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Abstract: Interest in the presence of microplastics (MPs) in wastewater has grown significantly in
recent years. In fact, wastewater treatment plants (WWTPs) represent the last barrier before the
discharge of MPs into an aquatic ecosystem. The research has highlighted how MPs are in part
effectively removed from the waters and accumulated inside the sewage sludge (SeS) produced
by the WWTP, being a cause for concern, especially in the case of agricultural reuse. This work
aims to analyze the existing literature on the (i) methodical procedure for MPs analysis (thermal,
spectroscopic, optical analyses), (ii) qualitative and quantitative presence of MPs in SeS, (iii) effect on
sludge properties, and (iv) the possible accumulation in amended soils. Based on the results already
obtained in the literature, this work aims to provide critical insights to stimulate interest in the topic
and direct future research on aspects that should be deepened. In particular, it emerges that there is a
clear need for standardization of the collection methods and the analytical techniques for identifying
and quantifying MPs, since their physico-chemical characterization and the study on aging and
on the response towards acid or basic pre-treatments are fundamental for the understanding of
microplastics ecotoxicological potential.

Keywords: microplastics; wastewater treatment plants; sewage sludge; soil amendment; fragments;
fibers; plastic

1. Introduction

The term microplastics (MPs) refers to the set of particles of plastic material that have
a size of less than 5 mm, even if the literature does not agree on a unique definition [1–4].
Generally, MPs can be classified into two groups according to their initial configuration:
(i) primary MPs, which were made in such dimensions, and (ii) secondary MPs, resulting
from the fragmentation of larger particles [5]. For example, the first category includes the
abrasive granules present in some cosmetic products and in shower gels (also named mi-
crobeads), and in shot-blasting abrasive products used in some industrial processes [3,6–9].
The second category includes the MPs released during the washing of synthetic clothes or
those produced by the wear of tires on the road [3,6–8].

For some years now, interest in the research and study on MPs have been increasing
mainly due to two diverse aspects. The first concerns the growing production and use of
plastic [10,11] which will most likely lead to an increase in the concentration of MPs in
the environment. Secondly, the chronic impact on the biosphere, although not completely
clear, is emerging as significant considering also that MPs can serve as carrier for a widely
range of pollutants due to their strong hydrophobicity [12–15]. Concerning the possible
health effect of MPs on human health, Vethaak and Legler [16] recently highlighted that
MPs can enter the human body by the inhalation of contaminated air and the ingestion of
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contaminated food and water. However, the health effects still remain unknown. Diverse
studies hypothesized DNA damage, cytotoxicity effect, and other inflammation pathologies
with immune response [17,18] but, according to Vethaak and Legler [16] not enough data
have been collected on this topic due to the low data about human exposure.

Wastewater (WW) acts as a vector by transferring a large part of the primary and
secondary MPs from the source (e.g., domestic environment, industrial environment, roads,
etc.) to the destination (surface water bodies, soils) [14,19–21]. Therefore, the wastewater
treatment plants (WWTPs) represent the last barrier before these substances are released
into the surrounding environment [3].

In past years, most of the attention was placed on the final effluent and, therefore, the
studies focused primarily on the effectiveness of the treatments conventionally present in
the water line on the MPs [22–24]. The results showed that a conventional WWTP is able
to remove up to 90% of MPs (depending on the characteristics of the influencing WW and
the types of processes adopted) [3].

On the contrary, more than 90% of MPs found in WW are accumulated in sewage
sludge (SeS), which in turn is used for land applications: the annual amount of MPs entering
the soil in this way is greater than that enters the oceans [25,26]. As an example, Li et al.
reported from around 10 to 25 × 103 MPs kg−1 dry sludge as average values in 11 different
WWTPs in China provinces [27] and a good data summary of the MPs amounts in sludge
in different places and countries can be found by Hatinoğlu and Sanin [11]. Liu et al. [28]
also highlighted the high concentration of MPs in SeS (up to 2.40 × 105 particles kg−1) due
to an accumulation phenomenon. For this reason, it is very important to isolate the MPs, to
detect their chemical nature, their physico-chemical properties, the amounts of the MPs
particles, and to investigate their effects in the SeS itself and soil amended with SeS.

Due to the growing interest on studying MPs, the full knowledge of their pathways
in WWTPs represent a crucial factor to implement actions for mitigating the impact of
MPs on the environment. This work aims to evaluate the findings of the research on four
diverse aspects of MPs in SeS: (i) the methodical procedure of detection, (ii) the pathways
of MPs transfer in WWTPs, (iii) the effect of MPs on SeS properties, and (iv) the possible
accumulation in amended soils. The results of literature are reviewed and discussed with
critical insights to point out research gaps and provide tips for future research.

2. Methodical Analysis of Literature

Peer-reviewed literature have been searched and selected according to preferred
reporting items for systematic reviews and meta-analysis (PRISMA) guidelines [29].

To consider only peer-reviewed documents, the Scopus® database was used to search
relevant literature on this topic. Moreover, other relevant reports (n = 2) and standardized
methodical procedures (n = 2) obtained by search in Google Scholar® were selected. Data
extraction from the database was made on 22nd September 2021 using the following query:
TITLE-ABS-KEY (microplastic AND sewage AND sludge).

No publication period limits were imposed. Only documents in English were taken
into consideration, and documents that did not present new data or other useful informa-
tion were discarded. The documents were also screened individually to exclude papers
that do not: (i) treat specifically subject in the scope of the research, (ii) report results on
real WWTPs providing influent concentration of MPs (for data discussed in Section 3.2), or
(iii provide data on SeS use for amending soils (for data discussed in Section 3.4). For two
records, full text was not available for screening and the publications were excluded.

In Figure 1, the results of the literature search and the number of studies included
according to PRISMA guidelines [29] are presented.
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Figure 1. Results of the literature search and studies included according to PRISMA guidelines. 

3. Literature Findings and Discussion 
3.1. Methodical Procedure of MPs Detection in Sewage Sludge 

It is important to point out that SeS has not been comprised in the recent documents 
(August 2020) by the American Society for Testing and Materials (ASTM) regarding the 
collection and the treatments of waters and aqueous waste for the detection of MPs [30,31], 
so standard protocols do not exist yet and comparison among the different published data 
remains difficult [11]. Anyway, most of the experimental works use procedures and tech-
niques similar to one another and to those followed for wastewater treatments, as well 
schematized and summarized in [11]. 

In general, SeS is collected by grab sampling methods, often in different points of the 
bulk materials or for different times to ensure the statistical significance [11,32,33]. In 
many studies, the SeS is dried before starting the analyses [34–36]; in general, wet or dry 
samples are sieved with different meshes sieves to separate the plastic size fractions [37–
39]. 

Organic materials, microorganisms, and extracellular polymeric substances may in-
terfere with the MPs extraction and identification and must be removed before the analy-
sis: this step in general consists in a digestion, being water peroxide the most used and 
effective agent [40–42], or in the cost and time effective Fenton oxidation [32,42,43]. The 
extraction of the MPs is frequently realized by using sequential saturated salts solutions 
with increasing densities, so that the low-density MPs float to the surface [44–46]. The 
sequential extraction in NaI and ZnCl2 is recommended to separate and quantify both the 
low and high-density MPs, despite the high price and relatively toxic properties of these 
two salts [33,47]. 

After filtration, the MPs are analyzed by the conventional techniques used for solids 
samples, such as the non-destructive micro-Fourier transform infrared (FTIR) spectros-
copy [46,48] and the attenuated total reflectance FTIR spectroscopy [49], Raman [50] and 
micro-Raman [51] measurements, thermoanalytical techniques such as the pyrolysis-gas 

Figure 1. Results of the literature search and studies included according to PRISMA guidelines.

3. Literature Findings and Discussion
3.1. Methodical Procedure of MPs Detection in Sewage Sludge

It is important to point out that SeS has not been comprised in the recent documents
(August 2020) by the American Society for Testing and Materials (ASTM) regarding the
collection and the treatments of waters and aqueous waste for the detection of MPs [30,31],
so standard protocols do not exist yet and comparison among the different published
data remains difficult [11]. Anyway, most of the experimental works use procedures and
techniques similar to one another and to those followed for wastewater treatments, as well
schematized and summarized in [11].

In general, SeS is collected by grab sampling methods, often in different points of the
bulk materials or for different times to ensure the statistical significance [11,32,33]. In many
studies, the SeS is dried before starting the analyses [34–36]; in general, wet or dry samples
are sieved with different meshes sieves to separate the plastic size fractions [37–39].

Organic materials, microorganisms, and extracellular polymeric substances may inter-
fere with the MPs extraction and identification and must be removed before the analysis:
this step in general consists in a digestion, being water peroxide the most used and effective
agent [40–42], or in the cost and time effective Fenton oxidation [32,42,43]. The extraction of
the MPs is frequently realized by using sequential saturated salts solutions with increasing
densities, so that the low-density MPs float to the surface [44–46]. The sequential extraction
in NaI and ZnCl2 is recommended to separate and quantify both the low and high-density
MPs, despite the high price and relatively toxic properties of these two salts [33,47].

After filtration, the MPs are analyzed by the conventional techniques used for solids
samples, such as the non-destructive micro-Fourier transform infrared (FTIR) spectroscopy [46,48]
and the attenuated total reflectance FTIR spectroscopy [49], Raman [50] and micro-Raman [51]
measurements, thermoanalytical techniques such as the pyrolysis-gas chromatography/mass
spectrometry (Pyr-GC/MS) [33,52], or the differential scanning calorimetry and the ther-
mogravimetric analysis [53,54], in order to describe the chemical compositions of the
plastics and their glass transition temperatures. The observation by conventional optical
microscopy [46] or fluorescence microscopy [55] allows to describe their color, shape, and
size, while by scanning electron microscopy the description of the morphology and of
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the microsize [21,53] is performed and porosimetry allows to determine the changes in
the specific surface area [53,56]. For the physico-chemical characterization, a common
operative procedure has not been established yet, and the very common optical microscopy
observation is qualitative. The effect of both the surface characteristics and the MPs size on
the chemical activity and the fate of the particles needs further research work.

3.2. From Wastewater to Sewage Sludge

In the literature there are 28 documents that simultaneously report the concentration
of MPs in at least one sample of SeS extracted from a WWTP and the concentration of
MPs in the influential WW [34,35,37,41,55,57–79]. The number of publications has grown
strongly in recent years with an almost exponential trend from the first publication to
today: 2017 (n = 1), 2018 (n = 3), 2019 (n = 4); 2020 (n = 6), and 2021 (n = 14).

Table 1 shows the main results of the bibliographic analysis including for each pub-
lication: (i) the location of the WWTP studied, (ii) the potential and the flowrate, (iii) the
type of WW treated, (iv) the concentration of MPs in the influential WW, (v) the type of
water line treatments, (vi) the type of SeS studied, (vii) the treatments of SeS before the
sampling point, (viii) the concentration of MPs in the SeS, and (ix) other results regarding
the type of MPs.

The results show several interesting aspects. At first, it can be noted that the concentra-
tion of MPs in the SeS is decidedly variable depending on the study under examination. For
instance, Ziajahromi et al. [64] analyzed the MPs in treated thickened, digested, and dewa-
tered SeS, finding a concentration of an order of magnitude higher than in Pittura et al. [63]
(56.5 MPs g−1

DW and 4.74 MPs g−1
DW, respectively).

This strong difference can potentially be attributed to two main factors and the type
of treatments present in the water line of the WWTP is one of these. Thanks to their
hydrophobicity properties, MPs can be adsorbed on the surfaces of surface of biomass
flocs in biological treatments, accumulating in SeS produced by the plant [11,21] (Table 1).
The inclusion of pre-treatments in water line, such as those for removing oils, can help
to increase the removal of MPs before biological processes preventing the accumulation
phenomena [3].

On the contrary, according to Hatinoğlu and Sanin [11], the treatments generally
present in the sludge line are not able to significant impact on MPs concentration. The
presence of thickening or dewatering processes can only partially reduce the MPs content
following the limited extraction of them with the supernatants. Despite the number of
studies is limited, anaerobic digestion appears to be influenced by the presence of MPs
(Section 3.3) but not be able to significantly influencing their content [11].

Although WWTPs represent the last “defense” before the discharge of the MPs into the
environment, they have no direct function of elimination of the MPs. Treatments in WWTPs
can only transfer MPs from the aqueous phase to the solid or sludge one, depending on the
type of treatment.

The other main aspect influencing the concentration of MPs in SeS is the initial
concentration in untreated WW. In accordance with previous literature works [14,80], the
concentration of MPs in WW is highly variable, depending by many factors such as the
habits of the population served and the type of WW considered. For instance, in the cases
mentioned above [63,64], there were no substantial differences in the WWTP configuration
both in the water line and in the sludge line, but the influential concentration of MPs in the
study conducted by Ziajahromi et al. [64] was more than 25 times higher than that found
in the study of Pittura et al. [63] (92 MPs L−1 and 3.64 MPs L−1, respectively) explaining
the strong differences in results.
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Table 1. Main results of the bibliographic analysis about the location of the WWTP studied, the potential and the flowrate, the type of WW treated, the concentration of MPs in the
influential WW, the type of water line treatments, the type of SeS studied, the treatments of SeS before the sampling point, the concentration of MPs in the SeS, and results regarding
the type of MPs. n.a.: not available; P: Primary sludge; S: Secondary/biological sludge; DM: Dry matter; UW: Urban wastewater; MW: Urban wastewater with a large contribution of
industrial wastewater (mixed wastewater); IW: Industrial wastewater; UMW: Not specified if urban or mixed wastewater; A/A/O: Anaerobic/anoxic/aerobic; MBR: membrane bioreactor;
BAF: Biologically active filter; SBR: Sequencing batch reactor; MBBR: Moving bed biofilm reactor; RFE: rapid filtration equipment; TF: trickling filters; MSBR: modified sequencing batch
reactor; CAS: Conventional active sludge; UF: Ultrafiltration; NF: Nanofiltration; RO: Reverse osmosis.; AFB: aerobic fluidized bioreactor.

Country PE
[Flowrate m3 d−1]

WW
Treated in

WWTP

Influent MPs
Concentration Treatments of Water Line Type of

Sludge

Treatments of
Sludge Line

(before Sampling
Point)

MPs Concentration Other Main Results References

Turkey 2,000,000
[400,000] UMW 73.1 MPs L−1

� Screening
� Grit removal
� Biological

phosphorus removal
� CAS system

S h None 203 MPs L−1 Fibers accounted for more than
90% of total MPs b [75]

S
� Digestion
� Dewatering
� Drying

32,000 MPs kg−1 a Fibers accounted for more than
92% of total MPs b

n.a. n.a.
[200,000] UMW 85.9 MPs L−1

� Primary
sedimentation

� CAS system

� RFE

P None 1180 MPs L−1 Fibers accounted for more than
90% of total MPs b [76]

S None 330 MPs L−1 Fibers accounted for more than
60% of total MPs b

P+S � Thickening 4200 MPs L−1 Fragments accounted for more
than 60% of total MPs b

P+S
� Thickening
� Dewatering 58,000 MPs kg−1 Fragments accounted for more

than 70% of total MPs b
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Table 1. Cont.

Country PE
[Flowrate m3 d−1]

WW
Treated in

WWTP

Influent MPs
Concentration Treatments of Water Line Type of

Sludge

Treatments of
Sludge Line

(before Sampling
Point)

MPs Concentration Other Main Results References

Sweden 790,000
[369,000] MW

� Screening
� Grit and grease

removal
� Primary

sedimentation
� CAS system
� Nitrifying TF and

nitrifying MBBR
� Denitrification
� Mechanical filtration

through disc filters

P+S
� Thickening
� Anaerobic

digestion

305.34 ± 166.85 µg g−1
DM

(dimension: 10–500 µm);
264.32 ± 304.72 µg g−1

DM
(dimension: >500 µm)

Small microplastics (dimension
< 500 µm) were mostly

retained in the sludge for more
than 65%

[77]

Finland 160,000
[30,180] UW n.a.

� Screening
� Grit removal
� Screening
� Primary

sedimentation
� CAS system
� Disc filtration

P+S None n.a.

Sludge determined a
significantly higher

contribution of MPs with
respect to the WWTP effluent

[78]

S None n.a.

P+S
� Thickening
� Anaerobic

digestion
n.a.

P+S

� Thickening
� Anaerobic

digestion
� Dewatering

n.a.

United
Kingdom

410,000
[190,000] UW 2102.16 MPs L−1

� Screening
� Primary

sedimentation
� CAS system

P+S None 1,979,740 MPs kg−1
DM

a d [79]



Sustainability 2021, 13, 12591 7 of 23

Table 1. Cont.

Country PE
[Flowrate m3 d−1]

WW
Treated in

WWTP

Influent MPs
Concentration Treatments of Water Line Type of

Sludge

Treatments of
Sludge Line

(before Sampling
Point)

MPs Concentration Other Main Results References

China n.a.
[150,000] MW 288.5 ± 32.8 MPs L−1

� Screening
� Grit removal
� CAS system
� Disinfection

S
� Thickening
� Dewatering 12,340 ± 570 MPs kg−1

Almost 90% of MPs were in
0–100 µm size range b. Particle,
film, and fragment constituted
almost 30% each of total MPs
fractions b. Fibers represented

almost 10% b

[57]

Thailand 520,000
[157,000] UMW

� Screening
� Grit removal
� CAS system

S None 8120 ± 280 MPs kg−1
DM

Almost 70% of MPs were in
0.05–0.5 mm size range while
the other were 0.5–5 mm MPs
b. Fibers represented the 53%

of total MPs

[58]

China 380,000 f
[100,000] g UW 8.72 MPs L−1 b

� Screening
� Grit removal
� CAS system
� Disinfection

S � Dewatering 6908.3 ± 330.2 MPs
kg−1

DM

Fragments were the dominant
fraction (80.6%) [59]

380,000 f
[45,000] g UW 8.72 MPs L−1 b

� Screening
� Grit removal
� CAS system
� Disinfection

S � Dewatering 6908.3 ± 330.2 MPs
kg−1

DM

Fragments were the dominant
fraction (80.6%)

155,000
[100,000] g UW 1.75 MPs L−1 b

� Screening
� Grit removal
� CAS system
� Disinfection

S � Dewatering 2190.4 ± 320.6 MPs
kg−1

DM

Fibers were the dominant
fraction (82.7%)

120,000
[40,000] g UW 0.70 MPs L−1 b

� Screening
� Grit removal
� CAS system
� Disinfection

S � Dewatering 234.7 ± 47.7 MPs kg−1
DM

Fragments were the dominant
fraction (60.8%)

China n.a.
[200] IW 235.4 ± 17.1 MPs L−1

� Screening
� MBR
� NF
� RO

S � Dewatering 598,100 ± 44,600 MPs
kg−1

DM
a

Polyethylene was the most
common polymers (17.7%) in

samples followed by
polyamide (17.2%)

[60]
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Table 1. Cont.

Country PE
[Flowrate m3 d−1]

WW
Treated in

WWTP

Influent MPs
Concentration Treatments of Water Line Type of

Sludge

Treatments of
Sludge Line

(before Sampling
Point)

MPs Concentration Other Main Results References

China n.a.
[3200] g IW 1.2 ± 0.57 MPs L−1

� MBR
� 2-stage Anoxic/Oxic

process
� UF
� NF
� RO

S l None 893 ± 252 MPs kg−1
DM

a Fibers accounted for almost
40% of total MPs [61]

China n.a.
[80,000] MW 44.07 ± 3.16 MPs L−1

� Grit removal
� MSBR
� AFB
� Other advanced

treatments

S � Dewatering 12,730± 710 MPs kg−1
DM

a

Polyethylene terephthalate
(37.62%), polyethylene

(24.52%), and polypropylene
(19.68%) were the major types

of MPs

[62]

Italy 80,000
[18,000] UW 3.64 MPs L−1

� Screening
� Grit removal
� Primary

sedimentation
� CAS system
� Disinfection

S None 5300 MPs kg−1
DM

a Particles accounted for almost
80% of total MPs [63]

P+S None 1670 MPs kg−1
DM

a Fibers accounted for almost
70% of total MPs

P+S

� Thickening
� Anaerobic

digestion
� Thickening
� Dewatering

4740 MPs kg−1
DM

a Fibers accounted for almost
75% of total MPs b

Australia n.a.
[126,000] MW 92 MPs L−1

� Screening
� Grit removal
� Primary

sedimentation
� CAS system

P None 15,900 MPs kg−1
DM

a

Fibers (particularly
polyethylene terephthalate)

represented the major type of
MPs in all samples

[64]

S None 40,000 MPs kg−1
DM

a
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Table 1. Cont.

Country PE
[Flowrate m3 d−1]

WW
Treated in

WWTP

Influent MPs
Concentration Treatments of Water Line Type of

Sludge

Treatments of
Sludge Line

(before Sampling
Point)

MPs Concentration Other Main Results References

P+S
� Thickening
� Digestion
� Dewatering

56,500 MPs kg−1
DM

a

n.a.
[60,000] UW 98 MPs L−1

� Screening
� Grit removal
� Primary

sedimentation
� CAS system

P None 45,700 MPs kg−1
DM

a

Fibers (particularly
polyethylene terephthalate)

represented the major type of
MPs in all samples

S None 46,100 MPs kg−1
DM

a

P+S

� Thickening
� Dewatering
� Chemical

stabilization
51,200 MPs kg−1

DM
a

n.a.
[137,000] UW 55 MPs L−1

� Screening
� Grit removal
� Primary

sedimentation
� CAS system

P None 31,700 MPs kg−1
DM

a

Fibers (particularly
polyethylene terephthalate)

represented the major type of
MPs in all samples

S None 37,800 MPs kg−1
DM

a

P+S
� Thickening
� Digestion
� Dewatering

48,500 MPs kg−1
DM

a

Iran n.a.
[n.a.] MW 70.66 ± 14.12 MPs 35L−1 n.a. n.a. n.a. 6070 ± 807.25 MPs

kg−1
DM

Fibers was the most common
type of MPs [65]

Spain n.a.
[n.a.] UW 11.1 MPs L−1 i

� Preliminary
treatment

� Primary
sedimentation

� CAS system

S h None 112,000 MPs kg−1
DM

a Fibers accounted for more than
90% of total MPs [66]
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Table 1. Cont.

Country PE
[Flowrate m3 d−1]

WW
Treated in

WWTP

Influent MPs
Concentration Treatments of Water Line Type of

Sludge

Treatments of
Sludge Line

(before Sampling
Point)

MPs Concentration Other Main Results References

China 3,100,000
[600,000] MW 126.0 ± 14.0 MPs L−1

� Screening
� Grit removal
� Primary

sedimentation
� CAS system
� Disinfection

S None 36,300 ± 5700 MPs
kg−1

DM
a

Fragments accounted for
almost the 49% followed by

fibers (14.0%)
[67]

P+S � Dewatering 46,300 ± 6200 MPs
kg−1

DM
a

Fragments accounted for
almost the 43.8% followed by

fibers (36.1%)

China n.a.
[70,000] UW 23.3 ± 2.0 MPs L−1 n.a. n.a. n.a. 13.4 ± 0.7 MPs L−1

The fibers (60–75%) and
fragments (15–20%) occupied a
significant proportion among

all samples b

[68]

n.a.
[300,000] MW 80.5 ± 6.3 MPs L−1 n.a. n.a. n.a. 63.4 ± 3.8 MPs L−1

Thailand

580,000
[200,000]

51,000
[24,000]
520,000

[160,000]

UW 12.2 MPs L−1
� Screening
� Grit removal
� CAS system or SBR

S h None 138.2 MPs L−1

Polyacrylate and polyester
accounted for a significant
proportion (43% and 29%,

respectively) in sludge samples

[37]

S None 103.4 MPs L−1

Australia 190,000
[48,000] UMW 11.80 ± 1.10 MPs L−1

� Screening
� Grit removal
� CAS system
� Disinfection

S h None 7.91 ± 0.44 MPs L−1

Fibers accounted for 30.5% of
total MPs while fragments and

glitter for almost 24.4% and
24%, respectively

[69]

Spain n.a.
[45,000] UMW 236 ± 66 MPs L−1 i

� Primary
sedimentation

� A/A/O process
P+S None 183,000 ± 84,000 MPs

kg−1 a
Fibers were dominant in all

sludge samples [41]

P+S � Dewatering 165,000 ± 37,000 MPs
kg−1 a

France 415,000
[80,000] UMW 244 MPs L−1 n.a. n.a. n.a. 16,130 ± 1200 MPs kg−1 a

Red fibers and blue and green
fragments were dominant in

sludge samples
[70]
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Table 1. Cont.

Country PE
[Flowrate m3 d−1]

WW
Treated in

WWTP

Influent MPs
Concentration Treatments of Water Line Type of

Sludge

Treatments of
Sludge Line

(before Sampling
Point)

MPs Concentration Other Main Results References

China n.a.
[50,000] MW 0.28 MPs L−1 c

� Grit removal
� CAS system S None 0.72 MPs L−1 b Fibers accounted for 50% of

total MPs [71]

n.a.
[70,000] MW 0.28 MPs L−1 c

� Grit removal
� A/A/O-MBR S None 4.00 MPs L−1 b Fragments accounted for 50%

of total MPs

Italy 1,200,000
[400,000] UMW 2.5 ± 0.3 MPs L−1

� Screening
� Grit and grease

removal
� CAS system
� Sand filter
� Disinfection

S h None 113 ± 57 MPs kg−1
DM

a
Particles accounted for 53% of
total MPs while the remaining

were fibers
[72]

China n.a.
[20,000] MW 79.9 ± 9.3 MPs L−1

� Screening
� Grit
� Primary

sedimentation
� CAS system
� Disinfection

P+S None 240,300 ± 31,400 MPs
kg−1

DM
a

Fragments, microbead, and
fibers accounted for almost

50%, 20%, and 15%,
respectively b

[55]

Finland 800,000
[270,000] UMW 380–686.7 MPs L−1

� Screening
� Grit removal
� Chemical treatment
� Primary

sedimentation
� Ferrous sulphate

dosage
� CAS system
� BAF

P+S
� Anaerobic

digestion 76.3 ± 4.3 MPs kg−1
DM

a [74]

P+S
� Anaeroic

digestion
� Dewatering

186.7 ± 26.0 MPs kg−1 a
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Table 1. Cont.

Country PE
[Flowrate m3 d−1]

WW
Treated in

WWTP

Influent MPs
Concentration Treatments of Water Line Type of

Sludge

Treatments of
Sludge Line

(before Sampling
Point)

MPs Concentration Other Main Results References

Korea 67,700
[35,000] UMW 29.85 MPs L−1

� Screening
� Grit removal
� Primary

sedimentation
� CAS system
� Disinfection

S
� Thickening
� Dewatering 14,895 MPs kg−1 a Fragments were dominant in

sludge samples [35]

235,711
[110,000] UMW 16.45 MPs L−1

� Screening
� Grit removal
� SBR
� Filter bed
� Disinfection

S e
� Thickening
� Dewatering 9655 MPs kg−1 a Fragments were dominant in

sludge samples

245,200
[130,000] UMW 13.87 MPs L−1

� Screening
� Grit removal
� Primary

sedimentation
� MBBR
� Disinfection

P+S

� Thickening
� Anerobic

digestion
� Dewatering

13,200 MPs kg−1 a Fragments were dominant in
sludge samples

Canada 1,300,000
[493,271] UW 31.1 ± 6.7 MPs L−1

� Screening
� Primary

sedimentation
� TF
� CAS system
� Disinfection

P None 14,900 ± 6300 MPs kg−1 a
Fibers and fragments were

dominant (65.1% and 34.2%,
respectively) b

[73]

S None 4400 ± 2800 MPs kg−1 a
Fibers were dominant (81.8%)

while the remaining were
fragments b
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Table 1. Cont.

Country PE
[Flowrate m3 d−1]

WW
Treated in

WWTP

Influent MPs
Concentration Treatments of Water Line Type of

Sludge

Treatments of
Sludge Line

(before Sampling
Point)

MPs Concentration Other Main Results References

Finland n.a.
[10,000] UW 57.6 ± 12.4 MPs L−1

� Screening
� Grit removal
� Primary

sedimentation
� CAS system
� Disinfection

S h None 23,000 ± 4200 MPs
kg−1

DM
a

Polyester accounted for more
than 90% b [34]

P+S � Digestion 170,900 ± 28,700 MPs
kg−1

DM
a

Polyester accounted for more
than 85% b

a expressed by the authors in MPs g−1 or MPs gDW
−1 or MPs L−1; b based on figures evaluation and/or table data re-elaboration; c same influent water divided in two treatment lines; d results only referred to

MPs with 38–100 µm size range; e from SBR; f together with the other WWTP; g expressed in t d−1; h sampled as mixed liquor in the conventional active sludge reactor; i effluent of primary sedimentation; l

retentate of nanofiltration.
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MPs can also be classified according to their shape. This aspect is of great importance
because it is very useful for understanding the origin of particles [81]. From the analysis of
the examined literature, among the MPs identified in the SeS, fibers and fragments sub-
stantially predominate [35,41,55,57–59,61,63–73,75,76] (Table 1). Both are already present
in the influent WW, the former derive mainly from the washing of synthetic clothing at
home or industrial level [82], while the latter are contained for instance in many cosmetics
as scrubber, given their irregular shape [3,81,83] or derive from the fragmentation of larger
particles [81].

From the results presented by the literature analysis, it does not seem evident a direct
dependence between the processes inserted in the sludge line of the WWTP and the type
of MPs that remain after the treatment of SeS (Table 1). The different prevalence of fibers
or fragments is to be considered mainly related to the initial characteristics of the WW
and therefore to the origin of the MPs themselves. However, on this aspect, the authors
suggest the need to prepare ad hoc studies to determine the possible influence of treatment
processes in WWTPs on the characterization of MPs in sludge keeping constant the other
variables (e.g., the influent WW).

Another aspect must be considered in the discussion of the results proposed by the
literature, namely, the extraction and analysis method. Since, as already pointed out, there
is not a standardized methodical procedure for extracting and analyzing microplastics from
WW and SeS (Section 3.1), a direct comparison of the results is often difficult. However,
the determination of the type of MPs in SeS represents an important step forward, which
could be exploited to better evaluate the dispersion in the environment of MPs following
the spread of SeS. A high concentration of fibers and fragments in the amended soil can act
as an indicator of a clear WWTP-environment pathway (Section 3.4).

3.3. Effect on Sludge Properties

The effect of the MPs’ presence on the SeS characteristics and behavior are still under
investigation and vary on the basis of the MPs composition and particle size.

Li et al. [84] studied the adsorption efficiency of different metals by MPs in SeS,
reporting the following affinity scale: Pb > Cd > Zn > Cu > Co > Ni. In particular,
considering Cd, one of the most toxic metals due to its solubility, mobility, and biological
accumulation and its ability to disrupt proteins in the cells, they noted an important increase
(one order of magnitude) of adsorption by MPs after the wastewater treatment process.
Three different families of MPs were found in the investigated sludge, i.e., polyamide,
rubbery MPs (polyethylene and polypropylene) and glassy MPs (polyvinyl chloride and
polystyrene), having decreasing adsorption efficiency towards Cd. The highest efficiency
was attributed to the higher specific surface area (average value of about 5 m2 g−1) and to
the wrinkled and aggregated structures present on the MPs surfaces in the SeS with respect
to the virgin particles. Moreover, FTIR measurements revealed higher intensity for the
bands due to vibration of the O-containing groups (namely, C-O and O-H) on the sludge
based MPs, probably due to the oxidative degradation of the MPs [85] and the subsequent
attachment of organic matter on them [86].

This finding is in agreement with Turner et al. [87] and seems to point out that the
attachment of organic matters on the MPs during the weathering strongly affects the metals
adsorption. The 2D IR spectra correlation maps showed N-H bonds of the MPs as another
preferential site for the metals adsorption, in agreement with the polymers efficiency order
experimentally determined. The Cd adsorption was found influenced also by pH, with
the highest efficiency depending from the chemical nature of the MPs but detectable in the
range 6.0–7.7, hence close to the common pH values for SeS.

In another study, Li et al. [53] analyzed the changes in the physicochemical property
of three MPs, namely, polyamide (PA), polyethylene (PE), and polystyrene (PS) by passing
through the wastewater pipeline, grit, and biological aeration tanks, confirming that during
all these treatments the surface area and the content of organic group containing O atoms
increase, while the glass transition measured by calorimetry decreases; this confirms the
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oxidation and rupture of the polymeric chains during the treatments. Interestingly, the Cd
adsorption capacity of the MPs increases with respect to the virgin materials after both
the sulfidation in the pipeline and the biological treatment in aeration tank, but results to
decrease after mechanical abrasion in the grit tank, in correspondence to the decrease of
the carbonyl index.

Huang et al. [56] investigated the adsorption of Cu, Mn, Pb, and Zn by pristine and
artificially aged low-density polyethylene (LDPE), showing that the amount of adsorbed
metals increases with the aging time, together with the surface area of the plastic material,
reaching values higher than 650 µg m−2 after 10 h aging.

Recently, several authors studied also the effects of MPs on methane and hydrogen
production through anaerobic digestion of SeS, showing a strong dependence of the chem-
ical nature of the plastic materials and their particle size and concentration. In general,
low concentrations of MPs seem not to affect or slightly increase the methane production,
while a highest number of MPs particles leads to the opposite effect [88,89]. For instance,
Zhang et al. [90] highlighted that methane production in anaerobic system was not affected
by polystyrene MPs in the case of low concentration (0.2 g L−1), while it can be reduced
almost by 20% in presence of the same MPs in higher dosage (0.25 g L−1).

Hydrogen production was found to decrease during alkaline anaerobic fermentation
of activated waste in presence of PET microplastic, which was found to inhibit hydrolysis,
acidogenesis and acetogenesis [91]. Feng et al. [92] found that Pd-doped polystyrene
nanoplastics (2.36 × 1010 particles mL−1) were able to reduce the methane production up
to 14.29%. Further, aerobic digestion seems to be affected by MPs presence in SeS [93]. A
very detailed and exhaustive summary of the recent literature and of the chemical and
biological mechanisms evolving during the anaerobic and aerobic processes in presence of
MPs can be found in [11,94]. Further, some results regarding the positive or negative effects
induced by MPs and/or by the metals adsorbed on MPs as a function of their chemical
nature on the evolution of the different reactions appear to be controversial, and more
focused studies with common guidelines are needed to clarify these aspects, exploiting the
potential ecotoxicity of the plastic wastes.

3.4. Microplastics in Soils Amended with Sewage Sludge

Although several authors try to roughly estimate the potential dispersion and accu-
mulation of MPs in soils due to the spread of SeS [41,95,96], the number of research studies
on this topic is low and severely limited to the last two years. In the literature, only four
studies have been identified [97–100] (Table 2).
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Table 2. Main results of the bibliographic analysis about the type of sludge spread in soil, the rate and the frequency of application, the type of crop, and a comparison between the MPs
concentration in amended soil and in not-amended soil. n.a.: Not available; MS: Municipal sludge; MIS: Mixed municipal and industrial sludge; DM: Dry matter.

Type of Sludge Applied Rate x Application Frequency of Application Type of Crop
MPs Concentration

[control b]
(MPs kgDM−1)

References

n.a. 40 tDM ha−1 0–5 times in 10 years Corn, rotation with corn and
fallow

5–20 e

[200–600 c] [97]

n.a. 30 t ha−1 d Applied once each year. Tests
lasted 2 years. Citrus fruits 545.9 f

[5]
[98]

n.a. 15 t ha−1 d Applied once each year. Tests
lasted 5 years. Citrus fruits 87.6 f

[5]
[98]

n.a. 20–22 tDM ha−1 1–8 times Olive and cereal

2130 ± 950 light density MPs
[930 ± 740 light density MPs]

3060 ± 1680 heavy density MPs
[1100 ± 570 heavy density MPs]

[99]

MS 16.2 t ha−1 a
Applied twice each year before
crop transplanting. Tests lasted

more than 9 years.

Rice and wheat
(rotation)

149.2 ± 52.5
[40.2 ± 15.6] [100]

MIS 16.2 t ha−1 a
Applied twice each year before
crop transplanting. Tests lasted

more than 9 years.

Rice and wheat
(rotation)

68.6 ± 21.5
[40.2 ± 15.6] [100]

MS 3.3 t ha−1
Applied twice each year before
crop transplanting. Tests lasted

more than 9 years.

Rice and wheat
(rotation)

73.1 ± 15.4
[40.2 ± 15.6] [100]

a Moisture content equals to 75–85%; b Soil not amended with SeS; c Converted from original u.m. in particles 5 g−1; d Moisture content equals to 30%; e Based on figures evaluation and/or table data
re-elaboration; f MPs kg−1 wet weight.
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Corradini et al. [97] examined 30 different plots of land in Chile, which had been
amended with diverse frequency (0–5 times) in the previous 10 years with about 40 t ha−1

of SeS. Comparing the results with those observed in a “control” soil not amended, the
impact of SeS spread was evident. The presence of MPs was considerably higher in
amended soils than in the control case and 97% were fibers [97], typically present in SeS
(Section 3.2) [68,73,75]. Corradini et al. [97] also evaluated that the spreading frequency did
not play a key role in MPs accumulation when the spreads are very sparse. By testing one,
two, and three applications in 10 years, the accumulation of MPs was similar and lower
than that obtained by testing four and five applications [97].

Zhang et al. [98] studied the effects due to the application of different quantities of
SeS (15 and 30 t ha−1) on diverse soils in China. Their results showed a concentration
of MPs directly proportional to the sludge rate of application (up to 545.9 MPs kg−1)
while the presence of MPs in the “control soil” (not amended) was significantly lower
(5.0 MPs kg−1) [98].

van den Berg et al. [99] focused their attention on 16 different sites in south-eastern
Spain (five used as “control” and eleven on which 20–22 t ha−1 of SeS was spread 1–8
times) finding a concentration of MPs up to three times higher in soils where SeS was
spread than in “control” soils. Their study also confirmed the dependence between the
number of SeS application and the accumulation of MPs, highlighting a significant positive
linear correlation both for light density plastic (R = 0.593) and for heavy density plastic
(R = 0.668) [99].

Finally, Yang et al. [100] confirmed the direct proportionality between the quantity of
SeS used and the presence of MPs in the soils, examining four soils (three of which were
amended). They also found a presence of MPs more than double in the case of the use of
municipal SeS compared to mixed SeS (municipal and industrial), highlighting a possible
strong dependence between the type of SeS and the quantity of MPs released after spreading
in agriculture [100]. In accordance with the previous study by Corradini et al. [97], the
qualitative analysis of MPs determined that fibers represent the MPs most present in the
soil samples analyzed (from 66.7 to 82.5%) [100].

Considering these studies, despite the limited number of data, the accumulation
of MPs in the soils due to the spreading of SeS appears to be significant and directly
proportional to the amount of soil improver spread highlighting a significant pathway for
the diffusion of MPs in the environment. This correlation is more clear, also referring to
the high prevalence of fibers in amended soils, typically present in SeS [68,73,75]. This
could represent a problem considering also the possible existence of pathways of the
smaller fraction of MPs from contaminated soils to human and biotic communities in
general [13,101], not yet fully confirmed (Figure 2).
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However, these studies have not shed light on many aspects that should still be
adequately addressed before being able to fully define the impact of SeS spread in the
release of MPs in the environment. The impact of the diverse types of SeS, the influence
of the initial concentration of MPs, environmental factors (e.g., precipitation, etc.), and
the influence of diverse crops and types of soil are just some of the aspects that should be
clarified in future research.

Despite the difficulties in conducting studies on this issue such as long monitoring
periods (years), large amounts of data required (type, frequency, quantity and quality of SeS
spread, etc.), and the lack of a standardized method for the extraction and quantification of
MPs in soils, the authors believe that studies on this topic are increasingly necessary and
need to be stimulated.

Although, to date, there are no limits on the presence of MPs in the SeS for agricultural
reuse or in the soils in which they are spread [102], attention on this issue remains high. In
2020, the EU launched an evaluation of the Sewage Sludge Directive 86/278/EEC [103] in
perspective of future revision of the legislation to consider also the presence of emerging
contaminants in SeS [104].

4. Conclusions and Future Perspectives

The analysis of the literature showed that, to date, there is not a standard method for
the extraction and analysis of MPs from SeS, causing difficulties in the direct comparison
of the results obtained in the different studies regarding the quantity and quality of MPs
in the SeS. Moreover, the effect of both the surface characteristics and the MPs size on the
chemical activity and the fate of the particles needs further research work. The quantity
of MPs in sludge seems to be mainly a function of two aspects: (i) the configuration of
water line treatments in WWTPs and (ii) MPs presence in the influential WW. To date, no
clear direct influence of the type of treatments present in the sludge line and MPs found in
sludge line can be highlighted. From the analyzed studies, the presence of MPs can affect
the properties of the SeS by altering the adsorption capacity of metals and modifying the
digestibility of the sludge itself. Further, some results regarding the positive or negative
effects induced by MPs and/or by the metals adsorbed on MPs appear to be controversial,
and more focused studied with common guidelines are needed to clarify these aspects.
Regarding the presence of MPs in soil improvers, although more data are required, based
on preliminary studies, the sludge spreading seems to be a significant pathway for the
diffusion of MPs in the environment. However, several aspects, such as the impact of
the diverse types of SeS, the influence of the initial concentration of MPs, environmental
factors, the influence of diverse crops and types of soil, remain unclear and should be
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better clarified in future research. The determination of the type of MPs represents an
aspect which could be exploited to better evaluate the dispersion in the environment of
MPs following the spread of SeS using fibers and fragments (very common in SeS) as an
indicator of a WWTP-environment pathway.
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Abbreviations

A/A/O anaerobic/anoxic/aerobic;
AFB aerobic fluidized bioreactor;
ASTM American society for testing and materials;
BAF biologically active filter;
CAS conventional active sludge;
DM dry matter;
FTIR micro-Fourier transform infrared;
IW industrial wastewater;
LDPE low-density polyethylene;
MBBR moving bed biofilm reactor;
MBR membrane bioreactor;
MIS mixed municipal and industrial sludge;
MPs microplastics;
MS municipal sludge;
MSBR modified sequencing batch reactor;
MW urban wastewater with a large contribution of industrial wastewater (mixed wastewater);
n.a. not available;
NF nanofiltration;
P primary sludge;
PA polyamide;
PE polyethylene;
PET polyethylene terephthalate;
PRISMA preferred reporting items for systematic reviews and meta-analysis;
PS polystyrene;
Pyr-GC/MS pyrolysis-gas chromatography/mass spectrometry;
RFE rapid filtration equipment;
RO reverse osmosis;
S secondary/biological sludge;
SBR sequencing batch reactor;
SeS sewage sludge;
TF trickling filters;
UF ultrafiltration;
UMW not specified if urban or mixed wastewater;
UW urban wastewater;
WW wastewater;
WWTPs wastewater treatment plants.
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