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The present document provides details on the results/productsaatittites conducted until month 36 in the
framewor k BnhanciWp ehpalility fofiobserve, model, and assess environmental bagards t a s k
T4.3.1( @ontaminant fate and transport models in water, groundwater and soils; innovative approaches to
monitaring environmental pollution and quantification and reduction of uncertainty.

In compliance with the executive working plan of the whole project, T4.3.1 involves umsingative
techniquego detect and measucentaminargin different environmentalanpartmentsas well asn animal

and plant organisnts provide the framework for risk assessment of anthropic activiteeget contaminants

include microplastics ffom both conventiongblastics and bioplastics), elongated mineral particles (EMP),
hydracarbons, heavy metals, antibiotics, drugs, pesticides, and other contaminants of ewwmrgarg

(CECs) A range of approaches including advanced analytical determinatioacdéb studies, fubcale
monitoring, theoretical assessment of contaminantpedsson in the environment, adelling of
transformatiofiransportbioaccumulation/biomagnificatiomechanisms quantification of hazard and risk
related to the presence of contamindmase been developed and usaddifferenttime/space scales to
determire the evolution andransformation of contaminaniss terrestrial water ecosystems, groundwater and
soils.Specific attention has also been paid to the evaluation and quantification of uncertainty in the assessment
and modelling of hazard and risk.

Task T43.1 is complementary to the companion task T4.3.2 that focuses on the same issues for marine
ecosystems, so that the approaches adopted and the results obtained should béaegatdédte jointly to

the objectives and outputs of the RETURN projadidated in the following layout.

RETURN Outputs (Key Results) RETURN Objectives RETURN Aggregated impacts

l& Central framework for risk analysis, IL Foster lasting transdisciplinary

management, mitigation and adaptation cooperation between government
to challenges of climate change institutions, research institutions, and

enterprises (including start-up and spin-

off)

A better understanding of
environmental, natural and
anthropic risks, as well as their
interrelation with the effect of
climate change

@ Methodologies, roadmaps, proofs-of-
concept, guidelines for the risk analysis,
reduction, management, mitigation and
adaptation

Strengthen competencies to reduce
environmental, natural and
anthropogenic risks with emphasis on
the effects of climate change

|R3 Strengthening of the cooperation
between research institutions, large
enterprises, governmental institutions

Enhance risk prevision and
methodologies for prevention,
adaptation and mitigation

Foster technology transfer to enhance
the public/private partnership on risk
analysis, management and mitigation

R4 Mapping hazards and related

consequences (o understand, compare

and integrate the environmental, natural
and anthropic risks

Develop new
methodologies/technologies for
monitoring

1 i4 | Reduce direct and indirect losses

Iﬁ Identify the direct and indirect losses |
related to different hazards

Reduce the risks for biophysical,
settlement (including cultural heritage),
infrastructure, socioeconomic and
health contexts,

R6| Data and methodologies for a national
strategy for disaster risk reduction and
preservation of cultural heritage

Foster a more efficient and
sustainable use of data, products
and services

I& New technologies and methodologies for
identifying, monitoring, and
conirolling the risks on critical
infrastructures and strategic assets

Enhance the community risk
perception, prevention and
prepared ness

Strengthen the bridge from
research to final products while
transversally enhancing the
competences, technological transfer
and service integration

|R8 Methodologies and data fusion to enable
the use of global base maps, satellite
and aerial imagery

Support policy makers and interact
with civil society and citizen

In particularthe investigation activitiesf T4.3.1delivered as the final output of the project are grouped based
on four main thematic areasvhich were aimed at achieving the objectives of spoke W#8#icated in
parentheses)

1. Methods and protocols for the identification and quantification of environmental contaminants
[01, 03
2. Development, application and validation of methods for advanced environmental mori@djng

02]



3. Data analysis and modellingf transport, diffusion, transformation and degradation of
contaminant$O4, Of

4. Prediction and estimation of the effects of contaminants on human health, flora and fauna and
environmental qualityO2, O

Multiple activities were implemented during theojectwithin the thematic areasutlined aboveinvolving
multiple competences, adopting various perspectives and approaches and yielding numerous final results, as
summarisedelow.
1. Development, application and validation of methods andprotocols for the detection and
guantification of contaminants in the environment:
i. Development of advanced methodologies for the detection and characterization of microplastics
(MPs) in wastewategfUNIFI) [R2];
ii. Advanced dentification/classification of mio-bioplasticsin organic matrices througlsWIR
hyperspectral imaginNIROMAL) [R2, R7]
2. Development, application and validation of methods for advanced environmental monitoring:
i. Spatial distribution, contamination index, and geochemical baseline @Hieroents in Sicilian soils
(UNIPA) [R1, R4, R7]
ii. Direct measurements of vapour emissions in contaminated site by means of dynamic flux chambers
(UNIPA) [R1, R2, R3];
iii.  Methods for detecting microplastics in groundwater and drinking dtéirI) [R2, R7}
iv.  Monitoring and modelling of MPs diffusion at river basin s¢alBliFl) [R4, R7}
v. Conceptual framework and material flow analyfis the @asessment of bioplastic flovis the
environmen{UNIROMAL1) [R1, R2, R7]
3. Data analysis and modelling of transport, diffusion, transformation and degradation of
contaminants:
i. Fundamental studies of geochemical processes in porous systems under uncertainty (FR2L.IMI)
R7];
ii. Simulations of contaminant transport with varying bed topograpletlands (UNIPDJR6, R7}
iii. Hydrodynamic modelling of micpdastic transport in river systems (UNIP[R6, R7}
iv. Anaerobic cedigestion of commercial bioplastics and food waste and related potential
environmental issug8)NIROMAL) [R2, R7].
4. Prediction and estimation of the effects of contaminants on human healthlofa and fauna and
environmental quality:
i Modifications of fibrous erionite phagocytized by human THmacrophage@JNIROMAL) [R1,
R7];
ii. Risk assessment for microplastics in groundwater and drinking water (UNIFI);
iii. Prediction of micropollutant fate ithe water environment: integrated risk assessment and targeted
mitigation strategies (POLIMIR1, R2, R4, R7]
iv. Risk-based approaches for managing multiple watejuse scenarios: from gaps to a dvealth
approach (POLIMIJR4, R7}
V. Assessment of thenvironmental impact of microplastics and bioplastics with regard to effects on
plantpollinator interactions, resistance to pathogens and plant physj@odpersistence in soils
(UNIFI, UNIROMA1) [R1, R2, R4].

Efforts to efficiently integrate the multiple competences of the participants to T4.3.1 (encompassing the fields
of chemistry, geology/mineralogy, hydrogeology, fluid mechanics, biology/botanic, civil and environmental
engineeringweremade in order to &in the main target of WP4.3, involving the development of advanced
methodologies and toolso observe, model and assess environmental hazasdshoroughly and
comprehensively as possible.
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The work is geared towards the recognition thatcertainty is inherently plaguing our ability to assess
reactive transport processes taking place in porous systems across different spatial scales. Uncertainties arise
from our lack of knowledge surroundimgechanistic processes driving reactions at the fundamental level.
This, in turn, imprints onto our predictive capabilities of critical scenarios such as, e.g., migration of
contaminants in underground groundwater bodies. As such, setting modeling apgoacta stochastic
context embedding model and parametric uncertainty is recognized as the only viable way to accurately
assess reactive transport processes.

In this broad context, we pursue to diverse research lines, associated with different spatal Reakarch

Line linvestigates mechanistic processes driving evolution of mingsadr interfaces at the fundamental
(nanoscale)evel and their impact of mineral weathering rate heterogeneRgsearch Line fdcuses on a
laboratoryscale geochemicalystem and developsa robust theoretical framework to model complex
reaction networks underpinning fate of Emerging Organic Contaminants including estimation and predictive
uncertainty.Key resultsassociated wittResearch Line &e included in DeliverableV4.3.1and remaining

tasks are related to finalizing publicatior@efesa et al., 2025k ence, the rest of this Chapter focuses on
Research Line 1

Recent micreand nanoscale investigations that relying on high resolution imaging techniques shicimas

Force Microscopy (AFMVertical Scanning Interferometnys A 3 A G | € | 2f 23ANI LIKAO aAi.
YAONR(G2Y23aNI LIK& R20dzyYSyd GKIFIG YAYSNIfngl G§GSNI AyidS
according to highly heterogeneous patterigitnis& RuizAgudo, 2021; Bibi et al., 2018; Noiriel et al., 2020).
Nanoscalesurface detailshave been identified as the key factors responsible for marked spatial
KSGSNRIASySAGASE 2F NI GS& GKEFEG FNB SELISNAMWMSyha !l &
same interfaceArvidson et al., 2003; Fischeretal.,201® { GF NI Ay 3 FNRBY YAYSNIf ng
of these local phenomena then manifests across various (spatial and temporal) scales. Accurate assessment
and modeling ofdissolutionprecipitation kineticanust incorporate the inherently (stochastic) multiscale

nature of these fundamental processds.this context, analysis ofte spectrai.e., probability densities of

reaction rates, enables one encapsulatecritical details of eaction rate heterogeneity in interpretive and
modeling efforts(Fischer et al., 2014Quantification of the way main statistical features of rate spectra
transition with scale is key to transfer information across (spatial and temporal) scales. Yehajbrs

research aspect is still largely unexplored in geochemical contexts, hindering significant advancements to our
understanding of the effects of fundamental processes underpinning the stark heterogeneity of reactions at
mineralwater interfaces.

In this context, we focus on characterizistgtistical scaling ofanoscaleresolved reaction rates. We develop

a sound mathematical framework providing a unified description of key features of rate spectra and their
scaling. Our original modeixtends the Gawssian Mixture (GMIX) modébiena et al., 2023)resented in
Deliverable DV4.3.1 to include n@aussian traits of each component (aode of the mixture.We then
identify links between key statistical features of rate spectra and mechapisiizcesses driving mineral
water interface evolution.



Our analyses rely on a dataset comprising a collectiofivefi LJ- G A f Yl LJA 2F ylI y2aol
dissolution rates. These are related to temporal observat®rs (i F A Y SR G KNR dzZAK AFMY & A (
imaging of the topography of the interface betwedlowing water and a pure calcite sampl&patial
distributions of dissolution rates are obtained from the difference of measurements of the mineral surface
topography,& of , as

Y ofD (1)

Here,0 is a position vectoreo o @ am?® mol! is calcite molar volume, angd p @& amin coincides
with the acquisition timeThe observation window comprises@ @ & pm?portion of the calcite crystal
surface. Data support (i.e., measurement scalép & p @ nm, corresponding to a discretization of the
observation window through g@ 1 1T 7t L uniform grid. Key elements of the experimental setup and
protocolsestablishedn the context ofResearch Line dre included in Deliverable DV4.3.1, the full set of
details eing available ifRecalcati et al. (2024).

The functional dependence of the main statistical features of nanoseal@ved dissolution rate on scale is
assessed upon relying on the analysis of sample structure functions. These aesl defi

Yo —B ®Ys, (1)

wherezY YO 'Y 6 s a spatial increment of evaluated at (omnidirectional) separation distance
orlagi © 0 s0 i isthe number of increments at ldg Structure functions are said to exhibit a
powerlaw scaling behavior iy i © i . Here,, 1§ is a scaling exponent depending solely on the order
of the statistical momentr}. Symptoms of powelaw scalingoehaviors are detected for a wide variety of
variables of interest in diverse contexts. Examples include, e.g., Bif@idle et al., 2004nd fluvial Nikora

and Goring, 2001turbulence, planetary topographydndais et al., 2015, 201®)draulic caductivity (Liu

& Molz, 1997; Tennekoon et al., 2003ediment transport rateSingh et al., 2009gnd airpermeability
(Siena et al., 200)2Experimental evidences of powkaw scaling are generally limited to an interval of lags
i~ i H ,i andi corresponding to alower and an upper aff, respectively. These delineate interval
below and above which a deviation from powaw scaling is observed (see, eNeuman et al., 201and
references therein). Sometimes,istinct powerlaw scahg regimesare observed in sample structure
functions Kantelhardt, 2011). Thizhavior, typically referred to agossoverin power lawscaling, can stem
from analysis grounded on lumping within a unique population data that are otherwise associdked wi
mechanisms/attribute acting at distinct (spatial) scaldfie emergence of multiple scaling regimes is
documentedfor sample structure functions associated with a varietgttributes/processes associated with

a wide range of observation domains. Exdespnclude, e.g., porscale Lagrangian velociti€Si¢na et al.,
2014),deep boreholeporosity (Guadagnini et al., 2015), fluctuations of magnetic field (Kiyani et al., 2009)
and intensity (Leonardis et al., 2012; Roberts et al., 2020) of solar plasmpianetary surface topography
(Landais et al., 2015, 2019).

Within each powettaw scaling regimehe scaling exponertan beestimatedthrough linear regression of

log sample structure functions versus log separation distance. The functional relatibeshigen, 3 and

| defines the way according to which statistics transition with scale. A linear behayiantbfr), i.e.,, 1

'OA(06 SAYy 3 GKS | dzZNB G SELR Yy Sy affine MylRet b 11893)a0thériseitan it K S ¥
aso&E KAOAG Y2y iiHe ABst eXporlient gsimated tlirdugh linear regressionrpfnear

the origin. It provides a measure of the degree of persistence of the underlying random fi@ld. 1, the



system exhibits an anpersistent behavior, i.e., high and low values tend to alternate rapidly in space.
Otherwise, O T® indicates perstence, i.e., high and low values tend to alternate mildly in space.

Dissolution rate fields are modeledtcording to the Generalized s@@aussian Mixture (GS@IX) modeling
framework. Key analytical expressions of the @8% model are included below, the full set of details about
their derivation being availablén Recalcati et al. (2025apA graphical illstration of the conceptual
framework underpinning the GSK8IX model is depicted in Figure 1. Dissolution rate maps are viased
correlated bimodal random fiel(Figure 1.3 i.e.,

YO 00Y o p VO Y O. )
Here,0 6 is a random indicatoindependent of each component of the mixtufigure 1.B,'Y ¢, and
distributed according to a Bernoulli distribution with parametgr (withry nandnn p n). The
components of the mixture argiewed asindependent of each other andistributed according to a GSG
distribution, i.e.,

Y 6 0067Y o. ©))

Here,"O 0 is a spatially correlated Gaussian field divd 0 is a subordinator, i.e., positive (spatially
uncorrelated) random function independent @ 0 (seeFigure 1.k The resulting probability density
function df),"Q, reads

Qi —B j—. Q 60Q —h (4)

where' and, are mean and scale parameter associated with each mode of the miendéQ 06 is

the distributional form of"Y 0 . Integration of Eq. (4) yields the (raw) momegenerating function
associated with the GSKIX pdf, i.e.,

. T -
@ O I7I__3 — B h n . 0Q 6Qdb (5)
wheres t is the gamma function.
correlated uncorrelated
©) GSG model (zero-mean) (gositjve)
Gaussian field ubordinator
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Figure 1.Conceptual framework underlying the Generalized-&dussian mixture (GS@X) model; (a) bimodal (spatially
correlated) random fieldy 6> RAAGNAR o0 dzi SR | OO2NRAYy3 G2 | D{DmaL- G(KS2NBiAOI
variablev 6 (distributed according to a Bernoulli distribution with parametgi® 1| ) describing the architecture of the two
regions within the domain(c) randomly heterogeneous spatial distribution of each compoiéntd (&  6D) of the GSG
mixture across the domain.

The pdf of spatial increments of dissolution réi@, , reads
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with@ 6 6 ¢ o066 andQ , 6 , O (@ OM,& a&).Here” isthe correlation
of the Gaussian field underlying each mode of the mixturecansithe covariance of the indicatoknalytical
expressions for structure functions are obtained upon integration of@as

Y —3— B i 6, .. QQ060Q6W® fp q

Q6 6 0 -k

o
o8}
=g

(9010 I (7

with - t being gamma and confluent hypergeometric functiéollowing Riva et al. (2015), Guadagnini et
al. (2018), Siena et al., (2019, 2024nd Li et al. (2022)ye rely on a lognormal subordinator to characterize
each mode of the mixture, i.e.,

Q6 — ©

wherel N it is the shape parameter associated with each mode of the mixtureD{ Dmma L - F2 NXd
embedding such a distributional form of the subordinator tends to a GMIX madel % ¢, i.e., each mode

of the mixture is described by a Gaussian distributionSON# A 8 S> y2y nDlF dzaAaAly GNIF A
heightened ag  departs fromg.

Model parameters embedded in Hations (4-8) are estimated upon relying on a custom Bayesian
classification algorithm providing) the spatial distribution of théndicator and if) estimates of},* ,,

and . Correlation functions associated with the Gaussian field underlying each component of the mixture,
" ,andd are inferred after classification relying upon the method of moments.

Fgure 2adepicts the spatial distribution of sample dissolution rates at acquisition ime p 1 min. The
dissolution patternis dominated by the presence of a deep etch pit (denoted) as in Figure 2.2 located
around the center of the observation wipw and a secondary etch pib { ) in the southeast corner A
comprehensive description of the dataset is included in DeliverBiMd.3.1 the full set of details being
available in Recalcati et al. (2024).

Interpretation of temporal dynamics of the lakmineral topography is grounded on a conceptual picture
according to which step edges propagate across the surface of a dissolving crystal as a train of sequential
steps that migrate in a wavike manner. This scenario is also described as a stepwaskeamiesm of crystal
dissolution (Lasaga & Luttge, 2001; 2003n this context, experimental observations document that
emanation of steps from a localized crystal defect is not continuous over time. Otherwise, it appears to follow
a pulsatingbehavior (Fischer & Luttge, 2018). In tutime pattern associated withpstial maps of dissolution

rates is a direct consequence of this behavior and is characterized by the presence-défimelll regions

(each corresponding to a rate pulse) centered at a given screw dislockigurg2.a). As a consequence of

such a pulséng nature, high and low rate dissolution pulses tend to alternate. As an exafiglee2.b
provides a depiction of rate pulses emanating aldngc S LINR FAf S | | @rystallogapies a LJ2 y
direction tt p ). One can recognize the presence of a sewgeof hills and valleys corresponding to
stepwaves associated with high, mild, and low values (denotéd as in Figure 2.a-b).



%)
9, 8
Eo
]
£ 4
E A
o~ 2 um MP
CNY 2
(b) 15 mmol m”s!
<10 W, SWy SW, SW,
< «
R 5
0
0 50 100 150 200
o= profile AN’ s/dl[-]
(d) O sample (C)w, O s/dl=10
— GSG-MIX s/dl=20 ﬁ
108 Os/dl=100 f£X
10°
/ T
10
10?
10'
10' 100
0 02 04 06 08 1 15 1 05 0 05 1 15 ~ 50 100 150 200 250 300 350 400 450

R [mmol m? s™'] s AR [mmol m?s1] x°* s/dl[-]

Figure20 0 { LI GALFE YIFLI 2F yIy2all t'YSauthBa 26 W@ (b)Vertcal prafiié 8 oRA & a 2 f dzi
Ff2y3a 11 ® 600 { IYatbréema piidiadandizRiBssotiated Diifivio2 depicted in (a). Results of linear
NEINBaairzya oAy f23nf23 &l f S dGanda@endodepictBdcodtirudus bldciligeS)NItf | &
58YI NDFGA2y 2F GKS (62 LR6SNitl g &0l t As/Pobdulitadensi dunchioa (pd)df Ay S
(d) dissolution rate€’Q, and (e) associated spatial incremerigs,, evaluated at lagsfQ & p f tandp mdt D{ DmalL- Y2RS
results (continuous curves) are juxtaposed to sanpuifs (circles). (f) Samplesond order structure functionly , versus
(normalized) lagi ¥Qdor'Yo @ ! yIFf @ iAOFf SELINBaA&AZY SO {EdratibrSyis juxtdpOsdNdits y 3 (i 2
sample counterpart.

a
I G
f 7

Sample structure functions associated withd  of ordery  pfp®hghand ¢® are depicted irFigure 2.c

The emergence of a crosser between two scaling regimes can be clearly detected. A first regime (hereafter
termedregime ) can be observed within the (dimensionless lag) intepvali ¥Q & 1t mAsecond scaling
regime (denoted asegime |) is otherwise comprised betweentt i Q& ¢ p.7 breakdown in power

law behavior is then observed at the largest lags. Similar patterns are observetiméeall

At all orders]), loglog regresion lines (depicteds continuous black linés Figure 2.3 yield a coefficient of
determination 10 cand T ¢for the powerlaw scaling regime¥and ‘O ’@espectively. The ensuing
scaling exponents, i.e,, n and, 1, are depicted versur for various times inFigure 3.a and 3.b,
respectively. Whereas 11 is linear withrj at all times,, 1} exhibits a nonlinear (concave) trend. The
observation of a seléffine behavior at small scales coupled with a concave trend ipf at larger lags is
documented as a trait that is shared by various quantities of interest exhibiting-ov@ssphenomena
between diverse scaling regimes. These include, e.g., deep borehole neutron pd@Gsityagnini et al.,
2015) solar wind plasma turkerice (Kiyani et al., 2009; Roberts et al., 2020), or surface topography of
planetary bodies (Landais et al., 2015; 2019).

Values of the Hurst exponent associated with regirf@@nd ‘O'@e.,"O and 'O , obtained from linear
regression (continuousnles inFigures 3.&) are depicted versus time iRigure 3.cBoth’O andO are
virtually constant in time (a small oscillation being detected solelyGorat 0 ) and yield average values
O ™ rand O 1@ @respectivelyThese findings document that the two regimes are associated with



starkly distinct behaviors, regim@exhibiting a marked persistence while regiri@@splays highly anti
persistent characteristics.

Figure 3.Scaling exponent, 1] , versus structure function
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Emergence of a crossrer between regime&and Oi®inherently related to conceptual approach employed

to model the system behavior. Whereas dissolution rate values are distributed across various spatial regions,
each corresponding to distinct stepwess/and/or dissolution mechanisnseg Figure 2)awe viewY at each

time through a homogenized random field. Under such a conceptual picture, distinct scaling regimes can
arise if processes (or attributes) within each spatial region act at distinctlesogles. At all times, transition
between the two scaling regimes is observed to take plad&@td t mThis value aligns with the average

size of dissolution stepwave® |, i.e.,O o X @iXQdFigure 2.a).

We interpret scaling regime&and "'O&3 being associated with a single dissolution pulse and the entire etch
pit encompassing the spadgne window of observation, respectively. This interpretation is further
sustained by the degree of persistence associated with each of these twoagglrhe high persistence
associated with regimés consistent with the tendency of each pulse to display similar rate values (see
Figure 2.a&b). Otherwise, regiméO"@rresponds to increments taken across diverse pulses. Given the
pulsating nature oémanation of chains of steps from the etch pit center, high and low dissolution stepwaves
alternate in space. This yields the marked gu@rsistence of the signal within the interval of (dimensionless)
lags w ft p mLumping data associated with dissadut pulses characterized by different strengths into a
unique population also yields striking multimodal traits of sample PDFanfl3-Y (see Figure2.d-e). These
features, along with key aspects of descriptive statistics associated with sample fPD&sde-Y, are fully
consistent with a description grounded on the G8&X modeling framework

Theoretical structure functions based on the @8&X modeling framework and evaluated througfuation
(7)for ¢ are juxtaposed to their sample counterparin Figure 2. We recall that setting] ¢ is
tantamount to examining (spatial) variograms, which are inherently linked to covariance functions of the
guantity of interest. Modeling results show a remarkable agreement with sample data and document the
exceptional ability of the GSKIX framework & capture the main traits exhibited by sample structure
functions such as the croswer ati 7Q & t t{vertical dashedine in Figure 2), as well as those of sample
PDFs ofy ands-Y (Figures 2.eb).

Our work has critical implications in the broaderntext of characterizing and modeling geochemical
LINPOSaasSa GF1Ay3 LXIFOS Ay LR2NRdza adaedaidsSvyao {GF NIAy
NBI OGAzya OFy FfGSNI LRNBnaoOlfS 3S2YSOHNEIaswwdll&E RA Y 3



exposure of new mineral surfaces (and/or new mineral phases, eventually containing potentially hazardous
compounds) to reactions. Changes of the local geometry of pore spaces alter fluid velocities at the level of
individual pores. In turn, disbutions of chemical concentrations and their gradients (acting as
dissolution/precipitation drivers) are impacted. The ensuing variations of pore water geochemical signature
further contribute to enhance (or reduce) heterogeneity of surface reactimity continuous feedback loop
(Fischer & littge, 2017).The effect of these processes then propagates to larger spatial scales, imprinting
variations in effective (continuum scale) attributes such as, for example, porosity or permeability. In this
perspectie, setting our analysis and interpretation in a stochastic environment responds to the dire need of
I &a2dzyR I LIWINRIF OK OF LI ofS G2 SyOlLladAg+GAy3d GKS STF
water interfaces in (conceptual and mathematicmodelingframeworks. As such, our study opens new
ground to future studies aiming at transferring statistics of rates of dissolution (or of other types of
geochemical reactions) across scales upon anchoring these on physical processes governiogayoluti
patterns of mineral surface morphology at the fundamental level.
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Erionite (ERI) is an fAintermediateo zeol hekagondlhat |
crystal system, space gro®ss/mmcand has an average formula(Ka,Ca s)s[Al 10Si26072] A 03 Thed
framework of erionite consists of col-udnmgn(dér) plds al t ¢
erionite cages (28edra). The unit cell hosts two cancrinite cages and two dér alternating alorzg &n@,

two erionite cages runninggspectively, along 1/3, 2/3,and 2/3, 1/3z. Cages host EF cations anddHand,

in particul ar, t h'onaisadntte whkreasahg largesetiohite cagetpetentially iKontains
several cation sites prevalently residing at or neaaitis of the cage. Moreover;riCh erionite samples (> 2

atoms per formula unit a.p.f.u.*Kdisplay a further EF cation sitehich is placed at the centre of the boat

shaped eighting forming the walls of the erionite cagex(His distributed among sR@W sites radiating from

the axis of the cavity whose distribution, as in the case of EF cations, is dictated by prevention of short contacts.

Recent substantial work has been devoted to analysing in detail the cation exchange properties of erionite
fibresfinalized to building a solid background for modelling their interaction with biological environments.
The relevant interest of this topic is related to the unambiguous link of inhalation by humans of erionite fibres
with the onset of malignant mesothatia (MM). In fact,in vivo studies have proved the strong tumorigenic
activity of erionite that has been accordingly included in the Group 1 H@aarinogenic list by the
International Agency for Research on Cancer (IARC). Erionite occurs worldwide gradtigular, a high rate

of MM observed in several villages of Central Anatolia have been related to inhalation of erionite fibres since
the 1970s. Starting from the pioneering paper by Ballirano and Camb#ie fibres were incubated in
artificial lysoo mal fl ui d (ALF) and Gambleds solution, foll
these simulated lung fluids (SLFs) over a large span of time, many papers adopted simplified formulations or
focused on the ability of erionite to upload spiecifations. Simulated formulations lack most of the organic
components and, in the case of the simplified ones, even some minor inorganic salts are substituted to avoid
possible interference with the released cations during analytical procedures. Hdtiewanclear whether

those simplifications represent a sufficiently close approximation of the conditions to which fibres are
subjected in the biological compartment after inhalation and inside the cells after phagocytosis. In a recent
work, it has beenakcribed for the first time, by synchrotron micteray fluorescence, the spatial distribution

of metals and other cations in macrophage cells after the phagocytosis of erionite fibres up to four days of
incubation. The results of this research ruled betimtracellular C4 binding by the fibres, in exchange with

Na’, as one of the mechanisms of toxicity of erionite fibres, a hypothesis that has been proposed, among others,
to explain erionite hazard potential.

To shed further light into these complex mechanisms, in this work we describe, by a multi analytical approach,
the structural modifications induced by tihevitro phagocytosis of erionite fibres by THPcell line derived
macrophages mimicking the actiof the cellular first line of defence in the alveolar space against inhaled
harmful stimuli. Moreover, we report the results of a thorough structural investigation aimed at identifying
possible experimental interferences induced by manipulation duringrepés that, coupled with the careful

check of control samples, will shed new perspectives toward the comprehension of the mechanism(s) inducing
toxicity of erionite in comparison to simplified models.

Fibres of erionite were studied by a nftiranalytical approach: scanning electron microscopy (SEM) to
characterize from the chemical point of view the fibres pre and post incubation, powagrdKfraction
(PXRD) to characterize from the structural point of view fibres pre and post incubation



The human monocytic cell line THPwas cultured at 37 °C in a humidified 5% &@mosphere. THR cells
were cultured in RPML640 with L-glutamine and 10% FBS.

Erionite toxicity was initially evaluated by the MTT assay to assess the degree ofncafalgiven by the
erionite working concentration used in the following experiments.

To obtain the phagocytosed erionite fibres THEells were seeded at 3 x*1@lls/plate in 1&m plates and
differentiated to MO macrophagekhen, MO macrophageswere¢ at ed wi t h 50 e€eg/ mL of
and 14dTHP-1-1d,-7d,-14d). Additionally, a control containing only pristine erionite fibres was prepared as

well. Experiments were carried out in duplicafesignificant number of erionite fibres were foumside
macrophages already after 1d of incubation and all fibres in the petri dishes were internalised after 7/14d of
exposure.

The quantity of recovered fibres phagocytosed by -THfRlls was of the order of a few hundred pgrams for
each experiment. Durinthe whole process, fibres may enter in contact with different chephyalcal
environments since pH ranges from 4.5 to 5 within the lysosome (luminal environment maintained at the proper
pH by proton pumping vacuolar ATPases) to 7.4 within the cytd§uhrt from the main experiments,
additional ones were performed to investigate the possible occurrence of interferential effects during the
manipulation of fibres preand postincubation and to provide additional hints on the effect of single physical
chemical parameters.

Fibres of erionite from Rome (Oregon, USA) were chosen for the following experimbatwistinematerial
(PRI)was enriched in erionite content (up to ca. 95 wi¥%¥. classified as erionitBla, based on its formula
K2.4dNag.30Mgo.72C& 35)[Al 7.76Si28 24072.04 A 200 Thé& mdterial contains ca. 4 wt.% of chabazite, traces
of quartz (ca. 0.1 wt%) and mindiags as impurities.

Fibre length and diameter were in the range of t@05um and 0.03.0 pum, respectively, with most fibres
(65%) showing length below 20 pm and width less than 5 fior. experiments in THR-derived
macrophages, sterile fibre suspensiaese prepared.

The chemical composition of tiRRIfibres and those after immersion in ALF was determined using a Quanta
400 SEM equipped with an EDS Genesis system. The analysis of the fibres after phagocytosis fftom THP
derived mamphages revealed E% values markedly outside the admitted range of £10% (up to 40%), so that
it was not possible to obtain reliable crystal chemical formulae, likely due to both possible occurrence of a
layer of organic material with variable thickness the fibre surface and fibre alteration following the
phagocytosis process. Nonetheless, in this case a qualitative interpretation of the spectra is given.

PXRD data were collected using a Bruker AXS D8 Ad
The instrument is fitted with focusing mirrors and a position sensitive detector VVArntlaced after radial

Soller slits.Pristine materiatontainsminor chabazite and quartz plus clay minerals (identified as nontronite,

an ironrrich phyllosilicate). Preliminary analysis of the diffraction data pointed out to the significant reduction

of the clays content upon incubation/internalization.

To measurehte mitochondrial damage induced by erionite fibres, cells were stained with the mitochondrial
prot on g r-aedsitienfluoresceqmCdye JC After cells were stained with JT following the
manufacturerds instruct i odm fluoresoeacg made wgiag adNikon mEchpsel | a t
Ti 2 confocal microscope equi pp.dlkresdtihghimages (B.0>AdgitaA P O
zoom) were obtained acquiring the green fluorescence (emission at 527 nm) and the red fluorescsioee (emis

at 590 nm).



The crystal chemical formulae were calculated based on 36 (Si+Al) a.p.f.u., assuming a water content of 18.5
wt% (corresponding to ca. 30 a.p.f.u.). Both the balance error formula E% and the K content test (K content
O 2 atoms per unit formula) were used for selecti

Diffraction data were evaluated by performingnixed PawleyRietveld method, successfully adopted for
similar samples, using Topas V6 ahe Fundamental Parameters Approddfined structural parameters
of erionite included fractional coordinates and site occupancy fraction (s.o.f.) of EF cationgesitebl

To measure the mitochondrial damadpe, ted/green fluorescence intensity of selected ROIs in each image (at
least fivemicrophotographs taken for each condition) was quantified after background subtraction with the
ImageJ software v1.8.0, and the results were expressed as the mean red/green ratio £ SD of the different
samples.

Erionite toxicity on human THR-derived macrophages was evaluated by the MTT assay to assess the degree
of cell damage caused by the working concentration used in the following experiments. The assay showed that,
at the highest fibre concentr at i phagestranget feothca. 2% ¢ g/
after 1d to ca. 40% after 14d of incubation. Therefore, this concentration was considered optimal, since it could
ensure a significant fibre uptake without excessive cell damage that would compromise the retoeval of

fide internalised fibres.

Cell parameters of THR phagocytosed fibres indicate a generalized compression of the cell with respect to
PRI. The refined values of thgte scatterings.s) at the EF cation siteend HO sites is summarized in Fig.

XX. We foundthe complete depletion of Cal and Ca3 and a relevant reduction of s.s. at Ca2-tedA@HR

the case of THR-7d and-14d the s.s. increases somewhat and limited s.s. is observed at Cal. We observe a
very minor reduction of s.s. at K2 with respezPRI, significantly smaller than that observed for ALF 14d.

The minor release of Kons into the cellular environment is reasonably hindered by the abundance of such
cation inside the cells where the fibres are located.

THP-1-1d THP-1-7d THP-1-14d
Ca?*|Mg2{Na* | K* |H,0[H,0] [ca?*|Mg2{Na*| K* [H,0|H;O] |Ca?*|Mg?{Na*|K* |H,0H;0

0 0
THP-1PBS </ L THP-1RPMI
Caz*Mg?{ Na*| K* |H,0[H,0] [ca?*[Mg{Na*[ K* [H,0[H;O

Fig. XX A pictorial representén of the various processes, as deduced from the structural analyses.

The total EF cation s.s. decreases dramatically from 114¢2P&I to 73.8(13) eof THP-1-1d and to ca. 81

€ in the case of increased incubation times. The decrease of s.sEERtdagon sites experienced by the THP
1 phagocytosed fibres is coupled to a significant redistribution of s.s. at the various OW sites sMhire H
expected to be located/e observed an increase of the s.s. of both EF cations and OW sites fpassifig P



1-1d to-7d and-14d. Explanation to this behaviour may be linked to the very quick complete release of Ca
from erionite structure to the biological environment that is followed by a srradjuidibration process driven

by the cations availableitin the lysosomal fluid and possibly by pH modificatiofie s.s. redistribution at

OW sites of the fibres internalised by THPmacrophages is obtained without the occurrence of large
displacement of the various sites. However, the bonding systefffeiedi. In the following we will discuss

the structural features of THR1d sample as representative of the effect of the interaction of the erionite fibres
with THP-1 macrophages owing to the minor structural differences existing among the fibregriedaihe
cellular environment for longer periods (i.e., 7d and 14d). Both XRPD and SEM data showafiethat
internalization in THPL macrophages erionite fibres undertaksignificant release of extf@amework
cations and there is no evidence of NBK" binding from the cellular fluid. Protonation of oxygen atoms of
the framework has been previously invoked to justify a small charge unbalance of cqet.toenula unit

(pfu) occurring because of minor EF cation release in simulated lung. fiodgever, in the present case the
expected charge mismatch is very large, as indicated by the significant reduction of s.s. at EF cation sites and
an extended protonation of the framework without loss of crystallinity (not observed) seems implausible.

As previously pointed out, THR-1d shows even a more dramatic reduction of s.s. at EF cation sites of ca. 40

€. The precipitation of calcite apparently suggests the abrupt increase of the pH in the internalization
environment occurring in the first day. Barsely, its absence in fibres phagocytosed for longer times (i.e.,

7d to 14d) together with the increase of s.s. at EF cation sites in the same samples, points to a subsequent
restoration of the original acidic pH around the fibres. A possible explaradtibe main mechanism of charge
compensation is that the release of cations by the fibres (indicated as X for simplicity in the following) is
largely counterbalanced by the uptake of hydronium ions from the cellular fluids according to one or more of
thefollowing simplified equations:

1) X*eiy+ 2HOU X*soim) + HsO"(eri) + OH sony
2) X2+(eri) + 4H,0 U X2+(Soln) + 2H30+(efi) + 2C)H(soln):
3) X2+(eri) + 2H,0 + X+(Soln) U X2+(Soln)+ X+(eri) + H3o+(efi) + OH son).

In particular, the process outlined éguation 1) is well documented for several zeolite species, both as pristine

or activated, immersed in water or aqueous solutions and produces a pH increase in the solution caused by the
fast release of OHIt is subsequently followed by a slow pH decesagsing from hydrolysis of the framework

and partial release of hydronium ions. The efficiency of the process strongly depends on the pH and is favoured
by acidic conditions i.e. those typically occurring within lysosomes. It is worth noting that,prefent case,

X represents K Na', C&*, and Md" in the simplified equations.

The fibres incubated for 7d in THPand subsequently exposed for 1d to PBS and RPMI{TRBS and

RPMI), mimicking the rammersion in the extracellular environment after the release of fibres from dead
macrophages, show a partial recovery of the skothtOW sites anBF sitesndicating a relevant upload of
cations from the media that should be essentially. Nae trend of structural convergence toward the
corresponding control PBS and RPMI samples indithé possible extended reversibility of thanic
exchange process occurred inside THihacrophages after phagocytosis. This would imply that at each
ingestion/reingestion cycle in the lung environment, the erionite fibres would discharge the predoniinant Na
and/or K cations in exchange for théoandant HO" inside the acidic phagolysosomes and subsequently
recharge them when released again into the neutral, seaibrextracellular milieu, after macrophage cell
death. An important consequence of this phenomenon would be that at each macrelpheiggestion the

fibres regain one of the erionite toxicity characteristics in a perpetual way. In factQhagptbad on the fibre
surface would cause a significant alteration of the acidic pH of the phagolysosomes that would be necessarily
reestabkhed by the hyperactivation of the ATBpendent proton pumps in the organelle membranes with an
energetic cost for the cells possibly affecting the mitochondrial and cell homeostasis. If our hypothesis turns
out to be true, a great deal of erionite tayicifter cellular ingestion would be centred on the mitochondria,
with the compromission of cell respiration mechanisms and of the ATP production rate. To shed light on the
hypothesis of the cell mitochondrial suffering and function compromission afbaiterfibre internalization,



THP-1 MO macrophages were incubated with erionite fibres up to 3d and then their mitochondrial inner
membrane potential was measured by use ofithet oc hondr i al p-sewsitive fluorgsceatd i e n |
probe JCL. In THP-1 MO macrophages a significant compromission of the electron transport chain and of the
ATP-synthase activity in the organelles was observed after erionite fibre exposure at 24h and 3d of incubation

l eading to a 40% and 50 % qgedfibkg espectivelye ascompaced tb dostrolwi t |
healthy cells.
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Fig. XX. Quantification of mitochondrial damage in THPMO cells. Quantification of the red/green
fluorescence ratio measured by confocal microscopy. Results are the mean + SD of fikantdiffe
microphotographs and asterisks indicate significance in Tukey test (ANOVA p<0.001; Tukey vs. C,
**p<0.001, *p<0.005, respectively).

These data seem to confirm that, although in an unexpected way, erionite ion exchanging capacity indeed has
a role inthe cytotoxicity of this mineral which is surprisingly exerted by sequested@yibins from the fluid

of the lysosomes in which the fibres are compartmentalized inside the cells, increasing the pH of the organelles.
Consequently, the increased activity of the membrane proton pumps of the organelle to restore the acidic pH,
would lead ® a significant ATP expenditure and mitochondrial suffering in the cells, compromising the cellular
functions and homeostasis.
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The current statef-the-art knowledge regarding the occurrence, fate and removal of microplastics (MPSs) in
wastewater treatment plants (WWTHRs)ffected by a high degree of variability in the available literature
data.The existing discrepecies among scientific reports in terms of MPs concentrations and reraogals

not only from differences ithe monitored facilitiesi such as wastewater source, type of sewer system,
treatmentonfiguration etc.i but also from the diverse methodolagliepproaches appligdr sampling and
analysis.The lack of reference and/or harmonized protocols therefore hinder direct comparison among
literature hampering the establishment of standardized assessment frameworks.

Multiple techniques can be applied tbe detection and characterization of MPs in wastewater. Regardless of
the specific methods employed, the MPs analysis workflow involves the following key stages: (i) sample
collection (e.g. containers, autosampleegparate pumping and filtratiggstens, etc.), (ii) sample processing

for the removal of organic matter (e.g. chemical digestion) and eventually for the separatiorplafstion

items (densitybased separation treatment), and (iii) sample analysis for counting and chemical and physical
desciption of MPs. Particular attention is given to the analytical method used for MPs identification. To date,
chemical assignment can be carried out throughdestructive techniquds such asRaman/micreRaman
spectroscopyBecucci et al., 2022; Kardel &, 2025; Li et al., 2024; X. Liu et al., 2018)d Fourier transform
infrared (FTIR)/micreFTIR spectroscopyBayo et al., 2020; Gies et al., 2018; Murphy et al., 2016; Talvitie

et al., 2017)i or destructive methods includingermal analysiselated techniques such as pyrolygés
chromatographynass spectrometry (RgC-MS) (Pefialver et al., 20204 nondestructive technique recently
introduced for th@nalysisof MPsis the Laser DirednfraRed (LDIR) chemical imaging spectroscopsich
provides comprehensive information on both chemical nature and size/morphological characteristics of plastic
particlesO 1 0 ac€dming to a highly automated and tigféective approach. LDIR employbé latest
semiconductor Quantum Cascade Laser (QCL) technology as infrared source, coupled ‘withnfasy

optics, to provide higiguality imaging and spectral data in the wavenumber rangé 2860 cm! (Dong et

al., 2022; Liu et al., 2022Pespiteits enormous advantages in terms of speed and automation of operations,
this technique is still poorly studied for applicatimmwastewatemonitoringcompared to more conventional
spectroscopic techniques.

Bearing in mind above, kighly automated andnbe-effective Laser Direct InfraRed (LDIRjased method

was developed and firuned within the framework of WP4.B Task 4.3.1i for the detection and
characterization of MPs in both raw and treated wastewRttiable experimentgrotocols and advanced
analytical approaches were specifically designed and optimized to enhance the accuracy, reliability and
reproducibility of MP analysis, covering the entire workfloww from sampling to particle
detectioricharacterizationSpecially produced MPs were first used in the methodology development and
validation stages. @ll-established techniques were employed to evaluate the reliability of collected data. The
robustness of the tailored protog@las then assesség analyzing real wastewsr samples taken atiarge
municipal WWTPin Tuscany (ltaly)

The methodologies described in this chapter were then used within the project faWer@sdivities: in
particular, the tailored protocols were applied for the lmcpe monitoring of MPm WWTPSs, conducted in

the framework of WP4.5 Task 4.5.1, providing reliable and robust experimental and analytical tools to get
valuable insights into the MPs behaviour across the urban water cycle.



Specially poduced MPscovering a broad range g@olymer types sizes and shapg were first usedfor
methodology development and validation purposes. Particularly, reference particles were obtained by grinding
common plastic itemim ABS, PET and HDPENd then sievinthemin the size range 38106 um.Synthetic
agueous samples to be tested as stasdameobtainedby dispersing known quantities of specially produced

MPs (10 mg/L for each of the three polymers, i.e. ABS, PET and HDPE) in ultrapurgrigtee 1).

Figure 1: Specially produced MPs for methodology development and validation.

A multi-stage pretreatment protocol was fin@ed for MPs extraction. Samples were first subjected to
chemical digestion by Fenton reaction for the removal of organics by adapting the protocol prod@déed by
Azzawi et al., 2020)A densitybased sepatian step waghen providedio remove mosbf nonplastic
particles.Digested samples were hence vactfiltared (nylon filter of 5 um mesh size), recovering material
retained on the filter by backwashing it with a 60 % (w/w) Zr@ueous solutioq } 1.@5 g/cmd). The eluate

thus recovered (i.e. extracted particles in Zrglution) was left in a glass separating funnel for 2 hours to
ensure density separation of plastic particles (floating) angblastic particles (settling). The supernatant was
collected and vacuusfiltered (nylon filter of 5 um mesh sidewhile the extracted particles were recovered

by filter backwashing with 5 mL ethanol (EtOH). At the end of the pretreatment procedure, particle dispersions
in EtOH were thus obtained.

An additioral step of concentration was provided before Fenton reaction in the case of real wastewater to
increase the analysis representativeness: pristine samples were hencefitmmredntinylon filter of 5 um

mesh size), recovering the material retained oniltee by backwashing it with a lower volume of ultrapure
water. The concentrated wastewater samples were then pretreated following the method described above (i.e.
Fenton reaction + densityased separation + vacudittration/backwashing).

The MPs recouy ratewas estimated bapplying the developed MPs extraction protocol on synthetic aqueous
samples containing specially produced MRssible images of the filter after vacudifitiration and
backwashingvere collected and compared by exploitihng LDIR-High magnification functionthus enabling

particle counts over the subsequent treatment stages.

Chemical digestion is reported to potentially degrade plastic particles depending on the chemicals and
operations used. The suitability of the selected chdrireament was therefore addressed by collecting and
comparing bottAttenuated Total Reflectandeourier Transform InfraredATR-FTIR) and LDIR spectra of
specially produced MPs before and after Fenton reaction. For more details on the acquisitionvwanrflo
parameters refer to the sections belBignificant alteratioror degradation caused by Fenton reactiothe

filter used for sample processimgere ruled ouby collecting and visually comparing high magnification



visible images of the filtebefore and after chemical digestioRigure 2). Releases of nylon particles upon
filtration werealsoexcludedn preliminary experiments treating blank control samples

\

50 pm

Figure 2: Visible image of the pristine filter used for sample processi)gi(s chemical digestion by Fenton reacti@&) &nd
visible image of the same filter and after chemical treatn@nt (

Quality Assurance and QusliControl (QA/QC) procedures were implemented to prevent -ceogs self
contamination during all processing and analytical stageseitire experimental procedures were carried out
under a fume hood (covering apparatus with aluminum foil to minimikeraie plastics contamination during
manipulation), all equipment were thoroughly rinsed before use, all reagents employed in the sample
processing were preliminarily 0.8 pfittered and the usage of plastic materials was avoided as much as
possible.Blank control sample$ consisting of equivalent volumes of ultrapure water stored in the same
collection tanks used for samplirigwere subjected to all treatment stages provided for the experimental
samples. MPfom self- and crosscontamination wereonsideedduring data analysis by applying a selective
subtraction method. This method involved identifying and removing particles from the experimental dataset
that closely corresponded to those found in the blank controls, follatkigwpatching approach: ity was

given to polymer type, followed ksize and finally particle morphology.

The analysis of MPs was carried out with an Agilent 8700 LiriRer themicroplastiededicatedvorkflow
within the Agilent Clarity software (version 1.5.58)total of4 depositionsobe L e a ¢ KPsdidperdioh e

in EtOH (for a total of 60¢ Lanalyzed)were dropped on each microscope reflective slide (Kevley-&ow
Microsaope slide). The slides were placed in the sample base and left infeedustivironment until ethanol
evaporated. The base was introduced in the LDIR camera on the sample stage, which automatically moved to
the sample compartment when the software widatied.By selecting th&Particle Analysi$ mode, the LDIR
system automatically generatiR/high-resolution visible images and IR spectra of each particle detected
within the selected portion of the slidehe acquisition workflow can be described d#ofes. The analysis
initially provides counting and physical descriptiohdetected particles through a broad range of dimensional
and geometrical parametdigable 1) by rapidly scanning the sample area at a single wavenumber (1442 cm
1 with the opticamoving at high speed over the sam@EANmode. The system then switches tSWEEP
mode with the optics parked at a single point over the sajtplellect fulllR specta of all detected particke

in the wavenumber range between 975 and 1800 $pectrathus acquired armutomaticallycrossreferenced

with a builtin databaseprovided by theClarity software (Microplastics 2.0) for the redime chemical
identification.The quality of the spectranatching is expressed with the Hit Quality Inded)(), a parameter
ranging between 0 anddescribing how closely the sample spectrum matches that in the reference library



Table 1: Description of the geometrical and dimensional parameters providibe Iy IR-based particle analysis.

Parameter

Description

Width (w) and Height (h)

They are calculated by measuring the base and height of the rectaspéetivelyin
which the particle is enclosed.

Area (A)

It is calculated based on the pixgiclosed by width and height.

Diameter (d)

It is calculated by equivalating the
d4

Aspect ratio (AR)

It is the ratio of width to height (AR = w/h)

Perimeter (p)

It is calculated as the length of tree that defines the boundary of the particle.

Eccentricity

It is geometric parameter characterizing the particle shape. It is equal to 0 for circ
while for ellipses it ranges from 0 to 1. A value close to 1 suggests a high aspect

It measures how close to a circle the particle is. A perfect circle will have a circular

Circularity 1, while other shapes will have a circularity < 1.
It is calculated as the ratio of the particle area over the area of its dun.ekherefore,
Solidity a particle with a rectangléke shape will have a high solidity (close to 1). A fiber that

curving will have a low solidity since its area is small compared to its bounding ai

The LDIR-based particle analysis workflow is summarize#igure 3.

Counting, size and morphology
characterisation

Particle Analysis

Library  Microplastics Starter 2.0

Particles

Group Sizes

Once the particle analysis was completiada were exported from the Clarity software &utherprocessed
as below Only plastic particles < 5 mm chemically identified witH@lO 0. 80 wer e coNs i
plastic materials detected by LDIR (e.g. chitin, sand and natural polyamide)xgkrdegifrom elaboration

Identifications

Scan mode Sweep mode

Chemical identification

Statistics

Polytetrafluoroethylene

Chitin
I Cellulosic

Undefined
. Rubber

Sand
I Polyamide (naturally occurring)
I Polyethylene terephthalate
I Polyamide
I Polyoxymethylene

Figure 3: LDIR-based particle analysis workflow

der

Different data elaboration scenarios were proposed including or not including particles recognized as
t -based pdiitldranalysis. In this regard, it is worth noting that this polymeric class is

fiCellulosi®

associated ithe default spectral library with a large varietyceflulosederivedmaterials of botmatural and

by



chemically modified/sersyntheticorigins As a function of the parameteCarcularity andAspect RatigAR)
particles were classified into fibe® RO .33 orARO 3 ) , Girpularéyr>@.8), péllets (0.6 €ircularity
O 0.9) and fARa8andCiraularity©Q0 03 8) < A sizdwasrassignedeto dach particle
depending on its morphology.e. maximum length (width / height) for fbers and diameter for all other
particles
In the case of wastewater samples, taking the recovery rate into account, the MPs concentrations in the
collected 24h composite samples were hence calculated and expressed as number of items per liter (MPs/L)
net of the blank. Results related ¢baracterizatiorof detected particles in terms of polymer type, size and
shapewerereportedas percentage data with respect to the total of figiifedin the sampleinder observation
(Eq.1):

VUI Qaw@@@@Qwﬁ%—%— pmmp p
wheret¢J 0 0 is the number of particles of each polymeize/ morphology class andl O 0 is the total
number of particles identified in the samples under observation.

Therobustness of data collected lbpIR-basedarticles analysis on standard samples produced as above was
addressedhy means of welkstablished techniquefarticularly, 6 validate the outcome dhe LDIR
measurements in terms of polymer identification, plastic particles were also analyzed bBFTIRR
spectroscopy (IRAffinity -1S, Shimadzu) by collecting spectra in the wavenumber rangie 4000 cm* (64

scans, resolution = 4 chhno spectrum correction applied) and comparing them with database and literature
data.To be noticed that in the caseATR-FTIR chemicabssignmenivas carried out by manually comparing
acquired spectra with literature data while LDIR performed it via automated spectrum matching with-the built
in library. Additionally, the size distributions given by the LDIRased partie analysis for the tested MPs
dispersed in ultrapure water were compared to those acquired by using a laser diffraction method (Mastersizer
3000, with Hydro SM, Malvern Panalytical). The paramewgsin the Mastersizer softwareere the
following: paricle geometnfnonsphericd], refractive index1.57, absorbance indg#], dispersanfwatei,
number of replicatef20Q], agitation speeftl800 rpn} and density1.04 g/cnmi for ABS, 1.38 g/crifor PET
and0.95 g/cnifor HDPH. Three replicates weprepared and tested for each polymer (i.e. ABS, PET, HDPE)
for both methods (LDIR and Mastersizer).

A large municipal WWTP in Tuscany (ltaly) waseliminarily selected as casgudyto assesshereliability

and robustnessf the proposed methodology¥he plant, having a potentiality of 600000 PE, has in use a
treatment traionsisting ofmechanical pretreatments, a biological treatment to remove organics and nitrogen,
a chemical ceprecipitation of phosphorsuand a secondary tsing stageto separate the clarified effluent

from sewage sludg@VWTP.). Average 24 composite samples ohw wastewate(IN) andfinal effluent

(OUT) were collected by autosamplers. Preliminary analyses were carried out to itkeatifyinimum
representative volume to be processed for MPs detection and characterization. To this aim, depending on the
expected content of MPs in the sample under observation, aliquots of different volumes were collected from
the 24h composite IN and OUBampleskeeping them under continuous mechanical agitation to ensure
homogeneityn the subsampling procedurg.e. 0.1, 0.5 and 1 L for IN, and 1, 2 and 5 L for OUT), transferred

into glass bottles and stored at 4 °C before bpingessedrFor each vimme aliquot, three susamples were
collected and analyzed as aboVhee MPs concentrations of both IN and OsAmplesvere reportednet of

the blank)as average value + standard deviation among n. 3 replicateav@itageViPsremoval efficiency

of themonitoredWWTP washence calculated as folloWBq. 2):

v wQ . 20,
YQd & QEXQQW Qe—e—.oﬁa—ea— prmp C



where6 andé (MPs/L) aretheaverage MPsoncentrations detectedliN andOUT, respectively

The multistage protocol for MPs extraction allowed an average particle recovery rate of 96Higueeé 4),
in line and even higher compared to those reported in the lite(B@verlein et al., 2022; Hildebrandt et al.,
2022)
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Figure 4: Determination of the particle recovery rate in experimeatsed out by treating aqueous samples containing ABS, PET
and HDPE particles sieved in the 3806 umsize range (10 mg/L for each polymaiith the development pretreatment method.
The figure sows the LDIRderived vsible imageof thefilter after vacuurdfiltration (A1) andsubsequerthackwashingB1) and
high-magnification details of thenAQ andB2, respectively)Particles that remained on the filter after filtration and backwashing are
highlighted by red circles.

The spectra collected by ATRTIR and LDIRfor the specially produced MRa ABS, PET and HDPE
displayeda good correspondence in their diagnostic peattsn the 975/ 1800 cm' spectral rangéFigure

5). For more details on pkeassignment refer tdable Al in AppendixBothtechniques hence confirmétke
chemical nature of thested plastic particle®articularly, the targeted polymers were correctly identified by
LDIR-based particle analysis with a high confidence leM&@(O 0. 95) , thus highlight
robustness of the LDHRased method, even if based on the collection of IR spectra in a limited spectral range
(97571 1800 cm') with respect to ATRFTIR spectroscopy. For both ATRTIR and LDIR analyses)o
significant differences were found in the IR spectra of pristine and chemically digested MPs, meaning that
Fenton reaction did not significantly alter the chemical nature of plastic particles. Iitdsehcumented in

the literature thathe use of Enton reagent enalsle rapid breakdown of organic compounds, significantly
reducing reaction time compared to pure chemicals such@s Wwithout adversely affecting the integrity of
MPs(Sun et al., 2019)
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Figure 5: Spectra collected bYTR-FTIR (A) and LDIR-based particle analysiB) before and after chemical digestion by Fenton
reaction (in continuous and dotted lines, respectively) for ABS, PET and HDPE particles in red, green and blue, re$paciively.
figure (A), the portion ofATR-FTIR spectra between 975 ¢rand 1800 cm where the LDIR acquisition is carried out is

highlighted by a light blue rectangle (resolution = 4'dior both techniques).

Figures 6 shows he results of the LDIfbased particle analysis in termssafe and morphologglistributions

of specially produced MPs iABS, PET and HDPE. Most of particles were found in the size range expected
from sieving, i.e. 38 106 um (61 %, 56 % and 59 % for ABS, PET and HDPE particles, respectively), thus
suggesting té reliability of the LDIRbased particle analysis. However, size distribtibroader than
expectedrom sieving operationsiereobserved. This can be reasonathe tothe fact that particles in the
form of fibers and/or fragmentsith elongated shapmuld more easily pass longitudinally through the sieve
openings despite their lendfBiajahromi et al., 2017Y0n the othehand otherparticlesmaynot pass through

the sieve even if sufficiently small due to their irregutawrphology(Michielssen etal., 2016; Sun et al.,
2019)
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Figure 6: Size and shapeassclassification of ABS, PET and HDPE particles sieved in thi B86 pumsize ranggA) and their
visible images acquired by LD{Righ magnification B). Data reported isubfigure (A) refer to allparticlesanalyzed, i.e. 468, 422
and 166 particles in ABS, PET and HDPE, respectively.



In this study, the particle size was determined according to a-slepeadent approach: maximum length of
the rectangle enclosing the particle for fibargl diameter for the other morphologi@sl§le 1). However,
diameter(D)-based size distributions were also reported to enable direct comparison with data obtained via
Mastersizein terms of characteristic diamet®&0, D50andD90 (Table 2). Minor discrepanciewere found
between the D50 median values, whighrewithin the expected rangeom sieving (38i 106 um)for both
methods, thus suggesting the reliability of the Lib&sed method for particle size assignmemtiger
differences were obsertéor D10 and D90this was likely influenced bythe different measurement principles
of the two methoddiVhile the Mastersizer uses laser diffraction to assess patrticle size distrilthgid®DIR
system identifieparticlesand measuresheir dimensiorthrough infrared imagin@f the sample areat a
specific wavenumber (1442 cth Moreover, @ven the potential heterogeneity of the samples analyzed with
each technique, slight variations in the measured size distribut@aseasonabl&earing in mindhe above

the overall consistenayf the results obtained with tiheo methods confirred the reliabilityand robustness

of the LDIR-based approach for tiparticle sizeanalysis

Table 2: Characteristic diameters D10, D50 and D90 obtained from the diabasted particle size distributions acquired by both
LDIR- and Mastersizebased particle analyses. The comparative measurements were performed with synthetic aqueous samples
containing ABS, PET and HDPE particles sieved in thé 386 pum size range (10gfL for each polymer). D10, D50 and D90

represent the particle diameter for which 10 %, 50 % and 90 % of particles, respectively, are smaller.

Specially Mastersizer LDIR

produced MPS D10 (um) D50 (um) D90 (um) D10 (m) D50 (um) D9O (um)
ABS 18 87 176 37 81 137
PET 37 98 299 52 92 177
HDPE 16 62 129 25 51 92

The minimum volumeto be collectedrom the 24h composite influent (IN) and effluent (OUTaraplesto
ensure representatiPs analysiswas determined following the st#dampling procedure described above
(Figure 7). Therepresentativeolume isexpected to belosely linked to the M&concentration in theargeted
matrix and should therefore be determimeda casdy-case basisin general, lower M&®cortentsrequire
larger sample volumes be processetb enable reliable detection and quantificatidrdecreasing trend in

the MPs concentration was observedIid as the analyzed volume increased, indicating stabilization toward a
representative value. This trend was less mark€&lim, suggesting that larger volumes mayneeessarjo
capture theeasonablyower MPs content inthetreated effluentsBased on tis preliminary assessment, 1 L
and 5 L aliquots were identified among the tested volumes as sufficiently representativenthibaological
objectivesof this studyand thus selected for complete processing and charadtarizat
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Figure 1: MPs concentration@ncluding cellulosic particlegystimated from the LDIfbased particle analyses for-BZ£omposite
influent (IN) and effluent (OUT) samples as a function ofshlesamplevolume processed (data presented as average value +
standard deviation among n. 3 replicates).

Referring to the magepresentative volume aliquotsigure 7), theaverage particleoncentrationgound in
the 24h composite sampleser e 6. 761 10 N 3.00T10 MP sfor IN armin d = 9 .
OUT, respectively. The relatively large standard deviations obdémtbe concentratiordatalikely resulted

from the discrete and namiform distribution ofparticleswithin the agueous phada.reason of that,abpite

the precautions adopted in the s#mpling procedure certaindegree of heterogeneigmong therocessed
subsamples is expecteddditionally, the small volume analyzed via LDIRimited to 60 pLout of a total

5 mL EtOH dispersioncontainingthe extracted MPs may havecontributel the observedrariability,
potentiallyhindeiing the accurateollectionof the full particle size and type distributionthe sample under
observationThese findings underscore the importance of accounting fopbotiessesolume and potential
distribution variabilityof subsampleswhen interpretig quantitative MP data, especially in matrices like
wastewater.

Based on theoncentration data presented ahare averageemoval efficiencyof approximately 8%6 was
estimatedor the monitored WWTP. This removal rate was in line with that repoateplént configurations

not equipped with advanced tertiary treatment procgs&aslel et al., 2025)In contrast, more remarkable
differences were highlighted in terms of MPs concentrations with respect to the available literature data.
Indeed, amonghe reviewedscientific publicationsthe MPs concentrationtypically rangefrom only a few

items per liteBayo et al., 2020; Pittura et al., 202@)manythousands of items péter (Hidayaturrahman

& Lee, 2019; Simon et al., 2018yawwastewatemwhile decreasing by at least one order of magnitude in the
final effluents. Such a huge variability can be attributed not only to the diverse WHIAEEd condition$

such as wastewater source, type of sewer system, treatment configuratidnbwt also to the different
methods applied for MPs detection and characterization.

The crosslassification of particles found in the processed samples in terms of polymer type, size and shape
is displayed irFigure 8. The polymers identified in bottaw wastewater and final effluelikely originated

from domestic dischargesnd urban runoff, given éhplant served by a combined sewer system. The latter
could help explain the notable presence of rubber particles, which accounted for approxinfately?? %

of the totalMPs in IN and OUT, respectivel®ne of the potential production paths for rubber particles is tire
erosion acrosgads/highways in the urban aszrved by the plarflan Kole et al., 20175imilarly, micre

sized rubber itemsould also be generated and dispersed directly in the treasiienliue to vehicle traffic
occurring within the plant itselfAmong the various polymers detected, cellulasens were the most
prevalent in botHN and OUT, representing around 32 and 54% of the total particles, respectively. As
previouslydiscussed, this category includes both naturally occurring cellulose and chemically modified or
semisynthetic derivatives. The widespread occurrence of cellllased particles in wastewater is well



documented in the literatur&ies et al. (2018)eported that modified cellulose and cotton fibeysresented
about59 % and 7% of the chemically identified particles, respectivelythainfluent of a large WWTP in
Canada. SimilarlyTalvitie et al.(2017)found that cotton and viscose fibaounted foa substantial fraction

T about 44% and 9%, respectively of particles preserdtvarious treatment stages andhefinal effluent

of a WWTPIn Finland Cellulosederived fibers are widely udén the textile industry, particularly for clothing
production(Dris et al., 2018)and their presence in wastewater can largely be attributed to household laundry
activities. In this study, cellulosderived fibers accounted for B4 of the total partles detected inN,
supporting the hypothesis that domestic washing machines are a key source of fibers entering the sewer system
(Hernandez et al., 201 olypropylene (PPbased fiber§ comprising about % of MPs in the influent

also could originate from synthetic textiles, further highlighting the contribution of doméatiederingto
secondary MPBpollution, even in urban areas with limited industigduts(Becucci et al., 2022)n addition

to rubber, PP, and cellulosic materialgvhich together represented more thar¥60f the particles detected
in both raw and treated wastewaieiother polymers such as PEpolytetrafluoroethyleneRTFE and
polyamide PA) were also identified. Theseerelikely associated with common consumenghucts including
synthetic textiles, carpetsingleuse plastic items, etédditionally,limited contents polymethyl methacrylate
(PMMA) and polyurethane PU) particles were observed exclusivelyIM, thusindicating their complete
removal over the traément train Regardingthe morphological classification ofetectedVPs it was found
that the relative content dibersi about25 % and 39 % of total particles iNnN and OUT, respectively
increasedn the final effluent thus suggestinthe plant was less effective in removing this kind of items.
Fragmentgepresentecpproximately 436 of the particles detected IN, with their relative abundance
decreasinglownto 32% in thefinal effluent. This trend is consistent witihevious studis which report that
fragments,togetherwith fibers, are among the most prevalgatrticle morphologiesn wastewater. For
instancel.iu et al. (2019pbservedhatthe relative content dfagmentsn the samples collected from a large
municipal WWTRn Chinaranged betweeB0% and46 % of MPsdepending on the sampling paiBimilarly,
Becucci et al. (202Zpundthat fragments and fibers togetta@counted for about7 % of MPspresent in the
final effluent of an Italian WWTP. In th study, no sperical particles were observed, supporting the
hypothesis that most MPdischarged into wastewatdrad a secondary origin, likely formed through
degradatiorand/or fragmentation of larger plastic itemagher than being released as primary microbeads.
Pelets represented about 32 and 29 %of total particles in IN and OUT, respectiveMost of pellets were
associated with the smallest size claspasticularly,86 % and 63% of then in IN and OUT respectively
were smaller than 30 pnMost particles identified in this studyapproximately 8®6 in both IN and OUT

had a characteristic size lower tHEB0D pm.In particular particles< 30 um representedralevantraction @5

% and29 % in IN and OUT, respectively)These findings are irinle with literature dataFor examplel.i et

al. (2024)reported that only 3.85.1% of MPs inraw wastewateand 6.2i 23.0% of MPsin final effluent
exceeded 100 prm sizeacross three municipal WWTPs in Chiriais worth noting that the particleize
distributions are known to be influencedthg sampling methodologgnd,particularly, bythe mesh size used
in the case dfiltration/sieving operationgSun et al., 2019)n this studythe lowest detectable size was 10
pm considering both the mesh size employedvBmuumfiltered (5 um) and the detectiolimit of the LDIR
analytical system opeiag under its automated microplastiedicatedvorkflow (10 pm).Comparison BIN

and OUT data revealed that MANVTPwas less effective in removing particles between 30 and 50 um in size,
the relative content of which almost doubled in tim@l effluent (from 14% to 29%). Similartrendsare
reportedin the literature. For instece, Talvitie et al. (2017bpbserved an increase time percentage dfiPs

in the207 100 pumsize classrom 40% in theinfluent to 70% in final effluentof a Finnish WWTP, while
Liu et al. (2019documented that MPs between 20 and 300nusize accounted for abob® % and 73 %of
particlesfound in the influent and effluent, respectively, ofa ChineseWWTP. In this study, theelative
abundance of particles30 pmdecreasetty 37% in OUT. However, it should be considerdldat around 25

% of the particles smaller than 30 pm size detectednh the influent were composed of celluldsased
materials Figure 8). Whencellulosic particles were excluded from the datagetan be noted the relative
content ofthis smallest size class B0 pm)increased from 2% in IN to 54% in OUT (Figure 9), thus



suggesting a decreases in the removal efficiency towards<M#®spm. This evidence highlights that the
definition of polymers/materials to be included in the dataset for analysis can strongly influence the particle
size distribution obtainable, thus representing a point of attention depending on the wastewater source and
specific research goal.
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Figure 8: Chemical identification of particles detectedimth raw and treated wastewatehich are in turn classified according to
theirmorphology A) and sizeB). Data are presented as percentage relative contents referatgarticles found in the 1-land 5
L-aliquots of IN and OUT samples, respectively.
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Figure 9: Size distribution of particles detected in IN and OUT samgesidering two distinct datasets: one that includdislosic
particles A) and the other that excludesllulosic particlesH).

Taking all the above into account, the results obtained showed coherent patterns, with no substantial
discrepancieswvith regect to the existing literature frameworkhe trendsobserved in terms of MPs
occurrence, fate and characteristics over the treatmentiesan consistentvith the source of the analyzed



wastewaterandin line with thefindings from previouscientific eports This general agreement reinforces
the reliability of thecollecteddata and underscores the effectiveness of the tHasedmethodas a robust
approactfor detecting angharacterizingMPsin bothraw and treatedastewater.

All the results described above proved th2tR is a suitable technique for the analysis of MPs in wastewater.
One of the main advantages of this method is its -8ffectiveness compared to more conventional
spectroscopic techniquesiet average measurement time per parti€ldhe LDIR-based particle analysis
typically in therange between 6 and qBong etal., 2022)and further decreases for particles > 50 jime
duration of the overall sampémnalysisi includingcounting, physical description and chemical identification

T strictly depends on the number, size and shapgbegfarticlespresentThe decrase in the acquisition time

is ascribed to the fact that the LDIR systamsa QCL as IR source coupled with fastanning opticso
rapidly scansghe sample areat a single wavenumbéw locate, count and physically describe plastic particles
before spetra acquisitionScircle et al., 2020)With respect to other chemical imaging systems (e.g.-FPA
based FTIR), LDIRcan henceautomatically focus on single particlahusavoiding empty spacgwesent
within theanalyzedsurfae. The LDIRbased analysigrovides complete characterization of particles present
in the sample under observation through a fully automated workflow. Of major interest is the feasibility of
collecting a broad range of sizend shapeelated parameter§ éble 1) that could be usaf for modelling
purposes, for instance to study the particle behaviour in the settling units.

On the other hand, at the development stage described in this chapter, tHeasBtRmethod presented many
limitations, mainly related tthereliability of quantitativeresults obtainetly analyzing small volume aliquots

of the MPs dispersion iEtOH (on the order of 60 pL vs. 5 mL of total volum&his couldincrease the risk

of collecting datahat do not reflect theffectiveconcentration and/atistribution of MPs, leading to potential
underestimation or overestimation of their presence in the samples under obsezsataially in the case of
diluted matricesAdditionally, by placing onlya few pL of sampl®n the reflective slides before dysis, the
influenceof crosscontamination from airborne MPs could be amplifiedthe case ofow-concentration
samplesthe small volume analyzedanay not provide sufficient data to guarantee statistical robustness, further
affecting the reliability othe measurement.o overcome this critical issue, methodological advancements
were provided in the analysis of a wide range of wastewater samples, as detailed in deliverable DV 4.5.2: in
particular, the volume of the particle dispersion in EtOH analygdddR was increased up to reach stable
and reliable quantitative assessments. Other implementations of the method proposed regarded its validation
across a broader range of wastewgtpesi suchmunicipal vs. industrial wastewater, effluent of different
process units, etd. as emerged from the more extensive monitoring campaigns carried out within the
framework of WP4.5 Task 4.5.1this approach hekunladdresshe method versatility on stinct wastewater
sources and treatment configurationffering further insights into its potential across diverse +wakld
applications.

This study enabled the tailoring of a highly effective LDBased methodor the identification and
characterization d/iPsin bothraw and treatediastewater. The mievd was developed and validated through
laboratoryscale trialsby first using specially producedeferenceparticles Key outcomes from thifirst
methodologicaktageincluded:

i.  High recoveryefficiency:
The pocessingorotocolfor MPs extractiori including vacuumfiltration andsubsequent filter backwashing
with EtOHT allowed toachieve garticlerecovery rate of approximately 96.

i.  Chemical integrity maintenance upon chemical digestian
Any significantdegradation of MPs aarred during Fentoreaction thusconfirming theapplicability of the
selected chemical digestion method.



ii. Reliable particle characterization:
LDIR analysis accurately identified polymer types and size distributions, showing agreement with reference
techriques such as ATRTIR and laser diffraction (Mastersizer).
The obustnessf the proposed methodological approaas further proved by collecting and analyzing real
wastewater samples from a large municipal WWTP. The results of the monitoring campeimsiaf particle
concentrations / characteristics and removal efficiency were in line with the existing literature framework and
consistent with the source of the analyzed wastewater, thus strengthening the reliability of the protocols
applied.
In conclsion, his work helgd overcomesome of the methodologictimitations currently hinderingthe
researchon MPs by providing anaccurate, atomated, eproducible and timefficient approach for their
guantificationin wastewaterTheprotocolsdevelopedn this studywould therefore offea robust and scalable
framework for the routine monitoring of MPs across the entire wastewater treatyatarh paving the way
for more accurate assessments of their environmental pathways
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Soil plays a crucial role in ecosystems as it is a dynamic habitat that supports a variety of biological
processesThe topsoil layer is of particular interest as degradation may occur due to atmospheric deposition,
anthropogenic activities, and/or natugglochemical processda.this study, the Sicily region, known for its
significant lithological heterogeneity, was selected as a pilotsiefinereference value®r major, trace
elements, and REEs in topsoil$ielack of analyticaldataon currenttopsoilconditions led tahe selectionof

the Sicily region The methodological approach used represents the first attempt to define the regional
geochemical baseline (Varrica et al. 202)e samples were analyzed for major (Ca, Fe, K, Mg, Mn, Na, P,

Sr, and Ti) and trace (B, Ba, Bi, Co, Li, Ni, Rb, Se, and U) elements, and Rare Earth Elements. The objectives
of this research include the following: 1) establish baseline values: determine the natural concentrations of
major, trace, and rare earth elemgREE) in unpolluted soils; 2) spatial distribution mapping: analyze and
map the spatial variability of these el ements in
concentrations, even in unsampled areas.

A total of 83 topsoil samples (depth of2D cm) were collected far from anthropogenic sources éxéra

urban roads, urban areas, industrial areas, cultivated land) in the Sicilian teDiabaywere analyzed
statistically, and all tests were considered sigaift at p<0.0%ising the software XLSTAT and ProUCL 5.1
software RegionalGeochemical Baseline (RGB) values for major, trace elenmmisREESs were determined

using a statisticapproach by the UTL995 BCA Bootstrap method he spatial distribution dhe elements

was determinethrough stochastic simulations on a congexicave boundary at a 5 km resolution, yielding
detailed geochemical maps t heveninumsangledcaicase ach el e me

The distribution patterns of majon@trace elements are closely linked to the geological features of the area.
The calculated Regional Geochemical Baseline (RGB) values are below the Italian and GEMAS regulatory
limits, indicating that the regional approagbrovides more specific and significant indications than the
European and Italian reference valudse contamination status of the topsoil layer was assessed by comparing
several contamination indicators, including the Enrichment Factor (EBjhtamination Facto(CF),
Geoaccumulation Index ), and Pollution Load Index (PLI). All indices highlight amcontaminated
condition. A geostatistical approach was used to produce spatial geochemical maps, which allow the prediction
of element distributions in unsamglareas.The spatial geochemical distribution maps of each element in the
topsoil provide valuable information about their concentrations, distributions, and ofigadetermination

of RGB values and theroduction ofdetailed geochemical maps can provide essential support to local
authorities irmanagingsoil contamination in Sicily

Federica Lo MedicpDaniela Varrica Marino Vetuschi ZuccoliniMarianna Miola Giovanna Scopellifi

Maria Grazia Alaimo (2025)Geochemical baseline values and spatial distribution of major, trace, and rare
earth elements in unpolluted soils of the Sicily region (It&yviron Geochem Health 47:167
https://doi.org/10.1007/s1068R5-02475z
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Microplastics (MPs) are recognized as ubiquitous contaminants in all environmental compartments, raising
increasing concerns due their potential adverse effects on living organisms and ecosystems. Wastewater
treatment plants (WWTPSs) represent one of the main pathways through which they enter freshwater systems.
Even in the absence of dedicated process units, WWTPs are typigallyereto be effective in removing

MPs, trapping most of them into sewage sludge. The fate and removal of MPs within treatment trains is
expected to be governed by a complex interplay of fadtoiscluding plant configuration, operating
conditions, sewesystem characteristics and physical/chemical properties of particles themisdives
highlighting the need for ongoing research to advance the currenbbtateart knowledge. Despite the
relatively high removal performance, the absolute loads of MRased into receiving water bodies with
treated effluents could remain substantial, given the large volumes of wastewater processed daily. To date,
comprehensive madmlance assessments at the river basin scale are still poorly unexplored. In tiis conte

the present study aimed to estimate the cumulative MPs emissions from wastewater sources across the Arno
River basin (Tuscany, Italy), providing valuable insights into the contribution of WWTPs to the MPs
contamination of freshwater ecosystems. Dedpitespecific casstudy proposed, the significance of this

work might be also found in the development of a versatile and robust methodological framework for river
basinscale assessments, that can be readily adapted to other catchments and usegléopunptises.

It is wort noting that part of the activities described in this chapter were carried out in close synergy with
WP4.57 Task 4.5.1. A common data framework was shared between the two work packages and jointly
interpreted frontomplementary perspectives. In particular, the monitoring campaigns generated a much larger
dataset than that required for the river basiale elaboration performed in WP4.3. While the present study
relies exclusively on raw wastewater and final effludati, the achievements of activities conducted within
WP4.57 Task 4.5.1i are based on additional measurements collected at multiple sections along both the
wastewater and sludge treatment lines, providing deeper insights into the fate, occurrenoexaoddidViPs

and other microparticles of interest within WWTPs.

An integrated suite of analytical and experimental tools was employed to estimate the fluxes of MPs emitted
from wastewater (WW) discharges into the Arno river basin. Partiguthe river basirscale assessments
were based on a deterministic approach which combined literature anditeuiild data.

An extensive literature review was carried out to strengthen and extend the outcome of the monitoring
campdgns. In total, 41 peereviewed scientific publications addressing the occurrence and fate of MPs in
WWTPs were examined. For each study, the following categories of information were collected:
A Details on the plant in terms of population seriezhtment configuration, wastewater source, etc.;
A Sampling, pretreatment and analytical methods applied for MPs detection and characterization;
A MPs concentrations at different stages along the wastewater treatment train (expressed as number of items
per liter);
A MPs removal efficiencies, expressed as overall performance and, where available, -apesiifige
removal rates.



The large set of literature data thus obtained was further processed to provide a comprehensive assessment o
the current statef-the-art knowledge regarding the presence and removal of MPs in a variety of wastewater
treatment configurations.

Monitoring campaigns were conducted at three WWTPs within the Arno river Jadite(): the selected
facilities had major dferences in terms of treatment trains in use and WW source (municipal vs. industrial),
thus enabling a broader evaluation of the removal efficiency exerted by different treatment configurations and
the influence of specific industrial contributions. Inrtgaular, WWTR, and WWTR were selected as
reference plants for assessing the level of MPs pollution coming from the textile and tanning industrial districts,
respectively, which are two of the main industrial areas within the river catchment.

24-h compode samples of raw wastewater (IN) and treated effluent (OUT) were collected through
autosamplers at the selected WWTPs. These samples were then transferred to the laboratory for processing
and analysis, thus acquiring a complete set of data concerninglpdhe MPs concentratiofisexpressed as

number of items per liter [MPs/L] but also their distributions in terms of chemical composition and
geometrical features. To this aim, a reliable and robust method based on the recently introduced Laser Direct
InfraRed (LDIR) chemical imaging technique was specifically developed andtiined within the project.

LDIR uses the latest quantum cascade laser technology, coupled witkhadastng optics, to provide high

quality images and spectral data in the wawveber range from 975 to 1800 cniThe microplastiaiedicated

LDIR workflow first provides a rapid imaging of sample area by using an IR light at a single wavenumber
instead of visible cameras to locate, count and describe size and shape of partielesh Betected particle,

full spectra are then acquired, while chemical identification is automatically carried out vignesapectral
matching with buiklin libraries(Dong et al., 2022; Liu et al., 2022; Samandra et al., 2022; Scircle et al., 2020)
The method therefore allows quantification and cc
fully automated workflow and with measuring times significantly reduced compared to more conventional
spectroscopic techniquedf major interest is itéeasibility of acquiring a broad set of data concerning size

and shape of detected patrticles, which could be used for modelling and predicted aRaiysese details

on pretreatment and analytical methods applied refer to deliverable the related sethis deliverable.

Briefly, sample processing for MPs extraction consisted of a 4stalfje protocol including (i) sample
concentration by vacuufilitration (5 pmmesh), (ii) Fenton reaction for organic matter digestion, (iii) density
based separatidior inorganics removal and (iv) particle recovery by vactilimation and subsequent filter
backwashing with ethanol (EtOH). Quality Assurance and Quality Control (QA/QC) procédusding

the analysis of blank control sampléswere implemented torpvent (and quantify) crossand sel
contamination during all sampling, processing and analytical stages. The particle dispersion in EtOH was
analyzed by LDIR for MPs quantification and characterization. Data on chemical assignments were directly
used to determine the polymer distribution of detected particles. Regarding size and morphology
characterization, based on the parameters aspect ratio and circularity given bigddetRparticle analysis,

MPs were classified int3g , fislperes e(sagme atcurd atriia yO O3
< 0.9) and fragments (0.33 < aspect ratio < 3; circularity <(QiB)et al., 2022)and a characteristic size was
assigned to each of them (i.e. maximum length for fibersegnd/alent diameter for the other shapes). Data
analysis finally focused on defining the MPs budget across the treatment trains and assessing their removal
efficiency. In the framework of this work, the evaluations were limited exclusively to MPs, exchitkinds

of cellulosic microparticles found in the processed samples.

Shapedependent models available in the litera{@archiesi et al., 2023; Simon et al., 20%%)e applied to

predict the volume of each partiéleound in the processed samp(®s um?) by exploiting the numerous 2D
geometrical parameters given by the LEBRsed particle analysis. Knowing the density of partigle g/cn?)

and its volume, particle massi( g) was easily calculatedy = V; A ;: ip this way, numerical conceations

[MPs/L] were converted to a mass basis [ug MPs/L].



Table 1: Brief description of the monitored WWTPs in terms of wastewater source, design capacity and treatment train.

WWTP a WWTPs WWTPc
Wast t - .. . . . .. . . .
if)jrvc\:/: er Municipal Municipal +industrial (textile) Municipal + industrial (tanning)
Design
Ig. 600000 PE 900000 PE 850000 PE
capacity
Line S2 (municipal + industrial WW):
A Physical pretreatments A Physical pretreatments
A Primary sedimentation A Primary sedimentation
A Physical pretreatments A Biological section for A Biological section for organics and
Treatment A Biological section for organics and nitrogen nitrogen removal (activated sludge)
wain organics and nitrogen removal (activated sludge) A Coagulatiorflocculation
removal (activated sludge) - A Coagulatiorflocculation A Final ozonation
phosphorugo-precipitation A Final ozonation Line S2 (municipal WW):
A Refining .section for water A Physica| pretreatments
reclamation A Membrane bioreactor (MBR) sectior

A Deoxygenation

Data elaboration at river basin scale was carried out with a differentiate approach depending on the wastewater
(WW) source.

In the case of both untreated municipal WW and treated municipal WWhegtigible industrial inputs (i.e.
conveyed to WWTPs receiving only urban discharges), the following approach was applied. All the WW
discharges were first classified based on their population served (as population equivalent, PE) and treatment
train in u®. In total, 1783 WW discharges, with a sewer coverage of 93 % (as PE), were identified and used
for analysis Figure 1). WWTPa (Table 1) is the largest municipal WWTP among those reportédgare 1

and it was strategically selected as reference urlaant within the basin for conducting dedicated monitoring
campaigns. The results obtained by analyzing raw wastewater samples from MiMENEP considered
representative of all mapped discharges: the hypothesis was therefore that all municipaFig¥eid had

the same average MPs (numerical / mass) concentration of that revealed forAWW@Ralue of the MPs

flux enteringWWTR (0 | § )i calculated on both numerical basis [MPs/y] and mass basis [tons MPs/y]

I was therefore associated with all WW dischargdsidgiure 1 and then scaled according to their respective
population served (as PE). In the case of treated WW, this value wasddxyuen average removal efficiency
estimated from literature date Y Q & € ) depending on the treatment train in use. The total MPs (mass /
numerical) load emitted at river basin scale was finally calculated as the sum of the contributiorsarickdti

WW discharges according to Eqgsi. B:

D0 IO QA fr 0OQuoYPox Y P
00 i diRQBDd QA p PYQaéUDQuoYox Y q
"Y€ OO QAR QB 0 0 IQQED QOB ) 0 IQQB®D "QQ o

where:

A 00 iadidQmd "(JPsly or tons MPs/y] is the MPs load emitted into the river basin by the untreated
municipal WW discharg&with'™@ 1 , £)g ,

A 00 ik didQmd "QMPsly or tons MPs/y] is the MPs load emitted into the river basin by the treated
municipal WW discharg&with'@ 1, g ,

0 ‘O[PE] is the population served tiye untreated municipal WW dischaige

0 'O[PE] is the population served liye treated municipal WW dischar§e

v o Y o[RBE}is the population served by the reference plant WWTP
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To o I
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Figure 1: Treated and untreated municipal wastewater discharges in the Arno river bastfiegenced in QGIS environment.
Treated wastewater discharges refer to WWTPSs treating only urbaswagest with negligible industrial inputs.

A similar approach was applied to estimate the MPs emissions at river basin scale from WWTPs treating both
municipal and industrial wastewater. The analysis focused on three major industrial districts wihilyhe

area, including textile, leathéanning and paper factories, respectively. The plants serving the three targeted
industrial areas were classified according to their processed inflow, design capacity and treatment
configuration. For the textile anddthertanning districts, the assessment was based on the results emerged
from the monitoring campaigns conducted at the corresponding reference plants, i.eg WAWITMWWTR,
respectively Table 1): the average MPs concentrations found in both (untreated)cipal and industrial
wastewater of WWTEand WWTR were hence assigned to all WW discharges across the respective districts.
For the paper industrial area, where no field data were available, the average MPs concentrations in the
industrial WW were esnated from literature data (47218 MPs/L / 21291 ug MPStejnfeld et al., 2025)

The average MPs fluxes entering the plants within the targeted industrial districts were therefore calculated.
For each plant, the MPs load emitted at river basin scaddinally estimated by applying an average removal
efficiency derived from the collected literature dataset based on the specific treatment configuration in use.
The overall MPs emissions in the Arno river basin were therefore calculated and exprdssichomerical

basis [MPs/y] and mass basis [tons MPs/y], highlighting the impact of different WW sources.

The literature survey revealed a substantial variability in the MPs concentrations reported for both raw and
treated wastgater, with values ranging from only a few items per |{ayo et al., 2020; Long et al., 2019;

Magni et al., 2019; Pittura et al., 202b)several thousand items per lifelidayaturrahman and Lee, 2019;

Simon et al., 2018)Table Alin Appendi}. These discrepancies can be ascribed not only to the different site
specific conditions, such as type of sewer system, wastewater source, treatment train in use, etc., but also to
the highly diverse sampling, pretreatment and analytical methods appliegarticle detection and
characterizatior(Sun et al., 2019)However, common trends were identified referring to the percentage
removals across different treatment configurations that evidenced a higher consistency among the reviewed
scientific reportsKigure 2). Specifically, the average removal efficiencies emerged from literature data for
plants based on primary, secondary, tertiary and quaternary treatments were 66.2 + 20.0, 89.0 + 11.1, 93.1 +
8.7 and 97.5 £ 3.2 %, respectively. For each treatmass ckfficiency appeared strictly dependent on the



process units applied. These removal patterns highlighted how the application of advanced technologies for
wastewater treatment would contribute to significantly decrease the MPs load discharged vitgreeger

body, with the best performances typically recorded in the case of mentblateel processé€Falvitie et al.,

2017)
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Figure 2: Literature data related to the MPs removal efficiency in WWTPs depending on the treatment train in use.

Literature data also revealed relatively good correlations between the removals of MPs and organic matter
(BOD:s)/total suspended solids (TSEjdqure3) . These results highlight the
I parameters regularly monitored in WWTIPsas indirect indicators for estimating the MPs removal
performance. Implementing these kinds of correlations to integrate them into predictive models could facilitate
the development of simplified and robust tools for assessing the fate of MPs in W@t wie need for
resourceintensive plastiespecific analyses.
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Figure 3: Correlations emerged from literature data between the removals of MPs and total suspended solid$ &h8Befween
the removals of MPs and organic matter (as BQAB) in WWTPs.

4.5.3.2

An extract of the results of monitoring campaignsied out within the project is presentedTiable 2 For

more details on the complete characterization of identified particles and related percentage removals refer to
deliverable DV 4.5.2. The MPs concentrations detected at both the inlet and outeissaicthe monitored
WWTPs varied based on the WW source and treatment train in use, with industrial inputs having a sector
dependent contribution to the MPs production. Referring to WAVTPis worth noting that the MPs
concentrations measured in thatide WW were lower compared to those observed in the mixed municipal
and industrial influent. This evidence seems to contradict the common belief that identifies textile industrial



processes as primary sources of \lBambino et al., 2025Many hypothees could be made to explain this
pattern. The temporal variability in industrial operations may contribute to the relatively low MPs
concentrations observed in the textile WW. Industrial MPs emissions could fluctuate according to production
cycles, mainteance activities or changes in textile processing steps. Whiecdnposite samples allow to
minimize the shorterm (withinday) variability, they do not account for differences occurring across days,
weeks or production phases. If sampling takes pladeg a period of reduced production, equipment cleaning
and/or low fibefintensive processing, the collected samples may underestimate typical MPs emissions.
Furthermore, industrial wastewater streams could be high in volume but diluted in MPs canoesitiae
many textile operations (e.g. fabric dyeing) typically use large quantities of (&derbino et al., 2025)
Taking all the above into account, when industrial streams are mixed with municipal wastewater, the combined
MPs concentration could hee appear higher compared to the industrial component alone.
Looking at the untreated municipal WW, it could be observed that the content of MPs in JMVESP
significantly higher compared to that measured at W\\aril WWTR. In this regard, it should be considered
that the urban area served by WWTas no septic tanks, in contrast to the municipalities connected to
WWTP, and WWTR. The absence of this reatment stage would reasonably contribute to the higher MPs
concentrations observed in the raw municipal wastewater entering \WAMOBRe in general, it is worth noting
that the level of MPs entering WWTPs can be reasonably influenced by a complexayntarphctors,
including the catchment size, WW source, adjacent surrounding land use, etc.
The percentage removals revealed at the monitored WWTPs reflected the major differences among their
wastewater treatment trains. Consistently with that emergedtfrefiterature surveyRigure 1), the highest
removal rate was observed for WWE Rvhich employes more advanced technologies (e.g. MBR processes).
An intermediate removal efficiency was found for WWJhat has in use tertiary treatments including
coaguhtionflocculation and final ozonation. The lowest removals were observed for WW/HRh is based
on a more simplified treatment scheme. Overall, these monitoring data demonstrated that, even in the absence
of dedicated treatment stages, WWTPs are ablargely reduce the MPs content in wastewater, preventing
their massive discharge into receiving water bodies.

Table 2: Extract of the results emerged frahe monitoring campaigns conducted at various WWTPs in the study area in terms of

average MPs conpogations in both raw wastewater and final effluent and related removal efficiency. Both concentrations and

percentage removals are expressed on a numerical basis. Data are reported as average values +* standard deviations among the
processed sample repliea.

Average MPs concentration Average MPs removal

(MPs/L) efficiency (%)
IN 10624 + 2074
WWTPa 87.7%
ouT 1309 + 369
IN-Mixed M 42767 + 693
IN-Ind @ 2618+ 55
WWTPs 97.2%
IN-Mun 5149501
OuT 1194 + 127
IN-Mun 9] 167078
WWTPc  IN-Ind 189441 + 13375 99.8%
ouT 341

111 Mixed municipal and textile industrial wastewater sampled where the two fluxes are mixed (after course screening).

21 Textile industrial WW from separate sewer.

81 MPs concentration attributed to the municipal WW conveyed to WaMEBtimated from the average-INd and INMixed
concentrations, knowing the partitioning between the industrial and urban volumetric flows).

[l Final effluent discharged into receiving water body without entering refining section for water reclamation.

131 Municipal WW from combined sewer.

6 Tannery industrial WW from separate sewer.

[ Final effluent discharged into receiving walerdy (consisting of effluents from both treatment lines).



A large variety of polymers were detected in the processed sanipdgese( 4) 1 including acrylonitrile
butadiene styrene (ABS), acrylic from textiles, ethylene vinyl acetate (EVA), polyamidep@&gthylene

(PE), polyethylene terephthalate (PET), polypropylene (PP), polystyrene (PS), polytetrafluoroethylene
(PTFE), polyurethane (PU), polyvinyl chloride (PVC), polylactic acid (PLA), polyoxymethylene (POM) and
polymethyl methacrylate (PMMA) thushighlighting the diverse and complex range of urban and industrial
sources contributing to the MPs load in the WWTP. It is worth noting that rubber particles accounted for a
relevant fraction at all sampling sites (except for textile industrial WW of WM& final effluent of
WWTPc). Small rubber debris can largely originate from tire erosion across roads/highways in the urban area
served by the combined sewer and/or directly within the gl¢ole et al., 2017)comprising from 29 %
(WWTPa,) to 53 % (WWI'Ps) of rubber particles found in raw wastewater. PA and acrylic, but also PP and
PET particles, could be associated, among the various sources, with the loss of microfibers during garment
laundering in household$iernandez et al., 201 7thus pointingout the impact of synthetic textiles on the

MPs pollution. Similarly, textile processes at industrial scale are also reported to release fibers during washing,
dyeing and finishing operatiorf&ambino et al., 2025Pverall, the identified polymersuld be commonly

found in singleuse packaging, consumer products, equipment, piping systems, coating, etc., thus being
potentially released in the form of microparticles reaching WWTPs via urban runoff, domestic discharges and
industrial wastewater. Taelnoticed that the specific profile of MPs in the targeted textile/tannery wastewater
was likely influenced by a variety of factors related to the industrial processes thermselgkss production

scale, type of processed fabric/leather and chemicalulations employed which may contribute to both
abundance and variability of MPs contamination.

While data elaboration at river basinale was limited exclusively to MPs, the analysis of collected samples
also revealed a significant contento&filulosebased particles comprising a wide range of materials of both
natural and chemically modified sourcdable 3). Among these, cellulodeased textiles (e.g. cotton, linen

and viscose) represent a relevant fraction in the textile wastewater (watheeage concentration of about
13293 items/Lin the mixed municipal and industrial influent of WWgTBcated in the textile district).
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Figure 4: Chemical characterization of MPs found in raw wastewater and final effluents from WW/MTPs and WWTR.



Table 3: Average concentrations of cellulosic particles found in raw wastewater and final effluents fromAMNMWNEPs and

WWTP.
WWTP A WWTPs WWTPc
IN ouT IN-Mixed IN-Ind ouT IN-Mun IN-Ind ouT
3580 +1511  991+182  30342+492 1837 +220 955 +102 4107 46203 + 31909 683

Most MPs had a characteristic size < 100 um, with a relevant fraction of them (from 13 to 57 % depending on
the sampling site) measuring less than 30 gigure 5). Irregular fragments of secondary origine. likely
originated from fragmentation/degradation of larger plastic débviere generally the prevalent morphologies
identified among the detected MPsble 4).

WWTP, | WWTP,,

B > 500 um
I 300 - 500 pm
[ ]200-300pm
[ ]100-200 um
[ ]50-100 um
30 - 50 um
| J<30um

Relative abundance (%)
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Figure 5: Size distribution of MPs found in raw wastewater and final effluents from WAMMWTPs and WWTR.

Table 4: Morphological classification of MPs found in raw wastewater and final effluents from WWVR®/TPs and WWTR.

WWTP a WWTPs WWTPc
IN ouT IN-Mixed  IN-Ind ouT IN-Mun IN-Ind ouT
Fiber 13% 15% 7% 10% 0% 2% 2% 38%
Pellet 19% 34% 24% 46% 27% 38% 40% 13%
Fragment 68% 51% 69% 44% 73% 60% 58% 50%

Referring to the influents of all monitored WWTPSs, the distribution of MPs in terms of polymer / size /shape
was used to convert the MPs concentrations listélchbie 2 on a mass basig éble 5) thus enabling mass
balance elaboration at river basicale.



Table 5 Average MPs (numerical /mass) concentrations found in the raw wastewater from AMWWH Ps and WWTR, that
were used for data elaboration at river basiale.

Average MPs concentration

Reference Wastewater
plant class (MPs/L) (g MPs/L)
WWTPa IN 10624 2014
IN-Mixed 42767 35430
WWTPs IN-Mun 514951 42795/
IN-Ind 2618 1552
IN-Mun 167078 6986
WWTPc
IN-Ind 189441 40836

[ MPs concentration attributed to the municipal WW conveyed to WaMEBtimated from the average-INd and INMixed
concentrations, knowing the partitioning between the industrial and urban volumetric flows).

Data collected from WWTPs within the river catchment and their furthersisdty mass / numerical balance
purposes allowed to give a preliminary overview regarding the total MPs fluxes entering the targeted river
basin through both municipal and industrial wastewdtee. total MPs load released into the Arno river basin

from wastewater discharges was estimated at 134 tons MPs/y (43VRA®y). Untreated WW (all of urban

origin), even accounting for a minor fraction in terms of population served, would be responsible for
approximately 20 % of to the total MPs massissions in the river basin (32 % on a numerical basis). This
would highlight a critical issue for urban areas with limited sewer coverage that could potentially increase the
MPs fluxes entering freshwater environments. The portion of the cumulative MRBsians assigned
exclusively to industrial WW would be only 4.5 % on a mass basis (3.9 % on numerical basis). This relatively
small contribution would point out the potentially relevant role of municipal discharges, whose cumulative
release of MPs at rivdrasin scale would be influenced by a variety of factors such as treatment configuration

in use, degree and type of industrialization of the surrounding area, etc. Moreover, these industrial and urban
contrasting contributions could be also strongly aéedoy the volumetric flows of wastewater involved,
which vary by several orders of magnitude between the recorded discharges. Despite the specific MPs
(numerical / mass) load entering WWTPs, which are typically seependent in the case of industrial
discharges, the cumulative MPs emissions into receiving water bodies would be largely influenced by the level
of technological advancement of the treatment configurations in use. A source with high emission potential
equipped with enhanced treatment traires/ ultimately exert a minor contribution to the discharge of MPs in

the environment than a leimpact source that lacks adequate treatment capacity. Therefore, when considering
MPs pollution at river basin scale, both input characteristics and treateréarmance of the WWTPs should

be considered.

To address the robustness of the abwescribed predictions, the estimated MPs fluxes released by WW
discharges into the Arno river basinexpressed as number of items per dayere compared with those
measired in the river water (50 cuhepth) at the outlet section Monnanni et al. (2024)To allow a proper
comparison between the two studies, only MPs > 60 pm were considered. It was found that the estimated load
of MPs > 60 um emitted at river basin sealy wastewater (3.7-10MPs/y) was approximately one order of
magnitude higher than that observed at the river outlet (24vE&/y). This discrepancy would suggest that

a substantial fraction of the discharged particles > 60 um likely settle alongeheourse, accumulating in

bed sediments and/or being retained along riverbanks before reaching the outlet section. Aware that no general
conclusions can be drawn based on such a limited set of data, even considering that the different
methodological pproaches applied in the two studies could limit direct comparability, the overall pattern
seems to be consistent, suggesting valuable insights into the fate of MPs released from wastewater discharges
into receiving water bodies.



To be noticed that a laeg set of multisite field data would increase the representativeness of the river basin
scale assessments, allowing for more targeted identification of emission hotspots and highlighting the impact
of specific industrial / urban sources of MPs. In thisspective, it should be emphasized that this work
primarily focused on developing a reliable methodological framework to estimate the overall contribution of
WW discharges to the cumulative MPs emissions rather than on providing a detailed predictiein of th
distribution within the catchment are@onsidering thathe production of MPs from urban sources can be
estimated by monitoring the MPs flows entering WWTPs (and combined sewer overttendgyeloped tool

could also enable evaluations regarding twerall MPs production in a targeted area. According to
preliminary estimates, referring only tmunicipal WW with negligible industrial inputs, a per capita
production of 0.55 kg MPs/inhab/y was predicted within the Arno river basin.

In summay, this study provided a comprehensive assessment of the MPs fluxes entering the Arno river basin
through both municipal and industrial wastewater discharges. The large set efitadlgéld data collected
through dedicated monitoring campaigns, reiodéorby an irdepth literature review, not only enabled reliable

river basinscale assessments but also contributed to a deeper understanding of the occurrence, fate and
removal of MPs across different wastewater treatment configurations. The total IbEts @mitted in the

studied catchment from WW wastewater discharges was estimated at 134 tons MPs/y{AVETsly).

Despite the differences in the MPs loads entering WWTPs, strictly dependent on the characteristic of the urban
and industrial areas servate effectiveness of the treatment trains in use in removing MPs proved to have a
primary role in limiting their overall emission in the environment.

Despite the results described above for the-sagdy area, this work provided a methodological fraovéw

for river basinscale assessments that could be further implemented to expand its versatility and accuracy in a
broader range of applications. From a management perspective, this could suppadeiskrioritization of
municipal and industrial wast@ater discharges, where both the nature of the activities present in the targeted
area and existing treatment facilities are evaluated to determine the need for additional control measures.
Integrating sectespecific MPs emission factors into river bakimel modeling frameworks would enhance

the accuracy of emission inventories and facilitate the identification of more targeted and effective mitigation
strategies. In this regard, further implementation of the set of-gitdtfield data would help to énease the
representativeness of the predictions in the catchment area.

Barchiesi, M., Kooi, M., & Koelmans, A. A. (2023)dding Depth to Microplastics. Environmental Science
and Technology, 57(37), 1401B54023.https://doi.org/10.1021/acs.est.3c03620

Bayo, J., Olmos, S., & LopeZastellanos, J. (2020)icroplastics in an urban wastewater treatment plant:
The influence of physicochemical parameters and environmental factors. Chemosphere, 238, 124593.
https://doiorg/10.1016/j.chemosphere.2019.124593

Dong, M., She, Z., Xiong, X., Ouyang, G., & Luo, Z. (2022). Automated analysis of microplastics based on
vibrational spectroscopy: are we measuring the same meftingd$tical and Bioanalytical Chemistry,
414, 33593372. https://doi.org/10.1007/s0020@2-039516

Gambino, I., Terzaghi, E., Baldini, E., Bergnha, G., Palmisano, G., & Di Guardo, A. (R2&)contaminants
and microplastics in water from the textile sector: a review and a datal@sesimochemical properties,
use in the textile process, and ecotoxicity data for detected chemicals. Environmental Science: Processes
and Impacts, 27(2), 29319. https://doi.org/10.1039/d4em00639a

Hernandez, E., Nowack, B., & Mitrano, D. M. (2017). PotgeS extiles as a Source of Microplastics from
Households: A Mechanistic Study to Understand Microfiber Release during Washing. Environmental
Science and Technology, 51(12), 703646. https://doi.org/10.1021/acs.est.7b01750



Hongprasith, N., KittimethawongC., Lertluksanaporn, R., Eamchotchawalit, T., Kittipongvises, S., &
Lohwacharin, J. (2020). IR microspectroscopic identification of microplastics in municipal wastewater
treatment plants. Environmental Science and Pollution Research, 27(15), 1 185%54.
https://doi.org/10.1007/s1139R0-082657

Hidayaturrahman, H., & Lee, T. G. (2019). A study on characteristics of microplastic in wastewater of South
Korea: Identification, quantification, and fate of microplastics during treatment process. Marine®ollut
Bulletin, 146, 696702. https://doi.org/10.1016/j.marpolbul.2019.06.071

Jan Kole, P., Léhr, A. J., Van Belleghem, F. G. A. J., & Ragas, A. M. J. (2017). Wear and tear of tyres: A
stealthy source of microplastics in the environment. International JaifBavironmental Research and
Public Health, 14(10), 1265. https://doi.org/10.3390/ijerph14101265

Liu, N., Cheng, S., Wang, X., Li, Z., Zheng, L., Lyu, Y., Ao, X., & Wu, H. (2022). Characterization of
microplastics in the septic tank via laser directdardd spectroscopy. Water Research, 226, 119293.
https://doi.org/10.1016/j.watres.2022.119293

Long, Z., Pan, Z., Wang, W., Ren, J., Yu, X., Lin, L., Lin, H., Chen, H., & Jin, X. (2019). Microplastic
abundance, characteristics, and removal in wastewaadmgat plants in a coastal city of China. Water
Research, 155, 2b365. https://doi.org/10.1016/j.watres.2019.02.028

Luo, Y., Xie, H., Xu, H., Zhou, C., Wang, P., Liu, Z., Yang, Y., Huang, J., Wang, C., & Zhao, X. (2023).
Wastewater treatment plant sengssa potentially controllable source of microplastic: Association of
microplastic removal and operational parameters and water qualityoataal of Hazardous Materials,
441, 129974. https://doi.org/10.1016/j.jhazmat.2022.129974

Magni, S., Binelli, A. Pittura, L., Avio, C. G., Della Torre, C., Parenti, C. C., Gorbi, S., & Regoli, F. (2019).
The fate of microplastics in an Italian Wastewater Treatment Plant. Science of the Total Environment,
652, 602610. https://doi.org/10.1016/j.scitotenv.2018.10.269

Monnanni, A., Rimondi, V., Morelli, G., Nannoni, A., Cincinelli, A., Martellini, T., Chelazzi, D., Laurati, M.,
Sforzi, L., Ciani, F., Lattanzi, P., & Costagliola, P. (2024icroplastics and microfibers contamination
in the Arno River (Central Italy): Imget from urban areas and contribution to the Mediterranean Sea.
Science of the Total Environment, 955, 177113. https://doi.org/10.1016/j.scitotenv.2024.177113

Pittura, L., Foglia, A., Akyol, C., Cipolletta, G., Benedetti, M., Regoli, F., Eusebi, A. Lbgbab S., Tseng,
L. Y., Katsou, E., Gorhi, S., & Fatone, F. (202¥icroplastics in real wastewater treatment schemes:
Comparative assessment and relevant inhibition effects on anaerobic processes. Chemosphere, 262.
https://doi.org/10.1016/j.chemosph&®20.128415

Samandra, S., Johnston, J. M., Jaeger, J. E., Symons, B., Xie, S., Currell, M., Ellis, A. V., & Clarke, B. O.
(2022). Microplastic contamination of an unconfined groundwater aquifer in Victoria, Australia. Science
of the Total Environment, 80249727. https://doi.org/10.1016/j.scitotenv.2021.149727

Scircle, A., Cizdziel, J. V., Tisinger, L., Anumol, T., & Robey, D. (2020). Occurrence of microplastic pollution
at oyster reefs and other coastal sites in the Mississippi sound, USA: Impacstwbher inflows from
flooding. Toxics, 8(2), 35. https://doi.org/10.3390/TOXICS8020035

Simon, M., van Alst, N., & Vollertsen, J. (2018). Quantification of microplastic mass and removal rates at
wastewater treatment plants applying Focal Plane Array (#B8#9d Fourier Transform Infrared (FT
IR) imaging. Water Research, 14291 https://doi.org/10.1016/j.watres.2018.05.019

Steinfeld, F., Kersten, A., Schabel, S., & Kerpen
and process water treatnteplants: Investigation of sources, removal rates, and emissions. Water
Research, 271, 123016. https://doi.org/10.1016/j.watres.2024.123016

Sun, J., Dai, X., Wang, Q., van Loosdrecht, M. C. M., & Ni, B. J. (2019). Microplastics in wastewater treatment
plarts: Detection, occurrence and removal. Water Research, 152,i37.21
https://doi.org/10.1016/j.watres.2018.12.050

Talvitie, J., Mikola, A., Koistinen, A., & Setald, O. (2017&plutions to microplastic pollutiohRemoval of
microplastics from wastewater flelent with advanced wastewater treatment technologies. Water
Research, 123, 40407. https://doi.org/10.1016/j.watres.2017.07.005



Talvitie, J., Mikola, A., Setéla, O., Heinonen, M., & Koistinen, A. (2017b). How well is microlitter purified
from wastewateé? A detailed study on the stepwise removal of microlitter in a tertiary level wastewater
treatment plant. Water Research, 109,/1162. https://doi.org/10.1016/j.watres.2016.11.046

Yang, L., Li, K., Cui, S., Kang, Y., An, L., & Lei, K. (2019). Removalnoicroplastics in municipal sewage
from Chinads |l argest water recl amatiil&in pl
https://doi.org/10.1016/j.watres.2019.02.046

Pagliaccia, B., Ascolese, M., Vannini, E., Carretti, E., Lubello, C., Gori, R. (20B8hodologic insights
aimed to seup an innovative Laser Direct InfraRed (LD{Based method for the detection and
characterization of microplastics in wastewatersei®m® of The Total Environment 967, 178817.
https://doi.org/10.1016/j.scitotenv.2025.178817

Pagliaccia, B., Ascolese, M., Lubello, C., Dugheri, S., Caffaz, S., Fibbi, D., Gori, R., Insights on the fate and
removal of microplastics and micropatrticles in veasiter treatment plants, ECOMONDQ®6211/2025,
Rimini (Italy). Oral presentation.

Pagliaccia, B., Ascolese, M., Lubello, C., Dugheri, S., Fibbi, D., Gori, R., Insights on the fate and removal of
microplastics in wastewater treatment plants: Unveilingiriipgact of textile industry, Symposium on
Microplastics in the Environment and Waterj 18/09/2025, Singapore. Oral presentation.

Pagliaccia, B., Ascolese, M., Vannini, E., Fibbi, D., Carretti, E., Lubello, C., Gori, R., Development of an
innovative Lasebirect InfraRed (LDIR)based methodology for monitoring microplastics in wastewater
treatment plants, XIl International Symposium on Environmental Engineering (SIDISA 2024), 1
4/10/2024, Palermo (ltaly). Oral presentation.



Appendix

Table Al: Extract of the literature review on the detection and characterization of MPs in wastewater treatment plants (WWTPg)asdndgliection methods applied, monitoring results in

terms of MPs concentrations in both raw wastewater (IN) anddffiaent (OUT) and related removal efficiency.

. Treatment . . . . IN ouT
. Population Wastewater . . Sampling Sampling Detection Finest . . Removal
Location configuration concentration concentration References
served type " method volume method mesh ; ; (%)
(items/L) (items/L)
3510 Pump system/ 2.981 142.98 L Dissection
. i i . S . IN . T i)
China ;r::\?g(ljtabr;ts? Domestic Secondary Filtration on sieve 27 67('|' ;48 71 microscope/ 43 pm 1.57 '[3]13'69 0.207 1.738! g?gj['l] Long etal. (2019)
WWTPs stacks L (OUT) p-Raman
Autosampler for " . . .
. 1.2-10¢ . o 37 10L (IN)  Stereomicroscope 36.21 1415 . 76.86i
China . : Domestic ~ Secondary collection in B i 10 um 3] 1.37 42.58 Luoetal (2023)
inhabitants sewer pipe&! 61 30 L (OUT) p-FTIR 98.21
. 2.4-1C¢ - . Microscope/ 95.16
China inhabitants Municipal Quaternary Container 30L WFTIR 10 pm 12.03+£1.29 0.59+0.22 157 Yang et al. (2019)
Domestic 1L (IN) ,
Denmark  NA and/or S‘;‘;‘;{i‘gf‘ry/ Autosamplef?  4.17 815 L FPA{%??S FIIR 10um 2223118285 191 447t 9938  Simon etal. (2018)
industrial y (OUT) ging
0.1L(IN)2® .
380 +52.2 )
. Container/Pumper 27 1000 L . 0.7 £0.6i 95.07 -
. 686.7 £ 155.0
Finland . 8.0 _10'> NA Tertiary / filtration [ (©ouT) ! Stereomicroscope 20 um £ 3541367 98.5/ Talvitie et al.
inhabitants Quaternary 5 N FTIR . (2017b)
Autosamplef? 271 135 L 3907 900271 14T 2.8127 99.9
(out)
ltaly ~ 8.0-10PE Municipal  Tertiary  Autosamplefd 25L Stereirg'TﬁrF?SCOpE 63 um 3.64 0.52 86  Pittura et al. (2021)
0.51 3.7 L (IN) _
Spain  2.1-1GPE  Municipal  Secondary Container 271 170 L StereoFmr'lcF;OSCOpE 0.45 3204067 0.31+£0.06 90.3 Bayo etal. (2020)
(ouT)
Industrial Tertiary 4200 33 99.2
South - . . Hidayaturrahman
Korea NA Municipal Quaternary Container 2L Microscope 1.2 ym 31400 297 99.1 and Lee (2019)
Municipal Tertiary 5840 66 98.9
5.8-10 PE
Thailand 5.1-1¢PE  Municipal Secondary Container 57 10L Microscope/FTIR 330 um 12.218 218 8418l Hong(%r(()a;(l)t)h etal.
5.2-1¢ PE

* Quaternary treatment configurations refer to the application of advanced technologies, such as reverse osmosis, membiznesactors (MBRs), etc.
(11 Data related to the results collected for the seven monitored WWTPs.



[? Collection of 24h composite samples.

Bl Data collected under both dry weather and wet weather conditions.

[ Data related to the ten monitorédWTPs.

Bl Removal efficiencycalculated from the median particle concentration among the ten monitored WWTPs.
61 Collection of grab samples.

[ Data given as microlitter particle concentrations.

8 Datacalculated as average values among the three monitored WWTPs.
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The pervasive presence of plas@md itsmore recentounterpart, bioplastics, in the environment represents
one of the most pressing ecological challenges of our time. From vast ocean gyres of marine debris to
microplasticparticles found in airsoil, water, and even humamd animabodies, theotentiallong-term
transfer ancccumulation osuchmaterialan the environmental compartments npmse threatand risks
to ecosystems arttimanhealth.The environmatal profile of bioplastics is often overlooked as there are
pressing concerregardng bioplastic residues ending up in the environment, in particular when they are
designed to be singlese materials Additional concerns arise from thgenerally limitedconsumer
awareness regar di ng that mayteadrtodksebdtantal littepng ar snismanagement at e
any of these scenarios, it is therefore necessary to understand the fate of bioplastics and the risks their
presence magose to the natural compartments. So far, the impact of bioplastic debris on ecobgstems
not yet been clarifiedbut theras evidence of micrdioplastics accumulation and persistence in(§bj).

Fine particles can also adsorb and transport heatglsrend toxic compounds, resulting in a potentially
higher risk for living organisms (e.g., [2, 3]).

In order b effectively evaluatesuch hazardsit is therefore fundamentalto identify univocally and
guantitativdy the potential sources of bioplastitiseir fields of use and potential destinations once they
are discarded, as well as the potential sinks for litter and microparticles.

Materiak Flow Analysis (MFA)is regarded as a powerfigol when addressing the abemeentioned issues
MFA is a systeratic, structured accounting metheddely used to quantify the stocks (matesial
accumulated within a system) and flows (trensferof materias into, through and out of a system) of a
specific substanceithin definedspatialand temporal boundias MFA was chosen in this study since it
is capable ofproviding a comprehensive, magmlanced framework to understand the true scale and
complexity of bioplastic flowsand the potentially involved environmental compartments, providing
information that can beised to implement appropriate management approadeeglop effective
mitigation strategies and safeguard environmental sustainability.

The present study was specifically focusegackaging productsade opolylactic acid (PLA) ahEuropean
scale (EU27)on account of the fact that the packaging sector largely dominates the current applications of
bioplastics (reportedgbal production capagitin 2024for rigid and flexiblepackaging: 1.12 Mt/y, making
up ~45% of the global bioplastiggoduction [4]) and within the packaging market PLA is by far the most
widespread bioplastic type (~54% of the overall production capacityl4é) primaryaim of the work was
to provide a preliminarassessmendf the flows of PLA-basedioplastics thatmay ultimatelybe released
into the environmental compartmemis a result of differer@ndof-life (EOL) transformation and transfer
pathways

The estimation othe PLA-based biplasticpackaginglowswas aimed aproviding a macrescale overview
of the fate of such materials acrdheir valuechainat theEU27 scale,highlightng potentialhotspotsin
their endof-life management andlentifying potentialrisks associatedo their emissions to multiple
environmental compartment specific focus of the study was thstimaion of potential materidbsses
in the environment that may occur as a resulmegmanagementf bioplastic waste and incomplete
biodegradation of the matersaht different stages of treatment, which represent a major novel contribution
of the work
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The time scale adopted for the analysis was the year 2024. The choice of an annual time horizon for the
assessment of bioplastic flows appears teehsonable fahe packaging sectamhich ischaracterized by
rapid dynamics ofnaterialsconsumption and waste generation.

The MFA modelwasbuilt up on previous work conducted by varigesearchers [3.3] on flow estimation
for the life cycle of conventional plas. A static MFA model was adopted to describe the-post
consumption fate of PLA packaging materials spanning the whole range-of-gigdmanagement options
and potential material losses. The system boundary of the present study includes the maimvphasiks
in the life cycle of packaging bioplastics downstream of consumption, as illustrated in Figure 1. Each phase
included in the general system layout (highlighted in Figure 1 with a specific color) represents one of the
following conceptual stages wdh the value chain was modelled to be comprised of: i) -Baged
packaging consumption; ii) waste production; iii) waste collection; iv) recycling; v) waste processing
(including sorting and treatment); vi) landfill disposal; vii) bioplastic losses flmmabove mentioned
phases; viii) emission of macrand microparticles towards the environmental compartments; ix) transfer
and transformation of macrand micropatrticles to the environmental compartments

Each phase in the system was arranged to indiffdgent bioplastics waste management options belonging
to the same block, generating specific nodes (processes) and related output flows depending on the
characteristics of the process considered. In more detail, the overall model was structuredceasastt
of 46 processes (1 consumption phase, 2 waste production phases, 5 waste collection options, 1 recycling
system, 9 waste processing options, 1 disposal phase, 9 bioplastic losses, 5 macroparticles emissions to the
environment, 7 microparticles éssions to the environment, 6 transfer processes to the environment)
resulting in 117 flows. Table 1 provides a description of the nature and role of individual processes and
flows, while Figure 2 shows the full system structure modelled. It is noteddha of the nodes in the
system are redundant (as they include single input and output flows), but still they were included in the
model to represent the conceptual end points for specific material flows. Furthermore, a number of nodes
(namely, dedicatedeparate collection of bioplastics, chemical recycling and the related mass losses) were
included for the sake of completeness to account for potential future recycling scenarios, but the related
flows were set to zero to reflect the current managemenegiea of bioplastic waste in Europe, that at
present do not involve dedicated chemical recycling options
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Figurel. System boundarieend main componentsf the MFA model consumption phase (orange); waste
generation (grey); waste collection (purpledrycling and waste processing (green); landfill disposal
(blue); losses of macr@and microparticles (red); transfer to the environmental compartments (light blue).

Tablel. Description of management phases and processes included in the model.

Srtgge Stage Description of processes involved | Generated flows
i Consumotion Consumption of PLAbased F1.1 (to waste generation)
P bioplastic productéP1) F1.2 (material losses [macrand microparticles])

F2.1 (to edicated BRollection)
F2.2 (to collection along with conventiondagtic9
F2.3 (to collection along with biowaste)

Postconsumption \aste generation F2.4 (wrongly collected along with other waste fractjons

(P2) F2.5 (to collection along withesidualwastg
i Waste F2.6 (mismanaged)
production F2.7 (material losses [macroparticles])
Waste mismanagement due to F3.1 (mismanaged wagtecollected and managed with

unaccounted waste, inappropriate| residual waste)

treatment (e.g., by unauthorized | F 3.2 (material losses [macroparticles] from mismanaged
third parties), littering or waste)

inappropriatéllegal disposalP3)

F4.1 (PLA collectedeparately for chemical recycling to
produce lactic acid monomer)

F4.2 (material losses [macroparticles] from separate
collection)

Dedicated bioplastic collection
iii Waste collection| (future scenario to allow for
chemical recycling of BPgP4)
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F5.1 (plastic flow to sorting)

F5.2 (material lossgsnacroparticles]) from separate
collection of conventional plastics)

Biowaste collection and
managementP6)

F6.1 (biowaste flow to biological treatment)
F6.2 (material losses [macroparticles]) from separate
collection of biowaste)

Separateollection and
management (other waste fraction
(P7)

F7.1 (flow of other separately collected waste fractions to
sorting)

F7.2 (material losses [macropatrticles]) from separate
collection of other waste fractions)

Residual waste collection and
managementP8)

F8.1 (flow of residual waste to sorting)
F8.2 (material losses [macroparticles]) from residual waste
collection)

Recycling

Chemical recycling of BPs from
dedicated collectioP9)

F9.1 (flow of chemically recycled PLA monomersindustrial
processing [outside the system boundaries])

F9.2 (material losses [macroparticles]) from chemical
recycling of PLA)

Waste
processing
(sorting and
treatment)

Sorting (3) after separate collectiol
of plastic waste and other waste
fractions and after residual waste
collection(P10, P11, P12)

F10.1 (flow of sorted PLA from plastics collection to chemi
recycling)

F10.2 (material losses [maerand microparticles]) from
plastics sorting)

F10.3 (flow of rejects from plastic waste siog to further
processing along with residual waste)

F10.4 (flow of sorted bioplastics to further processing alon
with biowaste)

F11.1 (flow of rejects from sorting of other waste fractions
further processing along with residual waste)

F11.2 (materialosses [macroand microparticles]) from
sorting of other waste fractions)

F12.1 (flow of BPs in sorted biodegradable waste to anaer
digestion)

F12.2 (flow of BPs in rejects from waste sorting to
incineration)

F12.3 (flow of BPs in rejects fromaste sorting to final
disposal)

F12.4 (material losses [maerand microparticles]) from
waste sorting)

F12.5 (flow of BPs in sorted biodegradable waste to aerob
stabilization)

F12.6 (flow of BPs to further processing along with plastics

Separatiorof biowaste in view of
biological treatmen(P13)

F13.1 (flow of BPs in biowaste to composting)
F13.2 (flow of BPs in biowaste to anaerobic digestion)

Composting of biowasté”14)

F14.1 (material losses [microparticles]) from composting)
F14.2(biodegraded matter during composting)

F14.3 (flow of residual BPs in compost to the soil
compartment)

F14.4 (flow of residual BPs in compost to landfill disposal)

Aerobic stabilization obiowaste
(P16)

F16.1 (flow of residual BPs in ttetabilized organic fraction
to landfill disposal)

F16.2 (biodegraded matter during aerobic stabilization)
F16.3 (material losses [microparticles]) frosrabic
stabilization

Anaerobic digestion of biowaste
(P15)

F15.1 (flow of residual BPs idigestate to composting)
F15.2 (biodegraded matter during anaerobic digestion)
F15.3 (material losses [microparticles]) from anaerobic
digestion)

F15.4 (flow of residual BPs in digestate to the soil
compartment)

F15.5 (flow of residual BPs in digestatelandfill disposal)

Anaerobic digestion afesidual
waste(P17)

F17.1 (flow of residual BPs in the stabilized organic fractio
to landfill disposal)

F17.2 (biodegraded matter during aerobic stabilization)
F17.3 (material lossdmicroparticles]) from anerobic
digestion)

Incineration of residual waste and

sorting residueéP18)

F18.1 (gaseous emissions from incineration)
F18.2 (material losses [microparticles]) from the
storage/feeding units of the incinerator)
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F19.1 (material losses [microparticles]) from landfill dispos
F19.2 (biogas generated in the landfill site)
S1 (stock of undegradd®Ps in the landfill)

Vii

Losses

Bioplastic losses9) from
consumption, waste generation,
waste mismanagement, waste
collection, recycling,
sorting/separatign
composting/aerobic stabilization,
anaerobic digestion, incineration,
disposalP20, P23, P25, P27, P30,
P33, P35, P37, P39)

F20.1 (mass losses from consumption to microparticle
generation)

F20.2 (mass losses from consumption to macroparticle
generation)

F23.1 (mass losses from waste production to macroparticle
generation)

F25.1 (mas losses from waste collection to macroparticle
generation)

F27.1 (mass losses from recycling to microparticle generat
F27.2 (mass losses from recycling to macroparticle
generation)

F30.1 (mass losses from sorting to microparticle generatio
F30.2 (mass losses from sorting to macroparticle generatio
F33.1 (mass losses from disposal to microparticle generati
F35.1 (mass losses from incineration to macroparticle
generation)

F37.1 (mass losses from anaerobic digestion to microparti
generation)

F39.1 (mass losses from composting/aerobic stabilization {
microparticle generation)

viii

Emissions

Macroparticleemissiong5) from
consumption, waste generation,
waste mismanagement, waste
collection, recycling,
sorting/separatiofP22, P24, P26,
P29, P32)

F22.1 (flow of macroparticle losses from consumption to ot
environmental compartments)

F22.2 (flow of macroparticle losses from consumption to th
soil compartment)

F22.3 (flow of macroparticle losses fromrsumption to the
water compartment)

F24.1 (flow of macroparticle losses from waste generation
other environmental compartments)

F24.2 (flow of macroparticle losses from waste generation
the soil compartment)

F24.3 (flow of macroparticle lossé®m waste generation to
the water compartment)

F26.1 (flow of macroparticle losses from waste collection t
other environmental compartments)

F26.2 (flow of macroparticle losses from waste collection t
the soil compartment)

F26.3 (flow of macroparticleokses from waste collection to
the water compartment)

F29.1 (flow of macroparticle losses from chemical recycling
other environmental compartments)

F29.2 (flow of macroparticle losses from chemical recycling
the soil compartment)

F29.3 (flow of macrparticle losses from chemical recycling
the water compartment)

F32.1 (flow of macroparticle losses from waste sorting to
other environmental compartments)

F32.2 (flow of macroparticle losses from waste sorting to t
soil compartment)

F32.3 (flow of mamparticle losses from waste sorting to thg
water compartment)

Generation ofmicroparticles
emissiong7) from consumption,
recycling, sorting/separation,
composting/aerobic stabilization,
anaerobic digestion, incineration,
disposalP21, P28, P31, P34, P36|
P38, P40)

F21.1 (flow of microparticle losses from consumption to oth
environmental compartments

F21.2 (flow of microparticle losses from consumption to the
soil compartment)

F21.3 (flow of microparticle losses from consumption to the
water compartment)

F28.1 (flow of microparticle losses from chemical recycling
other environmental compartments)

F28.2 (flow of microparticle losses from chemical recycling
the soil compartment)

F28.3 (flow of microparticle losses from chemical recycling
the water compartment)

F31.1 (flow of microparticle losses from waste sorting to ot
environmental comparients)
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F31.2 (flow of microparticle losses from waste sorting to th
soil compartment)

F31.3 (flow of microparticle losses from waste sorting to th
water compartment)

F34.1 (flow of microparticle losses from landfill disposal to
the soil compartment)

F342 (flow of microparticle losses from landfill disposal to
the water compartment)

F36.1 (flow of microparticle losses from landfill disposal to
the soil compartment)

F36.2 (flow of microparticle losses from landfill disposal to
the water compartment)

F38.1(flow of microparticle losses from anaerobic digestior
to other environmental compartments)

F38.2 (flow of microparticle losses from anaerobic digestio
to the soil compartment)

F38.3 (flow of microparticle losses from anaerobic digestio
to the water comgrtment)

F40.1 (flow of microparticle losses from composting/aerobi
digestion to other environmental compartments)

F40.2 (flow of microparticle losses from composting/aerobi
digestion to the soil compartment)

F40.3 (flow of microparticle losses from coogting/aerobic
digestion to the water compartment)

Transfer to the
environmental
compartments

Transfer of macroparticles to wate
(P41)

F41.1 (macroparticles in the water compartment [net of
biodegradation])

F41.2 (macroparticleisiodegradation in the water
compartment)

Transfer of macroparticles to soll
(P42)

F42.1 (macroparticles in the soil compartment [net of
biodegradation])
F42.2 (macroparticles biodegradation in the soil compartm

Transfer ofmacropatrticles to other
environmental compartmen843)

F43.1 (macroparticles in other environmental compartmen
[net of biodegradation])

F43.2 (macroparticles biodegradation in other environment
compartments)

Transfer ofmicroparticles to water
(P44)

F44.1 (microparticles in the water compartment [net of
biodegradation])

F44.2 (microparticles biodegradation in the water
compartment)

Transfer of microparticles to soil
(P45)

F45.1 (microparticles in the soil compartmeme of
biodegradation])
F45.2 (microparticles biodegradation in the soil compartme

Transfer of microparticles to other
environmental compartmen{846)

F46.1 (microparticles in other environmental compartments
[net of biodegradation])
F46.2(microparticles biodegradation in other environmenta
compartments)

To fulfil the mass conservation principle, the sumingfut flowsfor a given material/substance to a generic
node musequalthe sum of theutput flows fromthe samenodeplus a storage term that represents the

mass (if any) per unit timaccumulagdor depleedin the procesgequation (1)):

e

O« (1)

whereF denotes the mass flolvandO are the input and the output to and from the process, andnro,iot

are the numbers of input and output flows, and j is the storage term. In the present model, the only
process that was modelled with a s term (stock) was the landfill disposal phase, while for all other

nodes the accumulation term was set to zero.

The preservation of the mass balance was guaranteed by thenasesial coefficients (TGhatdescrile the

fractionalpartitioning of thdotal inputmasgo agiven node into the individual output flows (equation (2)),

imposing that all TCs for the node sum up to 1 (equation (3)).

Yo —r—

h

(2)
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B " Y6 p (3)

The values othe individual TCs adopted in the model were derived from different sources, including: 1)
studies on the assessment of traditional plastic flows [5,8],94.3, 14], where applicable to bioplastics
by analogy; 2) studies specifically related to the fHtdioplastics in waste treatment processes and in
natural environments; 3) expdrased assumptions in the absence of available data

Emission flows of macroand micre bioplastic particles to the environment were derived by quantifying the
amount ofmaterial lost fromthe consunption andpostconsumption phases, the generation of maand
microparticles from such losses, their ultimate transfer to the environmental compartments as well as the
extent of their biodegradation in such environments. By definition, mauord microparticles we
intended as bioplastics fragments or debris having an equivalent diameter > 5 mm and in the raihge 1 nm
5 mm, respectively. The environmental compartments considered as potential final sinks feramécro
microparticles included terrestrial compartmen ( Aisoi | 0) , aguatic environi
category denvi r o furtherdragnentatibrhad maoropartckes intarhicroparticles after
reaching the final sink was not implemented in the model, nor waedistribution of plastis between
differentenvironmental compartmenrdaster release.

The graphical representation of the modelled system as well as the calculation of the mass flows from each
node based on the assumed TCs were performed using the s&Mddg15], v. 2.7.101.
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The results of the calculations performed on the modelled systere@eed in Figure 3. Based on the
assumptions made for the TCs of the processes involved, it was estimated that the bioplastic emissions to
the environment due to mass losses and incomplete natural degradation of the material include about 71%
of macropaticles and 29% of microparticles. Of the emitted particles, the soil compartment is the major
sink (about 68%) of the total amount that reaches the environmental matrices.

The study demonstrates that an MFA framework can be used to estimate potential fropamappropriate
management of erdff-life materials. The results may also be usefully analysed in order to identify possible
mitigation strategies, involving environmental policies, claprstrategies, material replacement strategies
and others.

1. Fojt, J., David, J., PSikryl, R., fez8lovs§, V.,
determining  micrebioplastics in  soil. Sci. Total Environ. 745, 140975 (2020).
https://doi.org/10.1016/J.SCITOTENV.2020.140975

2. Afifah, N.M.R., Sathiaseelan, J.J., Waiho, K., Sung, Y.Y., Sui, L., Bhubalan, K.. Bioplastic
microparticles exposure on brine shrimp, Artemia franciscana and the effects on survival, growth and
intestinal  microbiota  composition. Polym. Degrad. Stab. 2,24 111640 (2025).
https://doi.org/10.1016/J.POLYMDEGRADSTAB.2025.111640

3. Zhang, Y., Zhang, L., Li, X., Wang, W., Wang, P., Cheng, R., Liu, Y., Yu, C., Wang, Y.: Environmental
risks and regulatory gaps in bioplastics: A critical review of degradatidnwpgs and ecosystem
impacts. J. Hazard. Mater. Plast. 1, 100010 (2025). https://doi.org/10.1016/J.HAZMP.2025.100010

4. European Bioplastics e.V.: Bioplastics Market Development Update 2024, https://www.edropean
bioplastics.org/bioplastiesharketdevelopmaet-update2024/, (2024)

5. Kawecki, D., Nowack, B.: Polymespecific Modeling of the Environmental Emissions of Seven
Commodity Plastics As Macraand Microplastics. Environ. Sci. Technol. 53, 968476 (2019).
https://doi.org/10.1021/ACS.EST.9B02900

6. Kawecki, D., Scheeder, P.R.W., Nowack, B.: Probabilistic Material Flow Analysis of Seven Commaodity
Plastics in Europe. Environ. Sci. Technol. 52, 98888 (2018).
https://doi.org/10.1021/ACS.EST.8B01513

7. Schwarz, A.E., Lensen, S.M.C., Langeveld, EtkBa L.A., Urbanus, J.H.: Plastics in the global
environment assessed through material flow analysis, degradation and environmental transportation. Sci.
Total Environ. 875, 162644 (2023). https://doi.org/10.1016/J.SCITOTENV.2023.162644

8. Van Eygen, E.Feketitsch, J., Laner, D., Rechberger, H., Fellner, J.: Comprehensive analysis and
quantification of national plastic flows: The case of Austria. Resour. Conserv. Recycl. 1179483
(2017). https://doi.org/10.1016/J.RESCONREC.2016.10.017

9. Hsu, W.T., bmenech, T., McDowall, W.: How circular are plastics in the EU?: MFA of plastics in the
EU and pathways to circularity. Clean. Environ. Syst. 2, 100004 (2021).
https://doi.org/10.1016/J.CESYS.2020.100004

10. Van Eygen, E., Laner, D., Fellner, Lircular economy of plastic packaging: Current practice and
perspectives in Austria. Waste Manag. 72, 1 &b (2018).
https://doi.org/10.1016/J.WASMAN.2017.11.040

11. Amadei, A.M., Rigamonti, L., Sala, S.: Exploring the EU plastic value chain: A matemnakfhalysis.
Resour. Conserv. Recycl. 197, 107105 (2023). https://doi.org/10.1016/J.RESCONREC.2023.107105

66



12.

13.

14.
15.

Finanziato Ministero

dall'Unione europea [ 7.5 dell’Universita

NextGenerationEU #35%° @ della Ricerca
Winterstetter, A., Veiga,

J -spécific asSehsménook rhistnanaged A .

[taliadomani

PIANO NAZIONALE
DI RIFRESA E RESILIENZA

plastic packaging waste as a main contobub marine litter in Europd-ront. Sustain. 3, 1039149

(2022). https://doi.org/10.3389/FRSUS.2022.1039149

Jiang, D., Nowack, B.: Reconciling plastic release: Comprehensive modeling of arataicroplastic

flows to the environment.  Environ.
https://doi.org/10.1016/J.ENVPOL.2025.126800

Peano, L., Kounina, A., Magaud, V., Chalumeau, S., Zgola, M., Boucher, J.: Plastic Leak Project. (2020)

Pollut.

383,

126800

(2025).

Cencic, O., Rechberger, H.: Material Flow Analysis with 8afe STAN. J. EnvirorEng. Manag. 18,

5 (2008)

67



Finanziato
dall’'Unione europea
NextGenerationEU

NO NAZIONALE
| RIFRESA E RESILIENZA

Ministero .
dell’'Universita l [taliadomani
2 @ della Ricerca -

Contributors: A. Cincinelli, L. Sforzi

Over the past three years, our research has advanced the understanding of microplastic (MP)
contamination across multiple environmental compartments, with a particular focus on freshwater
and groundwater systems. We conducted a global bibliometric anafyM®s in groundwater,
mapping current knowledge, assessing associated risks, and highlighting critical research gaps that
hinder comprehensive risk evaluation. With the identification of spatmporal patterns of MP
pollution in freshwater sedimentaie characterized how these pollutants vary geographically and
seasonally, shedding light on key drivers of their distribution. Building on this foundation, expanding
from occurrence to ecological implications, our studies provided the first evidence olvikhits
groundwater fauna and habitats, emphasizing the potential biological and ecological consequences of
this contamination.

Monitoring studies of MP pollution in groundwater are necessary to develop targeted mitigation
strategies to preserve human amvironmental health. The interconnection between groundwater
and drinking water resources represents a critical pathway in the assessment of MP contamination
and its potential implications for human health, as groundwater constitutes one of the nwes sour

of drinking water in many regions. Parallel to environmental investigations, we explored MP
contamination in singkeise water containers, addressing direct human exposure routes and
implications for food safety.

Finally, recognizing the methodologicahallenges in this emerging field, we developed and
validated a novel sampling device for MP determination in groundwater, successfully applying it
across Italian aquifers to enhance sampling reliability and comparability. Collectively, these efforts
contibute to understanding of MP pollution from methodological innovation to ecosystem and
human health implications, supporting more informed management and policy strategies for plastic
pollution mitigation.

Three case studies were aglsksed, focusing on investigating MP contamination within freshwater

and groundwater systems, integrating environmental monitoring, analytical development, and risk
assessment approaches. Water and biological samples were collected to assess the pccurrence
distribution, and potential transport pathways of MPs between surface and subsurface environments.
The study combined fieldased measurements with laboratory analyses to characterize MP types,
sizes, and polymer compositions, while also evaluating ploééntial sources.

Particular attention was given to groundwatependent ecosystems, where the presence of MPs in
fauna provided new insights into bioavailability and trophic transfer processes. In particular, the
carried out research aims provide préhary understanding of MP presence in different Italian
groundwater bodies (caves and monitoring wells) influenced by human activities, by analyzing both
water and fauna samples, to assess the potential MP ingestion by stygobitic invertebrates.

The devéopment and validation of an innovative sampling device further strengthened the
methodological framework, enabling standardized, reproducible collection of MP samples from
groundwater. This second case study main goals were to validate @éo-egaplemert and portable

sampling device, suitable for investigating MPs from different kind of groundwater habitats. The
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method was validated through the use of polymeric standards and the applicability tested through
sampling collection in natural conditions.

Conplementary assessments on commercial singée water containers offered a comparative
perspective on human exposure to MPs through drinking water, representing the third case study of
the project. Beverage cartons and plastic bottles water content veenener for assessing potential
release from the packaging systems and to estimate daily intakes both for adults and children, thorugh
consumption of packaged water.

Overall, this integrated case studies provided a comprehensive view of MP contaminatsriteer
aguatic continuum, linking environmental occurrence, ecological relevance, and potential risks to
human health.

Discrepancies in extraction and detection methods lead to significant inconsistencies between the
results of different sidies. The final results are often significantly affected by the sampling protocol
and sample prdreatment and/or extraction. Owning to the lack of standardized procedures, a wide
variety of approaches can be used to process the samples.

For this reasonwe adopted an approach as consistent as possible for each sample we have worked
on for MPs extraction and identification, starting with contamination control thorugh out all the
analytical processing. Moreover, the implementation of a standardized metpottom sampling

to data reporting, helped in environmental assessment and monitoring programs.

Within this context, analytical methods for MP detection have evolved to include a combination of
physical, chemical, and spectroscopic techniques aimed at improving recovery, identification, and
guantification. Visual sorting under stereomicroscopy remaimreliminary but effective step, to
classify the shape, color, and size of the polymeric items on each filter. Advanced spectroscopic tools
such as Fouriefransform Infrared spectroscopy coupled with microscopy (microFTIR), was used
to chemically chareterize the items to classify by polymeric nature.

Despite these advances, challenges persist in processingpimentration samples, as typical of
groundwater fauna, where small particle size complicate detection. Thus the complementary use of
fluorescece microscopy staining filters with Nile Red fluorescence dye was employed to identify
smaller items ingested by underground fauna. This strategy was justified by the direct relationship
between an mouth opening of the organism and the size of MPs cahsume

Moreover, the integration of improved sampling methodologies, and quality assurance and quality
control protocols, represents a key direction toward harmonizing methodologies and achieving inter
comparable, reliable data on microplastics in groundveatérrelated water resources.

For the analysis of groundwater and Italian fauna in underground habitats, the collection included
four samples of stygofauna pools and water samples, comprising two karst caves and two monitoring
wells d a saturated alluvial aquifer. Once in the laboratory, the water samples were treated with 30%
hydrogen peroxide for 48 hours at 60 °C, followed by density separation using a saturated NacCl
solution with a voluméo-volume ratio of 1:2. The supernatantsithen filtered. For fauna samples,
the samples were treated with 30% hydrogen peroxide at 60 °C for 72 hours and filtered under
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vacuum. All samples were dried. After microFTIR spectroscopy, the fauna sample filters were stained
with Nile Red for subsequéefiuorescence spectroscopy.

A microplastic sampling device, which can be assembled in situ and allows several liters of water
(200 L) to be filtered through a sequential mesh filtration system, has been validated for use in natural
groundwater habitats.HE system was validated with standard solutions supplemented with standard
reference polymeric materials. To assess the applicability of the device in natural conditions, a
sampling campaign was carried out involving thirteen selected habitats, includiag dnd
unconsolidated groundwater aquifers.

To integrate the results obtained to risk assessment given water human consumption, drinking
water packaged in beverage cartons and plastic bottles was analyzed and compared. A total of 10
single-use plastic bitles and 4 beverage cartons were purchased and analyzed. The contents of each
packaged were vacuum filtered and dried. In this case, the filters were analyzed directly by visual
inspection and microFTIR spectroscopy. Moreover, the estimated daily iliBKE éxpressed as
MP/kg/day was calculated for adults and children.

In the first case study investigating Italian groundwater habitats and fauna, MPs were detected in all
groundwater samples. The abundances ranged from 18 items/L to 911 itertis/ mean of 255
items/L The most common colors were black and red, accounting for 30% and 25%, respectively,
while fibers and fragments were the only two morphology found, with fibers representing for more
than 80%. The average sizes were in the rang®@®fH00 um, and 500 uml mm, both accounting

for 34%. Cellulose was the most abundant polymer, with 82.7% on average, while polyethylene
terephthalate PET, accounted for 58%. Other polymers found were polyamide PA (3.4%),
polyacrylonitrile PAN (3.4%)polyethylene PE (2.2%), polysaccharide gums (1.7%), PP/PE blend
(1.3%), polypropylene PP (0.9%) and ethylemgyl acetate EVA (0.3%). In fauna samples, the
number of fluorescent particles O 0.5 Om per
dw. Pellets were the predominant shape followed by fragments and fibers. Concerning dimension,
fragments were the largest fluorescent particles, with a mean size of 26 + 30 um, followed by fibers,
19 + 10 um, and pellets 1 + 1 um. microFTIR spectroscopilysisavas carried out for items larger

than 5 um. Cellulose was the predominant polymer, followed by polysaccharide gums. Also PET and
PA traces were found.

Validation of the microplastic sampling device the recovery rate was higher thanFitii¥s
represented most abundant shape, followed by fragments and pellets. In general, the majority of the
items were larger than 125 um, followed by items in the range7%2dm, and 742 um. The
predominant polymer was artificial/textile cellulose, followed by PET.

For the analysis of packaged water, the results showed the presence of MPs in 55% of the samples.
Singleuse plastic bottles contained 7.6 = 8.4 items/L, while beverage cartons contained 6.2 £+ 1.4
items/L. The size ranged from 20 to 108, with the prealence of black, and blue colors. The
polymers detected were textile cellulose (78.2%), PE (12.8%), PET (6.0%), PP (1.5%), and PA
(1.5%). Estimated daily intakes (EDI) were 0.56 + 0.40 and 0.39 = 0.09 MP/kg/day for children and
0.25 £ 0.18 and 0.18 £ 0.04P/kg/day for adults, in singlase plastic bottles and beverage cartons,
respectively.

Scientific publications
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Understanding how small scale bed features and t hi
contaminant treatment is essential for reliable wetland modelling. This study investigated the combined
effects of heterogeneousmpography and spatial data resolution on hydrodynamics and solute transport
in free water surface wetlands. Using synthetic wetlands generated from spatially correlated random fields
of bed elevation and, where relevant, vegetation density, we andlgsegatterns, residence time
distributions, and contaminant removal under varying degrees of topographic variability, correlation length,
and grid resolution. Increased belgvation variability produces stronger dispersion and wider residence
time distrbutions, reducing hydraulic efficiency and increasing sensitivity to specific spatial configurations
of topographic features. Shorter correlation lengths promote complex flow structures, including dead zones
and internal islands, while longer correlatiemdiths reduce residence time variance. Cegrai@aing of
topographic data yields modest median errors in nominal residence time but systematically underestimates
residence time variance, with errors exceeding 10 and 35% grid sizes equal to and twicesEigoo
length, respectively. In contrast, outlet concentration errors remain relatively small, typically below 5%
even when grid size exceeds the correlation length of bed features, indicating a stronger dependence on
nominal residence time than on iarce. Vegetation heterogeneity exerts limited influence relative to
topography within the considered parameter ranges. Collectively, these results highlight the dominant role
of bed topography in shaping wetland hydraulic and treatment performance witi® gaidance on the
spatial resolution required for dependable numerical modelling and field characterization.

Constructed freevater surface (FWS) wetlands are widely used as rased solutions for treating urban
and industrial wastewateTheir effectiveness in removing a broad range of contaminants, including
organic matter, nutrients, suspended solids, and pathogens, has been demonstrated in numerous
experimental and modelling studi@éymazal 2014; Katsenovich et al. 2009; Zhang et al. 2015; Kotti et
al. 2010; Cameron et al. 2003yeatment efficiency arises not only from biogeochemical reactigred 4o
from the underlying hydrodynamics and the interaction between water, vegetation, and topography
(Arheimer and Wittgren 2002; Meng et al. 2014; Zhao et al. 2¢2\vever, despite decades of research,
the coupled interplay between wetland flow structure, microtopography, vegetation distribution, and
contaminant transformation remains incompletely understood, making performance prediction challenging
(Marion et al. 2014;idng and Chui 2022)

Hydraulic behavior is a primary determinant of wetland treatment efficiency because it governs how long
water and solutes reside within the system. Ideally, flow through a wetland would approximate plug flow,
where all fluid parcelexperience the same residence tifhbackston et al. 1987; Vymazal 20140
reality, variations in water depth, vegetation density, and bed elevation generate heterogeneous velocity
fields, recirculation zoss, and preferential flow paths. These features broaden residence time distributions,
reduce hydraulic efficiency, and diminish contaminant rem@adilec and Wallace 2008; Carleton et al.

2001; Holland et al. 2004 S5patial variability in vegetation structure can either enhance retention and
mixing or, if poorly aligned with flow direction, contribute shortcircuiting and rapid contaminant
breakthrougt{Sabokrouhiyeh et al. 2017; 2020; Vymazal 2013)

In addition to vegetation, smadtale elevation differencesich as hummocks, depressions, and ridges, play
a central role in shaping flow patterns and transport processes. Microtopography creates spatial gradients
in inundation depth, soil moisture, hydroperiod, and nutrient availability, which influence vegetati
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composition, biogeochemistry, microbial activity, carbon storage, and ecological resilience across wetland
types(Moser et al. 2007; Diamond et al. 2020; Zheng et al. 2021; Vulliet et al. 2024; Wang et al. 2023;
Keiser et al. 2024; Smith et al. 2024; Zhang et al. 2023; Harvey et al.. 20#5e microtopographic
features affect local velocities, mixing, and exchange processes, and thus are expected to influence solute
transport and overall treatment performan€et their quantitative hydrodynamic impacts remain less
explored than their ecological ones, particularly from a modelling perspective.

Another important and often overlooked aspect is the role of input data resolution. In practice, digital elevation
modds (DEMS), vegetation maps, and other spatial inputs are derived from field surveys or remote sensing
data that are inherently resolutibmited. If critical spatial details are undersampled or smoothed,
numerical models may fail to capture key hydrodyitastructures, leading to ovesr underestimation of
hydraulic efficiency and contaminant remoyaarihani et al. 2015; Seenath 2Q1Bgspite increasing
recognition of this issue, no systemaramework has been proposed to quantify how input resolution
interacts with the statistical structure of wetland heterogeneity to influence predictive accuracy.

To address these gaps, the present chapter reports on work in which we investigatedittesl aifebts of
bed topography and spatial data resolution on hydraulic and treatment performance in free water surface
wetlands. Using twalimensional shallowvater models and synthetic wetlands characterized by spatially
correlated random fields of belbeation and vegetation density, we evaluated how topographic variability,
correlation length, and input coargmining influence flow patterns, residence time distributions, and
contaminant removal. Higresolution fields were systematically coaggaired and used as inputs to the
numerical model, allowing direct comparison between simulations based on original and degraded
representations of the same wetland. Prediction errors in nominal residence time, residence time variance,
and outlet contaminant noentration were then quantified. Collectively, this work provided new insights
into the mechanistic role of microtopography, clarified the sensitivity of wetland models to input resolution,
and offered practical guidance for model setup, wetland desidrfiedd data acquisition.

A two-dimensional, deptaveraged numerical model was employed to simulate the flow field and solute
transport in synthetic wetlands under steathte conditions. The hydrodynamics are governed by the
shallowwater equations, while solute transport is described using the-aegrtiiged advectiediffusion
equation. This modeling approach is suitable for-fedace wetland systems where horizontal transport
dominates over vertical processes, and wiiergcal stratification of velocity or concentration is minimal.

The model is capable of representing both laminar and turbulent flow, although the velocities and flow depths
in the simulated wetlands are consistent with laminar flow conditions. Solute imyprescribed as a
spatially uniform concentration across the inlet boundary, with no consideration of aknhaty or
thermally stratified flows. Vegetation is assumed to be emergent and to exert drag on the flow, with its
distribution either unifornor spatially variable, depending on the simulation setup.

In this study, spatial heterogeneity in both bed elevation and vegetation density is represented using synthetic
fields generated via a twdimensional Gaussian random field model. This allowsousystematically
explore the influence of spatial variability and resolution on model predictions. Specifically, we consider
wetlands where either bed elevation varies while vegetation is uniform, or where the bed is flat and
vegetation density is spatialheterogeneous. For both cases, figgolution input fields are generated and
then progressively coarggained to assess the impact of input resolution on key performance metrics.

The use of a deptaveraged modeling framework offers@nputationally efficient yet physically meaningful
way to assess how spatial detail in input data influences model outputs. However, this approach necessarily
neglects vertical gradients in flow and concentration, and assumes fully emergent vegetatiarh, As
may not capture all thredimensional effects present in natural wetlands, especially under strongly
stratified conditions. Nevertheless, this modeling framework allows quantification of resalependent
prediction errors in simplified but peesentative wetland systems.
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Assuming hydrostatic pressure, steady flow, and negligible wind and Coriolis effects, thavdpthed flow
field is governed by the twdimensional shallovwater equationée.g., Wu 2007)
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where"Y and™Y are the deptaveraged velocity components in thandwdirections, respectivelyclis the

local water depthd is the freesurface elevatiori; is the water density; and andt denote the shear
stresses due to bed friction and vegetation drag, respectively.

Bed friction is represented dsyoeficiergpp=atq .ad ZFHwhighnm fio r
accounts only for sctcale roughnes§Chow 1959) Largerscale roughness effects associated with
variable topography or vegetation distribution are not included in this parameter, as they are treated
explicitly throughthe bathymetry and vegetation drag formulations.

Vegetationinduced drag is parameterized as a function of the local stem density n and stem dxmeter
following the formulation of Sabokrouhiyeh et £020) The simulations were carried out considering
two different vegetatin scenarios with uniform stem density and diameter. A first scenario uses a density
of n = 500 stemslLm | and a diameter of d = 3 mm,
mm. These values fall within the ranges reported by Valiela €&1%18)for the sakkmarsh grass Spartina
alterniflora.

Two classes of wetland configurations are considered in this study. In the first, spatial variability is introduced
in the bed topography whileegetation density is kept uniform. In the second, the bed is flat and vegetation
density varies spatially. In both cases, spatially correlated random fields are used to generate heterogeneous
patterns of topography or vegetation, allowing a systematitoetipn of their influence on model
predictions.

Although vegetation distribution in natural wetlands often correlates with water(@egptiHudon 2004 such
interactions were not incorporated in this study because reliable empirical relationships for modeling these
correlations are lacking. By treatingedelevation and vegetatiesiensity variability separately, our
approach isolates their individual effects on hydrodynamic behavior and avoids potential confounding from
their covariation.

The transport and removal of a reactiviisowithin the wetland is described using amensional, depth
averaged advectiediffusion equation with a firsbrder reaction term:

T 1 dye rdve ot 16 T6 T 16 16
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whered ofufd is the deptraveraged solute concentratié®is the local water deptRy and™Y are the depth
averaged velocity components, a are the components of the effective dispersion tensor that
incorporate turbulent mixingind shear dispersion effects. The param&@eepresents the local areal

removal rate (mbLyr T), which is modeled as a | in
of Sabokrouhiyeh et a{2020)

Here,¢ is the local vegetation stem densitys 5 0 0 s is thanafdremce fensity used to normalize the
relationship, equal to the mean density, &d¢ 11. 5 mbLyr T i s the referenc
with the average value for ammonia removal reported by K&a083)for a survey of 131 wetlands.

Q0
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The dispersion tens@ accounts for both local mixing and velocity shear induced by vegetation drag, and is
parameteried as a function of stem density, stem diameter, local velocity, and water depth, following the
approach described by Sabokrouhiyeh et2120)

R >
Q Q-
¢

Solute transformation occurs only in regions where water depth is positive; dry or intermittently inundated
areas arexeluded from transport and reaction processes. The model assumes the solute is introduced with
uniform concentration at the inlet, and that no additional sources or sinks are present within the domain.

All simulations were conductednaa rectangular wetland domain measuring approximakelyp 1t m in
length ando v ™min width. The inlet and outlet were both centrally located along the short sides of the
domain, with a channel width of 5 m for each. A constant inflow rafe oft &L s'* was prescribed at
the inlet, and the water surface elevation at the outlet was adjusted to achieve a mean residence time of 6
days across all simulations. This residence time is within the typical range fardteesurface wetlands
(Kadlec and Wallace 2008; Serra et al. 20@iven the fixed surface area, the average water depth
remained constant at H = hbin all cases. Vegetatieinduced hydraulic resistaneeas included through
the drag formulation described in Sect#8.3.2

For solute transport, boundary conditions were defined as follows: a camstanatized concentration,
p, was imposed at the inlet; an open (zgradient) condition was applied at the outlet; and impermeable,
no-flux conditions were enforced along the remaining boundaries.

The governing equations for flow and solute tramswere solved using a custdmilt two-dimensional finite
volume code. The hydrodynamic solver employs the Sé&miant equations with a seceodder time
integration scheme, and a Van Leer flurited total variation diminishing (TVD) method for spatia
advection(van Leer 1974)For scalar transport, the advectionnteis handled via the explicit wave
propagation algorithm available in the CLAWPACK librdheVeque 1997; Calhoun and LeVeque 2000)
while diffusion is treated using the implicit Crafhlicolson sckeme. The computational domain was
discretized using a uniform Cartesian grid with .Besolution. A time step of 1 min was found to ensure
numerical stability and convergence of all simulations.

Two-dimensional Gaussian random fields ofl lsevation( ¢t , were generated using a spectral method,
with given variancg , and correlation lengtils andl in the streamwisew and lateral @) direction,
respectively. Note that, in the simulations performed in this studyfi@tions in free surface elevation
are extremely small relative to the mean water depth, and therefore, the variance of bed elevation is, for all
practical purposes, the same as the variance of water depth.

In the simulations, we considered three possiallues of the normalized standard deviation of bed elevation,
A 7O 1, 0.4, and 0.6. For the latter case, we also considered two distinct correlationlengths
and 10 m, corresponding to 0.05 to 0.1 times the longitudinal size of the wétlamd, 0.1 to 0.2 times
the width of the wetlandy . We only considered isotropic fields of bed elevation, for whichl 1.

The values chosen for the standard deviation and correlation length were designed to span conditions from
nearly flat beds to hidhirregular topographies, while still remaining consistent with the assumptions of a
depthaveraged shallowvater model. The selected variability in is comparable to that observed in
natural wetlandge.g., Price 1993Wwhere features such as small ridges, depressions, and shallow channels
can introduce substantial elevation differences. Considering this range makes it possible to capture a wide
variety of plausible wetland morphologies and to derive findings thatlakent for both wetland analysis
and design.

For each set of parameter values, we generated 200 random topographies and simulated the flow and mass
transport through the wetland. Based on several tests, this was more than sufficient to obtain accurate
staistics of the chosen performance metrics that are independent of the number of generated random fields.
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In the absence of empirical relationships linking vegetation stem density to water depth, simulations with
heterogeneous bed topography were conducted assuming a uniform vegetation dersi9@stems/m?
and diameter d = 3 mm. These values fall witthie ranges reported by Valiela et(@078)for Spartina
alterniflora, and they provide representative conditions for emergent wetland vegetation. This approach
allows us to isolate the influenoé bed variability independently from vegetation heterogeneity.

Complementary simulations considered wetlands with flat beds, and thus a uniform flow deptlfO & i,
but heterogeneous vegetation distributions. Random fields of stem density wereegewéhathe same
random field generator used for topography, but using an exponential covariance function following
Sabokrouhiyeh et a(2020) The analysis focused on wetlands with an average stem dénsity 1T T
stems/mz2, a standard deviatipn = 300 stems/m2, and a cdaton length_ v & . This level of
variability is also consistent with reported ranges for the salt marsh grass Spartina altékrafieta et
al. 1978) For these parameter values, 280dom realizations of vegetation density were generated.

The impact of data resolution on model predictions was assessed by comparing coarsened representations of
bed elevation and vegetation density against a-tdgbalution benchmér The benchmark corresponds to
fields directly defined on the computational mesh used in the simulations, which has a grid size.of 0.5

To generate coarsened inputs, the higgolution fields were resampled on a uniformly spaced square grid
with grid sze3w 3 Since the wetland lengthis twice its widthw , the spacing was defined a®
w7Ta ,whered isthe number of intervals along the width. The first sampling point is placed at a distance

3wl¢ from the wetland boundaries, ensuringttthe grid is centered in the wetland and that the number of
longitudinal nodes is twice the number of lateral ones. The coarsened fields were then linearly interpolated
back onto the computational mesh for use in the simulations.

The number of samplingiervalsd varied between 2 and 100, corresponding to coarsened grid sizes ranging
from 25m to 0.5m. To enable comparison across different correlation lengths, the results are expressed in
terms of the normalized grid sizeif}, wherel is the correlation lengtbf the random field. Accordingly,

30 spans from0.1to 5fdr v mand from 0.05t0 2.5fdr p mN.

lllustrative examples are shown kigure2 for a wetland topography with 7O 1@@. Figure2a shows the
cased G, correspondingte ¢ Y sampling points, with the resulting interpolated besl/alion
field on the computational mesh showrFigure2c. Figure2b shows the case v, corresponding to
p T v L tBampling points, with the interpolated field showrrigure2d.
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Figure2. Examples of coarsgraining of bed elevation fields for a wetland wkth7(  1@. Panels (a, b)
show sampling grids with ¢ andl U points across the wetland width, corresponding to 4=x 2
8 and 10 x 5 = 50 sampling points, respectively. Panels (c, d) show the corresponding interpolated bed
el evation fields interpolated back onto the comp

4.8.3.8 Efficiency Metrics

In this work, we imposed the discharge and theagesflow depth so that the mean residence time was the
same for all simulated wetlands. We then analyzed the hydraulic performance based on the residence time
distributions (RTDs), looking in particular at the standard deviation of the residence timesid@&nce
time distribution,Y ¢ , was calculated by simulating the transport of a passive tfecer(m ry) with a
constant concentration, , at the inlet, and a concentration of zero in the wetland. The cumulative RTD,

Y 0, was then calculated as the normalized output concentragigm) 70 .

The first moment of the RTD is the mean residence timgi.e., the average time that a watarcel remains
in the wetland. This is calculated from the complementary cumulative distribution furi¢tian, p
YO, as

o) Y 0 'QB
The second central moment of the residence time, i.e., its variance, is calculated as
i cO0Y 0'Q0 0O

which provides a measure of the spreading around the meandalue,

The numerical simulation of the transport of a passive scalar is protracted for a sufficiently long time so that
0, /O patthe end of the simulation,add 0  fU, wheewis the water volume in the wetland.

In general, a wetland can be modeled as a nunibeof(continuous stirred tank reactors (CSTRS) in series
(Kadlec and Wallace 2008)n the case of a single tank (  p), the wetland behaves as a wmilked
reactor, resulting in an exponential RTD wikh 0 . Conversely, a model with a large number of tanks
produces a system approaching plug flow, which corresponds to a variance of the residence time
approaching zero. The number of tanks in series,can be determined from the inverse of the
dimensionlessariance f A0 ):
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and can be used to compute the dispersion efficiency of the w@largson et all999)

: P

which is equal to 1 in the ideal limit of plug flow, &s approaches zero.

An alternative metric of wetland efficiency is the volumetric efficief@@ywhich according to Persson et al.
(1999)represents the effective volume of a wetland system and is defined as
0
0 2
0
whereo is the mean residence time measured in a field tradelttesnoted that, for a completely passive
tracer, the mean residence time should equal the nominal residence time in the limit case where the
distribution of the residence time is sampled for an infinitely long time and the tail of the distribution is
accurately represented. In the present study, all simulated wetlands have the same water volume and flow
rate, resulting in identical nominal residence times across all cases. Since the residence time distributions
are reconstructed over a sufficiently ¢pduration to allow for full mixing, we have o . Therefore,
according to the definition abov@, p for all wetlands.

For the same reason, the hydraulic efficiency indexdefined by Persson et 1999)as the product of
volumetric efficiency and dispersion efficiency,

Q QtQ

p
P ¥

o‘| o-

is approximately equal f@ in all simulations.

An alternative metric for the degree of mixing is based on the time taken for 90% of the injected tracer to leave
the system¢ , and is defined as follows:

[ 0
0
Generally, higher values ¢f indicate poor mixing, witlf p in the ideal case of complete mixing.

Again, this parameter is correlated to the variance of the residence(tijres for the sameé , higher
values off imply higher values of and therefore lower degrees of mixing.
For the simulations wlit a reactive tracer, we also evaluated the concentration reduction efficiency:
0 O 0

B P 3

O

In this study, the input flow rate is imposed, and stestdie conditions are assumed. Although
evapotranspiration can be significant in someavetisystems, it is neglected here to focus on the dominant
advectivedispersive transport processes; as a result, inflow equals outflow. Therefore, the ratio of the
output mass rate to the input mass rate equals the ratio of the output concentratioptd toacentration,
and the concentration reduction efficiency also represents the mass removal efficiency.

To assess the accuracy of the coansgned models, we evaluated three characteristic parameters that govern
wetland performance.hE first parameter is the nominal residence tiine, wf0, wherew is the water
volume in the wetland andl is flow rate. This parameter is widely used as the primary design criterion for
constructed wetlands, as it ensures that solutes remain systeam long enough for treatment processes
to occur(Kadlec and Wallace 2008 all highresolution benchmark simulations, the outlet water level
was adjusted so that the nominal residence time is fixéd atpd a ysse Sectio#.8.3.4. The relative
error in the coarsgrained model is thetlefined as
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whereo is the value obtained from the coargained model.

The second parameter is the variance of the residence, timghich characterizes the spread of solute travel
times. The relative error in thmarameter is defined as
A K.

3K G h

whereA” is the benchmark (higresolution) value.

The third parameter is the outlet concentration in reactive transport simul@tjgpgvhich directly reflects
contaminant removal efficiency. Its relativea is defined as

o w2
Oout Oout
Oi n

30

where 6; , is the outlet concentration from the benchmark model, @ngis the inlet concentration.
Normalizing by6; yather thand, , provides a clearer measure of the deviation in predicted treatment
pefformance relative to the influent load.

4.8.4.1.1 Flow Patterns

Examples of simulated wetlands with isotropic bathymetry fields are shokigure 3. Specifically,Figure
3a shows a wetland with a uniform water depth. The wetlanBigjure3b, Figure3c, andFigure3d, have
a nonuniform random bed elation with correlation length v m and a standard deviatidgn 7O
18, 0.4, and 0.6, respectively. As previously mentioned, in all cases, the mean water depth is the same, i.e.,
'O 1@ . It can be seen that, for this value of the correlation length, if the standard deviation of bed
elevation is sufficiently high, there can be a formation of internal dry zones, i.e., islands. For higher values
of the correlation length, the occurrencentérnal dry zones becomes less likely.
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Figure 3. Example bathymetric maps and streamlines for wetlands with correlation lengths of_
vl , an average water depth’@ 1@ [ , and the following normalized standard @¢ions of bed
elevation: (a)) O 1w (), O m;(c), FO m&; (), O T1&.

Figure3 also shows the streamlines obtaingdcbnsidering 100 source points at the inlet, which are seen to
become more irregular as the variance of bed elevation is incr&agped3a shows the case of a wetland
with uniform bed topography, and therefore almost uniform flow deéptiure 3b shows a wetland with
K TO 1&, in whichthe pattern of streamlines is very similar to that of a uniform wetland, but we make
an exception for a higher variance of flow velocities due to the differences in water depth. A similar flow
pattern is also found f&r YO 1@, but in this case, we caso observe small internal islands and lateral
bars which act as breakwaters and significantly deflect the streamlines. For the wefignided, it can
be seen that there is an island which causes a flow contraction and a partition of the flow into two main
pathways. In this case, there is an additional obstruction induced by two large lateral bars, which create a
wetland with the two main deteati basins. A further partition of the flow is induced by small internal
wetlands inside the second basin. This case well illustrates the complex flow patterns that can arise in the
wetland with a large variance in bed elevation. In general, as the vaofihed elevatiork increases,
larger lateral dead zones appear where lower velocities are found, and even internal dead zones can appeal
when internal dry zones are present.

4.8.4.1.2 Isotropic Bed Topography

We first investigated the hydraulic performance of alavel with isotropic topography, i.e., wetlands with
bed elevation fields in which the correlation lengths invth@dwdirections are the samle, 1 . Figure
4 shows the behavior of the standard deviation of the residence/inas, a function of the standard
deviation of bed elevatior . It can be seen that the average standard deviation of the residence time
seems to follow a sigmoid function, which increases with the standard deviation of bed elevation, but
reaches a horizontal asymptote forfO 1@. This implies that the hydraulidfieiency decreases on
average for a highef 7O If we consider the definition d2 provided in Sectiod.8.3.8 the highest
hydraulic efficiency mmong the simulated wetlands is obtainedffof'O 1tand is equal to 0.96, whereas
the minimum efficiency is obtained fér O m@and is equal to 0.64. Hence, the variation of the average
hydraulic efficiency across the tested topographies is around 30%.
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Figure4. The standard deviation of the residence time as a function of the standard deviation of bed elevation
for (a) n = 500 stemsLm | and d = 3 mm, and (b)
normalized correlai on | engt h of the bed el ¢ vaathd bedelevaton & /
variability becomes more pronounced implies a decrease in hydraulic efficiency.

In addition to the median value £f%0 , the graph irfFigure4 shows the range corresponding to the 16th and
84th percentiles, which is representative of the standard deviation of a normal distribution, and the range
corresponding to the 5th and 95thgeattiles, which is representative of the extreme values. It is observed
that the spreading around the meart gfo also increases for increasihgZ’Q which is consistent with
the formation of more complex flow structures with lateral dead zonesnégwhal dry zones as the
topographical complexity increases. The range of variatighfif for A 7O m@is quite large, as the
5th percentile correspondsAcf60 1@ and the 95th percentile correspoidgo &)

We then investigated the effeof the correlation length,, assuming a constant vegetation density in the
wetland, so as to isolate the effect of bed topography. In all simulations, the normalized variance of the bed
elevationA TOis set to 0.8. The results are showrkrigure5. It can be observed th&t¥o decreases as
the correlation length increases, and hence the hydraulic effici@ncig higher for larger correlation
lengths. This is due to the formation of more complex flow patterns for smaller correlation lengths,
characterized by the presence of lateral dead zones and internal dry zones. Note that, while the variance of
K 70 is almost constant for the range of correlation lengthensidered in the simulations, the range of
variation of the most extreme values appears to decrease for increashig is likely due to the lower
flow complexity, particularly the reduced liketibd of solute trapping in dead zones, which not only
decreases the variance of the residence time but also narrows its range of variation.
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Figure5. The standard deviation of the residence time as a function of the standatidevibed elevation
for (a) n = 500 stemslLm | and d = 3 mm, and (b)
normalized correlation | ength of ., dsd¢he lbed devatidne v a't
variability becomes more pronoced implies a decrease in hydraulic efficiency.

4.8.4.1.3 Anisotropic Bed Topography

We evaluated the effect of anisotropic topography by considering different correlation lengths iarttie>
directions, thus creating bed forms elongated in the two diractlarthe simulations, we first skt
v m, which is to 0.1 times the width of the wetland, W, and varieiom 5 to 20m, i.e., from 10 to 40
times the average depth H, which corresponds to between 0.05 and 0.2 times the longitudinal length of the
wetland,0. We then selt v mand varied from 5to 20 m, i.e., from 0.05 to 0.1 the longitudinal size
of the wetland. For all the topographies considered RefEQ T&.

Example bathymetric maps and streamlines for wetlands with anisotropic berhfuipogre shown iRigure
6. In particular,Figure 6a,b show two wetlands with bed forms elongated inctlikrection, withl
p ™m andl ¢ 1, respectively, wheredsigure 6¢,d show wetlands with bed forms that are more
elongated in theo direction, with} p ™ and!l ¢ ™, respectively. It can be observed that
increasing the longitudinal correlation length, reduces the numbei bed forms within the wetland,
while increasing their size. This can lead to the formation of narrow preferential flow channels. In contrast,
increasing the transverse correlation lenyth,results in bed forms that resemble baffles, creating larger
lateral dead zones.

Figure7a,b show the effect of the variation of the longitudinal and lateral correlation lengths, respectively. It
can be seen théhe standard deviation of the residence time decreases on average foom 1@ to
K ¥0 1@ asl isincreased fronp fOto1 70 i.e., from 5 to 20n, whereas the spreading around the
mean does not differ substantially. Conversely, for an incredsingve do not observe a monotonic
decrease in the standard deviation of the residence time. Instead, the maximum meanivatutoond
forl 70 1, i.e.} p ™. The observed trends are likely to be due to a reduction in flow complexity
as the correlation length of bed elevation becomes large relative to the size of the wetland.
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Figure6. Examplebathymetric maps and streamlines for wetlands with anisotropic topographigs#i@h
@ and the following correlation lengths: (a) p M and_ vl ; (b)_ ¢ T and_ vl ;
(o viand_ pt;()_ viand_ cT.
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Figure 7. (a) Standard deviation of the residence time for wetlands ,wiff©o = 0.8 as a function of the
correlation length of the bed elevation in thdirection. (b) Standard deviation of the residence time for
wetlands with, 7'O= 0.8 as a function of the correlation length of the bed elevation in the y direction. The
results are based on wetlands with n = 5Oddsst ems

to a decr ease érhydraulicefficeencd. Intontast, shows a bonwgxtrend with respect
to_ , indicating a normonotonic relationship.

4.8.4.1.4 Impact on Contaminant Removal Efficiency

The relationship between the variability of water depth and the concentration redufit@naf was
investigated by considering a naaro reaction rate in the mass transport model, as explained in
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Section4.8.3.3 Figure 8 shows the results obtained for wetlands with a normalized correlation length of
bed elevatioh¥O  p mand two different settings for vegetation:§a) v mstt enmtandQ ol | ;
and ()¢ ¢ vstt enmtandQ 6 mm. In both cases, the areal removal r&eyas sett@ @ m ry.
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Figure 8. Concentration reduction efficiency as a function of the normalized standard deviatied of
el evation for wetlands with (a) n = 500 stemslkm
In the simulations, the average water depth H is 0.5 m and the correlation length of the bed eles/&tion
m. The results show that the meamowal efficiency is lower in wetlands with namiform topography
compared to the case with a uniform bed, with both the reduction and the variability in efficiency becoming
more pronounced under sparser vegetation conditions.

The results show that meamreval efficiency is lower in wetlands with a raniform topography compared
to those with uniform beds. This reduction is more pronounced under sparser vegetation conditions, with a
difference of approximately 10% between the casé @fO 1@ and the cas of a flat bed. Moreover,
substantial variability in removal efficiency is observed among the wetlands with the same standard
deviation of bed elevation, with differences exceeding 30% for more heterogeneous topographies. This
suggests that, although tseatistical properties of the bed topography are identical, the relative positioning
of the bed features can significantly influence flow patterns and-shouiting, leading to divergent
treatment outcomes. It is also apparent that variations in thevegrefficiency are more pronounced for
the second vegetation scenario, which is characterized by a smaller vegetation density but a larger stem
diameter compared to the first scenario.

4.8.4.2.1 Nominal Residece Time

Figure9 presents the relative error in the nominal residence tif,as a function of the normalized grid
size,30i}, for four combinabns of bed elevation variability and correlation length. In each panel, the
median value across replicate realizations is shown together with the variability range defined by the 16th
and 84th percentiles, which are representative of the standard de\aaiiicbth and 95th percentiles, which
are representative of the extreme values.
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Figure9. Relative error in the nominal residence timé;Uas a function of the normalized grid siaed_,
for wetlands with different bathymetric characteristics. Panels show results fof@) 1@,_ vl ;
(b), YO 18, o ,DA0mO.6,_ (=c5)m; and (d), ¥O= 0.6,_ =10 m. Symbis indicate the
median error across realizations, with shaded bands corresponding to tl8dtt6amd 5th95th percentile
ranges.

erall, the results indicate that, on average, the nominal residence time is relatively insensitive to grid
coarsening, wit median errors typically within a few percent even when the grid size approaches or exceeds
the bathymetric correlation length. For the case with moderate bed variabilfp( & Figure9a),

errors remain small and positive, and the spread across realizations only becomes significac@wviren

¢. Increasing the variance of bed elevatiokt@O 1@ ( Figure9b) leads to more variable outcomes,

with median errors that are slightly negative at intermediate grid sizes and a much wider range of
realizations at coarse resolution. A similar pattern is observed ® m@and! v m (Figure9c),

although the median error remains close to zero and the widening of the distribution is the most prominent
effect.

anging the correlation length alters the error behaviorAFBO 1@ andl  p ™ ( Figure9d), the

error distribution is narrow at fine resolutiofmit at coarser grids the variability increases (with errors up

to 1@ for the 90% confidence interval) and both positive and negative outliers appear. Compared to the
shorter correlation length casé&igure9c), the larget reduces the bias in the median error but does not
prevent the emergence of large deviations in individual realizations axiérm ¢.

summary, these results suggest twaile the nominal residence time is, on average, robust to grid
coarsening, the uncertainty across realizations increases substantially as the grid size becomes larger than
the correlation length, particularly for cases with higher bed elevation variance.
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4.8.4.2.2 Variance of the Residence Time

Figure10 shows the relative error in the variance of the residence tifne,as a function of the normalized
grid siz 3y} . As in the case of the nominal residence time, the figure reports the median error together
with percentile ranges that quantify the variability across realizations. The results indicate that the variance
is systematically more sensitive to gricotution than the nominal residence time, with errors becoming
increasingly negative @i} grows.

For weak bathymetric variability, (7O 7&, Figure 10a), the errors remain small, with the medan
fluctuating near zero across all grid sizes. Although the spread increasesifor p, the error
distribution remains largely centered, suggesting that variance is well preserved under colutsenres
when the bathymetry is relatively uniform.

As bathymetric variability increases, however, a clear trend of underestimation emergesf®©or 1@
(FigurelOb) and, 7O 1@ (FigurelQc), the median, becomes increasingly negative with sEning
grid resolution, indicating that variance is consistently underestimated relative to theegogltion
reference. The spread of errors also widens substantially, with the 5th percentile dropping i [fow
3wl_ ¢ in both cases. This indie that coarse grids not only bias the variance but also introduce high
variability between realizations, reflecting a loss of robustness.

The effect of increasing the correlation lendfig(re10d) slightly mitigates this sensitivity, at least for finer
resolutions. For_.  p ™, the errors remain relatively small fec#_ 1@, but as the resolution is
degraded, the same pattern of negative bias tanddening distribution reappears. At the coarsest
resolution, the median error approach&, with extreme values nearly reaching&.

Overall, these results highlight that the variance of residence times is far more vulnerable to loss of spatial
detailthan the nominal residence time. While nominal residence time errors remained relatively small even
for coarse grids, variance shows a strong and systematic underestimation, particularly in wetlands with
more variable bathymetry and shorter correlationgties. This indicates that smaltale topographic
variability plays a central role in generating dispersive flow paths and controlling residence time variability.
When these finscale gradients are smoothed through cegraiming, hydraulic heterogengidiminishes,
leading to a narrower predicted residence time distribution and reduced variance.
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Figurel10. Relative error in the variance of the residence tiameg, as a function of the normalized grid size,
w ¢B_, for wetlands with different bathymetric characteristics. Panels show results fof@) m&,_=
5m; (), YO m&,_=5m;(c), O m®, o = 5, QO ad d= 10 wh.)Symbols repsent
the median error across realizations, while shaded bands indicate thg4iletand 5th95th percentile
ranges.

4.8.4.2.3 Outlet Concentration

Figure11 shows the relative error in the predicted outlet concentration, , as a function of the normalized
grid size 301, across the different wetland scenarios. In contrast to the variance of the residence time, the
behavior o360 s less systematic, reflecting the fact that the outlet concentration is mostly dependent on
the nominal residence time, and the uncertainty in is a scaled version of the uncertaintyin

For the case of low bathymetric variability O 1&, Figurella), the median error remains close to zero
for all resolutions, with values fluctuating between slightly positive at finer grids and wligdghtive at
coarser grids. The spread across realizations, as indicated by the percentile bands, remains relatively
narrow, suggesting that predictions of outlet concentration are generally robust when bathymetric
variability is small.

As the bathymetriwariability increases td ¥O 1@ (Figurel1b), a modest increase in the dispersion of
30 is observed, especially at larger grid sizes. Tleeliem error remains small and does not show a
strong systematic bias, although the spread widens, indicating that the reliability of coarse models decreases
with increasing bed variability.

For high bathymetric variabilityA( 7O 1@, Figure 11c), the effect of grid coarsening becomes more
pronounced. The median error slightly increases with grid size, reaching values on the order of a few percent
at3-af! mp, and the uncertainty band broadens considerably. In this case, the results exhibit a slight bias
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toward overestimating the outlet concentration. These patterns may reflect nonlinear effects of coarse
graining on depfidrag relationships and flowonnectivity. However, given the complex, nonlinear
interactions between bathymetry, hydraulics, and solute transport, it is difficult to provide a definitive
explanation for the observed bias.

ezl
AT

Finally, when the correlation length is increased to p ™m while maintainingA YO 1@ (Figure 11d),
the overall trends remain similar, but the dispersion is somewhat reduced compareld touthe case.
The medan error stays close to zero for fine resolutions and becomes slightly negative at coarse resolutions,
while the uncertainty range remains moderate. This suggests that larger correlation lengths mitigate the
sensitivity of outlet concentration predictiaiesgrid resolution, even under strong bathymetric variability.
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Figure 11 Relative error in the outlet concentratia®, , as a function of normalized grid sizxif , for
wetlands with different bathymetric variability édrorrelation lengths. The results highlight that outlet
concentration is less systematically biased by grid resolution than the variance of the residefagutiene (

10), with variations generally limited to a few percentage points. However, the associated uncertainty tends
to increase with stronger bathymetric variability and coarser resolution, particularly when the bed elevation
field is highly hetengeneous.

Overall, these results highlight that outlet concentration is less systematically biased by grid resolution than
the residence time metrics, but the associated uncertainty can grow with increasing bathymetric variability
and coarsening, particulg when the bed elevation field is highly heterogeneous.

4.8.4.2.4 Effect of a NorUniform Vegetation Distribution

We now examine the influence of vegetation data resolution on model error in a wetland with a flat bed and
nonruniform vegetation distribution. In thiconfiguration, the water depth is uniform, so variations in the
nominal residence time are driven solely by the spatial heterogeneity of vegetation. We focus on a single
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Figurel2 Exampl e realization of a wetland with a fl a

stem diameter of 3 mm, a standard deviat+5m of 3
(a) vegetation density; (b) water depth and streamlines. The figure shows uniform water depth and
streamlines, illustrating that flow patterns kegely unaffected by vegetation heterogeneity at this scale.

Figure12 presents an example realization of such a wetland. The figure shows thadeypdlteis essentially

uniform, and streamlines are similar to those of a uniform wetland, indicating that the flow patterns are
largely unaffected by vegetation heterogeneity at this scale. However, this outcome may not hold if
vegetation distributions we to organize into largescale structures with reduced stem density along
preferential pathways, in which case the flow would likely align with channels of minimum resistance while
avoiding regions of higher resistance. This effect could be furtherfeedph the presence of correlations
between bed topography and vegetation density, which, as discussed earlier, are not considered in this
study.

Figure 13 quantifies the effect of vegetation data resolution on model error. In partiEigare 13a shows

the relative error in the variance of the residence tife, as a function of the normalized grid sizey} .

The median error is small for fine resolutioesy} M r@®), but both the median and variability increase at
coarser resolutions, refiting greater uncertainty in predicting residence time variance when vegetation
heterogeneity is coarsely represented.

Figurel3b reports the error ithe outlet concentratiogd . In this case, errors remain relatively small across

the range of resolutions, with median values close to zero. The variability increases modestly for coarser
grids, but the overall magnitude of the error is limited.

89



Finanziato 225 Ministero R
dall'Unione europea ( dell'Universita l ‘M Italiadomani
NextGenerationEU 3% e della Ricerca - ol

NO NAZIONALE
| RIFRESA E RESILIENZA

(a) Ll e O — median (b) 02r _ QO — median
0.8 16-84% percentiles 0.15 16-84% percentiles
06 5-95% percentiles 5-95% percentiles
0.1
04}
02 - 0.05 |
5 S olh e e o
q ==eseeEOREROE T O-.O__O__o-—o-—o NOle. o, o e o=
02 -0.05
-0.4
-0.1
-0.6
08 -0.15
L . . — . . £y 02l . . i L . . -
0.1 0.2 0.3 05 07 1 2 3 4 5 0.1 0.2 0.3 05 07 1 2 3 4 5
AXIA AXIA

Figure 13. Model error as a function of the normalized grid sizés_ for a wetland with a flat bed and
heterogeneous vegetation (average density 500 stemp , stem di ameter 3 mm,
stemsm ] 55 m). Panel (a) shows the error in the variance of the residencefimeayhile panel (b)
shows the ®or in the output concentratioa . Coarsegraining the vegetation field slightly increases
uncertainty in residence time and outlet concentration, but the relative error in solute removal remains
mostly within 5%, indicating robustness of modedgictions to vegetation resolution under the conditions
considered.

In summary, while coarsgraining the vegetation field introduces some variability in the predicted residence
time and a minor increase in uncertainty for outlecentration, the effect on solute removal is limited,
indicating that the model is relatively robust to the resolution of vegetation data for the conditions
considered.

The results of this study highlight the signifitaole of bed topography in shaping wetland hydraulics and
treatment performance. By demonstrating how the increased variance in water depth due to bed topography
leads to greater variance in residence time and reduced hydraulic efficiency, the religaschvith
previous findings on the crucial role of microtopography in influencing water flow and storage in wetlands
(Diamond et al. 2020; Harvey et al. 202ZBhe obsrvation that more heterogeneous bed topographies result
in a wider range of hydraulic performances further supports the notion that microtopographic variability
significantly impacts ecosystem functioning, as seen in studies by Smith(2024)and Keiser et al.

(2024)

For large variances of bed elevation, significant variations in performegreeobserved across realizations,
which indicates that, for heterogeneous bed topographies with the same statistical parameters, the particular
topography can make a significant difference on the hydraulic performance of a wetland. Considerable
differenes in hydraulic performance were also found by Savi@d46)for a channelized wetland where
the channefation is induced by differences in vegetation density. Although their study is limited to uniform
bed topographies, their results show that the level of channelizaisnproduced by the difference in
vegetation density in the channel and the surrognaiore highly vegetated zoriesind the shape of the
channel can significantly affect the hydraulic performance of a wetland. Similarly, feurmnm bed
topographies, we can expect that, for the same variance in bed elevation, the shape of thigbflfare
pathways induced by bed forms are key to determining the performance of the wetland.

The interaction between bed topography and vegetation further shapes wetland performance, as previous works
have emphasize@.g., Sabokrouhiyeh et al. 2020; Zheng et al. 2021; Vetiet. 2024) Sabokrouhiyeh
et al. (2020) investigated the effect of anisotropic vegetation patterns and found better concentration
reduction efficiencies for wetlands with elongated patches of vegetation perpendicular to the flow direction
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compared to those obtained with gads parallel to the flow direction. This is likely due to the smaller
fluxes of contaminant through the densely vegetated zones, where the removal rate is higher. Instead, the
results presented Figure7 suggest better hydraulic efficiencies, i.e., a lowdo , for an elongated bed

forms parallel to the flow direction. These findings are not in contradiction with each other, because
contaminantemoval ultimately depends on how the vegetation is distributed relative to the flow.

It must be stressed that the results presented in this work are based on the assumption of a uniform vegetation
density all over the wetland. In actuality, there isoftecorrelation between bed elevation and vegetation
density(Moser et al. 2007)with studies showing higher vegetation biomass in lower depth re@onion
2004) Numerical simulations conducted by Sabokrouhiyeh e{24120) for rectangular wetlands with
spatially random vegetation distributions have shown that the concentration reduction efficiency is
primarily dependent on the average vegetation density, with relatively minor variatiens the spatial
variability of vegetation density. In particular, Sabokrouhiyeh é2820)found that the ensemble average
of the total mass removal decreases for larger variances and correlation lengths of the vegetated field, which
finds a physical explanation in the erisce of preferential flow paths induced by variations in flow
resistance as a result of the spatially varying vegetation density. It must be pointed out, however, that their
study considered diversion wetlands in which the difference between the wkitee glevation at the inlet
and the outlet is imposed, or in other words, the average head gradient is imposed, while the flow rate
through the wetland varies accordingly. Conversely, in the present study, we imposed the same flow rate
in all simulations ad let the water surface gradient vary accordingly. Under these conditions, the mass
removal rate depends only on the concentration reduction efficiency, i.e., on the ratio of the outlet
concentration to the inlet concentration, whereas in the work ok8alioyeh et at(2020) the difference
in the mass removal rate for wetlands with the same average vegetation density is due to differences in the
flow rate through the wetland. Therefore, the presence of a variable vegetation density in a wetland with a
nonuniform bed topognahy is unlikely to produce significant differences from the results found in this
study for a uniform vegetation density.

The lack of correlation between bed topography and vegetation growth in our simulations stands in contrast to
studies such as those 8grkar et al(2019)and Zhang et a{2023) which showed that microtopographic
variation strongly influenced vegetation composition and growth, either through altered flow regimes
(Sarkar et al. 2019)r through chnges in soil moisture and salin{ghang et al2023) In our analysis, we
isolated the effect of bed topography by assuming a uniform vegetation distribution. This allowed us to
focus specifically on the hydraulic implications of topographic heterogeneity, independently of the
feedback from spatilg variable vegetation. The differences in the treatment performance observed despite
this simplification suggest that even in the absence of vegetapography correlations, the spatial
arrangement of topographic features can significantly impacamaflinction.

The results show that the spatial resolution of topographic input data has a clear but selective influence on
modeled wetland hydraulics. Coaigining the bathymetry primarily redutsmaltscale variability in
flow organization, reflected in a systematic underestimation of resideneevariance. This occurs
because finer topographic details, such as small depressions and ridges, create localized storage zones anc
tortuous flow path that enhance hydraulic dispersion. When these features are smoothed out, the model
predicts more uniform velocities and narrower residgime distributions. However, this simplification
did not proportionally degrade treatment performance: the ootheeatration was relatively insensitive to
the loss of topographic detail, remaining closely tied to the nominal residence time. This finding indicates
that smalscale heterogeneity mainly affects intvatland transport dynamics rather than the overall
treatment efficiency under the steady, idealized flow conditions examined here. Comparable sensitivity to
bathymetric smoothing has been observed in ecological wetland models, where topographic roughness
determines the persistence and extent of shallater habitatySchafferSmith et al. 2018)

Vegetation heterogeneity played a comparatively minor role at small scales. Within the tested range of stem
density variability, spatial patterns in vegetation resistance had limited impact on resicheEnceetrics or
outlet concentrations. While loclibw deviations occurred around patches of denser vegetation, these
effects largely averaged out at the system scale. This suggests that, in shallow wetlands with moderate
vegetation variability, the hydraulic influence of vegetation structure may bedéuduer to that of bed
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topography. Nevertheless, in natural wetlands where vegetation formsstatgepatches, corridors, or

main flow channels, its role in shaping preferential flow paths can be far more significant. For example,
Savickis et al.(2016) showed that a main flow channel with lower vegetation density induces short
circuiting and reduces hydrauliefficiency, while channel sinuosity and the arrangement of lateral
vegetated zones can mitigate these effects. Similarly, Sabokrouhiyef2ét@)demonstrated that large,
aligned vegetation patches promote preferential flow paths and affect contaminant removal, whereas
alternating stem density perpendicular to the flow enhances mixing. These findings highlight that the
hydraulic impact of vegetation is scalependent, and larggeale spatial organization can substantially
influence intrawetland transport dynamics, warrangitargeted investigation.

The interpretation that treatment efficiency is less sensitive to-soal# spatial detail aligns with findings
from field and modeling studies emphasizing the dominant role of bulk hydraulic belfgdoman and
Kronnas 205; Sabokrouhiyeh et al. 2017; Dykes et al. 2026} example, in fulkcale vegetated cells of
surfaceflow constructed wetlands, Dykes et @025)found that hydraulic inefficiencies were primarily
driven by largescale design factors, such as cell geometry,iiolgtet configuration, and hydraulic
loading, while submeter vegetation heterogeneity had comparatidéje impact on treatment
performance. Instead, vegetation influenced removal primarily through seasonal growth and climatic
variability rather than finescale spatial variability. Sabokrouhiyeh et(@D17)further demonstrated that,
above a threshold stem density typical of treatment wetlands 1 stt emit}, hydraulic performance
metrics were largely insensitive to the exact value of vegetation density, supporting the notion-that fine
scale vegetation details are secondary for overall hydraulic efficiency. Similarly, Guzma2@t&and
Perssorf2005)observed that wetland topagrhies with islands or deep zones modify circulation, primarily
by altering major flow paths rather than by snsalhle surface roughness. Brovelli et(@011)further
demonstrated that hydraulic conductivity heterogeneity at scales comparable to the system geometry
strongly affects residendame distributions, reinforcing that model sensitivity depends on the relative scale
of spatial variability to overall system size.

From a modeling perspective, these results imply that moderate coarsening of topographic or vegetation data
can be acceptable when predicting bulk hydraulic or treatment metrics, provided the grid spacing remains
smaller than the dominant correlation length of the bed features. In contrast, metrics that depend on detailed
mixing behavior, such as residence time variance or-sirottiting indices, require finer spatial resolution.

This scale dependence mirrors danfindings in hydraulic modeling of wetlands and river systéats.,
O6Sullivan et al . 2020 ; ,wherapredittiveadtcuracy2det@ribrates dricaatieg e
grid size exceeds key spatial correlation scales.

Future research should extend these analyses to explore how resolution effects interact with additional physical
processes. Varying discharge conditions, submerged vegetation, or seasonally variable carioms stru
could reveal nonlinear sensitivities absent under steady, uniform forcing. Coupling between topography
and vegetation distribution (common in real wetlands) may also alter flow organization in ways not
captured by the present approach. Incorporatirgp feedback in thre#imensional frameworks or field
validated models would help generalize the conclusions to more complex, natural systems.

This study highlighted the crucial role of bed topography in influencing the hydraulic perforofainee
water surface wetlands. Through Monte Carlo simulations, we demonstrated that greater topographic
heterogeneity affects flow patterns and contaminant transport, increasing residence time variability and
thereby reducing hydraulic performance. Teduction in performance was more pronounced in wetlands
with smaller spatial correlation lengths, as they exhibited more complex flow patterns.

Contaminant transport analysis revealed that, while the average removal efficiency across wetlands with the
samemean residence time does not vary significantly, greater topographic variability results in a higher
variability of the removal efficiency, which is more pronounced under the conditions of lower vegetation
density. This suggests that while bulk perfornean@y be predictable based on the mean residence time
and the average areal removal rate, the particular spatial configuration of bed features can significantly
impact treatment reliability.
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We also examined the effect of the spatial resolution of bathinaetd vegetation data on the prediction of
residence time and solute treatment in shalleter wetlands. Using synthetic wetlands with spatially
correlated random fields for bed elevation and vegetation density, we quantified howgraarisg the
input data impacts model outputs. The median error in nominal residence time was generally small,
although its variability across realizations increased with larger topographic heterogeneity. The variance of
residence time was the most sensitive metric, éxingoa tendency to be underestimated as the grid size
increased. In contrast, errors in outlet concentration remained relatively smé@a) @&en for grid sizes
up to 15 times the correlation length of the bed features, suggesting that outlet coimetdgratore
strongly correlated with nominal residence time than with its variance.

For the range of vegetation stem density variability considered here,-goairseg vegetation patterns had a
less significant impact on both residence time metrics atidtaconcentration compared to bathymetry.
This result, however, may not hold if vegetation were organized into{acgé structures with preferential
low-density pathways, which would likely channel flow along paths of minimum resistance. Such
configurations were not considered in this study.

A few important limitations should be noted. The results presented in this study were obtained under the
assumption of uniform vegetation stem density and diameter across the wetland. The potential interaction
betveen vegetation density and water depth, which was not explored here, represents an important direction
for future research. In natural systems, vegetation structure and bed topography often covary, as vegetation
tends to establish preferentially in zordsspecific depth or flow conditions. Such spatial coupling can
modify the local hydraulic resistance and feedback on flow organization, potentially amplifying or
dampening the resolution effects observed in this study. For instance, correlations beswated areas
and sparse vegetation might enhance stiortiiting at coarse resolution, whereas vegetation concentrated
in depressions could counteract flow acceleration by increasing resistance. Exploring these coupled effects
would provide a more reatis understanding of how spatial heterogeneity influences model sensitivity to
input resolution.

Moreover, the use of shallewater and deptlaveraged solute transport models, while computationally
efficient, relies on a few simplifying assumptions. Veticariations in flow and solute concentration are
neglected, which may reduce accuracy in systems with strong stratification, highly heterogeneous
vegetation, or vertical gradients at the inlet. As a result, the findings presented here should beéhterpret
within the limits of twadimensional, deptlaveraged dynamics, and caution should be exercised when
extrapolating to wetlands where thh@ienensional circulation or vertical mixing processes play a dominant
role. These limitations should be considerdwwinterpreting the results, especially for more complex or
heterogeneous wetland systems.

Despite these limitations, the findings underscore the importance of accounting for bathymetric variability in
wetland design, as strategically incorporating toppbic diversity can enhance residence time
distributions and improve contaminant removal. The work also provides a quantitative framework for
evaluating how input data resolution influences the reliability of shaNater wetland models, identifying
condtions under which coarsgraining remains acceptable. In practical terms, the results indicate that
when grid spacing or survey resolution is smaller than roughly half the dominant correlation length of bed
topography, errors in hydraulic and treatmentriogtremain within a few percent. Beyond this threshold,
uncertainty increases rapidly, particularly in wetlands with highly variable microtopography. These insights
provide a basis for selecting appropriate grid resolutions or survey intervals that tiedlespatial
heterogeneity of the site.
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Microplastics are persistent contaminants in fluvial sediments, yet the processes controlling their redistribution
remain poorly understood. We use a numerical model, basseldimenitransport relationships, to simulate

the settling, resuspension, and downstream transport of microplastic particles in two contrasting river systems
over a oneyear period. Simulations start from an initially uniform sediment concentration amches®
additional inputs, so that final distributions reflect only hydrodynamic transport and particle retention governed
by river morphology and particle density. The model reproduces key patterns observed in previous empirical
studies, including strongpatial heterogeneity in beskdiment microplastic concentrations and pronounced
redistribution during higiflow events. Lowdensity particles are widely mobilised even under moderate flows,
whereas higidensity particles accumulate preferentially in zodes/nstream of abrupt increases in shear
stress. Channels with more spatially abrupt variations in shear stress, such as the Irwell, exhibit highly
heterogeneous microplastic redistribution, whereas systems with more gradual hydraulic patterns, like the
Mersey, show stronger downstream retention within depositional reaches. These results demonstrate that
sediment microplastic concentrations are highly dynamic and -evieen, and that apparent changes at
monitoring sites may reflect internal redistributicgther than changes in catchment inputs. The study
highlights the value of physically based sedimeabsport models for interpreting microplastic distributions

in rivers and for identifying persistent retention zones.

The pervasive presenoé microplastics in aquatic environments has emerged as a significant environmental
concern in recent decadéBhompson et al. 2004; Eerk&fedrano et al. 2015)Microplastics, defined as

plastic particles smaller than 5 mm in size, have been detected in various freshwater ecosystems worldwide,
from urban rivers to remote streafgagner et al. 2014; Mani et al. 2015he ubiquity of these particles in
riverine systems is particularly alarming, as rivers serve as critical pathways for the transport of plastic debris
from terrestriasources to marine environmeiftebreton et al. 2017; Schmidt et al. 2017)

The global production of plastics has increased exponentially since the 1950s, reaching 359 million tonnes in
2018(PlasticsEurope 2023This surge in production, coupled with inadequate waste management practices,
has led to a substantial influx of plastic waste into the environifdambeck et al. 2015Recent estimates
suggest that between 1.15 and 2.41 million torofeplastic waste enter the oceans via rivers annually
(Lebreton et al. 2017However, rivers are not merely conduits for plastic transport; they also act as temporary
sinks and sources of microplastics, influencing thestridhution and fate within catchmengllurley et al.

2018; Windsor et al. 2019)

The presence of microplasti in riverine ecosystems poses potential risks to freshwater organisms through
various mechanisms. Direct ingestion of microplastics has been observed in numerous aquatic species,
potentially leading to physical harm and reduced feeding effici€Bckerer et al. 2017; Triebskorn et al.

2019) Moreover, microplastics can act as vectors for the transport of persistent organic pollutants and other
contaminants, potentially exacerbating their toxicological effects on itatehman et al. 2013; Koelmans et

al. 2016)

Despite the growing recognition of microplastic pollution in rivers, the physical processes governing their
transport, deposition, and resuspension remain poorly under@food et al. 2018) Traditional sedimen
transport models have been widely used to describe the movement of natural particles in fluvialBjjstems
1984; Garcia 2013However, the applicability of these formulations to mitaspics, which exhibit diverse
shapes, sizes, and densities, is not well establ{steallein et al. 2019; Waldschlager and Schuttrumpf 2019)

Recent field studies have provided valuable insights into the distributiohetiagiorof microplastics in
rivers.Hurley et al.(2018) demonstrated that higlow events can remobilize substantial quantities of
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microplastics stored in riverbed sediments, highlighting the dynamic nature of microplastic transport in fluvial
systems. SimilarlyMani et al.(2015) observed variations in microplastic concentrations along the Rhine
River, sugesting the influence of local sources and hydrodynamic conditions on their spatial distribution.

The complex interplay between hydrodynamic processes and microplastic transport necessitates the
development of robushodelingapproaches to predict the@ité andehaviorin rivers(Kooi et al. 2018)Such

models can provide valuable tools for assessing microplastic accumulation patterns, identifying potential
hotspots, and evaluating the effectiveness of mitigation straté@iebetts et al. 2018)However, the
development of accurate microplastic transport motides several challenges, including the heterogeneity

of particle properties, the influence of biofouling on parti@é@avior, and the limited availability of field data

for model validation(Koelmans et al. 2016; Waldschlager and Schittrumpf 2019)

Recenimodelingefforts have attempted to address these challenges by incorporating micrajplesific
parameters into existing hydrodynamitdasediment transport framework$izzettoet al.(2016)developed

a probabilistic model to simulate microplastic transport in the Danube River, considering various particle
properties and environmental factors. SimilaBgsselinget al.(2017)proposed a spatially explicit model for
nanoplastic transport in rivers, accountingHetereaggregatiorand sedimentation processes. These studies
have provided valuable insights into the potential fate of microplastiogerine systems, but further research

is needed to validate and refine thesedelingapproaches across diverse environmental conditions.

The role of extreme weather events, such as floods, in the redistribution of microplastics within river networks
is of particular intereqiHurley et al. 2018)Climate change projections suggest an increase in the frequency
and intensity of extreme precipitation events in many redidGC 2021) potenially altering the dynamics

of microplastic transport and accumulation in rivers. Understanding the impact of thedewighents on
microplastic mobilization and downstream export is crucial for assessingdongtrends in microplastic
pollution anddeveloping effective management stratedi@mdsor et al. 2019)

In light of these knowledge gaps, this study aims to evaluate the applicability of existing sediment transport
formulationsfor representing microplastic transport, deposition, and resuspension in fluvial systems across
contrasting flow regimes. By developing a coupteadelingframework that combines hydrodynamic
simulations with a custom patrticle transport module, we see@kpmve our understanding of microplastic
dynamics in rivers and provide a foundation for predicting their-teng retention and mobility within
catchments.

The Irwell Mersey river network in Greater Manchester, UK, serves as a case study for
this modelingapproach. This urban river system has been the subject of previous microplastic investigations
(Hurley et al. 2018)providing valuable field data for model comparison. By simulating botHlpoe
andflood conditions during theinter of 2015, includindpecember 2015 Boxing Day event, we aim to
elucidate the impact of higthow events on micrdpstic redistribution and downstream export.

Greater Manchester comprises four main river catchments: the Irwell, Upper Mersey, Lower Mersey, and
Douglas. This study focuses on the Irwell (793 km?2) and Upper Mersey (734 km?) catchmentsgetiar

include nearly 50 water bodies. The principal tributaries of the River Mersey are the Irwell, Tame,
andBollin. The River Irwell originates in the western Pennine uplands, where deeply incised valleys drain
moorland peat soils. From its headwatdhg Irwell flows southward to its confluence with the RiRecchat
Radcliffe Ees, south of Bury. ThRochitself rises orChelburnMoor in the Pennines and flows southwest
before joining the Irwell. Downstream, the Irwell continues southeast througinltae core of Manchester,
where it meets the Rivers Irk and Medlock.

The River Mersey is formed at the confluence of the Rivers Tame and Goyt in Stockport and is fed by three
main tributariesthe TameEtherow, and GoytHigure14). Each of these sutatchments rises on the western

slopes of the South Pennines and is characterised by steep, narrow headwater channels that transition into
broader, lowgradient alluvial plains downstream. Both the Irwell and Upper Mersey ultimately discharge into

the Manchester Ship Canal.
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Figure 14. Case studyiver network. The channels selected for hydrodynamic raimmloplastictransport
simulations are shown in red.

Mean annual precipitation is 1,257 mm in the | rw
Corresponding mean r3%aer Adies phar dves rdiaeAshioreWelr ) ma n ¢
(Mersey).The two catchments are among the most urbanised in the United Kingdom. Industrialisation along
the main tributaries dates back to the 18th century, and its legacy remains evident in
bothhydromorphologicahlterations and pollutant eemulation. Regular deposition of physical waste and
elevated microplastic concentrations have been documented along makigtes. Major population centres

within the catchments include Manchester (530,300 inhabitants), Stockport (284,500), Salg@e33R3
Rochdale (211,699), Bolton (139,403), Oldham (103,544), and Bury (60,718).

Topographically, the catchment area ranges from approximately 20€.lmn the uplands to 10 ans.l. near

the outlet, while the main river reaches considerddini s st udy | i e bastl\wdaensive 300
suburban expansion over recent decades, together with numerous small industrial zones, has contributed to
substantial nomoint and poirtsource pollution. Industrial effluents, textile and plastic ufiacturing waste,

and urban runoff are major contributors to microplastic contamination within the Irwell and Upper Mersey
systems.

Flow hydrodynamics in the river network was modelled using the software-R#ESC (Hydrological
Engineering Centré River Analysis System), developed by the US Army Corps of Engineers. The
simulations are based on thé1SaintVenantequations, including the continuity equation,

1010
1ol o
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and the momentum equation,
Ot Q 08"y Y
? ® G

wherez  m "® Tyisthe bedshearstregs; 5 M m "QQ j isthe critical shear stress for erosion,
r p is a user specified multiplier for erosiany  p is a user specified multiplier for critical erosion
stress, and  p® is a user specified exponent for rophesive erosion stress.
IR 5 T
Y vED SJ.‘$ TU o
0
The river geometry used the hydrodynamic model was derived from Ze@solution Digital Terrain Models
(DTMs) made availabléy the UK Environment Agency. Frothe DTM,a fewhundred crossections were
extracted along each river reach, allowing for a detailed representatioanvfetlyeometry and topography.
The roughness parameterisation was calibrated using stage observations from the River Flow Archive at
selected control stations. This calibration resulted in Manning coefficients ranging from 0.025 te 0.8%5
consistehwith values typically associated with relatively smooth grdnesl and alluvial channels.

Transient hydrodynamic simulations were driven by daily discharge hydrographs applied at the upstream
boundaries and at lateral inflow locations. Because only datia were available, the flood peaks used in the
model are likely lower than the true instantaneous peaks that would appear irrbggheation (e.g., hourly)

records. This limitation should be kept in mind when interpreting the transport dynamiasg ligtirlow

periods. The simulations were carried out with a fixed time step of 1 s, ensuring numerical stabiiitheand

step independence. The full simulation period spans one year, from 15 June 2015 to 14 June 2016, matching
the time window used for ghmicroplastic transport analysis.

In the hydraulic simulations, upstream boundary conditions for the Irwell, Tame and Goyt rivers were
prescribed using observed discharge data obtained fronktiNational River Flow Archive. These measured
hydrographs were applied directly at the upstream nodes ofEh&dintVenantmodel, ensuring that the

inflow signals entering the main river branches reflected authentic hydrological variability rather than
modelled runoff.

To represent the additional runoff contributions generated within the model domain, distributed lateral inflows
were estimated using a rainfalinoff approach based on the SCS Curve Number method. The catchment was
subdivided into a ses of laterabubcatchmentassociated with individual reaches of the Irwell system. For
eachsubcatchment, daily precipitation was transformed into surface runoff using the Curve Number method,
which relates rainfall depth to runoff production accordimdand cover, soil type and antecedent moisture.
These runoff depths were then converted into daily mean discharges according to the contributing area.
Because runoff generated in this way responds immediately to rainfall, a simple hydrologic routkclgifgroc

was applied to give the resulting hydrographs realistic timing and attenuation characteristics before they were
introduced into the river model. This routing was implemented using a single linear reservoir for
eachsubcatchment, which acts as a baticagérelease model. In practice, the linear reservoir smooths sharp
variations in the raw runoff series and introduces a delay that reflects travel times through hillslope pathways,
small drainage channels and the minor tributary network not expliepisesented in the hydraulic model.
Eachsubcatchmentwas assigned a storage time constant consistent with its size, meaning that smaller areas
produced more responsive routed inflows while larger areas exhibited slower, more attenuated hydrographs.
The outed series were then used as lateral inflows along the corresponding river reaches.

A formal calibration of the linear reservoir routing was not undertaken, because the purpose of the routing step
was not to reproduce detailed tributary hydrographsttyirovide a physically plausible translation and
attenuation of rainfaltlerived runoff before it entered the river network. The storage constants assigned to
eachsubcatchmentvere based on indicative values reported in the hydrological literaturetébm@nts of

similar size and physiographic characteristics, and were scaled accorsliig#bchmerdrea so that smaller
catchments responded more rapidly than larger ones. Sensitivity tests showed that the hydraulic model results
were not strongly depéent on modest variations in these routing parameters, confirming that the chosen
values were sufficiently robust for the intended use within the Samantframework.
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The same rainfaltunoff and routing procedure was used to estimate inflows fromitrer Medlock, which

enters the Irwell system within the modelled domain. A dedicated Medldstatchmentvas defined, and its
rainfall-driven discharge was generated and routed in the same manner as the distributed lateral inflows. The
resulting Medlockhydrograph was inserted into the model at the appropriate confluence node.

Together, this approach provided a consistent hydrological forcing structure for the hydraulic simulations:
gauged flows controlled the major upstream boundaries, while tributdrgistributed inputs were supplied
through rainfalrunoff modelling coupled with lineareservoir routing to capture the essential timing and
magnitude of runoff generated within the basin.

Figurel5shows daily discharge records for the River Irwell at Adelphi Weir and the River Mersey at Ashton
Weir over the period from 15 June 2015 to 14 June 2016. These hydrographs do not comeébpamstream
boundary conditions used in the hydraulic simulations; instead, thaychrded to illustrate the general flow
behaviour in the catchment during the study period and to provide context for the hydrological conditions
under which the modekdas runFigure 15a presents the discharge record for the Irwell at Adelphi Weir,
while Figure15b shows the corresponding record for the Mersey at Ashton Weir.
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Figure15. Daily discharge hydrographs for the study period from 15 June 2015 to 14 June 2016: (a) River
Irwell at Adelphi Weir and (b) River Mersey at Ashton Weir. Both rivers show a prolongefiolaw
period from June to late October (daily dischar-e& 5 m’s'?), followed by a winter season
characterised by multiple higlow events. The largest flood agted on 26 December 2015 (Boxing
Day), with peak daily discharges of 476shhin the Irwell and 105 fs ! in the Mersey. Daily values
are shown because highesolution discharge data were not available; actual hourly peak flows during
storm events werkkely substantially higher.

Both time series exhibit a pronounced seasonal pattern. Frordumédto the end of October, the two rivers
experience a sustained ldlew period, with typical daily discharges of approximatelys4 3sit. This is
followed by a winter period characterised by frequent Hiigiv events and several major discharge peaks.
The most significant flood occurred on 26 December 2015 (Boxing Day), when the Irwell reached a peak daily
di s char g? coriparddivgh 165 fd®in the Mersey. After the winter floods, both rivers returned

to relatively low flows as the hydrological year progressed into late spring and early summer.

It is important to note that these hydrographs represent daily averaged discharges. Hiudlbywseduring
individual storm events would have been substantially higher; howevendsghtion data were not available
for this study. As a result, daily discharge series were used for all model inputs.

The microplastis transport model is based on the adveatiispersion equation with source/sink terms
describing storage in the sediment bed and resuspension from it, and follows a formulation similar to that
proposed by Knightes et #2019) The governing equations of the particle transport model are as follows:
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whered is the concentration of microplastics in watferjs the concentration is the sedimehis the flow
crosssectional area) is the crosssectional area of the sediment layeris the channel widthQ is the
longitudinal dispersion coefficier, is the settling velocity, and is the resuspension velocity.

Equationg4)i (5) represent a twiayer model where the upplayer is the river channel, and the lower layer

is the sediment bed. Settling, deposition, erosion, and resuspension are modelled through thelvedocities

0 , which depend on particle parameters and the properties of the flow. The equatiorigedresog the

flow profiles obtained from the HERAS simulations. The combination of thdlunsteady flow simulations

with the particle transport model provides a space and time dependent representation of the transport process.

The sétling velocity 0 is calculated as a function of particle density, water density and absolute viscosity,
depending on the particle diameter,

Y "QO 0 nail
I’ pLIJ p
0 Pt — == . , : e
2 p ™Mty p @ prnm O pl |
1P
v, pd "GO o pii
where
v 0 QO
lTl

is a reference Reynolds number based on the particle digdhatet the reduced gravitational acceleration,

0 Q— p

t is water viscositym is water density, ang is the particle density.

The resuspension velocity is for the particles that are eroded from the sediment and enterdprerg the

water column. This is applicable when the bedload shear stress is greater than the critical shear stress

Z - Not all particles will eperience resuspension, as this depends on the value of the shear stress compared
to the critical shear stress. Following Knightes ef20119) the resuspension velocity is defined as:

VIO V]
where:
T L
0 B R QAL
? MRS T Ts
Vg p 0 TU
whered.  z Im is the shear velocity.f, Z 7Tm is the critical shear velocity for resuspension, and
P — T —

is the critical shear stress.
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The van Rijn equation is used to calculate the-caimesive erosion velocity, :
v @

where:

is a proportionality constant, and

T ts
— 1t
t, Th "

T T th

wherez m "® Tyisthebedshearstregs; 5 m m "QQ j isthe critical shear stress for erosion,
r p is a user specified multiplier for erosian;  p is a user specified multiplier for critical erosion
stress, and  p® is a user specified exponent for rophesive erosion stress.

The numerical partickransport model was implemented in MATLAB, using a Fortran MEX routine to solve
the advectiondispersion component of the governing equations. River profiles generated iRAE@ere
imported into MATLAB to extractlbw variables such as velocity, water depth, and bed shear stress. These
fields were then interpolated onto the computational grid of the transport model.

The initial microplastic concentration in the sediment was assumed uniform, with no upstreamipputicle

The model computes resuspension and settling rates, allowing sefiouet particles to be entrained when

the local bed shear stress exceeds the critical value. Once in suspension, particles are transported downstrean
by advection and dispersionédimay resettle further along the channel.

The model outputs two primary variables: (i) particle concentration in the water column and (ii) particle
concentration in the sediment. Both are normalized by the initial sediment concentration. Becauseamo upstre
or lateral particle inputs are considered, sudaager concentrations quickly decline toward zero, increasing
only during highflow events that trigger resuspension. Given the limited-teng relevance of surfasgater
concentrations, this study fases on microplastic concentrations in the sediment.

The advectiordispersion equation with soursenk terms is solved using a fini®lume scheme and a
fractionatstep timeintegration method. The advective term is treated first, using a slamtiringscheme

with totakvariationdiminishing slope limiters. The diffusive and soursiek terms are then solved with a
first-order explicit method. A constant time step of 1 s is used. Simulations are performed for various particle
diameters and specific giities.

Longitudinal profiles of flow depth and bed shear stress were computed for both the Irwell and Mersey study
reaches under representative {ffow conditions and during the Boxing Day 2015 flood event. Thesfles
characterise the hydraulic forcing acting along each river corridor and provide the physical context for the
subsequent transport analyses.

Under lowflow conditions, the Irwell exhibits substantial spatial variability in water depth along ken20
study reachKigure 16a). Depths are typically below 0.8.8m, with deeper pools occurring intermittently.
The corresponding sheatress distribubn (Figure 16b) reflects this heterogeneity: for much of the reach,
shear stresses remain beloM 2ni 2, but several short segments show markedly t#ewaalues. Local peaks
exceed 5N mi 2, and in a few constricted or shallow sections stresses rise addy &i 2, indicating zones

of enhanced potential bed activity even during baseflow.
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During the Boxing Day 2015 flood event, the hydraulic regime ghamramatically. Flow depths increase
across the entire reach, often by an order of magnitude relative to low flow, and shear stresses rise accordingly
(Figurel6ar b). Values exceeding 130 N mi 2 become widespread, with local maxima surpassing@8i

2. These conditions suggest extensive sediment mobilisation and efficient downstream transport during the
peak of the event. Compared with low flow, fheakflow shearstress field is both more energetic and more
spatially continuous, reflecting the strongly flushed hydraulic state of the river during the flood.

The Mersey reach displays a more irregular esestional geometry, resulting imeghly heterogeneous flow
depth pattern under leflow conditions Figure16c). Depths range from less than thdn shallow sections
to over 0.8m in local pools. The corresponding shetess profile Figure 16d) shows a similarly patchy
structure, with values typically belowN2mi 2 but several lcations exceedingiy N mi 2. One segment near
15/ 16 km reaches nearly 20 mi 2, indicating locally intense hydraulic forcing even during baseflow.

During the Boxing Day flood, the Mersey experiences a substantial and widespread increase in flow depth,
with long sections exceeding 2m (Figure16c). The sheastress profile also intensifies markedBigure

16d). Stresses commonly exceedNLéni 2 along extensive portions of the reach, and peak valuesiof 20
30N mi 2 occur especially in the central and lower segments. These conditions imply a high degree o
sediment entrainment potential throughout much of the system during peak discharge.

The two systems exhibit distinct hydraulic signatures. The Mersey generally sustains deeper flows and broader
sections with moderately elevated shear stress, wheredswiie displays sharper, more localised peaks
associated with narrow or constricted channel sections. During the Boxing Day flood, however, both rivers
transition to hydraulically energetic states characterised by high and spatially extensive shear Bhresse
contrasting and everlriven hydraulic regimes form the physical basis for the analyses presented in the
following sections.
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Figure 16. Longitudinal profiles of ground elevation, simulated water surface elevation, and shear stress for
the Irwell (ab) and Mersey (d) Rivers under lowlow conditions (10ctober2015) and during the
Boxing Day 2015 flood. Ground elevation, extracted froBTaM, exhibits stepped morphology along
both channels. Water surface profiles are obtained from hydraulic simulations driven by daily averaged
discharges, and therefore represent mean conditions rather than instantaneous peak levés.drahels
(c) shav the ground and water surface elevation along the river reaches, whereagyaaeds (d)
present the corresponding shear stress distributions. The comparison betwesrdlbwghflow states
highlights substantial increases in water depth and shesssstiuring the flood event, indicating
enhanced potential for sediment and microplastic transport.
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Figure17 presents the siulated redistribution of microplastics in the bed sediment of the Irwell and Mersey
Rivers over the ongear period from 15 June 2015 to 14 June 2016. The simulations begin from an initially
uniform microplastic concentration and assume no further inpaitthat the final concentrations reflect only
the effects of hydrodynamic transport, deposition, arehteainment driven by the observed flow regime. The
reported values represent the ratio between the simulated concentration in the sediment af the padod

and the initial value§ 76 . These are shown for particles with diamé®er ¢ wirl , which is the average
particle diameter found in the experimental analysis of Hurley @il8) and a range of specific gravities.
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Figure 17. Normalized microplasticoncentrations in the riverbed sediment along the Irwell River after one
year of simulated transport (15 June 2015 to 14 June 2016). Simulations start from an initially uniform
sediment concentration and assume no additional inputs during the yeais Respitesented as the ratio
between the final and initial concentrationd0 , as a function of the distance from the downstream
outlet. All simulations use microplastic particles with diamé&der ¢ wm and consider a range of
specific gravities, from 1.025 to 1.8.
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Figure18. Normalized microplastic conagations in the riverbed sediment along the Mersey River after one
year of simulated transport (Jbine 2015 to 14 June 2016). Simulations start from an initially uniform
sediment concentration and assume no additional inputs during the year. Repudtsaaried as the ratio
between the final and initial concentrationdo , as a function of the distance from the downstream
outlet. All simulations use microplastic particles with diamé&er ¢ wm and consider a range of
specific gravities, from 1.02%® 1.8.

For the Irwell River Figure17a), the longitudinal patterns reveal substantial spatial variability in the degree

of microplastic retention and loss. For the lowest specific gravity considergd (.025), concentrations
remain close to the initial value in only a few short segments, while most of the reach exhibits values
approaching zero, indicating widespread mobilisation and downstream export. Several narrow zones,
particularly near 0.km, 3.5km, 8.8km, and 10.km from the reach outlet, display values exceeding four
times the initial concentration, suggesting localised trapping associated with channel morphology or reduced
shear stress.

As particle density increases, the persistence of microplastics in the bedelseamre pronounced. For

s.g.= 1.1, the overall pattern of depletion is still dominant, but multiple sections show moderate to strong
accumulation, including peaks near 1k and 14.km from the reach outlet. Heavier particlegg(= 1.3

ands.g.= 1.5) exhibit more frequent and more substantial retention, with pronounced concentration maxima

at 12.1km, 14.1km, 17.4km, and 19.4«m. The highest density class.d.=1.8) further enhances this
behaviour, producing consistent accumulation in downsteraas and several zones of moderate enrichment
upstream. These trends indicate that particle density exerts a strong control on the balance between transport
and retention, with heavier particles being more likely to remain in or return to the bedriglloighflow

events.

The Mersey RiverKigure 17b) shows similar qualitative behaviour, characterised by strong vdritemn
redistribution and clearsisitivity to particle density. Lowdensity particles experience widespread depletion
along much of the river, while heavier particles show increasing spatial clustering and pronounced local
enrichment. In both rivers, peak discharge events during therwiminths play a dominant role in shaping

the final concentration patterns, as they promote extensive remobilisation and subsequent redeposition once
flows recede.

Overall, the results demonstrate that the longitudinal redistribution of microplastighig tiynamic and
strongly dependent on the hydrological regime and particle densityfidigland flood events drive extensive
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mobilisation, while local channel characteristics and detsg@pendent settling velocities govern the locations
of longterm rdention. These patterns have important implications for identifying persistent microplastic
hotspots and for understanding how episodicHfigiv events shape loagrm contamination profiles in river
systems.

Our simulations provide a mechamstnterpretation of the strong yetr-year changes in sediment
microplastic concentrations documented empirically by Hurley et al. (2018) across the Irwell and upper Mersey
catchments. Despite starting from an initially uniform microplastic load anchasgno additional inputs, the

model reproduces three key patterns observed in theiri8piyl 2015 to MayJuly 2016 dataset: (i) large
overall reductions in besediment microplastic concentrations following the 2015/16 winter floods, (i)
pronounced sl heterogeneity and the formation or disappearance of localized hotspots, and (iii}- density
dependent differences in mobilization and downstream redistribution. These agreements indicate that fluvial
transport processes alone, without changes in sdaroes, are capable of producing the rapid sediment
cleansing and spatial reorganization identified in the field.

Hurley et al. (2018) reported substantial catchavede reductions in microplastic staye following the high
magnitude winter floods, with mean concentrations falling by 64% in the Irwell and 81% in the Mersey. Our
simulations reproduce this strong flushing tendency. For both rivers, the normalized sediment concentration
declines markedlytanany locations, with most of the channel bed showing C << 1 by the end of the year.
This is especially evident in the Mersey, where the model exhibits extensiveeneaoncentrations across

most of the reach, consistent with the high flushing effyyeneasured by Hurley et al. Even in the Indell

where hotspots persisted and some locations experienced temporary accunthatioverall pattern reflects

a strong net export of sedimem&pped microplastics under sustained high flows.

These results r €2018)comausian that tloodelated bed scoua &nd lydraulic sorting are
central controls on microplastic storage at the catchment scale. The agreement betweenyear one
simulations and the observed empirical changes across nearly the same hydrologiah{Apgh2015 July

2016) suggests that the dominant mechanisms governing bed storage aredriosesather than source

driven. This finding is significant because Hurley et(2018)also doamented catchmentide declines in
microbead concentrations, even in reaches where inputs from wastewater infrastructure are likely to remain
high. Our simulations indicate that a single hydrological year with elevated winter flows is sufficient to deplete
most of the initial sediment load, highlighting the sensitivity of microplastic retention to flow regimes and
sediment mobility.

One of the central insights from Hurley et al. (2018) is the extreme spatiabderteity of microplastic
contamination, including both persistent hotspots (e.g., the Tame, Tonge, and Roch) and sharp spatial
transitions linked to land use, sewer overflows, and channel hydraulics. Our simulations, despite using a
uniform initial sedimenload and no source variability, produce comparably abrupt changes in concentration
along both rivers. This is most evident in the Irwell, where several kilometres of minimal concentrations are
interspersed with sharp peaks that exceed the initial contientby factors of 4.

Because the model does not include any spatial variation in external inputs, these local maxima must arise
from hydraulic controls, such as sediment sorting, local reductions in shear stress, and transient deposition
during declinng limbs of peak flows. Hurley et &2018)interpreted the spatial contrast between adjacent

sites in the Irwell (for example, microbeddminated sediments upstream and fragrdeminated sedients
downstream of Manchester) as evidence for localized source influences and sewage infrastructure. Our results
refine that interpretation by demonstrating that hydrodynamic controls alone can generate strong local
contrasts, even in the absence of selreterogeneity. This implies that the observed hotspot variability in the

field likely reflects an interaction of two factors: (i) spatial patterns in inputs and wastewater infrastructure,
and (ii) reackscale hydraulic sorting processes that amplifyuppsess these inputs locally.
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The simulations also show that heavier particles
accumulationthanlomd ensi ty parti cl es . (201B)enwiricaliobsenatiorsthathighetr ey e
density microbeads and fragments were disproportionately retained at certain sites, including the Tame hotspot
that intensified after the 2015/16 floods. The persistence of thesedégiity materials irpredictable

hydraulic retention zones lends further support to the notion that hotspot formation is governed-byaleach
topography and flow variability rather than simply by proximity to urban sources.

Hurley et al (2018) emphasized that microplastic density is a major determinantiodinmel storage, noting
that 38% of the total stored mass consisted of sealatgrant plastics. They also reported distinctive post
flood changes in the relative abundance of ofieads, microfibres, and fragments, with fragments being
preferentially removed. Our simulations help explain these patterns mechanistically.

Forlowdensity particles (s.g. a 1.025), concentrat.i
showirg nearcomplete removal within one year. This matches Hurley et (20%8) documentation of
widespread microbead and fragment flushing and thetot&drcleansing of several headwater reachres.
contrast, particles with higher density (s.g. =i1.8) show markedly more complex behaviour: enhanced
retention at miegreach locations, increased trapping indsiear zones, and even local accumulation exceeding
initial levels. This aligns closely Wi Hurley et al.'(2018) findings that some highensity microbeads
increased from 14,000 to over 70,000 k@t the Tame site after the floods, while most other locations saw
declines.

Thus, thesimulations confirm that density controls not only the overall likelihood of remobilization but also
the spatial structure of subsequent sediment storage. Lighter particles are mobile across most of the
hydrograph, whereas heavier particles respond irglalyhepisodic manner, mobilized only by the largest
floods and often redeposited locally rather than exported.

Comparison of the microplastic concentration profiles with the sttesgs priiles shows that the distributions
of microplastics do not simply arise from the magnitude of shear stress, but from how shear stress changes
along the river and how these changes interact with local morphology.

Along the Irwell, shear stress during thedil displays strong spatial variability, with several moderate peaks

and one exceptionally high value of approximately R38i 2 at around 17.6 km upstreaRidurel6b). When

examined together with the microplastic concentrations, a coherent pattern emerges: the largest microplastic
accumulations tend to occur just downstream of major increases in shear stress, rather than immediately at the
peakstressd cati ons t hemsel ves. These peaks represent
suddenly becomes much more competent. Microplastics travelling from upstream sections would have
encountered these intense highess zones and been transported efiity through them. The higher
concentrations found downstream of these {sighss sections suggest that particles were delivered from
upstream during peak flows but eventually settled as the flow decelerated downstream of the sterpshear
gradients

For example, immediately downstream of the extreme stress peak at 17.6 km from the reach outlet, the
normalized concentration reaches one of its highest values at around 17.4 km. This supports the interpretation
that sharp upstream increases in sheasstpromote downstream deposition, where the flow transitions from
highly energetic conditions to more moderate ones. In contrast, long stretches of uniformly low shear stress do
not necessarily correspond to increased deposition, implying that local geenoontrols (podlriffle
structures, channel widening, or bank irregularities) modulate the influence of hydraulic drivers.

The Mersey exhibits a more gradual sk&taess pattern, with much lower magnitudes (generally M 202
compared to the Irwell, and only a few moderate peaks. Microplastic concentrations are strongly skewed
towards the downstream portion of the reacimajor accumulation zone occurs within the fir& km from
the outlet, corresponding to a combination of relatively low shear stress and favourable depositional conditions.

Upstream of 8 km, where shear stresses increase slightly but remain moderaentcainans drop to near
zero and remain negligible all the way to the upstream boundary. This indicates that the downstream part of
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the Mersey provides effective retention zones, whereas the upstream sections, despite having modest shear
stresses, lack thmorphological features required to trap particles during and after the flood. The river thus
behaves like a transpestbminated system upstream and a depositional system downstream.

Hurley et al. (2018) estimated that 43 + 14 billion microplastic particles were exported from the Irwell and
Mersey catchments during the 2015/16 winter floods, including 17 + 5.6 billion sedwatgnt particles,
equivalent to roughly 018.% of theglobal surface ocean microplastic burden. Although our model does not
explicitly compute fluxes, the widespread transition from initial concentrations tezeeawvalues along both
rivers clearly reflects efficient export of the initial load. The sinedgbatterns therefore reinforce Hurley et

a | (2@l8)conclusion that even modest catchments can export globally significant microplastic loads during
a single hydrological year.

Finally, the modkoffers insight into how management strategies might interact with hydrological variability.
Hurley et al(2018)noted that recent microbead bans may allow rapid recovery of channel beds,tioaide

flood events mobilize contaminated sediments. Our results show that, even without the removal of ongoing
inputs, fluvial processes themselves can reduce bed storage substantially during wet years. Conversely, in
hydrological years with few higmagritude events, heavglensity microplastics may persist in sediment
stores, especially in retentigmmone reaches. These findings suggest thattemg monitoring programs and
sediment management strategies need to explicitly account for interannual gigditadariability and density
dependent differences in transport potential.

The numerical simulations presented here provide a mechanistic framework for interpreting-tbeygaar
changes in sediment microplastic concentrations documentétuthgy et al.(2018)in the IrwellMersey

system. Starting from a uniform initial distribution and assuming no additional inputs, the model reproduces
the strong spatial heterogeneity and subgtatgmporal variability observed in the field, demonstrating that
internal redistribution driven by hydrodynamic forcing is sufficient to generate the patterns measured between
2015 and 2016.

The simulations confirm that winter high flows, particularlg thecember 2015 flood, exert dominant control
on microplastic mobility, producing widespread erosion and redistribution edtbeed particles. They also
reveal pronounced densitiependent behaviour: ledensity particles are readily mobilised and dispdr
during moderate floods, while higlensity particles require extreme events for significant transport. These
mechanistic insights align closely with polyrsgrecific trends observed by Hurley et(@018) strengthening

the conclusion that particle density is a fiostier control on fluvial microplastic dynamics.

Comparisons between the two rivers highlight the influence of geomorphology on storage and transport.
Although the study reaches tesimilar overall slopes, their hydraulic and morphological characteristics differ

in ways that strongly affect microplastic dynamics. The Irwell displays more spatially abrupt variations in
shear stress, with several sharp kigtess sections, whereag tilersey shows broader, more gradual shear
stress patterns. These hydraulic differences <con
redistribution and the Merseyb6s stronger downstre

Overall, the combined evidence indicates thediment microplastic concentrations in fluvial systems are
highly dynamic and strongly evedtiven. Apparent increases or decreases at monitoring sites may reflect
redistribution rather than changes in catchment loading. Consequently, assessmemtgeof sedtamination

should be interpreted within a hydrodynamic context, and modelling approaches such as the one presented
here offer an essential complement to fiesed monitoring. Together, these insights contribute to a more
robust understanding ofi¢ processes governing the storage, mobility, and persistence of microplastics in
riverine environments.

Beyond the UK case study presented above, the authors have also developed (within the RETURN project)
masstransport models of microplastics and emerging contaminants, with a particular focus on one of the most
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pressing environmental challenges in the \eriRegion: understanding the propagation and fate of PFAS
within the midVenetian river network. In particular, the Agno River (one of the most heavily contaminated
streams in the area) has been selected as a priority system for detailed modelling.

The lorg-term objective is to construct a fully integrated model of PFAS transport in the Agno River. Given
the complexity of this task and the time constraints of the current project phase, only the initial components of
this modelling chain have been developedar. The planned ermbint is a twedimensional, deptimtegrated
hydrodynamic model capable of representing sufflose dynamics in gravebed rivers with complex
geometries, including floodplains that become progressively activated as dischargeseisicréhis
hydrodynamic core will provide the foundation for a coupled contamimansport model that links surface
advectiondispersion with hyporheic exchange processes, accounting for the role of streambed sediments as
transient or longerm contaminat storegsee, e.g., Marion et al. 2008; Botta@nsolin 2019)

Developing such a modelling framewaork requires extremely detailed characterization of channel morphology
and bed roughness elements (such as badfprbes, and clusters) that drive hyporheic flow paths. For this
reason, the first stage of the work has focused onraigbiution topographic surveying of the active channel
and adjacent floodplains, together with direct measurements ofgpali@ and fon-scale roughness. These
surveys were conducted using drdresed photogrammetry technology acquired within the RETURN project
(model: DJI Mavic 3E) with field support from AQUAPROGRAM.

Two initial reaches of the Agno River have now been fully surveyddaam being used to develop the first
dedicated hydrodynamic models. These models will subsequently be coupled with the contaanispaoit
component during the next phase of the work. This activity represents the concluding contribution of the Padua
team to Task 3.1 of the RETURN project.
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The widespread presence of microplastic (MP) contamination is receiving increasimgpmatat ecosystem
level, since these pollutants interact with terrestrial organisms that mediate significant ecosystem services
and functions, such as terrestrial fungi or several invertebrates e.g., pollinating insects. The effects of MPs
on insects arparticularly relevant given the prevalence of these organisms in the environment and the fact
that they provide key ecosystem services: above all, pollinators are inextricably linked to the natural
environment and the production of foods, they maintagareetically diverse angiosperm flora within most
ecosystems and are, thus, essential for food crop pollination and human as well as livestock food security
around the world. Pollination is essential for the sexual reproduction of all seed plants aresgrenfits
to the human population. Despite recent studies have shown a dirdokdiB/ on pollinators, it remains
to understand if the plaspollinator interaction may be affected by MP pollution.

The communication between plants and pollinators égprecally beneficial for each other, as pollinators
enhance plant reproductive success through pollen export and collection, while nectar and pollen serve as
nutrition for pollinators, which are called floral rewards. Flowering plants developed anddvahieus
characteristics to attract or influence the success of pollinators, including different floral features such as
pigmentation, floral signals, floral pattering, floral scents, and nectar secondary metabolites. The adaptation
of floral traits is vial for the attraction of pollinators, and accordingly, any interferences with this adaptation
may have great impacts on pollination process. Pollinators learn to find flowers with high quality or
abundant nectar and it has been shown that they candeavoitl visiting flowers with nectar containing
toxic compounds. The insects can associate floral traits with the taste of secondary metabolites in nectar or
with the negative consequences of accidentally ingesting toxic compounds. It is therefordli¢ ploati
MPs in the soil modify the plant floral and nectar characteristics consequentially interfering with the
memory and the behaviour of insects.

The impact of MPs on ecological interactions was studied Mg tricolor as amodel for plantpollinator
relationships. The effects of MPs were investigated through specific experiments in controlled conditions
of temperature, light and humidity to standardize the environmental conditions.

Specific experiments were ffermed to assess the possible effects ofpdRuted soils on plant flower traits
involved in attracting pollinating insects, such as odor emission, flower number and color, and nectar
patterns (Fig. 1).

Plants oiV. tricolor have bee cultivated in pots containing commercial soil artificially polluted with certified
MPs purchased from chemical companies. Two different plastic types were selected by choosing among
those generally reported in literature for agricultural soils, namelyvipyl chloride (PVC), and
polyethylene terephthalate (PET). The different plastics were tested separately to highlight differences in
the phytotoxicity of the materials.

During the cultivation, plant physiology and development was monitored by pefiotézsurements of
growth parameters (e.g. shoot height, number of leaves, leaf traits through pictures) and photosynthetic
efficiency (Fig. 1). Such measurements were used to identify signs of plant stress. At the flowering stage
the plants were used fohd analysis of volatile organic compound (VOC) emission to identify any
modification in the odor emission profile due to MP treatment. Moreover, plants were sampled for further
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analyses (Fig. 1): i) number of total flowers per plant; ii) flower phenotlypiaracteristics, such as size,
colour intensity, specific patterns; iii) amount of nectar produced through graduated glass capillary tubes;
iv) chemical and nutritional characteristics of nectar, such as sugars and secondary metabolites.

All the measuremnts of MPtreated plants were compared with control plants grown incootaminated
soils, therefore allowing to univocally identify changes in flower and nectar characteristics induced by MP
pollution.

Viola tricolor plants

Physiological and growth analyses
Photosynthesis
* Pigments

Control ¥
Weight and leaf traits

Flower characteristics analyses
- *  Number of flowers

Color of flowers

Size of flowers

@ & * Quality of nectar . 8 ¢
PVC ’ Flower number | Scan of flowers

P> growth chamber till flowering Analysis of Volatile Organic
Coumpounds (VOCs) emitted by

P> soil artificially contaminated flowers, -odors

with 0.5% w/w
(PET) or
polyvinyl chloride (PVC) MPs
‘\ (40-50 um)

Figure 1: Schematic representation of éliperimental setup and performed analyses.

MP-contaminated soils caused several alterations compared with controls (Fig. 2).

Regarding physiological and growth parameters, plants treated with MPs generally showed a lower
photosynthetic efficiencgand chlorophyll content, and a reduction of several leaf traits such as leaf area
and thickness, suggesting that plants suffered some toxicity from MP soil pollution.

Regarding the effects on flower characteristics that may be involved in attractimgfedjiinsects, several
alterations were found in plants grown in soils contaminated with MPs in respect to controls:
1 alower number of flowers;
1 flowers with different pattern of colorations (more yellow flowers).
9 Alterations in the profile of the VOCsratted by flowers. In particular, some compounds were emitted
in a lower quantity, but some terpenes were more abundant;
9 Alteration in the nectar quality. In particular, nectar was richer in sugar content

These findings suggested that soil MP contaminatisay cause interferences in the pipaliinator
interactions with possible consequences for the pollination process.

Understanding the effects of MP contamination on ecological interaction is important to assess possible
ecosystenievel consequences, $uas altered interactions between plants and other organisms, including
pollinators. However, no studies have been performed in this specific direction. Pollinators, such as
honeybees and wild solitary and social bees, interact with plants, air, soilyaaed basins, and are
therefore directly exposed to MPs when foraging (Balzani et al., 2022). MPs have been found in honey, in
several plant species foraged by bees (Biagantes et al., 2020; Liebezeit & Liebezeit, 2013, 2015) and
on the cuticle of hondyees (Edo et al., 2021). Recently, laboratory studies have investigated toxicity of
MP on individual honeybees, showing varying results from low, moderate to high effects on survival
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(Balzani et al., 2022; Buteler et al., 2022; Edo et al., 2021; K. Waalg, 021). However, such studies

have the limitations to use quite artificial laboratory conditions, by feeding the pollinators with sucrose
solutions containing concentrations of MPs. Not much importance has been yet posed in considering more
realisticconditions.

Gaining knowledge about the effect of MPs on plaaitinator interactions is essential considering that
pollinators, especially bees, are relentlessly decreasing world@mldson, 2019; Potts et al., 201)e
to a multitude of stressorsagsed by anthropogenic activity, such as habitat disruption, parasites and
diseases, lack of food, pesticidgfadik et al., 2018)and climate chang@oulson et al., 2015Wide
research is necessary to understand if MPs may represent an addimar@ for bees and to keep safe
these organisms as important as they are at risk.
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Figure 2: Main results obtained from the experiments.
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