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Abstract: Microplastics have emerged as a global environmental concern due to their
widespread presence and potential effects on ecosystems. Wastewater treatment plants
(WWTPs) play a critical role in mitigating the release of microplastics into the environment.
This study aimed to evaluate the abundance and distribution of microplastics in three
municipal WWTDPs exhibiting different sludge and water treatment technologies. Samples
were collected at various stages of the treatment process, including influent, primary and
biological sludge, treated water, thickened sludge and dehydrated sludge. Quantification
analyses were performed and then coupled with operational data to assess pollution flow
rates and the microplastic balance. An important removal rate (>97%) of microplastics
along the water line was observed in all three WWTPs. The lower performance of 0.75 mm
screening was observed regarding microplastic capture compared to conventional primary
settling on the water line. No significant differences in the pollution flow rates between
primary and biological sludge were detected. Whatever the thickening and dehydration
technologies that were tested, the specific quantities of microplastics along the sludge treat-
ment lines were steady, implying the comparable behaviour of microparticular pollution
to total suspended solids. These results underscored the important role of the different
concentration stages of sludge treatment lines in sequestrating microplastics within the
sludge fraction.

Keywords: microplastic; wastewater treatment plant; sewage sludge

1. Introduction

Plastics became essential in daily life due to their low weight, durability, mechanical
resistance and cost-effective production. The production of plastic is constantly increasing,
reaching a global production of 390 million tons in 2021 [1] with an estimation of 33 billion
tons in 2050 [2]. A recent report from OECD (The Organization for Economic Cooperation
and Development) showed that only 9% of all plastic waste is recycled, while 19% is incin-
erated, 50% is sent to landfills and 22% is disposed in uncontrolled dumpsites, burned in
open pits or leaked into the environment, which represents a major environmental issue [3].
Considering the low degradability of such waste, its accumulation in the environment
causes important damage to flora and fauna, which has become one of the biggest chal-
lenges of the decade [4,5]. Notwithstanding its negative impact, the full consequences
of plastic pollution are not totally clear and many facets of the problem still need to be
investigated. [6]. From recent research, it appears that studies have essentially focused
on plastic fragments called “microplastics”, defined by having a size below 5 mm [7]. Mi-
croplastics have been measured largely in the environment, especially in seas, rivers and
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even in ice seas (e.g., Baltic Sea), showing the alarming level of microplastic pollution and
dissemination [8-11].

As outlined by Boucher et al. (2017), the main sources of microplastics are synthetic
textiles (35%), tyres (28%), city dust (24%), road markings (7%), marine coating materials
(3.7%) and personal care products (2%) [12]. These microplastics are primarily composed of
widely used plastic polymers such as polyethylene (PE), polypropylene (PP), polystyrene
(PS), polyethylene terephthalate (PET) and polyvinyl chloride (PVC). The high consumption
of these polymers, coupled with their low recycling rates and high resistance to degradation,
significantly contributes to their persistence as environmental pollutants [13]. Many of
these microplastics are carried by waters from household drains or rainwater and end up
at municipal wastewater treatment plants (WWTPs), which is the last barrier before their
release in the environment [14]. It has already been observed that WWTPs drastically reduce
the microplastic concentration in the treated water, with a removal rate up to 97% [15].
Indubitably, the high removal rates measured on the water lines are theoretically correlated
with the accumulation of microplastics in the sludge fraction [16,17]. The presence of
microplastics in sewage sludge has been measured at levels ranging from 1000 MP/kgDM
to 495,000 MP/kgDM [18,19]. Most studies report microplastic concentrations at the final
stage of the process; however, few provide data on the accumulation of microplastics
throughout the wastewater treatment plant. This information is crucial for understanding
the preferential pathways of microplastic particle transport [20].

In addition, due to the complexity of the sludge matrix and the heterogeneity of the
methodologies employed for the measurement of microplastics, a high variability in the
results is observed in the literature. As an example, a large panel of pretreatments of sludge
samples has been used by different authors (filtration using different filter sizes, density
separation, oxidation, elutriation and alkaline treatment), which can cause a non-negligible
impact on the conclusions that can be drafted from their results [21-23]. The standardization
of the analytical methodology becomes of vital importance for the understanding of the
phenomena at hand.

The objective of our study was to investigate the accumulation of microplastics in three
wastewater treatment plants and compare the results obtained using the same methodology.
The novelty of the work lies in both the holistic and process-oriented approach of the plants.
Many samples from both water and sludge treatment lines were collected from WWTPs
that exhibited different treatment technologies. To estimate the pollution of microplastics
in the daily flow rate, the quantitative results obtained in the measured concentrations of
microplastics were crossed with the operational data of the plants. This common indicator
for all streams allowed for comparative evaluations and contributions of each step of the
wastewater treatment process. Hence, a global screening of the microplastic pollution in
the water and the sludge streams has been made to assess the impact of each process on
microplastic accumulation and to better understand the preferential path out of the plant,
depending on the technology deployed.

2. Materials and Methods
2.1. Description of WWTPs

In this study, wastewater and sludge samples are collected from three different mu-
nicipal WWTPs located in France. The WWTP capacity is approximately 128,000, 623,000
and 67,000 population equivalents for WWTP1, 2 and 3, respectively (Figure 1). The three
selected WWTPs are chosen due to their distinct features, enabling the comparative analysis
of diverse technologies for water treatment.
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Figure 1. Synoptic scheme of the three plants showing the different treatment steps and the sam-
pling locations.

WWTP1 operates a low-rate Conventional Activated Sludge (CAS) system that treats
both carbon and nitrogen. The water line is equipped with a 6 mm grid for screening,
followed by sand and grease removal, a circular primary settler without the use of chemicals
and biological tanks with clarifiers. The primary sludge undergoes gravity thickening,
while the biological sludge is concentrated using a Dissolved Air Flotation (DAF) process.
Both sludge types are then dewatered by centrifugation before being evacuated from
the plant.

The waterline of WWTP2 is equipped with a sand and grease removal and a 6 mm grid
prior to the primary treatment. The latter consists of a lamellar settler without chemical
addition. The subsequent biological treatment utilizes a High Loading Rate Activated
Sludge (HRAS) process, which is an intensive method focused on carbon removal. The
primary sludge is thickened by gravity, while the biological sludge undergoes a DAF
process. Both are then conditioned with iron salts and lime before being dewatered using
a press-filter.

Finally, WWTP3 is a Membrane Bioreactor (MBR) plant that includes a 6 mm grid,
followed by sand and grease removal and a 0.75 mm sieve upstream of the biological
tanks. The biological treatment consists of two biological tanks and four MBRs (34 nm pore
size). The sieve residues and the MBR sludge are mixed and subsequently dewatered by
centrifugation. Unlike WWTP1 and 2, the inlet water in WWTP3 is collected upstream
of the pretreatment process. In all the WWTPs studied, the water separated during the
dewatering process is recirculated and reinjected into the treatment process before the
screening step.

2.2. Sampling and Analytical Procedure

For all sampling programmes, the raw wastewater sampling (non-sludge sample)
consisted of a 24 h composite sample. These samples were harvested thanks to calibrated
automatic portable samplers (Hach & Isco, Ames, IA, USA) installed in the plants. The
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samplers were filled with twelve glass beakers of 200 mL each to retrieve the wastewater at
intervals of two-hours. The samples from each beaker were then mixed pro rata according to
the flow rate reconstitution (except for WWTP1 samples, where a 24 h average sample was
collected). For treated water, grab sampling was performed using a sampling stick with a
1-litre glass beaker at its tip. The same grab sampling method was used for the sludge. Solid
sludge samples were collected using the quartering sampling standard method to ensure
homogeneity [24]. Precautions were taken during all sample collections to avoid external
contaminations, including covering the operator’s hair with a hygiene cap and using
plastic-free materials, including clothing and protective equipment, whenever possible.
After collection, all samples were stored in a cold and dark room in aluminum-sealed glass
bottles to prevent contamination.

The microplastic quantification was based on visual counting after the dilution of
the sample, digestion and filtration. The procedure required an adequate concentration
of sample in order to avoid the clogging of the filter during filtration, and to limit, to a
maximum of 50, the number of particles in the filter. Reliable visual counting under the
microscope was not considered to be possible beyond this limit. Thus, approximately
0.5 to 2 g of sludge or grease was used for each quantification. The samples were diluted
with 4 L of ultrapure water and gently mixed for 24 h on an orbital shaker. The solutions
were then treated with NaOH (0.2 M) at 60 °C for 24 h to dissolve the organic matter.
This digestion treatment was selected to ensure the removal of organic matter without
affecting the microplastics” characteristics. Between 20 and 100 mL of the sample was
then filtered on a 2 um glass fibre filter. Seven replicates were made for each sample to
obtain a reliable mean following the sample size estimation method at a 95% confidence
interval. Visual inspection and counting of the microplastic particles were then performed
using a binocular magnifier (x45, VisiScope®SZT360—6, VWR International, Radnor, PA,
USA). A comparative study on the analytical methods for microplastic analysis has been
performed by [25] and confirmed that the applied microscopy protocol is a reliable method
for the quantification of total particle numbers. Figure 2 shows a selection of microplastic

particles recovered from a sludge sample.

Figure 2. Binocular magnifier observations of microplastic particles from visual sorting: (a) sample
from dehydrated sludge (x20), (b) sample from sludge line (x41).

The quantification of microplastic particles was not limited to microfibers. All types
of microplastic particles (pellet, fibre, bead, fragment) were considered with this method.
The minimum size of quantification was 10 um, which was lower than the usual limit of
quantification observed in the literature for microplastic particles’ measurements [16,26].
The analytical protocol did not provide sufficient capability to definitively ascertain the
nature of the particles being quantified. Despite the trained eyes of the operator, non-plastic
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particles might have been counted but it was assumed that they represented a small fraction
of the microplastic particles that were counted. In addition, the total suspended solids (TSS)
concentration of all samples was determined following the standard methods [27,28].

2.3. Data Analysis

After MP quantification, the results were expressed either as a concentration (MP/L)
for liquid samples or as a specific quantity (MP/kg of dry matter) for sludge samples. The
MP quantification data were then combined with the detailed operational data of the plant,
such as the wastewater flow rate or the dry matter (DM) flow rate (depending on the case).
Since both types of operational flow rates were known at the different plant locations, it
was possible to express the results as the MP flow rates (MP/d). For inlet and treated water
samples, Equation (1) was used, while Equation (2) was applied for sludge samples:

MP _ 1 MP
FRwater.sample = FR™""« C 1)
FRYee = FR™ 5 SQMP )

With FR¥"¢ being the volumetric flow rate of water at the sample location (m3.d 1),
FR™ being the dry matter mass flow rate of sludge at the sample location (kgDM.d 1),
FRMP being the MP flow rate (MP.d!), cMP being the concentration of MP (MP.m %) and
SQMP being the specific quantity of MP (MPkgDM ). To track the MP balance along the
plant, the daily MP flow rates in the sludge line were also expressed as the percentage of
the WWTP inlet. The MP flow rate of treated water was always included. The equation
applied was as follows:

o+ PRI
FR% — treate .wutex‘dp sludge +100 (3)
FRinlet

In the case of the sample labelled as raw sludge, which was the sum of the primary
and biological sludges, both sludge MP flow rates were considered in the numerator.

3. Results and Discussion
3.1. MP Contamination in WWTPs

The results of the MP quantification were given for all three WWTPs in Table 1. The
concentrations of MP observed in WWTP1 decreased from 1000 £ 50 to 15 &2 MP/L in
the raw water and treated water, respectively, corresponding to a 98.5% removal rate on the
waterline. This is consistent with previous results operated on the same plant three years
earlier and with results published in the literature [29]. Overall, specific quantities of MP in
sludge fractions ranged from 4.0 x 10° to 5.9 x 10°® MP/kgDM. The highest contamination
of MP was observed in primary sludge (5.9 + 0.9 x 10® MP/kgDM) while the lowest
specific quantity was observed in biological sludge (4.0 &= 0.7 x 10° MP/kgDM). Also, the
two final fractions along the sludge line, i.e., after thickening and after the centrifugation
steps, presented very similar specific quantities (5.5 + 0.9 and 5.6 + 1.4 x 10° MP/kgDM,
respectively). To express the MP contamination as a percentage of the DM exiting the
plant, a hypothesis of 1 ug per MP was taken, in line with previous observations [30]. This
resulted in an MP content in the dry matter of 0.56% w/w.
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Table 1. Characteristics of each collected sample. Concentrations are in MP/L; specific quantities are
in x10° MP/ kgDM,; sludge TSS contents are in g/L; sludge dryness, removal rates and MP content
in the dry matter are expressed in percentages.

Inlet Water Treated Primary Biological Thickened Dewatered
Water Sludge Sludge Sludge Sludge
WWTP1 Concentration 1000 £+ 50 15+2 19,048 £ 2862 12,914 + 2283 — -
Specific quantity - — 59+ 09 4.0+07 55+ 09 56+14
- — 3.23 3.26 — —
Sludge dryness - - - - 4.68 17.42
Removal rate 98.5
MP content (DM) 0.56
WWTP2 Concentration 808 + 101 15+6 16,234 + 4685 13,943 + 1295 — -
Specific quantity - — 39+1.1 6.3+ 0.6 32+05 33+05
— — 4.16 2.20 - —
Sludge dryness - - - - 4.16 37.03
Removal rate 98.2
MP content (DM) 0.33
WWTP3 Concentration 567 + 38 14+6 — 6971 £ 1197 — -
Specific quantity - - 09+04 1.2+0.2 - 1.6 =04
- - — 5.72 — —
Sludge dryness — - 11.59 - — 23.8
Removal rate 97.5
MP content (DM) 0.16

An MP removal rate of 98.2% was obtained along the waterline of WWTP2, from
808 MP/L in the inlet water to 15 in the treated water. The specific quantities retrieved
in the sludge matrices ranged from 3.2 x 10° to 6.3 x 10° MP/kgDM (+0.6 x 10°),
being very similar to WWTP1. However, in this case, the biological sludge demon-
strated the highest specific quantity in comparison to primary sludge (6.3 £ 0.6 com-
pared to 3.9 + 1.1 x 10® MP/kgDM, respectively). Furthermore, the specific quantities
before and after the dewatering step were stable, as previously observed (3.2 + 0.5
and 3.3 + 0.5 x 10 MP/kgDM, respectively). In terms of content, the MP represented
0.33% w/w of the dry matter exiting the plant and 0.12% of the wet weight of the dehy-
drated sludge.

In the third WWTP, the inlet water showed a concentration of 567 MP /L. After pre-
treatment, which consisted of a 6 mm grit removal followed by sand and grease removal
and a 0.75 mm sieving, the observed concentration reached 458 MP/L, highlighting a
moderate removal rate at this point. After the membrane bioreactor, the treated water
exhibited a concentration of 14 MP/L, corresponding to an overall removal rate of 97.5%. In
the sludge and sieve residues, values ranged between 0.9 x 10° and 3.8 x 10° MP/kgDM.
Eventually, the dewatered sample showed a specific quantity of 1.6 x 10° MP/kgDM,
similar to biological sludge. This represented 0.16% w/w of the dry matter exiting the plant
and 0.04% of the wet weight of the dehydrated sludge.

For WWTPs 1 and 2, grease samples were also analyzed. In accordance with the
hydrophobic nature of most plastic polymers, the concentrations retrieved in the grease
fraction were 11 and 45 times higher than in the respective inlets of WWTPs 1 and 2. This is
consistent with the literature, which also mentions significant specific quantities of MP in
the grease skimmed during the pretreatment [31].

Altogether, the data reveal that the inlet concentrations of MP are significantly higher
than those previously reported in the literature, while being coherent with our previous
studies. According to the study conducted by Liu et al. (2021), the concentrations of MP in
municipal WWTPs ranged from 0.28 to 610 MP/L in influent water, with a median value of
31.1 MP/L [32]. The high concentrations observed in this study may be attributed to the
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analytical method used. As previously discussed by Koutnik et al. (2021), the methods
employed can greatly affect the measured concentrations of MP [33]. The methods used
in this study involved a lower pore size filtration (2 um) and a lower minimal size of
quantification (10 um) than typically reported [10-300 um] [15]. Consequently, the counting
here was likely to be more exhaustive. This is also true for the type of fragments numbered.
Unlike many other studies that focus solely on fibres, this work included fragments of
various shapes, like, for example, beads and pellets. In addition, the quantification protocol
used in this study did not include a qualitative check with FTIR or RAMAN methods [33].
Indeed, a time-effective quantification method has been favoured to be easily repeated on a
wide range of samples and wastewater treatment plants in this study and in future work.
Furthermore, a significant number of publications do not provide an accurate indication
of the specific sampling location for the influent. The term “influent” can refer to both
raw water and pretreated water, often after the grit, sand and grease removal. This lack of
clarity regarding the sampling location can introduce a bias in comparative studies.

The same observations and explanations can be drawn for the sludge contamination.
The literature exhibits an important variability in the reported quantities of microplastic par-
ticles, ranging from 1000 microplastic particles per kilogram of dry matter (MP/kgDM) up
to 495,000 MP /kgDM [18,19]. This variation can be attributed to the diversity of the sludge
types studied, ranging from those with low total suspended solid (TSS) concentrations like
activated sludge, to those with high TSS concentrations such as dewatered or dried sludge.
Additionally, the methods employed to quantify microplastic particles in sludge samples
can significantly differ and have a substantial impact [21]. Finally, the protocols used for
quantifying microplastic particles also encompass various steps or combinations of steps,
including oxidative or alkaline treatment, density separation, elutriation and filtration [15],
which can introduce additional variability in the measured microplastics. For that reason,
the comparison of the contamination levels from one study to another should be very
cautiously carried out.

For the three WWTPs, and despite the different wastewater technologies used in each
of them, high removal rates were observed (>97%). First of all, the performances measured
here were consistent with previous studies carried out on a wide range of plants [34-36].
However, we could have expected more differences in the removal rates depending on the
technology used. The membrane bioreactor, an intensive filtering solution, demonstrated
its strong efficiency on MP removal. Krishnan et al. (2023) highlighted its superiority in
MP retention when compared to other treatment methods [35]. Also, an HRAS system
produces more exopolymeric substances (EPS) and is more efficient at removing particular
pollution than CAS [37]. Nevertheless, our results did not show significant differences
between those three biological treatments. For future work, we suggest repeating this study
to capture a wider range of MP pollution loads and operational conditions, which would
help to be more conclusive on the impact of the secondary treatment on the removal rates.

3.2. MP Flow Rate and Pollution Balance of the Sludge Line Processes

The concentrations and specific quantities of MP in the samples were compared with
operational data of the plants, such as the wastewater flow rate and DM flow rate. Thus,
MP flow rates were calculated and the MP balance was assessed. Figure 3 illustrates, for
each plant, the MP flow rate at the different sampling points. The percentage of the MP
flow rate compared to the inlet is also given according to Equation (3). The inlet MP flow
rates were 9.9 x 10%,8.8 x 10 and 5.0 x 10° MP/day for WWTP1, 2 and 3, respectively.
Regarding the treated water, values of 1.4 x 10%, 1.7 x 10” and 1.4 x 10® MP/day were
measured, respectively. This confirmed the high removal rates mentioned in the previous
section, with MP flow rate reductions ranging from 1.5 to 2 log.
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Figure 3. Evolution of the daily MP flow rate (in % of the inlet and MP/d) of the three WWTPs. “Raw
sludge” is the addition of MP flow rates measured in the primary sludge—or sieve residues for plant
3—and the biological sludge.

For WWTPs 1 and 2, similar trends were observed, with an increase in the MP flow
rate at the raw sludge point, followed by stable values along the sludge line. In the first
plant, an increase of 0.28 log was calculated in the flow, accounting for both primary and
biological sludge. The values then demonstrated a fairly steady trend, with an MP flow
rate ranging between 10.20 and 10.28 log (1.89 and 1.58 x 10'® MP/d), despite the different
sludge treatments applied. Similar behavior was observed in WWTP2, with a 0.22 log
increase in the MP flow rate in the raw sludge, followed by a steady state at around 11.15 log
(2.3 x 10 MP/d). For both WWTPs, the outlet MP flow rates corresponded to 1.61 and
1.76 times the inlet flow rates, respectively.

For WWTP3, on the other hand, a downward trend was observed. Starting at 9.70 log
at the entrance of the plant, the MP flow rate slightly decreased (0.29 log) in the raw sludge,
which included both sieve residues and biological sludge. Finally, the outlet MP flow
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rate exhibited a value of 9.54 log (3.5 x 10° MP/d), corresponding to 0.72 times the inlet
flow rate.

Figure 4 presents the contribution of the primary sludge—or sieve residues for
WWTP3—the biological sludge and the treated water to the MP flow rates. Values are
expressed as the percentage of the inlet. For WWTPs 1 and 2, the primary settlers retrieved
81 and 74%, respectively, of the inlet MP. This was consistent with previous measurements
that demonstrated the important MP removal rate of primary settling. However, somewhat
unexpectedly, the biological sludge samples still exhibited high percentages of MP inlet
flow rate (111 and 93%, respectively). This resulted in a higher MP flow rate assessed in the
raw sludge than at the inlet of the plant. In contrast, at WWTP3, the sieve residues only
accounted for 5% of the inlet, while the MBR biological sludge collected 47% of the inlet
MP flow rate. Ultimately, the total accounted for 72% of the MP inlet flow rate.

Primary sludge Biological sludge  m Treated water

WwWTP3 [H '_IH

WWTP2 e — +

WWTP1 A D—}—(

0% 25% 50% 75% 100% 125% 150% 175% 200% 225%
MP flow rate (%Inlet)

Figure 4. Distribution in percentages of MP inlet flow rate between treated water, biological sludge
and primary sludge—or sieve residues for plant 3.

Several reasons can explain this outcome. Firstly, and as mentioned above, the enu-
meration method used in this work did not include a qualitative check of the materials. It
3ws hence likely that sludge samples, which gathered TSS and precipitates, were even more
prone to overestimation than water samples. Secondly, the MP flow rates assessed in this
study were generated by crossing analytical results from 24 h composite samples and/or
grab samples with data retrieved from the WWTP operators, which were at best monthly
averaged or yearly averaged. It was evident that this fact introduced approximations in the
MP balance, as some data were instantaneous while other added the effects of variability
due to the weather or the season.

Finally, the data also questioned the possibility of a fragmentation of the MP in the
primary settlers and/or in the biological tanks. The increase in inlet percentages for
WWTPs 1 and 2 at the gathering of both primary and biological sludge could be explained
by a multiplication effect of MPs due to fragmentation. This fragmentation could either
trigger an overestimation (one microplastic was fragmented into several pieces, at least
two being bigger than 10 um), or an underestimation (one microplastic was fragmented
into pieces smaller than 10 pm which would not be detected in the MP quantification). The
mechanisms involved in the fragmentation of microplastics in wastewater treatment plants
are not yet elucidated and there is still a need for comprehensive investigations. However, it
is widely assumed that the weathering process begins with the emergence of surface defects,
leading to the formation of cracks. Mechanical stresses such as pumping, water screening
and bubbling can contribute to the cracking and splitting of microplastics particles. These
cracks are then further intensified by shear forces arising from wear, collisions and / or water
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turbulences [38]. Additionally, in the biological treatment, fragmentation could occur due
to biological stress. The literature remains unclear on the matter of the biodegradation and
biofragmentation of microplastics in WWTPs [39—41]. Biofragmentation in the biological
treatment could contribute to explaining the differences in MP flow rate in the raw sludge
samples compared to the inlet. This effect of fragmentation and biofragmentation is an
important factor to consider when analyzing the fate of microplastics in the sludge. It
has already been suggested that microplastics, when subjected to prolonged exposure to
biological processes, undergo further fragmentation into smaller pieces, increasing the
complexity of their monitoring and enhancing their potential environmental impacts [34].

3.3. Impact of the Sludge Line Processes

Figure 5 illustrates, for each WWTP, the specific quantities of MP measured in the
different sludge samples. For the first two WWTDPs, it appears that the specific quantities
at the inlet and at the outlet of the thickening steps are similar. On WWTP1, the primary
and the biological sludges enter with quantities of 6.77 and 6.60 log, respectively, and the
thickened sludge exhibits a 6.74 log specific quantity. In WWTP2, the values in log are 6.59,
6.80 and 6.50, respectively. These data show that the two sludge thickening technologies,
gravity thickening for primary sludge and DAF for biological sludge, are efficient for
MP sequestration in sludge as the specific quantities are stable along the process. These
results are consistent with the literature, which mentions that both technologies appear
to be capable of removing the different types of microplastic particles depending on the
phenomenon at stake: sedimentation or flotation. Indeed, research conducted by Bilgin
et al. (2020) demonstrated that flotation applied in grit chambers was more effective in
removing low-density microplastic particles such as fibres and film debris [42]. Conversely,
sedimentation was found to be highly efficient in capturing fragments, with a removal rate
of up to 89%. These results tend to corroborate the present findings, which suggest that
MP captured by sedimentation (likely high-density and/or large-structure MP) during
the primary settling follow the same fate in the gravity thickening and are concentrated
in the sludge line. MP less prone to settling (low-density and/or flat-shape MP) are most
probably conveyed in the biological treatment and eventually captured in the DAF.

110t Primary S. Biological. S Thickened S H Dehydrated S.
1x107 . .
o 1 ! 1 A I
S 1x108 -
()]
2
o 1x10°
=
-~ 1x104
)
B
S 1xiee
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Figure 5. Specific quantities of MP measured in primary sludge, biological sludge, thickened sludge
and on the dehydrated sludge in all three plants.

The sequestration of microplastics in the sludge fraction through thickening technolo-
gies is also discussed in the literature. For example, the study by Alavian Petroody et al.
(2021) reported only a 6% difference before and after thickening, highlighting the retention
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capacity of the sludge fraction through thickening [20]. Interestingly, the study explained
that the 6% difference could be attributed to the presence of low-density microplastics,
which are redirected to the supernatant phase. Therefore, the slight disparity observed in
our study between the input and the output may have been due to either (1) the inherent
limitations of the analytical methods used, which prevented us from achieving a high level
of precision as mentioned earlier; or (2) the separation of low-density microplastics that
were redirected to the water line.

In a similar manner to the thickening processes, the dewatering step shows a com-
parable trend. The specific quantities measured were remarkably stable before and after
dewatering in the first two plants (6.74 for WWTP1 and 6.50 and 6.52, respectively, for
WWTP2) equipped, respectively, with a centrifugation step and a press filter step. These
results suggest that both centrifugation and press filter technologies are effective at con-
centrating MP into the sludge cake, rather than redirecting the pollution back in the water
line. Nakao et al. (2021) found that 91% of microplastics are sequestered in the sludge
line after dewatering (using centrifugation technology), with only 9% (mainly fibres) being
redirected into the recirculated water, confirming our observation [43].

In WWTP3, the dewatered sludge presented a specific quantity of 6.21 log, while the
two types of sludge entering the dewatered process were measured at 5.97 and 6.09 log,
confirming the previous stability trend. On WWTP3, one grab sample was collected
from the supernatant after centrifugation, revealing a concentration of 55.5 MP/L. This
concentration was approximately 10% of the inlet concentration, but the water flow rate
of the supernatant accounted for only 1% of the raw water entering the plant. Therefore,
unlike previous studies [44,45], our results suggest that the contribution of the sludge line
supernatant to the MP flow rate is minimal (0.11% in this case).

All things considered, these results from the thickening and dewatering processes
suggest that most MPs follow the same path as the TSS along the sludge lines, regardless of
the type of sludge treatment. This is further supported by the stable MP daily flow rates
observed along the sludge line for all three plants. The latter are calculated based on the
TSS flow rates and their stability demonstrates the link between the TSS and the MP paths.
It is consistent with the literature, which mentions the mechanisms of MP trapping in the
matrix of flocs [46] and the ability of flocs to retain particular pollution [47]. It also indicates
that MPs are sustainably retained in the sludge, despite the mechanical stress that flocs
undergo during treatment. However, as mentioned earlier, these results are based on MP
quantifications without considering the size distribution of the particles. It was possible
that the fragmentation of the plastic particles occurred, but it may not have significantly
affected the specific quantities measured. Future studies could enhance this research by
incorporating a qualitative characterization of MPs to further explore the evolution of
particle size distribution along the sludge line, as already studied elsewhere [20,46,48].

4. Conclusions

This study provides valuable insights on the fate of microplastics in WWTPs. Key
patterns and trends have been identified through concentration measurements and MP flow
rate assessments that shed light on the microplastics” path along the sludge and water lines.
This study corroborates findings by demonstrating the important removal rates—higher
than 97%—of the microparticular pollution along the water line, despite the diversity of
the water treatment technologies audited (CAS, HRAS, MBR). It also demonstrates very
similar behaviour between TSS and MP, since the sludge line is by far the primary pathway
for microplastics to leave the WWTP.

In terms of technology employed, a lower performance of 0.75 mm screening regarding
its MP capture compared to conventional primary settling was observed. This study also
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raises questions about the possibility of microplastic fragmentation in the primary settlers
and/or biological tanks as, unexpectedly, no differences in the specific concentrations of
microplastics between primary and biological sludge were detected for WWTP1 and 2. On
the sludge line, whatever the sludge treatment process considered, no differences were
observed in the thickening and dewatering steps across the three WWTPs considered, which
shows the important role of these concentration stages in the sequestration of microplastics
within the sludge fraction.

In summary, this research contributes to the foundation of future investigations,
encouraging further exploration into the quantification of microplastics, for which the use
of a normalized methodology is strongly advised. By expanding upon these findings, we
can deepen our understanding of microplastic behaviour in WWTPs and contribute to
effective mitigation strategies. These results can be used as a starting point to assess the
impact of regulations such as the restriction of intentionally added plastic polymers in
Europe or the obligation of filter-equipped washing machines.
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