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Abstract: Over the last few decades, different types of plastics have been found in different soil types
with documented or potential negative effects on the environment, the flora and fauna inhabiting
the soils, and subsequently human health. This article is a global review of the consequences of the
interactions of plastics with soil, plants, soil microbes, and organic or inorganic pollutants depending
on land use. It focuses on the various types of polyethylene, a widely used material with a strong
presence in both agricultural and urban soils. Although the chemical formula (C;Hy), remains the
same in its various classifications, the chemical behavior of polyethylene in soil varies and directly
depends on its density, branching, crystallinity, and relative molecular mass, resulting in many and
various differences in the properties but also in the behavior of the two main forms of polyethylene,
low and high density. However, beyond the chemical composition of plastics, the climatic conditions
that apply in both urban and rural areas determine the degree of corrosion as well as their shape
and size, also affecting the chemical reactions that directly or indirectly affect them. In agricultural
soils, plants and the microbiome present mainly in the rhizosphere seem to dramatically influence the
behavior of plastics, where the interaction of all these parameters leads to changes in the availability
of nutrients (phosphorus and potassium), the percentage of organic matter and the nitrogen cycle.
In urban soils, the increase in temperature and decrease in humidity are the main parameters that
determine the adsorption of heavy metals and organic pollutants on the surface of plastics. Although
the presence of plastics is considered inevitable, perhaps a more thorough study of them will lead
to a reduction in the risks of pollution in urban and rural environments. This research provides a
promising perspective on the potential contribution of MP PEs to the sustainable management of
soil systems.
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1. Introduction

Plastics exist in our everyday life, facilitating different parts in our lives. However,
there are cases where plastics end up having negative effects both on the environment,
e.g., ingestion by organisms [1], and by extension on human health, e.g., carcinogenesis [2].
Their reckless use results in their presence in the atmosphere, in water bodies [3], in the
soil [4] and in glaciers [5], as well as their existence as Anthropocene fossils [6]. It has been
estimated that more plastic litter than fish will be found in the marine environment by 2050
(by weight) [7]; a plastic bag in the deepest part of the Earth was also observed [8].

Different environments (atmosphere, hydrosphere, land, etc.) are interconnected
and dynamic environments [9]. As a result, plastics are transferred from one system to
another [10,11]. In addition to the medium (water, air, soil), the presence of plastic in a
terrestrial (e.g., coastal) area also depends on land uses, e.g., if it is an industrial, urban, or
fishing area [12]. Plastics then interact with other parameters, such as different pollutants
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like heavy metals in soil [13], weather conditions, microorganisms [14], vegetation [15], and
so on (Figure 1). Other important parameters in the context of interactions are the type of
plastic, its shape, size [16], surface properties (e.g., roughness) [17] and other mechanical
properties, and physical properties as well as chemical, such as additives; plastics contain
many elements that are not chemically attached to the polymer matrix, such as unreacted
monomers, residual processing aids, and additives [18].
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Figure 1. Interactions of plastics with organic/inorganic pollutants and natural parameters in
soil conditions.

Estuaries, the global ocean, and freshwater aquatic ecosystems have been linked to
significant levels of microplastic pollution [7,19]. As reported by Meijer et al. [20], over
a thousand rivers are the source of 80% of the riverine plastic released into the marine
environment worldwide. However, it is mentioned that there are more microplastics (MPs)
in terrestrial ecosystems than in the marine column, making them important reservoirs [21].
According to He et al. [22], 51.49% of papers on plastic litter from 2014 to 2018 focused on
aquatic environments, compared to just 3.86% on soils. Approximately 4-23 times as much
plastic is deposited in soils as there is in the world’s marine environment, although little is
known about the ecological effects, for instance on plant growth [23], of plastic litter on
terrestrial ecosystems (soil) [24]. As an example, the biggest terrestrial biomes, i.e., dryland,
cover 41% of the planet’s terrestrial surface, supporting over 38% of the human population
worldwide [16,25], and could be seriously threatened by an increasing concentration of
MPs in the soil [16].

Soil can be defined as the uppermost layer of the crust of the Earth based on the
ISO [26], altered by different processes such as physical, chemical, and biological, as well as
weather conditions. Specifically, in rural environments, the physical body of soil is affected
by the uncontrolled use of animal manure, fertilizers, and different solid and liquid wastes
in agriculture [27]. An example research has indicated that adding plastics (polyethylene)
resulted in a reduction in soil organic carbon (OC), which is crucial for plant nutrition and
soil fertility [13,28]. Maintaining the quality of the soil environment is crucial for ensuring
the integrity of soils, the health of the flora and fauna growing within them, preserving
the quality of the underground aquifer, and increasing the quantity and quality of safe
products [29].

In recent years, efforts have been made to assess the potential risks posed by the
presence of microplastics in soil systems. A variety of results can be seen from the use
of polyethylene. Furthermore, the current article is a review of the types of different
interactions in soil associated with polyethylene pollutants. Both the type of soil (type of
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silt, grain size, soil aggregation) and the presence of other environmental conditions, such
as organic composition, pH, humidity, temperature, and others, are factors of different
interactions and therefore impacts of plastics. Focused on the biosphere [the relatively very
thin layer of the Earth’s soil surface, where life has been observed], it aims to summarize
examples from various scientific studies by recording generalized examples, summarizing
the different effects of each type of interaction.

2. Methodology

The present study is a review paper comprising articles from the last decade (2013-2023),
which focuses on specific polyethylene types and not on the general term of PE; thus, the
two types of polyethylene, low- (LDPE) and high-density polymer (HDPE) were mainly
included, as they are applied to both agricultural and urban soils. Articles from MDPI,
Springer, Elsevier, ACS, Frontiers, and Plos One academic publishing companies were
mainly chosen; one article from Environment Research Center, University of Babylon, Iraq,
and one from Lifescience Global (a Canadian publishing company) were also used.

Figure 2 below displays the publishers that included the articles that satisfied the
two filters: a. the two types of polyethylene microplastics and b. the LDPE and HDPE
microplastics found in urban and rural soils.

Scopus Data Base (2013-2023)

MDPI
Polyethylene 5 (n=8) Polyethylene in
microplastics = : urban soils
= Elsevier
O 1
a. =
|2 (n=62)
E | | Springer
= (n=9)
Low Density Poly 3
ACS
Ethylene . Polyethylene in
High Density Poly  {#4 (n=6) rural soils
Ethylene o
o~ Frontiers
| (n=3)

Figure 2. Identification methodology of published articles and the filters used for this research.

From the above Figure, it is clear that the largest percentage, equal to 68.8% of the
articles, that met the survey criteria came from Elsevier. It should also be noted that whether
the articles were open access or not was not a determining factor in the selection of articles.
All articles were read thoroughly and their data were compiled in an Excel file. Statistical
processing of the data was then performed and the charts were constructed, which are
presented later in this paper.

3. Sources of the Main Plastics in the Terrestrial Environments

The study of plastic litter in the terrestrial environment is still in its early stages [30].
Diverse practices in urban and rural places exist and thus various sources of plastic pollu-
tion with different consequences were recorded. Table 1 shows the main entrance of plastics
in two categories of soil (urban and rural [29]). There are cases where the two categories
of sources overlap, due to the presence of common plastic wastes, for instance, plastic
bags [31].
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3.1. Rural Soils

Vegetables and grains are supplied by rural areas around cities to both urban and
rural populations, and the condition of the soil there affects food security [32,33]. Thus,
agriculture practices such as plastic mulch films are used; they are extensively utilized
in crop production, making up around 50% of the mass of all agricultural plastics [34],
starting from 1991 [35]. Geotextiles, flexible textile materials with synthetic fibers, as well
as geomembranes, thin sheets of impervious plastic materials, are geosynthetic materials
for applications in landfills [36]. Geotextiles typically provide filtration and thus, they are
used in crops. Table 1 further summarizes agricultural practices that act as sources of MPs
in agricultural areas.

A major source of MPs, i.e., the wastewater used in agricultural soil from urban origin,
was mentioned in a viewpoint article by Nizzetto et al. [21]. According to Edo et al. [37], a
wastewater treatment plant (WWTP) discharged 300 million plastic debris per day, and the
usage of sludge as a soil supplement resulted in 10'3 microplastic particles being loaded
in agricultural soils annually; conversely, in situations where there is an abundance of
organic matter and biofilm [38], MPs may function as antibiotic transporters [39]. Although
urban-origin bags (single-use) are frequently seen as litter in both urban and rural areas,
the majority of them eventually end up in landfills, mostly from supermarkets [31].

3.2. Urban Soils

Urban regions are significant factors in the production of MPs (Table 1) and their entry
into the aquatic environments [40], such as the primary MPs from the synthetic fabric
washing process [41]. Plastic litter is thought to be transported into freshwater by urban
rainfall runoff [42]. Nevertheless, plastic waste is used in bituminous mixes to enhance
the properties of the bituminous pavement [43]. However, studies have found that urban
MPs from road wear particulates as well as tires contribute significantly to microplastic
pollution [30].

One of the plastic goods that is most commonly utilized is plastic bags [44]. Based
on The World Counts [45], over 5 trillion plastic bags in annual consumption worldwide
were estimated. The majority of them are made both from HDPE and LDPE materials [46].
Specifically, ~500 billion units per year around the world for LDPE bags are produced [47].
In 2014, major supermarkets in England gave away 7.6 billion single-use plastic bags
(HDPE bags used in almost all UK supermarkets) to customers, contributing to urban
pollution [31].

A lot of goods, including food, detergents, chemicals, cosmetics, and medication,
are packages also made from synthetic polymers. The most common polymers used in
packaging include nylons, polybutylene terephthalate, polypropylene (PP), polystyrene
(PS), polyvinyl chloride (PVC), polyurethane (PU), polyethylene terephthalate (PET), and
PE [low-density polyethylene (LDPE), high-density polyethylene (HDPE), medium-density
polyethylene (MDPE), and linear low-density polyethylene (LLDPE)] [48].

The recent coronavirus disease (COVID-19) pandemic has increased the demand
for single-use plastics, increasing pressure on the already uncontrollable problem [49].
According to Benson et al. [50], syringes, surgical face masks, disposal blades and scalpels,
face shields, latex gloves, surgical and isolation gowns, shoe covers, sanitizer containers,
and waterproof aprons are plastic-based biomedical waste that has emerged during the
COVID-19 pandemic. The pandemic-related litter not only caused negative effects on
terrestrial ecosystems such as ingestion by animals [51] but urban areas were also sources
of pollution for coasts and marine environments [49,52].

In Figure 3, the sources of microplastics of polyethylene in urban and agricultural
soils are listed. In agricultural soils, the majority, as shown in the published articles, is
mulch, then geotextiles and finally geomembranes. In urban soils, 50% of the published
articles refer to the cleaning and washing processes of synthetic-plastic fabrics as sources of
microplastic PE.
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Table 1. Summary table of the sources of plastics and other pollutants in the terrestrial system.

Various Types of Synthetic Plastic Litter
in the Global System (Atmosphere, Aquatic and Terrestrial Environments).
Natural Parameters
[Microorganisms, Physicochemical Parameters (e.g., Weather and Soil Conditions)]

Urban Solis

Rural Soils

Main Sources of Plastics

Plastic bags, cigarette butts, roadwear and tire particles,
COVID-19 plastics (disposable masks and their cases, single-use
gloves), stormwater in catchments, artificial turf, carpets,
particles vented from domestic tumble driers, microplastics due
to synthetic fabric washing process, biomedical plastics.

Main Sources of Plastics

Geotextiles, geomembranes, agriculture mulch films (typically
from LDPE, PVC, or ethylene-vinyl acetate copolymers), insect
glue trap plastics, abraded plastic from string trimmers, plant
clips, nursery pot trays, agricultural packaging materials
(e.g., fertilizer and storage bags, flexible bulk containers, crates,
containers for pesticides), the usage of sludge as a soil from
wastewater treatment plants (WWTPs).

Pollutants

[27,53,54]
Heavy metals
[Cadmium (Cd), antimony (Sb), and Pb are continuing to
increase due to traffic (e.g., lead (Pb) added to petrol)]

Polycyclic aromatic hydrocarbons (PAHs)
[due to industrial activities (burning hydrocarbon fuels) and
from road traffic]

Polychlorinated biphenyls (PCBs)
[primary sources in cities: used in the manufacture of
carbonless copy paper (as heat transfer fluids, etc.)]

Dioxins
[wide variety of sources (by-products of the processes in which
the chlorine content is involved)]

Platinum group elements (PGEs)
(in road dust)

Rare earth elements
[Gadolinium (Gd) due to hospital effluents]

Pollutants
[54-56]
Heavy metals
[Natural sources and anthropogenic inputs
(Sources: fertilizers and pesticides, wastewater irrigation,
sewage sludge application, and atmospheric deposition)]

Pesticides
(e.g., insecticides, herbicides, and fungicides)

Antibiotics
(Sources: municipal wastewater,
animal manure, sewage sludge, and biosolids)

Dioxins

[From the consequences of war and human activities (examples:
fuel combustion, metal production, pesticide production and
use, waste incineration, accidental fires, landfill disposal,
combustion, and herbicide runoff in agricultural uses)].

mulch

=
= geomembranes
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Figure 3. Percentage distribution of published papers addressing the sources of microplastic PE in

rural and urban soils.
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4. Effects of Polyethylene Litter on Different Soil Types

A strong interaction is established between MPs and soils, as soils can influence the
chemical behavior of plastics, yet MPs can also modify the physicochemical properties
of soils. The chemical composition, proportion, and dimensions of the MPs affect the
properties of the soil, including the soil microbiota [57-59], as previously investigated.

In addition, MPs in both urban and agricultural soils have received the attention and
interest of the scientific community due to their wide distribution and the variety of chemi-
cal reactions that can take place on their surface due to their strong adsorption capacity [60].
MPs have been studied in many different soil types and the results show that the soil type
can influence the chemical behavior and toxicity of MPs [61]. The researchers Liu et al. [62]
examined how soil particles and naturally occurring carbon were affected by the excessively
thick layer of MP pollution at various soil depths. They found that the total quantity of
soil aggregates was raised by the plastic contamination layer (PCL). Furthermore, ref. [63]
observed that a significant increase in soil respiration is repeatable in multiple habitats,
and the aging of MPs in the environment may have immediate implications for climate
change and evolutionary ramifications for the forest soil microbiome. In saline-alkaline
soils, ref. [64] found that as MP pollution rises, the coastal saline-alkali land impacted by
agricultural production and seawater may become contaminated with MPs. Their findings
showed that MP type, dose, and size significantly influenced changes in soil properties, soil
microbial diversity, and microbial community composition in saline-alkaline soils. There
were also strong correlations found between changes in soil properties and changes in
bacterial and fungal diversity.

5. Organic and Inorganic Pollutants in the Terrestrial Environments

Jie et al. [65] investigated soil contaminants and tried to classify them in order to better
understand their chemical behavior and predict their environmental fate. Contaminants
existing in the environment, notably in soil, are divided into two categories based on their
chemical composition: inorganic and organic pollutants.

PE mulch is used in a variety of field crops to suppress weeds and conserve water in
crop production and landscaping. However, it is possible that numerous substances may
be adsorbed on it, either nutritive or toxic, inorganic or organic. Inorganic nutrients such as
nitrogen, potassium, or phosphorus are typically mentioned, while organic ones include
agricultural products or herbicides, fungicides, and other plant protection agents [23].

Presented in the following Figure 4 is the percentage of published articles that refer to
the three most important pollutants that coexist and are likely to interact with MPPEs in
agricultural and urban soils.

49%

41%
40%
299 30% 30%
30%
21%
20%

10%

0%
HMs PAHSs PCBs HMs Pesticides Dioxins

Urban Rural

Figure 4. Percentages of published articles on pollutants in urban and agricultural soils.

Inorganic pollutants are mainly heavy metals, which are primarily present in ionic
form both on the solid surface of soils as well as in the soil solution [66]. Heavy metals
are defined as metal elements with an atomic density greater than 5 g/cm? [67]. They are
subdivided into two distinct groups: trace elements, which are essential in small quantities
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for the smooth functioning of living organisms (plant and animal), such as copper (Cu) and
zinc (Zn), and toxic elements, such as cadmium (Cd), lead (Pb), and mercury (Hg) [66,67].
Although trace elements in small amounts are essential for the growth of animals and
plants, they can still cause considerable impairment once they exceed a certain value, which
is different for each metal and individual organism. For this reason, in recent decades, the
term increasingly used is Potential Toxic Elements (PTEs) [66,67].

In addition to metals, there are also some metalloid elements, such as arsenic (As).
In addition to metals and metalloids, an important category of inorganic pollutants are
non-metallic elements, such as nitrate (NO3 ™), ammonia (NH4*), and nitrite (NO, ™) ions,
phosphate (PO437), cyanide (CN7), sulfur (5%7), and many others [66,67].

PTEs are able to participate in a variety of chemical reactions with soil components,
such as soil organic matter, as well as with other components of the soil system [68]. They
can also occur in different oxidation states, such as arsenic, which is in the form of a trivalent
or pentavalent ion, and chromium in the form of a trivalent or hexavalent ion [69].

Organic pollutants can be divided into several classes, again depending on their chem-
ical composition and degree of risk. They can be distinguished on the basis of their halogen
content, with halogenated (e.g., chloroform) and non-halogenated organic compounds
(e.g., methane) forming the two groups of organic pollutants. In addition, pollutants can be
further separated on the basis of their carbon chain. That is, depending on whether their
carbon chain is saturated (single bonds between carbon atoms (e.g., butane)) or unsaturated
(multiple bonds between carbon atoms). In addition, there are also aromatic compounds,
in which there are one or more aromatic rings of one of their molecules (such as polycyclic
aromatic hydrocarbons, PAHs) [68].

Another organic pollutant that has attracted scientists” attention and is considered
an emerging risk is polymers or plastics that are present in large quantities in soils in
micro-dimensions (<5 mm) [70].

6. Physical (Environmental) Impact on Polyethylene in Soil Medium

Figure 5 provides an overview of the mechanisms involved in the various interac-
tions between plants, microorganisms, the soil solid surface, and the soil solution with
PE microplastics.

Mlcroplastlcs in soil solid phase
Physical sorption
+ Adsorption

= Desorption
+ Chemisorption : .
M microplastics and
[ e Root hair adhesion microorganisms . \;;ln c:er :V;al:? ftorce ;
g — ok
« Blocking e /i;,“mmo"‘ ec -mts a :iln eraction
" P—

® Van der Waals force r ol . 7t-7t interactions
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interactions

p2e. O
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microbes * -Hydrophobic
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* -Pore-filling

® Degradation of
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: plants — : — y
T, 9| microplastics in soil
- - Mk x solution

Figure 5. An overview of the mechanisms involved in the various interactions between plants,

microorganisms, the soil solid surface, and the soil solution with PE microplastics.

The physical or environmental factors prevailing in the medium containing the MPs
are critical parameters that govern their behavior and can modify their robustness and their
duration or lifetime. Hou et al. [71] were perturbed about the effect of climatic changes, as
they may accelerate the erosion of plastics used in agricultural soils and aggravate them. In
their study, seven types of soil amendments were studied and only two were proposed,
which could be used to replace current commercial soil amendments, mainly due to their
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competitive cost and low environmental impact. Fa et al. [72] further studied the effect of
light and heat on the weathering rate of PE, using catalysts and thermo-oxidant additives.
Over the past 20 years, the effect of solar radiation on LDPE, the most widely used covering
material in Mediterranean countries, has puzzled the researchers Briassoulis et al. [73]. The
exposure of the LDPE film to changing weather conditions was studied and its chemical
structure appeared to be affected as well as its mechanical and physical properties.
Figure 6 displays the percentages of articles that report the parameters that are able
to modify the processes of corrosion and the variation of the properties of MPPEs of both
types (LDPE and HDPE). Solar radiation, based on the works of the researchers, seems
to play a decisive factor among the physical parameters that influence the behavior and
the mechanisms of action of polyethylene microplastics. In agricultural soils, however,
microorganisms seem to take the baton, as 50% of the papers refer to them.
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Figure 6. Proportions of the articles referring to the physical parameters affecting MPPEs in urban
and rural soils.

Ghatge et al. [74] investigated the environmental parameters that can induce PE
degradation. Furthermore, it is suggested that 13C-polyethylene degradation will cause
increased production of 13C-labeled metabolites, such as CO, emissions, over the course
of an incubation period. The researchers Eubeler et al. [75] report, in a review paper, that
the degradation of polymerized alkanes can be accelerated by the effect of ultraviolet
(UV) radiation. In experiments carried out on compost, corrosion was investigated in
ethylene—propylene copolymers, low-density PE (LDPE), and polypropylene (PP) films.
Although degradation increased with increasing exposure time, each polymer exhibited
different final behaviors. LDPE, after 6 months of exposure, was the most durable polymer.
The investigators Shelciya et al. [76] experimented on the decomposition rates of LDPE,
polystyrene (PS), and PE with styrene (PE-ST) blends in aqueous media under the influence
of UV radiation. It was evidenced by their study that the presence of water caused a
significant retardation in the corrosion. Ding et al. [77] revealed that the aging mechanism
of PE MPs is significantly affected by the ambient temperature, as they conducted experi-
ments at different temperatures. Upon increasing the temperature, the amount of organic
substances that could adsorb onto the plastics or degrade the organic contaminants that
interact with the soil plastics changed. Furthermore, Zhang et al. [78] investigated the
impact of PE and biodegradable microplastic aging on soil organic matter in soils with
different land-use types.

The presence of microorganisms is crucial for the corrosion of PE [79]. Investiga-
tions have shown that the microorganisms Streptomyces sp. and Actinomycetes sp. have
the potential to infect and corrode PE, yet it seems that the corrosion is slight and very
slow [80]. However, many studies highlight the fact that environmental factors can activate
or inactivate the microbiota and interfere indirectly or directly with the corrosion of PE
plastics [81,82].
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According to Balasubramanian et al. [83], a significant process takes place in the soil
when PE remains for a long time, and with the contribution of environmental factors
(physical and chemical), it is possible to enhance microbial activity. HDPE is generally
resistant to microbial degradation. Microbial degradation does not take place and occurs
very slowly. However, when environmental factors change, microbes adapt and, through
natural evolution, start to consume PE, since HDPE acts as an excellent source of carbon.
That is, the microbes have to remodel their metabolism and adapt in order to survive [74].

However, the simultaneous presence of UV, potassium permanganate, a HCI acidic
environment, citric acid, and an increasing thermal energy supply led to the initiation
of degradation, indicating that environmental factors (physical and chemical) play an
important role in the corrosion of PE microorganisms [84]. Moreover, Danso et al. [85]
investigated not only the effect of environmental and biotechnological conditions that
can activate microorganisms, so that they could in turn degrade and corrode plastics, but
they also investigated the effect of these conditions on the degradation of the microbial
population. Ehara et al. [86] studied PE degradation by manganese peroxidase when hy-
drogen peroxide was in limited levels. Furthermore, Ray et al. [87] studied the biocatalytic
oxidation of laccase to decrease the surface hydrophobicity of the plastic. This preliminary
research can be used as an effective method to improve the biofilm-mediated degradation
of PE and polycarbonate plastics.

7. Interaction of Polyethylene with Plants

The interactions of different types of PE are presented in Table 2. Different plants and
crops were used in different types of soil. The results showed differences between the size
of each PE, its concentration, and the period of the experiment.

The main effect on Chinese cabbage (Brassica chinensis L.) under the influence of HDPE
MPs (48-150 pm) was a significantly reduced starch concentration in the leaves and leaf
chlorophyll [88]. On the other side, phosphorus (P) and potassium (K) in the agricultural
top soil (after specific processing) were decreased, and pH was increased [88]. A second
study [89], using sandy soil (with/without earthworms) and LDPE MPs (50 um-1 mm),
also observed alterations in wheat (Triticum aestivum) plants; specifically, the number of
the fruits, the area and the amount of leaves, and the root biomass of the plant were
decreased. However, a high relative chlorophyll value was measured [89]. Using HDPE
MPs (0.48-316 um), [70] also observed an increase in the root biomass of their plant,
perennial ryegrass (Lolium perenne) with rosy-tipped earthworms (Aporrectodea rosea); the
chlorophyll-a/chlorophyll-b ratio was increased too. In particular, another study [90],
found that the length and area of the roots were increased while the average diameter was
decreased using spring onions (Allium fistulosum) in loamy sandy soil. No effect on the
root growth of spring barley (Hordeum vulgare L.), as well as shoot growth inhibition, was
observed by Reay et al. [91] in sandy clay loam using HDPE (1 cm x 1 cm). Effects on the
inhibition of growth of Thinopyrum junceum L. and Carpobrotus sp. were researched by a
recent study [92] using macroplastic (25 cm x 25 cm) HDPE in fine sand.

Different research [16] showed that the form of LDPE (foams and films) can affect
the plant wild carrot (D. carota) in dry sandy loam soil in different ways. Specifically,
shoot mass increased by ~65% while most soil aggregation decreased by ~32%. Root mass
increased by ~80% using the LDPE samples in a film shape. Microbial activity decreased
both by foam and film LDPE [16]. In another study by Qi et al. [89], MPs and macroplastics
of mulch films and also LDPE [1% (w/w)] were used for 2 months (Table 2). During both
vegetative and reproductive growth, the wheat plant was impacted by both macro- and
microplastic wastes in both the above-ground and below-ground sections. However, the
earthworms improved the development of the wheat and mostly mitigated the damage
caused by plastic waste [89].

Figure 7 provides the percentages of articles that refer to the parameters that determine
the effects of plastics in soils on crop plants. As expected, the type of plant is the dominant
parameter that modulates the uptake or even the translocation of plastic fragments within
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the plant, either in the root system or in the above-ground part [30,37]. Also, in most
papers, it seems that the size and the type of plastics affect their uptake by plant tissues.
The statistically processed articles refer to agricultural soils, without references to the
presence of plants grown in urban soils.

LDPE, HDPE, and high-molecular-weight high-density polyethylene (HMHDPE)
strips (10 cm x 10 cm) in three different conditions, i.e., black soil, sandy soil and red soil,
were examined by Konduri and Bogolu [93] for 3 months. The highest degradation of all
the three types of strips was observed in black soil in relation to the other two soil types. In
black soil, HDPE was found to be the most sensitive of all the plastic films, losing 33% of its
weight and 34% of its elongation percentage, while LDPE lost 26% of its weight and 34% of
its elongation percentage; HMHDPE was shown to be very resistant in all of the soils [93].

Enzymes that are capable breakoff breaking the polymer backbones of synthetic
plastics use plant polymers as natural substrates. For instance, cutinase hydrolyzes cutin, an
aliphatic polyester that is found in the cuticle of plants. Ester bonds in PET and PUR can also
be hydrolyzed by these enzymes. Numerous enzymes involved in plant lignin metabolism
are involved in the thermoplastic polyolefin PE degradation as well [94]. Polyolefins are
a group of thermoplastics with mainly high chemical resistance (https://sintac.es/en/
polyolefins/, accessed on 4 January 2024). According to Ojeda et al. [95], high-density
polyethylene (HDPE), linear low-density polyethylene (LLDPE), and polypropylene (PP)
are good examples of the polymers known as polyolefins, which are created by addition
reactions of unsaturated monomers, or alkyl-ethylenes.

Soil enzymes _ 10%
P type | -

0% 10% 20% 30% 40% 50%

Figure 7. Percentages of articles on plant-microplastic relationships in agricultural soils.

Table 2. Summary table of the interaction of different plastic types of polyethylene (PE) with different
soil conditions and plants/crops.

Type of Description of the e .
PE PE Sample Characteristics of Soil Type of Plant/Crop Effects References
Starch concentration in
the leaves was
significantly reduced.
Pot experiment The concentration of leaf
top soil (20 cm) of chlorophyll was
1 agricultural land in . consistently lowered by the
HDPE 20gkg Changsha, China. Chinese cabbage addition of MPs at several [88]

Size: 48-150 pm

It was air-dried. Stones (Brassica chinensis L.)

residues of plants, and

animals were removed. Phosphorus (P) and
potassium (K) were
decreased

application rates and sizes.

Increase of pH
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Table 2. Cont.
Tyg; of Deslc,répst;?:;l): the Characteristics of Soil Type of Plant/Crop Effects References
Fruit: the number of fruits
was decreased
1% (w/w) Root: biomass was
LDPE 500 el mm Sandy soil Wheat significantly decreased. 189]
Ex uosure time: 2 months (with/without earthworms)  (Triticum aestivum) Leaf: the numbers and area
p : were decreased;
higher relative chlorophyll
value
Size: Root: the root biomass and
0.48-316 pm Lolium perenne (perennial th/e ;?loroglhﬁl_lt-)
HDPE Mesocosm experiment ryegrass) with ?atcio vc:zlzspm}c,rease d [70]
Mean diameter: 102.6 um using sandy clay Aporrectodea rosea ’
(rosy-tipped earthworm) .
Clothing-fiber MPs pH of the soil was
decreased.
2% (w/w)
Average Loamy sandy soil collected Spring onion Root: the length and area
HDPE Diameter: 643 pm from Freie Universitit (El liu?n (j)‘is t(L)l lossum) were increased; the average [90]
Exposure Berlin diameter was decreased.
Time: 1.5
Months
HDPE affects plant
Concentration: Soil with microbiological he.lght’ Stem.
L. thickness, biomass,
02g/kg activity. Clay pots under
- root volume, and
greenhouse conditions surface area
HDPE Size: 2-5 mm were used. Strawberry ’ [96]
Exposure Time: Cadmium in the soil-plant Mechanisms: The oy nthesis
5m svstem was tested of chlorophyll and its stable
Y ' binding with proteins is
inhibited.
Glass Mesocosms
experiment.
Soil: from the top 10 cm of a No effect on root
HDPE Size: 1cm x 1cm grassland (Lolium perenne Spring barley growth and [91]
2% (w/w) L.), Abergwyngregyn, (Hordeum vulgare L.) shoot growth
Wales inhibition.
Structure: sandy clay loam
and crumb.
Fine sand: . . R
HDPE 25cm x 25 cm dune system of Tuscany, Thinopyrum junceum L. Growth inhibition [92]
Ttaly and Carpobrotus sp. was observed
Foams: increased shoot
mass ~65%.
decreased the most soil
aggregation (~32%)
LDPE  Foamsand Films Dry sandy loam soil D. carota (wild carrot) [16]

(0.07% N, 0.77% C, pH 6.66)

Films: increased root mass
~80%

Foam and Film: decreased
microbial activity
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Table 2. Cont.
Tyg; of Deslc,répst;?;;l): the Characteristics of Soil Type of Plant/Crop Effects References
Macroplastics of mulch During both vegetative and
films: average length was reproductive growth, the
6.92 + 1.47 mm and the wheat plant was impacted
average width was by both macro- and
6.10 & 1.39 mm. microplastic wastes in both
the above-ground and
LDPE MPs of mulch films: 12.5%  Sandy soil Wheat plant below-ground sections. [89]
of 1 mm to 500 um, 62.5%
of 500 um to 250 um, and The earthworms improved
25% of 250 um to 50 um. the development of the
wheat and mostly mitigated
2 months the damage caused by
1% (w/w) plastic waste.
Higher degradation of PE
films in black soil was
observed than in the other
two soil types.
In black soil, HDPE was
found to be the most
. . . sensitive of all the plastic
LDPE, D1fferen.t . COIldl?lOl"lS: films, losing 33% olfjits
HDPE . black soil, sandy soil, and weight and 34% of its
Strips (10 cm x 10 cm) red soil. ght @ [93]
and Placed 10 em from the elopga’non percentage, .
HMHDPE while LDPE lost 26% of its

ground level for 3 months. weight and 34% of its

elongation percentage.

With no important weight
loss and a 15% elongation
percentage, HMHDPE was
shown to be very resistant
in all of the soils.

8. Interaction of Polyethylene with Soil Microbes

Biodegradation processes by soil microorganisms were shown by studies (Table 3),
using different shapes and sizes of LDPE. Microorganisms secrete a variety of enzymes into
the media, which begins the breakdown of the polymers, as found by Hussein et al. [97]
using Pseudomonas fluorescens, Pseudomonas aeruginosa, and Acinetobacter ursingii; they also
observed their potential ability to grow on LDPE powder while choosing to grow on
LDPE strip as a sole source of carbon. In addition, out of ten efficient strip-degrading
bacteria, three isolates appeared to decrease in pH medium [97]. By selecting the soil
fungus Aspergillus clavatus, Gajendiran et al. [98] measured the degradation of 20 pum thick
LDPE strips as well as CO; evolution, morphological changes, and weight loss of LDPE.

UV-irradiated and non-UV-irradiated LDPE films (20 mm thick) had corresponding
percentages of biodegradation at 29.5% and 15.8%, respectively [99]. Biodegradation was
significantly more effective when the chosen microorganisms (mixed culture) were present
in landfill soils [99]. Another study [38] used an antibiotic contaminant (ciprofloxacin) in
combination with 1% (w/w) PE MPs (unknown type) and various types of microorganisms
(Table 3) in soil medium, concluding that Serratia and Achromobacter were abundant in the
polluted soil.

Figure 8 compares the percentages of published articles on the factors affecting the
relationships between plastics and microbiota in agricultural soils. It is obvious that in
most of the articles (50%), it is mentioned that the type of microorganism contributes to
the interactive relationship with microplastics. The Figure refers to articles that analyzed
agricultural soils.
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Figure 8. Presentation of the percentages of published articles referring to the parameters that differen-
tiate and determine the relationship between plastics (MPPEs) and soil microbes in agricultural soils.

Biodegradation

All living cells, and therefore all microbes, contain enzymes. Because enzymes have
very specific actions on substrates, different types of plastics can be degraded by different
enzymes [100]. The actinomycete R. ruber produces laccase, which aids in the biodegrada-
tion of polyethylene. The majority of lignin-biodegrading fungi contains laccases, which
catalyse the oxidation of aromatic compounds [101]. The oxidation of polyethylene’s hy-
drocarbon backbone can be aided by laccase. Cell-free laccase incubated with polyethylene
reduces the average molecular weight and average molecular number of polyethylene by
20 and 15%, respectively, according to gel permeation chromatography [102].

Most plastics made from petroleum are semi-crystalline, i.e., they have crystalline and
amorphous regions. The amorphous regions can be more susceptible to microorganisms’
influence than the crystalline parts. However, following the complete consumption of the
amorphous parts, a thermally pretreated PE sample’s crystalline fraction was degraded.
It has been demonstrated that a fungal polyester hydrolase completely breaks down low-
crystallinity PET films at a nearly linear rate, suggesting that the enzyme also targets the
crystalline portions of the films [94,96].

Table 3. Summary table of the interaction of different plastic types of polyethylene (PE) with soil,
plants, microorganisms, and different pollutants.

Characteristics

Description of the Information About Soil,

of the Plastic PE Sample Plant or Microorganisms Type of Pollutant Effects References
HDPE and HDPE + Cd
affect plant height, stem
Strawberry plants thickness, biomass, root
(Fragaria Z gnanassa volume, and surface area.
Concentration: 0.2 g/kg Duch) were used. Cd (Cd>3mgkg™)+
Size: 2-5 mm . HDPE: the total number
Soil-sand; 1:1 = Vol:Vol. of fruits and biomass per
Exposure a . . . Cd plant were decreased.
HDPE Time: 5 m Sotlilv"i\;lth microbiological Mechanisms: The [96]
?fclay p}(;ts under Cd + MPs synthesis of chlorophyll

Black in color;
20 um thick;

and its stable binding

greenhouse conditions . .
with proteins was

Carbon black + uv additive. " o'¢ used. inhibited.

Period: August 2020 to

February 2021. A positive

correlation between Cd
and microbial biomass.
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Table 3. Cont.
Characteristics Description of the Information About Soil,
of the Plastic PE Sample Plant or Microorganisms Type of Pollutant Effects References
Pesticides’ chemical
structure had little effect
on the plastic film’s
absorption process.
Films (black, . . . Organochlorine and All of the pesticides
LDPE normal, thermic, and agricultural soil organophosphorus o [103]
) - on the plastic films were
extra-low density) pesticides
absorbed.
Pesticides continued to
contaminate the plastic
film (great stability)
The sorption equilibrium
Organochlorine was 12h
pesticides (OCPs): When the ratio of
. . . . hexachlorocyclohex- . )
Plastic powders (size: Soil suspension anes (HCHs) solution to soil was
120 um and 180 pum) (The tested soil was between 75:1 and 100:1,
PE air-dried and passed and the MPs exhibited a good [104]
Plastic pellets (size: through a 200-mesh sorption effect on OCPs.
2000 um and 3000 pm) sieve.) dichlorodiphenyl-
Eg%l,}g; oethanes The sorption capacity of
MPs reduces, with
increasing diameter.
2.5% and 5% (w/w) Agricultural soil Higher me.tal .
Urban soil accumulation in lettuce
PE . . Zn and Cd roots than in the edible [13]
Microplastic fragments b d ¢
(<5 mm) Leafy vegetables above-ground parts o
the plants.
Cd adsorption in the soil
was reduced by adding
Four groups with different MPs, whlle Cd
. 2 desorption was enhanced.
particle sizes: 48-58 yum, Farmland soil (alfisols)
100-154 um, 0.6-1.0 mm, . .
and 1.0-2.0 mm cd In the first ten minutes,
T Texture: over 98% of the total Cd
HDPE 0.01%, 0.1%, 1%, and 10% Sandy loam (adsorption and was adsorbed due to the [
(w/w) desorption) rapid process.
Climate: maritime
Degree of crystallinity monsoon Addition of MPs
about 80-90%% decreased the amount of
° Cd that could be retained
in the soil and increased
its mobility.
Decreased adsorption
capability of metals to
soil.
MPs (10%) Top soil (0-20 cm) in the Zn%* and Pb?* Increased desorption
PE Two average sizes: 129 um Northeast Forestry (adsorption— p [105]

and 293 pm.

University campus.

desorption behavior)

percentage from soil.

Increased bioavailability
of
metals in soil.




Soil Syst. 2024, 8,23 15 of 23
Table 3. Cont.
Characteristics Description of the Information About Soil,
of the Plastic PE Sample Plant or Microorganisms Type of Pollutant Effects References
Top soil
(0-30 cm), Tianjin
University, northern
China. Ciprofloxacin
MPs (ar?tigio?ric < Serratia and Achromobacter
PE o Proteobacteria, . were abundant in the [38]
1% (w/w) . . contamination) .
Actinobacteria, and 10 me /k polluted soil.
Chloroflexi mg/ke
(phylum level)
and Arthrobacter (genus
level) were included.
Potential ability to grow
on LDPE powder and
chose to grow on LDPE
Samples from different stfrlp f a sole source
municipal landfill regions ot carbon.
in Baghdad city . - .
[superficial layer of soil ?ég?agfifrlla?gi%n
Powder 0.1% (wt/v) (5-10 cm) in depth]. & & ’
LDPE ;Il:ls tic bag strips From ten efficient [97]
(5cm x 1cm) Pseudomonas fluorescens, strlp—@egradlng bacteria,
Pseudomonas gerueinosa three isolates appeared to
and 8 ! decrease in pH medium.
ﬁ;’g&etohact(er rsmgie were Microorganisms secreted
’ a variety of enzymes into
the media, which begin
the breakdown of
the polymers.
Biodegradation was
significantly more
Landfill soils. Tehran effective when the chosen
! microorganisms were
. . . present (the
s Commib) M 2
p e a¥1 d Y Y non-UV-irradiated films
Aspergillus niger had corresponding
’ percentages of
biodegradation at 29.5%
and 15.8%, respectively).
90 days of Degradation of the plastic
incubation in aqueous was observed:
LDPE 20 pum thick strips medium using soil CO; evolution, [98]

fungus Aspergillus
clavatus

morphological changes,
and weight loss of LDPE.

9. Interaction of Polyethylene with Organic and Inorganic Pollutants

There are different factors that affect the sorption of organic pollutants on plastics, such
as their properties like functional groups, particle sizes, crystallinity, charging conditions,
and environmental factors, such as salinity, pH, temperature, and dissolved organic matter
(DOM) [106].

As mention previously, there are crystalline and amorphous zones in plastic polymers
[e.g., 50-60% for LDPE with density 0.92 g-cm ™3 and 70-95% for HDPE with density
0.93-0.97 g'cm_3] [106]. In comparison to crystalline areas, amorphous regions of MPs
have larger free volumes and a higher attraction for organic contaminants. An increase
in MP crystallinity leads to a decrease in pollutant adsorption amount and adsorption
rate. For instance, a typical low-crystallinity PE has stronger adsorption effect than other
polymers like PS [106].
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The specific surface area and adsorption capacity of MPs increase with decreasing
particle size [106]. According to Hiiffer et al. [107], the transport of organic contaminants in
soil is influenced by PE MPs; organic pollutants in soil may become more mobile due to
PE pollution, which would lower the soil’s inherent ability for retention. This raises the
possibility that organic pollutants will eventually find their way into groundwater, posing
an even greater threat to public health [107].

Figure 9 presents the percentages of published gels that refer to the microplastic
characteristics of the two types of polyethylene, both in urban and rural soils. The type of
pollutant associated with plastics in soils is more important in urban soils (50%) and less
important in rural soils (35%), based on all the published papers of the researchers.

60%

50%
50%

0% 35%
L 25% 25% 25% 25%
20% 15%
10% I
0%
Crystallinity Pollutant type Shape /size Pollutant type Crystallinity Density Shape /size
Urban Rural

Figure 9. The percentage of published articles presenting the factors determining the effect of the two
types of PE with organic and inorganic pollutants on urban and rural soils.

A wide range of reactions can arise between the metals contained in soils and MPs [59].
This fact has triggered a great deal of research on MPs and the inorganic and organic
pollutants coexisting in soils. Lozano et al. [16] concluded that the shape, the type, and
the plastic concentration can affect soil properties. Furthermore, De Souza Machado and
his colleagues [90] also indicated that almost all types of MPs can change soil properties
and affect plant performance. The researchers Huang et al. [108], in their meta-analysis,
concluded that different types of MPs can induce environmental risks as they can enhance
Cd uptake by plants. Different types of MP polymers can significantly increase the accu-
mulation of toxic metals in plants, while PE seems to have a greater and more significant
effect. Khalid et al. [109] also indicated that MPs could be a threat to plants directly or
indirectly. This is mainly explained by the fact that PEs usually induce alterations to soil
physicochemical properties, such as a decrease in soil reaction, followed by an increase in
the bioavailability of metals. Feng et al. [110], in their investigation, found that MPs can sig-
nificantly change soil physicochemical properties and thus can alter heavy metal mobility.
In addition, Wen et al. [111], in their investigation, found that MPs can affect the chemical
speciation of metals in the soil system, inducing chemical reactions in biota. The uptake
and the tracing of PE MPs in crop plants using lanthanide chelates as a dual-functional
tracer has been examined by Luo et al. [112]. Furthermore, Shi et al. [113] investigated the
impact of PE on soil physicochemical properties and characteristics of sweet potato growth.

However, any changes occurring in soil properties and in the availability of non-
metallic and metallic nutrients are not constant, as they depend on a number of factors,
whose control is not completely feasible nor are their mechanisms of action fully understood.
Therefore, while a large number of studies have led to the conclusion that the addition of
MPs and PE in particular leads to a decrease in soil pH, the researchers Wang et al. [114]
have indicated that PE MPs cause an increase in cadmium uptake by lettuce plants by
altering the soil microenvironment.

Admittedly, it is conceivable that different conclusions can be reached if experiments
are carried out in pots versus in the field. It is well understood that plants are stressed
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in a different way, yet the incubation conditions of the MPs are also dissimilar when
experiments are conducted in pots. On the other hand, the influence of continuous and
long-term exposure to solar radiation and increased temperature is quite different in the
field, especially in warm climates, as is usually seen in Mediterranean countries. In their
research, Zhao et al. [115] found that typical MPs in field and facility agriculture alter
the available Cd concentrations in different soil types, as they eventually change the
physicochemical dynamics of soil organic carbon, available Fe, and soil microbes.

Nutritional elements are affected in various ways by the presence of MPs, as elaborated
on in the research by Liu et al. [116], in which they studied the effect of MPs on both soils
and wheat crops. They observed that under the specific conditions of the experiment, the
increase in nutrient uptake could be significant and potentially lead to sustainable develop-
ment solutions for intensively cultivated agricultural land. Furthermore, Tang et al. [117]
investigated the effects of MPs on the absorption and accumulation of elements in hydro-
ponic rice seedlings (Oryza sativa L.), pointing out that these physicochemical processes may
determine the amount of elements that can be absorbed by rice. However, together with
nutrients and toxic elements, such as Cd, it is naturally possible to be taken up by plants,
and their coexistence with MPs may have a synergistic or antagonistic effect, according
to the work of Wang et al. [38] regarding the effects of co-contamination of MPs and Cd
on plant growth along with Cd accumulation. Although Yu et al. [28] investigated the
bioavailability decrease in soil heavy metals caused by the presence of MPs, Bethanis and
Golia [13] demonstrated that by adding two different levels of PE to soil samples from
Mediterranean soils, there is a decrease in pH and an increase in the available concentration
of Zn and Cd, with the increase in the most toxic element being smaller, related to the
increase in the available concentration of Zn.

The impact of MPs on the nitrogen cycle is perhaps the most important impact of
plastics on the soil system. Bethanis and Golia [23] studied the implications for nitrogen
(N) cycling along with soil microbial activity, as they completed a study regarding the
unraveling consequences of soil micro- and nano-plastic pollution on soil-plant systems in
a wide range of soil types.

The researchers Gao et al. [118] investigated the effect of PE particles on dibutyl
phthalate toxicity in lettuce, confirming the strong interaction that the organic molecules
present in soils can have with the inorganic molecules that in any case make up plastics.
Furthermore, Liu et al. [119] confirmed the joint toxicity of PE MPs and phenanthrene to
wheat seedlings, which can have significant effects on wheat production but also on crop
yield in general.

Sorption and desorption behavior can be examined in plastics using pollutants (Table 3).
Using Zn?* and Pb?* in top soil (0-20 cm) and PE MPs at 129 um and 293 pm (10%)
a decreased adsorption capability of metals to soil and an increase in the desorption
percentage from soil were observed [105]; another main conclusion by the same research is
that the bioavailability of metals in soil was increased. Sorption and desorption experiments
were conducted by Zhang et al. [1], who also observed the adsorption type of sorption.
Four groups with different particle sizes of HDPE in alfisol soil were used. Cd adsorption
in the soil was reduced by adding MPs, while Cd desorption was enhanced. In the first
ten minutes, over 98% of the total Cd was adsorbed due to the rapid process, while the
addition of MPs decreased the amount of Cd that could be retained in the soil and increased
its mobility [1]. A higher metal accumulation (Zn and Cd) in the roots of leafy vegetables
was observed than in the edible above-ground parts of the plants, as found by Bethanis and
Golia [13] using PE fragments (<5 mm) at 2.5% and 5% (w/w) in urban and agricultural
soils. A heavy metal Cd was also examined by Pinto-Poblete et al. [96], who used HDPE
with a black color (Table 3) due to additives. They used oil with microbiological activity
and strawberry plants in two combinations: Cd and Cd + MPs. The main effects were [96]
A) HDPE and HDPE + Cd affected plant height, stem thickness, biomass, root volume,
and surface area; additionally, the synthesis of chlorophyll and its stable binding with
proteins were inhibited; B) Cd + HDPE: the total number of fruits and biomass per plant
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decreased when Cd > 3 mg kg ~!; and C) there was a positive correlation between Cd and
microbial biomass.

Different groups of pollutants (pesticides: organochlorine and organophosphorus
pesticides) were examined by Nerin et al. [103], using LDPE films, i.e., black, normal,
thermic, and extra-low density in agricultural soil. All of the pesticides on the plastic
films were sorbed (absorption process), while the pesticides’ chemical structures had little
effect on the plastic film’s absorption process, continuing to contaminate the plastic film
(great stability). Based on another experiment using soil suspension and PE (powder and
pellets), the MPs exhibited a good sorption effect on organochlorine pesticides (the sorption
equilibrium was 12 h) when the ratio of solution to soil was between 75:1 and 100:1 [104].

Numerous approaches have been proposed to eliminate a range of pollutants from
soils. The method of phytoremediation is of paramount importance, as it is economical and
eco-friendly [120].

10. Conclusions

Based on the current comprehensive review, several conclusions can be captured.
Rural and urban soils interact dynamically with other environments like the atmosphere
and aquatic mediums, and this affects (micro)plastic chemical alteration and transporta-
tion. There are different subcategories of soil types in rural and urban areas, and they are
sources for different types of plastic litter and other pollutants (organic or inorganic). As a
significant common type of plastic, PE’s ‘behavior” in soil varies according to its density,
branching, crystallinity, and relative molecular mass; for instance, LDPE and HDPE, types
of polyethylene with different crystallinities and densities, present different interactions
in soil. In general, interactions of PE depend on its classifications and type (e.g., size),
vegetation, soil type, and microbial load, as well as physical parameters such as the weather
conditions. The current investigation provides a novel perspective in understanding the
mechanisms that unfold between polyethylene microplastics and soil system components.
Upon entry, microplastics are able to modulate the physicochemical properties of soils,
causing chain reactions in the availability of nutrients as well as toxic elements, both
inorganic and organic, existing in the soil. Therefore, perhaps the presence of PE microplas-
tics (LDPE and HDPE) can contribute to the sustainability of urban and rural soils with
proper management.

11. Perspectives
According to this study, some suggestions can be written:

— To obtain a clear picture of the impact of plastics on the soil, including their impacts
on plants, extensive sampling is required, for instance, measuring and correlating
different parameters of the roots of plants.

— Study of the effects of plastics on agricultural land, due to their on-site burning,
is recommended.

— The current overview presented differences between the different types of PE. Specif-
ically, the LDPE and HDPE types were mainly selected by the scientific literature,
while a relatively high number of publications referred to the general use of the term
PE. We would recommend that in further studies, the various forms of polyethylene
should be analyzed separately.

— Even though Zettler et al. [121] have studied plastics in the marine environment, it
is important that their proposals also refer to the soil environment; that the direc-
tions of their research contain an understanding of the genetic mechanisms by which
microorganisms attach to soil plastic debris (SPL); and that they clarify the microor-
ganisms/genes involved in the microbial-mediated degradation of plastics through
the study of large-scale culture collections.

— The biodegradation processes of less-studied soil microorganisms, in combination
with other techniques (e.g., for reducing crystallinity artificially), would lead to an



Soil Syst. 2024, 8,23 19 of 23

application for the processing of non-recyclable plastics as well as the possible remedi-
ation of the environment from plastics.

— Insome scientific articles, LDPE is referred as Light-Density PE rather than low-density
PE; we mention it as minor comment.

— Additionally, we suggest a scientific investigation on the effects of plastics from party
events on the environment.
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