulation is one of the
main methods to analyze the transport behavior of pollutants in soil and groundwa-
ter. Glass beads and quartz sand are used as model porous media to simulate the soil
environment. Polystyrene microspheres were used as research objects for the trans-
port study of colloids (Bradford et al., 2002). Generally, to date investigations on the
transfer of M&NPs have been conducted mainly on the basis of colloidal transfer,
especially similar to that of engineered nanomaterials (Hiiffer et al., 2017).
Coexisting with other substances affected the stability of microplastics in a porous
medium. Also, the interaction between M&NPs and collectors and thus changed
transport and deposition in porous media are influenced. Other properties of porous
media, solution environment, and the characteristics of M&NPs exhibit an effect on
transport behavior. Quartz sands because of their homogeneous texture and negative
charge are used as environment porous in transport investigations. Here, too, the
simultaneous presence of other materials may occupy sedimentary sites in porous
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media for M&NPs. For example, the transportation of microplastics under posi-
tively charged surfactants was great than those under negatively charged surfactants
due to competitive adsorption sites (Pelley & Tufenkji, 2008). Additional deposition
sites could be provided by coexisting pollutants. The effect of dissolved black car-
bon (DBC) on the transport of polystyrene nanoplastics was explored with dissipa-
tion monitoring equipment (QCM-D) techniques (Gul et al., 2021). Two main items
in the study of transport in porous media are natural and artificial colloids (Si et al.,
2019). Another nanomaterial such as graphene oxide (GO) also supplied more sites
to nanoplastic, especially at relatively high ionic power in CaCl, (Xia et al., 2021).
In another study by O’Connor et al. (2019), a sand column was used to study the
penetration process of polypropylene (PP) and polyethylene (PE) microplastics.
Polypropylene (PP) and polyethylene (PE) microplastics with various sizes and
densities were used in the experiment, and they found that the microplastics all
more moved downwards in the range of 1.5-7.5 cm (O’Connor et al., 2019).
Although the simulation experiment helps us to better understand the mechanism of
transmission of M&NPs in the soil, the results of laboratory studies are not general-
izable to the actual soil environment. Generally, results showed that the existence of
microplastics alters the bulk density, water holding capacity, structure, and hydro-
dynamics of the soil (de Souza Machado et al., 2018, 2019). Conversely, that may
change the transfer of M&NPs in soil (Xia et al., 2021). M&NPs affect the soil
media and, in turn, affect the movement of M&NPs. Since soil is a complex media
with intricate pore systems and rich biological residents, therefore, the results of
research in the actual natural environment are different from the laboratory.

6.1.1.1 Factors Involving the Transportation of M&NPs

Various factors are considered in laboratories such as microplastic properties, pore
water forms, and properties of packing materials to influence microplastic transport
that can indicate the environmental chance of microplastics in real soil conditions
(Alimi et al., 2018). The co-occurrence of contaminants in porous media alters the
transmission of M&NPs. Also, particle size and specific surface area characteristics
are desirable for M&NPs to affect the fate of other contaminants such as metal and
some organic contaminants (Bradford & Bettahar, 2006; Pelley & Tufenkji, 2008).

6.1.1.2 Micro- and Nanoplastic Movement Model in Soil

The transfer of microplastics in the soil environment occurs in the form of vertical
and horizontal migration and nonliving transport. The transportation downwards of
microplastics, especially nano-sheets, may pose a potential risk of groundwater
contamination. The penetration of microplastics into the soil inevitably affects a
series of biological processes that affect their carrier and fate (de Souza Machado
et al., 2018).
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6.1.1.3 Microplastic Transportation Through Porous Media

In previous studies, the PS microsphere transfer model (less than 5 mm) as a colloid
has been examined due to its inertia and fluorescent traceability (Tong et al., 2005;
Peng et al. 2017a, b, c¢). Generally, microplastics because of their similar properties
and behaviors have a similar transmission. Compared to hydrophilic plastics, PS
hydrophobic plastics had higher colloidal retention in unsaturated columns of sand
(Wan & Wilson, 1994). Increasing the surface negative charge of PS nanoplastics by
UV or O; aging processes can lead to a significant increase in the movability of
spherical PS nanoplastics (Zeng et al. 2020a, b). Factors such as flow velocity, water
content, ionic strength, and natural organic matter significantly affect the transport
of microplastics. This means that the microplastic transportation increases with the
high velocity of water pores. The results showed that increasing the flow velocity
reduces the shelf life of PS microplastics in quartz sand columns (Wu et al., 2012;
Zhang et al., 2015). A significant correlation between substantiated and accelerated
deposition and reduced mobility of PS microplastics with increasing ionic strength
had been approved by most researchers (Elimelech & O’Melia, 1990; Kobayashi
et al., 2009). Sedimented microplastics with lower ionic strength were more prone
to re-entrain from glass surfaces into the bulk solutions. (Franchi & O’Melia, 2003).
In addition, the wet-dry cycle affected the vertical migration of microplastics in
sand columns (O’Connor et al., 2019). Besides mentioned factors, also, natural
organic matter (NOM) contributes to the movability of microplastics. The existence
of NOM not only led to the resistance of PS particles (Deshiikan et al., 1998) but
also the larger the molecular size of NOM, the lower the particle size in absorbent
media owing to the increase in spatial share. (Amirbahman & Olson, 1995).

6.1.1.4 Microplastic Migration in Soil Media

During the tillage functions, plastic fibers and mulching parts were observed in the
deeper layers of the soil (>20 cm), which is clear proof of the transportation of
microplastic downwards in the soil environment (Huang et al., 2020). Besides, soil
fauna is counted as a carrier of microplastics in soil. Following the migration of
earthworms (L. terrestris) and providing a downwards path for the vertical transport
of microplastics, the microplastics of polyethylene could be transported from layers
near the ground to the deeper layer (>50 cm) (Huerta Lwanga et al., 2017). In addi-
tion to vertical transfer, digestion and adhesion to the exterior body of the earth-
worm were also involved in microplastic transfer (Rillig et al., 2017). In horizontal
transport, microplastics are moved and distributed by collembolans. Interestingly,
F. candida, due to its larger size, plays a larger role in the displacement of large
particles than Proisotoma minuta (Maal3 et al., 2017). The presence of feeding and
nutrition relationships between various species such as collembola (F. candida) and
mite (Hypoaspis aculeifer) in soil facilitated the movement of micro- and nanoplas-
tics up to 40% compared with the presence of a homogenous species (Zhu et al.,
2018). Totally, biogenic actions can elevate the forwarding of microplastics,



6 Micro- and Nanoplastics as Carriers for Other Soil Pollutants 129

particularly vertical transport, which led to a likely risk for groundwater and biotas’
existence in soil.

6.2 M&NPs as Carriers for Other Soil Pollutants

Understanding the interaction and simultaneous transmission of M&NPs with con-
taminants has been designed and popularized by many researchers. Because as a
carrier, M&NPs are likely to carry certain dangerous pollutants over long distances
and pose risks to the ecosystem and human health. During the interaction with
micro- and nanoplastics, the transport of symbiotic materials may be facilitated or
inhibited. In addition to their roles, microplastics are known to adsorb toxic chemi-
cals such as PCBs, PAHs, DDTs, PFASs, PPCPs, and heavy metals (Peng et al.
2017a, b, ¢). The properties of plastics such as hydrophobicity of surfaces led to the
condensation of PCBs and dichlorodiphenyldichloroethylene in PP pellets up to
10°-109 times higher than concentrations in seawater (Mato et al., 2001).
Microplastics and nanoplastics can attach to toxic emerging contaminants, such as
hormones and pharmaceutical and personal care products, and bioaccumulate and
would remain in the body of humans and animals, persistently (Zhou et al., 2022).
Microplastics are able to carry bisphenol A and then release it as a source of envi-
ronmental pollution (Zhou et al., 2022). Microplastics can also act as an effective
sink for tetracycline by increasing deposition sites. The results of previous studies
exhibited that polyester fibers (0.3% by weight) can influence the configuration of
clay loam soils (Zhang et al., 2019). Besides, polyethylene film (1% w/w) can sig-
nificantly raise the speed of water vaporization in clay (Wan et al., 2019). Polystyrene
nanoplastics (PS) in different concentrations lead to modifications in the soil media,
for example, polystyrene nanoplastics at 100 and 1000 ng g~' which seriously
reduced the soil microbial communities and raised basal aspiration, respectively
(Awet et al., 2018). In extremely high modification rates, PP microplastics can
increase soil basal aspiration rate about three times (Yang et al., 2018). PS nanoplas-
tics (100 ng g™!) also reduced the activities of enzymes involved in C, N, and P
cycles in soils with silt loam textures (Awet et al., 2018). PP microplastics greatly
promoted the activity of fluorescein diacetate hydrolase in sandy loam soils and
consequently improved the availability of nutrients for plants by enhancing micro-
bial hydrolytic action on soil organic matter (SOM) (Yang et al., 2018). Plastic
fragment remains (67.5 kg ha™') can lead to considerable decreases in soil microbial
biota type and reduce soil microbial C and N, plus decreased the activity of fluores-
cein diacetate hydrolase and dehydrogenase by 10% and 20%, respectively (Wang
et al., 2016). The shape of microplastic (linear versus nonlinear), size, rate of
growth, polymer design, and soil texture affect the enzyme activity and microbial
biota of the soil. There is a possibility that the negative effects are probably related
to concomitant phthalate contamination and not to the existence of plastic layers
alone (Wang et al., 2016). Earthworms, one of the most well-known animals in the
soil, have a layer of viscous body fluid on their surface that M&NPs may attach to,
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and the earthworms’ motion causes the spatial transfer of plastics (Rillig et al.,
2017). Although their role is still unclear, Rong et al. lately recommended that the
bacterial community could slow the transport of plastic particles, as biofilms narrow
the pathway and increase the surface roughness, as well as the OH and NH groups
at cellular levels. Rate probability of plastic particles forming hydrogen bonds was
very high (He et al., 2020). Due to the large specific surface area and powerful
hydrophobicity, micro- and nanoplastics can easily absorb contaminants and act as
a carrier.

6.2.1 Adsorption and Migration

Among the important roles in the environmental behavior of M&Ms are absorption
and migration. Microplastics or nanoplastic particles as a carrier adsorb contami-
nants and increase or decrease their transportation. The adsorption action of pollut-
ants into M&NPs occurs with mechanisms such as hydrophobic action, electrostatic
action, pore filling, van der Waals forces, hydrogen bond, and n-n interaction (Torres
et al., 2021). Hydrophobic activity is the fundamental mechanism in describing the
M&NP and pollutants. Polymer type, surface functional groups, and material struc-
ture of M&Ms define the relations between microplastics and related substances
(Tourinho et al., 2019). Hydrophobic organic materials have a high tendency to
adsorb on non-polar microplastics, due to their hydrophobic properties (Tourinho
et al., 2019).

Owing to adsorption on the plastic, the transformation of organic contaminants
from water to organisms could be increased. For example, by transferring polybro-
minated diphenyl ethers (PBDEs) on the surface, microplastics would persist in the
body of the fish for many years (Wardrop et al., 2016). The type and size of micro-
plastics impact the adsorption capacity. For example, the higher adsorption capacity
of PS microplastics than PE and PP on tetracycline is mostly due to their polar
properties (Xu et al., 2018). In addition to knowledge about the environmental man-
ners of M&NPs as vectors for other pollutants, also discussion of the mutual effect
available cotransport studies of M&NPs and coexisting pollutants is important,
while there are rare investigations such as a number of academic reviews on cotrans-
port of M&NPs and coexisting pollutants compared with adsorption studies. More
researchers focused on individual transport behavior than cotransport of M&NPs
which cannot explain the entire transport behavior completely (Alimi et al., 2018).
The results of studies analyzing the interaction of M & NPs with hydrophobic
organic matter have shown that they, especially certain persistent organic pollutant-
shave a great affinity for absorbing to surfaces of plastic particles. For example,
microplastics and nanoplastics can absorb PCBs. The adsorption of PCBs to nano-
PS was 1-2 times stronger than that to micro-PE due to higher aromaticity and
surface-area-to-volume ratio (Velzeboer et al., 2014). Compared to adsorption
examinations, investigations of the simultaneous transport of M&NPs with numer-
ous pollutants in porous media is not adequate. According to previous studies,
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M&NPs as noteworthy carriers can improve or hinder the transfer of biocloids and
non-biological colloids. Oppositely, the transport and storage of M&NPs may be
altered by symbiotic substances.

6.3 Adsorption of Various Toxic Chemicals into M&NPs

One of the most common types of microplastics that are examined by researchers is
polyethylene, which is probably due to the high consumption in industry and the
successive pollution levels of plastics (Andrady & Neal, 2009). The types of organic
compounds that are adsorbed by micro- and nanoplastics have various adsorption
amounts based on LogKyp values. Organic chemicals which supposed nonpolar and
have a LogK,, more than two important positive linear correlations were observed
between LogK,,, and LogKy for PE (p < .001), PP (p <.001), PS (p < .001), and
PVC (p < .01) microplastics. This indicates that the hydrophobic property has a
great role in the sorption of HOCs (LogK,, > 2), i.e., the higher the hydrophobic
property, the higher the sorption tendencys; this result is consistent with the results
of previous studies (Wang et al., 2018). The distribution coefficients (LogKyp) of
HOC:s (e.g., PAHs and HCHs) on PE, PP, and PS microplastics showed fit linear
correlations with their LogK,, values, with R* values of 0.92, 0.94, and 0.84,
respectively.

Hydrophobic distribution coefficients are considered a predominant sorption
process for nonpolar organic compounds onto microplastics, compared with other
processes such as electrostatic interchange and hydrogen bonding (Wang et al.,
2015). When microplastic particles are exposed to organic compounds, non-polar
organic compounds have stronger sorption due to their higher hydrophobic proper-
ties than polar compounds. The important correlation between distribution factor
and hydrophobicity of HOCs shows that hydrophobic relations with microplastics
are noteworthy (Seidensticker et al., 2018), in addition to the hydrophobicity prop-
erties of polar organic compounds, with LogK,,, < 2 and various acid dissociation
constants (pKa), which are probably not the only adsorption regulators. Some types
of polar organic compounds, under the influence of pH, can wildly change their
adsorption to microplastics. The type of charge of the contaminants adsorbed on the
micro- and nanoplastics also affects the adsorption power. Charged species are usu-
ally weaker adsorbed by microplastics than charge neutral species (Seidensticker
et al., 2018). For example, due to the similar charge of tetracycline and microplas-
tics such as PE, PP, and PS, the adsorption of tetracycline on the surface of micro-
plastic particles is strongly hindered due to the incidence of electrostatic repulsion
(Zhu et al., 2018). The adsorption of charged oxytetracycline on microplastics also
had this fate (Wang et al., 2018). In contrast, because tylosin has a positive charge
in acidic conditions that is opposite to the charge of microplastics, it is more easily
absorbed by PS and PVC microplastics than neutral species. The extended role of
organic matters is also proved in the sorption of organic compounds to microplas-
tics. Fluorescence measurements confirmed a minor exchange between original
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microplastics and soluble organic matter (DOM; e.g., humic acid) (Seidensticker
et al., 2018), which creates competition in the adsorption of HOCs between micro-
and nanoplastics and DOM. For example, in the presence of DOM, the partitioning
of phenanthrene and tonalide among microplastics and water was extremely altered
(150-1000 mg L™"). In the attendance of DOM that easily affected polar organic
compounds, even at little concentrations of DOM (e.g., 20 mg L"), the adsorption
of polar compounds was remarkably slow (Shen et al., 2018). According to Wang
et al. (2018) the sorption of oxytetracycline on weathered PS microplastics was
improved with the existence of DOM; it’s probably because of the complexation of
humic acid with weathered PS (Wang et al., 2018). Also, when the size of origin
microplastic is decreased to the nanometer size, these particles can interact with the
aromatic structure of DOM among p-p conjugation (Chen et al., 2018).

6.3.1 Microplastic Properties

One of the effective parameters in the adsorption of organic compounds is the
microplastic properties, plastic polymers usually have amorphous and crystalline
regions. For example, PE and PP have crystalline and amorphous parts in their
structure and are considered semi-crystalline polymers, their amorphous regions
being desirable sites for the adsorption of organic chemicals (Endo & Koelmans,
2016). Study results of Guo and Wang (2019) demonstrate that the crystallinity of
microplastics has an important impact on the adsorption of pollutants; they noted
that the adsorption coefficients of phenanthrene, naphthalene, and lindane to PE
declined with raising crystallinity of PE. Other researchers (Lu et al., 2019) report a
positive relationship between the adsorption of 17b-estradiol and the crystallinity of
microplastics (Velzeboer et al., 2014).

6.3.1.1 Transition Temperature

The glass transition temperature (Tg) of microplastics that can affect chemical sorp-
tion is different between species plastic polymers. Polymers that have Tg amounts
more than ambient temperature are known as glassy polymers (e.g., PVC and PS),
while Tg amounts lower than ambient temperature are called rubbery polymers
(e.g., PE and PP). Following the pore-filling process of organic chemicals into
glassy polymers, nonlinear isotherms are observed on glassy polymers, while linear
sorption isotherms were usually observed on rubbery polymers (Endo & Koelmans,
2016; Seidensticker et al., 2018).
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6.3.1.2 Size of Microplastics

Stronger adsorption occurs between micro- and nanoplastics and organic com-
pounds (e.g., phenanthrene) as the size decreases (Chen et al., 2018). Nevertheless,
for some microplastics, the size of the microplastics and the related surface area has
no important role in the adsorption of organic compounds, while the properties of
the microplastics (e.g., chemical structure and composition of the microplastic
polymers) have a significant role (Hiiffer & Hofmann, 2016).

6.3.1.3 Environmental Conditions

Typically, polymers of microplastic are exposed to abiotic and biological aging pro-
cesses in environmental situation, which have the potential to change the nature of
interactions with chemical contaminants. Result of studies showed the aging pro-
cess can shift surface physical and chemical properties by raising the existence of
oxygen-containing functional groups (e.g., carbonyl), reducing molecular weight,
and producing a rough surfaces (Song et al., 2020). In laboratory conditions accel-
eration of the aging process led to the formation of polar functional groups on the
surface of micro- and nanoplastics, which influences the sorption of organic com-
pounds. Results of Huffer’s research, in which PS microplastics were treated with
UV and 10% H,0,, showed that sorption coefficients of nonpolar organic com-
pounds on older PS were one-time extent lower than those on origin PS (Hiiffer &
Hofmann, 2016).

Also, lower adsorption of benzene, toluene, ethylbenzene, and xylene on PS
microplastics (MPs) after the aging process has been confirmed by researchers
(Miiller et al., 2018). On the contrary, after aging by UV, the sorption tendencies of
ciprofloxacin to PS and PVC microplastics for hydrophilic organic compounds
were increased by 123% and 20%, respectively, which may be the main reason for
the formation of oxygen-containing functional groups (e.g., hydroxyl and carbonyl)
on the surface of aged microplastics (Zhu et al., 2018). Of course, the confirmation
of weathering in laboratory and field conditions requires further research; one of the
factors that should be evaluated is the environmentally relevant concentration of
organics and the aging process.

6.4 Co-transport of Microplastics with Colloids

In actual soil media, colloids and manmade products released certainly meet with
micro nanoparticles and affect microplastic transportation. For instance, the co-
presence of graphene oxide had a significant result on the movement of PS micro-
plastics, and the effect depended on the ionic strength of the solution (Peng et al.
2017a, b, ¢). This interaction between graphene oxide and microplastics and nano-
plastics can influence the transport and deposition of engineered nanoparticles. In
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one study microplastics raised the transport and lowered the deposition of nTiO, in
quartz sand at pH 7; also nanoplastics had a substantial effect on fullerene (C60)
transportation (Dong et al., 2019).

6.4.1 Transfer of Microplastics Attached to Contaminants

Because of the size exclusion effect which is important in screening larger particles
from small pores, the movement of colloids or nanoparticles could be quicker than
that of the pore water. PS nanoplastics at low concentrations greatly increase the
transfer of non-polar and weakly polar pollutants but have little effect on the trans-
fer of polar pollutants (Liu et al., 2018). And also, the aging process increased the
dynamism of PS nanoplastics, thereby greatly enhancing the ability to transport
contaminants (e.g., non-polar pyrene and polar 4-nonylphenol) through slow-release
kinetics and immutable adsorption of pollutants (Wang et al. 2019a, b, c). The
chemical configurations and compounds of plastics definitely influence the sorption
of organic pollutants and consequently affect transport by nanoplastics and micro-
plastics (Guo et al., 2012).

6.4.2 Soil Fauna’s Role in Pollutant Transport
by Microplastics

After devouring microplastics by present organisms in the soil media and then trans-
ferring them to humans along the food chain, various toxic chemicals are able to
enter the human body.

6.4.3 Organic Pollutants

Results of previous studies displayed that microplastics may transport HOCs to the
aquatic amphipod Allorchestes compressa (Chua et al., 2014), while current analy-
ses exhibited that in real soil media, microplastics have a narrow role in the expan-
sion of HOCs in sea organisms such as the deposit-dwelling lugworm (Endo &
Koelmans, 2016). In the soil which was rich with organic compounds (e.g., PAHs
and PCBs) and despite the ingestion of microplastics by earthworms (E. fetida), a
minor impact of microplastics on the bioaccumulation of HOCs in E. fetida with
10% (w/w) microplastics in agrarian soil was observed (Wang et al. 2019a, b, c).
This contrast results of studies indicate that microplastics can hardly be the carrier
of HOCs to earthworms, or facilitate the bioaccumulation of HOCs in earthworms,
so further investigations are needed to clarify the role of microplastics as carriers of
HOC:s in other soil organisms.



6 Micro- and Nanoplastics as Carriers for Other Soil Pollutants 135
6.4.4 Inorganic Contaminants

There is no conclusive evidence that microplastics increase or decrease the risk
associated with trace elements (e.g., As and Zn) for earthworms. Although zinc is an
element with high bioavailability on microplastics (greater desorption) than soil, no
detectable effect of zinc-contaminated microplastics on zinc accumulation, fatality,
and increase or decrease in weight of earthworms (L. ferrestris) faced with earth-
worms to zinc-contaminated microplastics in arable soil was observed (Hodson
et al., 2017). Nevertheless, one study stated that the presence of microplastics
reduced As accumulation and prevented As (V) accumulation in earthworms
(Metaphire californica), resulting in less toxicity to M. californica (Wang et al.
2019a, b, ¢).

6.4.5 Antibiotics

Combination of microplastics in soil with antibiotics can contribute to increased
biological resistance. The presence of tetracycline and microplastic significantly
disturbs the microbial residents in soil (Ma et al., 2020). On a laboratory scale, dis-
turbance between the microbial communities by microplastics combined with tetra-
cycline has been proved. Moreover, the diversity of antibiotic resistance genes
(ARGs) was increased (Ma et al., 2020). As we know ARGs is recognized as one of
the most important emerging pollutants which is a severe threat to the ecosystem
(Sanderson et al., 2016). Recent research has confirmed that microplastics can act
as a vector for ARGs in landfill leachate. As mentioned above antibiotics exhibited
intense disorder to ecology and include disrupting the endocrine system and chronic
toxicity (Ma et al., 2020).

The interaction between microplastics and antibiotics remains to be explored
because antibiotics are among the widely used pharmaceutical and personal care
products that are resistant to biodegradation, and their adsorption on microplastics
played a significant function during cotransport (Li et al., 2021).

For example, the results of studies showed that the sorption of oxytetracycline on
the surface of polyamide (PA) microplastics takes place weaker than sorption on
soil. The aging process of PP and PE microplastic is a factor that improved enrich-
ment for ARGs due to changes in MP surface properties and oxygen-containing
active groups. Interaction between microplastic and PPCPs is intrinsically related to
characteristics of the sorbate and environmental factors such as solution pH. This is
because PPCPS are usually hydrophilic. Inverse hydrophobic substances and other
mechanisms also control the adsorption of PPCPs on M&NPs including electro-
static interaction, not merely hydrophobicity. In current studies, the sorption of
three different nonsteroidal anti-inflammatory drugs (NSAIDs) to microplastics is
examined. They found an apparent pH dependency. This mechanism could be
defined by changes in the surface charge of drugs and microplastics (Elizalde-
Velazquez et al., 2020).
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6.4.6 Heavy Metals

Contact of toxic and harmful metal pollutants with M&NPs will inevitably occur
during the migration process in the environment. The adsorbed pollutants on
M&NPs undoubtedly make complex situations that interfere with the growth and
survival of organisms (Wang et al. 2019a, b, c). For example, metals accumulated
on the microplastics may pose a higher risk to aquatic organisms. Mixed contami-
nants related to heavy metals can enter the food chain and affect the human body
indirectly (Dobaradaran et al., 2018). A previous study demonstrated that micro-
and nanoplastics acting as vectors then could transport metal into organisms. Higher
desorption of Zn is enriched in fragmented plastic bags (particle size was approxi-
mately 1.32 + 0.72 mm and 0.71 + 0.43 mm) than in soil. The results confirm the
carrier role of microplastics and intensify their effect when exposed to metals
(Hodson et al., 2017). The surface of the microplastics when exposed to UV forms
more holes making it easier to absorb metals. Typically environmental factors such
as the aging process showed dominant effects on the sorption capacity of heavy
metals on M&NPs. Sorption of heavy metal on microplastic increased with increas-
ing aging treatment time (Mao et al., 2020). Solution chemistry also influences the
aging process. Adsorption capacity of cadmium onto the MPs first increased and
then decreased when solution pH increased from 2.0 to 9.0, reaching highest at pH 6
(Zhou et al., 2020). The ionic strength of the solution also affects the adsorption
behavior strongly (Ren et al., 2021). For example, along with the raising NaCl con-
centration, lead (II) adsorption to aged nylon microplastics is reduced likely due to
competing for adsorption areas and decreased electrostatic potential of microplas-
tic. Seidensticker et al. (2018) reported that the partition coefficient (KMP) of Cr on
aged PE microplastics was one degree of extent higher than that on original micro-
plastic particles, which was also comparable with or higher than that of some PPCPs
in a similar concentration range (Seidensticker et al., 2018). By other studies by
Turner and Holmes (Turner & Holmes, 2015), the improved sorption of heavy met-
als on aged microplastics has been documented. A recent study also indicated that
nanoplastics had a high sorption capacity for Pb (II), with a removal rate of up to
79-97% (Wang et al., 2019a). Generally, microplastics with aged surfaces and
smaller sizes have the highest chance, to carry heavy metals. Nevertheless, the role
of organic matter in this sorption process needs more elucidation, i.e., it is ambigu-
ous whether sorption to microplastics and organic matter will be synergistic or com-
petitive in nature.

6.5 Competition Microplastics and Soils in Sorption
of Toxic Chemicals

If the amount of LogK,,,, of organic compounds is more than two, there is a powerful
linear relevance between LogK,,, and LogK,.. Doucette et al. (Doucette, 2003) sug-
gested that LogK,,,, is the suitable predictor for the sorption of neutral HOC; onto
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soils media and deposits but is not suitable for highly polar or ionizable organic
chemicals. This might explain the relatively low linear correlation (R2 %4 0.425) and
the scattered points with LogK,, < 2, because many organic compounds investi-
gated are polar and ionizable (e.g., some PPCPs).

6.5.1 Biodegradable Plastics

In addition to conventional plastics, the application of biodegradable plastics has
also increased environmental concerns. With the advent of biodegradable plastics,
their entry into the environment, especially the soil system, is inevitable (Liao &
Yang, 2020). In various studies, considering the interaction of degradable micro-
plastics with contaminants, the ability of biodegradable plastics to absorb certain
organic compounds compared to ordinary plastics has been proven. For example,
the role of biodegradable plastics in the absorption of antibiotics and drugs was
greater than that of traditional plastics (Fan et al., 2021). However, investigation on
the environmental behavior of degradable plastics, particularly its transport behav-
ior in soil and groundwater, is limited and requires further research. The interaction
of M&NPs and pollutants in the meningeal environment coincides with contamina-
tion. The transfer of auxiliary pollutants generally depends on the characteristics of
the M&NPs and external environmental factors. Compared to microplastics, the
simultaneous transport of nanoplastics deserves more attention. Because, as men-
tioned earlier, due to the size of the nano and the large specific surface area of the
nanoplastics, especially in porous media, it may be a threat to human safety and, in
addition, they are easier to transport and move. To reverse the migration of symbi-
otic substances. The impact of M&NPs on the transmission of organic pollutants,
natural or synthetic colloids, and bacteria still needs to be investigated.

Different adsorption tendencies played a key part. Polar compounds are just
absorbed on the surface of polystyrene, whereas nonpolar compounds were
entrapped in the inner matrices due to the glassy polymeric structure. A similar
study showed the cotransport behavior of polystyrene nanoplastics and naphthalene
in different ionic strengths. As a nonpolar organic pollutant, naphthalene quickly
contacted the sorption sites. Transport of nonpolar naphthalene was enhanced by
nanoplastics since the binding strength of naphthalene to PSNP was stronger than
that of porous media (Liu et al., 2018).

6.5.2 M&NPs and Natural Colloid

As soil pollution intensifies, the impact of natural soil minerals on the fate of pollut-
ants becomes more important and complicates interactions between M&NPs and
natural colloids. According to a column experiment, researchers have found interac-
tions between natural colloids and M&NPs. Their results showed that smaller
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plastic particles (0.02 and 0.2 pm) improved the transfer of goethite and hematite,
while larger plastic particles (2 pm) did not. Competitive deposition and spatial
repulsion help increase the transfer of iron oxides, while the adsorption of 0.2 pm
megapixels on iron oxides had a great function in increasing the transfer of iron
oxides. In the case of a 2 pm transfer reduction, this was because iron oxides, due to
their attractive interaction, preferred to be deposited on quartz sand rather than plas-
tic particles. Consequence, the interaction between microplastics and iron oxides
showed low impact on the transfer of iron oxides. At the same time, the surface
properties of M&NPs affect equity. Carboxyl microplastic modification can increase
the transport of clay particles due to the microplastic rival adsorption sites, while
amino-modified microplastics did not show an important influence on kaolinite
transport behavior (Li et al., 2021). However, following the electrostatic attraction,
the exchange between positively charged amino microplastics and negatively
charged quartz sand was very strong. The mobility of kaolinite was limited by the
formation of aggregates with amino microplastics.

6.5.3 [Engineered Nanomaterials

As we know natural or synthesized fabrics are continually utilized to adsorb toxic
and harmful substances to reach the objective of treating contaminated soil.
Nanomaterials are commonly well-known as adsorbents to coexisting pollutants in
the soil. When exposed to microplastics, both of their surface characteristics may
change, thus changing their transport and sediment in porous media. Graphene
oxide (GO) is widely used as a soil remediation. Studies were tested cotransport of
difference-sized microplastic and GO (Peng et al. 2017a, b, ¢). The results recom-
mended that cotransport of both two components was mostly controlled by GO, due
to the adsorption of microplastic on GO. Parallel analysis on cotransport of GO,
reduced-GO (RGO), and polystyrene nanoplastic delivered that the presence of
nanoplastics declined transport of (R)GO due to further retention sites supplied by
plastic particles. The sediment of nanoplastics on the sand surface restricted pore
throats and hindered transport of (R) GO (Xia et al., 2021). Examination of metal
nanomaterials and microplastics revealed that the surface charge of titanium dioxide
(nTiO,) in acidic solution was positive. Though positively charged nTiO, easily
attracted negatively charged microplastics forming aggregates, transport of nTiO,
did not change owing to attractive electrostatic interaction between nTiO,-
microplastic cluster and porous media, whereas microplastic enhanced transport of
nanomaterial at pH 7. The plastic particles preferred to be adsorbed on sand rather
than on nTiO,. This competition on the deposition site of quartz sand led to increased
transport of nTiO,. The effect of soluble chemical conditions on joint transport can-
not be underestimated. Weathering processes also affect the interaction between
microplastics and metal nanomaterials. According to stated researchers, weathered
XPs adsorbed CeO2 nanoparticles more easily than pristine ones (Singh et al., 2021).
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6.6 Conclusions

Indeed, co-contamination in the actual environment is not a simple binary system.
The transmission route and fate of combined pollutants containing multiple pollut-
ants has always been a concern (Zhang et al., 2017). Zhao et al. investigated the
effect of simultaneous transfer of metal composite contaminants and antibiotics
with graphene oxide (Yu et al., 2020). Taken together, existing research on transport
of M&NPs and coexisting pollutants focus more on such binary compound system
as mentioned above, and there are still few studies on the cotransport of M&NPs
with a diversity of contaminants. Microorganisms are everywhere in the realistic
conditions and can perform self-migrate. Microplastics were potential carriers for
colonizing or forming biofilms in marine environments and then may take microor-
ganisms such as bacteria transport to faraway areas (Deshiikan et al., 1998). He
et al. found that the low ionic strength of the solution had little effect on the transfer
of M&NPs, whereas increased bacterial transfer occurs under conditions of high
ionic strength. The adsorption mechanisms of M&NPs under experimental condi-
tions varied with different particle sizes during common transport (He et al., 2018).
Research on interaction and cotransport of microorganisms and M&NPs is far from
adequate. Because the laboratory environment is a simple environment compared to
real soil, more research is needed to better analyze the interaction of M&NPs and
microorganisms in the porous medium. Laboratory research on M&NPs verified
their great transportability, but field studies or pilot-scale experiments of M&NPs
are still necessary to more comprehend the true state of transport in soil and
groundwater.

6.7 Perspective

Generally, the transfer of pollutants by micro-nanoplastics is influenced by factors
such as the existence of natural organic environments, heterogeneous porosity, and
type variety of microplastics and the impact of coupling environmental factors on
the transfer of chemicals and requires further investigation. The interchange of
microplastics or nanoplastics with other symbiotic materials must be carefully con-
sidered. The properties of M&NPs, including surface properties and density, may
change with the coexistence of other materials, resulting in different environmental
behaviors. Nonetheless, there is yet a gap between the experimental environment
and the actual conditions. Biofilms are always present on the surface of M&NPs in
the real environment, whereas this effect has always been mostly forgotten in previ-
ous laboratory studies. The physical and chemical properties of the micro- and
nanoplastics will change by coating with biofilm (Rummel et al., 2017). The differ-
ence in properties such as surface roughness, zeta potential, hydrophobicity, and
surface energy will impact adsorption capacity and then affect their interaction with
other pollutants in the cotransport system. For example, mass recovery of
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polystyrene nanoplastic (PSNP) declined from 77.60% to 62.48% because of naph-
thalene. This mechanism could be explained by the charge shielding effect. Because
naphthalene is non-polar, it may trap some negative charges on the PSNP surface
and increase neoplastic retention on the sand (Hu et al., 2020). Differences in elec-
trostatic repulsion force and hydrophobicity would well clarify the simultaneous
transport behavior (Yu et al., 2020). Also, the existence of NOM (natural organic
matter) in the environment has a significant function in the transport of M&NPs
(Pelley & Tufenkji, 2008). The adsorption of pollutants and aggregation of micro-
plastics are greatly affected by the existence of NOM (Rong et al., 2021). Although
organic matter is everywhere in the background, it should be regarded as an impor-
tant element in the simultaneous transfer of micro- and nanoplastic with other mate-
rials. According to the present examinations on cotransport of M&NPs with
contaminants, solution chemical conditions such as ionic strength and ion species
were the principal influencing parts. The effect of some coexisting substances on
microplastics migration cannot be considered from a single perspective mentioned
above. For example, two kinds of bacteria, E. coli (Gram (—)) and B. subtilis (Gram
(+)), decreased transport of negatively charged MPs (carboxylate-modified, CMPs),
yet raised positively charged microplastic (amine-modified, AMPs). For example,
in 5 mM NaCl, 73.1% CMPs, and 0.94% AMPs without bacteria passed through the
columns. Meantime, the bulk recovery of CMPs and AMPs with E. coli is 58.6%
and 18.8%, and the corresponding percentage with B. subtilis was 38.9% and 30%.
Changing surface charge, extra deposition sites, and aggregation all contributed to
such results (He et al., 2021).
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