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• Systematic analysis of 65 studies reporting
on microplastics in sludge and biosolids

• Microplastic in sludge, biosolids and soil
quantified across 25 countries

• Microplastic concentrations varied widely
and spanned 6 orders of magnitude.

• 6.44 × 108 to 1.67 × 1012 microplastics
were present per 1000 t sludge.

• Up to 6430 t of plastic are released to land
globally through biosolid recycling
per year.
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Microplastics have been reported in wastewater treatment works across the world. The majority of microplastics are
removed during the wastewater treatment process, with removal efficiencies between 57 % to 99 %. What happens
to themicroplastics removed from the wastewater, and how they accumulate in sewage sludge and biosolids (by-prod-
ucts of the wastewater treatment process), remains a topic of high interest. Here we systematically reviewed the cur-
rent state of knowledge on the presence, concentration, and characteristics of microplastics in sewage sludge and
biosolids globally to understand how biosolids may act as a pathway for microplastic pollution to soils. A systematic
search was performed on theWeb of Science and Science Direct databases. Sixty-five studies reporting onmicroplastic
pollution in sewage sludge and biosolid products were identified, spanning twenty-five countries. Reported
microplastic concentrations varied considerably from 0.193microplastics/g to 1.69× 105 microplastics/g with a me-
dianmicroplastic concentration of 22.41microplastics/g, illustrating howmanymicroplastics are captured during the
wastewater treatment process, and retained in the sewage sludge. The extent to which biosolid recycling pollutes the
terrestrial environment was compared between countries. High numbers of microplastics were estimated to reach
fields via biosolid application with a wide variation of 8.2× 1010 to 1.29 × 1015 microplastics/year between sixteen
countries, although there was no significant difference in microplastic concentration between fields with a history of
biosolid applications and control fields. The comparative risk this delivery of approx. 0.4 to 6430 tonnes of
microplastics poses compared to the environmental benefits of nutrient and carbon recycling associated with biosolids
reuse, or compared to other sources of microplastic pollution remains a global research imperative. The next step in
scientific research needs to focus on solutions to the biosolid and circular economy conundrum – biosolids are a valu-
able source of nutrients but contain high concentrations of microplastics, which are ultimately entering the terrestrial
environment.
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1. Introduction

Microplastics are a contaminant of emerging concern (Wagner and
Lambert, 2018), and are found in various environmental settings at increas-
ing concentrations (Catarino et al., 2021). Despite most research on
microplastics being concentrated in the marine environment, 80 % of ma-
rine plastic debris is transported to the oceans from land-based sources
such as rivers (Li et al., 2016; Horton et al., 2017). To tackle microplastic
contamination in freshwater and marine environments we need to under-
stand their sources, pathways, and fate in wastewater systems as well as
spatial distributions and concentrations (Woodward et al., 2021), this is
crucial to determining environmental exposure and associated risks, as
well as enabling efficient intervention measures.

Microplastics can act as a vector for chemical and biological contami-
nants, creating a potential exposure route for the transfer of contaminants
from the environment to organisms (Xie et al., 2021; McCormick et al.,
2014). Microplastic components such as monomers and additives (plasti-
cizers, flame retardants, antioxidants), which can be hazardous to human
and environmental health, may be released when microplastics enter the
environment (Yu et al., 2020). Currently, there is limited information re-
garding the leaching of chemicals from microplastics into the environment
and uptake into the food chain. The risks posed to human health by
microplastics, and their chemical additives, are largely unknown
(Catarino et al., 2021; Galloway, 2015), however, for a thorough under-
standing of the risks posed by microplastics, their distribution patterns
and pathways to the environment need further study (Roscher et al., 2022).

Microplastics, plastic particles or fibres <5000 μm, is a general term
used to describe a large and complex suite of contaminants, originating
frommany different product types and sources andwhich consist of varying
shapes, sizes, molecular structures, and characteristics (Rochman et al.,
2019). Microplastics can be intentionally manufactured to <5000 μm (pri-
mary microplastics) or formed from the fragmentation, of larger plastic or
plastic-containing items (Harley-Nyang et al., 2022) through physical,
chemical, and biological processes during exposure to the environment
(Liu et al., 2022).
2

1.1. Microplastics in wastewater treatment works

Wastewater treatment works (WwTWs) are an important pathway for
the release of microplastics to the terrestrial environment via final effluent
release, combined sewer overflows, or through the recycling of sewage
sludge (biosolids) to agricultural land (Harley-Nyang et al., 2022).

Microplastics have been reported in wastewater influent, with concen-
trations ranging considerably between 0.631 particles/l (Magnusson
et al., 2016) to 1.3 × 105 microplastics/Litre (Hansen and Vollertsen,
2017). These microplastics can originate from different sources such as
domestic, industrial, or surface water runoff when sewerage systems are
combined.

Despite the high concentration identified in the influent, WwTWs have
been found to be (unintentionally) effective at removingmicroplastics from
thewastewater streamwith removal efficiencies of 57%–99% reported fol-
lowing secondary treatment processes (Carr et al., 2016; Gies et al., 2018;
Liu et al., 2019). The high removal efficiency of microplastics from waste-
water indicates that most are captured during wastewater treatment and
retained in the sludge (Sun et al., 2019). Sewage sludge is the solid by-
product generated from the treatment of wastewater and consists of pri-
mary sludge (faecal matter) and activated secondary sludge (biomass)
(UK Water, 2010).

1.2. Management and use of biosolids

In the European Union (EU), sludge produced from the wastewater
treatment process can enter the terrestrial environment through the three
main disposal routes; incineration, landfill, and recycling (Aubain et al.,
2002). Globally, sludge can be treated before disposal either partially
(dewatering), fully (stabilisation) or in some cases it is not treated at all.
Within Europe, when sewage sludge is used in agriculture, it is treated
prior to being applied to land (unless it is injected or worked into soils
under certain conditions) to minimise the risk to human health (Council
Directive 86/278/EEC, 1986; Department for Environment, Food and
Rural Affairs, 2018).
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Once sewage sludge has undergone a treatment process (to reduce the
water and pathogen content), a material known as a biosolid is produced.
This can be used as a replacement for manufactured fertilisers and recycled
onto agricultural land. Biosolids contain organic matter essential for
healthy, productive soils and their application to land can improve soil
quality, structure, drainage, and available water capacity. Biosolids are
also a valuable source of nutrients, such as nitrogen and phosphorous, for
soils, especially those depleted of nutrients or subject to erosion (Assured
Biosolids Ltd, 2019). The recycling of treated sludge, or biosolids, to agri-
cultural land is promoted by many countries. The European Union (EU)
and United Kingdom (UK) Government considered it the best environmen-
tal option inmost circumstances (AssuredBiosolids Ltd., 2019). In addition,
the recycling of biosolids to land is an integrated part of the circular econ-
omy concept (Collivignarelli et al., 2019). Globally only a small proportion
of sludge is regulated for reuse as a biosolid, and this can be foundmainly in
developed countries (Drechsel et al., 2015). Around 77 % of sewage sludge
is reused in the EU (either through recycling to land or energy generation)
with 50 % of sewage sludge recycled to agricultural soils (European Com-
mission, 2020a, 2020b), however, how much each country recycles varies
from 0 %–100 % (European Commission, 2020a, 2020b). Due to concerns
regarding the presence of contaminants in biosolids, themajority of all sew-
age sludge produced is incinerated in the Netherlands (Leslie et al., 2017;
Rolsky et al., 2020; Eurostat, 2022). In the UK 96 % of sewage sludge is
treated and recycled to land (GOV.UK, 2020), while in China <3 % is
recycled and >80 % is mismanaged or improperly dumped (Drechsel
et al., 2015; Yang et al., 2015).

1.3. Microplastics in sewage sludge and biosolids

In Europe, the main sources of nitrogen input to agricultural soils are
manufactured inorganic mineral fertilisers (40 %), followed by livestock
manure (17 %) while biosolids represent <2 % of nitrogen inputs to soils
(Misselbrook et al., 2019). Aswell as containing beneficial nutrients, sludge
and biosolids can contain pollutants including heavy metals, pathogens,
and emerging contaminants such as microplastics (Aubain et al., 2002). It
is suggested the recycling of biosolids to land can create a pathway for
microplastic contamination of agricultural soils, with soils acting as a likely
reservoir of microplastic pollution (Hurley et al., 2018a, 2018b).

Despite these concerns, there is a need for robust and comparable re-
search on the concentration, composition, and diversity of microplastics en-
tering the environment, while research on the fate and behaviour of
microplastics in biosolids and subsequent concentrations in soils are
lacking (Horton et al., 2017). There is limited knowledge of the pollu-
tion pathways of microplastics in biosolids, levels of exposure and
risks to terrestrial habitats and human health (Mahon et al., 2017b).
Consequently, there is a lack of sufficient evidence to assess the compar-
ative risk of recycling biosolids to land compared to the benefits of
resource recycling from a regulatory perspective (Assured Biosolids
Limited, 2018; Nicholson et al., 2018).

Further research is required to determine the characteristics, concentra-
tion, and fate of microplastics in biosolids (Assured Biosolids Limited,
2018), as a source of microplastic pollution to agricultural soils. Further un-
derstanding of the fate and behaviour ofmicroplastics in agricultural soils is
required, and their subsequent mobilisation and transfer to nearby
waterbodies (Horton et al., 2017; House of Commons Environmental
Audit Committee, 2016).

1.4. Aim of review

The aim of the studywas to conduct a systematic reviewof the literature
and provide a summary of the current state of knowledge on the presence,
concentration, characteristics, and distribution of microplastics in sewage
sludge globally, and identify evidence gaps and areas requiring future re-
search. An overview of the current extent of microplastic pollution in sew-
age sludge and biosolids, provided by data gathered from an extensive
collation of a wide range of research published globally, will present details
3

on biosolids as a potential environmental exposure pathway for terrestrial
microplastic pollution and associated risks. To the best of our knowledge,
an extensive systematic search such as this has not previously been
performed.

A systematic literature review presents a meticulous summary of all pri-
mary research in response to a question and assists in establishing the state
of existing knowledge of a topic. It involves a detailed and transparent plan
and search strategy, with the aim to reduce bias by identifying, selecting,
and analysing all relevant studies on a particular topic. Selected studies
are synthesised, and data or findings are objectively presented. A system-
atic review is based on a peer-review protocol so that it can be replicated
(Bettany-Saltikov, 2012; Clarke, 2011; Uman, 2011).

1.5. Research questions

The main research question the review aims to address is:

• What is the current state of knowledge regarding the presence, concentra-
tions, characteristics, and distribution of microplastics in sewage sludge
and biosolids globally, and can a robust data set be produced from data
obtained from research studies, to provide evidence on the concentration
of microplastics in sludge and biosolids?

In addition to the main research question, we aim to establish further
detailed knowledge by addressing the following questions:

• What role do biosolids play in acting as a pathway for microplastics to
enter the terrestrial environment during biosolids recycling?

• Is the presence of microplastics in sewage sludge and biosolids a signifi-
cant source of microplastics to the terrestrial environment?

2. Method

The literature search process was based on methods by Koelmans et al.
(2019) and Foley et al. (2018). Two different databases were searched: Sci-
ence Direct and Web of Science. A set of criteria were developed to assist
the search for all relevant articles and research. Full criteria statements
are presented in Supplementary Information (S2).

2.1. Search process

To ensure no relevant studies were missed, a two-step search process
was performed.

1. The first step involved searching the databases through the ‘Advanced
Search’ option and using specific keywords. The title and abstract were
reviewed for each result and the article was accepted if it met the estab-
lished criteria. If it was unclear whether the article met the criteria from
the title and abstract search alone, a more thorough search of the
article's contents was performed.

2. The second step was performed on the reference list of all the accepted
articles, if the title looked appropriate, the article was searched and
the abstract and content reviewed if required. The article was accepted
if it met the criteria. This step was repeated on all reference lists of
new articles accepted from previous reference searches until no new ar-
ticleswere discovered. This repeated reference search is known as ‘back-
ward snowballing’ (Wohlin, 2014).

The search was performed using a set of strings in each data base:

1. Science Direct: In ‘Advanced Search’ the following search was performed
for all years up until present in the ‘Title, abstract or author-specific key-
words’ search; “(‘microplastics’ OR “PLASTICS”) AND (‘SLUDGE’ OR
‘sewage’ OR ‘BIOSOLIDS’)”.

2. Web of Science: In ‘Advanced Search’ the following searchwas performed
for all years up until present; Title = (“microplastics” OR “plastics”)
AND Title = (“sludge” or “sewage” or “wastewater” or “biosolids”).
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2.2. Abstract and reference screening results

A searchwas carried out inAugust 2020. Following the keyword search,
Science Direct andWeb of Science delivered 272 and 111 hits, respectively.
Twenty-nine articles were accepted based on the articles meeting the
criteria set out in the supplementary information. Following the reference
search, another seven articles were accepted generating a total of thirty-
six articles accepted following both searches. In March 2022, the search
was updated, and an additional twenty-nine new papers were accepted fol-
lowing a new database and reference list search.

2.3. Data extraction

All accepted articles were read thoroughly, and relevant information
and data were extracted for further analysis to address the questions
and aims. If results from a study were reported as a bar graph (rather
than exact results), data mining software was used to extract the data
from the graph. In this case, Automeris Web Plot Digitizer (Version
4.3) was used to extract underlying numerical data from graphs
(Rohatgi, 2020).

2.4. Data synthesis

All data on microplastic concentration in different sludge samples were
collated together in Table 1, a more detailed table including additional rel-
evant information such as microplastic characteristics, sample location,
sludge treatment before collection and wastewater microplastic concentra-
tions (when reported) is included in the supplementary information,
Table S1. The microplastic concentrations in sludge were mostly either re-
ported in number/kg (microplastics/kg) or number/g (microplastics/g),
however, a small number of studies reported microplastic number/L
(microplastics/L). For comparison purposes during data analysis, the
microplastic number/kg was converted to microplastic number/g, while
studies that reported values of microplastic number/L were included in
the results Table 1 but excluded from the data analysis due to difficulties
in comparing the results. Each study was allocated a number for future ref-
erence and comparison between the graphs and Table 1.

All graphs, statistical analysis and descriptive statistics were carried
out using GraphPad Prism version 9.2.0 (332) for Windows, GraphPad
Software, San Diego, California USA, www.graphpad.com. Graphs pre-
senting results with large variations were plotted on a log10 scale, this
is for easier visual interpretation. Due to the large range in reported
values between studies, which span multiple orders of magnitudes, a
logarithmic graph better presents data on one graph and improves trans-
parency (GraphPad Software, LLC, 2021). Scatter plot column graphs
were used to present the data for microplastic concentration. For each
of these graphs, individual values were plotted to improve transparency
and allow for individual interpretation (The Company of Biologists Ltd.,
2021), the columns represent the median values, and error bars (when
present) present the 95 % confidence levels. The median (geometric
mean) was chosen to be represented over the mean because it is a
more robust measurement of the central value, being less sensitive to
outliers and more suitable for asymmetric distributions (The Company
of Biologists Ltd., 2021). The error bars present on the graphs depict
the 95 % confidence level, this is recommended (over the standard
error mean) to show a more realistic summary of variation (The
Company of Biologists Ltd., 2021). The 95 % confidence levels also
allow visible interpretation of statistical difference, if the error bars do
not overlap, this indicates statistical difference (The Company of
Biologists Ltd., 2021).

3. Results and discussion

The data on the microplastic concentration and characteristics were
gathered from sixty-five studies, spanning twenty-five different countries.
The methods adopted for sample collection, processing, and the reporting
4

of data, varied considerably between studies. Microplastics are complex
materials originating from many different products and composed of a di-
verse range of polymers (of different densities) and additives. In addition,
the size of microplastics can range from 1 μm to 5000 μm and come in a va-
riety of shapes (Koelmans et al., 2020). Because of this the definition of
microplastic differs between studies and is usually subject to methodologi-
cal limitations. The analytical techniques, and hence size range, adopted by
studies varied widely creating discrepancies between data and increasing
the complexities in interpreting the data. This creates challenges in
assessing the risk posed by microplastics to the environment (Koelmans
et al., 2020).

As shown in Table 1, the result reported by Vollertsen and Hansen
(2017) (a microplastic concentration of 1.69 × 105 MPs/g dry weight
(dw) of sludge), is elevated compared to all other results, being 22×higher
than the next highest individual concentration of 7.65 × 103 MPs/g
(dw) reported by Horton et al. (2021). The elevated concentration
may be down to the (semi-automated) methodology adopted by these
studies, such as the use of Fourier Transform–Infrared (FT-IR) spectros-
copy combined with a microscope equipped with a Focal Plane Array
(which is able to scan a slide and produce a spectral map), or the addi-
tion of a cellulose digesting enzyme prior to the digestion process to im-
prove the clarity of samples during analysis. However, the higher
microplastic concentrations reported may be influenced by other, un-
known, variables. In the study by Vollertsen and Hansen (2017), a rela-
tively low number of microplastic particles (twenty-nine) were
identified across five samples from the study, and due to the limited
sample size, observed differences could be down to random variability
(Vollertsen and Hansen, 2017).

The high microplastic concentration reported by Vollertsen and Hansen
(2017) significantly affected the data analysis in this review, by elevating
themean values considerably, because of this, results including and exclud-
ing the microplastic concentration identified by Vollertsen and Hansen
(2017) were reported.

3.1. Study location

Sixty-five studies spanning twenty-five countries across theworld inves-
tigatedmicroplastics in sewage sludge, either as the focus of the research or
as an additional investigation when researching microplastics in wastewa-
ter or environmental samples. Of these, 29 % were carried out in China,
8 % in Spain and 6 % in Australia.

The number of studies per country is visually represented in the map
in Fig. 1. Research on microplastics in sewage sludge is more common in
China and Europe with a lack of studies in Central and South America,
Asia, the Middle East, and Africa. Of all the countries where
microplastic research has taken place, 19 % have conducted only one
study (this includes many European countries). The lack of studies car-
ried out in some countries provides a limited indication as to whether
sludge and biosolids are a significant source of microplastic in the ter-
restrial environment.

Most studies (nineteen) were carried out in China, where sludge pro-
duction per capita is low and sludge management is poor, with >80 % of
sludge disposed of improperly and only 2.4 % recycled to land (Yang
et al., 2015). Formal recycling of sludge as a biosolid for agriculture is gen-
erally only documented in developed countries, where data for research
purposes is more widely available (including data on sludge production
and end usage/disposal). In the drive for sustainable sludge treatment
and management options, the recycling of sewage sludge to land as a bio-
solid is often encouraged by governments and unions (European Commis-
sion, 2020a, 2020b). Where sludge reuse is encouraged, there is a rise in
concern regarding the presence of emerging contaminants and persistent
and toxic chemicals in biosolids. This may lead to implications on the qual-
ity of the biosolid regarding the potential environmental and human health
risks. The implications and the risk to the bioresource market may be be-
hind the drive in microplastic research in biosolids in these countries
(Nicholson et al., 2018; Assured Biosolids Ltd., 2018).

http://www.graphpad.com


Table 1
All studies identified in the literature search, and microplastic concentration reported. Additional information on country, microplastic size and sludge type is included.

Study
number

Study Country MP reporting
size (μm)

Sludge type MP concentration in sludge

1 Hongprasith et al. (2020) Thailand 300–4750 Secondary sludge 103.4 pieces/L
2 Murphy et al. (2016) Scotland <5000 Sludge cake 0.8 MPs/g

Sludge 1.6 MPs/g
3 (Mahon et al., 2017a) Ireland

(REP)
250–4000 Thermally dried sludge 10.012 MPs/g (dw)

6.504 MPs/g (dw)
15.396 MPs/g (dw)
4.197 MPs/g (dw)

Anaerobically digested sludge 2.743 MPs/g (dw)
5.156 MPs/g (dw)

Lime stabilised sludge 14.064 MPs/g (dw)
10.012 MPs/g (dw)

4 Zhang et al. (2020) China 200–5000 Dewatered sludge Avg. 2.53 items/g
Raw sludge compost 0.353 items/g
Semi-finished sludge compost 0.708 items/g
Finished sludge compost 0.246 items/g

5 Sujathan et al. (2017) Germany 20–500 Return activated sludge 495 particles/g (dw).
6 Wiśniowska et al. (2018) Poland 109–<5000 Digested sludge 62.6 particles/g (dw)

Stabilised sludge 15.8 particles/g (dw)
Stabilised sludge 28.3 particles/g (dw)
Stabilised sludge 6.7 particles/g (dw)
Stabilised sludge 27.7 particles/g (dw)
Stabilised sludge 52.6 particles/g (dw)

7 Brandsma et al. (2013) Netherlands 1–5000 – 0.76 particles/g (ww)
0.51 particles/g (ww)
0.66 particles/g (ww)

8 Lusher et al. (2017) Norway >50 μm Stabilised and dewatered sludge 19.898 particles/g (dw)
Stabilised and dewatered sludge 8.237 particles/g (dw)
Stabilised and dewatered sludge 2.475 particles/g (dw)
Stabilised and dewatered sludge 2.78 particles/g (dw)
Dewatered raw sludge 2.949 particles/g (dw)
Stabilised and dewatered sludge 7.966 particles/g (dw)
Dewatered sludge 1.695 particles/g (dw)
Dewatered raw sludge 2.915 particles/g (dw)

9 Magnusson and Norén (2014) Sweden >300 Dewatered sludge 16.7 MPs/g (dw)
10 Van Echelpoel et al. (2014) Belgium >15 – 289 plastics/g (dw)
11 Vollertsen and Hansen (2017) Denmark 20–500 Anaerobically digested sludge 169,000 particles/g (dw)
12 Chen et al. (2020) China <300–5000 Dewatered raw sludge 74 MPs/g (dw)

Hyperthermophilic composted sludge 41.565 MPs/g (dw)
Conventional thermophilic composted sludge 70.783 MPs/g (dw)

13 Li et al. (2019a) China – Dewatered sludge 13.787 particles/g (dw)
Dewatered sludge 15.08 particles/g (dw)
Dewatered sludge 37.463 particles/g (dw)

14 Corradini et al. (2019) Chile >8 Dewatered, dried sludge (end product) 34 particles/g (dw)
15 Edo et al. (2020) Spain 25–5000 Anaerobically digested (wet) sludge 314 MPs/g (dw)

Heat dried anaerobically digested sludge 302 MPs/g (dw)
16 Talvitie et al. (2017) Finland 100–>3000 Anaerobically digested (wet) sludge 76.3 ML particles/g

Dried/dewatered sludge 186.7 ML/particles/g
17 Mintenig et al. (2017) Germany <500–>500 Drained sludge 1 MP/g (dw)

8.22 MP/g (dw)
3.162 MPs/g (dw)
5.1 MPs/g (dw)
24 MPs/g (dw)
13.75 MPs/g (dw)

18 Raju et al. (2020) Australia >1.5–>1000 Waste activated sludge (primary & secondary sludge) 7.91 MPs/L
19 Jiang et al. (2020) China 20–5000 Rag sludge (does not enter WwTWs) 24.2 particles/g

Raw sludge 5.8 particles/g
Return activated sludge 36.3 particles/g
Sludge cake 46.3 particles/g

20 Xu et al. (2020) China >5 Anaerobically digested dehydrated sludge Avg. 4.044 particles/g (dw)
21 Leslie et al. (2017) Netherlands – – 0.51 particles/g (ww)

0.76 particles/g (ww)
0.66 particles/g (ww)

22 Hayany et al. (2020) Morocco <500–>2000 Fresh sludge 40.5 particles/g (dw)
Dewatered sludge 36 particles/g (dw)

23 Lv et al. (2019) China >25–>500 Excess raw sludge 0.72 MP/L
Excess raw sludge 4 MP/L

24 Li et al. (2018) China >37 Dewatered sludge Avg. 22.7 particles/g (dw). Range 1.6–56.4
particles/g

25 Naji et al. (2021) Iran 3–5000 – 6.57 MPs/g (dw)
5.57 MPs/g (dw)

26 Lares et al. (2018) Finland <250–>5000 Activated sludge 23.0 MPs/g (dw)
MBR sludge 27.3 MPs/g (dw)
Digested sludge 170.9 MPs/g (dw)

(continued on next page)
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Table 1 (continued)

Study
number

Study Country MP reporting
size (μm)

Sludge type MP concentration in sludge

27 Gies et al. (2018) Canada >1 Primary sludge 14.9 MPs/g
Secondary sludge 4.4 MPs/g

28 Bretas Alvim et al. (2020) Spain 150–5000 Activated sludge 112 MPs/g (dw)
29 Q. Li et al. (2019) China 2–5000 – Avg. 8.7 items/g
30 Van den Berg et al. (2020) Spain 50–1000 – 73 MPs/g

4.83 MPs/g
21.84 MPs/g
22.65 MPs/g

31 Kazour et al. (2019) France <20–>500 – 16.13 suspected MPs/g (dw)
32 Magni et al. (2019) Italy 10–5000 Recycled activated sludge 113 MPs/g (dw)
33 Liu et al. (2019) China 20–5000 Raw activated sludge (primary + secondary) 240.3 MPs/g (dw)
34 Crossman et al. (2020) Canada >1.6 Biosolid Avg. 14.1 MPs/g (dw)

Avg. 8.68 MPs/g (dw)
35 Carr et al. (2016) USA – WRP 1: Return Activated sludge 0.05 MPPs/L

WRP 1: Primary tank skimmings 5 MPP/g
WWTP: Primary and secondary tank skimmings 4 MPPs/g
WWTP: Biosolid 1 MPP/g

36 Lee and Kim (2018) Korea 106 > 300 Dehydrated sludge cake 14.895 MPs/g
Dehydrated sludge cake 9.475 MPs/g
Dehydrated sludge cake 13.2 MPs/g

37 Rasmussen et al. (2021) Sweden >10 Digested sludge Avg. 1413 MPs/g (dw)
38 X. Ren et al. (2020) China 8–1000 Dewatered sewage sludge 220 particles/g (dw)
39 P.J. Ren et al. (2020) China 80–5000 Dewatered digested sludge 2.92 MP/g
40 Tagg et al. (2022) Germany >100 Sewage sludge 97.66 MPs/g (dw)
41 Ziajahromi et al. (2021) Australia >25 Primary sludge Avg. 31.1 particles/g (dw)

Activated sludge Avg. 41.3 particles/g (dw)
Digested sludge Avg. 52.1 particles/g (dw)

42 Yang et al. (2021a) China 1–5000 Primary sludge 10.12 No./g (dw)
Final dewatered sludge 1.02 No./g (dw)

43 Wei et al. (2022) China <5000 Preliminary sludge Avg. 0.4915 n/g
Primary sludge Avg. 0.0595 n/g
Secondary (cyclic activated sludge) sludge Avg. 0.0275 n/g

44 Okoffo et al. (2020) Australia <5000 Biosolid 75.3 mg/g (dw)
45 Li et al. (2022) China – Raw sludge 7.6 n/g (dw)

Anaerobically digested sludge 7.5 n/g (dw)
Raw sludge 11.1 n/g (dw)
Thermally dried sludge 10.6 n/g (dw)
Raw sludge 4.2 n/g (dw)
Hydrolysed sludge 5.4 n/g (dw)
Composting sludge 7.2 n/g (dw)

1.7 n/g (dw)
1.9 n/g (dw)
1.9 n/g (dw)

Fully composted sludge 1.5 n/g (dw)
46 Vardar et al. (2021) Turkey <2000 Biosolids 32 MPs/g
47 Schell et al. (2022) Spain >50 Final biosolid 7 MPs/g (dw)
48 Harley-Nyang et al. (2022) England 50–5000 Raw sludge 107.5 MPs/g (dw)

Thickened 50.2 MPs/g (dw)
Anaerobically digested sludge 180.7 MPs/g (dw)
Secondary digested sludge 286.5 MPs/g (dw)
Anaerobically digested biosolid 97.2 MPs/g (dw)
Dewatered raw sludge 74.7 MPs/g (dw)
Lime stabilised biosolid 37.7 MPs/g (dw)

49 Yuan et al. (2022) China – S1; Preliminary sludge, S2; primary sludge, S3; secondary sludge, S4;
Excess sludge, S5; dehydrated sludge cake

S1; 6.74 MP/g (dw), S2; 11.04 MP/g (dw),
S3; 6.78 MP/g (dw), S4; 6.32 MP/g (dw),
S5; 13.06 MP/g (dw).
Avg. 7.4 MPs/g (dw)

S1; preliminary sludge, S2; primary/excess sludge after cyclic
activated sludge technology tank, S3; secondary/excess sludge, S4;
tertiary sludge, S5; final dehydrated sludge

S1; 6.31 MP/g (dw), S2; 19.47 MP/g (dw),
S3; 10.34 MP/g (dw), S4; 7.69 MP/g (dw),
S5; 14 MP/g (dw).
Avg. 11.38 MPs/g (dw)

S1; preliminary sludge, S2; primary sludge, S3; secondary/excess
sludge, S4; secondary sludge, S5; final dehydrated sludge

S1; 12.52 MP/g (dw), S2; 15.63 MP/g (dw),
S3; 13.79 MP/g (dw), S4; 9.84 MP/g (dw),
S5; 22.36 MP/g (dw).
Avg. 12.902 MPs/g (dw)

S1; preliminary sludge, S2; secondary sludge, S3; tertiary sludge,
S4; thickened sludge, S5; dehydrated sludge

S1; 9.21 MP/g (dw), S2; 13.33 MP/g (dw),
S3; 5.88 MP/g (dw), S4; 12.04 MP/g (dw),
S5; 21.25 MP/g (dw).
Avg. 8.84 MPs/g (dw)

S1; preliminary sludge, S2; secondary sludge, S3; secondary
sludge, S4; raw sludge S5; dehydrated sludge

S1; 16.62 MP/g (dw), S2; 17.91 MP/g (dw),
S3; 14.53 MPs/g (dw), S4; 13.04 MPs/G
(dw), S5; 29.66 MPs/g (dw).
Avg. 16.21 MPs/g (dw)

50 Tadsuwan and Babel (2022a) Thailand 50–5000 Raw return activated sludge 26.3 particles/g (dw)
51 Tadsuwan and Babel (2022b) Thailand 50–5000 Raw secondary sludge 8.12 particles/g (dw)
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Table 1 (continued)

Study
number

Study Country MP reporting
size (μm)

Sludge type MP concentration in sludge

52 Chand et al. (2022) Denmark >10 Dewatered sludge 810 N/g (dw)
53 Hayany et al. (2020) Morocco – Fresh sludge 40.5 MPs/g

Dewatered sludge 36 MPs/g
54 Ragoobur et al. (2021) Mauritius >250 Raw secondary sludge 10.9 particles/g (ww)

Raw primary sludge 2.6 particles/g (ww)
Raw secondary sludge 8.49 particles/g (ww)

55 Yang et al. (2021b) China 21–4996 Fresh sludge 441 MPs/g (ww)
Fresh sludge 291 MPs/g (ww)
Mixed Sludge 239 MPs/g (ww)
Mixed sludge 111 MPs/g (ww)
Heat dried biosolids 224 MPs/g (ww)

56 Pittura et al. (2021) Italy 30–5000 Excess fresh sludge 1.67 MPs.gTS−1

Activated fresh sludge 5.3 MPs.gTS−1

Final anaerobically digested sludge 4.7 MPs.gTS−1

57 Tang et al. (2020) China 20–5000 – 13.4 number/L
63.4 number/L

58 Zhang et al. (2021a) China 68–>900 Dewatered sludge 12.73 particles/g (dw)
59 Zhang et al. (2021b) China – Dehydrated dewatered sludge 6.91 items/g (dw)

Dehydrated dewatered sludge
Dehydrated dewatered sludge 2.19 items/g (dw)
Dehydrated dewatered sludge 0.23 items/g (dw)

60 Salmi et al. (2021) Finland 20–5000 Raw primary sludge 1560 MPs/L
Return activated sludge 142 MPs/L
Anaerobically digested sludge 102 MPs/L
Dewatered anaerobically digested sludge 9379 MPs/g (dw)

61 Okoffo et al. (2020) Australia – – Range 0.1–9.6 mg/g (dw). Median
0.7 mg/g (dw).

62 Horton et al. (2021) England 25–178 Advanced anaerobically digested sludge 7652 MPS/g (dw)
Advanced anaerobically digested sludge 500 MPs/g (dw)
Advanced anaerobically digested sludge 2600 MPs/g (dw)
Conventionally digested sludge 2062.8 MPs/g (dw)
Lime stabilised sludge 2541 MPs/g (dw)

63 Hernández-Arenas et al.
(2021)

Spain >300 – 17.8 particles/g (dw)
27.8 particles/g (dw)
47.13 particles/g (dw)

64 Chand et al. (2021) Sweden 10–5000 Primary sludge/grease 311 number/g (dw)
Thickened primary + secondary sludge 4080 number/g (dw)
Digested sludge 6360 number/g (dw)

65 Petroody et al. (2021) Iran >37 Primary sludge 214 microplastics/g (dw)
Secondary/activated sludge 206 microplastics/g (dw)
Thickened sludge 200 microplastics/g (dw)
Aerobically digested sludge 238 microplastics/g (dw)
Dewatered aerobically digested sludge 129 microplastics/g (dw)

dw = dry weight, ww= wet weight MBR = membrane bioreactor ML = micro-litter, n/g = number/g.
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3.2. Microplastic concentration in sewage sludge

As evident from Table 1, the microplastic concentrations varied widely
between studies from a study mean of 0.193 MPs/g (Zhang et al., 2020) to
1.69 × 105 MPs/g (Vollertsen and Hansen, 2017). A comparison of the
values for microplastic concentration in sludge for each study is presented
as a graph in Fig. 2 (only studies reporting microplastic number/g or
microplastic number/kg are included in this graph, with number/kg con-
verted to number/g for comparison purposes). Themajority of microplastic
concentrations are reported as values per dry weight (dw) of sludge, while
one study reported values per wet weight (ww) (Yang et al., 2021b). Some
studies did not indicatewhethermicroplastic concentrationwas reported as
being per dry weight or wet weight (Zhang et al., 2020; Murphy et al.,
2016; Talvitie et al., 2017; Jiang et al., 2020; Gies et al., 2018; Q. Li et al.,
2019; Van den Berg et al., 2020; Carr et al., 2016; Lee and Kim, 2018;
P.J. Ren et al., 2020; Wei et al., 2022; Vardar et al., 2021).

The number of individual measurements (or data points) varied be-
tween studies (depending on the number of samples collected and whether
this was reported as individual values or a mean value) from one value (an
average of twenty individual sludge samples) (Vollertsen and Hansen,
2017) to eleven different values reported in one study (Li et al., 2022).
Yuan et al. (2022) collected samples from five different locations, from
five different WwTWs, contributing a total of twenty-five values. For ease
of data handling, the mean for each treatment works was calculated from
7

this study and used in the data analysis. Due to the varying ways in which
each studywas conducted, data analysis was performed on themean values
for each study when required.

The values for each study are indicated in Fig. 2 (individual points),
along with the median value (bar). When including the study by
Vollertsen and Hansen (2017), the maximum value was 1.69 × 105 MPs/
g, the median was 22.41 MPs/g and the mean value of the sixty-five
study means was 3.12 × 103 MPs/g. When excluding the study by
Vollertsen and Hansen (2017), the max study value was 3.58 × 103 MPs/
g, the median was 22.1 MPs/g and the overall mean was 208.3 MPs/g.
The high concentrations reported by Vollertsen and Hansen (2017) pro-
duced an elevated mean value but did not influence the median to such
an extent.

Many variables could influence microplastic concentrations including;
the characteristics of the wastewater (and microplastic concentration in in-
fluent), serving population size and characteristics (demographic and eco-
nomic status), catchment and local environment characteristics, sewage
collection system type, weather conditions, wastewater treatment pro-
cesses, sludge treatment process, sample location, sample collection proce-
dure, analytical procedures, quality of data reporting, quality control,
temporal/seasonal changes etc. This makes identifying a single, influential
variable affecting microplastic concentration in sludge more complex. Var-
iations in reported microplastic concentrations may be because of the vary-
ing temporal and spatial distribution of microplastics in sludge which can



Fig. 1. Number of studies per country.

Fig. 2.Microplastic concentration in sludge and biosolid samples.
* Values reported as dry weight of sludge
**Values reported as wet weight of sludge
If not indicated with a ‘*’ or ‘**’, the study did not state if microplastics were reported per wet weight or dry weight of sludge.
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occur within treatment works, between samples collected locally, and
between locations. Grab sampling is the most widely adopted sampling
technique but represents a relatively small quantity when compared to
the volume of sludge produced (Salmi et al., 2021). There is a high
spatial-temporal variation in microplastic concentrations in wastewater
and hence sludge (Blair et al., 2019) increasing the complexity of obtaining
comparable datasets between studies and across locations. Currently, no
data on spatial-temporal variations of microplastics in sludge exist.

The reported treatment of sludge before sample collection and the type
of sludge sample collected also varies widely between studies; from un-
treated raw primary/secondary/activated sludge (Gies et al., 2018; Liu
et al., 2019; Ragoobur et al., 2021; Wei et al., 2022; Tadsuwan and Babel,
2022a; Tadsuwan and Babel, 2022b), to partially treated or dewatered
sludge (Li et al., 2018; Magnusson and Norén, 2014; Zhang et al., 2021a;
Chand et al., 2022; P.J. Ren et al., 2020; X. Ren et al., 2020). This may in-
fluence the microplastic concentration and characteristics recorded
(Mahon et al., 2017a), as well as the extraction method employed, and
the efficiency of extraction. The sludge type is indicated in Table 1, while
the location and type of treatment experienced prior to sample collections
are indicated in Table S1.

The presence of microplastics in sewage sludge arises from the capture
and retention of microplastics during the wastewater treatment process,
with microplastics being detected in orders of magnitude higher in sludge
samples than numbers found in wastewater (Gatidou et al., 2019). Despite
the large range in microplastic concentrations reported in sewage sludge, it
has been suggested that only a small fraction ofmicroplastics removed from
the wastewater stream, are actually accounted for in the sewage sludge,
with up to 96 % of microplastics entering WwTWs remaining undetected
in sludge samples with the use of current methodologies (Koutnik et al.,
2021).

3.3. Sludge treatment

There have been suggestions that sludge treatment (biological, chemi-
cal and heat treatment required to treat sludge to reduce risk to human
health) may influence the microplastic concentration and characteristics.
In some instances, microplastic characteristics were found to differ depend-
ing on the sludge treatment applied. Microplastics in alkaline-stabilised
sludge are shorter, more brittle and exhibit erosion (Zubris and Richards,
2005) and possess a more shredded, flaked appearance, compared to
microplastics in sludge subjected to alternative treatments (thermal drying
and anearobic digestion) (Mahon et al., 2017a). These characteristics were
thought to arise from elevated pH, temperature, and mechanical mixing
within the process (Zubris and Richards, 2005). In addition, differences in
microplastic characteristics have been observed between those in wastewa-
ter and those captured in sludge (Vollertsen and Hansen, 2017) with a sig-
nificantly lower number of nylon fibres present in anaerobically digested
sludge samples compared to wastewater (from the same treatment plant).
Anaerobic digestion could promote the break-up of the microplastics into
smaller particles which are not easily detected through the methodologies
employed, whilst biological degradation of the Nylon particles could be de-
creasing the concentration of the microplastics in the sludge compared to
the wastewater (Vollertsen and Hansen, 2017). Uncertainties arise as to
whether this difference is down to random variability or due to the small
sample size of the study.

A difference between the microplastic concentrations in sludge having
undergone different treatments (anaerobic digestion, thermal drying, and
lime stabilisation) has been observed. A significantly lower number of
microplastics have been found in sludge having undergone anaerobic diges-
tion compared to thermal drying at the same site (Mahon et al., 2017a). The
same study found the average number of microplastics at the anaerobically
digested sites was lower than that of thermal drying and lime stabilisation
sites (Mahon et al., 2017a). The lime stabilisation processes (high pH, tem-
perature, and mechanical mixing) could result in an elevated number of
smaller particles identified in the matrix (lime stabilised samples contained
a significantly higher number of smaller particle sizes compared to
9

anaerobic digestion and thermal drying). Pre-treatment samples were not
taken during this study against which to compare, and further investigation
into the biological breakdown of microplastic within anaerobic digestion is
needed.

Harley-Nyang et al. (2022) collected samples across the whole sludge
treatment stream from one wastewater treatment works and from two dif-
ferent biosolid products. They identified a difference in microplastic con-
centration across the treatment stream from 286.5 MPs/g following
secondary digestion in open lagoons, to 37.7 MPs/g in limed stabilised
sludge. The lime stabilised sludge, one of the biosolids produced at the
works, had a lower microplastic concentration compared to the digested
sludge cake, 97.2 MPs/g. This is in contradiction to results published by
Mahon et al. (2017a), who found a lower microplastic concentration in an-
aerobically digested sludge (average 3.9 MPs/g) compared to lime
stabilised sludge (12 MPs/g). Comparing the two studies proves difficult
with different limits of detection adopted, and extraction methods em-
ployed. Harley-Nyang et al. (2022) did advise caution when interpreting
their results, despite samples collected along the whole sludge treatment
stream, they were collected in one day. This did not consider the retention
time of the sludge treatment process which totals 30 days (sludge at the end
of the anaerobically digested treatment stream is 30 days older than sludge
at the start).

Discrepancies across the literature occur with contradictory findings
suggesting there is no significant difference in microplastic abundance in
samples from sludge treated by anaerobic digestion and lime stabilisation
(Hurley et al., 2018a, 2018b). Elevated numbers of microplastics were
not observed in anaerobically digested sludge compared to alkaline
stabilised or composted sludge (Zubris and Richards, 2005) or activated
sludge (Lares et al., 2018). Hyperthermophilic composting was found to re-
duce microplastic concentration by 43.7 % compared to the conventional
thermophilic composting treatment (4.5 % reduction) (Chen et al., 2020)
with the reduction of microplastics following hyperthermophilic
composting processes deemed ‘significant’ by the authors, suggesting an ex-
cellent removal of microplastics (Chen et al., 2020). This is not a widely
used method for the treatment of sludge, with only three studies identified
in the review reporting on composting as a sludge treatment process, and
only one reporting specifically on hyperthermophilic composting.

The artificial environment of wastewater treatment works can increase
the degradation and fragmentation of microplastics, changing the physio-
chemical properties by increasing the surface area and enhancing sorption
characteristics (Teuten et al., 2007). Changes inmicroplastic characteristics
duringwastewater treatment and sludge treatment processes can cause var-
iations in the adsorption potential of microplastics for metal pollutants and
possibly enhance their adsorption capacity (Q. Li et al., 2019). The rougher
surfaces (resulting from erosion and oxidative degradation) of sludge-based
microplastics can increase the surface area and increase potential adsorp-
tion sites. Fragmentation of particles increases the surface area to volume
ratio, thus increasing adsorption rates. Uneven and rough surfaces, en-
hanced by sludge treatment processes such as lime stabilisation, allow mi-
croorganisms, chemical and heavy-metal contaminants (all potentially
present inwastewater and sludge) to concentrate on the surface thus poten-
tially increasing toxicity. Smaller-sizedmicroplastics may increase bioavail-
ability via ingestion (Li et al., 2018; Mahon et al., 2017b), therefore, in
ecological terms, particle number and size are more important compared
to mass, whereas mass can be used to determine treatment efficiencies in
wastewater treatment plants (Vollertsen and Hansen, 2017).

Data collected from the systematic review was analysed to identify if
sludge treatment influenced the microplastic concentration (data from
studies reporting dry weight only (excluding Vollertsen and Hansen
(2017)) were included). A comparison was made between the treatment
of sludge and the reported microplastic concentration (in microplastics/g
dry weight of sludge) (Fig. 3). The sludge treatment was classified as, ‘raw
sludge’ (untreated sludge), ‘dewatered/thickened raw sludge’ (sludge that
has undergone a thickening/dewatering process only) and ‘stabilised/further
treatment’ (sludge that has undergone a form of stabilisation or additional
treatment to dewatering/thickening). The median values for the ‘raw



Fig. 3.Microplastic concentration and sludge treatment.
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sludge’, ‘dewatered/thickened sludge’ and ‘stabilised/further treatment
sludge’ was 31.24 MPs/g, 29.35 MPs/g and 33.17 MPs/g respectively.

The difference inmedian values between the three groups is small while
the difference between values within each group is large, with a range of
4.95 × 102 MPs/g, 4.08 × 103 MPs/g and 1.69 × 105 MPs/for ‘raw
sludge’, ‘dewatered/thickened sludge’ and ‘stabilised sludge’ respectively.
A Kruskal Wallis test indicates no significant difference between the
means with a p-value of 0.9727, suggesting current data synthesised from
the studies identified in the search demonstrates no significant difference
in microplastic concentrations in sludge and biosolid samples collected
after varying levels of treatment (Fig. 3). It is difficult to compare the differ-
ent groups due to the variations in how studies were conducted and re-
ported (reporting value, methodology etc.). The extent to which sludge
treatment influences microplastic concentration in samples may not be ap-
parent because of additional variables that can influence microplastic con-
centration (as previously discussed), and the difference in analytical
procedures adopted by each study.

3.4. Microplastic concentration in biosolids and soils

By considering the quantity of sludge and biosolids produced, and the
number of microplastics reported in sludge and biosolids across literature,
the potential microplastic load per year released through the application
of biosolids to agricultural can be estimated for each country. Based on
the extrapolation of data from the literature search, the number of
microplastics potentially entering the soil from the application of biosolids
to land is presented for sixteen different countries. Theweight of sludge dis-
posed (1000 tonnes (t) per year), and the percentage recycled to land is
10
presented in Fig. 4 along with the mean concentrations of microplastics in
sludge (MPs/g) (the mean value for each country was calculated from the
studies associated with that country and which reported concentrations
per dry weight of sludge). The number of microplastics per 1000 tonnes
of sludge and potential load to agricultural soils (MPs/year) is presented
in Table 2 (as well as the number of studies the mean microplastic number
per gram was calculated form for each particular country).

The United States of America (USA) recycled around 2.09× 106 tonnes
of sludge to land in 2018 (data provided in tons and converted to metric
tonnes for comparison with other countries), this is 36 % of the
5.28 × 106 tonnes of sludge (dw) produced annually (Ned et al., 2022).
Based on the study carried out in the USA which found 1 microplastic par-
ticle/g biosolid (Carr et al., 2016) (it was not stated if this was per dry or
wet weight but microplastic concentration was reported for a biosolid),
there are potentially 1.00 × 109 microplastics per 1000 tonnes sludge
(sludge produced and sludge recycled is generally reported internationally
as ‘number per 1000 tonnes of sludge’). This equated to a load of
2.09 × 1012 microplastics potentially introduced to agricultural land in
2018 in the USA. The mean microplastic concentration for Spain (based
on five studies that reported data as dry weight of sludge) was 97.7 MPs/
g (dw) (Bretas Alvim et al., 2020; Edo et al., 2020; Hernández-Arenas
et al., 2021; Schell et al., 2022; Van den Berg et al., 2020). Spain annually
recycles 1.05 × 106 tonnes of sludge (dw) for agricultural use (data from
2018, (Eurostat, 2022)), potentially releasing 1.03 × 1014 microplastics
to land annually. England recycles 8.06 × 105 tonnes of sludge (dw) to
land, while Scotland recycles 6.9 × 104 tonnes (dw) for agricultural use.
When considering the application of sludge (or biosolids) for England and
Scotland, and assuming the studies are representative across the countries,



Table 2
Estimated number of microplastics entering the soils of various countries based on data gathered from studies identified in the literature search, and data on sludge produc-
tion and use.

Country Sludge recycled to land
(ds) (1000 t) b

Date of
data

Sludge data reference Average MPs/t
sludge (dw) c

Average MP/1000 t
sludge (dw)

MP load to soils * (b*1000)
*(c). (per year)

Number of
studies

Ireland 51.79 2020 (Eurostat, 2022) 8.51 × 106 8.51 × 109 4.41 × 1011 1
aChina 136.08 2013 (Yang et al., 2015) 5.36 × 107 5.36 × 1010 7.30 × 1012 19
Germany 423.497 2019 (Eurostat, 2022) 2.01 × 108 2.01 × 1011 8.50 × 1013 3
Poland 137.77 2020 (Eurostat, 2022) 3.23 × 107 3.23 × 1010 4.45 × 1012 1
Netherlands 0 2020 (Eurostat, 2022) 6.44 × 105 6.44 × 108 0.00 2
Norway 68.74 2020 (Eurostat, 2022) 6.11 × 106 6.11 × 109 4.20 × 1011 1
Sweden 82.3 2018 (Eurostat, 2022) 1.67 × 109 1.67 × 1012 1.38 × 1014 3
Spain 1052.7 2018 (Eurostat, 2022) 9.77 × 107 9.77 × 1010 1.03 × 1014 5
France 299 2017 (Eurostat, 2022) 1.61 × 107 1.61 × 1010 4.82 × 1012 1
cEngland 806.2896 2022 aSources for England 1.60 × 109 1.60 × 1012 1.29 × 1015 2
Scotland 69.03 2021 Scottish Water, 2021 1.20 × 106 1.20 × 109 8.28 × 1010 1
aAustralia 254.77 2021 (Australian and New Zealand Biosolids Partnership, 2020) 4.15 × 107 4.15 × 1010 1.06 × 1013 4
Finland 64.07 2019 (European Commission, 2020a, 2020b) 1.03 × 108 1.03 × 1011 6.57 × 1012 3
Italy 315.6 2010 (WISE Freshwater, 2022) 5.84 × 107 5.84 × 1010 1.84 × 1013 2
Belgium 35.95 2020 (Eurostat, 2022) 2.89 × 106 2.89 × 109 1.04 × 1011 1
Turkey 3.51 2020 (Eurostat, 2022) 3.20 × 107 3.20 × 1010 1.12 × 1011 1
bUSA 2088 2018 (Ned et al., 2022) b1.00 × 106 1.00 × 109 2.09 × 1012 1

Microplastic concentrations per gram were obtained from data reported in studies identified in the literature search. Of the seventeen countries shown, an average of all in-
dividual microplastic values (values given as per dry weight sludge only) was calculated. All values in microplastics/g were converted tomicroplastics/t (value/g ∗ 106). The
number of studies for each country is displayed in the last column. The types of sludge samples varied, and values are not always representative of biosolids only.

a Data only available on sludge produced rather than sludge disposal.
b It was not clear if the value was reported as dry weight or wet weight of sludge, however, data from the study was reported as ‘biosolids’, so is included in the analysis

(assuming dw). Values are recorded as microplastics/g dry weight of sludge unless stated.
c Data on sludge production and end-use for England was calculated from data provided by each individual water company and combined to give total values (South West

Water Limited, 2022; AnglianWater Services Limited, 2022; NorthumbrianWater Group Limited, 2022; Severn TrentWater Limited, 2021; SouthernWater Services Limited,
2022; Thames Water Utilities Limited, 2022; United Utilities Group PLC, 2022; Wessex Water Services Limited, 2022; Yorkshire Water Services Limited, 2022). Data from
English water companies was provided as ‘sludge produced’ and ‘sludge disposed’ (in thousands of tonnes of dry solids), Figures for ‘sludge disposed’was used in calculations
of microplastic loads to land, this is generally less than ‘sludge produced’. This distinction was not always available for other countries and therefore ‘sludge produced’ was
used in calculating microplastic load to land.

Fig. 4. Distribution of sludge disposal, reuse and microplastic concentrations.
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it is estimated 1.29×1015 and 8.28×1010microplastics could be released
to the environment in England (Horton et al., 2021; Harley-Nyang et al.,
2022) and Scotland (Murphy et al., 2016) respectively with 1.6 × 1012

microplastics/1000 tonnes of sludge (dw) in England and 1.2 × 109

MPs/1000 tonnes of sludge (dw) in Scotland. One study from the literature
search found 495 particles/g dry weight of (return activated) sludge
(Sujathan et al., 2017), and estimated 80 × 104 microplastic particles per
m2 are entering soils in Lower Saxony (Germany) based on an application
rate of 1.6 tons/ha. While in Norway, the average microplastic concentra-
tion in sludge samples (from ten different sludge samples) was 6.1
microplastics/g sludge (dw) (Lusher et al., 2017). It was estimated in the
study, that over 4.46 × 1011 microplastics were released into the environ-
ment through the recycling of biosolids to agricultural land every year
(Lusher et al., 2017).

According to the microplastic concentrations obtained from the litera-
ture search, and scaling data up to fit country-wide sludge application
rates (Table 2) the potential total number of microplastics entering soils
from biosolid application could be in the billions or trillions per year.

Based on the extrapolations, England, Sweden, Spain, and Germany are
associated with the highest number of microplastics released to terrestrial
soils with 1.29 × 1015, 1.38 × 1014, 1.03 × 1014 and 8.5 × 1013 respec-
tively potentially entering agricultural soils across each country annually.
With respect to the number of microplastics per 1000 tonnes sludge, the
top countries are Sweden, England, Germany, Finland, and Spain with
1.67 × 1012, 1.6 × 1012, 2.10 × 1011, 1.03 × 1011and 9.77 × 1010

microplastics per 1000 tonnes of sludge, respectively.
Fig. 5.Microplastic concentr
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According to this analysis, the recycling of biosolids to land can be con-
sidered a pathway for the release of a high number of microplastics into ter-
restrial environments, even when considering the lower values reported for
microplastic concentrations. A study conducted in Ireland reported 8.5
microplastics/g sludge (dw), assuming this value represents the
microplastic concentration in sludge across Ireland (Mahon et al., 2017a),
8.51 × 109 microplastics can be found in 1000 tonnes of sludge (dw).
When considering the biosolid application rates in Ireland, 3.96 × 1011

microplastics could be released to agricultural soils every year. Apart from
theNetherlands (where biosolids are not recycled to agricultural land), Scot-
land and Belgium are associatedwith the lowest number of microplastics re-
leased, with potentially 8.28× 1010 and 1.04× 1011 released respectively
to soils each year. The USA is ranked second (after the Netherlands) for av-
erage microplastics per 1000 tonnes of sludge, at 1.00 × 109 MPs/
1000 tonnes, followed by Scotland, with 1.20 × 109 MPs/1000 tonnes,
and then Belgium, with 2.89 × 109 MPs/1000 tonnes. In terms of sludge
recycled to land, Belgium ranks third lowest (after Netherlands and
Turkey), while Scotland ranked seventh lowest. The values are given as a
total number of microplastics released to soils and the unit area of applica-
tion is not specified, therefore a lack of unites (e.g., microplastic number
or mass per area of land) results in data not being easily interpretable.
Besseling et al. (2019) produced a mass per particle factor of 5 μg/particle
based on the weight of an average microplastic particle on shores. When
converting the number of microplastics to mass, based on this conversion
factor, we can produce more interpretable data; potentially 6430 tonnes,
687.7 tonnes, 514 tonnes and 424 tonnes of microplastics are spread onto
ation in sludge and soils.
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agricultural lands in England, Sweden, Spain and Germany respectively.
The total land area in the UK used for agriculture (utilised agriculture
land) is 9.05 million hectares (Defra, 2019), about 37 % of the total UK
land mass of 24.2 million hectares (Ministry of Defence, 2020). Biosolids
are recycled to 1.3 % of the UK's agricultural land (Assured Biosolids
Limited, 2021), which equates to 1.18 × 105 hectares. Assuming the
mean microplastic load to soils for Scotland and England (6.43 × 102 tril-
lion) is representative of the load to soils for the whole UK, it is estimated
5.5 billion microplastics could be released per hectare of land.

A Spearman's rank correlation was performed based on sludge recycled
to land, and average microplastic concentration per tonne, to identify if
there is a relationship between each variable and microplastic numbers in
soils. A strong positive relationship was identified between both average
microplastic concentration per tonne of sludge (rs = 0.94) and of sludge
recycled to land (rs = 0.82), with little difference between the degree of
strength of the relationships. However, microplastic concentration per
tonne may vary greatly on methodologies and microplastic detection size
limits adopted within each study. The highest microplastic concentration
per tonne is associated with Sweden and England (average
2.44 × 103MPs/g (dw) and 1.35 × 103 MPs/g (dw)). These higher values
are associated with studies adopting semi-automated FT-IR imaging
methods, Rasmussen et al. (2021) and Chand et al. (2021) conducted stud-
ies in Sweden, and both employed a very similar method for the identifica-
tion and confirmation of microplastics. Both adopted the use of Agilent
Cary 620 FT-IR microscope equipped with a 128 × 128-pixel Focal Plane
Array, permitting an average microplastic concentration of 1.4 × 103
Fig. 6.Comparison ofmicroplastic concentration in sludge and soils. A comparison of the
history of biosolid application, and control fields (excluding outlying data from Vollerts
displayed in the Figure. The overlap between the 95 % confidence intervals demonstrat
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MPs/g (dw) and 3.58 × 103 MPs/g (dw) respectively. While Horton et al.
(2021) adopted a semi-automated method where-by all microplastics pres-
ent on a filter paper were identified, quantified and polymers analysed si-
multaneously using a μFTIR spectrometer, thereby identifying an average
of 3.07 × 103 MPs/g (dw).

Results from the country-wide extrapolations demonstrate that high
numbers of microplastics are entering the terrestrial environment through
the recycling of biosolids and given the concerns regarding the risks
posed by the presence of microplastics in sludge and soils, a more compre-
hensive data set is required to accurately evaluate the human and
environmental risk.

3.4.1. Soil microplastic concentration attributed to biosolid recycling
Eight studies reportedmicroplastic concentration in agricultural soils as

well as sludge and biosolids (Corradini et al., 2019, 2020; Schell et al.,
2022; Tagg et al., 2022; Van den Berg et al., 2020; Vollertsen and
Hansen, 2017; Yang et al., 2021b; Zhang et al., 2020), the average
microplastic concentration in soil samples, sludge/biosolid samples and
control field samples (per kg) for each study are displayed in Fig. 5.
Vollertsen and Hansen (2017) reported a higher concentration of
microplastics in control fields compared to fields that had a history of bio-
solid application. Their results indicate an increase of 35 % in control
field soil microplastic concentration (Vollertsen and Hansen, 2017). This
higher value for control fields may be due to the low number of
microplastic particles detected in soil samples (a total of 13 and 24
microplastics detected in soil samples with and without sludge). Apart
microplastic concentrations in sludge samples, soil samples taken from fields with a
en and Hansen (2017)). Individual vales, median and 95 % confidence intervals are
es there is no significant difference between the different categories.
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from the study by Vollertsen and Hansen (2017), all other studies reporting
on microplastics in soils as well as the sludge, reported a higher mean
microplastic concentration in soil samples collected from fields with a his-
tory of biosolid application compared to control fields. With values ranging
from 97 MPs/kg (Yang et al., 2021b) to 1.76 × 104 MPs/kg (Tagg et al.,
2022) (or 8.2 × 104 MPs/kg including Vollertsen and Hansen (2017))
with a mean of 3.74 × 103 MPs/kg (or 1.35 × 104 MPs/kg including
data from Vollertsen and Hansen (2017)) reported in fields with a history
of sludge application. The microplastic concentration in control fields
(fields with no history of biosolid application) was generally lower, with
values ranging from 6.8 MPs/kg (Crossman et al., 2020) to 6.36 × 103

MPs/kg (Tagg et al., 2022) (or 2.36 × 105 MPs/kg including Vollertsen
and Hansen (2017)) with a mean value of 1.29 × 103 MPs/kg (or
3.06 × 104 MPs/kg including Vollertsen and Hansen (2017)). The Mann-
Whitney test comparing microplastic concentrations in fields with and
without a history of sludge application found differences were not signifi-
cant (with P-values of 0.208 or 0.328 including results from Vollertsen
and Hansen, 2017). The data on microplastic concentration in sludge,
soils with a history of sludge application, and control fields are presented
in Fig. 6. It must be noted the data comparing microplastic concentration
in sludge and soils was extracted from studies adopting widely different
methodological approaches and from different locations.

The mean microplastic concentration for sludge samples were higher
than microplastic concentrations reported in soils for the same study,
with a mean of 6.33 × 104 MPs/kg (or 2.12 × 107 MPs/kg including
Vollertsen and Hansen (2017)).

3.4.2. Microplastic fate and behaviour in soils
There is evidence that microplastics accumulate in soils over time and

with successive sludge applications (Corradini et al., 2019; Van den Berg
Fig. 7. Frequency of m
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et al., 2020; Zhang et al., 2020). Questions regarding the mobility of
microplastic fibres vs particles are also raised as the ratio of fibres to parti-
cles was higher in soil samples compared to sludge samples (Corradini
et al., 2019; Crossman et al., 2020); indicating microplastic particles
could have higher mobility in soils compared to fibres, or fibres from
other sources (atmospheric) are favourably retained in soil. An eventual de-
cline of microplastic fragments in soils following biosolid application sug-
gests fragments are more readily transported from the soil matrix while
fibres are more readily retained (Crossman et al., 2020). The mobilisation
(and subsequent fate and behaviour) ofmicroplastics in soils, following bio-
solid application, is influenced by several different variables and complex
relationships including rainfall, time of year of biosolid application, soil
characteristics and vegetation cover (Crossman et al., 2020). Saturated
soils, those with a higher wet density, were less able to retainmicroplastics,
and a loss of microplastics from soils was observed where run off events
(high rainfall events) occurred (Crossman et al., 2020). This suggests bio-
solids, and hence microplastics, were removed during early runoff events
(such as high rainfall events following biosolid application) and lateral
movement ofmicroplasticsmay dominate over verticalmovement. Soils ex-
posed to less rainfall, and lower soil saturation, experienced an increase in
microplastic concentration in soils following biosolid application, and infil-
tration of microplastics into deeper soil layers. Microplastics demonstrated
vertical movement when biosolids were applied to fields with established
crops, suggesting root growth can enhance the vertical movement of
microplastics. An increase in microplastic concentration directly following
biosolid applications has been observed, with this increase being retained
over successive months but moving to deeper soil layers, indicating vertical
movement of microplastics over time. This vertical movement dominated
in fields where crops were pre-established, which is suggested to provide
preferential vertical pathways through root growth and transport of
icroplastic shape.
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microplastics via bioturbation (Crossman et al., 2020). In another case, the
initial increase in microplastic concentration in soils directly following bio-
solid application was observed which was not retained in successive
months with a loss of microplastics from the topsoil layer (and no increase
in the bottom layer) indicating limited vertical movement of microplastics
and removal during runoff events (Crossman et al., 2020).

3.4.3. Summary of microplastics in soils
Understanding microplastic concentration, distribution and fate in soils

following activities such as biosolids application assists in the understand-
ing of environmental and ecological risks posed by microplastics. Research
carried out on themobilisation of microplastics in soils following sludge ap-
plication demonstrates soil can act as a store for microplastics, especially
when infiltration occurs. Soils can exhibit a limited capacity to retain
microplastics (following biosolid application), especially during times of
high surface flushing events. This demonstrates soils do not always act as
a sink to microplastics, but rather soils are part of the pathway for
microplastic contamination of surface water bodies. Understanding the
concentration and mobilisation of microplastics in soils will allow for a
greater understanding of the transfer of microplastics in the terrestrial envi-
ronment and what role biosolid application plays in microplastic pollution
of the terrestrial environment.

3.5. Microplastic shape categorisations

Microplastic shape can be used to determinemicroplastic source and or-
igin (Sun et al., 2019). The presence of fibres may originate from textiles,
clothing and carpets and typically represent domestic sources (Li et al.,
2018; Lares et al., 2018). One item of clothing can release ~1.9 × 103
Fig. 8. Ratio of fibre to parti
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fibres/wash (Browne et al., 2011) while the number of fibres potentially
lost during a 6 kg load could be as high as 1.38 × 105 for polyester-
cotton blend, 4.96 × 105 for polyester and 7.29 × 105 for acrylic
(Napper and Thompson, 2016). The presence of microbeads can indicate
domestic origins such as personal care and cosmetic products, or industrial
origins, where microbeads are used in air blasting (Hurley et al., 2018a,
2018b). The microplastic shape can also influence its removal efficiency
from wastewater (Sun et al., 2019) with fibres being more readily retained
in sewage sludge with higher proportions of fibres to particles reported
(Magnusson and Norén, 2014; Magnusson et al., 2016; Lares et al., 2018).
This is not always observed in the data with several studies having identi-
fied microplastic particles are the dominant microplastics type in sewage
sludge (Liu et al., 2019; Hurley et al., 2018a, 2018b; Magni et al., 2019;
Crossman et al., 2020). Microplastics in sludge can accumulate higher con-
centrations of metals compared to surrounding sewage sludge (X. Li et al.,
2019), and microplastic characteristics such as shape can influence this.

Forty-nine studies provided enough data on microplastic type or shape
for comparison between studies. Nineteen different descriptions were
used to characterise microplastic type and/or shape, Fig. 7. ‘Fibre’ was
the most frequently reported classification, with forty-eight studies
reporting ‘fibre’ as amicroplastic shape (in one study, ‘line’was reported in-
stead of ‘fibre’ (Magni et al., 2019)), this was followed by ‘fragment’ (thirty-
six studies) and ‘film’ (twenty-three studies). Fig. 8 presents the variation in
the particle-to-fibre ratio for a number of countries.

3.6. Microplastic polymer

Microplastic confirmation and polymer identification are achieved via
chemical analysis, typically through the use of spectroscopic techniques
cle for several countries.
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such as μFT-IR or Raman spectroscopy, and less typically through the use of
gas chromatography coupled to mass spectrometry (GC–MS), including
pyrolysis-GC–MS and thermal extraction desorption-GC–MS (Sun et al.,
2019). There are inconsistencies in the way in which polymers were re-
ported between studies; with either the percentage of each polymer identi-
fied reported (Hongprasith et al., 2020; Sujathan et al., 2017; Chen et al.,
2020; Bretas Alvim et al., 2020), or just the polymer type reported (rather
than the extent to which that polymer was identified) (Mahon et al.,
2017a; Van Echelpoel et al., 2014; Li et al., 2018; Naji et al., 2021;
Vardar et al., 2021; Okoffo et al., 2020; Ziajahromi et al., 2021; Tagg
et al., 2022; Rasmussen et al., 2021). In some cases, chemical analysis
was not carried out on microplastics found in sludge samples
(Wiśniowska et al., 2018; Brandsma et al., 2013; Magnusson and Norén,
2014; Van Echelpoel et al., 2014; Corradini et al., 2019; Talvitie et al.,
2017; Leslie et al., 2017). The quality of the chemical analysis, polymer
identification and reporting varied widely. For example, in some cases, a
small number of microplastics were subsampled for chemical analysis,
with subsamples as low as 5.9 % and even 0.6 % of suspected microplastics
subjected to chemical analysis (Jiang et al., 2020; Naji et al., 2021). This is
lower than the suggested minimum proportion of 10 % of suspected
microplastics subjected to chemical analysis (Lusher et al., 2020). A statis-
tical approach conducted to present a theoretical evaluation of the accuracy
of the subsample as a function of the size of the population sampled, found
that in samples with potentially thousands of particles, accuracy did not in-
crease with increasing sample size(Kedzierski et al., 2019) and 3 % of the
subsample size would provide sufficient accuracy (Kedzierski et al., 2019).

Fifty-six studies reported chemical analysis (with varying quality and
consistency of reporting). At least forty-three different descriptions/
names of polymers were reported. The most frequently reported polymers
across the literature are presented in Fig. 9- which portrays the number of
studies reporting the different polymers. Polyethylene (PE) was reported
Fig. 9.Most frequently
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in over 90%of studies followedby polypropylene, reported in 80%of stud-
ies, and polyamide/Nylon, reported in 59 % of studies. These percentages
reflect the number of times a polymer was reported, not the extent to
which the polymerwas reported (this was harder to compare between stud-
ies due to the inconsistent reporting of the chemical analysis), so even
though PE is the most widely reported polymer, the extent to which it
was observed will vary (for example, PE accounted for 47 % of polymers
in sludge reported by Mintenig et al. (2017) while it only represented
3.2 % of polymers identified by Kazour et al. (2019)). Fig. 9 presents the
top twenty-eight reported polymers only, the category ‘Other’ represents
at least another twenty-six polymer names/categories.

The different sources of wastewater (runoff, domestic and industry) can
influence the polymer characteristics present in wastewater while identify-
ing polymer type can assist in identifying sources of plastic pollution. Poly-
ethylene can represent a number of possible sources, such as fragments
from cleansing scrubs or personal care products (Lares et al., 2018; Sun
et al., 2019), packaging (plastic bags, films, bottles etc.) (Vollertsen and
Hansen, 2017) and agricultural greenhouses/film (Bayo et al., 2020). Poly-
ester or Nylon (generally found in the form of fibres) can originate from
synthetic clothing, textiles, and carpets (Mahon et al., 2017a; Vollertsen
andHansen, 2017). Polypropylene can be found infibrousmaterial and tex-
tiles (Liu et al., 2019), or in food packaging, car parts, electrical goods,films
and automobile parts (PlasticsEurope, 2018). Acrylonitrile butadiene sty-
rene (ABS) (Novodur) is a polymer that can originate from the automobile
industry and is used in the manufacture of automotive parts including hub
caps, tyre manufacture, electro-plates, decorative parts, dashboard compo-
nents, instrument panels, radiator and bumper grill, mirrors, exterior trim,
rear lighting, interior applications (INEOS Styrolution Group, 2016). The
presence of these polymers could be entering combined sewerage system
from urban water runoff. Similar polymers have been recorded in influent
samples, including copolymers acrylonitrile butadiene and ethylene
reported polymer.
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propylene, as well as polyester and polyethylene being the most abundant
polymer identified (Magni et al., 2019).

The data follows the distribution of global polymer demand; polypro-
pylene was the resin in most demand (data from 2016) representing 26 %
of the share of demand, while high- and low-density PE together also repre-
sented 26 % share of resin demand (Garside, 2020). These two polymers
are the top-reported polymers across the studies. Polyethylene terephthal-
ate, poly(vinyl chloride), polystyrene and ABS are also listed as the major
polymers in demand worldwide (from 2016 data), all these polymers are
widely reported as being present in sludge samples.

4. Conclusion

The reviewprovides a summary of the characteristics ofmicroplastics in
sludge and biosolids from a range of different studies. The reviewpresented
a summary of the characteristics of microplastics in sludge and biosolids re-
ported across several studies. Domestic sources of microplastics in sludge
and biosolids are evident by the dominance of fibres as the most frequently
reported microplastic shape reported across several studies. While polymer
characteristics suggest a range of sources influencing microplastics in
sludge and biosolids, with polymers associated with the automobile indus-
try indicating influences from surfacewater runoff. The polymers of highest
global demand, polyethylene, and polypropylene, were the most frequently
reported polymers.

The review established the current state of knowledge of the presence,
concentrations, and distribution of microplastics in sludge and biosolids.
The mean data on microplastic concentration in sludge and biosolids varied
considerably across the sixty-five studies included in the literature search and
review: from 0.193 microplastics/g to 1.69 × 105 MPs/g with a median
microplastic concentration of 22.4 MPs/g. This variation could be attributed
to many different variables influencing microplastic concentration in sludge
and subsequent samples, but due to the difference in methodologies and
reporting of data between studies, attributing which variables contribute to
the difference inmicroplastic concentrationwas not possible. Inconsistencies
in methodologies and reporting of data across literature have also resulted in
a lack of a robust and comparable evidence-based global dataset.

Our data reveals a disproportional spread of research, globally. There is
a considerable lack of research in low-income countries which may reflect
the lack of formal regulations and reuse of sewage sludge. Nineteen studies
on microplastic in sludge were carried out in China, the greatest number of
studies attributed to any one country, despite the low percentage of sludge
recycled to land in China, while the UK recycles 87% of sewage sludge and
only three studies have been carried out in the UK.

The initial calculations give an idea of the number of microplastics po-
tentially entering agricultural soils each year for different countries. From
the data, the recycling of sewage sludge and biosolids to land is a pathway
for microplastics to enter the terrestrial environment, especially where
large quantities of sewage sludge are recycled to land. In England and
Sweden, results indicate 1290 trillion and 138 trillion microplastics respec-
tively could enter agricultural soils annually. Assuming an average weight
of 5 μ per particle, this equates to potentially 6430 tonnes and 687.7 tonnes
of microplastics released, respectively, to the terrestrial environment per
year in these countries. In Spain and Germany, 103 trillion and 85 trillion
microplastics could be released every year through biosolids recycling. Fur-
ther research is needed to identify the total area of agricultural land receiv-
ing biosolids in different countries globally, and the subsequent
microplastic concentration potentially entering these soils.

The significance of biosolids as a pathway for microplastic contamina-
tion of the terrestrial environment compared to other sources (aerial depo-
sition or other agricultural applications such as compost application or
anaerobic digestate) is unknown. A higher mean microplastic concentra-
tion for fields which had a history of biosolid application was found com-
pared to control fields, however, this difference was not significant.

A complex picture regarding the fate of microplastics in agricultural
soils is likely, withmobilisation dependent on soil characteristics, precipita-
tion, crop cover, bioturbation processes etc. indicating that soils are not just
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a sink for microplastics, but rather microplastics can becomemobilised and
transferred from the point of biosolid application.

Laws governing the management of sewage sludge can be complicated
and often out-of-date when it comes to addressing microplastic pollution.
The data presented here add to the evidence base on the contribution of
biosolids to overall microplastic pollution. Further research is required on
the fate and behaviour of microplastics in soils and the risk to the environ-
ment and human health to create a reliable evidence base to support
changes in policy.

The recycling of waste as a biosolid is an important element of the circu-
lar economy concept, providing a renewable source of nutrients to agricul-
tural fields. However, the increased confirmation and certainty of high
numbers of microplastics in biosolids presents a conundrum for the differ-
ent stakeholders involved in the supply chain (from the water industry/
companies to farmers, to consumers). Comparing the risks posed by the
presence of microplastics in biosolids, to the benefit of reusing what other-
wise would be a waste product, needs to be established and questions need
to be asked – despite what we know, does the risk of introducing
microplastics pollutants to the terrestrial and freshwater environments out-
weigh the benefits of recycling biosolids to land? Despite the importance of
the recycling of biosolids in terms of closing the loop, the process is ulti-
mately not fully closed, with huge numbers of microplastics pollutants
leaking into the environment.

Further research is required on the effects of sludge treatment on
microplastic concentration, characteristics, and fate. In addition, compar-
ing microplastic concentrations in biosolids having undergone different
treatment processes may assist in assessing the risk the different biosolids
pose to environmental health, and identify if biosolid products differ in
terms of contribution to microplastic pollution to the terrestrial environ-
ment. Subsequently, biosolids products, having undergone different treat-
ment methods, may be more desirable. Further research is required on
the fate and behaviour of microplastics in soils and risk to the environment
and human health to create a reliable evidence base to support changes in
policy, as well as establish solutions to prevent and reducemicroplastic pol-
lution of the terrestrial and freshwater environments.
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