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A B S T R A C T

The ubiquitous presence of meso- and microplastics (M-MPs) in aquatic systems, together with their capacity to 
act as vectors for contaminants, poses growing concerns for ecosystem and human health. Municipal wastewater 
treatment plants (WWTPs) play a dual role, partially mitigating but also redistributing M-MPs through effluent 
discharge and sludge management. This study investigated the association of M-MPs with organic and inorganic 
micropollutants, including metal(loid)s, synthetic musk fragrances (SMFs), UV filters, pharmaceuticals, organ
ophosphate flame retardants, and pesticides, across WWTP streams. Contaminant partitioning between sus
pended particulate matter (SPM) and the dissolved phase was evaluated in influent and effluent, and dewatered 
sludge was also assessed. Results indicated relevant emissions of metal(loid)s, SMFs, and UV filters via treated 
wastewater. In the effluent, hydrophobic compounds were mostly associated with SPM, while hydrophilic 
compounds remained predominantly dissolved. M-MPs carried measurable pollutant loads per unit mass, with 
polystyrene microspheres (500–1000 μm) exhibiting the highest concentrations among the polymers analyzed, 
reaching 5.2 mg/kg for pharmaceuticals, 283.7 mg/kg for SMFs, and 991.5 mg/kg for UV filters—values com
parable to those found on bulk SPM in this study. However, because of their lower abundance, polystyrene 
particles contributed less to the overall micropollutant flux than polyethylene and polypropylene, which 
dominated the discharged plastic mass. These results show that M-MPs, as a component of the suspended par
ticulate fraction, constitute a relevant pathway for micropollutant transport in WWTP effluents and underline the 
need for size-inclusive monitoring and advanced treatment technologies to limit environmental releases.

1. Introduction

Microplastics (MPs), commonly defined as plastic particles and fibers 
smaller than 5 mm in diameter, have become pervasive contaminants in 
both terrestrial and marine environments (UNEP, 2021). Ubiquitous 
across oceans, rivers, soils and even the atmosphere, MPs threaten 
biodiversity and disrupt ecosystem processes (Osman et al., 2023; 
Triebskorn et al., 2019). Wastewater treatment plants (WWTPs) repre
sent a critical control point for MP inputs: although not explicitly 
engineered for MPs removal, conventional treatment processes none
theless retain a substantial portion of incoming MPs by sequestering 
them in sewage sludge (Rout et al., 2022). Yet, given the vast volumes of 
effluent discharged daily, WWTPs continue to serve as major conduits 
for MPs into aquatic systems (Niari et al., 2023). Understanding not only 
their removal efficiency but also their transformation and fate within 

WWTPs is essential for assessing both downstream aquatic impacts and 
land-based exposure routes through biosolid application.

Despite their direct toxicity to aquatic and terrestrial organisms, MPs 
released in the environment pose even greater risks by serving as vectors 
for a wide array of wastewater-borne contaminants. Owing to their 
minute size and high surface-area-to-volume ratio, MPs efficiently 
adsorb both potentially hazardous trace elements (PHTEs) and organic 
compounds, including priority pollutants and a diverse suite of con
taminants of emerging concern (CECs) such as pharmaceutical com
pounds (PCs), per- and polyfluoroalkyl substances, endocrine disruptors, 
viruses, and antimicrobial-resistance markers (Acarer, 2023; Kumar 
et al., 2021). Unlike conventional pollutants, most CECs remain unreg
ulated, heightening worries over their persistence and bioaccumulation 
in food webs (Parida et al., 2021; Petrie et al., 2015). In response, the EU 
has adopted Directive (EU) 2024/3019, which mandates harmonized 
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monitoring methods and requires at least 80 % removal of a proxy group 
of micropollutants via quaternary treatment, but leaves specific 
discharge limits and the choice of abatement technologies to Member 
States and future Commission implementing acts (EU, 2024). Common 
CECs in wastewater include PCs, personal care products, flame re
tardants, pesticides, and various industrial chemicals (Pastorino and 
Ginebreda, 2021). Many of these compounds bioaccumulate and bio
magnify through food webs, causing neurological impairments, repro
ductive dysfunctions, behavioural alterations, and endocrine disruption 
in aquatic organisms (Bexfield et al., 2019; Blum et al., 2019; Cao et al., 
2014; Li et al., 2016). Organic CECs can be grouped by hydrophobicity 
using their octanol–water partition coefficient (Kow): contaminants with 
Log Kow > 3 are considered hydrophobic (Teuten et al., 2007). For 
example, synthetic musk fragrances (SMFs) and UV-filters (UV-f) are 
typically hydrophobic, whereas PCs, pesticides, and organophosphate 
flame retardants (OPFRs) tend to be more hydrophilic. In addition to 
Kow, factors such as aqueous solubility, volatility, pH, ionic strength, and 
organic matter (OM) content govern how these compounds partition in 
the environment and interact with biota (Mackay and Clark, 1991).

When it comes to micropollutant adsorption, hydrophobic contam
inants tend to associate with the intact, nonpolar surfaces of pristine 
polymers, whereas hydrophilic or polar compounds bind more readily to 
charged or weathered surfaces, including those enriched with OM, 
biofilms or colloids, through electrostatic attraction and hydrogen 
bonding (Agboola and Benson, 2021; J. Wang et al., 2019). The sorptive 
behaviour of MPs is thus strongly governed by polymer composition, 
surface functionality and the physicochemical conditions of wastewater 
(Acarer, 2023; Titov et al., 2024; Fu et al., 2021). As polymeric surfaces 
age, they undergo oxidation, abrasion and photo-degradation, resulting 
in increased surface roughness and the introduction of 
oxygen-containing functional groups. These changes enhance sorption 
capacity and alter the types of interactions that can occur with dissolved 
contaminants (Al-Mamun et al., 2019). A further layer of complexity 
arises from the ecocorona, a dynamic coating of organic and inorganic 
material that rapidly forms on MPs in aquatic environments (Yang et al., 
2025). The ecocorona can profoundly reshape particle behavior by 
modifying surface charge, hydrophobicity and the availability of bind
ing sites, ultimately altering the sorption of environmental contaminants 
(Amaral-Zettler et al., 2020; Kopatz et al., 2023). Corona constituents 
such as polysaccharides, proteins, humic substances and extracellular 
polymeric substances can either promote or inhibit micropollutant 
sorption depending on their chemical characteristics (Galloway et al., 
2017). For example, humic and fulvic acids may enhance sorption of 
hydrophobic contaminants by increasing surface hydrophobicity and 
introducing additional aromatic moieties (Dong et al., 2020), whereas 
protein-rich coronas can introduce steric hindrance or compete with 
pollutants for surface sites (Schvartz et al., 2023). The ecocorona also 
mediates interactions with biota, influencing ingestion, assimilation, 
immune response, biodeposition and toxicity (Schwabl et al., 2019; 
Zimmermann et al., 2019), and may act as a carrier for additional 
contaminants associated with biofilms, including trace metals, phar
maceuticals and pathogens (Richard et al., 2019; Stabnikova et al., 
2022).

Despite these advances, most existing knowledge still derives from 
controlled laboratory systems or artificially aged plastics, whereas far 
fewer studies have characterized the contaminant mixtures associated 
with environmentally weathered MP particles collected directly from 
operational WWTPs. A key knowledge gap therefore concerns the actual 
suite of micropollutants associated with environmental MPs released 
into the environment, and the relative contribution of different polymers 
to their transport. WWTPs discharge both hydrophilic and hydrophobic 
contaminants alongside diverse MP assemblages (Cavazzoli et al., 2023; 
Stroski, 2019), yet quantifying how these pollutants partition between 
suspended solids, dissolved phases and specific polymer types remains 
limited. To address this knowledge gap, we (1) identify and quantify 
organic and inorganic micropollutants associated with M-MPs recovered 

directly from WWTP effluent; (2) determine how different chemical 
classes and polymer types preferentially associate under real wastewater 
conditions; and (3) estimate the daily fluxes of these micropollutants 
transported via plastics. In parallel, we quantify contaminant loads in 
influent, effluent and biosolids to construct a mass balance of removal 
and release, partitioning each compound between dissolved and par
ticulate phases. This integrated approach provides a polymer-resolved 
assessment of micropollutant transport by environmentally aged 
M-MPs and clarifies their contribution within the overall contaminant 
pathways of a conventional WWTP.

2. Materials and methods

2.1. Description of the WWTP

The WWTP studied is situated on France's southwestern coast and is 
fed by three main urban pumping stations. It is designed for 112,000 
population equivalent and operates two parallel treatment trains, pro
cessing on average 23,000 m3 of wastewater per day and treating 
roughly 6700 kg of biological oxygen demand (BOD5) daily. Treatment 
begins with enclosed static pre-treatment (screening, degritting, and 
degreasing) to remove coarse solids and grit and to control odours. 
Primary settling in lamellar clarifiers then removes ~60 % of sedi
mentable solids and ~30 % of BOD5. The biological stage employs 
conventional activated sludge with nitrification and denitrification for 
nitrogen removal; phosphorus removal is not implemented. Following 
secondary clarification, effluent is discharged into the Adour River. A 
process flow diagram is provided in Supplementary Figure S1.

2.2. Sampling and sample preparation

2.2.1. Influent, effluent, and sludge samples
Sampling was performed under semi-dry weather conditions. 

Twenty-four-hour composite influent and effluent samples were 
collected with stationary autosamplers (Hach Lange, USA); the effluent 
was sampled 27 h after the influent to match the plant's hydraulic 
retention time (HRT, see Supplementary Fig. S2). Samples were trans
ferred immediately into filled amber glass bottles to minimize head
space, kept at 4 ◦C, and analyzed within 72 h for both dissolved and total 
solid pollutant fractions. To quantify the total micropollutant concen
trations in the influent and effluent wastewaters, comprising the solid 
particulate material (SPM) fraction (CSPM) and the dissolved fraction 
(CDISS), 2 L samples were collected. Aliquots of these volumes (~200 
mL) were filtered using 0.45 μm filters, with cellulose acetate filters 
employed for organic contaminants and PVDF filters for inorganic 
contaminants. Filtration blanks using Milli-Q water were prepared for 
each contaminant type analyzed, including metals and metalloids, hy
drophobic organic contaminants, and hydrophilic organic contami
nants. Following filtration, the filters were stored at − 20 ◦C for CSPM 
analysis, while the filtrates (CDISS) were refrigerated at +4 ◦C until 
further analysis. The filtrates of metal(loid)s were treated with 1 % v/v 
HNO3. Biosolid sample, consisting in 250 g of mixed primary and floated 
activated sludge dewatered by centrifugation, was collected in a glass 
beaker, aliquoted into 50 mL tubes, and stored at − 20 ◦C. A represen
tative 40 g subsample was freeze-dried for 72 h. The resulting lyophi
lized sludge was ground to a fine powder using a pre-cleaned glass pestle 
and mortar, then returned to − 20 ◦C storage until chemical extraction.

2.2.2. M-MPs samples
To collect sufficient plastic material from WWTP effluent for chem

ical extraction and mass-spectrometric analysis, we employed an in-situ 
pump-and-filtration system consisting of two peristaltic pumps 
(PD5206, Heidolph, Germany). The pumps operated continuously for 
24 h at a flow rate of 750 mL min− 1 each, drawing effluent through a 
cascade of stainless-steel sieves (Endecotts, UK) with mesh sizes of 5000, 
1000, 500, and 300 μm. This setup processed approximately 2160 L of 
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effluent per sampling event. In total, eleven 24-h sessions were carried 
out under semi-dry weather conditions over a period of 1.5 months, 
resulting in a cumulative volume of 22,680 L of effluent filtered. 
Throughout the sampling campaign, WWTP operational conditions, 
including wastewater flow rate and treatment efficiency, remained 
stable and comparable. To minimize algal fouling, each suction inlet was 
fitted with a 5 mm cylindrical screen mesh. At the end of each session, 
the sieves were sealed and transported to the laboratory, where retained 
material was gently back-washed onto the finest (300 μm) sieve using 
tap water. The concentrated solids were then transferred into pre- 
cleaned Petri dishes and refrigerated (4 ◦C) for up to 24 h before 
microscopic sorting. Effluent filtration also captured plastic fragments 
between 5000 and 10,000 μm; accordingly, our analysis encompasses M- 
MPs which are plastic particles up to 20 mm in size (Debroy et al., 2022).

The retained solids were initially inspected under a stereomicroscope 
(Advance ICD, Bresser, Germany) to document particle morphology 
(shape, size, and colour) and to identify potential plastic candidates. To 
preserve micropollutants adsorbed onto particle surfaces, no chemical 
purification was applied prior to analysis. Particle selection was there
fore based on predefined visual and mechanical criteria, following the 
approach described by Markley et al. (2024). Particles exhibiting clearly 
organic or cellular structures, such as plant debris or wood fragments, 
were excluded. Candidate particles were required to withstand gentle 
mechanical pressure applied with metal tweezers, thereby eliminating 
friable or easily deformable organic material. Selection further focused 
on particles displaying visual features inconsistent with the surrounding 
matrix, including uniform or artificial coloration, regular or angular 
morphology, and surface textures characteristic of synthetic polymers. 
Representative optical images and the corresponding ATR-FTIR spectra 
used to confirm polymer identity are provided in Supplementary 
Fig. S3–S13 to support transparency and reproducibility. Identified 
M-MPs were classified into five morphological categories: spheres, films, 
granules, fibers, and fragments (Markley et al., 2024). Each putative 
M-MP (N = 350) was then transferred into an individual well of a 
96-well plate for polymer identification by attenuated total reflection 
Fourier-transform infrared spectroscopy (ATR-FTIR; Nicolet iS20, 
Thermo Scientific, USA). Spectra were acquired over 4000–450 cm− 1 at 
4 cm− 1 resolution, with 64 co-added scans per sample. Before each 
batch, the ATR diamond crystal was wiped with acetone and a fresh 
background spectrum collected. Sample spectra were automatically 
matched against the Thermo Scientific polymer library using the soft
ware's peak-finding algorithms to confirm polymer type via diagnostic 
absorption bands.

Since no chemical purification was performed, thereby preserving 
adsorbed pollutants, only ATR-FTIR spectra with a library match score 
≥0.70 were accepted outright as reliable identifications. Although this 
threshold might appear low, it was selected because many M-MPs were 
still covered by a thin but persistent layer of OM (eco-corona), which 
often prevented the acquisition of high-quality FTIR spectra. Never
theless, in the spectral identification software, the assigned polymer 
consistently represented the highest-probability match, with a markedly 
greater score than subsequent alternatives. In some cases, rotating the 
particle and thereby changing the IR incidence angle yielded spectra 
that confirmed the polymer identity with substantially improved qual
ity. Another factor influencing the match score is the degree of plastic 
degradation (Singh and Sharma, 2008), which in this study can be 
considered high given the investigated matrix. For spectra with match 
scores between 0.60 and 0.69, diagnostic absorption bands were 
manually inspected (Jung et al., 2018): particles exhibiting the charac
teristic peaks were retained, whereas those without were discarded, in 
accordance with Yang et al. (2015). All retained particles also displayed 
visual features consistent with plastic origin (e.g., irregular but blocky 
morphology, bright coloration). Spectra scoring <0.60 were excluded 
(Yang et al., 2015). Polyethylene (PE) dominated the effluent M-MPs 
assemblage, followed by polypropylene (PP) and polystyrene (PS). Less 
abundant polymers, i.e., nylon-6, PE/PP copolymers, EVA, and 

polydimethylsiloxane (PDMS), were grouped as “Other.” After FTIR 
confirmation, particles were pooled by polymer category and weighed, 
yielding 323.0 mg of PE, 197.7 mg of PP, 3.1 mg of PS, and 9.8 mg of 
other polymers. The mass of adhered biofilm and associated OM was not 
separated from the polymer mass prior to weighing. Accordingly, 
environmentally aged MPs were treated as integrated plastic–ecocorona 
systems. This approach was adopted to preserve micropollutant associ
ations and to reflect realistic environmental conditions in wastewater 
effluents. Available literature indicates that biofilm and organic coatings 
generally contribute a minor, though variable, fraction of the total 
particle mass—often on the order of a few percent under environmental 
conditions, with values depending on polymer type, exposure duration, 
and matrix characteristics (Gavlová et al., 2025; Rummel et al., 2017). 
Consequently, the reported concentrations represent micropollutant 
loads normalized to the mass of environmentally aged MPs complexes 
rather than pristine polymer material. Each polymer pool was subse
quently subdivided for micropollutant extraction, allocating 20 % of the 
mass for metal(loid) analysis, 40 % for hydrophobic organic micro
pollutants, and 40 % for hydrophilic organic micropollutants. Due to 
limited sample mass, further subdivision for analytical replicates was 
not feasible.

2.3. Chemical extraction and instrumental analysis

2.3.1. Metals and metalloids
For the analysis of metals and metalloids in the M-MPs fraction, an 

aliquot corresponding to one-fifth of the total mass of each polymer pool 
was accurately weighed and transferred into 15 mL plastic vials. Sub
sequently, 2 mL of 70 % analytical-grade HNO3 were added, and the 
vials were placed in a hot block (DigiPrep Jr, SCP Science, Canada) at 
85 ◦C for 30 min. This limited digestion time was chosen to prevent the 
degradation of more fragile polymers, such as nylons. Three extraction 
blanks (HNO3 and Milli-Q water) were processed in parallel with the 
samples. After digestion, the acid extracts were quantitatively trans
ferred into new 15 mL vials and brought to volume with Milli-Q water. 
The same sample preparation procedure was applied to the filters used 
for SPM analysis (influent, effluent, and filtration blanks) and to the 
sludge samples. For the dissolved contaminant fraction (influent, 
effluent, and filtration blanks), 15 mL of pre-filtered and acidified so
lutions (see paragraph 2.2.1) were directly transferred into plastic vials. 
All prepared samples were stored at +4 ◦C until analysis by inductively 
coupled plasma mass spectrometry (ICP-MS, Agilent 7500, Agilent 
Technologies, USA). Instrument control, data acquisition, and process
ing were conducted using Agilent Chemstation software. Detection 
(LOD) and quantification (LOQ) limits for major and trace elements, as 
well as organic micropollutants, are provided in Supplementary 
Table S3. In parallel, procedural blanks were systematically included for 
all micropollutant analyses and processed using the same extraction, 
filtration, and analytical procedures as the samples, allowing correction 
for background contamination originating from reagents, laboratory 
environment, and sample handling.

2.3.2. Hydrophobic contaminants (synthetic musks and UV-filters)
For the extraction of hydrophobic organic contaminants from solid 

matrices, the analysis targeted common SMFs and UV-f using the 
method described by Elseblani et al. (2023). This methodology was 
applied to M-MPs collected from the effluent, filters used for SPM 
analysis, and sludge samples. Each sample was carefully transferred into 
a 15 mL glass vial. A 6 mL mixture of dichloromethane (DCM) and 
hexane (HEX) in a 1:1 ratio was then added, along with the internal 
standard (IS), deuterated Musk xylene (MX D15), at a final concentra
tion of 10 μg/L. The vials were placed in an ultrasonic cleaner (USC) for 
10 min to facilitate extraction. The first extract was recovered into a 
clean glass vial, while the original sample was subjected to a second 
extraction with 6 mL of isooctane, again in the USC for 10 min. Both 
extracts (approximately 12 mL total) were then combined and 
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concentrated to dryness using a solvent evaporator (TurboVap LV, 
Biotage, Sweden). The resulting residue was reconstituted in 0.5 mL of 
isooctane and transferred into GC vials for analysis. Due to their higher 
analyte concentrations, sludge extracts were reconstituted in 4 mL of 
isooctane instead of 0.5 mL. A 1 mL aliquot of this reconstituted solution 
was filtered through a 0.2 μm cellulose acetate syringe filter directly into 
GC vials for analysis.

For the analysis of the dissolved fraction, the method described by 
Cavalheiro et al. (2017) was followed (Cavalheiro et al., 2017). A 100 
mL aliquot of the sample was transferred into a 150 mL glass bottle, to 
which 10 μL of the IS (MX D15) were added to achieve a final concen
tration of 1 ppm. Three hollow polyether sulfone (PES) tubes, each 1 cm 
in length, were also added to the bottle to adsorb and concentrate dis
solved organic contaminants. The bottle was covered with aluminum 
foil to prevent photodegradation and agitated for 5 h. After this contact 
time, the PES tubes were transferred into Eppendorf tubes containing 1 
mL of isooctane. The tubes were placed in an USC for 10 min to desorb 
the contaminants. The resulting isooctane solution was then transferred 
into GC vials for analysis.

Samples were analyzed using a Trace 1600 Gas Chromatograph 
coupled with an ISQ 7610 Mass Spectrometer (GC/MS) equipped with 
an Electron Ionization (EI) source and a split/splitless injector (Thermo 
Fisher Scientific, USA). The GC/MS system featured a split/splitless 
focus liner packed with glass wool and a TraceGOLD TG-5MS capillary 
column (15 m length × 0.25 mm internal diameter × 0.25 μm film 
thickness). Helium (He), with a purity greater than 99.9 % (Linde), was 
used as the carrier gas. Optimized analytical parameters for GC/MS 
analysis are provided in Supplementary Text 1 (GC/MS), while the 
detection parameters and IS used for individual micropollutants are 
detailed in Supplementary Table S1. Instrument control, data acquisi
tion, and processing were carried out using Chromeleon software (v. 
7.3.2). Quantification was performed in Selected Ion Monitoring (SIM) 
mode, using two characteristic fragment ions per compound: one Target 
ion for quantification and one Qualifier ion for confirmation.

2.3.3. Hydrophilic contaminants (pharmaceuticals, flame retardants, 
pesticides)

For the analysis of hydrophilic organic contaminants in the various 
samples (influent, effluent, sludge, and M-MPs), the study targeted 
several PCs, OPFRs, and pesticides. The extraction method for M-MPs 
collected from the effluent, filters used for SPM analysis, and sludge 
samples was adapted from Miossec et al. (2019). Each sample was 
carefully transferred into a 15 mL glass vial, followed by the addition of 
5 mL of an acetonitrile (ACN) and MeOH mixture (1:1, v/v). IS were 
added to reach final concentrations of 20 ppb for PCs and 10 ppb for 
both OPFRs and pesticides. The vials were placed in an USC for 10 min. 
The first extract was transferred into a clean glass vial, and a second 
extraction was performed using an additional 5 mL of the ACN:MeOH 
mixture under the same conditions. The two extracts (approximately 10 
mL total) were then combined and evaporated to dryness using a solvent 
evaporator. The residue was reconstituted in 1 mL of a Milli-Q water: 
MeOH solution (0.75:0.25, v/v), acidified with 0.1 % formic acid. This 
solution was transferred into LC vials for analysis. As with hydrophobic 
contaminants, sludge samples showed high concentrations of organics. 
Therefore, dried sludge extracts were reconstituted in 10 mL of the 
acidified Milli-Q water:MeOH solution. A 1 mL aliquot was filtered 
through a 0.2 μm cellulose acetate syringe filter and transferred into LC 
vials for injection.

For the analysis of the dissolved fraction in aqueous samples, a 20 mL 
aliquot was transferred into a glass vial. IS for PCs, OPFRs, and pesticides 
were added to achieve final concentrations of 10, 20, and 10 ppb, 
respectively. The solution was then processed through a solid-phase 
extraction (SPE) cartridge (Oasis, Waters, USA), previously condi
tioned with 3 mL of MeOH followed by 3 mL of Milli-Q water. After 
analyte retention on the SPE cartridge, elution was performed using two 
successive 3 mL portions of MeOH. The combined eluate was collected in 

a clean glass vial, evaporated to dryness, and reconstituted in 1 mL of 
MeOH. The final solution was transferred into LC vials for analysis by 
LC-MS2.

Liquid chromatographic analyses were performed using an Acquity 
UPLC system coupled to a Xevo TQ MS triple quadrupole mass spec
trometer with an electrospray ionization (ESI) source (Waters, USA). 
Chromatographic separation was achieved using an Acquity UPLC HSS 
T3 column (1.8 μm particle size, 50 mm × 2.1 mm i.d.), preceded by a 
guard column of the same particle size (5 mm × 2.1 mm i.d.). Optimized 
analytical parameters for LC/MS2 analysis are provided in Supple
mentary Text S2 (LC/MS2), while detection settings and the IS used for 
individual micropollutants are detailed in Supplementary Table S2. In
strument control, data acquisition, and processing were performed using 
MassLynx software. Quantification was carried out in Multiple Reaction 
Monitoring (MRM) mode, with two characteristic transitions selected 
for each compound (Miossec et al., 2019).

3. Results

3.1. M-MPs in the WWTP effluent

The number, physical characteristics (shape and size), and polymer 
types of M-MPs collected at the investigated WWTP are presented in 
Fig. 1. A total of 160 particles with spectra of sufficient quality were 
identified by ATR-FTIR. The concentration of M-MPs detected in the 
effluent was relatively low (0.07 M-MPs L− 1, corresponding to approx
imately one particle per 140 L of filtered water), which can be attributed 
to several methodological and process-related factors. First, the analysis 
was restricted to particles larger than 300 μm. Excluding smaller size 
fraction inevitably leads to an underestimation of the total MPs- 
associated micropollutant load and, more importantly, of the total sur
face area available for adsorption. Smaller MPs are typically far more 
abundant than larger particles in WWTPs (Ali et al., 2021), whereas 
larger plastics are preferentially removed during coagulation, floccula
tion, and sedimentation processes and become incorporated into sludge 
flocs (Rout et al., 2022). Moreover, the specific surface area of partic
ulate solids, including MPs, increases markedly with decreasing particle 
size, further amplifying the potential contribution of the <300 μm 
fraction to contaminant sorption. Second, no chemical purification was 
applied prior to particle selection, which limited particle recovery, as 
untreated effluent contains a complex organic matrix that hinders the 
visual detection and isolation of plastics (Nguyen et al., 2019). The high 
abundance of filamentous algae in the samples further prevented reli
able quantification of most M-MP fibers, which are known to represent a 
substantial fraction of WWTP M-MPs emissions. Although purification 
steps are commonly employed to improve particle separation and 
analytical robustness (Cavazzoli et al., 2023; Cavazzoli et al., 2025a,b), 
they were intentionally omitted in this study to preserve micropollutants 
adsorbed onto particle surfaces and to maintain the integrity of the 
eco-corona (Amaral-Zettler et al., 2020). Instead, particles were gently 
rinsed with tap water. This methodological choice reflects the primary 
aim of the study, which was not to quantify M-MPs abundance in the 
effluent, but to identify priority pollutants and CECs associated with 
environmentally aged M-MPs and to assess polymer-specific sorption 
patterns under realistic wastewater conditions.

Microscopical observation of separated M-MPs revealed white as the 
most common colour, followed by transparent, black, red, blue, grey, 
and green. Smaller numbers of yellow, orange, and fuchsia particles 
were also detected. PE was the dominant polymer, representing 42 % of 
the total, mainly as fragments and fibers ranging from 2500 to 5000 μm. 
PP accounted for 28 %, with most particles between 1000 and 5000 μm, 
predominantly in fragment and fiber form. PS comprised 23 %, occur
ring primarily as spherical particles in the 500–1000 μm range. The 
remaining 7 % were classified as “Other” (Fig. 1), largely fragments. 
Representative ATR-FTIR spectra for each polymer category (PE, PP, PS, 
and “Other”), together with corresponding optical images, are shown in 
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Supplementary Fig. S3–S13. Based on the average outflow rate of 
approximately 23,000 m3 day− 1 during the sampling period, the daily 
release of M-MPs into the receiving water body was estimated. Since 
identified M-MPs were weighed after air-drying for 48 h, the corre
sponding daily polymer mass discharged by the plant was also calcu
lated. These estimates should, however, be interpreted with caution 
given the study limitations discussed above and are likely conservative 
estimates of M-MP emissions. The results indicate that 162,257 M-MPs 
are released daily into the aquatic environment via the effluent of the 
investigated WWTP. Of these, 68,148 particles are PE, 45,432 are PP, 
37,319 are PS, and 11,358 fall under the “Other” category, which in
cludes nylon, PE/PP copolymers, EVA, and PDM. In terms of mass, the 
total detected concentration of M-MPs corresponds to 23.5 μg/L, 
resulting in an estimated 542 g of M-MPs discharged daily. This includes 
227 g day− 1 of PE, 152 g day− 1 of PP, 124 g day− 1 of PS, and 38 g day− 1 

from the “Other” category. When comparing these results to literature 
data, it becomes evident that other studies have reported substantially 
higher numbers of MP particles in WWTP effluents, often several orders 
of magnitude greater than those observed here (Iordachescu et al., 2024; 
Pagliaccia et al., 2025). These discrepancies are likely attributable to 
differences in sampling strategies, particle size detection limits, and 
analytical methodologies. A similar trend is observed in mass-based 
assessments. In a previous study conducted by our research group, the 

concentration of common MP polymers in WWTP effluents, down to 2 
μm in size and quantified via thermal desorption gas chromatogra
phy–mass spectrometry, ranged from 215 μg/L to 761 μg/L, depending 
on the plant investigated and the specific wastewater treatment tech
nology employed (Cavazzoli et al., 2025a).

3.2. Organic and inorganic contaminants exiting the WWTP via M-MPs

3.2.1. Major- and trace elements
For clarity in reporting, metals and metalloids detected on M-MPs 

were categorized as major elements (Al, Fe, Zn, Cu, B, Ba) or trace ele
ments (Cd, Cr, Mn, Ni, Pb, Ag, As, Co, Hg, Mo, Sb, Sn, V), based on their 
relative abundance in the samples. Fig. 2 presents the concentrations of 
these elements detected on M-MPs, expressed in mg per kg of polymer on 
a dry weight (dw) basis. Detailed numerical values are provided in 
Supplementary Tables S4 and S5. Standard deviations reported for ICP- 
MS measurements reflect instrumental repeatability (i.e., replicate in
jections). Among the major elements, iron, aluminum, and zinc were 
consistently the most abundant across all polymer types. Notably, PS 
exhibited concentrations approximately an order of magnitude higher 
than those observed for other polymers. For example, PS carried 46.8 ±
0.05 mg/kg of copper and 37.3 ± 0.1 mg/kg of manganese. A similar 
pattern was observed for trace elements: PS particles consistently 

Fig. 1. Graphical summary of meso- and microplastics found in WWTP effluent. a) composition (N, %) of polymers found in the overall samples; b) size distribution 
of polymers; c, d) size and polymer distribution of M-MPs according to their shape (sphere, film, granule, fiber, fragment).

Fig. 2. – Concentration, in mg/kg, of major elements (Cu, Zn, Al, Ba, Fe, Mn) and potentially hazardous trace elements (Cd, Cr, Mn, Ni, Pb, Ag, As, Co, Hg, Mo, Sb, 
Sn, V) found on meso- and microplastics (PE red line, PP blue line, PS green line, Other purple line) sampled from the effluent of the investigated wastewater 
treatment plant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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showed the highest concentrations (Fig. 2). Specifically, PS contained 
10.2 ± 0.2 mg/kg of chromium, 8.6 ± 0.1 mg/kg of nickel, and 49.8 ±
0.2 mg/kg of lead, substantially exceeding the levels measured on other 
polymer types. Elevated concentrations of tin, vanadium, and molyb
denum were also found on PS, with tin reaching 16.2 ± 0.09 mg/kg in 
the “Other” polymer category. Some of these inorganic elements may 
originate from additives in the original plastic material (Godoy et al., 
2019). The elevated concentrations observed for PS may partly reflect 
the composition of the base material. However, as further discussed in 
the section on organic contaminants, increased contamination of PS is 
also attributable to its chemical (polymer type) and physical (shape and 
size) properties. Most PS particles measured between 500 and 1000 μm 
(Fig. 1), placing them within the MPs size range. Morphologically, they 
were spherical, highly degraded, and porous (Supplementary 
Fig. S9–S10), characteristics that substantially increase surface area and, 
in turn, enhance contaminant adsorption.

To evaluate the contribution of M-MPs to contaminant transport, 
metal(loid) concentrations on M-MPs were compared with those in SPM 
from the effluent (Table 1). While SPM represents the total particulate 
load in water, M-MPs account for only a small fraction of its mass. 
Polymer concentrations in effluents are generally reported between 2 
and 20 μg/L (Okoffo et al., 2023; Roscher et al., 2022), compared with 
average SPM levels of about 20 mg/L in treated effluents (Bonomo, 
2008). Despite their lower abundance, M-MPs, particularly PS, emerged 
as concentrated carriers of PHTEs. For instance, the average lead con
centration in total SPM was 11.8 ± 0.1 mg/kg, whereas PS particles 
exhibited nearly fourfold higher levels, underscoring their dispropor
tionate role in pollutant transport.

3.2.2. Organic micropollutants
Synthetic musk fragrances. Eight SMFs were analyzed, including 

Galaxolidone (HHCB-lactone), which is formed in WWTPs through the 
biotransformation of Galaxolide (HHCB) during biological treatment 
processes treatments (Tasselli and Guzzella, 2020). Fig. 3 illustrates the 
concentrations of SMFs and other organic micropollutants on the 
investigated plastic polymers, expressed in mg/kg. Numerical data 
corresponding to these findings are summarized in Supplementary 
Table S4. The most abundant compounds identified on M-MPs were 
HHCB-lactone, HHCB, Tonalide (AHTN), Musk xylene (MX), and Cel
estolide (ADBI). PS particles exhibited the highest concentrations of 
SMFs (e.g., ADBI: 1.2 mg/kg; HHCB: 121.5 mg/kg; HHCB-lactone: 
134.9 mg/kg), with a total SMF load of 283.7 mg/kg, reflecting a 
strong sorption affinity for these compounds. As observed for inorganic 
contaminants, elevated SMF concentrations on PS can be explained by 
both the morphological features of PS M-MPs in effluents (Fig. 1 and 
Supplementary Fig. S9–S10) and the aromatic nature of PS polymer 
chains, which promotes interactions with aromatic molecules such as 
SMFs (Prajapati et al., 2022). In addition, the regular spherical 
morphology of most PS M-MPs suggests a primary origin, likely from 
intentionally manufactured products such as personal care items, which 

frequently contain SMFs as additives. These types of MPs fall under 
Commission Regulation (EU) 2023/2055 of the European Chemicals 
Agency, which restricts the intentional use of synthetic polymer mi
croparticles, including non-biodegradable, insoluble plastic glitter 
(European Commission, 2023). While biodegradable, soluble, natural, 
or inorganic forms are exempt, and certain applications (such as cos
metics and detergents) benefit from transitional periods before the full 
ban takes effect, legacy products remain in circulation. As a result, such 
particles are still detected in WWTP effluents and continue to act as 
vectors of SMFs to the environment. PE and PP demonstrated similar 
adsorption trends for these chemicals, though concentrations were 
lower than those recorded for PS. For example, HHCB was measured at 
99.6 mg/kg on PE and slightly higher at 107.7 mg/kg on PP. The cate
gory labelled “Other” polymers consistently showed significantly lower 
SMF concentrations. Among all analyzed media, HHCB was identified as 
the most prevalent SMF. Interestingly, despite regulatory restrictions 
and bans on MX, such as the ones implemented by the European Com
mission (European Commission, 2009), our findings confirm its ongoing 
presence in the environment, emphasizing the continued need for 
environmental monitoring. MX raises concerns due to its persistent, 
bioaccumulative nature and its known toxicity to aquatic organisms 
(European Commission, 2010). Its widespread detection across various 
environmental compartments indicates potential risks associated with 
long-range transport and contamination. Additionally, concentrations of 
ADBI (12.5 mg/kg) and HHCB-lactone (289.8 mg/kg) were notably 
higher in total SPM compared to M-MPs (Supplementary Table S4). 
Nevertheless, the overall SMF loads on SPM and M-MPs were largely 
comparable, reinforcing the significant affinity of plastic polymers for 
these low-solubility, hydrophobic micropollutants.

UV-filters. Octocrylene (OC) exhibited the highest concentrations 
across all media (Fig. 3), with particularly elevated levels on PS (942.4 
mg/kg), followed by “Other” polymers (436.8 mg/kg), PP (97.0 mg/kg), 
and PE (35.3 mg/kg). 2,4-Dihydroxybenzophenone (3BP) was also 
enriched on PS (31.8 mg/kg). The elevated presence of OC and 3BP 
reflects their widespread application as UV-filtering ingredients and, 
given their recalcitrance in natural environments, their potential for 
environmental persistence and accumulation (Carvalhais et al., 2025). 
The strong sorption capacity of PS for UV-f can likely be attributed to 
effective hydrophobic and aromatic interactions. “Other” polymers 
carried relatively high concentrations of 3-(4-methylbenzylidene) 
camphor (4MBC, 6.4 mg/kg) and OC (436.8 mg/kg), suggesting a 
moderate to high affinity for these compounds. In PP, OC (97.0 mg/kg) 
and 2-ethylhexyl 4-methoxycinnamate (EHMC, 2.5 mg/kg) were most 
abundant, whereas other UV-f occurred at comparatively low levels. PE 
consistently exhibited the lowest concentrations among all polymers 
tested. As further discussed in Section 3, although PE and PP show lower 
sorption capacities for UV-f, their ubiquity in the environment makes 
them important contributors to contaminant transport when total 
polymer abundance is considered. 3-Benzylidene camphor (3BC) and 
2-phenylbenzimidazole-5-sulfonic acid (OP PABA) were detected at 

Table 1 
– Potentially hazardous trace elements concentrations (mean values ± standard deviations, in mg/kg) found on different polymers (PE: polyethylene; PP: poly
propylene; PS: polystyrene; Other: nylon-6, PE/PP copolymers, EVA, and PDM) sampled in the wastewater treatment plant effluent, and their concentration on the 
solid particulate matter (SPM) sampled in the same effluent. “D” indicates detection below the limit of detection (LOD), while “< LOQ” denotes concentrations between 
the LOD and the limit of quantification (LOQ).

Element Cd Cr Cu Ni Pb As Co Mo Sn V

Concentration 
(mg/kg)

PE 0.3 ±
0.003

1.7 ±
0.002

16.9 ± 0.01 1.2 ± 0.006 5.4 ± 0.01 0.4 ±
0.006

0.2 ±
0.001

0.5 ± 0.001 0.6 ± 0.001 0.4 ±
0.003

PP 0.1 ±
0.002

0.8 ±
0.001

3.8 ± 0.03 0.2 ± 0.006 1.3 ± 0.01 < LOQ 0.03 ±
0.001

0.1 ± 0.0 0.3 ± 0.003 0.05 ±
0.0

PS 0.7 ±
0.02

10.2 ±
0.2

46.8 ± 0.05 8.6 ± 0.1 49.8 ± 0.2 D D 1.6 ± 0.03 5.7 ± 0.07 2.6 ±
0.02

Other D D 13.2 ± 0.2 1.2 ± 0.03 0.5 ± 0.01 D D 0.5 ± 0.01 16.2 ± 0.09 D
SPM 1.2 ±

0.01
D 144.5 ± 0.2 32.5 ± 0.4 11.8 ± 0.1 2.2 ±

0.1
2.1 ±
0.01

7.5 ± 0.1 2.8 ± 0.03 2.4 ±
0.03
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relatively low concentrations across all polymers, while 4MBC displayed 
high variability, with maximum values in “Other” polymers and lower 
levels in PS (1.0 mg/kg). In contrast, SPM accumulated lower concen
trations of UV-f compared to M-MPs, with 3BP (15.2 mg/kg) and OC 
(38.2 mg/kg) being most abundant (Supplementary Table S4). This 
highlights the role of SPM as a transport medium for UV-f, though it 
appears less selective than plastic polymers in retaining and transporting 
these hydrophobic compounds.

Pharmaceuticals. Due to the wide range of PCs analyzed, they were 
classified by pharmacological category: antibiotics, analgesics and non- 
steroidal anti-inflammatory drugs (NSAIDs), β-blockers, anticancer 
agents, antiepileptics, anxiolytics, and miscellaneous others (Miossec 
et al., 2019). A complete list of the investigated compounds and their 
concentrations is provided in Supplementary Table S4. Fig. 3 illustrates 
the broad spectrum of PCs detected across all polymer types. Analgesics 
and NSAIDs, particularly Diclofenac, Acetaminophen (paracetamol), 
and Ibuprofen, were consistently detected on multiple polymers, indi
cating a general affinity of these compounds for M-MP surfaces. PE 
showed notable sorption of Acetaminophen and the diuretic Hydro
chlorothiazide (both 0.1 mg/kg), along with detectable levels of the 
fluoroquinolone antibiotics Norfloxacin and Ofloxacin. By contrast, 
Ibuprofen, Amoxicillin, and Sulfadiazine were not detected on PE. PP 
exhibited overall lower retention of PCs than PE, with only low levels of 
Ibuprofen (0.03 mg/kg) and Acetaminophen (0.1 mg/kg), and minimal 

antibiotic adsorption. In contrast, PS demonstrated the highest sorption 
capacity for many compounds. Significant concentrations were observed 
for the NSAID Acide Niflumique (0.3 mg/kg), Diclofenac (0.5 mg/kg), 
and Ofloxacin (0.5 mg/kg). Notably, PS also exhibited substantial 
adsorption of the macrolide antibiotic Azithromycin (3.2 mg/kg), likely 
reflecting strong hydrophobic interactions (Log Kow = 4) and 
polymer-specific surface affinity mechanisms. The “Other” polymer 
category displayed a distinct adsorption profile, dominated by analge
sics and NSAIDs. Ibuprofen reached its highest concentration in this 
group (3.7 mg/kg), accompanied by Diclofenac (0.5 mg/kg) and Acide 
Niflumique (0.3 mg/kg). Spiramycin, another macrolide antibiotic, was 
also detected (0.05 mg/kg), further distinguishing this group from the 
other polymer types. SPM exiting the WWTP accumulated higher total 
concentrations of PCs than M-MPs, underscoring its role as a major sink 
for compounds escaping removal during treatment. Azithromycin (47.4 
mg/kg) and Spiramycin (32.4 mg/kg) were dominant, followed by 
Ibuprofen (6.9 mg/kg) and the β-blocker Atenolol (4.7 mg/kg). These 
findings emphasize the significant role of SPM in the environmental 
transport and fate of PCs, with potential implications for both aquatic 
and benthic ecosystems. Such considerations should be incorporated 
into comprehensive strategies to control PC emissions from wastewater, 
particularly in light of Directive (EU) 2024/3019 on urban wastewater 
treatment, which establishes benchmark removal requirements for 
selected pharmaceuticals during treatment processes. Interestingly, 

Fig. 3. Concentrations of synthetic musk fragrances (SMFs), UV-filters (UV-f), pharmaceutical compounds (PCs; grouped by pharmacological class, full list in 
Supplementary Table S4), organophosphate flame retardants (OPFRs), and pesticides sorbed onto different meso- and microplastic polymer types (PE, PP, PS, Other) 
in the wastewater treatment plant effluent. Results are expressed as mg of organic micropollutant per kg of polymer. See the List of Abbreviations (Supplementary 
Material) for compound definitions.
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traces of anticancer, antiepileptic, and anxiolytic compounds were 
detected exclusively on M-MPs and not on SPM, as detailed in Supple
mentary Table S4.

OPFRs. PE and PP exhibit lower adsorption levels compared to PS, 
which consistently showed high adsorption of multiple OPFRs (Fig. 3), 
particularly tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) and tri
phenyl phosphate (TPHP). This pronounced adsorption by PS could be 
attributed to its hydrophobicity and potential π-π interactions with ar
omatic OPFRs like TPHP (Martín et al., 2022). The “Other” category 
displayed intermediate adsorption levels. Among the OPFRs, TDCIPP 
demonstrated the highest adsorption across all polymers (Fig. 3), with 
the most significant levels observed on “Other” (2.2 mg/kg) and PS (1.6 
mg/kg). TPHP was predominantly adsorbed on PS (0.04 mg/kg), while 
PE and PP showed much lower adsorption levels. Low levels of bis(1, 
3-dichloro-2-propyl) phosphate (BCIPP) and diphenyl phosphate 
(DPHP), both OPFRs metabolites, were detected only on PP 
(Supplementary Table S4). The adsorption of 2-ethylhexyl diphenyl 
phosphate (EHDPP) was relatively low across all polymers but showed 
slightly higher concentrations on PS. The overall SPM exhibited the 
highest adsorption levels for several OPFRs, particularly TCIPP (4.6 
mg/kg), and TPHP (0.8 mg/kg), highlighting its critical role in the 
environmental distribution of these compounds. However, bis(1, 
3-dichloro-2-propyl) phosphate (BDCIPP), BCIPP, and DPHP could not 
be measured on the SPM, while they could on PP and PE M-MPs 
(Supplementary Table S4).

Pesticides. The pesticide concentration found on M-MPs were lower 
compared to the other micropollutants investigated (Fig. 3). PS dem
onstrates significantly higher adsorption levels for several pesticides, 
especially S-Metolachlor (0.007 mg/kg) and Atrazine desisopropyl 
(0.004 mg/kg). Additionally, as reported in Supplementary Table S4, PS 
showed measurable adsorption of Dimethenamid ESA and Atrazine 2- 
hydroxy, suggesting its capacity to adsorb diverse pesticide com
pounds. In contrast, PE and PP exhibit lower adsorption levels, reflecting 
limited interactions with most pesticides. PE primarily adsorbed Atra
zine desisopropyl and Atrazine desethyl, while PP showed minimal 
adsorption of S-Metolachlor and Atrazine desethyl. Both polymers 
exhibit negligible adsorption for the other pesticides. “Other” polymers 
demonstrate moderate adsorption levels for Atrazine desisopropyl 
(0.002 mg/kg) and Atrazine desethyl (0.001 mg/kg). As expected, SPM 
exhibits the highest adsorption levels overall, particularly for S-Meto
lachlor (0.1 mg/kg). However, SPM showed negligible adsorption for 
many other compounds. PS and SPM emerge as key actors for pesticide 
adsorption, with PS showing strong interactions for aromatic pesticides 
and SPM serving as a central repository for specific molecules. PE, PP, 
and “Other” polymers demonstrate relatively low pesticide adsorption, 
with occasional exceptions based on pesticide type. These results are 
reasonable, since pesticide concentrations in the raw wastewater 
(influent, data not reported) sample were low. Furthermore, pesticides 
are generally highly hydrophilic, more prone to be present in dissolved 
form (Barbieri et al., 2019).

In the Supplementary Table S6, we report the Log Kow (NIH - Pub
Chem, XLogP3-AA computational method) for most of investigated 
organic micropollutants. SMFs, UV-f, and OPFRs exhibit the highest Log 
Kow values among organic micropollutants, indicative of strong hydro
phobicity, generally linked to low solubility. This characteristic implies 
a preference for these compounds to partition into non-polar environ
ments, such as non-polar areas of M-MPs surfaces. Conversely, com
pounds with low Log Kow values, such as PCs and pesticides, are more 
hydrophilic and demonstrate greater solubility in water. These trends 
are consistent with our findings, where hydrophobic contaminants were 
present in significantly higher concentrations on M-MPs compared to 
their hydrophilic counterparts (Fig. 3). This indicates that the interac
tion between contaminants and M-MPs is influenced, among other fac
tors, by the hydrophobicity or hydrophilicity of the compounds, as 
indicated by Log Kow.

3.3. Micropollutant emissions into the environment

Daily micropollutant fluxes (mg day− 1) were calculated across the 
main plant streams (dissolved fraction, SPM-bound fraction in influent 
and effluent, M-MPs, and dewatered sludge) using the average influent 
and effluent flow rates together with sludge output data provided by the 
plant operator. Full numerical values are reported in Supplementary 
Table S5, while Fig. 4 illustrates the distribution of micropollutant loads 
among the different M-MP polymer types.

Polymer-dependent micropollutant transport. PE emerged as the 
dominant polymer vector, contributing nearly 80 % of the elemental 
fluxes and the majority of organic micropollutants associated with M- 
MPs. PP also played an important role, particularly in transporting UV-f 
and PCs. The distribution of SMFs was relatively balanced, with 
approximately 60 % sorbed to PE and 40 % to PP (Fig. 4d).

Emissions of inorganic micropollutants. M-MPs transported measurable 
amounts of several elements, including 249 mg day− 1 of iron, 75 mg 
day− 1 of aluminium, 32 mg day− 1 of zinc, and 7 mg day− 1 of copper. 
Smaller fluxes of lead (2.2 mg day− 1), chromium (0.8 mg day− 1), nickel 
(0.5 mg day− 1), tin (0.4 mg day− 1), and cadmium (0.1 mg day− 1) were 
also detected. However, these values were negligible compared to the 
total effluent fluxes, which reached 1.3 kg day− 1 for iron, 0.8 kg day− 1 

for zinc, 0.4 kg day− 1 for aluminium, and 0.7 kg day− 1 for manganese, 
alongside notable emissions of copper (79 g day− 1), nickel and molyb
denum (23 g day− 1 each), lead (17 g day− 1), arsenic (15 g day− 1), va
nadium (11 g day− 1), antimony (10 g day− 1), and chromium (8 g day− 1). 
These dissolved concentrations are consistent with previously reported 
ranges for urban wastewaters (Kinuthia et al., 2020). Dewatered sludge 
acted as the primary sink, retaining approximately 12 kg day− 1 of iron, 
18 kg day− 1 of aluminium, 1.6 kg day− 1 of zinc, 125 g day− 1 of lead, 35 g 
day− 1 of chromium, and 0.7 g day− 1 of mercury.

Emissions of organic micropollutants. Among organic contaminants, 
the six most abundant compounds sorbed to M-MPs were HHCB (55.6 
mg day− 1), OC (38.8 mg day− 1), HHCB-lactone (11.8 mg day− 1), AHTN 
(5.9 mg day− 1), MX (3.1 mg day− 1), and 3BP (2.8 mg day− 1). None
theless, SPM transported much higher overall loads. For example, SMFs 
accounted for ~192 g day− 1 in total emissions, of which SPM carried 
~70 g day− 1 compared to only 78.5 mg day− 1 on M-MPs. A similar 
pattern was observed for UV-f, with 25.5 g day− 1 associated with SPM 
and 42.8 mg day− 1 with M-MPs. PCs were largely present in dissolved 
form, with 26.6 g day− 1 transported by SPM and just 0.3 mg day− 1 by M- 
MPs. OPFRs also showed limited association with plastics, with M-MPs 
carrying ~55 μg day− 1 (mainly TDCIPP and TCIPP) compared to 3.7 g 
day− 1 in the effluent, of which 1.4 g day− 1 was SPM-bound. Pesticides 
displayed the weakest association with M-MPs (0.7 μg day− 1), with 
atrazine desisopropyl and S-metolachlor being the main representatives. 
The latter also dominated in SPM, accounting for most of the pesticide 
flux.

In general, hydrophobic micropollutants such as SMFs and UV-f were 
more efficiently retained in sludge, with estimated daily removals of 
401 g and 610 g, respectively (Supplementary Table S5). Conversely, 
more hydrophilic compounds such as PCs, OPFRs, and pesticides 
exhibited limited sludge affinity and were predominantly discharged 
with the effluent. For example, pesticides were released at a rate of 283 
mg day− 1, while only 18 mg day− 1 were sequestered in dewatered 
sludge.

4. Discussion

Although the overall micropollutant fluxes transported by M-MPs 
were lower than those carried by the dissolved phase or bulk suspended 
solids, M-MPs represent discrete, mobile niches with the capacity to 
concentrate and mobilize specific contaminants beyond conventional 
treatment barriers (De Souza et al., 2025). The detection of atrazine 
desisopropyl on M-MPs, but not on SPM, points to selective adsorption 
mechanisms and divergent partitioning behavior. This agrees with 
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previous studies showing that aged MPs exhibit higher sorption capac
ities for pesticides such as atrazine compared to pristine particles (Y. 
Wang et al., 2022). Such observations underscore the importance of 
considering M-MPs not only as passive carriers but as dynamic vectors 
capable of altering contaminant partitioning and persistence in 
effluents.

Hydrophobic and organophilic compounds, such as SMFs and UV-f, 
were particularly enriched on M-MPs despite their high removal rates 
via sludge retention. Their persistence on plastics in the final effluent 
highlights an overlooked emission pathway. Polymer-specific differ
ences further modulate sorption. The predominance of PE as a 
contaminant vector appears linked to its abundance in wastewater (Ren 
et al., 2020) rather than a superior intrinsic affinity. PP showed notable 
associations with UV-f and PCs, while PS, though less abundant, dis
played the highest mass-specific sorption. This likely reflects surface 
weathering and the development of reactive groups such as hydroxyl, 
carboxyl, and amino functionalities, which enhance interactions with 
polar molecules (Prajapati et al., 2022). Additional particle properties, 
including small size, high surface-area-to-volume ratio, porosity, and 
surface roughness, further increase sorption potential (Agboola and 
Benson, 2021). It should be noted that specific surface area was not 
measured in this study, and differences between M-MPs and bulk SPM 
may influence sorption capacities; hence, direct comparisons should be 
interpreted with caution. It should also be noted that our extraction 
methods target the fraction of contaminants readily available at or near 
the plastic surface; pollutants that have diffused deeper into aged 
polymers may not be fully recovered, but this fraction is most relevant 
for environmental exposure and sorption processes.

Measured metal concentrations on M-MPs may reflect both con
taminants adsorbed from wastewater and inorganic additives or residual 
catalysts inherent to the polymer matrix; thus, enrichment patterns 
should be interpreted considering both sources. Interestingly, the cate
gory of “Other” polymers, although minor in abundance, accounted for 
disproportionate fluxes of certain pollutants such as tin and OPFRs, 

highlighting the need for comprehensive polymer characterisation 
beyond dominant resin types. The high sorption observed for these 
minor polymers may reflect distinct chemical interactions related to 
surface functional groups, polymer aging, or additives, which warrants 
further investigation in future studies.

Future research should therefore expand toward a broader range of 
polymer types and smaller size classes, down to the nanoscale, to fully 
capture the contribution of plastic particles to micropollutant transport 
and exposure risks. At the same time, methodological challenges must be 
addressed by balancing reliable polymer identification with the pres
ervation of sorbed contaminants and the so-called ecocorona, a complex 
biological and chemical interface known to regulate adsorption, trans
port, and degradation processes (Shi et al., 2023). Humic substances 
represent key constituents of the ecocorona and strongly influence sur
face charge and sorption behavior. Recent studies have shown that 
advanced treatment processes, such as electrocoagulation, can effec
tively remove humic acids from wastewater (Asgharian et al., 2017), 
suggesting that upstream removal of ecocorona precursors may indi
rectly modify MPs surface chemistry and reduce their potential role as 
contaminant vectors. The presence of a biofilm or ecocorona on envi
ronmentally aged MPs may influence the reported mass-normalized 
micropollutant concentrations in two opposing ways. Biofilm develop
ment adds organic and inorganic material to the particle mass, which 
may slightly dilute concentrations when normalized per unit mass of the 
MPs–ecocorona complex. Conversely, biofilms substantially increase the 
availability of sorption sites through extracellular polymeric substances, 
microbial biomass, and associated OM, thereby enhancing affinity for 
metals and organic contaminants. Biofilm thickness and composition are 
known to vary with polymer type, exposure time, and environmental 
conditions, and biofilm-coated MPs have been shown to accumulate 
higher contaminant loads than pristine particles despite their limited 
mass contribution (Rummel et al., 2017; Richard et al., 2019). Biofilms 
can promote the accumulation of trace metals and organic pollutants by 
providing additional binding phases and redox-active 

Fig. 4. Total net fluxes (mg/day) of the investigated inorganic and organic contaminants, presented on a Log10 scale, are shown in Fig. 4a and c. The percentage 
contributions of different polymers to the total flux of each contaminant are illustrated in Fig. 4b and d. Mout, X represents the total mass of a contaminant leaving the 
wastewater treatment plant via polymer X (X = PE, PP, PS, Other). SMFs: synthetic musk fragrances; UV-f: UV-filters; PCs: pharmaceutical compounds; OPFRs: 
organophosphate flame retardants.
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microenvironments (Richard et al., 2019). Accordingly, the mass-based 
concentrations reported here reflect the combined contribution of the 
polymer core and its associated biofilm and should be interpreted as 
representative of environmentally realistic MPs complexes rather than 
pristine materials. This integrated perspective is consistent with current 
evidence highlighting the functional importance of the ecocorona in 
governing contaminant transport and biological interactions, even when 
its contribution to total particle mass remains comparatively small 
(Rummel et al., 2017).

Several methodological constraints of this study likely led to con
servative flux estimates. Only particles with unambiguous FTIR spectra 
were retained, and no chemical purification was applied to avoid 
desorption of micropollutants. Consequently, some visually suspected 
plastics were excluded. Moreover, the analysis was restricted to particles 
larger than 300 μm, excluding the 1–300 μm fraction that may carry a 
significant share of the contaminant load (Joo et al., 2021). This size 
class is of particular concern because MPs in the 1–100 μm range are 
likely the most abundant and can physically damage mucosal tissues, 
obstruct feeding structures, and impair locomotion in aquatic biota 
(Casagrande et al., 2024). Even smaller nanoplastics pose greater eco
toxicological risks due to their ability to penetrate biological mem
branes, reach subcellular compartments, and induce oxidative stress, 
inflammation, and genotoxicity (Bakan et al., 2024). These consider
ations reinforce the importance of size-inclusive monitoring strategies 
and holistic assessments of plastic-associated contaminant fluxes.

The predominance of pharmaceutical residues in the dissolved phase 
highlights the limited removal efficiency of conventional treatment 
processes and reinforces the need for advanced tertiary or quaternary 
treatment stages. These include established technologies such as ozon
ation and activated carbon filtration, applied alone or in combination 
(Bernabeu et al., 2011), as well as emerging hybrid approaches such as 
simultaneous electrocoagulation–electrooxidation, which have been 
shown to effectively degrade recalcitrant antibiotics including cepha
losporins (Danaee et al., 2025). These findings align with recent policy 
developments, notably Directive (EU) 2024/3019, which sets new 
benchmarks for micropollutant removal in urban wastewater treatment. 
A key challenge lies in implementing treatment solutions that are both 
broad-spectrum and environmentally sustainable, given the chemical 
diversity and variable behavior of wastewater contaminants. In this 
context, prevention remains a critical complementary strategy, as 
reducing emissions at source and promoting the use of biodegradable 
and less hazardous substances can substantially limit downstream 
environmental burdens and associated risks. Beyond effluent discharge, 
the reuse of sewage sludge in agriculture raises additional concerns. 
Micropollutants tend to accumulate in biosolids, particularly on 
high-affinity solid phases, and their co-occurrence may amplify envi
ronmental and human health risks (Fytili and Zabaniotou, 2008). The 
detection of organically bound mercury in dewatered sludge in this 
study further underscores the need for site-specific toxicity and 
ecological risk assessments, including the evaluation of potential 
transformation products and combined effects, as highlighted by recent 
methodological approaches (Nateq et al., 2024), prior to land 
application.

5. Conclusions

This study demonstrates that meso- and microplastics (M-MPs) serve 
as effective vectors for both organic and inorganic micropollutants, 
including potentially hazardous trace elements, synthetic musk fra
grances, UV filters, pharmaceuticals, organophosphate flame retardants, 
and pesticides. Even a few milligrams of plastic were sufficient to carry 
measurable loads of virtually all targeted compounds, underscoring the 
disproportionate role of M-MPs in contaminant mobility. Their hetero
geneous and weathered surfaces, enriched with copolymers, additives, 
and oxidation products, provide diverse sorption sites for molecules of 
varying polarity. In natural environments, the acquisition of an 

ecocorona further enhances their capacity to capture micropollutants 
and increases their bioaccessibility, highlighting M-MPs as mobile hot
spots for pollutant transport.

Among the polymers analyzed, aged polystyrene fragments emerged 
as particularly efficient vectors due to their surface chemistry and 
morphology, although polyethylene and polypropylene contributed 
most to total fluxes because of their higher abundance. While this study 
focused on particles >300 μm, smaller microplastics and nanoplastics, 
owing to their higher surface-area-to-mass ratios and greater reactivity, 
are expected to play an even more critical role in contaminant transport. 
The fluxes reported here therefore represent conservative estimates of 
plastic-associated emissions from WWTPs. Future research should 
encompass the full-size spectrum of plastic particles, ideally down to the 
nanoscale, to provide a more comprehensive understanding of their 
contribution to contaminant transfer within complex particulate 
matrices. Such work should also investigate how particle morphology (e. 
g., shape, porosity, surface roughness) and the formation of the eco
corona influence adsorption dynamics under real-world conditions. This 
will be essential for improving risk assessments and developing effective 
management strategies aimed at limiting the environmental persistence, 
mobility, and ecological impacts of micropollutants discharged from 
wastewater treatment plants.
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