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ARTICLE INFO ABSTRACT

Keywords: Wastewater treatment plants (WWTPs) are important pathways of microplastics (MPs) into the environment. To
Baltic sea date, the extent of MPs contamination from Estonian WWTPs, located at the Baltic Sea, is not known. To establish
Microplastics pollution MPs baseline levels in the Estonian wastewater treatment system and evaluate MPs removal efficiency, six
x;zzgobl;ru:am WWTPs were selected for evaluation. From each plant, 24 h composite samples were collected from raw influent,

after primary treatment, and from secondary effluent using an automated sampler with a three-layered sieve
system. Upon Fenton-H2O, digestion of organic matter, > 300 um MPs were quantified by microscope and
categorized by size, shape and color. At least 50 % of microscopically identified MPs were analyzed by pFTIR,
identifying at least 78 % of these as artificial polymers.

The results showed that MPs concentrations in the WWTPs’ influents were 205 — 520 MPs/L of which 36 — 94
% was removed during mechanical treatment. As a result of the overall MPs removal efficiency of 99.6 — 99.8 %
compared to the influent, 0.5 — 1.4 MPs/L was quantified in the final effluent of the WWTPs. Fibers, fragments
and films were recorded in the influent whereas the effluents were dominated by fibers. Fragments and films
were mainly composed of polypropylene (PP) and -ethylene, while fibers had more diverse polymeric compo-
sitions incl. PP, polyethylene terephthalate and polyacrylonitrile. Despite high MPs removal rates, in total, the six
studied WWTP discharge about 9,7E+07 MPs/day in the environment. The obtained results are significant for
future regulatory and research endeavors.

Municipal wastewater

1. Introduction concentrations of micropollutants incl MPs pose a risk to the human
health or the environment (EU Directive, 2024).
The efficiency of MPs removal is largely dependent on the waste-

water treatment processes and type of technology deployed (Wu et al.,

The widespread and increasing use of plastic products has led to an
exponential increase and accumulation of plastics in the environment

(Geyer et al., 2017), which poses a substantial threat to global ecosys-
tems (Zhou et al., 2020). Research shows that wastewater treatment
plants (WWTPs) are a significant pathway of the emerging contaminant,
microplastics (MPs; < 5 mm) into waterbodies (Arthur et al., 2009;
Jagadeesh and Sundaram, 2021). The concern over MPs pollution is
reflected in the recently adopted revision of the outdated Urban
Wastewater Treatment Directive (UWWTD 91/271) which mandates
that WWTPs in the EU start monitoring MPs, especially in the effluent
discharges. This requirement will be phased in, starting with WWTPs
serving >1E+05 population equivalents (p.e.) by 2035 and extending to
those serving 1E+04 - 1E+05 p.e. by 2045 where elevated
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2021; Kurt et al., 2022; Nandakumar et al., 2022). In conventional
WWTPs, MPs are mechanically removed with the skimming of fat and
oil, while high density MPs are prone to co-sedimentation with other
solids in the primary clarification tanks, leading to MPs removal effi-
ciency of 78 — 98 % during the primary treatment processes (Carr et al.,
2016; Murphy et al., 2016; Liu et al., 2019). Since MPs are hardly
degradable (Amanna et al., 2023), they sink during the biological
treatment and are consequently removed with the waste sludge, where
the removal efficiency (7 — 20 %) at this stage depends on e.g. sludge
age, sludge volume index, operator’s competency and the choice of
flocculant for sludge dewatering (Korgmaa et al., 2020; Frehland et al.,
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2020; Kurt et al., 2022). Tertiary treatment has shown to have limited
removal efficiency for MPs but compliments the treatment process
(Talvitie et al., 2017; Simon et al., 2019). Not only the WWTPs’ speci-
ficity but MPs’ properties such as size and shape are also affecting their
removal efficiency in WWTPs. Larger MPs (> 500 um) are easily
removed and separated with the other solids, while smaller MPs parti-
cles (< 500 um) and microfibers elude the treatment processes and
dominate the MPs load of the WWTPs effluent discharge (Lares et al.,
2018; Simon et al., 2019; Vardar et al., 2021). Understanding charac-
teristics of MPs, including their transformation during the treatment
process, was crucial for their effective removal in conventional WWTPs.

Despite the high (> 98 %) overall removal efficiency in WWTPs, MPs
concentrations in effluents discharged into surface waters have been
shown to reach 4.6E4+08 MPs/day (Ziajahromi et al., 2021). The Baltic
Sea is a vulnerable waterbody that has been shown to be significantly
affected by the plastic pollution with MPs concentrations reaching
3.3E403 MP/m® in the water and 1.1E+03 MPs/m? in sediments
(Narloch et al., 2022). A 5-year monitoring study in the Eastern Baltic
found a strong correlation between higher MP loads and sampling
closeness to WWTP discharge areas, indicating that WWTPs could not
efficiently retain the MPs and prevent their release into the waterbodies
(Mishra et al., 2022). However, for Estonia, situated at the Gulf of
Finland in the Eastern Baltic, MPs discharge from WWTPs has been
unknown until now.

This study aims to quantify MPs > 300 um discharge from six WWTPs
in Estonia, bordered by the Baltic Sea. For that, MPs loads in the influent,
after primary screen and in the effluent of the WWTPs were quantified
and the MPs’ removal efficiency calculated. The new data not only as-
sures early preparedness to comply with the revised wastewater direc-
tive but fills the gap in the plastic pollution mapping.

2. Material and methods
2.1. Microplastics sample collection

Six wastewater treatment plants (WWTPs) were chosen for the study
and sampled June-August 2023. The selected WWTPs operate based on
the plug flow suspended activated sludge principle with subsequent
anaerobic, anoxic and aerobic zones, incorporating multiple treatment
steps for mechanical and biological treatment (Table 1, Fig. 1). Addi-
tional information on the wastewater (WW) treatment process operation
is available in Supplementary Information (SI). 24 h composite samples
were collected from three sampling points in the WW treatment process
(influent S1, after primary treatment S2 and effluent S3) (Fig. 1) using
ISCO 3700 automatic sampler equipped with custom-made three-
layered metal sieves (pore size: 5000 um, 400 um and 100 um; diameter:
2 mm). A 16 m Teflon tube was connected to the suction port at the top
of the sampler and another 2 m hose connected to the bottom for im-
mediate discharge of the filtrate and redirected to the flowing effluent
stream. 10 L, 48 L and 1440 L of water was simultaneously sampled from
S1, S2 and S3, respectively (Fig. 1) following the sampling volume
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strategy by Hermsen et al. (2018), Koelmans et al. (2019). The retentate
on the 400 pm and 100 um metal sieves was carefully rinsed, including
the edges from the backside of the sieve to one side of the sieve with
sufficient volume of ultrapure (Type 1) Milli-Q water (Merck Millipore,
Germany) in a plastic 500 ml squeeze bottle until metal sieves were
visually clean. Finally, both sieves were scrapped with spatula into 300
ml glass beaker. To prevent excess dilution, the retentate and Milli-Q
were kept at the level of 150 ml for the influent and after primary
treatment sample while the final effluent with lesser organic matter was
kept at 50 ml (Becucci et al., 2022), covered with aluminum foil, stored
at 4 °C, and transported to the laboratory.

2.2. Sample treatment for microplastics analysis

All the samples were subjected to oxidation of the organics,
following the procedure by Al-Azzawi et al. (2020). First, samples were
vortexed (Vortex-Genie-2) for 1 min and three parallel sub-samples (2
mL each) were added in conical flasks using a plastic pipette. Fenton
reagent (20 mL of 30 % H0, and 10 mL of Fe;SO4 x 7H,0 at 1 g/L) was
introduced to each 2 ml sub-sample. An additional 5 mL of 30 % Hy04
was added every minute for ten minutes. The mixture was then allowed
to cool for 20 min, after which 4 mL of concentrated H,SO4 (95-97 %,
Merck) was added to dissolve iron precipitates and 5 mL of 1 % Tween
(Tween 20 for synthesis (polyoxyethylensorbitan monolaurate, Merck)
was added to prevent MP adhesion. The supernatant was passed through
a 10 pm metal filter using vacuum-filtration and rinsed off the corrosive
chemical with Milli-Q water and finally rinsed onto polycarbonate filters
(Cytiva, Cyclopore™; 10 um, diameter 47 mm) after which the sample
retained on the filter was placed in a lidded plastic Petri dish pre-cleaned
with acetone and air-dried before analysis. Digested samples passed
Fenton - HpO, treatment to break down organic matter. In the text, we
used the term “undigested” only to refer to organic matter that was still
distinguishable in the otherwise digested sample. The effect of sample
treatment on polymer characteristics was not evaluated since no spectral
damage on seven polymer types (PS, PE, PET, PP, PVC, PA, PLA) was
detected in the original paper (Al-Azzawi et al., 2020).

2.3. Microplastics identification and characterization

2.3.1. Optical microscopy

The samples on Cyclopore membrane filters in Petri dishes were
placed on colored paper divided into columns and four distinct quad-
rants (Figure S3) and examined in Nikon stereomicroscope SMZ1270.
Abundance, size, color, and shape of the MPs in each sample was
documented using NIS Elements BR software®. The filter was system-
atically moved vertically from the middle to the top and horizontally
from left to right within each column, starting from quadrant 1 through
4 (Figure S3). During visualization, all the identified particles were
counted, photographed, and recorded (Table S9). To account for po-
tential counting errors, pristine plastic particles were randomly selected,
and the number of MPs on membrane Cyclopore filters was counted by

Table 1

Characteristics of the studied wastewater treatment plants A, B1, B2, B3, B4, and C.
Features A Bl B2 B3 B4 C
Population Equivalents 454 000 80 000 38 284 33 499 18 233 4 400
Flow rate 120 000 12 500 16 300 13 000 1746 700

(m®/day)
Mechanical
Treatment Process

Biological
Treatment Process

Rainfall Status
During sampling

Belt Screen

SGR

Primary Clarifier
A/A/O

Yes

Step screen

SGR

Primary Clarifier
A/A/O0

No

Mono Screen

Step Screen SGR

Lamella screen

Screw screen

SGR Sand filter SGR SGR
A/A/O A/A/O A/A/O A/O
No No No No

SGR - Sand Grit Removal.
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row

Sludge collection & disposal

Fig. 1. Description of the wastewater treatment process indicating the microplastic sampling points. Influent sampling point (S1), after-primary treatment sampling

point (S2) and effluent sampling point (S3). A - Anaerobic, A - Anoxic, O - Aerobic.

three (n = 3) experimenters. The results showed negligible differences in
counting MPs > 300 um. MPs were classified into four shape categories:
fragments, fibers, films, and foams. Under the stereomicroscope, frag-
ments appeared as irregularly shaped particles with hardness and luster,
films as thin, flat, flexible shapes, and foams as lightweight, porous,
sponge-like structures. MP fibers are thread-like long chains with a
consistent length, were classified by helicity and cross-sectional shape
(e.g., round, oval, flat) and fiber ends (e.g., clear cut, tapered, frayed)
(Lares et al., 2018).

2.3.2. uFTIR-IR spectroscopy

In this study, 50 - 78 % of the visually identified plastic particulates
were chemically characterized using micro-Fourier Transform Infrared
Spectroscopy (UFTIR-IR) with a PerkinElmer Spectrum Spotlight 400
(Table 2). The digested samples (prepared for analysis as described in
chapter 2.2) were analyzed in point mode with an MCT detector. MP
particles were physically picked up with tweezers and transfered by
hand to the compression cell (Specac, DC-3). During the process, some
particles were lost, while others were too small to be transferred onto the
compression cell. The spectrometer scanned a range from 4000 to 420
cm™, encompassing the infrared spectrum necessary for identifying
polymer-specific functional groups. Particle spectra with a quality index
(QD) > 85 % when compared to a reference spectral library, were clas-
sified as polymers. Only particles, which were visually identified to
clearly consist of organic or other non-plastic compounds, such as algae,

Table 2

sand and glass, were excluded. Some MPs (identified by microscopy)
were not subjected to pFTIR analysis due to technical reasons. After
analysis with SpectrumIMAGE software, each spectrum was reviewed
and verified by an expert. Only spectra with correctly matched peaks
were accepted as valid matches

2.4. Contamination control

Throughout the experiment, maximum attention was given to
contamination risks and use of plastic-based materials was limited. For
onsite wastewater sample collection, 10 L of tap water was filtered from
the tap through the metal sieves device. When 10 L of filtrate was
reached, tap was shut and sufficient volume of Milli-Q water was used to
rinse the surface of the sieve, including the edges from the backside of
the sieve to one side and carefully directed into a glass bottle was kept at
50 ml use as “Blank metal sieve control”. The metal sieves were covered
with aluminum foil and placed inside enclosed automatic sampler. At
the end of each sampling campaign, the automatic sampler was washed
with detergent in warm water and rinsed with 10 L of tap water. Non-
shedding raincoat was worn during sampling. Retentates were rinsed
with appropriate amount of Milli-Q water into a glass beaker, covered
with aluminum foil. During the sample treatment in the laboratory,
nitrile gloves and 100 % cotton clothing were worn. Filters and Petri
dishes were pre-examined by microscope for visible particles. Plastic
Petri dishes were used to store the filters, but they had been rinsed with

Share of pFTIR-IR studied and confirmed microplastics (MPs > 300 um) in microscopy-identified MPs across the different sampling points (S1, S2, S3) and wastewater

treatment plants (WWTPs).

Microscope UFTIR-IR Studied
Identified MPs MPs
Sampling Point WWTP Total number of MPs in 3 technical parallels % of total Microscope Artificial Polymers* Organics (%)
Identified MPs (%)

Influent (S1) A 145 73.8 85.0 15.0
Bl 131 61.8 90.1 9.9
B2 82 52.4 97.7 2.3
B3 141 63.1 88.8 11.2
B4 208 68.8 86.7 13.3
C 127 67.7 86.0 14.0

After Primary Treatment (S2) A 277 78.3 82.0 18.0
Bl 39 66.7 88.5 11.5
B2 252 53.6 96.3 3.7
B3 252 66.7 88.1 11.9
B4 246 78.5 78.8 21.2
C 82 53.7 97.7 2.3

Effluent (S3) A 94 68.1 87.5 12.5
Bl 243 70.0 85.9 14.1
B2 114 50.0 100.0 0.0
B3 111 60.4 91.0 9.0
B4 228 69.3 84.8 15.2
C 141 49.6 98.6 1.4

" particle spectra with a quality index > 85 % (compared to a reference spectral library), were classified as artificial polymers.
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a) ethanol, b) checked for contamination. Contamination (size and
shape of contaminant particles) was evaluated in different control
samples: (a) airborne contamination during onsite sampling (“Air
onsite”); scraping sample from sieve, (n = 1/sampling, total n = 6); (b)
blank sample of metal sieve (“Blank MS™); contamination was checked
after pre-cleaning the filter system, (n = 1/sampling, total n = 6); (c)
airborne contamination during sample preparation and microscoping
(“Air Lab™); a virgin Cyclopore filter was kept open next to the work-
station in the lab (n = 1/sampling, total n = 6); (d) microplastics in used
labware/reagents contamination (“Milli-Q”); sample was processed with
2 ml of MilliQ water, (n = 3/study); (e) contamination on Cyclopore
filters (“Virgin filter”); filters were checked under stereomicroscope
(40x) for contamination, (n = 1/day, total n = 6).

2.5. Data analysis

The results were analyzed in MS Office Excel (Version 2408) and
DATAtab (DATAtab Team, 2024). Datasets were tested for normality of
distribution (Kolmogorov-Smirnov test, p > 0.05) and for differences in
MPs concentration between sampling points and WWTPs, one-way
analysis of variances (ANOVA) was performed followed by Bonferroni
Post-hoc-Tests. Spearman correlation analysis was performed to
examine the relationship between MPs abundance in the influent stream
and the population equivalents.

The MPs removal efficiency (RE) for each unit was calculated based
on Eq. (1)

RE (%) — Clnleé‘ inli‘;)utlet %100 &)

Where Cjyet is the concentration of MPs in the influent of the sam-
pling stage and Coylet is the concentration of MPs in the effluent of the
subsequent stage. The formula was used to estimate both the removal
efficiency at each investigated treatment stage and the overall micro-
plastics removal efficiency of the whole plant. Detail calculations steps
for analyzed subsample were included in supplementary information.

3. Results and discussion
3.1. Microplastics recovery and contamination

To evaluate the efficiency and impact of sample treatment and ac-
count for potential microplastics (MPs) loss, a recovery experiment was
conducted using pristine cryo-milled MPs, polypropylene (PP) and high-
density polyethylene (HDPE) fragments and cotton fibers (Table S2). For
each parallel (n = 3), 80 HDPE fragments, 60 PP fragments and 60
cotton fibers (all > 300 um being the lower studied particle size limit)
were counted and rinsed with 2 ml MQ water into glass beaker. A piece
of tissue paper was added to simulate the content of cellulose fibers, and
the sample was subjected to the sample treatment protocol. The average
recovery rate (n = 3) for cotton microfibers was 91.7 + 1.7 % and for
fragments, 85.6 + 3.4 % and 77.5 + 3.8 % for PP and HDPE, respec-
tively, which showed satisfactory quality like (PS = 85.9 + 3.54 %, 100
um; PE = 81.5 + 4.67 %, 200 um) (Luo et al., 2023) and (PP = 97 %, 520
um) (Salmi et al., 2021) to proceed with the study. Details are available
in SI (Table S2).

The number of recorded particulate contaminants (> 300 um)
ranged from O to 6 particles/filter (Fig. 2), which was comparable to
reported zero contaminant (Luo et al., 2023) and in the range (3.5 - 8
MPs) of blank control samples (Conley et al., 2019). In the current study,
fibers were the prevalent type of contaminants across all the controls,
with the highest counts observed in the blank control for the metal sieve
(“Blank MS™) used for onsite wastewater sample fractionation. This was
followed by airborne contamination in the laboratory (“Air Lab”). No
contamination was detected in MilliQ water and on virgin Cyclopore
filters. To further reduce contamination, metal sieves were cleaned with
air vacuum dryer to remove particles trapped in the sieve joints. In the
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Blank MS Air Lab Air Onsite  Virgin Filter Milli-Q
Test stage

Fig. 2. Particulate contaminants (MPs > 300 um) at different steps of the study:
Blank of metal sieve ‘Blank MS’ (n = 1/sampling, total n = 6); Air contami-
nation during sample manipulation in the laboratory ’Air Lab’ (n = 1/sam-
pling, total n = 6); Air contamination during onsite sampling ‘Air Onsite’ (n =
1/sampling, total n = 6); Contamination on Cyclopore polycarbonate 10 um
virgin filters ‘Virgin filter’(n = 1/day, total n = 6); lab wear/reagent ‘Milli-Q’
(n = 3/study). For more detailed contamination control description, see chapter
2.4. The data are presented as AVG + SD.

laboratory, workspace was cleaned thoroughly at least three times prior
to the experiment, and movement in the work zones was minimized.

3.2. Concentration of microplastics across treatment stages

Building on previous MPs research (Talvitie et al., 2016; Lares et al.,
2018), we aimed at high representativeness in our MPs sampling
approach. First, continuous filtration of composite samples was
collected from three critical sampling points (influent, after primary
treatment, effluent) along the water line over a 24 h period to account
for hourly fluctuations in MPs loads (Becucci et al., 2022). Second, we
utilized larger sample volumes (10 - 1440 L) and deployed onsite size
fractionation. Each of the three samples (S1, S2, S3) collected was
analyzed in three technical sub-samples (parallels). All the digested
sub-samples were initially examined under a microscope with the
exclusion of seemingly undigested organic materials and subsequently
subjected to uFTIR analysis. Specifically, 50 % - 78 % of the total visually
identified MPs were further analyzed showing a high-level (78 - 100 %)
of FTIR-identified artificial polymers amongst microscopically identified
MPs (Table 2). Therefore, the reported particle concentrations of MPs in
the WWTPs were based on microscopically identified MPs. Particle
concentrations of MPs in the WWTPs based on artificial polymers
excluding organics (Figure S5, Table S7).

Nine different polymer types were identified for the pFTIR-studied
particles, including polyethylene terephthalate (PET), polypropylene
(PP), polystyrene (PS), polyethylene (PE), polyvinyl chloride (PVC),
polyacrylonitrile (PAN), polyamide (PA), acrylonitrile butadiene sty-
rene (ABS), and polyvinyl acetate (PVA) (Fig. 3, Table S8). The most
common polymer types were PET, PE, and PP, which were observed at
all the sampling points. PET was the most abundant polymer across all
WWTPs and sampling stages, with percentages ranging from 40 % to 88
%. The final effluent of most WWTPs showed an increased percentage of
PET, especially in WWTP C, where it reached 85 % in the final effluent.
However, in the effluent, MPs (> 300 um) concentrations were just 0.5 -
1.4 MPs/L. PE was prominent in the influent of WWTP A (28 %) but
decreased significantly in subsequent stages. The percentage of PE in the
final effluent varied among WWTPs, with the lowest percentage
observed in WWTP C (4 %) and higher values in WWTP A (46 %).
Polymers PVA, PA, and ABS were detected in very small amounts or
were absent across all WWTPs and stages. ABS, for instance, was only
detected in WWTP A, contributing <2 % in any stage. PP showed sig-
nificant variation between influent and effluent stages. For example, in



A.Y. Ayankunle et al.

100
80
60
40
20

0

Distribution (%)
[—] (=] [}

=]

=}

<

A

100 2)
8

6

4

2

100 — (S3) bs
80

60

40

20

B1 B2 B3 B4 C

Aquatic Toxicology 281 (2025) 107305

(S1)
ABS
PA
PVC

PVA

PP

Fig. 3. Artificial polymer types of the uFTIR-analyzed microplastics (MPs > 300 um) in three sampling points (Influent (S1), After primary treatment (S2), Effluent
(S83)) in six Estonian wastewater treatment plants. Average distribution data are presented (n = 3).

WWTP A, its proportion increased from 20 % in the influent to 26 %
after primary treatment but decreased to 15 % in the final effluent. In the
final effluent of the six WWTPs, the abundance of polymer types
decreased in the order: PET > PE > PP > PAN > PS > PVC > ABS > PVA
> PA.

Differential removal efficiency was observed for various polymers.
For instance, the proportion of PET generally increased after primary
treatment, possibly due to better retention of other polymer types like
PE and PP. WWTP A showed a relatively balanced distribution among
different polymer types in the influent compared to other WWTPs.
However, WWTP C showed a high proportion of PET in all stages,

peaking in the final effluent at 85 %, indicating less efficient removal of
this polymer type. The polymer types of PET, PE, PP were also the most
abundant in other WWTPs, as reported in Liu et al. (2021) originating
from e.g. food packaging, plastic bags, textiles and rubber particles
(Kurniawan et al., 2021) The findings of this study emphasize the sig-
nificance of PET, PE and PP polymers in wastewater streams and their
persistence through treatment processes.

The amount of microplastics in WWTP can be influenced by various
factors, including the composition of raw wastewater, local lifestyles,
population size, and differences in sampling techniques (e.g., grab vs.
composite sampling, sampling duration, and sieve mesh size).
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Additionally, extraction methods, such as digestion processes and den-
sity separation using salt solutions, as well as identification techniques
and sampling locations, play a significant role. For instance, the number
of MPs detected in samples depend on the pore size of the filters used
during analysis. The smaller the filter size used, the greater the number
of particles detected (Sun et al., 2019).

Microplastics concentration in the influent (S1) of the six WWTPs
ranged from 205 + 12 to 520 + 66 MPs/L, with the respective values of
103 £ 9 to 263 £ 34 for FTIR-confirmed MPs (Figure S5; Table S7) with
the highest concentrations observed in the influent of B4 and the lowest
in the influent of B2 (Fig. 4). There was significant difference (F = 46.41,
p < 0.001) among the concentration of MPs across the sampling points
across the studied WWTPs. The average MPs/L in the influent in our
study was of the same order of magnitude as reported in the neighboring
country Finland (390 - 900 MPs/L; > 20 um) (Talvitie et al., 2017) and
similar to values in an urban WWTP located in Cadiz (Spain) with a
concentration of (275 - 586 MP/L; >100 um) (Franco et al., 2020) with
varying 24 h composite sample volumes from the influent. Compared to
the influent, MPs concentration after the primary treatment (S2) had
reduced to 20.3 + 8 to 144 + 37 MPs/L with the lowest in WWTP B1
operating with four primary clarifiers and the highest in WWTP A
operating eight primary clarifiers although the higher concentration
could be attributed to low hydraulic retention time and impact of
rainfall during sampling days. One of the primary factors influencing
MPs removal in WWTPs were the initial MPs loads entering the system
and the retention time of MPs within the operational units (Kurt et al.,
2022).

As expected, MPs concentration in the final effluent was further
reduced to 0.5 + 0 to 1.4 + 0 MPs/L across the six WWTPs (Fig. 4,
Table 3). The highest concentration was recorded in WWTP B1 oper-
ating two secondary clarifiers, while the lowest was observed in WWTP
A operating twelve secondary clarifiers. In comparison with other
studies, MPs concentration in the effluent (1.05 MPs/L; > 250 um) was
similar to Lares et al. (2018).

However, despite the low concentration of MPs detected in the final
effluent of the WWTPs and high removal rate (99.6 — 99.8 %), a sub-
stantial quantity is still being discharged into waterbodies daily
(Table 3). For instance, WWTP A, serving a population of over 100,000,
releases approximately 6.53E4+04 MPs/day into surface waters. Based
on this trend, the annual emission of MPs from WWTP A alone would
amount to 23.8E+06 MPs. This accounts for 69 % of the total MPs from
the investigated WWTPs in Estonia discharged into waterbodies con-
nected to the Baltic Sea. In addition, factors like high coastal population,
high industrialization rate of the region and slow water exchange make
the Baltic Sea a very vulnerable ecosystem to (MPs) pollution. According
to Narloch et al. (2022), knowledge of MPs input into the Baltic Sea is
insufficient and in addition to the primary wastewater input pathway,
rainwater and riverine emissions need attention as well.

600

= Influent After Primary Treatment = Effluent

500

400

3
2
" . : &
1
0 - - _
B4 A B3 Bl c B2

Wastewater Treatment Plant

MPs/L
S =3
S 3

=3
S

Fig. 4. Microplastics (MPs > 300 pym) concentration (MPs/L) in wastewater
systems: in the influent, after primary treatment and in the effluent (sampling
locations on Fig. 1). Data are presented as AVG =+ SD (n = 3).
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Table 3

Microplastics (MPs > 300 um) concentration in the influent, after primary
treatment and effluent of wastewater treatment plants, nominal discharge vol-
umes and overall removal efficiency. Microplastics concentration data are pre-
sented as AVG + SD (n = 3).

WWTP  Influent After PT Effluent  MPs/ MPs/ Removal
(MPs/L) (MPs/L) (MPs/ day year Efficiency
L) (10 (109 (%)
A 363 + 46 144 + 0.5+0 65.3 23.8 99.8
37
Bl 328 + 20.3 + 1.4+0 17.6 6.4 99.6
140 8
B2 205 £ 12 131 + 07+0 10.8 0.4 99.7
30
B3 353 + 23 131 + 0.6+0 8.4 3.1 99.8
32
B4 520 + 66 128 + 1.3+0 2.3 0.8 99.7
11
C 318 £ 83 42.7 + 08+0 0.6 0.2 99.7
9

WWTP — wastewater treatment plant; PT — primary treatment.

3.3. Removal of microplastics by size, shape and color

3.3.1. Size

Studied MPs were sub-divided into small, medium and large:
300-499 um, 500-999 um, and 1000-5000 um, respectively (Fig. 5,
Table S4). In the influent, WWTPs A, B1, B4, and C were characterized
by higher prevalence of small MPs, accounting for over 40 % of the total.
In contrast, WWTPs B2 and B3 exhibited a more balanced distribution,
with large MPs making up 16 - 32 % of the total. Compared to the
influent, small MPs showed a slight decrease across most WWTPs,
indicating partial removal during treatment, while medium MPs
generally exhibit an increase, likely due to higher retention or re-entry
via reject water line within the WWTP system. However, large MPs
consistently decreased (12 % — 18 %) across all WWTPs, reflecting
effective retention and removal of this size fraction. However, in the
final effluent of WWTP A, following biological treatment with activated
sludge, 84 % of the MPs discharged into waterbody were small (60 %)
and medium. This result highlights WWTP effluent as a major pathway
for MPs to enter the open sea. These findings are comparable to earlier
studies in Estonian surface waters (Mishra et al., 2022), where 75 % of
detected MPs were within the 330-999 um size range.

The shift towards smaller MPs can be attributed to the finer pore size
(100 um) of the metal sieve used during sampling, consistent with
findings from other studies (Sutton et al., 2016). Notably, smaller pore
sizes result in higher MP capture efficiency (Becucci et al., 2022). Our
results are comparable with other studies that found abundant size
fractions to be < 355 pm (Franco et al., 2020) and ranged between 45 —
500 um (Dronjak et al., 2023). Overall, the results suggest that existing
WWTP processes cannot effectively remove MP particles lesser than
1000 ym. However, bigger MPs can break down into smaller size frac-
tions in different treatment units (Cheng et al., 2021) as observed in
studied WWTP. Alarmingly, smaller particles (< 500 um) are easily
ingested by plankton and fish (Qiao et al., 2019) and pose a risk for the
aquatic environment.

3.3.2. Shape

There was a significant difference (F = 5.66; p < 0.05) in the removal
rates and shapes (F = 63.97: p < 0.01) of different MPs across various
stages in all Table S5). Fibers dominated the MPs profile across all
WWTPs, followed by fragments, which showed variable trends
depending on the treatment plant. Films and foams were consistently the
least represented shape in line with (Franco et al., 2020; Uoginte et al.,
2022; Bastakoti et al., 2024). As shown in Fig. 5, fibers constituted over
90 % of MPs in both influent and effluent stages of studied WWTPs
except for WWTP A with 79 % and 38 % in the influent and effluent
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Fig. 5. Distribution of microplastics (MPs > 300 um) by size, shape and color, in six Estonian wastewater treatment plants across three sampling points. Average

distribution data are presented (n = 3). After PT - after primary treatment.

stages respectively, highlighting their persistence through treatment
processes. There was a major increase in fragment MPs shape in the
effluent of WWTP A and B2, where their share increased from 19 % and
6 % in the influent to 59 % and 34 % in the effluent, respectively. This
suggests either fragmentation of other MP shapes during treatment or
low hydraulic retention efficiency for this MPs shape according to Poerio
et al. (2019). Conversely, in other WWTPs (e.g., B1 and B4), the pro-
portion of fragments remained consistently low across all stages,
potentially indicating effective retention. Films constituted a minor
proportion of the MPs, with no significant changes observed during
treatment. Films were nearly absent in most WWTPs (e.g., B2, B3, and

B4) and are only marginally present in WWTP A (2 % in both influent
and effluent). Foams were rare, with negligible presence across all stages
in all WWTPs. For example, WWTP A showed a slight increase from 0 %
in the influent to 1 % in the effluent, while other WWTPs (e.g., B3, B4,
and C) had no foam shape MPs at any stage. The results obtained in this
study are consistent with literature data that reported fibers, fragments,
and films the most widely detected MPs in wastewater, and their
abundances in the influent within 48 — 66 %, 15 — 42 %, 10 — 19 % and
after primary treatment 58 — 90 %, 9 — 16 %, 1 — 26 % respectively
(Dronjak et al., 2023). The removal efficiency of MPs by shapes across
the treatment stages in Table 4 complements the previously observed
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Removal efficiency of differently shaped microplastics (MPs > 300 um) after primary and secondary (biological) treatment. Removal efficiency was based on average

values of MPs/L.

After Primary Treatment

After Secondary Treatment

Fragment Fiber Film Foam Fragment Fiber Film Foam

(%) %) B (%) (%) %) (B (%)
A 84 55 58 NA 97 100 100 100
Bl 60 94 87 NA 93 93 100 NA
B2 46 35 NA 58 97 100 NA 100
B3 71 62 NA NA 97 100 NA NA
B4 83 74 100 NA 98 99 NA 100
C 95 86 90 NA 97 98 98 NA

Removal efficiency 0-50 % (red); 51-70 % (yellow); 71-100 % (green); NA- Not Applicable.

trends in percentage distribution and shows the effectiveness of the
WWTPs in reducing MPs. During primary treatment, relatively higher
percentage (71 — 95 %) of fragments were removed except for WWTP B2
and B1 which achieved moderate removal 46 % and 60 % respectively.
Fibers were difficult to remove, half of the investigated WWTPs achieved
moderate (35 — 62 %) and higher (74 - 94 %) removal rates. Film and
foams were rarely detected and efficiently (> 87 %) removed but WWTP
A, B2 achieves 58 % removal during primary treatment. In general, the
biological treatment stage demonstrated relatively higher removal effi-
ciency (93 — 100 %) for all MPs shapes in all the studied WWTPs. This
higher efficiency was attributed to the ability of the activated sludge
flocs (typically negatively charged) to entrap MPs, allowing them to be
separated with the excess sludge after sedimentation in the secondary
clarifier (Parrella et al., 2025).

3.3.3. Color

Recording of the colors of the MPs enables further insight into the
sources of MPs before and after treatment in the WWTPs, as well as to
assess potential contamination during sample preparation (Hartmann
et al., 2019). However, it should be noted that the Fenton reaction can
affect the color of MPs due to the generation of hydroxyl radicals, which
can oxidize the surface of MPs, altering their chemical structure and
potentially causing discoloration in the plastics (Yang et al., 2022). We
categorized the particles into six distinct color types: white, blue, black,
brown, yellow, and red (Fig. 5, Table S6). In all the influent samples,
white MPs were predominant, ranging from 25 % (WWTP A) to 58 %
(WWTP B3) and largely persistent in the effluents of WWTPs A, B2 and
B3 up to 60 %. In contrast, WWTP C showed significant reductions of
white-colored MPs from 38 % in influent to 6 % in effluent. Brown and
red-colored MPs were generally present in lower proportions across the
investigated WWTPs. Fragments, films, and foams were predominantly
white, whereas fibers were mostly blue, black, brown, yellow, and red.
Interestingly, these findings, especially for WWTP A, highly correlated
with results from surface water samples MPs color distribution black (30
%), white (23 %), and blue (22 %) in Estonia (Mishra et al., 2022).
Similarly, these results were comparable with recent study in Lithuania,
where Uoginte et al. (2022) reported color distribution in wastewater
samples (11 - 47 %) white, (24 — 73 %) black, (7 — 16 %) transparent
while brown, yellow and blue present in relatively low proportion: 2 - 9
%, 2-7 % and 1 —9 % respectively. The color of MPs was a critical factor
for their ingestion by sea turtles and other marine species (Noh et al.,
2024).

3.4. Factors influencing microplastics removal in wastewater treatment
plants

The concentration of MPs in raw wastewater was influenced by
several factors, including population density, the degree of urbaniza-
tion, the level of industrial activity within the service area, stormwater
surface run-off in case of combined sewage systems (Ma et al., 2024).

The design and operational efficiency of treatment facilities also impact
MP emissions in final effluents (Korgmaa, 2020; Hao and Shen, 2021).
For instance, membrane bioreactors (MBR) can achieve 99.9 % MPs
removal rates from raw influent, but are only economically feasible for
larger WWTPs (Lares et al., 2018) whereas dissolved air flotation (DAF)
in the primary treatment stage has also proven effective in removing
MPs by reducing their densities, allowing them to be separated from the
process and preventing MPs accumulation in the sewage sludge (Swart
et al., 2022).

The concentration of MPs entering the selected Estonian WWTPs
were of the same order of magnitude as those observed in other WWTPs
in the Baltic Sea region (Table S3). In this study, variations in catchment
areas resulted in a weak positive correlation between the abundance of
MPs in wastewater influent and population density. WWTPs B1 to C,
which mainly serve residential households connected to a centralized
sewer system and some private households with septic tanks whose
sewage was transported by truck to the WWTP, exhibited varying con-
centrations of MPs, predominantly composed of microfibers (91 — 98 %),
which was in line with earlier study in Estonia (Ayankunle et al., 2023).
Microfiber pollution largely originates from synthetic textiles. During
the first wash cycle, the concentration of fibers released from textiles
ranges from 1.0E+10° to 6.3E+10° kgl (Kirkkiinen and Sillanpii,
2020). Installation of microfiber filters in the effluent pipes of washing
machines is a potentially cost-effective “point-source” method to pre-
vent fibers from entering the sewer systems (Erdle et al., 2021).

In contrast, WWTP A, which serves an urban area where all the
households were connected to the central sewer system and equipped
with several sub-pumping stations with mechanical macro-screens,
exhibited a different MPs profile. A substantial proportion of MPs in
their influent and effluent were identified as fragments, accounting for
19 % and 59 %, respectively. Increased concentration of fragments in the
effluent compared to influent could be attributed to MPs re-entering the
process via reject water stream (Salmi et al., 2021), highlighting the
need for filtration systems to enhance MP removal and prevent accu-
mulation in sewage sludge, which was a major sink for MPs and a sig-
nificant source of MPs emissions in case of agricultural sludge
valorization (Hu et al., 2024). Similarly, WWTPs B2 and B3 had a higher
fraction of fragments in the effluent compared to the influent, suggesting
possible in-plant MPs pollution. MPs may originate from facility main-
tenance activities, such as using plastic-based cleaning tools like
scrubbing brushes for washing secondary clarifier overflow weirs or
from synthetic polymers used in the mechanical sludge dewatering
process. Additionally, recirculation through return activated sludge and
reject water lines may further contribute to MPs persistence (Salmi et al.,
2021). Installing filtration devices in key treatment process streams
could help reduce internal MP contamination.

Conventional WWTPs were not designed to effectively remove MPs
and other emerging pollutants, making it challenging to efficiently
retain the MPs just with the conventional widespread technical solu-
tions. Therefore, in the case of point-source emissions, controlling MPs
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pollution at the source may be a more effective approach. Nevertheless,
for diffuse sources of MPs pollution, such as surface run-off from streets
and roads, it was challenging to propose economically viable technical
solutions, unless the run-off was collected in a stormwater overflow
tank. Additionally, preventing MPs accumulation in the waste excess
sludge generated at WWTPs will limit secondary contamination when
the sludge was composted and subsequently valorized as a fertilizer in
agricultural fields (Zhang and Chen, 2020).

While identifying and quantifying MPs in wastewater treatment
systems is not new in the field of plastic pollution research, this study
provides the first baseline data on MPs in WWTPs in Estonia, a country
bordering the highly vulnerable and polluted Baltic Sea. These baseline
values and the analysis of MPs removal efficiency were crucial for un-
derstanding the local context and planning effective mitigation strate-
gies. The findings of this study contribute to the regional knowledge
base, supporting the selection of appropriate technologies to reduce MP
emissions from WWTPs. Furthermore, they prepare local authorities to
comply with upcoming requirements under the revised Urban Waste-
water Treatment Directive (UWWTD 91/271), which includes specific
provisions for micropollutants, including MPs. This localized data fills a
significant gap and provides actionable insights for environmental pol-
icy and management in Estonia.

4. Conclusions

For the first time, concentration and characteristics of microplastics
(MPs) in six wastewater treatment plants (WWTPs) in Estonia was sys-
tematically investigated and compared. MPs > 300 um) concentration in
the WWTPs’ influents ranged from 205 to 520 MPs/L, comparable to
other data from the region. MPs fragments and films were primarily
composed of PP and PE, whereas fibers, that dominated the final
effluent, had more diverse compositions, mainly PET, PP, and PAN. The
overall WWTP removal efficiency of MPs was 99.6 — 99.8 % with notable
variations across the individual treatment stages. In the current study,
WWTPs with longer hydraulic retention time in the primary treatment
stages were more successful in retaining the MPs while the majority of
MPs were accumulated in the activated sludge during the biological
treatment phase. Despite the high removal rates, approximately
9,7E+07 MPs/day were collectively discharged from these six WWTPs
into waterbodies which are confluent into the Baltic Sea, highlighting
their significance as a pathway of MPs into the environment. Further, as
an important share of the MPs in the WWTPs’ influent was accumulated
in the sludge, the practice of sludge valorizing in landscaping and
agriculture should be reconsidered due to the potential risk of envi-
ronmental contamination. This study established the MPs baseline levels
in Estonian WWTPs, which is crucial for future regulatory and research
efforts but moreover for the development of prevention and control
measures to reduce MPs emissions from the wastewater treatment
utilities.
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