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Abstract

Microplastics (MPs) are routinely present throughout wastewater treatment plants (WWTPs) due to
their widespread occurrence, while current treatment technologies achieve only partial removal.
Therefore, WWTP effluents can still discharge a substantial fraction of MPs to receiving water bodies
leading to environmental contamination. Most previous studies reported MP concentrations at
specific time points, precluding a long-term monitoring and may result in over- or underestimation.
The aim of this study is to examine the concentration, size, and polymer composition of MPs at inlet
and outflow waters over a six-month period, from July to December, to assess the temporal variability
of MPs across seven conventional urban WWTPs located in the Andalusia region, southern Spain.
MPs were found in all sampling campaigns. In influent samples, concentrations were found to reach
6 — 78 MP/L, while the WWTP effluents contained a range of 12 — 65 MP/L. Fibers were the most
abundant shape across all the WWTPs. The average size in the influent was 848 + 1427 um and
effluent 918 + 1221 um. Polymers such as PA, PP, PVC and LDPE were the most abundant, reflecting
the domestic origin of water samples.

Keywords: microplastics; wastewater treatment plant; polymer composition; temporal variability;
fibers

1. Introduction

Plastic pollution is widely recognised as a major global environmental issue, that pose a threat
to marine and terrestrial ecosystems. World plastic production reached 413.8 Mt in 2023 [1], and
without additional measures taken, future projections of the annual plastic production, utilization,
and generation of waste may be expected to rise at an accelerated rate with an increase by 70% by
2040 compared to 2020 levels [2]. The most common polymers, also known as “Big six”, are
polypropylene (PP), polyethylene (PE), polyvinyl chloride (PVC), polyurethane (PU), polyethylene
terephthalate (PET) and polystyrene (PS), account for 80% of the plastics produced in Europe [3].
These are employed for a wide variety of applications, from food packaging and pipes to clothing,
due to their properties (strength and chemical resistance, among others), which make them versatile,
long-lasting and cost-effective [4].

Microplastics (MPs) are defined as small fragments with a size less than 5 mm and nanoplastics
(NPs) with a size comprise between 1 to 1000 nm [5]. MPs are divided into two categories based on
their primary or secondary origins. The primary MPs are intentionally manufactured/produced (e.g.,
cosmetics and personal care products). While secondary MPs are formed by the breakdown of plastic
debris through erosion, mechanical abrasion, hydrodynamic process, or under UV and thermal stress
that led to photo- and thermal degradation (several source, like clothes, lost materials and waste from
fishing activities) [6]. Primary and secondary MPs and NPs have been found in several environments
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[7]. MPs are also considered as a vector, or “Trojan Horse” of organic xenobiotics and antibiotic
resistant genes [8]. It is now recognized that MPs induce harmful effects in a wide range of organisms
and may represent a potential threat to human health [9]. Concerns over ecotoxicity have led to
international regulations, in 2018 the European Commission bans on intentionally added MPs in
products and restriction of single-use plastics [10]. These policies aim to mitigate MPs impacts and
support the achievement of the Sustainable Development Goals linked to MP pollution.

Wastewater treatment plants (WWTPs) are considered a significant source of MPs to aquatic and
terrestrial environments, as they do not specifically target MPs. Current wastewater treatment
processes were not originally designed to remove MPs, but rather to treat dissolved and suspended
contaminants [11,12]. As a consequence, effluents from WWTP contains MPs, which can reach the
freshwater system (rivers, lakes and aquifers) and may ultimately be transported to marine
environments. There are several MPs source, including domestic wastewater, where personal care
products (e.g., microbeads) contribute significantly to MPs pollution [13] and industrial waste (e.g.,
textile manufacturing, paint and resin) also introduce MPs into wastewater systems [14]. It has
recently been reported that the particles identified were predominantly fibres and fragments, with
sizes ranging from 10 pm to 5 mm [15]. WWTPs are consisting of successive treatment units, that
comprise a preliminary and primary treatment (physical and mechanical processes). These initial
stages can remove 56.8% to 98.4% of MPs, primarily through sedimentation [11,16]. These are
followed by biological units, or secondary treatment, where the activated sludge process shows
variable removal efficiency, ranging from 42.1% to 99.2% [14]. In some of WWTPs is present the
tertiary treatment (optional). With advanced methods, such as membrane bioreactors, is achieve up
to 99.9% removal efficiency [13]. However, despite the removal capabilities of WWTDPs, significant
quantities of MPs still enter natural water bodies due to the large volumes of treated effluent released
daily [11,13]. During the treatment process, MPs are transferred to sludge, where they are widely
present, becoming a sink of these pollutants. In a recent study from Spanish WWTP, it is estimated
that among 8.05 x 104 and 1.77 x 109 MPs - day—1 were loaded to sludge; representing a major source
of MPs into agriculture when sludge is used as additive [17]. This ongoing issue highlights the need
for a systematic monitoring, improved treatment technologies and better management practices to
mitigate the environmental impact of MPs pollution.

The aim of this study is to provide the quantification, identification and characterization of MPs
and fibers in the inlet and outflow water collected from seven municipal WWTPs in the Andalusia
region (Spain), over a six months-period, investigating seasonal MPs abundance and retention rate.

2. Materials and Methods

2.1. Study Areas

The seven studied WWTPs are located in the South of Spain (Andalusia region), two coastal
close to Cadiz and Malaga cities and five inlands, close to Seville city (Figure 1). All the WWTPs have
secondary treatment, except one from Seville (Sevilla R) with a tertiary treatment (Table 1).

Table 1. Information about the seven WWTPs analyzed, in the Andalusian region.

WWTP Location  Treatment Population Influx Type of Water
capacity equivalent compositi process treatment
(m3/d) on processs
Activated
) sludge, Primary,
A Cadiz Coast 75,000 375,000 Urban

anaerobic  secondary

digestion
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B Mdlaga

Coast

177,000

1,300,000

Urban

Activated
sludge,
anaerobic
digestion,
ultrafiltrati

on

Primary,

secondary

C Tomares

Inland

area

112,000

350,000

Urban

Activated
sludge,
anaerobic

digestion

Primary,

secondary

D Sevilla

Inland

area

90,000

350,000

Urban

Activated
sludge,
anaerobic

digestion,

Primary,

secondary

E Sevilla R

Inland

area

90,000

350,000

Urban

Activated
sludge,
anaerobic
digestion,
N and P
removal,
tertiary

treatment

Primary,
secondary

, tertiary

F Sevilla T

Inland

area

50,000

200,000

Urban

Activated
sludge,
anaerobic

digestion

Primary,

secondary

G Sevilla
14

Inland

area

9,220

41,000

Urban

Carrousel
system, N
and P
removal,

sludge

dewatering

Primary,

secondary

2.2. Sampling Strategy and Sample Preservation

Wastewater samples were collected in the early morning at each WWTP from the influent (plant
inlet) and final effluent (plant outlet). For MPs analysis, 2 L of concentrated effluent was processed
per sample. Samples were transported to the laboratory immediately after collection and kept at 4 °C

until microplastic extraction.

Given the hydraulic retention time (HRT) of WWTPs, influent and effluent samples obtained
within the same sampling window may not represent the same water parcel. Therefore, influent—

effluent comparisons were treated as contemporaneous measurements, and removal estimates were

interpreted considering this methodological constraint.
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Figure 1. Location of the sample sites of the seven urban WWTPs in the South of Spain.

2.3. Microplastics Extraction

Upon arrival at the laboratory, wastewater samples were kept at 4 °C and processed for MPs
extraction following a protocol adapted from Edo et al. [18]. Prior to chemical treatment, samples
were allowed to equilibrate to room temperature. For each sample, 2 L of concentrated effluent was
processed. The concentrated material retained during the concentration/filtration step was carefully
recovered using a stainless-steel spatula and rinsed with ultrapure water into a 250 mL glass beaker.

To remove organic matter, samples were first digested with 10% (w/v) KOH, added at a 1:3
(sample:KOH, v/v) ratio, and incubated at 40 °C for 24 h. When residual organic material remained,
a second digestion step was applied by adding 15% H,O, at 1:1 (sample:H,O,, v/v) and incubating at
40 °C for 72 h, extending the incubation, when necessary, until the solution became visually clear
(indicative of complete digestion).

After digestion, samples were sieved through a 5 mm mesh to remove large debris. The target
size range analyzed in this study was 45-5000 pm, consistent with the lower cut-off of the
concentration/filtration step. Density separation was performed by adding a 6.8 M NaCl solution to
increase the aqueous density and promote flotation of low-density polymer particles. The suspension
was stirred and allowed to settle, after which the supernatant was collected and vacuum-filtered
through 45 um cellulose microfiber filters (Whatman). The walls of the glassware were rinsed
thoroughly with ultrapure water and the rinsate was filtered to maximize particle recovery. Filters
were dried at 40 °C for 48 h and stored in covered Petri dishes until further analysis.

Removal efficiencies (RE%) for each WWTP were calculated using the concentrations of fibers
counted for influent (CMP,infl) and effluent (CMP,effl) (Eq (1)) [19]:

Cmpinfl —C
RE = MP,infl MPeffl X 100% (1)
CMP,infl

2.4. Microplastics Identification

All suspected MPs retained on the filters within the 45-5000 pum size range were first examined
by visual inspection under a microscope. MP items were categorized based on morphology (fibers
and fragments) and color and the area of fragments and lenght of fibers was measured, and any non-
plastic-looking material was excluded as far as possible prior to polymer confirmation.

Polymer identification was subsequently carried out by Fourier-transform infrared spectroscopy
(FTIR) using a Bruker ALPHA system and Bruker’s dedicated software. Measurements were
acquired in transmittance mode over a spectral range of 4000-500 cm™. Samples were analyzed on
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individual items and the resulting spectra were compared against the Bruker reference libraries, and
a particle was assigned to a polymer type when the similarity score was >40%.

2.5. Quality Assurance/Quality Control

Procedural (process) blanks were included to assess potential contamination introduced during
sample handling and processing. Blanks were run through the full procedure using ultrapure water
and treated identically to samples. The mean blank mass (0.004 + 0.008 g) was subtracted from sample
filter masses prior to concentration calculations. Method performance was further evaluated using a
positive control consisting of 0.1 g polystyrene particles (~100 um) processed alongside samples,
yielding a mean recovery of 99.267 + 0.386%.

3. Results and Discussion

A total of 6,284 particles was found in the influent and effluent waters sampled from the seven
urban WWTDPs. Table 2 shows the concentrations of microplastic per litre (MP/L) observed monthly
over the six-month period for each WWTP water sampled. For all the WWTPs, the influent range
concentration was 6 — 78 MP/L and effluent range concentration was 12 — 65 MP/L. In particular, the
highest items abundance was observed in Tomares WWTP in July (78 MP/L). October is the month
with the high particles concentration in the influent (36 — 76 MP/L) for all the WWTPs. A wide range
of concentrations was found in several WWTPs in Europe, and elsewhere, between 1-3160 MP/L for
inlet water and 0.0007-125 MP/L for effluents [20,21]. For example, in a WWTP in UK was found a
range concentration of 15.7 + 5.2 MP/L [22], and in Spain a range of 1246.4 — 345.7 MPs/L for influent
and 72.9-4.2 MPs/L in effluent [23]. It is noteworthy that the lack of standardized MP monitoring
protocols in WWTPs, together with the use of different units to report MP concentration, can lead to
discordance in MP abundance and biased comparisons across studies [24]. However, is expected that
the European Commission will establish a standardized protocol for microplastic and microliter
monitoring in WWTPs, in contrast under the Drinking Water Directive (EU) 2020/2184, harmonized
methodology for the measurement of microplastics in drinking water have been established,
representing an initial regulatory step towards the microplastic standardized monitoring.

Notably, no seasonal patterns were found for MP abundance, the concentrations found were
similar for summer and winter seasons. Likely, increased tourism in summer and the use of heavier
synthetic clothing in winter, compared to spring, together with greater mobilization of MPs due to
the rainfall may influence MP particles concentrations [25-27]. MPs abundance were also very similar
among the WWTP, either coastal or inland and even in Sevilla R, where a tertiary treatment is present.

Notably, the WWTP with tertiary treatment (Sevilla R) did not exhibit a clear improvement in
MPs reduction compared with plants lacking a tertiary step. This finding should be interpreted in
light of the fact that tertiary treatment is not a single technology, and its contribution depends
strongly on the specific unit process (e.g., tertiary filtration such as disc/sand filters versus
disinfection steps such as UV) and on whether samples are collected upstream or downstream of that
unit. In particular, disinfection-based tertiary steps are not designed to physically retain particles,
whereas filtration-based tertiary processes can enhance removal but show highly variable
performance across configurations, operating conditions, and size classes —especially for fine fibers,
which are frequently reported as the dominant residual fraction in treated effluents. Recent reviews
highlight that MP removal during advanced/tertiary stages varies widely between treatment trains
and unit operations, and that capture efficiencies depend on the filtration technology and the particle
size range considered [28].

Table 2. The microplastic concentrations (Microplastics per litre, MP/L) found over the six-month sampling

period in each water samples of WWTP influent and effluent.

Cadiz Malaga Tomares Sevilla Sevilla Sevilla Sevilla
N R T v
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Jul Influent 35 72 78 28 39 22 22
u
Y Effluent 13 34 38 30 13 28 62
Influent 49 22 46 26 45 34 26
August
Effluent 30 28 47 55 17 31 27
Influent 51 48 60 29 25 69 40
September
Effluent 25 17 46 19 42 41 47
Influent 36 56 66 60 76 65 71
October
Effluent 12 42 47 23 12 28 34
Influent 35 48 24 31 54 47 42
November
Effluent 14 30 53 25 49 17 24
Influent 62 61 20 52 54 45 6
December
Effluent 18 26 19 29 12 65 26

3.1. MP Polymer Composition

Among the particles encountered in the inlet and outlet effluent waters from the seven WWTPs,
a total of 1,126 (including fibers and fragments) were randomly chosen and analyzed for polymer
identification. Of these, 857 are found to be MP microplastic polymers, representing 76% of the
analyzed samples. The main total polymers found in the inlet and outlet were polyamide (PA) (71%),
polypropylene (PP) (9%), polyvinyl chloride (PVC) (6%), low-density polyethylene (LDPE) (5%),
polystyrene (PS) (3%) and styrene acrylonitrile (SAN) (3%), with PA being the most abundant
polymer in all the WWTPs (Figure 2). These are some of the 10 most demanding polymers
manufactured in Europe [29]; reflecting a direct relationship between the most consumed polymers
and the residues found in wastewater. Occasionally, high density-polyethylene (HDPE),
polycarbonate (PC), and polyurethane (PU) are present in small amounts (1%). Polyamide, known as
nylon, is mostly used in textiles for clothes [30], polypropylene is a rigid plastic mainly used in food
packaging and bottles [31]. Polyethylene is one of the cheapest polymers and is used in plastic bags,
toys, packaging for detergent, shampoo and bleach [32,33]. Polystyrene is used in foam containers,
plastic cutlery, floats [31]. Finally, PVC is mainly used in pipes and electrical cables [31]. The polymers
identified in this study corresponded to those previously reported in the inlet and outlet effluents of
other European WWTPs [17]. Although, the proportion of polymers was not consistent with studies
in WWTPs elsewhere [34-36]. For example, in a WWTP in Turkey, the most prevalent polymers are
PE and PP [36]. In the study of Hajji et al. [34], has been found that PE was the most abundant polymer
in two WWTPs in Morocco. In a WWTP in China, one of the most frequent polymers has been PA,
although PE and polyester have also been detected in great abundance [35]. The predominance of
polyamide among the polymers identified here could be related to the fact that most of the MPs found
were fibers. This finding is in accordance whit the study of Napper et al. [37], in which the effluent
from WWTP outflows in the United Kingdom was analysed. Furthermore, the presence of a high
proportion of PA fibers in the WWTDPs analysed here, could be attributed to the domestic origin of
the wastewaters [38]. No differences were observed comparing the polymers found in each WWTP.

The high contribution of polyamide (PA; 71%) is striking but plausible given that the retained
fraction was dominated by fibers, and PA is commonly associated with textile-derived inputs.
However, polymer attribution should be interpreted together with the proportion of particles that
could be confidently polymer-confirmed by FTIR. In our dataset, 76% of the analyzed items yielded
spectra consistent with synthetic polymers, whereas the remaining 24% did not match polymer
libraries above the acceptance threshold and likely included cellulosic or semi-synthetic fibers (e.g.,
cotton, rayon/viscose) and/or organic debris remaining after digestion. This is particularly relevant
for fiber-rich samples, where visual classification alone can overestimate “plastic” fibers and where
non-plastic fibers can be abundant in wastewater. In addition, because FTIR characterization was

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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performed on a subset of visually identified particles (selected as “representative”), the polymer
profile may be affected by selection bias; for example, an over-representation of fibers or larger/easier-
to-handle particles; potentially inflating the apparent dominance of PA. Future work would benefit
from a fully randomized particle selection scheme (or complete filter mapping where feasible) and
explicit reporting of the fraction of cellulosic/semi-synthetic fibers to better constrain polymer-specific
trends.

The overall polymer composition was similar among plants, with variations only in their relative
abundances [39]. However, in the case of two WWTPs, analysed in Thailand, the MP polymer content
changes between the two plants, justified by the influence of the surrounding communities [13].

No seasonal pattern in terms of polymer type was found. The composition of the inlet and outlet
effluents are the same during the six months, as urban wastewaters (same domestic sources) may
present similar polymer composition over seasons, in agreement with the literature [34,40,41].
However, Ridall et al. [26] observed an increased presence of PA during winter, likely due to at the
increased amount of nylon clothing being washed during this season (Florida). No differences were
found regarding the difference between coastal (A, B) and inland WWTPs (C — G) (Figure 1).
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Figure 2. MPs composition (%) detected in influent and effluent of the seven WWTPs in Southern Spain from
July to December 20.

3.2. MP Characteristics (Size, Shape and Colour)

A total of 6,824 particles were measured. The most abundant MP size fraction in both influent
and effluent of each WWTP was 100 — 500 pum (28.7% and 17.2%), followed by 1000 — 5000 um
fraction (13.3% and 11.0%) and 500 — 1000 pm fraction (11.6% and 8.2%). Less particles were found in
the smallest (< 100 pum) and the largest (>5000 pum) fractions (with < 5%), remains consistent
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throughout the six months. The average MP size at inflow water of the WWTPs was 848 + 1427 um,
while mean size at the outflow was 873 + 1343 um (Figure 3).
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Figure 3. Particles size (mm) of the fiber found in the influent (left) and effluent (right) in the seven WWTPs in
Southern Spain from July to December 2020.

The predominant shape found in all sample from the WWTP waters was fiber (86%), followed
by fragment (14%) (Figure 4). This is in agreement with other studies in literature [42,43] where fibers
are the most abundant type of MPs found in urban WWTP released primarily from domestic laundry
systems [23,44]. No flakes or sphere are found. The number of fibers released during a clothes wash
can vary between 1.9 x 10° and 6 x 106 [45,46]. Fragments can be derived from several sources and
enter the WWTP stream, and also they can be generated during the treatment stream from the
degradation of plastic equipment, as hypothesized by Blair et al. [43]. The majority of MPs were
predominantly black (Figure 5). Black fibers dominated the influent and effluent, 47.8% and 35.6
respectivel. This is in agreement with a study of French WWTP [20]. In contrast, fragments showed a
more diverse color distribution, with a greater contribution from non-black particles. This proportion
increased markedly in certain months.
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Figure 5. The total number of items (fibres and particles) found in the influent (left) and effluent (right) in the
seven WWTPs in Southern Spain from July to December 2020. In addition, the observed colour of each individual
item is indicated in the stacked bars.
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3.3. MP Removal Efficiencies (RE%)

The average MP removal efficiency (RE) across the surveyed WWTPs, calculated from influent
and effluent microplastic concentrations and excluding fragments (as not all visually classified
fragments could be polymer-confirmed), ranged between 16% and 55% [47]. These values are lower
than those commonly reported in the literature, where RE typically falls between ~40% and 99%
[42,44]. Importantly, in several sampling events RE was unexpectedly low and, in some cases, effluent
concentrations exceeded influent concentrations (Table 2), yielding negative or near-zero RE. This
pattern does not necessarily imply net “production” of microplastics, but is more plausibly explained
by a combination of factors, including imperfect influent—effluent pairing due to hydraulic retention
time (HRT) (samples collected in the same morning may not represent the same water parcel), strong
intra-day variability captured by grab sampling (which would be reduced by 24 h composite
sampling and larger processed volumes), influent sampling after preliminary treatment/headworks
(potentially underestimating inlet loads), potential fragmentation during pumping and mixing
leading to higher numbers of smaller particles at the outlet, and fiber contamination and/or
incomplete blank correction. Despite these constraints, to the best of our knowledge this is the first
study surveying MPs in seven urban WWTPs (coastal and inland) over a six-month period, and we
did not observe a consistent temporal pattern in microplastic concentrations. Overall, our results
support that WWTPs are an important pathway for microplastics to reach aquatic and terrestrial
ecosystems, consistent with observations from other regions.

Although a consistent temporal pattern was not observed over the six-month survey, this result
should be interpreted in the context of the high short-term variability typical of WWTP influents and
effluents. Episodic drivers such as rainfall and storm overflows, changes in influent flow (dilution
effects), and punctual discharges can generate sharp fluctuations that may mask broader seasonal
signals, while in coastal systems additional variability may be linked to tourism-related population
changes. Moreover, given the relatively short monitoring window and the use of discrete sampling
events, the statistical power to detect modest seasonal effects is inherently limited. Future monitoring
integrating longer time series (12 months), hydrologically informed covariates (rainfall/flow), and
preferably composite sampling would provide a stronger basis to resolve seasonality.

4. Conclusions

Although no markable difference in the concentrations, predominant size, morphology or
polymer type were reported, this study contributes to further inside in the monitoring the role of
urban WWTPs in the MP particles discharge in the environment. This is the first study to monitor
MPs in seven urban WWTPs spanning both influent and effluent water over a six-month period. MPs
were detected in both influents and final effluents throughout the survey, supporting the role of
WWTPs as an ongoing route of MP discharge to aquatic and terrestrial ecosystems. Removal
efficiencies estimated from influent—effluent concentrations were generally low to moderate and
highly variable between plants and campaigns; in several instances, effluent values exceeded influent
values, emphasizing that RE can be strongly affected by hydraulic retention time (HRT) mismatching,
intra-day variability captured by grab sampling, potential in-plant fragmentation processes, and
quality assurance/quality control (QA/QC) considerations (notably fiber contamination and blank
correction). Despite the multi-site design, no consistent temporal trend or systematic coastal-inland
differences were detected within the study window, suggesting that episodic hydrological and
operational drivers (rainfall and flow changes, punctual loads) may outweigh seasonal effects at this
scale. The effluents were dominated by fibers, and PA was the most frequently identified polymer
among FTIR-confirmed particles, consistent with textile-related sources; however, a non-negligible
fraction of analyzed items did not reach the polymer match threshold and likely includes
cellulosic/semi-synthetic fibers. Finally, the lack of an evident benefit in the plant with tertiary
treatment highlights that tertiary configurations differ widely and may not efficiently retain fine
fibers unless dedicated filtration is implemented. Future monitoring should therefore adopt HRT-
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informed influent-effluent pairing, longer time series, composite sampling, and standardized
QA/QC, while mitigation efforts should combine upstream source control with treatment upgrades
specifically targeting the smallest and most abundant residual fractions.
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Abbreviations

The following abbreviations are used in this manuscript:

MPs Microplastics

NPs Nanoplastics

WWTPs Wastewater Treatment Plants
PP Polypropylene

PE Polyethylene

LDPE Low-density polyethylene
HDPE High-density polyethylene
pPvC Polyvinyl Chloride

SAN Styrene Acrylonitrile

PU Polyurethane

PET Polyethylene Terephthalate

PC Polycarbonate

PS Polystyrene

PA Polyamide

HRT Hydraulic Retention Time

RE Removal Efficiency

QA Quality Assurance

QC Quality Control
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