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Microplastics were investigated in an agricultural soil to which three types of sludge were repeatedly applied:
fresh municipal sludge (FSS1), fresh mixed sludge (mainly industrial sludge) (FSS2), and dry heat-treated
municipal sludge (DSS). The percentages of microplastics <1.0 mm were 24.3 and 28.7–59.1 % in un
amended and amended soils, respectively. Particles of this size accounted for 47.1–60.0 % of microplastics in
different sludges and polymers of particle size <100 μm occurred in all soil samples and sludges examined. Fibers
were the commonest microplastic type, ranging from 66.7 to 82.5 % in soil and 89.4–97.2 % in sludges. Polyester
(PES) and polypropylene (PP) accounted for ~80 % of the total microplastics found in soil and poly-(styrene:
acrylate) (PS-AC) microspheres were found in all sludge-amended soil samples examined. There was also a
pronounced weathering effect on the surfaces of the microplastics in soil. Nine years of repeated sludge appli
cation led to the accumulation of microplastics in the soil. The abundance of microplastics was significantly
higher in the municipal sludge (149.2 ± 52.5 particles kg− 1) than in the mixed (68.6 ± 21.5 particles kg− 1) or
dried (73.1 ± 15.4 particles kg− 1) sludge and this was related to the microplastic abundance in the sludges. This
field study confirms that sludges are drivers of soil microplastic pollution and measures are required to minimize
the inputs of microplastics to agricultural land.

1. Introduction
Microplastics (particle size < 5 mm) are ubiquitous in a range of
environmental media in terrestrial ecosystems (Sarker et al., 2020;
Zhang et al., 2020). Previous studies report that microplastics occur in
coastal soils and managed lands (Zhou et al., 2018; Corradini et al.,
2021). Locomotion by soil organisms and the porosity of soils inevitably
lead to the migration of residual plastic particles through the soil and
into the groundwater (Yu et al., 2019; O’Connor et al., 2019). In addi
tion, pollutants (organic contaminants, potentially toxic metals, and
potential carriers of pathogens) attached to and transported together
with microplastics may represent environmental risks (Dobaradaran
et al., 2018; Wang et al., 2021). Microplastics can cause oxidative stress

and biological toxicity when taken up by living organisms (Chae and An,
2018; Ali et al., 2021).
Municipal wastewaters, industrial wastewaters, and rainwater all
converge in wastewater treatment plants (Mbachu et al., 2021).
Numerous studies have found that wastewater treatment plants can
effectively remove microplastics from wastewaters (Edo et al., 2020;
Takdastan et al., 2021) and the majority accumulate in the sewage
sludges (Jiang et al., 2020; Mahon et al., 2017). For example, a study of a
wastewater treatment plant in Xi’an city, northwest China, found that
the abundances of microplastics in influent and effluent were 288.5 and
22.9 particles L− 1, respectively and >90 % of the microplastics were
trapped in the sludge (Yang et al., 2021a). Sludge application to soils can
contribute to soil carbon content with the reuse of plant nutrients
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(Willén et al., 2017). Land application of sludges treated to remove
harmful chemicals and pathogenic microorganisms is the major method
of sludge disposal in numerous contries such as Finland (94 %), Norway
(82 %), the United States (55 %), Germany (48 %), and China (45 %)
(Rolsky et al., 2020). However, there is evidence that wastewater sludge
application may lead to retention of microplastics (synthetic fibers) in
soils (Zubris and Richards, 2005).
Long-term application of sludges is assumed to be an important route
by which microplastics may enter agricultural land (Zhang et al., 2020).
Corradini et al. (2019) investigated 30 fields receiving repeated sludge
applications over a ten-year period at Mellipilla, Chile, in the first
assessment of soil microplastic accumulation due to repeated sludge
applications. Different frequencies of sludge application resulted
directly in microplastic abundances in soil ranging from 0.6 to 10.4
particles g− 1. In 16 agricultural fields with different frequencies of
sludge application in eastern Spain, it was estimated that the average
increase in light (ρ < 1 g cm− 3) and heavy (ρ > 1 g cm− 3) density
microplastics after each application of sludge was 280 and 430 particles
kg− 1, respectively (van den Berg et al., 2020). However, there remains a
lack of information on different types of sewage sludge applied repeat
edly to the same fields.
Here, we investigate the abundance and distribution characteristics
of microplastics in three types of sewage sludge and a paddy soil
amended repeatedly for nine years with the three types of sludge. The
objectives were to evaluate the abundance of and differences in micro
plastics in soil amended with different types of sludge in the medium
term and to provide new information for better assessing and under
standing the accumulation of and pollution by microplastics in the
terrestrial environment resulting from repeated land application of
sewage sludges.

from Fuxing and Baidang wastewater treatment plants, respectively
(Suzhou city, Jiangsu province, east China). The heat-dried sludge was
purchased from Cixi biosolid treatment plant in Ningbo city, Zhejiang
province, east China. There were three plots of each treatment in a fully
randomized design. Each experimental plot was 13.5 m2 in area (3.0 m
× 4.5 m) and the sludges were applied twice each year before crop
transplanting. Conventional field management was practiced
throughout the cropping system which was a rice-wheat rotation. The
municipal and mixed sludges (moisture content 75–85 %) were collected
seasonally and applied at a rate of 16.2 t ha− 1. One batch of heat-dried
sludge was purchased in 2009 and applied at a rate of 3.3 t ha− 1 twice
yearly.
Soil samples were collected in November 2018 to a depth of ~20 cm
with a clean stainless-steel soil auger. A multipoint mixed-method was
used for each sample with two separate samples collected from each
plot. Fresh municipal sludge from Fuxing WWTP is designated FX-1 and
FX-2, respectively, and fresh mixed sludge from Baidang WWTP is
labeled BD-1 and BD-2, respectively, with “-1” and “-2” denoting sludges
collected in June and November 2016. The fresh sludges were stored at
− 80 ◦ C and thawed at room temperature before use. Dried municipal
sludge from the Cixi biosolid treatment plant was labeled CX. The soil
moisture content of the samples was calculated after oven-drying to
constant weight at 105 ◦ C for >12 h).
2.2. Extraction of microplastics from soil and sludges
Microplastics were extracted from the soil samples using a contin
uous air-flow flotation and separation device described in detail by Yang
et al. (2021b) with a minor modification. Briefly, a step was added to the
pretreatment in which 200-g aliquots of the soil sample in saturated
NaCl solution (ρ = 1.2 g cm− 3) were oscillated in 1-L glass containers to
disperse the soil aggregates (25 ◦ C, 200 rpm, 20 min). After air flotation
and density separation, the solutions were filtered through a nylon fiber
membrane (20 μm, Millipore, Burlington, MA) and washed into a
250-mL glass beaker with 30 % (v/v) H2O2. The beakers were placed on
an electric hotplate at 60 ◦ C for 72 h to dissolve the organic matter.
Microplastics were extracted from the sludge samples by a modifi
cation of the method of Michielssen et al. (2016). In detail, 5-g sludge
subsamples were weighed into glass containers and oscillated in
deionized water. The mixed sludge suspensions were oscillated (25 ◦ C,
200 rpm) to fully disperse and then slowly poured into a set of four
10-cm-diameter stainless steel sieves (sizes 4.75, 1.00, 0.5, and 0.053

2. Materials and methods
2.1. Site description and sample collection
A long-term sludge application experiment was established in 2009
at Suzhou Academy of Agricultural Sciences, Jiangsu province, east
China. (31◦ 27′ N, 120◦ 25′ E; Fig. 1. (a) and (b)) where the soil is a paddy
soil (Hapli-Stagnic Anthrosols). There were four treatments, namely no
sludge application (control, CK) and repeated applications of fresh
municipal (FSS1), mixed (FSS2), or hot (320–420 ◦ C) air-dried munic
ipal sludge (DSS). The fresh municipal and mixed sludges were obtained

Fig. 1. (a) Satellite imagery of the field experiment established at Suzhou Academy of Agricultural Sciences, Jiangsu province, east China; (b) close-up of the longterm sludge-amended field; and photos of different shapes of microplastics ((c), blue fiber; (d), green fragment and red fiber; (e), yellow granule; and (f), red sphere).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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mm from top to bottom (Bowei Instrument Equipment Company,
Shaoxing, China). Each sieve was continuously eluted with deionized
water into a 250-mL glass beaker. The samples on each sieve were rinsed
with deionized water and the filtration device was used to filter all the
solutions. The residues were digested with Fenton’s reagent (equal
amounts of 30 % (v/v) H2O2 and 0.05 M FeSO4⋅7H2O) at room tem
perature for 5 min and transferred to a hotplate at 60 ◦ C. Appropriate
amounts of 30 % (v/v) H2O2 were added to the beakers until there was
no further digestion. The reagents were purchased from Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China.

3. Results and discussion
3.1. Abundance and distribution of microplastics in sludge samples
Sludge samples applied to this field were under investigation as
shown in Fig. 2(a) with 54.1–58.8 % and 47.1–54.6 % of microplastics
< 1.0 mm in FX and BD; the percentage reached 60.0 % in CX. In these
sludges only 0.1–3.0 % of the microplastics were within 100 μm. The
larger-sized microplastics are more prone to becoming trapped in the
sludge under the wastewater treatment process (Murphy et al., 2016;
Hou et al., 2021). Microplastics of particle size <1.0 mm accounted for
62 % of activated sludges from municipal wastewater treatment plants
in Finland (Lares et al., 2018). Magni et al. (2019) found that up to 90 %
of microplastics were within 1.0 mm in sludges from treatment plants in
Italy. The complexity of microplastic sources in sludge leads to a wide
variation in particle size in different wastewater treatment plants. A
previous study found that it is necessary to study the size of micro
plastics and their size affects nutrient removal in activated sludge (He
et al., 2021). Xu (et al., 2021) found that different sizes of microplastics
trigger differences in biological toxicity and physical properties in
sludge dewatering. The mechanical forces of large sizes of microplastics
reduce the formation of sludge flocs and influence sludge dewatering.
The shape distribution of microplastics in sludges is shown in Fig. 2(b).
Fibers were the most common shape in the sludges (89.4–97.2 %). Other
shapes comprised fragments, films, granules, and spheres. Chen (et al.,
2020) found that 78.3 % of microplastics were fibers at the Shunyi
sludge composting plant in Beijing, north China. Another study also
found that fibers were the main shape (62.5 %) in 79 sludge samples
from 28 Chinese treatment plants (Li et al., 2018). In the wastewater
treatment process, fibers have been reported to be more easily entangled
with flocs and retained in sludges than fragments (Hou et al., 2021).
Many fibers in the wastewater may be released by domestic and in
dustrial washing processes (Falco et al., 2018). Cai (et al., 2020) found
that 12 synthetic textiles released large amounts of fibers (range 210–72,
000 particles g− 1 textiles) during each cycle of domestic washing.
Sludges from different sources and seasons have shown different
abundances of microplastics (Fig. 2(c)). In June, fresh sludges from FX
and BD showed abundances of 441.9 ± 126.0 and 238.6 ± 33.8 particles
g− 1. In November, the abundances of microplastics in FX and BD were
290.4 ± 73.9 and 108.2 ± 51.3 particles g− 1. The abundance of
microplastics was significantly higher in fresh sludge in June than in
November within BD samples. Seasonality plays an important role in the
abundance of microplastic in sludges (Rolsky et al., 2020). Previous
studies have found similar trends in sludges and influents (Li et al., 2018;
Bayo et al., 2020). Bayo et al. (2020) found that the abundance of
microplastics showed seasonal variation in the influents and was higher
in warm seasons than in cold seasons. The high abundance of micro
plastics in June corresponds with higher rainfall and temperatures than
in November (Tables S4). The abundance of microplastics was higher in
FX than in BD. The conditions at treatment plants (e.g., average daily
capacity and source of wastewater ((some salient information is shown
in Table S5)) affect the abundance of microplastics in sludges. Li et al.
(2018) investigated microplastic abundance in 79 sludge samples from
28 wastewater treatment plants in China and the results confirm that
treatment capacity, servicing population, and wastewater treatment
processes are factors leading to variation in the quantity of microplastics
in sludges. Direct and definitive evidence implies that Fuxing municipal
wastewater treatment plant, which has a larger daily capacity, has a
higher abundance of microplastics than the Baidang treatment plant
(mainly industrial sewage). In an Australian metropolitan area, the
abundance of microplastics in sludges from three treatment plants was
48.5–56.5 particles g− 1 (Ziajahromi et al., 2021). In Finland, the range
of abundances of microplastics in sludges from municipal treatment
plants was 23.0–170.9 particles g− 1 (Lares et al., 2018). Our results
show that a high abundance of microplastics (108.2 ± 51.3 to 441.9 ±
126.0 particles g− 1) accumulates in these sludges compared with sludges

2.3. Identification and analysis of microplastics
Soil and sludge samples were filtered after digestion for further
analysis and the microplastics were observed under a stereomicroscope
(Model S9i, Leica, Wetzlar, Germany). The particle size range of
microplastics detected in our study is 0.021–4.996 mm. Representative
soil microplastics were selected for identification of composition using
attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR) (Nicolet iS5, Thermo Fisher, Waltham, MA) and microFourier transform infrared spectroscopy (μ-FTIR) (Spotlight 400, Per
kinElmer, Waltham, MA). Each sample was scanned at a rate of 16 scans
in the spectral range 750–4000 cm− 1. Polyester (PES) consisted of
polyester fibers and polyethylene terephthalate (PET). Polyethylenepolypropylene copolymer was included in polypropylene (poly
propylene accounted for the majority). The microplastics in the sludges
were separated from non-plastics by stereomicroscopic observation. The
composition of the microplastics was not determined. A scanning elec
tron microscope (SEM) (Model s-4800, Hitachi, Tokyo, Japan) was used
to observe the surface morphology of the microplastics extracted from
the soil samples.
2.4. Quality control and statistical analysis
All samples were homogenized in an independent laboratory.
Deionized water and glassware were used in all experiments, and
dustproof clothing was worn to avoid cross-contamination throughout
the process. Two procedural blanks were set up in each soil and sludge
separation experiment. Occasional rayon fibers were found in the soil
blanks and deleted from the results before calculation. A recovery
experiment is usually used to evaluate the reliability and efficiency of
extraction methods (Harms et al., 2021). Different shapes of polymer
(polypropylene (PP) pellets, expanded polystyrene (EPS) pellets, poly
styrene (PS) pellets, polyamide (PA) fibers, and polyethylene (PE) films)
were mixed with soil (200 g) or sludge (5 g) and the subsequent
experimental procedure was same as described above (Section 2.2) with
triplicates of the treatments. In soil the recoveries of PP, EPS, PS, PA, and
PE were 100, 100, 96.7, 85, and 86.7 %, respectively. The recovery rate
of microplastics in sludge was >95 % (results shown in Table S1).
Microplastics were classified and counted according to size, color,
composition, and shape. Typical microplastics found are shown in Fig. 1
(c–f). The moisture content of all soils and sludges was determined by
oven-dry weight (Table S2). The abundance of microplastics in soils and
sludges was calculated on a dry weight basis. Here, the color of micro
plastics in soils and sludges is not discussed; detailed results are shown
in Table S3. The SPSS 19.0 software package was used for the statistical
analysis of the data. Independent samples t-test (sludge in different
seasons) and Duncan’s multiple range test (soil with different treat
ments) at the 5 % level were used to compare mean values following
one-way analysis of variance. Different letters in the same column
indicate significant differences (p < 0.05). The abundance data are
shown as mean ± standard deviation. OriginPro 2017 was used to draw
the Figures.
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Fig. 2. Percentages of microplastics by (a) size and (b) shape in different sludges. Abundance of microplastics in different sludges (c) (n = 3). *, significant dif
ferences compared with BD-1 and BD-2 (independent sample t-test, p < 0.05); FX, sludge used in treatment FSS1 (sampling times: FX-1, June 2016; FX-2, November
2016); BD, sludge used in treatment FSS2 (sampling times: BD-1, June 2016; BD-2, November 2016); CX, sludge used in treatment DSS.

in other regions. Sludges are derived from different treatment plants and
this leads to complexity and variation in any comparison. A compre
hensive analysis is necessary to fully evaluate microplastics in sludges
because of differences in factors such as regional economic level, social
conditions, population equivalents, and wastewater treatment plant
design.

mm (especially < 100 μm) should be of greater concern in future studies
on the biological toxicity and transport of microplastics in soils.
All microplastics were classified into five types by shape: fibers,
fragments, films, granules, and spheres. The percentage of fibers was
higher than that of other shapes in all treatments (66.7–82.5 %). An
earlier survey also found that fibers accounted for the vast majority (97
%) of the microplastics in soil following long-term sludge application
(Corradini et al., 2019). Most of these fibers might be derived from
textiles during use and washing before entering the treatment plants and
then eventually transferred to the soil (Henry et al., 2019). The diversity
of microplastics types in soil reflect different sources and regions (Yu
et al., 2021). In a long-term mulching soil, films were the main type of
microplastics (Wang et al., 2021). Fragments and films were the main
shapes of microplastics in agricultural soils at Shouguang city, Shandong
province, northeast China (Yu et al., 2021). Importantly, microspheres
were found in all sludge-amended soil samples but were not found in
repeatedly manure-amended soil (Yang et al., 2021b). Microspheres do
not seem to be as common as other shapes of microplastics in agricul
tural soils (Lv et al., 2019; Piehl et al., 2018; Liu et al., 2018; Zhang and
Liu, 2018). Corradini et al. (2019) also found microspheres in soils after
ten years of sludge application in Chile. The plastic spheres were likely
derived from sewage treatment plants. Previous studies have found that
synthetic fibers are indicators of sludge application to soils (Zubris and

3.2. Characteristics of microplastics in soils treated with different sludges
3.2.1. Size and shape distribution of microplastics in soils
All four soil treatments contained microplastics, regardless of
whether or not they received sludges. Microplastics were classified into
different groups by size and shape (Fig. 3). The percentages of particle
size between 1 and 3 mm made up the majority in the control (56.8 %)
and FSS1 (55.9 %) plots. This result is similar to the distribution of
microplastics in farmlands on the coastal plain of Hangzhou Bay, east
China (Zhou et al., 2020). Numerous studies have found that most
microplastics (>80 %) in the soil are < 1.0 mm (Choi et al., 2020; Wang
et al., 2021; Yu et al., 2021). Here, microplastics <1.0 mm in FSS2 and
DSS accounted for 59.1 and 44.7 %, respectively. Microplastics <100 μm
were found in all four treatments (4.5–9.1 %). Smaller microplastics
have a larger surface area to adsorb more contaminants and facilitate
ingestion by soil invertebrates (Li et al., 2021). Thus, microplastics <1.0

Fig. 3. Percentages of microplastics by (a) size and (b) shape in control (CK), FSS1, FSS2, and DSS treatments; CK, unamended soil; FSS1, fresh sludge-treated soil
(municipal sludge); FSS2, fresh sludge-treated soil (mainly industrial sludge); and DSS, dried municipal sludge-treated soil.
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regularity of aging of microplastics in agricultural soils is similar to that
in manured soils and sediments (Yang et al., 2021b; Chouchene et al.,
2019). UV radiation, temperature, mechanical action and microbial
processes were the main factors affecting degradation (Chai et al., 2020;
Zhou et al., 2018). Fragments in soil amended with municipal sludge
(FSS1) showed some tearing cracks that may be related to the environ
ment or polymer type. PA fibers exhibit greater susceptibility to
degradation than PES fibers (Sørensen et al., 2021). Further studies are
needed to verify whether the morphology of microplastics in amended
soils is related to the source of the sludge. Weathered microplastics may
provide conditions conducive to microbial colonization and adsorption
of pollutants (Tu et al., 2020; Mao et al., 2020).

Richards, 2005). At present, it is known that there are many sources of
microfibers (synthetic fibers) in soils, and microspheres may be a more
suitable indicator of soils amended with sludge.
3.2.2. Composition distribution of microplastics in soils
Eight compositions of microplastics were found in the soil after longterm sludge application (Fig. S1.). As shown in Fig. 4 the majority were
polyester (PES) and polypropylene (PP). If all the extracted micro
plastics are counted together, these two compositions account for ~80 %
of the total. Polyacrylonitrile (PAN) was pervasive in all treatments.
Polyethylene (PE) was found in FSS1 and FSS2. Polyamide (PA) was
found in CK and DSS plots, and a small amount of polystyrene (PS) was
found in treatment FSS2. Poly(styrene:acrylate) (PS-AC) microspheres
were found in all sludge treatments. These colored microspheres are
used in makeup personal products to improve aesthetics (Lassen et al.,
2015). Previous studies (Lusher et al., 2018) show that many of the
microspheres (mainly PE) found in sludges are derived from personal
care and cosmetic products (PCCPs). Polyacrylate (PAC), a flexible
polymeric molecular structure, can also form a flexible membrane
structure to improve the performance of cement slurry (Wang and Wang,
2008). Previous studies also found that PS-AC is widely used to improve
cement mortars and coatings (Wang and Wang, 2008; Zhang et al.,
2013). PS-AC is carried into the soil from sludges and has not been found
in conventionally fertilized soils. The current study is the first to report
poly(styrene:acrylate) microspheres in soil amended with sludge. A
previous study found that these compositions of microplastics occurred
in sludges (Xu et al., 2020). These microspheres may be transferred
through the sludge into the soil and originate from cement mortars,
coatings, or PCCPs. Further research is needed to determine the sources.

3.3. Abundance of microplastics in soils
Compared with unamended soil (40.2 ± 15.6 particles kg− 1), the
application of sludge (68.6 ± 21.5–149.2 ± 52.5 particles kg− 1) resulted
in the accumulation of microplastics in the soil (Table 1). Zhang et al.
(2020) found that the abundances of microplastics in farmland (545.9
and 87.6 particles kg− 1) after annual application of 30 and 15 t ha− 1 of
sludge were significantly higher than in unamended soil (5.0 particles
kg− 1). There is sufficient evidence to conclude that sludge application
aggravates soil microplastic pollution. The abundances of microplastics
in FSS1 were 149.2 ± 52.5 particles kg− 1, significantly higher than in the
other treatments. The accumulation of fibrous microplastics in the soil is
the main cause of the accumulation of microplastics in FSS1. These re
sults are also consistent with the characteristics of microplastics in the
corresponding sludge. In contrast to other studies, our agricultural field
is situated far from residential areas and is separated by rivers to the east
and this may explain the relatively small amounts of microplastics in the
soil. Our results show that the abundance of microplastics in soil with
repeated application of sewage sludges is not only related to the fre
quency of application but also to the source of the sludge.
Overall, the abundance of microplastics in amended soils is related to
that in the sludges applied to the soils and this has been verified in other
studies (Corradini et al., 2019; van den Berg et al., 2020). Corradini et al.
(2019) found that the abundance of microplastics was 3500 particles
kg− 1 a− 1 in soil amended with a total of 200 t dry sludge ha− 1. In our

3.2.3. Surface morphology of microplastics in soils
Fibers and fragments were selected for further study. Their surfaces
were further observed to obtain the microscopic morphology charac
teristics of microplastics in soil fertilized with sludges from different
sources (Fig. 5). Microplastic surfaces in the soil showed different de
grees of degradation irrespective of the source of sludge applied. Frac
tures and many cracks were observed on fragment surfaces unlike the
fibers which showed more roughness and uneven protrusions. The

Fig. 4. Percentages of microplastics by composition in CK, FSS1, FSS2, and DSS treatments (CK: unamended soil; FSS1, fresh sludge-treated soil (municipal sludge);
FSS2, fresh sludge-treated soil (mainly industrial sludge); DSS, dried municipal sludge-treated soil.
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Fig. 5. Surface morphologies of fiber and fragment microplastics from the different soil treatments using scanning electron microscopy (A, B, C and D represent
microplastics from CK, FSS1, FSS2. and DSS, respectively; X1-1,1–2 are fibers and their enlarged image and X2-1,2-2 are fragments and their enlarged images,
respectively (X: A, B, C, D); CK, unamended soil; FSS1, fresh sludge-treated soil (municipal sludge); FSS2, fresh sludge-treated soil (mainly industrial sludge); and
DSS, dried municipal sludge-treated soil.

manure-amended soil. Soil microplastic pollution induced by sludges
is of particular interest and suitable measures must be devised to control
the abundance of microplastics in sludges used in agriculture.

Table 1
Abundances of different shapes of microplastics in the four treatments.
Treatment
Control
FSS1
FSS2
DSS

Particles kg−

1

Total

Fibers

Fragments

Films

Granules

Spheres

40.2 ±
15.6 b
149.2
± 52.5a
68.6 ±
21.5 b
73.1 ±
15.4 b

32.5 ±
11.5 b
123.3
± 56.0a
45.6 ±
4.3 b
49.0 ±
17.6 b

6.6 ± 6.7a

0.0 ±
0.0a
0.0 ±
0.0a
1.0 ±
1.7a
0.0 ±
0.0a

1.1 ±
1.9a
2.1 ±
1.8a
2.1 ±
1.8a
0.0 ±
0.0a

0.0 ±
0.0a
9.3 ±
5.2a
5.3 ±
6.6a
3.3 ±
5.7a

14.5 ±
1.4a
14.7 ±
14.8a
20.8 ±
7.1a

4. Conclusions
The abundance and characteristics of microplastics in different
sources of sludge and sludge-amended soil were investigated. The results
confirm that fibers were the predominant shape of microplastics in the
sludges and soils examined. The application of sludge introduces poly
(styrene:acrylate) microspheres into the soil. The abundance of micro
plastics in sludge-amended soil is related to the specific sludges applied.
The abundance of microplastics in sludge is affected by sources and
seasons. Agricultural application of sludge leads to the accumulation of
microplastics in terrestrial ecosystems. Further studies are required to
fully elucidate the pollution risks to humans from microplastics in
sludge-amended soils, especially the risk from poly (styrene:acrylate)
microspheres.

Within the same column, mean values followed by the same letter are not
significantly different by Duncan’s multiple range test at the 5 % protection
level; control, unamended soil; FSS1, fresh sludge-treated soil (municipal
sludge); FSS2, fresh sludge-treated soil (mainly industrial sludge); and DSS,
dried municipal sludge-treated soil.

study field, the soil to which the sludge was applied for nine years (~6 t
ha− 1 a− 1 dry sludge) contained an average of 3.2–12.1 particles kg− 1
a− 1. These results are similar to those of Corradini et al. (2019) when
adjusted to the same amount of sludge. If the soil bulk density is assumed
to be 1.2 g cm− 3 (regardless of the effect of sludge application),
microplastics introduced into the topsoil in sludge might reach 7.7–29.0
million particles ha− 1 a− 1. This is much higher than the number of
microplastics found by Yang et al. (2021b) in long-term
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