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Abstract

Background and aims Microplastics (MPs) are per-
sistent pollutant distributes in sea, soil, and atmos-
phere widely. Nowadays, there has been an increasing
awareness of negative impact of MPs on the environ-
ment, especially focusing on extensive research in the
aquatic environment. However, there is still a signifi-
cant research gap in the study of MPs in soil, despite
the serious harm to soil.

Methods This review conducts literature analysis by
Citespace software, counting the distribution of MPs
in different soils, analyzing the sources and types of
MPs, integrating the accumulation and fate of MPs,
and summarizing methods of separation and identifi-
cation MPs in soil.

Results  The research on MPs in soil is sparse, with
limited funding. Importantly, the annual average
growth rate of MPs discharge into farmland exceeds
into marine, and the comparability of detection
results is poor. Research has found, synthetic textiles,
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tyres, and urban dust are the main sources, which
mainly introduce through atmospheric sedimenta-
tion, sewage irrigation, sludge farming, and the use of
agricultural film. What’s more, MPs in soil may have
the risk of leaching from groundwater and contami-
nating it. Therefore, it is essential to establish a stand-
ard quantitative method for extracting and identifying
microplastics in soil to better control their impact on
the planting industry.

Conclusion The MPs in soil seriously affect the
growth of plants. Nutrient transfer and intergen-
erational transmission effects pose potential risks
to human health. Consequently, the degradation of
MPs by microorganisms in soil is an environmentally
friendly and economically worthy topic for in-depth
research.

Keywords Microplastics - Soil ecosystems -
Sludge - Bioremediation - Microorganisms

Introduction

Plastics products are widely used in industry, agri-
culture, transportation, building materials, household
appliances and other fields due to their low cost and
price, light weight, electrical insulation, corrosion
resistance, durability, and other characteristics. In the
past 50 years, the global plastic output has been about
9.1 billion tons, with an annual production of more
than 300 million tons of plastic, growing rapidly at a
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rate of 8.7% (Geyer et al. 2017). Because of the low
reuse rate of plastic products, the huge production
and inefficient management of plastic have become
a serious environmental crisis. Most plastics include
polyethylene (PE), polypropylene (PP), polystyrene
(PS), polyvinyl chloride (PVC) and polyethylene tere-
phthalate (PET) (Geyer et al. 2017), etc. Although
the recycling rate of plastic products is increasing
recently, only 6% ~26% of plastic waste has been
recycled (Andrady 2011). Most of the rest are still
released into the environment. The plastic waste in
the environment can be transformed into smaller plas-
tic fragments through long-term physical crushing,
chemical decomposition, and biodegradation (Wright
and Kelly 2017). These smaller particles of an aston-
ishing number are difficult to be removed, thus caus-
ing grievous pollution in the environment. In 2004,
British scholar Thompson first proposed the concept
of microplastics (Thompson et al. 2004). In 2008,
the National Oceanic and Atmospheric Administra-
tion (NOAA) of the United States defined microplas-
tics (MPs) as plastic particles with a particle size less
than 5 mm (Cozar et al. 2014). Later, some scholars
continue to classify microplastic particles (MPs) with
particle size less than 0.1 pm as nanoplastic particles
(NPs) (Bouwmeester et al. 2015).

In recent years, researchers have continuously
detected microplastics in oceans, lakes, rivers, sedi-
ments, beaches, soils and atmospheric environ-
ments (Liu et al. 2018; Wu et al. 2023; Eriksen et al.
2014; Zhang et al. 2018a).The existence of MPs is
even found in the Arctic frozen area (Obbard et al.
2014). Microplastic pollution has been paid increas-
ing attention and has been listed as the second larg-
est scientific problem in the field of environment
and ecology (Eriksen et al. 2014). Lots of studies on
MPs have been carried out in the world, but they are
mainly concentrated in ocean, estuary, lake and other
water environments. The research on MPs in terres-
trial environment, especially in soil, is still relatively
scarce (Zhang et al. 2016).

There is currently limited research indicating
the significant importance of studying MPs in soil.
Microplastic pollution may affect soil properties by
altering the pH, structure, fertility and nutrients of
soil (Qi et al. 2020; Kumar et al. 2023). After 30 days
of exposure to high-density PE, the pH of soil planted
with perennial ryegrass is 0.62 units lower than that
of the control group (de Souza Machado et al. 2019).
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The germination rate and height of ryegrass will
decrease when there are biodegradable polylactic
acid and high-density polyethylene (HDPE) MPs and
fibrous MPs (Zubris and Richards 2005). MPs will
also store (Bai et al. 2024), migrate (Klemmensen
et al. 2024), erode (Li et al. 2022), degrade (Klem-
mensen et al. 2024), and infiltrate into groundwater
after entering the soil (BroZové et al. 2023), thereby
threatening animals, plants, and microorganisms.
Changes in soil porosity and soil moisture caused by
MPs may reduce the flow of oxygen in soil, thereby
triggering alter in the relative distribution of anaero-
bic and aerobic microorganisms (Lehmann et al.
2019; Kumar et al. 2023), which leads to the loss of
microbial habitat and the extinction of indigenous
microorganisms (Rubol et al. 2013). For plants, the
existence of MPs will cause mutations in the physical
and chemical properties of soil, weakening the root
system and nutrient status of plants, thus affecting
plant growth (Judy et al. 2019). The presence of MPs
in soil will also have an impact on small animals liv-
ing in soil. It may directly hinder the mobility of ani-
mals if MPs adhesion to the outer surface (Kim and
An 2019); In most cases, MPs may be accidentally
ingested because animals mistake MPs for food. The
intake of MPs will cause animals to feel false full,
thus reducing the intake of biological carbon, further
leading to energy consumption, growth decline and
even death (Costa et al. 2016). Once ingested, MPs
can also cause mechanical damage to the esophagus,
intestinal obstruction, reproductive function decline
and negative biochemical reactions, such as decreased
immune response and metabolic disorder(Cole et al.
2013). On the other hand, soil biota can also affect
the accumulation and fate of MPs. MPs can be
ingested by soil animals and then turned into smaller
particles even degraded completely. For example, dig-
ging and burrowing mammals, such as hamsters and
moles, can further wear nanoplastics and MPs (Rillig
et al. 2017). Additionally, the surface properties of
NMPs such as tire and road wear particles, poly-
meric asphalt lead to the adsorption of heavy metals,
endocrine disruptors, antibiotics, and other persistent
organic pollutants, resulting in their co-migration in
terrestrial environments (O’Kelly et al. 2022).

MPs degrade abnormally slowly in the natural envi-
ronment, and they are likely to be ingested by organ-
isms, accumulated, spread through the food chain,
ultimately cause irreversible harm to the ecological
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environment and human health. At the European
Society of Gastroenterology held in 2018, research-
ers reported that up to 9 kinds of MPs were detected
in human feces for the first time (Liu et al. 2018).
Xia Yankai and Luo Yongming found MPs in human
thrombus samples for the first time (Wu et al. 2023).
The impact of MPs on the environment and organisms
cannot be underestimated. Scientists have been brain-
storming and even interdisciplinary research in the past
two years. Yang et al. pointed out the lagging monitor-
ing of soil MPs and emphasized the importance and
effectiveness of and legislation (Yang et al. 2021). Goli
et al. suggest that artificial intelligence (Al) assist spec-
troscopy and hyperspectral imaging to improve MPs in
soil detection, classification, and separation (Goli et al.
2022).In this paper, to improve the upcoming research,
the research progress in analytical methods, pollution
characteristics and source distribution of MPs in soil
was reviewed, and the emphasis and key issues for
future research were put forward.

Research and pollution status of MPs

Bibliometric analysis based on CiteSpace

A total of 16,876 literature information about MPs was
collected from the Web of Science (2000-2024,Micro-

plastics topic), which was used for bibliometric visual
analysis by CiteSpace. Citespace (version 6.3.R1) as
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Fig. 1 The number of publications about MPs pollution in
different types of environment matrices. a Increasing num-
ber of publications about MPs pollution from 2004 to 2024.
b The percentages of publications about MPs pollution in sea,

a software, using the Text Co-occurrence Network
Analysis method, can be employed to visually explore
the development trend in a certain period by means of
keywords analysis, forming the evolution process of
the frontier of research fields. It was possible to see the
number of documents issued, contributing countries,
institutions, authors, keywords, and directions of the
future in the MPs sectors by the visual representation
of the results.

Since 2014, the number of papers on MPs pollu-
tion has increased rapidly, among which there are rel-
atively many papers on MPs in oceans and organisms
(Fig. 1). As a new environmental problem, marine
MPs pollution has attracted global attention and has
been included in the regular monitoring scope of the
marine environment. However, the research on MPs
in soil is obviously lagging and lacking. The relevant
research started in 2012, and the number of relevant
publications accounted for about 24%, which indi-
cates this has received widespread attention from
2022 (keywords: Publication Years).

With the keyword Microplastics in soil, 2327
papers related to soil microplastics have been
screened in web of science, downloaded and
imported into Citespace, and visualized after
removing duplicates. According to the frequency
of keywords (Fig. 2), the research focuses on five
aspects: biological toxicity, distribution and abun-
dance, migration and identification methods,
adsorption, and the fate and degradation behavior

atmosphere - 3%
freshwater 17%
soil 24%
ocean [N 25%

biology 31%
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freshwater, biology, and soil in the total publications. Data are
counted in papers published during January 2004 to May 2024
(basing on the database of Web of Science)
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Fig. 2 Keyword co-occurrence map of soil MPs research. The size of the node in the figure represents the frequency of keyword
occurrence, and the color of the node represents the different periods of keyword occurrence

of MPs (keyword cluster: Keyword). The main
research objects include ocean, fresh water and
sediment, and the frequency of relevant keywords is
higher than 1000 times. The key word "soil" only
appeared 355 times, which imply that there is still a
lack of significant progress on MPs in soil although
there has been attention since 2022.
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There are 417 international institutions (keyword
cluster: Institution) and 461 authors participated
in the field of soil MPs research (keyword cluster:
Author)through CiteSpace visual analysis of the
cooperation network (Fig. 3), of which 78 institu-
tions have published more than 10 papers. Nine of
the top ten production agencies are from China, a
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Fig. 3 Authors, institutions and their cooperation relationship. a Authors and their cooperation relationships. b Institutions and their
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major agricultural producing country. However, the
author with the largest number of articles is Riling-
mathias C from Germany, who has 34 articles and
works closely with Anderson Machado. Followed
by Geissen Violette with 32 articles who frequently
collaborates with Esperanza Lwanga. In addition,
Luo Yongming, Yang An, Yang Xiaomei, and Jones
David are all influential authors of this study. These
authors are mainly from the United States, Ger-
many, the Netherlands, China and other countries,
which are also leaders in soil MPs research.

In general, the number of publications in a coun-
try is closely associated with the proportion of
researchers, research institutions and the availability
of research funds involved. Some countries pay the
highest attention to MPs in soil, Germany, the United
States, the Netherlands and China, etc.(keyword clus-
ter: Country). It can be seen that there is close coop-
eration among authors and institutions, establishing
an international platform for the research and com-
munication of soil MPs, and global institutions are
increasingly involved in the research of MPs in soil.

The amount of fund project investment is also
one of the criteria to judge the degree of attention
paid to research. As a major agricultural country, it
is increasing year by year the investment of funds on
MPs of soil in China (Fig. 4). The National Natu-
ral Science Foundation of China is the most impor-
tant funded project in the field of soil MPs research.
In addition, there are provincial and municipal fund
projects, National S&T Planed Projects, funds of the
Ministry of Education, national social science fund
projects and other fund projects.

Fig. 4 Fund project for
research on MPs in soil in
China 63%

Current situation of microplastic pollution in soil

The terrestrial environment, as the gathering place
of microplastic pollution, is considered as the main
important source because of its transportation to
marine plastics. Data shows that the number of
MPs discharged into farmland in Europe and North
America each year reaches 110,000 t and 730,000 t
respectively (Nizzetto et al. 2016), both exceeding the
annual average growth rate of MPs in marine surface
water (Table 1).

According to the data in the published literature,
MPs have almost been detected in densely populated
cities, sparsely populated remote areas, and even Ant-
arctica (Obbard et al. 2014). However, the existing
data are not enough to analyze the overall pollution
situation of soil MPs in the global or regional scope,
and some data on the amounts, size, shape, and com-
position of MPs in the soil environment are lacking.
In addition, there is no unified standard for the detec-
tion of MPs in soil, leading to differences in the meth-
ods used and poor comparability of relevant results.

Sources and distribution

Sources of MPs in soil

In a report, Boucher and Friot identified and evalu-
ated seven major sources of MPs based on global
literature information: tire, synthetic textile, marine

coatings, road markings, personal care products, plas-
tic pellets, and city dust (Boucher and Friot 2017),

24.5% 6.5% 3.6%

National Natural Science Foundation of China
Provincial and municipal fund projects

® National S&T Planed Projects
@ Other fund projects

@ Fund of the Ministry of Education
@ National Social Science Foundation of China
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Table 1 Distribution of MPs in soil in some regions of the world

Serial No Countries  Soil type Abundance Composition Shape Size Reference
and regions
1 Guang- Industrial ~ 0~34,100 items’kg  — — <1 mm (88.61%) Chai et al.
dong, soil 2020
China
2 Switzer- Floodplain 593 items/kg PE,PS,PVC,SBR — 125~500 pm Scheurer and
land soil (88%) Bigalke
2018
3 Campeche, Family 87041900 items’kg — — 10-20 pm (59%), Huerta et al.
Mexico garden 20-50 pm 2017
(34%),> 50 pm
(5%)
4 Valencia, Coastal 339+92 items/kg PE(28.6%),PP(11.1%), Fibers 10 pm-5 mm Soursou
Spain soil Cl/Br PS(25.2%) (70%), et al. 2024
fragments
(30%)
5 Shanghai, Paddy field 10.3+2.2 items’kg  PE (61%), PP (35%), Fibers, 0.02-1 mm Liu et al.
China PVC (4%) frag- 2018
ments,
films
6 Shanghai,  Agricul- 78.00+12.91 items/ PP (51%), PE (43%), Fibers 20 pm-5 mm Liu et al.
China tural soil kg (Surface layer) PES (6%) (53%), 2018
62.50+12.97 fragments
items/kg (Deeper (38%),
layer) films
(7%)
7 Kunming, Agricul- 18,760 items/kg — Fibers 0.05-1 mm Zhang and
China tural soil (92%), (95%) Liu 2018
films and
fragments
(8%)
8 Hebei, Coastal 634 items/kg —_ Pellets 1.56+0.63 mm  Zhou et al.
China soil (76%), (50% < 1 mm) 2016
fragments
(20%),
fibers
(2%)
9 Loess Agricul- 40+126~320+329 — — > 100 pm Zhang et al.
Plateau of  tural soil items/kg 2018b
China

Industrial soil of Guangdong had the highest abundance of MPs. The second is the agricultural soil of Kunming, which is much
higher than that in Shanghai and the Loess Plateau, several tens to hundreds of times. Among all of checked samples, PE is more

common.

PE Polyethylene, PP Polypropylene, PS Polystyrene, PVC Polyvinyl chloride, PES Polyester, SBR Polymerized Styrene Butadiene

Rubber, CI/Br PS Halogenated Polystyrene

and their respective proportions are shown in Fig. 5.
These different sources come from different family or
business activities on land and at sea. Among them,
synthetic textiles (35%), tire (28%) and city dust
(24%) contribute the most to MPs.

Primary microplastic fibers are produced through
fiber abrasion and shedding when synthetic textiles
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are washed in industrial laundries and households,
and then discharged into wastewater. Using untreated
wastewater directly for irrigation may eventually
cause MPs to enter into the soil. It has been studied
that MPs were detected in household wastewater up
to 627,000 items/m> (Majewsky et al. 2016). Corre-
spondingly, irrigation wastewater contains enormous
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Fig. 5 Percentage of MPs
in different source

m Synthetic textile
Road marking

m Plastic pellets

number of MPs particles with an average diameter of
164 to 327 pm (Hartline et al. 2016). Generally, the
sewage will be treated by the wastewater plant. Some
MPs will be filtered out in the sewage treatment sys-
tem, up to 90% of the MPs removed from the sewage
and retaining in the sludge,which is mostly used for
agricultural fertilizer fields (Corradini et al. 2019).
Accordingly, the concentration of MPs detected in
the sludge is 1500 to 24,000 items/kg (Mahon et al.
2017). In Chile, the abundance of MPs in sewage
sludge fluctuates between 1841 items/g, with a
median value of 34 items/g (He et al. 2019). In east-
ern Spain, the abundance of MPs detected in sew-
age sludge is 18,000+ 15,940 items/kg (light density
MPs) and 32,070+19,080 items/kg (heavy density
MPs) (Bai et al. 2017) Therefore, the application of
sewage or sludge is the main source of MPs in soil.
The use of a large amount of plastic film in farm-
land is also a major source of MPs. It is a technol-
ogy to obtain larger crop harvest and improve crop
quality since plastic film has been widely used as
the roof or mulching film of greenhouse, which can
increase soil temperature and improve water use
efficiency (Yang et al. 2020). In 2016, there were 4
million tons of plastic films on the global market,
which is expected to grow at an annual growth rate
of 5.6% by 2030 (Zhao et al. 2016). The most com-
mon type of polymer for plastic covering is poly-
ethylene, including high-density, low-density, and
linear low-density polyethylene. In China, Japan,
and South Korea alone (accounting for 80% of the

0.30%

4% 2%

u City dust

m Personel care products

uTyre

m Marine coatings

global plastic), 700,000 t of low-density PE are
used every year (Li et al. 2016). It is a labor-inten-
sive and time-consuming job to remove all mulch
film from farmland. Therefore, mulch film is often
left in farmland intentionally or unintentionally,
forming MPs.

Tyre dust is also one of the important sources of
MPs in soil. Tyres, brake and road will be worn dur-
ing use, resulting in MPs. They may stay on the land,
be blown into atmosphere by wind to become aero-
sols along with other city dust. Once it rains, they are
washed away and become urban runoff, which flows
through wetlandsand is intercepted into the soil. Swe-
den emits about 10,000 t of tire dust every year, and
Germany even emits as much as 110,000 t (Blasing
and Amelung 2018). City dust includes the abra-
sion of infrastructure (household dust, urban dust,
tire dust, artificial turf, ports and docks, architectural
coatings), as well as sand blasting and intentional
dumping of abrasives (detergents). These MPs most
often occur in urban environments, which can enter
the soil through atmospheric sedimentation. Dris
reported and estimated the deposition of fibrous MPs
for the first time, in which the settling flux of outdoor
atmospheric MPs can reach 0.3—1.5 fibers/m® (Dris
et al. 2015). In remote mountainous areas, 249 frag-
ments, 73 films and 44 fibers can be deposited every
day through atmospheric sedimentation (Zhang and
Liu 2018). MPs carrying other air pollutants may
be exchanged in different areas through air transport
before they settle into the soil.

@ Springer
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Accumulation and fate of MPs in soil

Once the MPs are accumulated in soil, the
soil surface provides a potential degradation
environment for MPs due to the direct ultraviolet
radiation, the increased availability of oxygen
and relatively high temperature. What’s more, the
microorganisms and terrestrial organisms in soil
may accelerate the biodegradation of plastics. In
addition, agricultural processes such as tilling and
crop rotation may transform plastic fragments into
MPs. However, these non-human- interventions aids
(driven by natural weathering and biological effects)
are just a drop in the bucket for the long journey of
microplastic degradation. The analysis results show
that the weight loss rate of PE is only 0.1%—0.4%
after soaking in soil for 800 days, and the weight
loss rate of PP after soaking in soil for one year
is only 0.4%, while PVC has not been degraded
after 35 years of use in natural soil environment
(Zhang and Liu 2018).1t is urgent to accelerate the
degradation of MPs by human intervention and the
microorganisms and terrestrial organisms in soil
may give a good ideas for this challenge.

MPs in the surface soil may enter the deeper soil
through tilling, or they may migrate down along
large cracks or fall by disturbance of biome in soil.
All of the above may lead to the leaching of MPs
in groundwater, polluting it. MPs or nanoplastics
have not yet been analyzed in groundwater samples,
but the transport through biological pores has been
identified as a possible mechanism of groundwater
pollution. MPs can be ingested by different types
of terrestrial animals. Research shows that PE, PP,
PVC, PS, PA, and other MPs can be ingested and
accumulated in soil nematodes and Caenorhabditis
elegans (Liu et al. 2018; Lei et al. 2018). PE MPs
can be transported to the middle and bottom lay-
ers of the soil after 21 days by earthworms, and the
smallest MPs can reach the deepest layer of the soil
(Rillig et al. 2017). Lwanga evaluated and analyzed
the micro and macro plastics in soil, earthworm
manure, chicken manure, crops, and sandbags, and
found that both micro and large plastics can enter
the land food web (Huerta Lwanga et al. 2017).
Therefore, the intake of soil organisms is an impor-
tant factor affecting the accumulation of MPs in the
soil system.

@ Springer

Analytical methods of MPs in soil

Undoubtedly, removing MPs from soil is the best
remediation strategies to eliminate a range of MPs
pollution. To bear the brunt is the ability to identify
and separate MPs. However, they are so difficult that
even the laboratory identification and screening of
MPs is still in its infancy.

Overview of analytical methods

Although MPs are ubiquitous in marine, freshwa-
ter, soil and atmospheric environments, the analysis
methods of MPs are varied in different environmental
media (Zhang et al. 2016; Mai et al. 2018). At pre-
sent, there are relatively fixed detection methods for
micro plastics in the marine environment. However,
due to the complexity of the soil, there is no stand-
ardized method to quantitatively analyze the MPs in
soil. Soil is a mixture of solid (such as organic mat-
ter, clay, mineral, etc.) and liquid, which is the habi-
tat of organisms and microorganisms. As animals and
plants are often left in soil, the organic matter is rich,
which can be further metabolized into relatively sta-
ble substances, namely humus. As a consequence,
organic matter and other impurities may be firmly
adhered to the MPs, affecting the flotation separa-
tion effect of MPs, and interfering with the identifica-
tion of MPs through infrared microscopy (Peng et al.
2018). Therefore, the detection method of MPs in soil
needs to be further improved based on the detection
method of MPs in water environment. At present, it
is urgent to develop an accurate and effective analysis
method of MPs in soil samples.

For the collection of MPs in soil, it is necessary
to determine the collection method according to the
research purpose and actual environmental condi-
tions, then select the appropriate sampling location
to be studied, determine the sampling depth, and use
tools to collect appropriate soil samples. The analy-
sis method of MPs in soil is similar to that of sedi-
ment in water environment, mainly including separa-
tion, identification and quantification of test samples.
Since there is no standardized method for the separa-
tion and extraction of MPs from soil, referring to the
method for the separation of MPs from marine sedi-
ments, the separation of MPs from soil can be divided
into two processes: extraction of MPs and removal
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of impurities. According to the proportion of clay
and organic matter, soil samples are dried, screened,
floated, filtered and density separated, and organic
matter is extracted and digested. Finally, the poten-
tial MPs need to be visually identified under an optic
microscope, followed by confirmation by micro-Fou-
rier transformed infrared (m-FT-IR) or Raman spec-
troscopy (Liu et al. 2018; Peng et al. 2018). Theoreti-
cally, there is still much room for improvement in this
method (Fig. 6).

Extraction of MPs

The structure of aggregates in soil is complex and
restricted by many factors, so the operation of sepa-
rating MPs from soil is usually more difficult than
from water and sediment. The commonly used sepa-
ration operations include density separation, screen-
ing filtration, pressurized fluid extraction, digestion,
etc. Different extraction methods have their own
advantages and disadvantages, and the extraction
effects for microplastics are also different (Table 2).

Fig. 6 Analysis and detec-
tion process of MPs in soil

1. Sample collection

The dry soil samples are sieved firstly to obtain
MPs. In previous studies, there were varies in the size
of sieves used for different media samples. For exam-
ple, first, use Smm sieve to remove larger impurities,
and then use a 0.3mm sieve to screen and extract MPs
from dried sediment beach samples (NOAA 2015).
Different from water and sediment samples, it is gen-
erally recommended that soil samples pass through a
5 mm sieve initially, and then use density separation
method to separate microplastic particles (Zhang and
Liu 2018). In this process, the microplastic particles
are floated out of the soil matrix by using the salt
solution with high density(> 1.4 g/cm?). For example,
25% saturated solution of ZnBr2 (1.71 g/cm3) cause
sediment floatation with good recoveries (99%) for
mixed microplastic sample that most closely repre-
sents environmental samples (Courtene-Jones et al.
2017). Pour soil sample into the high-density solu-
tion, and plastic particles float on the solution sur-
face, while the denser soil materials remain at the
bottom of solution. At present, using distilled water
to extract light plastics (such as PE and PP) from soil
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Table 2 Comparison of separation and extraction methods of MPs

Method

Application

Advantage

Disadvantage

Reference

Visual inspection

Density separation

Sieving and filter

Digestion (acid treat-
ment)

Digestion (alkali treat-
ment)

Enzyme digestion

Oxidation

Soil, sediment, and bio-
logical samples

Soil, sediment, and bio-
logical samples

Water, soil, and sediment

Decomposition of organic

matter and biological
samples in sediments

sediments

Removal of organic mat-
ter from water samples

Removal of organic mat-
ter in soil and sediment

Safe, easy to operate,

wide range of applica-

tions
100% recovery of MPs

Safe, simple operation,

low cost and short time

100% recovery of MPs

Simple operation, safe,

wide application scope

and low cost, 100%
recovery of MPs

simple operation and low

cost

Milder than acid treat-
ment and less impact
on MPs

Milder than acid treat-

ment and barely affects

the MPs
Environment-friendly

Simple operation, short
time

The accuracy is affected
by the color, shape
and structure of MPs;
Always need help of a
microscope in labora-
tory; Long time

It is unable to effectively
separate organics with
similar density to
plastic; Some solutions
damage the environ-
ment

Limited by the size of
screen mesh and filter
membrane aperture

Long time, chemical
hazard, some MPs
dissolved and sediment
residues

Long time, chemical haz-
ard, incomplete decom-
position of humus

Long time, more expen-
sive

The removal effect of
organic matter in soil is
unknown

Decompose MPs (poly-
ethylene and polypro-

Cozar et al. 2014

Cozar et al. 2014

Cozar et al. 2014

Claessens et al. 2013
Scheurer and Bigalke
2018

Cole et al. 2014
Dehaut et al. 2016

Cole et al. 2014
Loder et al. 2015

Avio et al. 2015
Moller et al. 2020

pylene), dangerous

is simple and economical. However, in most cases,
saturated NaCl solution (density 1.18 g/cm?) is gen-
erally used to extract MPs in sediment; Nevertheless,
it is now suspected that this method cannot separate
many high-density MPs, such as PET or PVC (Zhang
et al. 2018c).After all, the specific gravity of PET and
PVC are 1.37 g/em® and 1.38 g/cm?, respectively.
In a recent study, it was developed that a separa-
tion method of MPs in agricultural soil samples (Liu
et al. 2018). Saturated NaCl solution (density 1.18 g/
cm3) was still used for extraction, but the extraction
times and ultrasonic treatment were increased (treated
by ultrasonic for 2 min), and the flotation time was
extended (Mixtures were stirred 30 min in order to
float out supernatants, which were then settled for
24 h). Among the 9 common MPs added to the soil,
7 of PP, PE, polyamide (PA), polycarbonate (PC),
acrylonitrile butadiene styrene (ABS), polymethyl
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methacrylate (PMMA) and PS particles were success-
fully extracted. Experimental results have shown that
ultrasonic crushing has efficiency in extracting MPs,
and increasing flotation time is beneficial for separat-
ing MPs, although not the longer the time, the better.
Only PET and PVC particles were still not separated
from the soil; Therefore, this method is not suitable
for extracting PET and PVC.

In addition, CaCl, solution (density 1.35 g/cm®) is
also used to extract MPs from soil, which is relatively
more efficient compared with NaCl solution, but diva-
lent Ca®* will agglomerate organic substances, affect-
ing subsequent identification experiments. Van Cau-
wenberghe recommended using ZnCl, or Nal with
a solution density of 1.6~1.8 g/cm® for experiments
(Cauwenberghe et al. 2015). However, these sub-
stances are relatively expensive compared to sodium
chloride. In addition, to achieve the maximum density
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of ZnCl, solution, acid solution is usually added, which
may change the morphology of MPs in soil samples.
Except density flotation, other methods are also com-
monly used to separate MPs from soil matrix. Crich-
ton proposed an oil extraction method to fully mix dry
sediment samples with water and rapeseed oil until oil,
water and minerals are completely separated. Once the
MPs contact the rapeseed oil, they will be extracted to
the oil layer, while other impurities will remain in the
water, to realize the separation of MPs in the sediment
(Crichton et al. 2017). Through this technology, the
recovery efficiency of MPs is more than 90%, higher
than that of Nal and CaCl, density extraction. It can
also extract weathered environmental MPs from sedi-
ment samples, and does not require long-term settle-
ment and digestion, so the cost is low. Another study
focused on the electrostatic behavior of MPs, which
helps to separate MPs from a variety of environ-
ments, including water, sediment, and bleach sand; It
is reported that the recovery rate of each plastic is close
to 100% (Felsing et al. 2018). Nevertheless, it is uncer-
tain whether these methods are suitable for large-scale
separation of MPs from soil.

Removal of soil organic matter

The density of organic matter in soil is generally
between 1.0 and 1.4 g - cm™>, which is similar to the
density of plastics such as PET and nylon (Blasing
et al. 2018). Therefore, simple density sorting is not
enough, and steps to remove organic matter need to
be added. For water, sediment and biological samples,
different chemicals are used for digestion operations,
including acid, alkaline or oxidation treatment, and
enzymatic hydrolysis (Dehaut et al. 2016) (Table 3).
Furthermore, Hurley compared of 10 M NaOH,
10% KOH, 30% H,0, solution and Fenton reagent in
soil microplastic analysis, providing the key informa-
tion on the removal efficiency of different reagents
(Hurley et al. 2018). The use of alkaline solution
(10 M NaOH, 10% KOH, 60 °C) cannot effectively
remove organic interfering substances from soil and
sludge, and its effective removal rate of organic sub-
stances is less than 70%. 30% H,0, pre-digestion at
70 °C can effectively remove organic matter and has
no effect on most MPs. Fenton reagent is currently
the most effective method for the removal of organics
in sludge samples, with a removal rate of 86%. This
shows that Fenton reagent combined with density

separation is an effective extraction method of MPs.
Another study showed that most organic matters
were removed in a short time after HNO; solution
was digested; yet, under the effect of HNO;, the mor-
phology of ABS, PA, PET, and other particles has
changed (Scheurer and Bigalke 2018). Consequently,
digestion may sometimes destroy MPs leading to
erroneous results.

Identification and description

The identification of MPs is usually based on the
physical and chemical characteristics of the particles
separated from the mixture after the extraction and
purification steps. The identification methods are also
distinct in different studies, which includes on-site
identification, visual identification method based on
stereo microscope, chromatography, thermogravim-
etry, vibration spectrum and proton nuclear magnetic
resonance spectrum, etc.

The visual recognition is the earliest and simplest
analysis method of MPs (Moller et al. 2020). For MPs
with large particle size (> 1 mm), it can be identified
by naked eyes according to specific attributes (such
as color, shape, or surface texture) (Loder et al. 2015;
Liebezeit and Dubaish 2012). The shapes of MPs are
generally divided into five categories: fiber, fragment,
pellet, granule, and film. The common criteria for dis-
tinguishing MPs are as followings: 1) They cannot be
easy to be torn apart; 2) Have distinguishable colors;
3) No visible cells or organic structures. Visual clas-
sification provides a simple and quick method for
experts and nonprofessionals. To identify small MPs
(i.e.,<1 mm) in soil, stereomicroscopes or dissect-
ing microscopes with professional image software are
widely used (Gouin et al. 2015), but there is a prob-
lem with visual classification. Various people observe
different analysis results, which shows an error rate
of 20-70% (Shim et al. 2017). For example, Eriksen
described that about 20% of particles were wrongly
identified. These particles were initially identified
as MPs by visual observation, and later identified as
aluminum silicate from coal ash by scanning elec-
tron microscopy (SEM) (Eriksen et al. 2013). In other
studies, through visual counting, 32% of MPs with
size less than 100 um were uncertain after Raman
spectral analysis. Through FTIR analysis, up to 70%
of particles were incorrectly identified as MPs (Lenz
et al. 2015). Therefore, it is not enough to rely only
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Table 3 Methods for removing organic matter from samples and their effects

Method Reagent Object Effect Reference
Acid digestion  69% ~71%HNO; Shellfish tissue Good Davidson and Dudas 2016
(90 °C,4 h,hot water bath)  Shellfish tissue Good Claessens et al. 2013
22.5 mol-L™! HNO, Soil 93% ~98% MPs recovery  Scheurer and Bigalke 2018
(Barnett’s fluidized sand-  — bad Cole et al. 2014
bath)
HNO,
HCl1
Alkali digestion HNO;:HCIO, (4:1) Marine Animal Organiza- Good Witte et al. 2014
1 mol-L™! NaOH tion 90.0% +2.9% digestion Cole et al. 2014
2 mol-L"'NaOH Marine sample efficiency Cole et al. 2014
10 mol-L™! NaOH (60 °C) ~ Marine sample 85.0% +5.0% digestion Herrera et al. 2018
10 mol-L™! NaOH (60 °C)  Marine sample efficiency Dehaut et al. 2016
10 mol-L™' NaOH (60 ‘C) ~ Samples rich in plants 91.3%+0.4% digestion Foekema et al. 2013
10%KOH, 2 ~3 weeks Marine Animal Organiza- efficiency, destroying Herrera et al. 2018
10%KOH (60 'C), 24 h tion PA, polyester fiber, PE Enders et al. 2017
KOH: NaClO (1:1) Alimentary canal of fish and PVC
Marine Animal Organiza-  100% MPs recovery,
tion destroying polyester fiber
Easily degradable MPs and PE
Destroy PET, CA and PC,
but not PA and PVC
No degradation of MPs,
difficult to completely
remove organic matter
99.6% ~99.8% digestion
efficiency
Good
Oxidation 30%H,0,,7d Biological tissue 92% of large particle bio-  Nuelle et al. 2014
35%H,0, (55 C), 7d Biological tissue logical tissues (> 1 mm)  Avio et al. 2015
Fenton Wastewater, soil, sediment,  and 25% of small Moller et al. 2020
plant materials and particles (< 1 mm) are
animal tissues completely dissolved or
lose color
70% MPs recovery
It is superior to H,0,, does
not change the original
PE, PP and PVC, and
cannot remove biological
substances
Enzymolysis Protease K Seawater sample contain-  Digestion efficiency >97%, Cole et al. 2014

Industrial enzyme

ing plankton
Biological tissue

no degradation of MPs
Cheap, short digestion
cycle

Loder et al. 2015

on visual recognition, which must be determined by
Raman spectroscopy or Fourier infrared spectroscopy.

Vibration spectra, such as Raman spectroscopy or
Fourier transform infrared spectroscopy (FTIR), are
widely used in the research of MPs, because they can
accurately identify the type, abundance, shape, and
size of polymers. U-FTIR spectroscopy can identify
particles with a size of 10 to 500 um. Large particles
(>500 um) can be analyzed by ATR-FTIR spectrum
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with attenuated total reflection (Blasing and Ame-
lung 2018), while Raman spectroscopy can be used
for chemical imaging of samples with smaller size
(<10um). The running time of Raman imaging is
significantly longer than that of FTIR imaging, but
is independent of the shape, size or thickness of the
measured particles. The shape, size or thickness
of the measured particles may affect the results of
u-FTIR imaging (Blasing and Amelung 2018). Due to
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the high absorption of infrared radiation by black par-
ticles, there are often unrecognized infrared spectra.
In addition, Raman spectra are insensitive to water
and atmospheric CO,. As a result, the background
fluorescence of organic substances or pigments in
the polymer may strongly interfere with the required
spectrum, making them unrecognizable (Sperber
et al. 2016). This may be a problem when dealing
with soil samples of high organic content. For these
two vibration spectroscopy methods, the samples
need to be thoroughly purified before analysis. For
solid samples, this operation significantly reduces the
number of samples that can be processed. Fuller and
Gautam used pressurized fluid extraction (PFE) to
dissolve specific MPs in soil, evaporate the polymer
solvent extract, and measure the solid residue through
ATR-FTIR spectrometer (Fuller and Gautam 2016).
This method is fast because it does not require sam-
ple purification and is not affected by particles size.
However, like chromatographic method, it is also a
destructive method, which only allows quantitative
analysis and does not provide information about the
number, size and shape of polymer particles. In addi-
tion, multiple polymer types in one sample will pro-
duce complex absorption spectra, which may hinder
the identification of MPs.

Some researchers used chromatography to quali-
tatively and quantitatively identify various types of
polymers. Size exclusion chromatography (SEC)
liquid extraction is used for the identification and
quantification of polystyrene (PS) and polyethylene
terephthalate (PET) in soil samples (Eriksen et al.
2015). Pyr GC-MS is also a highly Osensitive and
effective method for characterizing and quantifying
a variety of polymer types and their organic addi-
tives. It has been proved that Pyr GC-MS is very
suitable for the detection of MPs in environmental
samples (Elert et al. 2017). On the other hand, it also
has several disadvantages. The size of the pyrolysis
capsule and the number of samples in each run are
very small, 1.5 mm and 0.5 mg, respectively. For this
reason, heavy purification works have been required
in matrix rich samples, making it very unsuitable for
batch analysis (Elert et al. 2017). And that, it is easy
to be polluted or even blocked. To overcome these
shortcomings, Dimichen developed a thermal extrac-
tion desorption gas chromatography-mass spectrom-
eter (TEDGC-MS) for the detection of MPs, which
can hold up to 100 mg of samples in each operation.

In addition to grinding and mixing to homogenize the
samples, no pretreatment is required, and the process-
ing time takes only 2 to 3 h (Fries et al. 2013).

In general, due to the complexity of soil environ-
ment and its rich organic properties, the analysis of
MPs in soil is still a great challenge. At present, the
methods used to determine MPs in soil are inconsist-
ent, including spatial and temporal change patterns,
effects of environmental factors, pollution control, etc.
These have led to the inability to compare data among
different studies and to confirm whether these results
represent the true level of MPs pollution. To effectively
monitor and compare, it is necessary for the scientific
community to standardize the analysis and evaluation
methods and procedures of MPs in soil.

The remediation strategies of MPs in soil

Undoubtedly, the best remediation strategy of MPs
in soil is nothing more than removing MPs from
soil. Identifying and descripting MPs is only the first
and most important step in manually removing MPs,
which has been done this well from beginning to end
in this paper to review the research by scientists around
the world. This is not enough, in addition, many new
ways need to be explored, which is necessary and pos-
sible—nature has its own laws of operation. Some
organisms have been found the ability of degradation
MPs — invertebrates (Rhyzopertha Dominica), micro-
organisms (Aspergillus flavus, Bacillus) and algae, etc.
(Zhang et al. 2020, 2022; Yang et al. 2014; Sanniyasi
et al. 2021; Khan et al. 2023; Eydi et al. 2024). Most
studies in this regard occur in aquatic environments
(Especially sediments in oceans and lakes), but rarely
in soil. Discussing more methods to eliminate existing
MPs has become the focus of many scientists.

MPs are abundant in soil, seriously damaging the
interaction between plants and soil. The interaction
is of great significance for ecosystem stability and
plant survival and development. Plants promote the
healthy development of soil by improving soil struc-
ture, secreting root substances, and preventing soil
erosion. Correspondently, soil provides nutrients and
water for plants, regulates soil microbial communities
and affects plant root development and physiological
processes. This interaction creates a good synergistic
effect between plants and soil, promoting the healthy
operation of the ecosystem, in which the roots play
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an important role. As is well known, the presence of
a large amount of MPs in soil has the greatest impact
on disrupting the rhizosphere nutrient exchange of
plants, preventing them from obtaining sufficient
nutrients through root absorption, thereby seriously
affecting plant growth and resulting in the crops can-
not achieve high yields.

There are abundant microorganisms in soil, which
are different from aquatic environments and have their
own characteristics. Recently, an increasing number of
studies suggest that microorganisms in soil are involved
in the rhizosphere trophic uptake. For example, the
fungi also play vital roles in soil structure, plant per-
formance, and plant biodiversity and productivity (He
et al. 2009). Arbuscular mycorrhizas (AM) are formed
between arbuscular mycorrhizal fungi (AMF) and
roots of ~70% of ~391,000 higher plant species. AMF
acquires soil nutrients, such as nitrogen (N), phospho-
rus (P) and other mineral nutrients, and transport them
to their host plant (Luo et al. 2023; He et al. 2009;
Selosse et al. 2006). In an arbuscular mycorrhiza, the
intraradical mycelium (IRM) often penetrates root
cortical cells to form arbuscules, while the extraradi-
cal mycelium (ERM) extends into soil, far beyond the
root zone. The ERM is extensive enabling plant access
to nutrient resources well beyond the root. If AM can
absorb nutrients outside the root depletion zone while
degrading MPs, it would be the best situation. Of
course, this requires further experimental verification.
Undoubtedly, there are so many microorganisms in soil
that may be waiting to discover their additional func-
tions. If an unlimited amount of soil microorganisms
are used to treat a large amount of MPs, it is definitely
an environmentally and friendly way.

Conclusion: the main challenges and prospects
of future research

To sum up, current research shows that the understand-
ing of MPs in soil is increasing. However, there are still
many deficiencies in the understanding of MPs pollu-
tion and its impact on the environment (Zhang et al.
2016, 2018c).There are still many problems in the
analysis method, environmental concentration, source,
fate and ecological consequences of MPs in soil.

As is known to all, there are MPs in soil, much
more than in atmospheric and aquatic environments.
Therefore, it is of great significance to study the
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potential toxicity of MPs to organisms in soil and
this seriously affects the growth of plants on soil.
The effect of nutrient transfer and intergenerational
transfer should not be underestimated. The MPs
accumulated by plants can be transferred through the
food chain, posing potential risks to human health.
As a new persistent pollutant, it is urgent to investi-
gate the distribution, transportation, and degradation
of MPs in terrestrial environment to quantify envi-
ronmental behavior and their impacts. For example,
MPs in soil can be transported horizontally by wind
and water or vertically by water or soil organisms, or
even degraded gradually driven by microorganisms or
physicochemistry, by which the source and degrada-
tion rate of MPs can be mastered.

Through bibliometric analysis based on CiteS-
pace, it is found that, compared to aquatic environ-
ments such as the ocean, there is a significant lack of
research although soil MPs started early. The United
States, Germany, the Netherlands, China and other
countries have initially established an international
platform for research and exchange. Nonetheless,
global research on MPs in soil is only in its infancy
due to insufficient investment in fund projects. The
current study largely lacks some data on the concen-
tration, volume, type, and composition of MPs in soil
environment, and the data are not sufficient to analyze
the overall contamination of soil MPs on a global or
regional scale. The analysis of MPs and plastic usage
patterns in different types of soil are also needed to
gain more quantitative data, and even to participate in
the development of simulation experiments. MPs in
the study of normalized is imperative, to obtain the
real condition of MPs in soil, in addition to establish
a standardized method about collection, separation
and analysis of MPs samples in soil, which is suitable
for different source, composition, size and shape of
MPs. That is, establish accurate, simple and efficient
detection method of MPs in soil, and take MPs of soil
into the scope of conventional environmental moni-
toring, quantify the risk of plastic pollution.

MPs removal technology needs further develop-
ment. The addition of MPs removal process in waste-
water treatment will help reduce the amount of MPs
from access to soil ecosystems via sewage irrigation.
At present, among the removal technologies of MPs in
soil, the use of bioremediation technology to remove
MPs has attracted wide attention due to its potential
for energy conservation and environmental protection.
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However, there are also potential risks such as the
release of adsorbed pollutants and the formation of toxic
secondary metabolites of plastics. Secondary metabo-
lites were detected in almost all sludges. For example,
di-2-ethylhexyl phthalate (DEHP) and di-ethylhexyl
adipate (DEHA) as the common plasticizer, can gen-
erate toxic metabolites including 2-ethylhexanoic acid,
2-ethylhexanol, and 2-ethylhexanal (Beauchesne et al.
2008). However, not all of the metabolites are toxic, and
the environmental impacts and fate of the degradation
products arising from plasticizers are unclear. There-
fore, the removal of MPs in the environment remains
to be further studied. In this regard, it is necessary to
increase the awareness of MPs and fund investment to
reduce the use and emission of plastics at the source.
For example, changing the behavior of manufacturers
and consumers, and guiding people to minimize the
plastic waste left in soil environment. In addition, peo-
ple need to rely on legal means to clarify the responsi-
bilities and related penalties of government departments
and enterprises in the production, use, recycling and
disposal of plastic in order to control plastic pollution in
soil. For the huge amount of preexisting MPs, microbial
degradation of MPs in soil is a subject of environmen-
tal protection and economy, which is worth investment
funds in in-deep research.
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