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Abstract: The present work provides the first records on microplastic (MP) amounts and types in
rivers and wastewater effluents entering the Aegean Sea, eastern Mediterranean. Two rivers were
sampled using a manta net (mesh size, 0.33 mm): a small urban and a medium-sized river with a
rural, semiurban catchment. MPs in wastewater samples were collected at two wastewater treatment
plants (WWTPs) within the Athens metropolitan area after secondary treatment and from a pilot
biological membrane unit (MBR), using a series of sieves. MPs in the samples were identified using
stereoscopic image analysis and spectroscopic techniques. MP concentrations in the rivers were found
to be variable, with as high as 27.73 items m−3 in the urban river. Differences in MP shape types,
sizes, and polymer types reflect catchment size and usage. MP concentration in wastewater effluents
was found to be 100 times higher in the secondary treatment (213 items m−3) than that in the pilot
MBR (2.29 items m−3), with filaments and polymers indicative of synthetic textiles and household
use. Further research is needed in order to accurately determine variability in MP concentrations and
fluxes from these two pathways in the eastern Mediterranean Sea and elucidate the role of rivers in
MP retention.

Keywords: freshwater; pollution; sewage; FT–IR; WWTP; pilot MBR

1. Introduction

Plastics are manufactured petroleum-based polymers used in all kinds of consumer
products, from single-use items and packaging to automobile parts. Their extensive
use during the last few decades has led to an exponential increase in the generation
of plastic waste, and the subsequent mismanagement and dispersion of plastics in the
environment. Plastic pollution is widely recognized as a global problem of ecological
significance. Plastics are recorded in all environmental compartments, spanning from
highly populated areas to remote regions [1]. The environmental concerns of this kind
of pollution lie mostly on the chemical persistence of plastics and their fragmentation
to small particles (<5 mm) called microplastics (MPs) under environmental conditions
(photodegradation, hydrolysis, physical weathering) [2–4]. On the basis of their mode of
formation, MPs can be categorized into two types: primary and secondary. Primary MPs are
considered to be small manufactured plastic particles intentionally added as constituents
in various cleansing products (toothpaste, facial scrubs, detergents, etc.), and industrial
plastic pellets that are the raw materials of the plastic industry. Secondary MPs are those
produced during the use of materials and products such as car tires, paints, and synthetic
clothes during their life cycle or from the fragmentation of plastic waste in the environment
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after the end of a product life cycle. All these types of MPs, originating from various land
sources, ultimately find their way to marine environments through runoff, river transport,
or wastewater discharge [5]. Research on microplastics in marine environments provides
information on their distribution and circulation modes [6–8], their role in the transfer
of chemicals via adsorption and desorption mechanisms [9–11], interactions and impact
on marine biota through ingestion or colonization [12–14], and, more recently, on their
effects on natural-ecosystem functioning [15–17]. Nonetheless, there is relatively little
information on the amounts and types of MPs entering marine environments from land.
Global estimates on plastics fluxes from rivers into the oceans range from 0.8 to 2.7 million
tons per year, indicating the importance of this pathway [18–20]. For MPs in particular,
studies showed that rivers, especially urban rivers, carry considerable amounts of MPs,
with concentrations 40–50 times higher than the maximal concentration recorded on the
surface of the oceans [19]. Works on WWTPs, on the other hand, showed that, depending on
the degree of treatment, about 80–95% of MPs found in sewage are trapped in sludge [21,22].
However, WWTPs still serve as microplastic pathways to aquatic environments due to the
high amounts of effluent discharge, especially from large cities and highly urbanized areas.
On the basis of concentrations of MPs floating on the surface waters, the Mediterranean Sea
is considered to be a hot-spot area that is comparable to oceanic accumulation zones [23–25].
Nevertheless, information on the role of Mediterranean rivers [26,27] and WWTPs [28–31]
in the transport of MPs is still limited.

The present work contributes to filling this knowledge gap by providing the first
records on MP amounts and types in waters entering the Aegean Sea (eastern Mediter-
ranean Sea) from two different types of small rivers (an urban and a rural one), and from
treated sewage effluents. The various sources of MPs are discussed on the basis of their
shape properties, polymer identity, and the relative importance of the two pathways.

2. Materials and Methods
2.1. Study Sites
2.1.1. Rivers

Two rivers outflowing in the Aegean Sea were studied (Figure 1). The Kifissos Attica
River, a small urban river, drains in the catchment of the western part of Athens metropoli-
tan area (~3.8 million inhabitants). The river is ~25 km long, flows along the west part
of the city and ends up in the Saronikos Gulf close to the port of Piraeus. For most of
the year, water flow is low (3.2 m3 s−1) [32], but the river is subject to flooding events
depending mainly on annual precipitation, during which water fluxes may reach from 700
to 1400 m3 s−1 [33]. Approximately 70% of its catchment is currently a built-up urban area
characterized by mixed land uses, such as operating and abandoned factories, small and
medium-sized enterprises, warehouses, and illegal areas for the fly tipping of solid waste.
The main highway runs along the river basin, and the last 10 km of the river corridor are
channeled under the highway. All these activities led to the chemical pollution of the river
water and sediments [34,35]. The Pinios Thessaly River basin is located in central Greece,
one of the most intensely cultivated agricultural areas, and flows out into the Aegean
Sea (Figure 1). The Pinios hydrological basin is approximately 9800 km2 with an average
discharge of 103 m3 s−1 [36]. Apart from intensive agricultural activities that led to the
extensive use of agrochemicals, groundwater overexploitation, deforestation, and heavy
soil erosion, the Pinios River also faces significant threats from semi-industrial activities
(e.g., olive mills and slaughterhouses) and hydromorphological alterations (e.g., dams and
channelization) [36]. In addition, treated waste from the cities of Larissa (~150,000 inhab-
itants) and Trikala (~60,000 inhabitants) flows out into the river. Both are considered to
be typical small-to-medium-sized Mediterranean river types (with seasonal high and low
hydrological regimes) that discharge into the Aegean Sea, and area important freshwater
contributors of organic matter from central and southern Greece to eastern Mediterranean
waters. On the basis of all the above, our study contributes to the identification of MP
river pathways and their relative importance, since they cover different features, and
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display several and diverse stressors from various sources, further affecting the eastern
Mediterranean basin.
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Figure 1. Map of two rivers (Kifissos and Pinios) flowing out into the Aegean Sea, eastern Mediter-
ranean. Sampling sites also shown.

2.1.2. Wastewater-Treatment Plants

Wastewater from two plants operating in the periphery of the city of Athens was
studied for MP presence. The first plant, WWTP1 (EL300102015; http://astikalimata.ypeka.
gr/, accessed on 17 January 2021), is situated at a rural area west of Athens and receives
the effluents of a small city (~30,000 inhabitants) that are subject to secondary treatment.
The treated effluents of ~1870 m3 d−1 (annual mean) are then transported to the Saronikos
Gulf. The second plant, WWTP2 (EL300026013; http://astikalimata.ypeka.gr/, accessed
on 17 January 2021), is situated northwest of the city of Athens and receives the sewage
of the northern suburbs (~60,000 inhabitants), a purely residential area, and all sewage
originating from septic tanks (cesspits; ~187,000 inhabitants). At this plant, the R&D
department of the company operates a pilot sewer mining unit with a membrane bioreactor
(MBR), the effluents of which were sampled for the present study. Sewer mining is the
process of tapping into a wastewater system and extracting wastewater that is then treated
and used as recycled water. Feedwater was pumped from the local sewerage network to
the sewer mining unit, where it passes through a preliminary treatment that includes a
coarse screen with 20 mm openings and a compact fine screen-grit system. The screens
with an opening of 6 mm allow for the retention of solids and the grit-grease unit for the
protection of downstream equipment from sand particles, grease, and oil. Outlet flow from
the pretreatment unit enters the equalization tank, from where sewage is pumped to the
main treatment units. The main treatment units consist of a fine 1 mm screen and biological
treatment with MBR (0.03 mm membrane pore opening).

http://astikalimata.ypeka.gr/
http://astikalimata.ypeka.gr/
http://astikalimata.ypeka.gr/
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2.2. Sampling

Our sampling site at Kifissos River was ~12 km downstream (23.768 E, 38.079 N), after
the river enters the part with mixed land uses. The river water was sampled twice, on 6
December 2018 and 10 July 2019, during high and low river flow, respectively (Figure 2a).
At Pinios River, water was sampled downstream (22.405 E, 39.812 N), after the city of
Larissa, on 11 June 2019 (Figure 2b). Two replicate samples were collected. River-water flux
during the days of our samplings was measured with a flow meter (Global Water FP101).
Sample collection in both rivers was conducted using a manta net with a 330 µm mesh size.
The net was kept still in the middle of the river basin for ~25 min by fastening its sides
with ropes at the banks (Figure 2). The volume of the sampled water was calculated on the
basis of the river flux, the geometry of the net’s mouth, and the duration of each sampling.
The cod end was then transported to the laboratory for MP separation and analysis.
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Figure 2. Microplastic sampling with manta net in (a) Kifissos River and (b) Pinios River. (c) Plastic
sheets and bags thrown along the banks of Kifissos River.

At WWTP1, a volume of 0.0025 m3 influent was collected as an instantaneous sample
on 4 December 2018 and on 28 March 2019. During the same dates, ~1 m3 of treated
effluents after secondary sedimentation and before the chlorination step was pumped
using a submersible pump and filtered for MP detection. At WWTP2, we sampled the
incoming sewage and the final effluent from the pilot sewer mining unit. The equalization
tank was intermittently filled with the influent for approximately 7 days from 5 to 11 June
2019. On 11 June 2019, a volume of 2.5 L was collected and considered to be a composite
influent sample. This was repeated from 12 to 20 June 2019, when a second influent sample
was collected. The effluent from the pilot sewer mining unit (MBR permeate) was sampled
for MP presence. During each period, 12 m3 of MBR permeate was filtered for MP detection.
All wastewater samples were filtered through a stack of inox filters with 0.3, 0.2, and 0.1 mm
mesh sizes using a filtration device specifically designed for this purpose [37].

2.3. Microplastic Separation and Counting

Sample processing for MP counting and characterization was conducted following
the guidelines described in [38]. Material collected in the manta-net samples from the
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rivers was transferred into preweighed glass beakers with as low water content as possible
and dried in an oven at 40 ◦C for 24 h. The same treatment was applied to the filtered
samples from WWTPs. For the removal of organic matter that was present in all samples,
40 mL of 15% hydrogen peroxide (H2O2) per 3 gr of dry sample was added and heated
on a hot plate (approx. 40 ◦C) until digestion was complete, approximately 24 h. Then,
the digests were collected with D.I. water and filtered through GF/C filters (~1.2 µm
particle retention). MP detection was conducted on the final filters under a stereoscope
(Olympus SZX10), and their number and shape type (film, fragment, filament, foam) were
visually recorded. Individual particle size (longest dimension in mm and area in mm2)
was recorded with image-analysis software (Infinity Analyze). To minimize contamination,
sample processing was conducted under a laminar flow bench. Fiberfree (Tyvek) lab coats
were used. Airborne contamination was estimated by using blank filters at all stages of
the analyses. MPs present in samples with features similar to those collected on the blanks
were not taken into account.

2.4. FT–IR Analysis

For the characterization of the MP polymer type in river-water samples, an ATR-FTIR
spectroscope (Agilent Cary 630) was used. Polymer identification was made possible using
a combination of the instrument and inhouse libraries. Spectral range was 4000–650 cm−1

with a resolution of 4 cm−1 and 32 scans sec−1. The threshold for % spectra similarity was
set to 80%, and integration time to 8 s. For the characterization of MPs collected from the
WWTPs, the FTIR Agilent Cary 630 instrument was equipped with a microspectroscopy
accessory, Survey IRTM (Czitek). The use of this accessory enabled us to identify small
particles and especially filaments. This accessory allows for the collection of spectra in
transmission, reflection, and attenuated total reflection (ATR); in our case, reflection mode
was used. Microscopy target opening was set to 80 µm. Analyses was performed at the
IR region from 4000 to 650 cm−1. KBr detector was employed in FT–IR, background and
sample scans were 160 sec−1, the new background was collected on every sample, and the
resolution was 8 cm−1.

3. Results
3.1. Microplastics in Rivers

In Kifissos River, the total number of counted MPs (including mesoplastics caught in
the net) during high-flow conditions was 2171 particles; during low flow, it was 321 parti-
cles. In Pinios River, 200 and 182 MPs were counted in each of the two replicate samples
collected on 11 June 2019. The resulting concentrations of MPs per water volume for
Kifissos River were 27.7 and 8.11 items m−3, while concentrations in the two replicates of
Pinios River were very close, equal to 1.95 and 1.77 items m3, respectively (Table 1).

Table 1. Microplastic (MP) concentrations in river waters and water fluxes during sampling.

River Sampling Date Sample Water Flux MPs

m3 s−1 Items m−3

Kifissos
6 December 2018 K1 0.29 27.73

10 July 2019 K2 0.054 8.11

Pinios 11 June 2019
P073A

0.9
1.95

P073B 1.77

Figure 3a shows the percentage contribution of various shape types of MPs recorded
in the samples. In the sample collected in Kifissos River in winter 2018 during high-flow
conditions, films corresponded to 90% of the total number of MPs, and filaments and
fragments to 6% and 4%, respectively. The samples collected from both rivers during
summer low-flow conditions had very similar composition. Once again, films appeared to
be the dominant category, corresponding to 56–59%, followed by filaments with 20–30% and
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fragments at 3–17%. Foam particles were present in very low abundance, corresponding to
0.08–4% of the total number of particles. Pellets were not detected in our samples.
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Figure 3. MP properties in river waters. Percentage contribution of (a) shape types, (b) sizes according
to longest MP dimension (mm), and (c) sizes according to MP area (mm2) excluding filaments. For
Pinios River, distributions corresponded to the total number of MPs collected in the 2 replicates. Sizes
of mesoplastic particles (>5 mm) caught in the net are also shown.
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We further determined the individual sizes of all MPs using image analysis presented
in Figure 3b,c. Both samples collected in the urban Kifissos River were dominated by
MPs with relatively large sizes (average length: 3.07 ± 2.34 mm on 6 December 2018;
2.21 ± 2.72 mm on 10 July 2019). About ~60% of the particles had <3.0 mm sizes during
high-flow conditions, and 80% during low flow. On the other hand, in the two replicate
samples of Pinios River, up to 93% of the particles corresponded to size bins < 3.0 mm
(84% < 1.4 mm) (average length: 1.59 ± 3.31 mm). Similarly, the percentage of particles
(excluding filaments) with area ≤ 1 mm2 in Kifissos River was only 54% in winter, rising
to 69% in summer; for the two replicate samples collected in Pinios River, this percentage
reached 91% (Figure 3c). The size analysis of the MPs described above shows that, in
the urban Kifissos River, there is proliferation of relatively larger particles, including
mesoplastics (>5 mm), in contrast to Pinios River, were small particles were present.

Polymer identification using ATR-FTIR spectroscopy was carried out for ~10% of the
particles found in Kifissos River during high-flow conditions (i.e., 229 particles; Sample K1)
and for all particles found in one of the replicate samples in Pinios River (i.e., 184 particles;
Sample PO73A). Results for the two rivers are shown in Figure 4. There were contrasting
differences between the two rivers. In the urban Kifissos River, there was a dominance of
polyethylene (PE) particles (94%) and a small percentage of polypropylene (PP) ones (6%).
In contrast, in Pinios River, with a considerably larger catchment area, about 9 different
polymers were identified. In this case, polyethylene (PE) was also the most abundant
(56%), but the presence of polyvinyl acetate (PVAc) and polypropylene (PP) particles was
also significant with 18% and 11%, respectively. Less abundant polymer particles were of
polystyrene (PS) (6%), polyvinylchloride (PVC) (3%), polyoxymethylene (POM) (3%), and
polyethylene terephthalate (PET), thermoplastic elastomers (TPE), and polyurethane (PU),
with 1% each.
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Figure 4. Polymeric composition of MPs in Kifissos and Pinios River waters.

3.2. Microplastics in WWTPs

MP concentrations in the WWTP samples are shown in Table 2. The samples of
influents in both plants showed very similar concentrations of MPs, ~40,000 items m−3.
In the effluent samples from secondary sedimentation and MBR, MP concentrations were
lower by 2 and 4 orders of magnitude, 213 and 2.29 items m−3, respectively. These results
are dependent on analytical capabilities regarding the lowest size detection; in our case,
this was 100 µm.
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Table 2. MP concentrations in sewage influents and effluents. Average values of two sampling dates.
Results of other works from the literature are included for comparison.

Treatment
Technology

Mesh Size
(mm)

Items m−3

(Items L−1)
Items m−3

(Items L−1) Reference

Influents Effluents

Greece Secondary
treatment 0.100 38,667

(38)
213 *
(0.4) Present work

Greece Pilot MBR 0.100 41,000
(41)

2.29 **
(0.002)

USA Secondary
treatment 0.125 - (0.14) *** [39]

USA Secondary
treatment 0.125 - (0.050) **** [40]

Finland
Secondary
treatment 0.250 (57)

(1.0)
[41]

Pilot MBR (0.4)
* Instantaneous sample; ** 24 h composite sample; *** 2 h sample in peak flow; **** average from 17 wastewater
treatment plants (WWTPs).

Since both plants operate within the greater Athens metropolitan area, and samples
gave similar results in MP concentrations in the influents, we show combined data on
MP properties in the influents for the two plants. Regarding the various types of MPs
identified in the influents, filaments were dominant (~75%), followed by films and frag-
ments (Figures 5 and 6a). Compositional differences between influent and effluent samples
imply that the secondary treatment did not show any selective retention capability, with
filaments holding ~80% share, while the MBR treatment appeared to be more effective on
filaments. In the MBR permeate, filaments and films held a more or less equal share (~40%).
As shown in Figure 6b, about 78% of MPs had lengths ≤ 1.2 mm in both influents and
effluents, and low percentages of larger MPs were present in all types of sewage. For the
smaller particles, however, results showed that the effectiveness of the secondary treatment
progressively increased from the 0.1–0.4 mm to the 0.8–1.2 mm size range, while MBR
seemed to be more or less equally effective for all size ranges. The detection of MPs in the
MBR permeate with sizes larger than the membrane pore size is quite surprising and may
be related to elongated particles (e.g., filaments) that may pass the membrane pore by their
shortest dimension, which is in the order of the membrane pore opening. However, no
sound conclusions can be drawn due to the limited number of analyzed samples in the
present study.
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In total, 444 particles were counted in the WWTP samples, and 44 particles including
filaments were randomly selected and subjected to FTIR analysis using the microspec-
troscopy accessory. Six polymer types were identified. Figure 7a shows the relative
contribution of these materials in the total number of MPs analyzed in influent and effluent
samples. Found polymers were polyester and PET, acrylic, and polyamide PA-6 (nylon-6)
(Figure 7b). These polymers, and PP and PE are used for textile manufacturing (synthetic
clothes, sports clothing, carpets, etc.), and it is not surprising that they were present in
household wastewaters. PE, PP, and PET can be found as fibers and in other forms, and
they are the most commonly used polymers for plastic packaging. The only polymer not
used in textiles and/or packaging is PU, which is related to various household products
(e.g., kitchen or bathroom sponges). This description of polymer uses is reflected in their
percentage contribution in our samples, where PP, PE, and PET held 80%.
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4. Discussion

Rivers are highly dynamic systems because of the varying sizes and geological set-
tings of their catchment areas, hydrological conditions, and the varying degree of human
interventions (e.g., presence of dams, land uses, and urbanization). Consequently, envi-
ronmental parameters in rivers exhibit high spatiotemporal variation. This is also the case
for MPs in European and global fluvial systems [27,42–48]. The documented variability
of MPs in rivers is further dependent on methodological differences among the various
research groups, as can be seen in Table 3 for published data from European rivers.
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Table 3. MPs concentrations (items m-3; g m-3) in European River waters.

European
Rivers Sampling Net MPs

(Items m−3)
MPs

(g m−3) Source

Ebro river
Manta net
(0.05 mm)

n = 3
3.5 ± 1.4 [27]

Seine river
Manta net
(0.33 mm)

n = 5
0.28 - 0.47 [42]

Rhine river
Manta net
(0.33 mm)

n = 31
4 ± 5 [43]

Rhone river
Manta net
(0.33 mm)

n = 13
12 ± 18 0.121

[44]

Tet river
Manta net
(0.33 mm)

n = 13
42 ± 18 0.831

Swiss rivers
Manta net
(0.30 mm)

n = 24
7 ± 0.20 [45]

Danube river Stationary drift
nets (0.50 mm) 0.316 ± 4.66 0.0048 ± 0.024 [46]

Pinios river
Manta net
(0.33 mm)

n = 2
1.86 ± 0.12 - Present study

Kifissos river
Manta net
(0.33 mm)

n = 2
17.9 ± 13.8 0.0011 ± 0.0011

By comparing our results with those obtained with similar sampling net-mesh sizes
(0.30–0.33 mm), it is obvious that MPs in the Greek rivers (Kifissos and Pinios) were found
to be at least one order of magnitude higher than those reported for the Seine River [42], but
fall within the range reported for the rivers Rhine [43], Rhone, Tet [44], and for several Swiss
rivers [40]. In most works, filaments were found to be the dominant shape of MPs, in con-
trast to our work, where films were the most abundant shape. Local sources of MPs related
to specific anthropogenic activities or attitudes are reflected in both the shape and polymer
composition of the MP assortment in river water, as noted by other researchers [45,46]. In
our case, the presence of films in both studied rivers reflects the fragmentation of larger
litter, such as plastic bags or plastic sheets for various uses (agricultural uses, greenhouse
sheets, industrial packaging). Indeed, at the site of our sampling at Kifissos River, the
proliferation of plastic bags thrown along the riverbanks was obvious (Figure 2c). This
is also reflected in the highest recorded percentage of PE (93%). Moreover, high-flow
conditions (sampling of 6 December 2018) in Kifissos River seemed to enhance the MP
concentration, particularly the presence of films. Seasonal variability of MPs in river waters
between wet and dry seasons was reported by Faure et al. (2015) for Swiss urban rivers [45]
Vuachere (wet season: 680 items m−3; dry season: 4.4 ± 1.3 items m−3) and Venoge (wet
season: 64 ± 35 items m−3; dry season: 6.5 ± 5.3 items m−3), and in other parts of the
world [47,48]. The importance of flood events for the washout and transport of MPs in
watersheds and coastal areas was highlighted for the Rhone and Tet rivers in France [44],
for NW England catchments [49], and for the coastal waters of California, India, and the
eastern Mediterranean Sea [50–55]. Variability was also observed in the size distribution
of MPs collected in the two rivers, with particles in Kifissos River being larger (average
length: 2.69 ± 2.55 mm; median: 1.85 mm) than those in Pinios River (average length:
1.59 ± 3.31 mm; median: 0.89 mm), indicating shorter residence time in the environment
and a proximity to their original sources of littering for the Kifissos case. In this river, the
identified MP polymers corresponded to those mostly used in consumption materials and
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packaging (PE, PVC, PP), and probably originate from the fragmentation of larger litter
items, as noted for the polyethylene plastic bags. In Pinios River, on the other hand, apart
from these three polymers, we were able to identify particles from other materials such
as PVAc, PU, POM, and TPE. These are not used for packaging or household goods, but
rather as adhesives, coatings, foam, and elastomers, and their presence in the environment
is rather related to wearing out during usage than to fragmentation after being thrown
away. Differences in both the size and the polymer type of MPs found in the two rivers
probably reflect differences in drainage and catchment types. The urban Kifissos River has
a relatively small catchment area and is subject to continuous local littering sources, so
that, during high-flow conditions, accumulated material along its banks and adjacent areas
is washed out as surface runoff. In contrast, Pinios River drains into a larger area, with
urbanized, cultivated, and natural lands. These settings imply that MPs found in Pinios
River originate from multiple sources and travelled long distances, while those found in
Kifissos River reflect local sources. The two European directives on banning plastic bags
(EU/720/2015) and single-use items (EU/904/2019) only very recently came into force in
Greece (in 2019 and 2020, respectively), and they are expected to be an effective measure
against plastic pollution in the country.

Apart from rivers, wastewater is also recognized to be an important MP source to
aquatic environments. Despite the fact that most MPs are trapped in sludge during the
treatment process, treated effluents from highly populated areas still deliver considerable
amounts of MPs in adjacent aquatic or marine environments. In the case of the Athens
metropolitan area, the concentration of MPs in the influents of two small plants, operating in
the periphery of the city and discharging their effluents in the adjacent marine environment,
was found to be surprisingly similar (~40,000 items m−3 for sizes ≥ 0.1 mm). Reported MPs
in raw wastewater largely varied (from ~10 × 106 to 1000 items m−3), and this depends
on different treatment conditions, diurnal and daily variations of the effluents, and on
differences regarding the analytical detection limit of MP sizes [22,29,56]. Most studies
used smaller mesh separation sieves or filters than ours, enabling the characterization and
identification of particles down to 70–60 or even 10 µm [57,58]. Three published works used
mesh sizes of MP separation sieves that were comparable to ours, i.e., 0.125 mm [39,40]
and 0.250 mm [41], and their results on sewage influents and effluents are given in Table 2
for comparison reasons. Consistent with other studies, filaments in both influents and
effluents represented ~73% of MPs [30,37,40,41,57,59]. They were made of polyester, PET,
acrylic, PA6 (nylon-6) and PP. The latter had the highest share within filaments (~35%). All
these materials are produced as yarns for textiles and fabrics, and are commonly reported
in WWTP MP studies [30,41,59]. The most abundant fragment polymer was PE, as reported
by others [41,59], while industrial pellets or microbeads were not detected at all in the
samples. Overall, both treatment technologies (secondary treatment and MBR) show
increased retention capacities (>99%) for MPs ≥ 0.1 mm, with the MBR treatment being
more effective (99.99%). The higher retention capacity of MBR treatment technologies
was demonstrated by many relevant works [31,60,61]. Our results showed the presence of
relatively large MPs, including fragments in the MBR permeate. While long filaments are
expected to pass membrane pores, the presence of fragments in the MBR permeate was
unexpected. Other studies reported similar findings, attributed to the occasional tearing of
the membrane pores, leaks in seals of the unit, or to airborne contamination in open tanks
where the permeate is collected [21,31,41,59,61].

In many cases, WWTPs flow out into river systems, as is the case of Pinios River.
Our sampling point there was downstream of the sewage discharges of the city of Larissa
(~150,000 inhabitants), yet MP properties did not reflect this point source (i.e., filaments and
textile polymers were not dominant), but rather were indicative of multiple sources. This
is related to various factors, such as the small size of the city, the retention of MPs within
the river ecosystem, and the different buoyancy features of the various shapes, which are
expected to affect concentrations and properties of the sampled mixture of MPs in Pinios’
waters. At the large coastal urban centers, however, treated effluents are usually discharged
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either close to river mouths just before entering the marine environment or directly into
it, as is the case of the city of Athens. The difference in MP concentrations by 1–2 orders
of magnitude between river waters and sewage effluents from secondary treatment, as
reported in the present study, highlights the significance of WWTPs as point sources of
MP inputs, and the need for the application for advanced technologies such as the MBR,
which showed increased retention capacity of MPs, at least for sizes ≥0.1 mm. This agrees
with previous works and models on MP transport from land to sea [62]; however, further
research is needed in order to accurately determine the variability in MP concentrations
and fluxes from these two pathways in the eastern Mediterranean Sea, and elucidate the
role of rivers in MP retention.

The present work complements the gap in MP records for the two major pathways
of MPs in the eastern Mediterranean basin, i.e., for river waters and treated sewage
effluents. Results reflect a snapshot of MP amounts and properties in rivers and WWTPs in
Greece, and are indicative of their relative contribution of MPs to Mediterranean waters.
MP properties reflected local sources of plastic pollution, underling the usefulness of
MP records in river systems towards targeting plastic-pollution mitigation measures.
To that end, the inclusion of MP monitoring under the EU Water Framework Directive
(2000/60/EC) is a useful tool. Wastewater clearly represents another major pathway of
MPs into marine environments. Despite our limited data, the sewer mining unit operating
with MBR technology was found to successfully retain a higher number of MPs. The
rapidly changing hydrological regime of the Mediterranean basin with prolonged draught
periods [63], in combination with the increase in urbanization rate (average rate of urban
population + 1.9% per year) [64], will eventually lead to diminishing freshwater inputs
and increasing urban-wastewater discharges to aquatic environments. In this context, the
development and application of sewage-treatment technologies with a clear focus towards
minimizing MP inputs in the receiving water bodies, is a pressing issue.
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