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Abstract

Individual traffic is a major source of pollution, especially in urbanized areas where a high and
continuously growing population density leads to an increasing volume of vehicles. As a result,
emissions of traffic related particles (TRPs) are becoming increasingly important and
significant as they may become a threat to health of organisms under uncontrolled release.
Heavy metal containing particles are getting emitted by road traffic and some are deposed on
road surfaces after they go airborne. During rain events deposed TRPs, in addition to particles
in air, are eluted and getting transported in road runoff. TRPs may thus end up in roadside soils,
surface water sediments, surface waters and wastewater treatment plants (WWTPs). TRPs are
mainly produced through exhaust emissions as well as tire wear and brake wear from vehicles
and contain a certain number of heavy metals.

The aim of this study is to determine the concentrations of TRPs in road runoff sediments and
waters. Therefore, samples of road runoff waters and sediments were taken at accessible spots
at a road runoff system of Vienna’s west exit along the river Wien, with a measured traffic
frequency up to 500 vehicles per 15min (Snizek+Partner Verkehrsplanungs GmbH).

Particles from waters and sediments were extracted using 5 dispersing agents. Indeed, in
addition to ultra-purified water (UPW) particle extractions were also performed using 1mM
NasP207 (Sodium Pyrophosphate), 1mM Naz2C.04 (Sodium Oxalate), as well as with the two
surfactants 1% Sodium Dodecyl Sulfate (SDS) and 1% FL-70. Suspensions with theoretical
size cut-off of 10um and 1um particle were obtained by centrifugation. Waters and soil
suspensions were analyzed to determine the distribution (size but also spatial distribution) of
heavy metal containing TRPs.

Firstly, extracted suspensions and reference tire material have been total digested and metal
concentrations of suspensions were measured by conventional inductively coupled plasma mass
spectrometry (ICP-MS). It permits to evaluate the effect of the extraction agents on the
extracted particles but also the spatial distribution of the TRPs between different sampling
spots. Metal concentration in suspensions was also compared to published data of element
concentration in local topsoil and upper crust. Multi element-single particle ICP-MS (ME-
spICP-MS) was performed to get a better understanding on the element associations within
extracted particles.

Potential TRPs were characterized on their chemical fingerprint and element mass ratios.
Applied mass ratios were La/Ce, Ba/Sh, Ba/Pb, Sb/Pb and Cr/Mn which were chosen as this
metal associations appear especially in brake and tire wear particles but may occur also
naturally (e.g., clay minerals) with different and constant mass ratios. Catalyst products have
also been determined by ME-spICP-MS and were defined by the presence of rhodium (Rh),
palladium (Pd), platinum (Pt) as well as cerium (Ce).

Morphologies of dispersed colloids were observed through scanning electron microscopy
(SEM).

Results show a significant change of chemical compositions in the analyzed sediment samples
against the natural background likely caused through the exposure to road traffic emissions.
Potential TRPs could have been identified on their chemical fingerprint and mass ratio in both
runoff waters and sediments samples. Different extraction protocols show variations in particle
concentrations but a constant trend for one certain extraction protocol on delivering enhanced
metal concentrations cannot be observed. The applied method to quantify TRPs in road runoff
offers new insights for the identification of tire- and brake wear as well as catalyst particles in
natural matrices. Also, during this study a protocol to digest sediments containing tire rubber
was developed.



Kurzfassung

Individualverkehr spielt eine bedeutende Rolle in Sachen Umweltverschmutzung, insbesondere in
urbanen Gebieten, in denen eine hohe und stetig wachsende Bevolkerungsdichte zu einem steigenden
Fahrzeugaufkommen fihrt. Infolgedessen werden partikuldre Emissionen aus dem StralBenverkehr
(TRPs) Emissionen immer bedeutender, da sie bei unkontrollierter Freisetzung die Gesundheit von
Organismen gefahrden konnen. Schwermetallhaltige Partikel werden durch den Strallenverkehr
emittiert, bevor sich infolgedessen eine Vielzahl an emittierten Partikeln auf StraRenoberflachen
ablagert. Bei Regen werden die abgelagerten TRPs zusatzlich zu den Partikeln in der Luft eluiert und
Uber den StralRenabfluss weitertransportiert. Dadurch kénnen TRPs so in Bdden am StraRenrand, in
Oberflachengewéssern sowie deren Sedimenten und in Klaranlagen landen. Hauptquellen durch die
TRPs erzeugt werden sind Abgasemissionen sowie Reifen- und Bremsenabrieb von Fahrzeugen.

Ziel dieser Studie ist es, die Konzentrationen von TRPs in Sedimenten und Gewassern des
Strallenabflusses zu bestimmen. Dazu wurden an zuganglichen Stellen eines Stralenabflusssystems der
Wiener Westausfahrt entlang des Wienflusses (Verkehrsfrequenz: ~500 Fahrzeugen pro 15min laut
Snizek+Partner Verkehrsplanungs GmbH), Proben von Stralenabflusswasser und Sedimenten
genommen.

Partikel wurden mit funf unterschiedlichen Reagenzen aus Wasser und Sedimenten extrahiert. So
wurden neben Reinstwasser (UPW) auch Partikelextraktionen mit 1mM Na4P207
(Natriumpyrophosphat), 1mM Na2C204 (Natriumoxalat), sowie mit den beiden Tensiden 1%
Natriumdodecylsulfat (SDS) und 1% FL-70 durchgefuhrt. Durch Zentrifugation wurden Suspensionen
mit einer theoretischen Trenngrenze von 10pm und 1lpm PartikelgrofRe gewonnen. Wasser und
Sedimentsuspensionen wurden analysiert, um die Verteilung (GroRe, aber auch rdumliche Verteilung)
der schwermetallhaltigen TRPs zu bestimmen. Extrahierte Suspensionen und Referenz-Reifenmaterial
wurden aufgeschlossen und die Metallkonzentrationen der Suspensionen mittels konventioneller ICP-
MS gemessen. Dies ermdglicht es, die Wirkung der Reagenzen auf die extrahierten Partikel, aber auch
die rdumliche Verteilung der TRPs zwischen verschiedenen Probenahmestellen, zu bewerten. Die
Metallkonzentrationen in den Suspensionen wurden, anhand verdffentlichter Daten, mit derer lokaler
Oberbdden und der oberen Erdkruste verglichen. Multi-Element-Einzelpartikel-ICP-MS (ME-spICP-
MS) wurde durchgefuihrt, um Aufschluss ber Metalassoziationen in den extrahierten Partikeln zu
erhalten. Potenzielle TRPs wurden anhand ihres chemischen Fingerabdrucks und Massenverhaltnisse
charakterisiert. Angewandte Massenverhaltnisse waren La/Ce, Ba/Sbh, Ba/Pb, Sb/Pb und Cr/Mn, da sie
gleichzeitig in Brems- und Reifenabriebpartikeln aber auch konstant in der Natur (z.B. Tonminerale)
vorkommen. Katalysatorprodukte wurden ebenfalls mittels ME-spICP-MS bestimmt und durch die
Anwesenheit von Rhodium (Rh), Palladium (Pd), Platin (Pt) sowie Cer (Ce) definiert. Morphologien
der dispergierten Kolloide wurden mittels Rasterelektronenmikroskopie (SEM) beobachtet.

Ergebnisse zeigen eine signifikante Verdnderung der chemischen Zusammensetzung in den
untersuchten Sedimentproben gegeniiber dem natirlichen Hintergrund, die sehr wahrscheinlich durch
die Belastung von StralRenverkehrsemissionen verursacht wurde. Potenzielle TRPs konnten anhand ihres
chemischen Fingerabdrucks und ihres Massenverhaltnisses sowohl im Abflusswasser- als auch in den
Sedimentproben nachgewiesen werden. Verschiedene Extraktionsverfahren weissen eindeutige
Variationen in den Partikelkonzentrationen auf. Jedoch konnte so weit nicht beobachtet werden, dass
ein bestimmtes Extraktionsverfahren, erhéhte Partikelkonzentrationen betreffend aller beobachteten
Metalle, gleichzeitig begunstigt. Die angewandte Methode zur Quantifizierung von TRPs in
StralRenabflussen bietet neue Erkenntnisse zur Identifizierung von Reifen- und Bremsenabrieb, sowie
von Katalysatorpartikeln in nattrlicher komplexer Matrix. Aulerdem wurde im Rahmen dieser Studie
ein Verfahren zum Aufschluss von reifengummihaltigen Sedimenten entwickelt.

Vi



Abstract

Il traffico & una delle principali fonti di inquinamento, soprattutto nelle aree urbanizzate dove
una densita di popolazione elevata e in continua crescita porta a un maggiore numero di veicoli.
Di conseguenza, le emissioni di particelle legate al traffico (TRPsS) stanno aumentando e
rappresentano una minaccia per la salute degli organismi in caso di rilascio incontrollato.
Alcune particelle contenenti metalli pesanti ed emesse dal traffico cittadino si depositano sulle
superfici stradali dopo essere state trasportate dall'aria. In particolare durante gli eventi di
pioggia i TRP depositati, oltre alle particelle in aria, vengono eluiti e trasportati nel deflusso
stradale finendo cosi nei suoli stradali, nei sedimenti delle acque superficiali, nelle acque
superficiali e negli impianti di trattamento delle acque reflue (WWTP).

Questo studio mira a determinare le concentrazioni di TRPs prodotti principalmente attraverso
le emissioni di scarico, I'usura dei pneumatici e dei freni dei veicoli nei sedimenti e nelle acque
di deflusso stradale. A questo scopo sono stati prelevati campioni di acque e sedimenti di
deflusso stradale in punti accessibili in un sistema di deflusso dell'uscita ovest di Vienna (lungo
il fiume Wien) con una frequenza di traffico misurata fino a 500 veicoli per 15 minuti
(Snizek+Partner Verkehrsplanungs GmbH).

Le particelle sono state estratte dalle acque e dai sedimenti utilizzando 5 agenti disperdenti:
oltre all'acqua ultra-purificata (UPW) le estrazioni di particelle sono state eseguite anche con
1mM NasP207 (pirofosfato di sodio), ImM Na>C>04 (ossalato di sodio), cosi come con i due
tensioattivi 1% Sodium Dodecyl Sulfate (SDS) e 1% FL-70. Le sospensioni con cut-off
dimensionale teorico di 10um e 1um di particelle sono state ottenute per centrifugazione. Le
acque e le sospensioni del suolo sono state analizzate per determinare la dimensione e la
distribuzione spaziale dei TRP contenenti metalli pesanti.

In primo luogo, le sospensioni estratte e il materiale di riferimento del pneumatico sono stati
sottoposti a digestione totale e le concentrazioni di metallo delle sospensioni sono state misurate
mediante spettrometria di massa a plasma accoppiato induttivamente (ICP-MS). Questo
permette di valutare I'effetto degli agenti di estrazione sulle particelle estratte, ma anche la
distribuzione spaziale dei TRP tra diversi punti di campionamento. La concentrazione di metalli
nelle sospensioni ¢ stata anche confrontata con i dati pubblicati sulla concentrazione di elementi
nel topsoil locale e nella crosta superiore. Multi element single particle ICP-MS (ME-spICP-
MS) e stata eseguita per ottenere una migliore comprensione delle associazioni di elementi
all'interno delle particelle estratte.

| potenziali TRP sono stati caratterizzati sulla loro impronta digitale chimica e sui rapporti di
massa degli elementi. | rapporti di massa applicati ( La/Ce, Ba/Sb, Ba/Pb, Sb/Pb e Cr/Mn ) sono
stati scelti perché queste associazioni di metalli appaiono soprattutto nelle particelle di usura
dei freni e degli pneumatici, ma possono verificarsi anche in natura (ad esempio, minerali di
argilla) con rapporti di massa diversi e costanti. | prodotti del catalizzatore sono stati determinati
anche da ME-spICP-MS e sono stati definiti dalla presenza di rodio (Rh), palladio (Pd), platino
(Pt) e cerio (Ce). Le morfologie dei colloidi dispersi sono state osservate attraverso la
microscopia elettronica a scansione (SEM).

I risultati mostrano un cambiamento significativo delle composizioni chimiche nei campioni
di sedimenti analizzati rispetto al fondo naturale dovuto probabilmente all'esposizione alle
emissioni del traffico stradale. Potenziali TRPs sono stati identificati in base alla loro impronta
chimica e al rapporto di massa sia nelle acque di deflusso che nei campioni di sedimenti. Diversi
protocolli di estrazione mostrano variazioni nelle concentrazioni di particelleTuttavia, finora
non e stato possibile ottenere un aumento delle concentrazioni con nessun protocollo, per
quanto riguarda tutti i metalli osservati. Il metodo applicato per quantificare TRPs nel deflusso
stradale offre nuove intuizioni per I'identificazione di pneumatici e usura dei freni, cosi come
le particelle di catalizzatore in matrici naturali. Inoltre, durante questo studio e stato sviluppato
un protocollo per digerire i sedimenti contenenti gomma da pneumatici.
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1. Introduction

The aquatic environment is very vulnerable and could easily get damaged through
anthropogenic pollution sources (Hader et al., 2020). Anthropogenic inorganic pollution is
mainly caused through release of heavy metals in high concentrations into the environment
which can be a threat to the health of organisms (Mohammed et al., 2011). Next to industrial
waste dumping as one of the main anthropogenic inorganic pollution sources (Hader et al.,
2020) additional sources of heavy metal contamination through anthropogenic activities are of
significant relevance such as incidental (nano) materials (INMs) released through road traffic
emissions (Grigoratos and Martini, 2014). Material that gets emitted from road traffic goes
airborne and may be deposed on road surfaces. During rain events such materials may get
transported into surface waters, surface water sediments, roadside soils and wastewater
treatment plans (WWTPs) through road runoffs (Li et al., 2005). Previous studies frequently
reported that traffic related particles (TRPs) such as emitted brake dust and tire wear contain
significant amounts of heavy metals (Boulter, 2006; Thorpe and Harrison, 2008; Puisney et al.,
2018). Within cities road runoff usually gets collected with domestic wastewater in combined
sewer systems and then treated in municipal WWTPs (Reemtsma et al., 2006). Nevertheless, in
case of combined sewer overflow or in separate sewer systems, road runoff may be discharged
without or with only partial treatment (Baur et al., 2020) and thus heavy metal containing TRPs
can be released into surface waters.

Emitted TRPs are categorized according to their production source into two main classes. The
first class is exhaust TRPs which are the final product of incomplete fuel combustion, lubricant
volatilization as well automotive catalysts particles. The second class includes non-exhaust
TRPs, primarily generated through tire and brake wear (Grigoratos et al., 2014; Folens et al.,
2018). Overall, it is estimated that approximately 40-50% by mass of generated brake wear
particles and only 0.1-10% of tire wear particles are emitted as PMyo (Garg et al., 2000; Sanders
etal., 2003; Mosleh et al., 2004; Wik and Dave., 2009; Kukutshova et al., 2011; Harrison et al.,
2012; Kumar et al., 2013) while there is a general agreement that exhaust related emissions can
be classified as PM. . It was suggested that non-exhaust related particles contribute to both the
fine and the coarse mode of PMao (Boulter, 2006; Dahl et al., 2006; Gustafsson et al., 2008;
Kukutshova et al., 2011; Harrison et al., 2012). Elevated metal and metal oxide contents in road
runoffs caused by road traffic emissions have been reported for fine particle fractions with a
particle sizes below 1um to the size of nanomaterials (NMs) (Helmreich et al., 2010; Sutherland
etal., 2012; Charters et al., 2015; Hilliges et al., 2017; Folens et al., 2018; Lanzerstorfer, 2018;
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Baur et al, 2019). Since TRPs contain metals that may be a threat on the health of organisms
after exposure of toxic concentrations (IARC, 1989; Varrica et al., 2013), policy and health
organizations should be alerted to observe metal concentrations in road runoffs which may be
elevated due to the emission of TRPs. To do so it may require scientifically developed methods
and protocols which are designed to extract, detect, and characterize TRPs that are embedded
in complex natural matrices.

Meanwhile several methods have been developed to extract fine particulates and certain NMs
from soils and aquatic samples e.g., centrifugation, cloud point- and aqueous colloidal-
extraction (Hartmann et al., 2013; von der Kammer et al., 2012; Tang et al., 2009). To assess
metal concetration spectrometry techniques are routine tools (Lee et al,2014). Metal
concentrations in sediments and waters may be determined by the analysis of total dissolved
metal concentrations after total digestion of TRPs and their embedded matrix with conventional
ICP-MS (Falciani et al, 2000) and a comparison against the natural background. In addition,
infomation on element association on a particle level may be investigated by multi element-
single particle-inductively coupled plasma-mass spectrometry (ME-sp-ICP-MS). Such
technique may be a promising approach to investigate TRPs’ chemical fingerprints (Praetorius
etal., 2017).

Detection and quantification of TRPs in the environment is hampered by 1.) heteroaggregation
of TRPs with natural colloids (e.g., clays, natural organic matter (NOM), etc). 2.) the
heterogeneity (size distribution, chemical compositions, surface chemistry, etc) of TRPs and
3.) INMs as released TRPs in road runoff waters and sediments are often embedded in matrices
with NNMs having similar chemical composition which complicates their detection (Montafio
etal., 2014).

Thus, specific extraction protocols to extract TRPs from natural matrices and well-defined
chemical fingerprints of TRPs need to get developed for a detection and characterization of

TRPs in road runoffs.



2. State of knowledge

2.1. Detection of TRPs in natural matrices

Detection, quantification, and characterization of INMs such as TRPs in environmental systems
is limited by their heteroaggregation, resulting in their spread over a wide particle size
distribution (PSD) (Labille et al., 2015; Praetorius et al., 2014; Therezien et al., 2014; Wang et
al., 2015) and due to the coexistence of NNMs such as clay minerals that could appear to have
similar elemental compositions (Montafio et al, 2014). Hence dispersing NMs into their primary
particles is a prerequisite to enable analysis of NM primary particle sizes (Tuoriniemi et al.
2014, Wagner et al. 2014, Baalousha et al. 2016). Increasing electrostatic repulsion between
NMs within aggregates by altering the suspension pH using an indifferent electrolyte may break
them apart into smaller aggregates and/or into primary particles (Baalousha 2009, Loosli et al.
2013). Alternatively, particle dispersing agents have been shown to disperse metal oxide NNMs
and NOM from soils more efficiently by increasing NNM surface charge (Hall et al. 1996,
Pronk et al. 2011, Regelink et al. 2014, Tatzber et al. 2007). Previous studies used sodium
pyrophosphate (SPP), sodium oxalate (SOx), sodium dodecyl sulfate (SDS) and FL-70 as
dispersing agents (Hall et al., 1996; Fujitake et al., 1998; Loosli et al, 2018; Baur et al., 2019).
Next to chemical treatments, sonication over a certain time is a commonly used method to
release heteroaggregation between NMs physicaly within suspensions (Li et al., 2012).
Generating a certain particle size cutoff by size separation through centrifugation or filtration
finally enables the analysis of NMs with selected sizes (Tang et al., 2009; Bakshi et al., 2014).
Furthermore, possibilities of NM detection obviously are depending on the extraction size
cutoff, meaning, the particle size cutoff introduced by the extraction method must meet the
requirements of the detection technique in terms of lower and upper size limits. Anyway, for
emitted exhaust related TRPs and brake wear particles sizes below 10um are suggested in
previous studies (Baur et al., 2019; Grigoratos et al., 2014). Tire wear particles may also be
found as particulates with a size below 10um although it is known that only about 10% of
emitted tire particles by mass are released as PM1o (Grigoratos et al., 2014).

To get overall information about PSD, dynamic light scattering (DLS) is commonly used.
Nevertheless, DLS is unable to distinguish different particle types or particle composition, is
based towards larger particles and has limited capabilities to resolve multi-modal or
polydisperse distributions correctly (Xing et al., 2016). Furthermore, DLS is unable to analyse
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primary particles within aggregates (Xing et al., 2016). Zeta ({) potential, a factor that is related
to the surface charge of NMs and influences particle agglomeration, can be determined by
Laser-Doppler Anemometry in most commercially available DLS instruments (Helmenstine,
2019). Because it is not possible to differentiate between NNMs and TRPs by a DLS analysis
alone, other measurement methods are applied, by which it is possible to get information about
the chemical compositions of NMs e.g., scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) coupled with analytical tools such as Energy-dispersive X-ray
analysis (EDX) (Wang et al., 2019). A common method for NM detection is the time-resolved
single particle inductive coupled plasma-mass spectrometry (spICP-MS) (von der Kammer et
al., 2012). Through spICP-MS it is possible to get information about the number concentration
and size distribution of particles that have at least a diameter above 10nm (Au, Ag) to 80nm
(Ti, Si) depending on the respective element, the isotopic abundance of the selected isotope
and the mass fraction of the isotope in the particle (Lee et al., 2014). Nevertheless, in time-
resolved mode on conventional quadrupole and sector-field ICP-MS spectometers measureing
multiple isotopes at the same time can not be practiced, which means a direct distinction
between potential TRPs and NNMs is rarely possible. Therefore time-of-flight (TOF) based
ICP-MS spectrometers allow particle measurements of several isotopes in one single particle
event simultaneously which is the prerequisite for the distinction between TRPs and NNMs
through single-particle multi-element fingerprinting (SpMEF) and which can be performed by
ICP-TOFMS as described by Praetorius et al. (2017) for the distinction of Cerium containing
ENMs and NNMs.

For the chemical characterization of TRPs, trace metals are chosen through frequently reported
inorganic sources as colloids containing Fe, Pb, Cu, Ba, Sb, Zn, Cr, Mn, Zr, Cd and Ni particles
are released by brake linings during braking manoeuvres (Boulter, 2006; Thorpe and Harrison,
2008; Folens et al., 2018; Puisney et al., 2018). Tire wear particles are characterized by
predominantly Zn as it is an important additive during the tire vulcanization process and in
lower amounts W, Fe, Ti, Cu, Cr, Te and Mo (Adachi et al., 2004; Boulter, 2006; Thorpe and
Harrison, 2008; Apeagyei et al., 2011; Harrison et al., 2012). Ce is used as tracer for both
exhaust and non exhaust TRPs as it appears in the form of CeO2 which is known as the most
insoluble oxide under ambient conditions and is used as an oxygen storage and combustion
catalyst, for optical polishing and as fuel additive (von der Kammer et al., 2012). Finally, Pt,
Pd and Rh particles will be investigated and used as source for emissions from automotive
catalytic converters which is often be mentioned as the main source of environmental pollution

through platinum group elements (PGEs) (Domesle, 1997; Folens et al., 2018).
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2.2. Behavior of NMs in natural matrices

The preparation for effective NM extraction from natural matrices obviously requires the
necessary background knowledge, as there are several factors that need to be considered.
Basically, the stability, fate, and transformations of NMs is strongly influenced by the water
properties (pH, ionic strength, electrolytes valency, etc.), the NM intrinsic properties (surface
chemistry and charge, size, shape) and the presence of aquagenic compounds (such as colloids)
(Baalousha, 2009; Philippe and Schaumann, 2014; Loosli et al., 2015). A theoretical model on
the colloid stability was developed by Derjaguin, Landau, Verwey and Overbeek (DLVO) to
understand the interactions between colloidal particles and their agglomeration behavior
(Derjaguin, 1939; Derjaguin and Landau, 1941; Verwey and Overbeek, 1948). Briefly
explained, in the DLVO theory the stability of particles may be estimated based on the potential
of interaction between particles (particle free energy). The interaction potential, which is a
function of the particles sepraration distance, is approximated in the DLVO theory by being
equal to the sum of the van der Waals (VvdW) and the double layer (\Vdl) interactions (Eq.1).

Eq.1. Interaction potential V(h) = Vygw(h) + Vg (h)

The van der Waals interactions are due to the interaction of rotating and fluctuating dipoles
(permanent or induced) of atoms and molecules. They refer to Keesom, Debye and London
forces and are most of the time attractive intermolecular interactions. Van der Waals forces are
short-range distance forces. The second interaction considered in the DLVO theory is the
double layer interaction which are due to the overlap of the diffuse part of the charged particle
double layers. Double layer interactions can be attractive or repulsive forces depending on the
nature of the charge of the particles and are influenced by the particles charges in natural
matrices, where NMs are often associated with natural organic matter (NOM) and have the
ability to form larger heteroaggregates through organo-mineral interactions (Buffle et al., 1998;
Cornelis et al., 2014). When (nano)particles interact with NOM the stability of these particles
is strongly dependent on the particle intrinsic properties (size, surface charge, etc), the NOM
physicochemical properties (chemical composition, structural charge, molecular weight, etc)
and concentration (i.e. influence of the particle surface coverage, osmotic pressure, etc) and the
water systems properties (pH, ionic strength, etc) (Colvin 2003, Ju-Nam and Lead 2008, Klaine
et al. 2008, Nowack and Bucheli 2007, Wiesner et al. 2006). The zeta ({) potential is related to

the surfaces charge of particles and does provide indication on such colloid stability. { potential
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values will be suggested as +0-10 mV highly unstable particles, £10-20 mV relatively stable
particles and +20-30 mV moderately stable and>+ 30 mV highly stable particles
(Bhattacharjee, 2016).

2.3. Aims and Hypotheses

Overall, the aim of this study is to detect and quantify the amount of emitted TRPs in Vienna’s
road runoff waters and road runoff exposed sediments by applying a multi method approach.
Insights are meant to confirm that road runoffs favor the transport of a high number of TRPs
during rain events. This will affirm, that in future, road departments and policy should consider
the release of TRPs in the design of road runoff systems to avoid impending contamination.
Also, findings and results generated during this study should facilitate the approach of future
studies focused on investigating released TRPs distributed and embedded in environmental

matrices.

Hypotheses 1

We expect that TRPs may change compositions of heavy metals in sediments that are exposed
to road runoffs along the river Wien. Thus, concentrations of trace metals reported to be present
in certain TRPs may be elevated in the taken samples compared against the natural background
(Kreiner, 2004; Salminen 2007; Pfleiderer et al., 2012; Simon et al., 2012). To verify this
assumption, concentrations of total dissolved metals in digested samples will be measured with
conventional ICP-MS and will get confronted with present data of heavy metal concentrations
in Vienna’s upper crust and urban sediments and soils. Road runoff waters exposed sediment
samples were collected at Vienna’s west exit which is a one-way road along the river Wien that
has an accessible road runoff system. In addition, one indirectly traffic exposed sediment
sample from the river retention basin sediment was collected which will be expected to contain
lower trace metal concentrations than direct road runoff exposed sediment.

In the frame of this analysis, a protocol has been developed to digest road runoff water and
road runoff exposed sediment samples containing INMs such as TRPs (tire rubband brake

wear).

Hypotheses 2

For the quantification of TRPs, it is assumed that the addition of extractants may play a possible
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role for enhanced dispersion of TRPs in waters and sediments, as extraction reagents are often
used to favorize a release of particles as primary particles and small aggregates by breaking up
heteroaggregates between NMs (Hartman et al., 2013; Loosli et al., 2019). Samples will be
treated with different extraction protocols in addition of various extraction reagents (SPP, SOX,
FL-70 and SDS) and compared on enhanced detection of TRPs.

Hypotheses 3
Sampling spots were chosen by following the assumption of TRPs’ spatial distribution as
different driving maneuvers may lead to emissions of particles with different physicochemical
properties (Boulter, 2006). So, in this study it is expected that before traffic lights it comes more
often to braking events, as driving vehicles are forced to stop during red light phases which may
lead to higher amounts of non-exhaust TRPs (in the form of brake and tire particles) in runoffs
located in front of traffic lights. Thus, one runoff before and one after a traffic light situation
has been selected as sampling spot for runoff waters and runoff exposed sediments, where it is
expected to finally detect higher mass concentrations of at least Sb, Ba and Pb (Boulter, 2006;
Thorpe and Harrison, 2008; Puisney et al., 2018) before than after the traffic lights. To
investigate this assumption, ME-spICP-MS will be applied to determine the presence of
particles with target metal composition. ME-spICP-MS will be performed on an inductively
coupled plasma-time of flight mass spectrometer (ICP-TOF-MS), a method that offers the
opportunity to analyze multiple isotopes at the same time (Hendriks et al., 2018). To distinguish
between natural and incidental particulates, mass ratios between two trace metals ocurring in
potential TRPs with chemical compositions similar to natural nano materials (NNM), are
getting calculated and compared with reported constant natural ratios (Kreiner, 2004; Salminen
2007; Pfleiderer et al., 2012; Simon et al., 2012). Within the scope of this single particle
analysis, the presence and amount of exhaust TRPs (particulate PGEs and CeQ) in road runoffs

will also be observed.

2.4. Terms and definitions

Colloid
After Everett (2009) a colloid or also colloidal system is defined as “a state of subdivision such

that the molecular and polymolecular particles dispersed in a medium have at least one direction



or dimension roughly between 1nm an 1um, or that in a system, discontinuities are found at

distances of that order”.

Nanomaterial

The definition of nanomaterial is explained by the European Comission (EC) as “a natural,
incidental or manufactured material containing particles, in an unbound state or as aggregate or
agglomerate and where 50% or more of the particles in the number size distribution, one or
more external dimensions is in the size range 1nm-100nm”, since “(..) in specific cases where
warranted by concerns of the environment, health, safety or competitiveness the number size
distribution threshold of 50% may be replaced by a treshhold between 1 and 50%.” (Gottardo
et al.,, 2017 European Commission, 2013, 2011). However, since this definition is only
concerning on the size as the only defining property, mainly for regulatory purpose, there is still
an ongoing scientific and regulatory debate to also involve novel properties especially by
materials in nano size range (1nm-1um) (Gottardo et al., 2017; Kah and Hofmann, 2014; Kah
etal., 2013).



3. Materials and Methods

3.1. Sampling site

Road runoff exposed sediment samples S1, S2 and S3 were taken in January 2019 at various
spots from road runoffs along the Hadikgasse which is a one-way road at Vienna’s west exit
along the river Wien. S1 was exposed by a runoff that can be found in an area with average city
traffic flow while S2 was exposed by a road runoff in front and S3 was exposed by a road runoff
after a traffic light. In September 2019 after a dry weather period of three weeks one sediment
sample was taken at the retention basin of the river Wien and runoff water samples (W2 and
W3) were taken during a heavy rain event (around 5mm/h) at the same runoffs which exposed
S2 and S3.
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Fig.1. Vienna's west exit along the river Wien. Samples S(1,2,3) represent road runoff sediment samples, SRB represents
retention basin sediment sample and samples W(2,3) represent road runoff water samples.



3.2. Extraction of sediment and water suspensions

3.2.1 Preparation of Sediment Stock Dispersions (<125um)

The matrix of the significant dark sediment gets expected to mainly consist of tire rubber mixed
with NOM, gravel and clay and other solid materials. To prepare the 125um stock fraction it is
necessary to get rid of the coarse size fraction of the sediment. The wet sediment got diluted
(1:2) with ultra pure water (UPW) and homogenized in 1000mL polyethylene (PE) bottles
(Thermo Scientific, USA) to lower the dispersion viscosity for wet sieving step and got
sonicated for 1h. Serial sieving (2mm, 1mm, 500pum, 250um, 125 um) was applied through a
tower of stacked nylon sieves with lowest mesh size of 125um while UPW was used for
flushing during the sieving process. The 125um size-cutoff got collected with UPW in pre acid
cleaned 50ml polypropylene (PP) tubes (Roth, USA). The dispersions were centrifuged (Jouan
Mod. CR 4-22, FRA) for 80 minutes at 4000g to separate the sediment from the supernatant by
using the sedimentation method (Tang et al., 2009). For the following treatments, a 125um
stock fraction needs to be prepared by carefully removing the supernatant. This happens by
carefully soaking off the supernatant with a 5mL pipette without getting in contact or to
resuspend the centrifuged sediment which is concentrated on the tube bottom. The supernatant
got collected in clean 1000ml PE bottles for further analysis and stored at 4°C in a dark place.
Finally, the respective sediment of each tube gets collected in 50ml PP tubes to obtain the

125um stock fraction.

3.2.2 10um and 1um size-cutoff Sediment Suspensions

To prepare the 10pum and the 1um cut off fraction out of the 125um stock dispersions. The five
extractants for this step are ultra pure water (UPW) and four reagents such as SPP (Acros,
USA), SOx (Merck, Germany), SDS (Acrds, Japan) and FL70 (Fisher Scientific, USA). These
reagents may favour the release of engineered particles as primary particles and small
aggregates by breaking heteroaggregates of engineered- and natural particles (Loosli et al.,
2019). So respectively 4g of the 125um stock got diluted with 36ml of UPW, SPP (1mM), SOx
(AImM), SDS (1wt.%) and FL70 (1wt.%) into 50ml PP Tubes and mixed for 12h at 150rpm on
an orbital shaker (IKA Mod. KS 260 conrol, Germany). The 125um dispersions need to become
homogenized and sonicated in an ultrasonic bath (Bandelin Sonorex Super Mod. RK 106, GER)
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for 1h without heating up the dispersions due to increasing temperature of the bath water. To
prevent a temperature increase it is necessary to release the bathing water every 10min and refill
it with fresh (T=10°C) UPW. To obtain the 10um size-cutoff the sedimentation method was
again applied. Hence the 125um fraction got centrifuged for 3min at 200rpm (Jouan Mod. CR
4-22, FRA) assuming a particle density of 2.5g cm and spherical particle shape for using the
Stokes’ Law calculation (Tang et al., 2009). Supernatant in the 50mL PP tube containing the
10pm size-cutoff gets soaked with a pipette and collected in a clean 50mL PP tube (Roth, USA).
To obtain the 1um cutoff fraction the dispersions get homogenized and follow the same
treatment than the 10um cutoff fraction but were centrifuged for 12.5min at. The supernatant
was collected in 50mL tubes contains and stored in the dark at 4°C. Additionally suspensions
of 1um fraction got ultra filtrated in filtration tubes (10.000MWCO Sartorious Vivaspin) with
a pore size of 30kDa while centrifuging for 20min at 800rpm to extract the dissolved metal

fraction of the suspensions.

Eq.2. Calculation of centrifugation time

t... time [sec] Tout 187

Fout... Sampling point [cm] ts In (_) W
Fin... sample fill-up point [cm] 4m2Apd? (w)
7... medium viscosity [mPs] (25°C)

p... particle density [g lcm®]

d... size cutoff diameter [um]

Tin

3.2.3 Preparation of Runoff Water Stock Dispersions

Runoff samples have been collected on September 28", 2019, during a rain event (around 5mm)
after a dry period of three weeks. 500ml PP bottles (Thermo Scientific, USA) have been fixed
at the lower end of the rain drainages to collect the rainwater flow containing traffic wear
particles that may have been accumulated on the road asphalt surfaces. The rainwater that has
been collected on two different spots showing a around 1cm thick layer of white foam at the
water/air interface seems to get already in contact with any reagent such as surfactant before
reaching the bottle. However, this reagent is assumed to be cleaning agent from road sweepers.
Since there is also vegetation next to the road, the rainwater not only contains traffic related
particles but also large particles (>2mm) that must get filtered out before the proper sample
treatment starts. Therefore, a clean nalgene Filter and Filter holding system (Thermo Scientific,

USA) with a size-cutoff of 2mm has been used for a coarse pre-filtration, before the sonicated
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(10min) rainwater gets filled into 50mL PP tubes. One part of the respective sample got diluted
to 1:99 dispersion with UPW and 100mM SPP (Acros, USA). For the extraction process, all
dispersions (pure and SPP) have been shaken overnight and afterwards sonicated for 1h by
controlling the water temperature of the sonication bath to prevent overheating which could

cause a destabilization of the particles.

3.2.4 10um and 1um size-cutoff Runoff Water Suspensions

To extract particles in the size range smaller than 10um, the samples got centrifuged in 50mL
PP Tubes for 3min at 200rpm (Jouan Mod. CR 4-22, FRA) assuming spherical shapes and a
particle density of 2.5g/cmq. Finally, the supernatant containing the 10um size cutoff fraction
gets carefully collected out of each tube, filled into 50mL PP tubes and stored in a dark place
at 4°C. For the extraction the 1um size-cutoff the samples got centrifuged for 12.5min at
1000rpm before the supernatant got collected. For the 1lum size cutoff has beside the
sedimentation method also been generated through vacuum filtration, to see how it affects
particle-loss do loss of high-density material (e.g., PGE) during centrifugationg process.
Therefore, Cellulose nitrate membrane filters (GE Whatman, USA) with a pass-through of
1.0pum and a diameter of 47mm and a Nalgene Filter holding System (Thermo Scientific, USA)
have been used. Additionally, suspensions of 1um fraction got ultra filtrated in filtration tubes
(10.000MWCO Sartorious Vivaspin) with a pore size of 30kDa while centrifuging for 20min

at 800rpm to extract the dissolved metal fraction of the suspensions.

3.3. Zeta potential and hydrodynamic diameter measurements

The z-average hydrodynamic diameter as well as zeta potential known as the electrophoretic
mobility of NMs have been determined by dynamic light scattering (DLS) (Malvern
Instruments, Zetasizer Nano ZS instrument, UK). Suspensions from both size-cut offs of each
sediment sample have been diluted 1:99 with the respecting reagent while all rainwater samples
have been diluted 1:4 with UPW or SPP because of lower particle concentrations. The values
have been generated through three independent runs during each measurement so as final output
a z-average hydrodynamic diameter mean * standard deviations is reported. All measurements
are performed at 22°C. For the calculation of the zeta ({) potential the calculation according to

Henry’s function using Smoluchowski approximation was applied (Baalousha, 2009), while the
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z-average hydrodynamic diameter has been calculated by using the cumulant analysis
(International Organization for Standardization I1SO 22412:2017). PDI values from the z-
average measurements indicate the dispersity of the NM matrices with values between >0 and
<I. By that, a PDI value above 0.7 indicates a polydispersed sample (International Organization
for Standardization 1SO 22412:2017).

3.4. Additional analysis on road runoff suspensions

In addition to the DLS measurements, laser obscuration particle size analysis has also been
performed with Eyetech (Ankersmid, NED) to see if there is a different in suspension’s PSDs
as during DLS analysis smaller particulates will get overshadowed by bigger particulates In
polydispersed suspensions. Furthermore UV-Vis absorbance (Perkin ElImer Lambda 35, USA)
at a wavelength of 254nm (A2s4) was recorded for soil organic matter (SOM) concentration
measurements in sediment suspensions as measurements were normalized at 600nm. In road
runoff water samples anion concentrations have been determined through ionchromatography
(IC) (Dionex) while cation concentrations were determined by measuring optical emission

wavelength of corresponding element with ICP-OES (Agilent 5110).

3.5. Total Digestion of Sediment containing Tire Particles

During the digestion 10mL perfluoralkoxy (PFA) vials (Savillex, USA), a hotplate (HPX-100
Savillex, USA) and vessel racks (Savillex, USA) with a special carbon coating for a steady heat
transfer have been used. To get the weight from the dry matter that is around 20mg for 2mL of
dispersion, all vials have been filled up with 2mL of 10um sediment dispersion before heating
them up to 140°C for 90 minutes. After the vessels have been weighed the dry matter is ready
to get treated with inverse aqua regia HNOgz : HCI (3:1). First the vials get filled with 3mL of
HNO3 65% (Merck, GER) two times subboiled (Savillex, USA) before adding 1 mL of
concentrated HCI suprapur (Merck, GER) producing NOCI and chloride ions (CIY) that
aggressively attack the sediment with their high oxidization behavior. The reason why
preventing a too high HCI concentration is to take care about the chlorine concentration inside
the solutions that could have a negative impact on the ICP-MS instrument during the analysis,

as it is known that chlorine forms ®CI**O* interfering with vanadium and *°Ar®Cl* that
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interferes with arsenic (Fitz-James, 2003). After adding the acids, the solutions are getting
heated up to 140°C overnight with closed caps and finally reopened until the liquid phase has
totally evaporated. As next step ImL od HNOz was added followed by carefully adding
dropwise 2mL H>O> suprapur (Merck, GER) at 70°C to oxidize the NOM of the sediment.
While adding H2O. it is very important to consider foam formation caused by CO:
developement. After the CO> development starts to decrease and the reaction is finished the
solutions can be heated up to 140°C to evaporate the liquid phase again for around 90min. To
prepare the digestion part, the samples are getting dosed with ammonium biflouride NHsHF
(99.999% trace element basis) as digestion salt. The atvantage of NHsHF is that it has a higher
boiling point (239.5 °C) than conventional acids such as HF which allows for an elevated
digestion temperature (Zhang et al., 2012). The dose is 5 times the mass of the sample as in this
case 5 times 20mg (100mg per solution) (Zhang et al., 2012). After the digestion salt is added,
the vials are getting closed with their caps and heated up to 240°C so the digestion salt melts
and gets in contact with the whole sample while HF and HNO3 get formed. This step takes 4
hours before the vial caps are getting opened again. Then 1ml of HNO3 gets added to all samples
before the vials are getting closed again and heated up to 170°C to dissolve the dry “cake” that
contains the digested material into a homogenous solution. After the temperature gets reached
the solutions need to react for one hour. Due to vaporization during this process, drops of the
solution accumulate on the caps that carefully need to get flushed back into the vial by using
one or two drops (around 200uL) of UPW. Before starting the next step, the samples need to
get dried down again at 140°C for around 90min. Then to make sure that the organic carbon is
totally oxidized it is necessary to add once again ImL HNOz and 1ml H2O, while being prepared
for a severe foam development when CO> gets produced during the reaction. The solutions
should be clear and colorless. Finally, the solutions dry down at 120°C for around 100min
before they get dissolved and stabilized in Iml HNOzand 0.1mL concentrated HCI. Finally, the
digested samples of the 10um size cutoff fraction get diluted with ultra pure water to a 40mL
solution in already acid pre-cleaned PP sample tubes. Digested sediment of the 1um size cutoff
fraction gets less diluted to 4.5mL with UPW as mass of digested dry matter is lower. Digested

water samples get diluted to 5mL with UPW.
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3.6. Total Digestion of Tire rubber

As reference material for this study also recycled crumb tire rubber (KIAS recycling Austria)
with a grain size between 1 and 3mm has been digested. The approach of digesting tire rubber
followed the same procedure as the total digestion process as mentioned for sediment
containing tire particles and the result turned out as successful by getting a clear solution in the
end. Before the digestion process started, the tire particles have been crushed into smaller

fractions by freezing them with liquid nitrogen before they got grinded in an agate mortar.

3.7. ICP-MS elemantal analysis

The elemental concentrations of the digested and the ultra filtrated water and sediment samples
have been analyzed through inductively coupled plasma-mass spectrometry (ICP-MS). As
measuring instrument, the Agilent 7900 ICP-MS (USA) was used by operating with the ISIS 3
(Integrated Sample Introduction System) containing a piston pump that delivers the samples at
10pL minto the glass concentric nebulizer (~0.4ml mint actual uptake) that finally introduces
the samples into the UHMI (Ultra High Matrix Introduction) spray chamber. The Agilent 7900
ICP-MS operates with a hyperbolic quadropole as mass analyzer and detects the signals through
a ODS (Orthogonal Detector System) with a measurement range from 0.1cps to 10Gcps. During
the measurement Ni sample- and skimmer cones have been used. Measured isotopes are
1°7Ag,75AS, 137Ba, lllCd, 14°Ce, 59C0, 53Cr, 133051 63Cu, 163Dy’ 167Er’ 151Eu, 57Fe, 157Gd, 7ZGe,
178§ 165H0, 115|n, 139 a Y75y, 5Mn, ®Mo, ©Nb, 46Nd, ©Ni, 208Pb, 195pq, 41pr, 195pt 85Rp
103Rh, 121Sb, 4SSC, 1495m’ 1188n, 883[‘, 181T3., 159Tb, 232Th, 47Ti, 169Tm, 238U, 51\/’ 182W, 89Y, 173Yb,
%67Zn and %Zr. All isotopes have been measured at low resolution for maximum sensitivity
(m/Am=100) while the concentrations have been calculated against a freshly prepared multi-
element standard mixture made by adding every single element solution (1000mg/l). Standart
concentrations of each element in the solution were 50ppb, 25ppb, 5Sppb, 2.5ppb, 0.5ppb,
0.25ppb, 0.05pph, 0.025ppb, 0.005ppb and blank Oppb.
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3.8. Multi element-single particle-ICP-MS

Before the analysis, the extracted sediment and runoff water have been sonicated for 1min at
437Ws in 1.5ml PP tubes (Eppendorf, MEX) with a Hielscher UP200St ultrasonic lab before
the sediment (1:10 000) and rainwater dispersions (1: 100) got diluted with UPW into clean
15mL PP tubes (Roth, USA). The multi element-single particle ICP-MS has been performed
on an inductively coupled plasma-time of flight mass spectrometer (ICP-TOFMS, TOFWERK,
CHE). The signal of the instrument gets determined through the detecting ion velocity
depending on its mass to charge ratio while the ion gets accelerated by an electric field with a
known strength, meaning that ions with a high mass and same charge will reach lower speeds
than higher charged ions (Hendriks et al., 2017). So, the instrument measures the flight time the
ion takes to reach the detector at a known distance through its velocity (Hendriks et al., 2017).
The measurement has been performed with an Apex Q high sensitivity desolvation system
(Elemental Scientific, GER) coupled with a two-way syringe pump (Elemental Scientific, GER)
that furthermore injects the sample into the spray chamber. As carrier gas Ar®® without
additional make-up gas has been used. The transport efficiency of the instrument was calculated
following the instructions of the known size method after Pace et al by using Au nanoparticles
with a certified particle size of 100nm (NIST, USA) prepared in UPW (1:250 000) and an Au
standard solution prepared with UPW and 1% HCI (Merck, Suprapur, GER).To process the raw
particle signal a python script was used that calculates a quantitative result by indentifying
particle signals of the respective isotope through filtering out the background noise of the ICP-
TOFMS spectra. As data processing output the python script delivers a calibration curve of each
selected isotope calculated through the concentration sequence of the standard solution to obtain
information about the measurement quality and two csv files per sample where one file shows
the number of counts per time and the other gives an overall information about calculated
particle size, mass and volume of each isotope along the measured time sequence. For the
measurement, a dwelltime of 3.00ms was used. For the characterization of relevant particles,
the isotopes 2’ Al, “6Ti, “Ti, 2Cr, 3Cr, ®*Mn, *6Fe, >'Fe, %Ni, 5°Co, ®Ni, 83Cu, %zn, %Cu, %Zzn,
BSZn, 75AS, QOZr' ler’ 92MO’ QZZr’ 93Nb, 94Zr’ 95M0, 96M0, 98M0, 1OOMO, 103Rh, 1O4Pd, 105Pd,
107Ag, 108Cd, 108Pd, 109Ag, 110Cd, 110Pd, 111Cd, 112Cd, 113Cd, 114Cd, 116Sn’ 1188n, 1208['], 121Sb,
1228n, 122Te, 123Sb, 1248“, 124-|-e1 125-|-e1 126-|-e1 128-|-e1 130Te, 137Ba, 13883., 139'.3., 140CE, MZCG, 181Ta,
182W, 183W, 184W, 186W, 191“.’ 193“-’ 194Pt, 195Pt, 196Pt, 197AU, 198Pt, 204Pb, 206Pb, 207Pb, 208Pb are
used as trace elements. So, after the peak/background correction one peak gets counted as

relevant peak if both isotopes of the respective element occur at the same time before the ratio
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between the two isotopes gets calculated as verification if they are in an acceptable range or
need to get excluded as outliers. Therefore, the csv files of each sample got treated with
Microsoft excel using “if true or false” commands, meaning one peak out of 20.000
measurements in one sample gets counted as relevant or true if the mass of one isotope from

one element is higher than zero.

3.9. Scanning electron microscopy

Scanning electron microscopey (SEM) has been performed after researching the morphological
properties of non-exhaust TRPs (Kukutschova et al., 2011; Adachi et al., 2004). Therefore, two
different dispersions of each size cutoff from one sample (S2: UPW-10um, SPP-10um, UPW-
1um, SPP-1um) have been analysed. The SEM samples have been prepared through vacuum
filtration by rinsing the dispersions through a glass vacuum filter holder (Sartorius) while using
a 0.02um passthrough alumina-based membrane cap Anodisc Filter with a diameter of 25mm
(Whatman). The dilutions of each sample have been calculated to get a well analyzable 1 and
5% membrane surface coverage of each SEM sample, assuming spherical particle shape with
an average particle diameter of 100nm, a dispersion concentration of 500mg/l, and a particle
mass of 35fg and density of 2.5g/cm®. After the filtration procedure, the filter membranes
carrying the filtered sediment get covered on top to prevent a contamination through dust
particles while drying in a clean oven at 120°C. While the membranes get dry it is necessary to
cover them in a way the water vapor can vent to avoid an increase of humidity underneath the
cover (e.g., stored on a rack with holes on the bottom). Each dry filter membrane gets taped on
a SEM pin stub with the same diameter as the filter membrane (25mm) before they are ready
to get coated with an ultrafine layer (around 10nm) of carbon by a high-resolution sputter coater,
to prevent sample charging caused by the accumulation of static electric fields that produces a
low image resolution and decreases the signal to noise ratio (Hoflinger., 2013). SEM samples
have been analyzed on a FEI Nova200 dual focused ion beam scanning electron microscope
operating with HV at 3 to 20kV produced by a tungsten hairpin electron gun while observations
have been made at 3 kV and 10 kV. Micrographs have been recorded at magnifications up to
50.000x to detect nanoparticles at the expected average size of 100nm to significantly determine
the morphology of the NMs on the filter membrane. Energy-dispersive X-ray microanalysis
(EDX) pattern performed on an EDAX Apollo 40 Silicon Drift Detector.
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4. Results and discussion

4.1. General sample characteristics

All values of zeta ({) potential, z-average hydrodynamic diameter as well as pH of extracted
road runoff water, road runoff exposed sediment and retention basin sediment suspensions are
represented in Table.S1. Additional determined hydrodynamic diameters with Eyetech laser
particle size analysis, are represented in Table.S2. Furthermore, { potentials as a function of
hydrodynamic diameter of road runoff sediments (S1, S2 and S3) retention basin sediment
(SRB) and road runoff waters (W2, W3) suspensions are represented in Fig.2.

To study reagents on affecting colodial stability, it will be necessary to have a look on the
suspensions’ measured ( potentials. As illustrated (Fig.2.) { potentials of road runoff sediment
suspensions S1, S2 and S3 as well as retention basin sediment SRB suspensions extracted with
UPW indicate values between -20 and -35 mV in both 1um and 10um size fractions which
means after Bhattacharjee (2016) colloid stability in UPW suspensions will be defined as
moderately stable. Probably the reason for moderate colloid stability may be high
concentrations of NOM in the suspensions that promote colloidal stability by enhancing NM
surface charge whereas high concentrations of NOM on the other hand promote NM
aggregation via bridging mechanisms (Chen et al., 2006; 2007). Nevertheless, suspensions
extracted with SPP, SOx, SDS, FL-70 in both size fractions from runoff sediment samples S1,
S2 and S3 are delivering even higher { potential magnitudes than UPW suspensions with more
negative values significantly above -30 mV and thus colloid stability may be defined as highly
stable (Bhattacharjee, 2016). This can be explained through selective sorption of phosphate or
oxalate anions on NNM surfaces while these anions replace NOM such as SOM on NNM
surfaces as previously assumed (Jolivet, 2000).

SDS extracted suspensions are indicating highest { potential magnitudes in all road runoff
exposed sediments S1, S2 and S3 of both 1um and 10um size cut off fractions whereas SOx
extracted suspensions are indicating lowest { potential magnitudes after UPW. Furthermore,
SPP and FL-70 extracted suspensions in both size cutoff fractions of S1, S2 and S3 having {

potential magnitude values
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that switch their order in between S1, S2 and S3 and lay between { potential values of SOx and
SDS.

Hydrodynamic diameters in suspensions of S1, S2 and S3 are decreasing with increasing ¢
potential magnitude which can be observed in the 1um (Fig.2.a2.) cutoff fraction and will be
explained through the break-up of heteroaggregates between NMs (Hartman et al., 2013; Loosli
etal., 2019). In detail this means that in S1, S2 and S3 UPW suspensions with lowest { potential
magnitude indicate highest hydrodynamic diameters followed by SOx suspensions while FL-
70 and SPP have lowest hydrodynamic diameters. Nevertheless, SDS suspensions in 1um
(Fig.2.a2.) cutoff fraction indicate highest { potential magnitude while hydrodynamic diameters
did not decrease much compared to UPW suspensions. This may be explained that during SDS
extraction eventually more NOM has been extracted, leading to enhanced surfaces charges
(Chen et al., 2006; 2007) wheras bridging mechanisms between NOM and NM may not have
been released during sonication. However, DLS observations of polydispersed suspensions may
lead to inaccurate hydrodynamic diameter measurements as smaller particulates will get
overshadowed by bigger particulates (Xing et al., 2016) which may be the case while analyzing
10um (Fig.2.al.) cutoff fractions. Hence as comparison hydrodynamic diameter measurements
were also determined with laser particle size analysis performed with Eyetech as results are
represented in Table.S2. Nonetheless, there is no significant trend concerning hydrodynamic
diameters between the several extraction protocols in 10um cutoff fraction of S1, S2 and S3 as
results from Eyetech and DLS measurements show different values due to highly polydispersed
suspensions (Table.S2, Table.S2.).

Furthermore, between different sediments S1, S2 and S3 it can be observed that FL-70
extraction in the 1um (Fig.2.a2.) cutoff fraction had the most significant effect in S1 and S3 by
indicating lowest hydrodynamic diameters while in the same size fraction of S2 result of SPP
extraction shows lowest hydrodynamic diameters. This may conclude that SPP and FL-70
suspensions in comparison to SDS and SOx suspensions favour the release of
heteroaggregation.

Additionaly, Retention basin sediment sample SRB also indicates lowest { potential magnitudes
in UPW extracted suspensions from both size cutoff fractions (Fig.2.b1.2.) followed by SOx
and SDS extracted suspensions while significantly highest { potential magnitudes (above -40
mV) can be observed in FL-70 and SPP extracted suspensions. Hydrodynamic diameter
measurements in 1um (Fig.2.b2.) cutoff fraction of SRB also show a certain trend of decreasing
hydrodynamic diameters with increasing { potential magnitudes. The 10um (Fig.2.b1.) cutoff

fraction of SRB also seems to have highly polydispersed suspensions which makes it difficult
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to give statements about comparisons of hydrodynamic diameters in between the different
extraction protocols of the 10um size cutoff fraction. Nevertheless, DLS measurement results
(Table.S1.) in comparison with Eyetech measurement results (Table.S2.) show similar large
hydrodynamic diameter values for UPW extracted suspensions of SRB in the 10um (Fig.2.b1.)
cutoff fraction with a mean value that is around 500nm larger than in suspensions extracted
with extractants. This may conclude that extractants could have a similar effect on SRB as it
has on S1, S2 and S3 which means that SOx, SDS, SPP and FL-70 may have caused a release
of heteroaggregation NMs (Hartman et al., 2013; Loosli et al., 2019).
When having a look on road runoff water suspensions W2 and W3, it can be observed that UPW
extraction delivers { potential values in the range around -20 mV in both size cutoff fractions
(Fig.2.c1.2) indicating moderate colloid stability (Bhattacharjee, 2016) while { potential
magnitudes by applying SPP extraction increase into the negative range above -30 mV
indicating high colloid stability (Bhattacharjee, 2016) in both size cutoff fractions. However,
hydrodynamic diameter values of both size cutoff fractions from W2 and W3 are significantly
smaller in UPW than in SPP extracted suspensions of road runoff water samples (Fig.2.c1.2) so
a trend of increasing { potential magnitude and decreasing hydrodynamic diameter in the
suspensions cannot be observed. This may be either due to unreleased heteroaggregation or
reaggregation of NMs in the suspensions due to too long or too short sonication time (Cohen et
al., 2018).
UV-VIS absorbance at A2s4 (A2s4) has been measured to investigate the amount of released SOM
during the extraction performance (Albrektiené et al., 2012; Buchanan et al., 2005) in both size
cutoff fractions of road runoff sediment (S1, S2 and S3) as well as retention basin sediment
(SRB) suspensions. The desorption of SOM from colloid surfaces through higher Azss values
as investigated in Loosli et al. (2019) will be observed with this method. It is illustrated in
Fig.4.a. that SPP extraction shows highest Azs4 signal compared to UPW extraction in almost
all sediment suspensions of both size cutoff fractions except in 1um size fraction of S1. This is
in good agreement with the observations of Loosli et al. (2019) reporting enhanced SOM
desorption through the presence of SPP.
TOC analysis by measuring CO> development initiated during sediment combustion by
constant heating up (1°C per 10sec at atmospheric pressure) the 125um stock fraction of
sediment samples S1, S2 and S3 was performed and is illustrated in Fig.4.b. Results from
sediment combustion show that all sediment samples have a significant peak in CO:
development between 210 and 320°C which is likely to represent the combustion of SOM as
Thomaz (2016) suggests, whereas this peak is most significant in S1 as it is up to one order of
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magnitude higher than S2 and S3 which could eventually mean most SOM is present in S1.
Which is in good agreement with values of total carbon and water showing highest values in
S1 [Carbon = 21.12 %, Water = 23.58 %] followed by S2 [Carbon = 18.38 %, Water = 13.45
%] and S3 [Carbon = 14.51 %, Water = 8.38 %]. However, between 600 and 800°C all sediment
samples show a secondary significant but flatter peak in CO2 development that probably could
represent the combustion of tire wear particles as it is suggested that tire particles incinerate at
around this temperature at atmospheric pressure (Juma et al., 2006).

Furthermore, SEM analysis was preformed to get an overview about the particle morphologies
in the road runoff sediment samples. For the observations, road runoff sediment S2 has been
used as it is assumed to detect most TRPs especially due to potentially high brake wear particle
concentration as this sample was exposed to road traffic in front of traffic lights. Results show
that the suspension matrices from S2 seems to mostly consist of clay minerals according to the
shape of visualized particulates as particle morphologies look like potential layer silicates such
as clay minerals of the kaolin-serpentine and pyrophylitic talc group as well as elongated
tubular clay mineral structures, similarly, as described in SEM observations of Christidis
(2010). NMs that are suspiciously looking like from anthropogenic origin around 300nm have
been visually detected as demonstrated in Fig. 3. Spherical particles with a diameter around
8um were also detected which could be of anthropogenic origin as these particles look similar
to micrographs of silica gel from Nakamura et al (2015) observations. However, SEM images
of previous studies (Kukutschovaet al., 2011; Adachi et al., 2004) have been used as orientation
to visually identify TRPs. According to the morphologies various detected particles and
aggregates in SEM images (Fig.3) that appear to have low contrast also show undefined near-
spherical surfaces and thus look like detected tire particles that have been analyzed via SEM in
Adachi et al. (2004). Due to the particle concentration of NNMs as mainly clay minerals in the
matrix of road runoff sediment S2 it was challenging to certainly identify TRPs. Especially the
visual identification of brake wear particles in natural matrices is problematic due to their
morphologies that may be like multiangular morphology of various clay minerals (Adachi et
al., 2004; Kukutschova et al., 2011; Christidis, 2010). Nevertheless, during EDX analysis
detection errors occurred due to too small particulates showing diameters below the size of the
EDX window which means various particles with different elemental compositions were

detected at the same time.
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4.2. Applied methods to detect TRPs in road runoff water and sediment

Concentrations of trace metals that are reported to be found in TRPs are analyzed in total
digested road runoff sediment and retention basin sediment dispersions by conventional 1CP-
MS. Measured metal concentrations get normalized with 1g of respecting size cutoff fraction
to determine what is the predominant trace metal in the suspensions of each extraction protocol.
Also, measured metal concentrations normalized with 1g of corresponding dry 125um stock
are getting compared to observe differences in metal concentrations between sampling sides.
Finally, measured metal concentrations get confronted with natural background data from top
soil and upper crust in Vienna determined in previous studies (Kreiner, 2004; Salminen 2007;
Pfleiderer et al., 2012; Simon et al., 2012) to observe elevated trace metal concentrations and
changes in chemical compositions.

Furthermore ICP-TOFMS was applied for ME-spICP-MS to determine particle amounts in road
runoff water (W2, W3), road runoff exposed sediment (S1, S2, S3) and retention basin sediment
(SRB) suspensions as well as the mass of each detected particle of corresponding element as
calculated through the python script during data treatment. As criterion to identify specified
particle events representing TRPs during ME-spICP-MS, tarce metals such as titanium (Ti),
iron (Fe), copper (Cu), zinc (Zn), rhodium (Rh), palladium (Pd), antimony (Sb), barium (Ba),
platinum (Pt) and lead (Pb) were primarily selected whereas aluminum (Al) for the
identification of NNMs like aluminum rich clay minerals has been used. Concentrations of
chromium (Cr), manganese (Mn), cobalt (Co), nickel (Ni), arsenic (As), zirconium (Zr),
molybdenum (Mo), cadmium (Cd) and tellurium (Te) have also been measured as these
elements are expected to appear in brake and tire wear paricles (Boulter, 2006; Thorpe and
Harrison, 2008; Puisney et al., 2018; Kukutschova et al., 2011). Cerium (Ce) was measured as
trace metal for exhaust and non-exhaust TRPs by determining La/Ce ratios below the natural
range of each detected Ce and lanthanum (La) particulate by following the ENM / NNM
distinction method of Montafio et al. (2014). Also, mass ratios between associated elements of
detected particulates have been determined to distinguish between TRPs and NNMs that have
interferences in elemental compositions as it will be assumed that NNMs may have constant
ratios between two selected elements. Calculated mass ratios in such detected particles are
La/Ce, Ba/Pb, Sb/Pb and Cr/Mn. La/Ce and Cr/Mn mass ratios of detected particulates
containing these element associations have also been compared with measured concentration

ratios of digested tire particles analyzed with
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conventional ICP-MS to identify potential tire wear particles that could correlate with the La/Ce
and Cr/Mn ratio of digested tire particles. For ME-spICP-MS UPW, SPP and FL-70 extracted
suspensions of the 1um size cutoff have been used as lowest hydrodynamic diameters were
measured in SPP and FL-70 suspensions thus less heteroaggregation and more released TRPs

will be assumed.

4.3. Total metal content in suspensions extracted with different extraction protocols

Digested suspensions were analyzed by conventional ICP-MS and normalized by 1g of dry
sediment from the corresponding size cutoff fraction to determine the concentrations of trace
metals in total digested road runoff and retention basin sediment and thus to observe the
extraction effect between applied extraction protocols in 1um and 10um size cutoff fractions.
In Fig.5. and Fig.6. as well as Table.S3. it is illustrated, values from 10um S1, S2 and S3
fractions show no significant differences in composition between extraction protocols as overall
concentrations of trace metals appear to be almost in the same range. Whereas values from
10um fraction of SRB significantly show that between extraction protocols (UPW, SPP, FL-
70, SOx and SDS) a higher number of Ti, Zn and Ba was extracted with SPP and UPW while
highest number of Mn, Cu and Pb may have been extracted with FL-70 (Table.S3). Also, in
10um SRB fraction Ti is after Fe the predominant metal in UPW, SPP, SOx and SDS extraction
protocols while Mn after Fe is predominant by applying FL-70 extraction. Same can be
observed in 1um fraction of SRB but anyway, statements concerning the composition in 1um
cutoff fractions should only be made while considering that dry mass of digestion material was
very low due to low particle concentrations in the suspensions of all sediments (S1, S2, S3 and
SRB). So, measured concentrations may be very sensible on variations that could occure
through tiny weight errors or even conatminations.

During digestion of runoff water suspensions (W2 and W3) mass of digested dry material was
even lower. So, undigested water suspensions additionally have been observed on ICP-OES on
their metal concentrations. It is shown (Table.S7.) that Zn after Ca > Na > K > Si is the most
predominant trace metal with even higher concentrations than Al and Fe in both runoff water
suspensions W2 and W3 which can be explained trough presence of tire particles. In previous
studies Zn is reported to be the most abundant element in road runoffs and thus will be defined
as significant tracer for possible elevated abundances of tire particles (Kldckner et al., 2019;

Hwang et al., 2016, Helmreich et al., 2010).
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Fig.5.a.b.c.d.e. Element contents of total digested sediment suspensions normalized by 1g of corresponding dry sediment size
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4.4. Total metal content in digested sediment

To compare metal concentrations between sediment dispersions and thus to make comparisons
between extraction protocols and sediment dispersions, metal concentration measured by
conventional ICP-MS in 1um and 10um size cut off sediment fractions got normalized by 1g
of the corresponding dry 125um stock fraction as listed in Table.S4 and illustrated in Fig.7.
Road runoff sediment samples S1, S2 and S3 have Zn concentrations that are at least one order

of magnitude higher than Zn concentration in retention basin sediment SRB which was less
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exposed to traffic emissions. Furthermore, it is shown in Fig.7 that S1 is indicating highest TRP
trace metal concentrations followed by S2 and S3. This may conclude that according to the
sampling site most non exhaust TRPs were emitted during continuos traffic flow while in front
of the traffic light (S2) more brake particles have been emitted than after the traffic light (S3).
Through the investigation of digested sediment samples, it can be assumed that in road runoff
sediment elevated Zn concentrations have been detected primarily caused by non-exhaust TRPs
as it is known from previous studies that Zn is one of the most abundant components in brake
and tire wear particles (Boulter, 2006; Thorpe and Harrison, 2008). Compared to SRB elevated
concentrations of Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Zr, Mo, Sb, Ba, Ce and Pb can also be
found in both size cutoff fractions of road runoff sediments S1, S2 and S3 (Fig.7) and may as

well have been caused through higher traffic exposure.

Table.1. Concentrations of trace metals detected in various soils in Vienna during various studies.

Vienna Area Sewage
Natural Background Upper Crust Top Soil Vienna Sludge
Sub Soil Top Soil Flysh Alluvium Urban  Urban Soils  Urban Soils West Exit
Soils (Dynamic) (Stable) Area

(1) (1) 2) 2) ) “4) 4) ) (5)

Cr [mg/kg] 53 68 38 36 35 80 31 44 46.48
Mn [mgrkg] 415 460 n.a. n.a. n.a. 346 501 n.a. n.a.
Fe [g/kg] n.a. n.a. n.a. n.a. n.a. 13 12 n.a. 71.12
Co [mg/kg] 7.8 9.5 9.5 7.9 8 8.8 6.5 7.4 3.12
Ni [mg/kg] 25.65 22 30 28 28 n.a. n.a. 31 26.98
Cu [mg/kg] 12 15.2 34 39.5 56 18 11 77 188.48
Zn [mg/kg] 40.5 60.5 127 141 164 97 75 233 585.8
As [mg/kg] 4.83 5.7 7.9 8.1 8.6 8 48 7.4 2.85
Zr [mg/kg] 200 215 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Mo [mg/kg] 0.46 0.9 0.8 0.8 0.9 n.a. n.a. 23 4.65
Cd [mg/kg] 0.08 0.12 0.5 0.5 0.6 0.2 0.3 0.9 1.58
Sb [mg/kg] 0.57 0.71 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ba [mg/kg] 350 310 n.a. n.a. n.a. 69 75 n.a. 231.33
La [mg/kg] 23 20.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ce [mg/kg] 48 425 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Pt [mng/kg] n.a. n.a. n.a. n.a. <30 n.a. n.a. 80 16
Pb [mg/kg] 11 20.5 54 64 79 65 54 118 43.05

) Salminen, 2007

)  Pfleiderer et al., 2012
(3) Kreiner, 2004

) Simonetal., 2012

)  Hohenblum et al., 2000
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Fig.7.a.b.c.d. Trace metal concentrations in total digested 1um and 10um fractions of road runoff and retention basin sediment
extracted with UPW, SPP, FL-70, detected with conventional ICP-MS and normalized by 1g of corresponding dry sediment
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Table.2. Ratios and cocentrations of trace metals to be found in TRPs.

Ba/Pb Sb/Pb ColZn Mn/Cr La/Ce Pt[g/L] Pd [g/L] Rh [g/L]
Brake Dust Pusiney et al., 2018 2.00 7.00 n.a. 0.15 na. na. n.a. n.a.
Thorpe and Harrison, 2008 62.00 13.00 0.00 4.30 n.a. na. na. na.
Adachi et al., 2004 5.00 3.00 n.a. n.a. n.a. n.a. n.a. n.a.
Tire Wear Adachi et al., 2004 1.00 0.70 n.a. 1.00 n.a. n.a. n.a. n.a.
Digested Tire Wear n.a. n.a. 0.01 0.93 0.56 na. n.a. n.a.
Conventional TWC Domesle, 1997 n.a. n.a. n.a. n.a. n.a. 0.30 15-5 0.1-04

UPW extraction amounts from 1um out of 10um size cutoff fractions in S1 and S2 ranging
from 7.5% (Zr) to 19.5% (Ni) (this means that 7.5% of Zr and 19.5% of Ni concentrations in
10um size cutoff fraction are caused through digested particulates with a hydrodynamic
diameter below 1um). In S3 UPW extraction amounts from 1um out of 10um size cutoff

fractions are higher with a range up to 36.24% (Ni).
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Furthermore, 20.8% of Zn was extracted from 1um out of 10um size cutoff fraction with UPW
in road runoff sediment S3 which is around 5% more than in S1 and S2. FL-70 extraction is
showing even higher Zn extraction amounts from 1um out of 10um size cutoff fraction in
sediment S3 with 40.5% which concludes that more than one third of the Zn concentration in
the 10um size cutoff fraction of road runoff sediment S3 is caused through the digestion of Zn
particulates with a hydrodynamic diameter below 1um. It is reported that tire particles that
contain Zn either have a size below 1um (Panko et al., 2009) so it is likely that emitted tire
particles during acceleration could have led to elevated Zn concentrations in S3. Nevertheless,
Zn extraction shows different values for the extraction of the 10um size cutoff from the 125um
stock fraction where it can be observed that in S1 and S2 FL-70 while in S3 SPP extracted the
highest amont of Zn. So, it seems that every extraction protocol has a different response to each
trace element in each sediment thus it is challenginf to give a statement on what extraction
protocol is the most efficient for the extraction of TRPs.

In comparison to the natural backgrounds (Kreiner, 2004; Salminen 2007; Pfleiderer et al.,
2012; Simon et al., 2012) to be found in Table.1l it is significant that all trace metal
concentrations except Zr are elevated in the 125um stock fraction of S1, S2 and S3 (Table.S4).
It can be observed that Zn concentrations in S1, S2 and S3 are around two orders of magnitude
higher than Zn concentrations in average topsoil of Vienna and even one order of magnitude
higher than reference soil from a public park at Vienna’s west exit area (Kreiner, 2004).

Sb concentrations in S1, S2 and S3 are even up to three orders of magnitude higher while Ba
and Pb concentrations are around double as high as concentrations measured in average topsoil
of Vienna. This may conclude that these elevated trace metal concentrations may be explained
through traffic exposure of S1, S2 and S3.

This is also in good agreement concerning the composition of trace metals (Fig.8.) where it can
be observed that S1, S2 and S3 show significant difference compared to composition of Vienna
average soil. From natural compositon Mn > Zr > Ba > Zn >Pb > Cr > Ce > Cu > Ni > La >
Co > As > Sb > Mo > Cd the composition of trace metals is changing in S1, S2 and S3 to Zn >
Mn > Cu>Ba>Cr>Pb>Zr>Ni>Sh>Ce>La>Mo > As > Cd likely caused due to the

exposure to individual traffic emissions and the resulting presence of TRPs in sediments.
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Fig.8. Trace metal composition in total digested 125um fraction in road runoff sediment compared with average trace metal
composition in soil of Vienna.

4.5. Trace metal concentration ratios in total digested sediment

Elemental ratios have been determined to analyze differences of trace metal amounts between
the different sediment samples and furthermore for comparisons with natural ratios that would
indicate elevated abundances of a certain trace element. It is reported that the natural system
contains an assortment of natural mineral particles that have a certain amount of two associated
elements e.g., La and Ce whose element concentrations may closely co-vary with the variation
of particle concentrations (Montafio et al., 2014). La and Ce is also present in ENMs while La
appears to have a significant lower abundance in ENMs than in NNMs which means that a ratio
shift to Ce compared to the natural background could indicate increased engineered CeO>
abundance (Montafio et al., 2014). Ce is also used as additive in diesel as it is suggested that Ce
addition can increase the number of Ce containing particles (Skillas et al, 2000) which means
that elevated Ce values could be a hint for the presence of exhaust and non-exhaust TRPs.

Furthermore, elevated Sb (up to 16900ug/g) concentrations compared to Pb (1290 pg/g) in
emitted brake dust is reported (Thorpe and Harrison, 2008). This means that a shift towards Sh
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compared to the natural Sb/Pb background ratio could indicate increased TRP abundance in
form of brake wear. Thorpe and Harrsion, 2008 also report that brake dust contains up to
74400ug/g Ba. As a result, Ba/Pb ratios are also used to observe brake wear particle
abundances.

Metal concentration measurements from conventional ICP-MS in total digested reference tire
particles (Table.2) show a Co/Zn ratio of 0.011 and a Mn/Cr ratio of 0.93. This advises to
compare Co/Zn and Cr/Mn ratios of total digested road runoff and retention basin sediment
samples with ratios of total digested reference tire particles, to determine elevated abundance
of tire particles.

In Fig.9 in can be observed that La/Ce ratios (Fig.9.a) of total digested sediment as shown in
are exactly in the natural range of 0.45 (Salminen, 2007) which means that the natural
background of Ce containing particles in both runoff and retention basin sediment is high in an
order the presence of engineered CeO- particles cannot get observed without ME-spICP-MS.
La/Ba, La/Pb, La/Sb, La/Zn and La/Cu (Fig.9.b.,c.,d.,e.,f.) ratios in S1, S2 and S3 are
significantly below the natural background wheras ratios in SRB are higher than in S1, S2 and
S3so it is assumable that road runoff and retention basin sediment have an elevated amount of
engineered Cu, Zn, Sb, Ba and Pb particles likely to be caused due to the contamination of non-
exhaust TRPs. Nontheless Sb, Ba and Pb are also present in other INMs and will be used as
tracer for e.g., gunshot residue (GSR) that can elevate the abundance of Sbh, Ba and Pb in soils
(d. Heringer et al., 2018). Emitted brake dust as previously discussed contains more Sb and Ba
than Pb compared to GSR which has a higher Pb than Sb and Ba content (d. Heringer et al.,
2018). Anyway in Fig.9.g. it is shown that S1, S2 and S3 which indicates Pb/Ba ratios at least
in the range of emitted brake dust.

Furthermore Fig.9.1.,J. shows Mn/Cr and Zn/Co ratios in total digested road runoff and retention
basin sediment suspensions compared to natural background and total digested tire material.
Mn/Cr ratios in total digested sediments are more ore less in the range of the natural background
except FL-70 extracted suspensions which lay significantly above the Mn/Cr ratio of digested
reference tire material (Table.2). Zn/Co ratios indicate that S1, S2 and S3 have ratios that even
lay significantly above the natural background and above the ratios of digested reference tire
material (Table.2). This could mean that metal contamination is primarily not happening
through tire particles but also through other INMs e.g., TRPs
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Fig.9.a.b.c.d. Element concentration ratios of total digested road runoff and retention basin sediment determined by respecting
element mass concentrations in all suspensions of 1um and 10um size cutoff fractions analyzed via conventional ICP-MS.
Reference ratios are the mean from values listed in Table.1 and Table.2.
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Fig.9.i.j. Element concentration ratios of total digested road runoff and retention basin sediment determined by respecting
element mass concentrations in all suspensions of 1um and 10um size cutoff fractions analyzed via conventional ICP-MS.
Reference ratios are the mean from values listed in Table 1 and Table 2

containing Cr, Mn, Co and Zn such brake wear. Nevertheless, it must be considered that several
tires from numerous brands could contain different Cr/Mn and Zn/Co ratios.

Ratios from total digested retention basin sediment are almost in all graphs closer to the natural
background than total digested road runoff sediment which means that concentration of TRPs
are overall lower in retention basin sediment than in road runoff exposed sediments. This was
expected resulting the higher traffic exposure through road runoff which is also in good

agreement with normalized to 125um stock fraction heavy metal concentrations in Table.1.

4.6. Element association with Aluminum

Metal concentrations analyzed via ME-spICP-MS by ICP-TOFMS in the 1um size cutoff
fraction of road runoff sediment (S1,S2 and S3) retention basin sediment (SRB) (Table.S8)
extracted and road runoff water (W2 and W3) (Table.S9.) samples got determined by observing
particle events of tracemetals that appear together with or without Al as it is known that Al is
one of the most abundant metals in natural clay minerals (Murray, 2006). This method was
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chosen as approach to expose the potential source of metals in the samples by investigating if
trace metal concentrations are either caused through natural Al rich clay minerals or through
the contamination by TRPs. Especially, as it is suggested that the amount of Al by mass in
emitted car brake dust is only 3% of the emitted mass from Ba and Sb together while Al in tire
wear is also only reported as trace element below 1ppm (Boulter, 2006; Thorpe and Harrison,
2008). Therefore, measured metal concentrations in road runoff and retention basin sediment
suspensions are normalized per gram of corresponding dry 125um sediment stock fraction to
observe metal concentration differences between the several sediment samples as shown in
Fig.10. Also, road runoff water suspensions W2 and W3 were normalized by 1 liter of
corresponding road runoff water Fig.11.

Now in Fig.10 it is illustrated that especially in road runoff sediment S1 and S2, FL-70
compared to UPW extraction has a significant effect on concentrations of some trace metals
such as Ti, Mn, Zn, Sh, Ba Ce and Pb by indicating lower ratios from metals associated to Al
to metals not associated to Al (e.g., in S1 the ratio Ti with Al to Ti without Al from UPW
extraction is 0.85 while this ratio with FL-70 extraction reaches only 0.20). Maybe this could
mean that the FL-70 extraction protocol could have released more INMs such as TRPs by
braking up heteroaggregates with Al rich NNMs. Furthermore, it is also significant that trace
metal concentrations especially Cr, Mn, Cu, Sh, Ba and Pb are around one order of magnitude
lower in retention basin sediment SRB than in road runoff sediment samples which is probably
due to the higher traffic exposure of road runoff sediment samples and that result is also in good
agreement with conventional ICP-MS analysis from total digested sediment samples.
Nevertheless, to give a statement about which one of all three road runoff sediment samples has
the highest concentration of a certain element is problematic due to different concentrations in
between the extraction protocols.

Therefore, in road runoff water samples W2 and W3 it is again significant (Fig.11) that all trace
metals in W2 are showing higher concentrations than in W3, so it can be assumed that runoff
water sample W2 is more contaminated with metals due to higher emissions of TRPs before
than after the traffic lights likely caused by braking events. Anyway, improved extraction
efficiency through 1mM SPP in runoff water by indicating higher metal concentrations can not

be observed in the 1um size cutoff fractions.
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4.7. Detection of traffic related particles

For the detection of non-exhaust and exhaust traffic related particles the road runoff sediment
and water suspensions were analyzed by ICP-TOFMS during multi element-spICP-MS. Since
through this method it is possible to detected particles of more than one isotope at the same
time, NMs can be classified by their elemental fingerprint. Hence selective criteria can be
applied to classify TRPs according to their respecting sources. During this study, a method was
developed to distinguish between potential brake wear and tire wear particles by using
frequently reported metal as identification criterion. To identify one brake wear particle, the
occurrence of Ba, Sb and Pb (Boulter, 2006; Thorpe and Harrison, 2008) has been observed
which means that if two of the three or all three elements appear together in one particle event,
this particle gets counted as one brake wear particle. For a certain characterization of tire
particles, Zn was used as main trace metal by saying that if Zn appears together with Ti, Co, Te

or W the peak gets counted as tire wear particle.
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Results in Fig.12.d show a comparison of brake and tire particle concentrations (particle L) in
the respecting 1um fraction suspensions. S1, S2 and S3 are indicating more or less the same
number of particles so that way it is not possible to say if the particle emission is higher on one
site than on the other. Theoretically it is assumed that on site S2 which is located in front of the
traffic light on the one-way road the emission of brake particles by mass is higher than on site
S3 located after the traffic light. To determine differences between local particle emission
amounts by mass it is necessary to analyze road runoff water samples that are particle
composition snapshots taken during the same time. So, a significant difference of brake to tire
particle ratio in the 1um fraction suspensions of rainwater road runoff samples W2 and W3 is
shown in Fig.12.a proving the assumption that according to the sampling location more brake
particles by mass were emitted in front of the traffic light in W2.

Problems show up when it comes to the identification of Pb particles together with Ba and Sb,
as mineral data base from the Hudson Institute of Mineralogy (Mindat.org) reports that 276
minerals of natural minerals have Pb and Sb associations while also 1.17% 19 natural minerals
indicate associations between Pb and Ba. So, it is likely that particles that have been detected
as brake wear particles containing Pb and Sb or Pb and Ba could be clay minerals with the same
chemical fingerprint.

A certain distinction between engineered from natural Pb particles is only possible with mass
ratio comparison. However, associations between Ba and Sb are reported to not occur naturally,
so it is obvious to use particles containing Ba and Sb as certain tracer to identify INMs or
potential TRPs as shown in Fig.12. Nevertheless, if the identification of brake wear particles
gets minimized to only Ba and Sb, ratios of emission amounts between different sites will not
change much according to the detection results. Percentages of particle associations from total
number of particles of one trace metal are represented in Table.3. It may be observed that in
most cases Ba and Sb associations often appear together with Pb than alone together.
Automotive catalyst particles have been identified by observing particles containing PGEs such
as Rh, Pd and Pt that get emitted as exhaust TRPs in metallic and metal oxide form with an
estimated solubility of 10% (Inacker and Malessa, 1992, Hill and Mayer, 1977), so it is likely
that PGE particles after they go airborne
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Fig.12. (a) Total concentration of Sh, Ba and Pb in 1L of respective suspension. (b) Number of detected Sh, Ba and Pb particles
in 1L of corresponding suspension. (c) Number of particulates with certain element associations and (d) number of non-
exhaust TRPs in 1L of respective suspension. (1) represents sediment and (2) rainwater samples. ME-splCP-MS was performed
with ICP-TOFMS of 1um size cutoff fractions.
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Table.3. Percentage of particle amount with element associations from total particle amount of certain tarce metal.

Sb Ba Pb
[%] Sb +Ba +Pb Sb+Ba Sb+Pb Sb +Ba +Pb Sb+Ba Ba+Pb Sb+Ba+Pb Sb+Pb Ba+Pb
S1 UPW 26 29 55 6 6 48 2 5 19
FL70 5 7 40 1 2 21 1 8 14
S2  UPW 10 15 30 4 5 32 2 5 16
FL70 22 28 50 4 5 29 3 7 21
S3 UPW 15 27 46 3 6 37 2 5 17
FL70 16 20 39 5 6 33 3 8 22
SRB  UPW 0 0 100 0 0 8 0 1 15
SPP 33 33 33 0 0 4 0 0 3
w2  UPW 1 3 22 2 4 27 1 8 7
SPP 2 3 23 3 4 27 1 9 7
W3 UPW 2 2 2 1 1 9 0 0 1
SPP 10 10 20 3 3 19 2 3 11
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Fig.13. (a) Concentratiosn and (b) number of PGEs in 1um size fraction normalized by 1L of corresponding. (1) represents
sediment and (2) rainwater samples. ME-spICP-MS was performed with ICP-TOFMS of 1um size cutoff fractions.

accumulate on road surfaces and furthermore cause elevated Rh, Pd and Pt abundance in road
runoff. As natural background PGEs mean values of measured earth crust concentration such
0.06ppb for Rh and 0.4ppb for Pd and Pt are commonly used (Wedepohl, 1995). During

42



Mean =0.47 Median=0.75 n=19

a2 81
- el Pt194
al 7 7 Pt195
6 - — 6 1 —— Pt196
5 4 P 5 A
c
? 4 § 4 -
CEER 3 -
g 2 1
2
1 4 1 A
SN 0 1 1 e I
0 010203040506070809 1 111213 14 15 03 06 09 12 15 18 21 24
Pt194 Particle Mass in fg time (ms)
Mean=3.35 Median=5 n=5
b2 70 -
el P 104
b1 4 - 60 Pd105
50 - ——@— Pd106
3 -
[2]
g 40 A
>
[9) 9]
4 30 -
g 2 o
3
g 20 -
w14
10 -+
0 T T T T T T T T T T " 0 e T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 03 06 09 12 15 18 21 24
Pd105 Particle Mass in fg time (ms)
Mean=0.35 Median=0.2 n=2
c2 ©
cl 37 5
4 .
2 £
> 33
o o
S (@]
9]
=) 2
g 11
w 1
0 . . . . . . . . . . ) 0
o o1 02 03 04 05 06 07 08 09 1 03 06 09 12 15 18 21 24
Rh103 Particle Mass in fg time (ms)

Fig.14. (1) Particle Mass distribution of PGE particles in W2 extracted with SPP and detected with ICP-TOFMS. Sample was
diluted 1:99. (2) Peak of detected PGE particle from raw signal of ICP-TOFMS.

ME-spICP-MS multiple particles containing Rh, Pd and Pt have been detected in 1um size
fraction dispersions as seen in Fig.13. It is shown that sediment suspensions do not have a
constant seequence of Rh, Pd and Pt concentrations but it can be observed that Pt and Rh are
present in all road runoff sediments (S1, S2 and S3) and SRB while Pd only occures in S1 and
S2. Nevertheless, according to the resulting variation of PGE concentrations it is not possible
to make a statement about PGE extraction efficiency in between several extraction protocols
applied on sediments.

Anyway, road runoff water samples W2 and W3 appear to have a constant concentration

seequences in between extraction protocols. It can be observed that SPP had a positive effect
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on PGE extraction in W2 while W3 has almost no difference between the two extraction
protocols.

Furthermore, it is significant that W2 (30 to 40 particles pLt) contains up to four times more Pt
particles than W3 (around 10 particles pL*) whereas both runoffs are indicating the same
number of Rh particles (<10 particles pL™).

Pd particles are as previously discussed rarely detected in sediments but therefore around 10 Pd
particles L™ have been detected in W2 with SPP extraction. It is reported that 1L of
conventional TWC contained 0.3-2.0g Pt and 0.1-0.4g Rh with 1.5-5g Pd (Domesle, 1997).
Although less Pd than Pt and Rh particles are detected it is shown in Fig.14, that the mean of
Pd particle mass is about 10 times higher than mean of Pt and Rh particle mass. Also, raw ICP-
TOFMS signal (Fig.14.) of Pd particles shows a peak that is about 10 times of counts higher
than peaks of Pt and Rh particles which concludes that Pd particles may have a significant
higher mass (around 10 times) than Pt and Rh particles. This explains why although less Pd
particles are detected in road runoff water but Pd particle emission by mass (Fig.13.a2) is higher
than Pt and Rh. Which means PGE observations in W2 are in good agreement with the PGE
mass content in conventional TWCs reported in Domesle (1997).

4.8. Mass ratios of associated elements in detected particles

As previously mentioned, natural clay minerals could have similar elemental composition as
TRPs and thus it is necessary to distinguish between NNMs and TRPs which will be done
through mass ratios in comparison with natural background. Results of total digested sediment
already showed that the natural background of trace elements especially Ce is relatively high
This means, that the number of NNMs prevails the number of TRPs having a similar elemental
composition which makes it necessary to observe the mass ratio of every detected single
particulate.

In theory engineered CeO- nanoparticles appear as a single Ce peak in an ICP-TOFMS signal
without the presence of La if engineered CeO2 nanoparticles are not associated to NNMs.
Nevertheless, it is suggested that average elemental composition of NNMs is around 60ppm
Ce*" and 30ppm La** which means a detected particulate containing associated CeO,with NNM
would indicate a La/Ce mass ratio shift toward Ce (Montano et al., 2014). Furthermore, results
of previously mentioned total digested tire particles show that tire wear has a La/Ce ratio of
0.56 (Table.2.) that is above the natural background of 0.45 (Salminen, 2007). So, tire wear

particles could appear to have a higher La content as NNMs. According to these assumptions a
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particle event detected by ICP-TOFMS containing La and Ce that has a La/Ce mass ratio below
the natural background is assumed to be engineered CeO: related to NNM while a detected
particle with a La/Ce mass ratio above the natural background has the potential to be a tire wear
particle.

However, it is illustrated in Fig.15. that according to sampling site La/Ce mass ratios in detected
NMs could either significantly vary or follow the natural trend. In all suspensions around half
the number of particles containing La and Ce are in natural range while the other half of particles
is indicating either La/Ce mass ratios above or below natural trend. It is significant that
primarily small particles (<0.5fg) are indicating La/Ce ratios that are close to 1, meaning that
La content is equal or even above the Ce content in one particle. In W2 (Fig.15.c.) from 251
detected particles containing La and Ce, 100 particles appear to be above natural background
(>0.45) while 26 particles are showing La/Ce ratios below 0.29 and having a Ce particle mass
up to 14fg. So, the 26 particles below the natural background could be CeO; particles related to
NNM as von der Kammer et al (2012) suggests while particles above the natural background
could appear to be tire particles as they are related to La/Ce slope of digested tire particles.
Similar observations can be seen in S3 (Fig.15.a.) where 57 La/Ce particles have been detected
from which 38 particles (34 above and 4 below the natural ratio) do not follow the natural La/Ce
trend. In SRB (Fig.15.b.) 211 La/Ce particles have been detected including 109 outliers from
whom only 2 are significantly below the natural La/Ce background.

Anyway, particles containing La and Ce do not follow the natural La/Ce mass ratio around 0.45
and mostly seem to have mass ratios above 0.69 which indicates elevated La content in detected
particles, that could be a hint for tire wear. Particles with La/Ce mass ratios significantly below
the natural background (<0.45) that are likely to be CeO- related to NNM are less present (<10%
of total La/Ce particles) but have a striking higher mass. As comparison the occurrences of
detected Ce particles appearing without the presence of La assumed to be engineered CeO; are
demonstrated in Fig.16.

All measurements show that detected Ce particles have an average mass between 0.3fg and
0.5fg (Ce particle with a mass of 0.93fg has a spherical shape diameter of 100nm) while in W2
Ce particles appear with an average mass up to 4fg and thus are smaller than Ce particles
appearing together with La (up to 14fg Ce mass). The amount of Ce particles without La in W2,
W3 and S3 is also around 50% higher than the amount of Ce particles occurring together with
La (e.g., 365 counts of Ce particles without La and 251 Ce particles together with La in W2)
while in SRB the amount of Ce particles without La and the amount of Ce particles with La is
almost equal (217:211).
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As previously mentioned, 276 minerals containing Pb and Sb and 19 minerals containing Pb
and Ba occur naturally (Mindat.org) which means that brake particles having the same
elemental composition could also get detected as NNM. Therefore, it is necessary to have a
look onto the mass ratio between Ba/Pb and Sh/Pb as natural minerals contain more Pb by mass
than Ba or Sh. So, theoretically a detected colloid whose particle mass of Ba or Sb is higher
than the particle mass of Pb is assumed to be INM and thus in that case very likely to be brake
wear as it is known that brake dust contains more Ba or Sb than Pb by mass (Boulter, 2006;
Thorpe and Harrison, 2008; Puisney et al., 2018). While in SRB no particles containing Ba and
Pb or Sb and Pb have been detected, most of such particles were found in W2 and as seen in
Fig.17. most of them have lower Pb content than Ba and Sh. In W2 20 particles containing Ba
and Pb were detected where all have a higher Ba than Pb mass while 57 particles containing Sb
and Pb have been indicated where 47 have a higher Sb than Pb mass. W3 counts 10 particles
Ba and Pb particles where all have Ba/Pb mass ratios above 1 and 22 Sb and Pb particles where
17 have Sb/Pb mass ratios above 1. In S3 all 17 Ba and Pb particles also have Ba/Pb mass ratios
above 1 while 36 Sb and Pb particles have been counted from which only the half (18) has
Sb/Pb mass ratios above 1. So overall all detected Ba and Pb particles that were detected in all
samples show higher Ba than Pb content. In rainwater road runoff samples around 80% of Sb
and Pb particles have a higher Sb than Pb content and thus are assumed to be TRPs while in
road runoff sediment only 50% of all detected Sb and Pb particles have a higher Sb than Pb
content. This is also in good agreement with the assumption that theoretically the amount of
natural minerals in sediment samples should be higher than in road runoff rainwater.

As total results of digested reference tire particles study already showed (Table.2), Cr/Mn ratio
of tire particles is around 1.08 and thus tires would appear to have a significantly higher Cr
content than the natural Cr/Mn background of 0.13, Cr/Mn ratios would be useful to
characterize potential detected tire particles. Overall, 17 known natural minerals are reported
(Mindat.org) to contain Cr and Mn which means that a detected particulate only showing
associations between Mn and Cr is not a certain tracer to define INMs, so it is important to
investigate Cr/Mn mass ratios in every detected particulate showing assocuiations between Cr
and Mn. Fig.18. illustrates detected Cr/Mn particulates where in all samples a distribution can
be observed that on one hand shows particles that either follow the natural Cr/Mn ratio trend
while on the other hand particles with higher Cr content follow either the Cr/Mn ratio of
digested tire particles. It can be observed that suspensions extracted with FL-70 indicate

compared to UPW extraction more Cr/Mn particulates from total measured Cr and Mn
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concentrations in all road runoff sediment suspensions (Table.5). In S3 extracetd with FL-70

(Fig.18.a) 46 Cr/Mn particulates have been detected from which 38 have Cr/Mn mass ratios
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above 0.25 and thus are significantly higher than the natural background of 0.14 while 6

particulates appear to have Cr/Mn mass ratios in the range (1.06+0.2) of total digested tire

particles. Interestingly in W3 more than twice as much (36) Cr/Mn particulates have been

detected as in W2 (16) which is the opposite from the detection of Pb/Ba and Pb/Sb particulates
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where more particulates have been detected in W2 than W3. This can maybe be explained
(while taking the location of sampling spots into account) that during acceleration events a
higher number of fine tire particles with a hydrodynamic diameter below 1um may have been
emitted after the traffic light while overall more brake particles have been emitted in front of
the traffic light. This would also be in good agreement with the assumption of spatial
distribution. From 36 detected Cr/Mn particulates, 31 have mass ratios above 0.25 from which
6 are in the range (1.06x0.2) of digested tire particles while in W2 only 1 particle has been
detected in the range of digested tire particles.

Nevertheless, Puisney et al (2018) reports that brake wear powder also contains Cr and Mn but
with Cr/Mn mass ratio of 6.5. However, particulates with such high Cr content have not been
detected in any road runoff sample, so detected Cr/Mn particulates are very likely not emitted
as brake wear.

According to these observations it is assumable that more brake particles (particulates
containing Sh, Ba and Pb) have been detected before the traffic light where the brake event
frequency of vehicles is higher than after the traffic light. On the other hand more potential tire
particles (particulates containing Cr and Mn) have been detected after the traffic light event
probably due to tire abrasion and the resulting emission of fine (<1um) tire particulates caused

during accelerations of vehicles.

Table.4. Percentage of particle amount having Pb associations with Sb and Ba as well as percentage of potential brake particles
charcaterized by mass ratios between corresponding trace metal associations. Percentages are related to total particle
concentrataions of each trace metal (Sb, Ba and Pb).

trace metal Sb Ba Pb
Sb + Pb Ba+Pb Ba +Pb Sb + Pb
[%] from totalrtr::::; Total o Brak_e Total o Brak_e Total o Brak_e Total o Brak_e
concentration Associations  Particles Associations  Particles Associations Particles Associations Particles
S1  UPW 54.8 1.8 47.6 45 18.9 1.8 4.8 0.7
FL70 40.0 0.0 20.8 0.0 145 0.0 7.8 0.0
S2  UPW 30.0 14 32.2 3.0 16.0 1.5 5.2 0.7
FL70 50.0 1.4 29.3 0.4 21.2 0.3 6.5 1.0
S3  UPW 46.3 1.7 36.9 4.0 17.4 1.9 4.9 0.8
FL70 38.6 0.6 32.8 3.5 216 23 8.2 0.4
SRB UPW 100.0 0.0 8.4 1.8 14.7 3.2 11 0.0
SPP 333 0.0 3.7 0.0 35 0.0 0.4 0.0
W2 UPW 222 11.5 27.3 4.3 74 1.2 8.0 3.1
SPP 225 9.1 27.3 438 71 1.3 8.6 24
W3 UPW 1.7 0.0 9.3 4.7 1.0 0.5 0.1 0.0
SPP 20.0 0.0 18.9 27 10.9 1.6 3.1 0.0
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Table.5. Percentage of particle amount having Cr and Mn associations as well as percentage of potential tire particles
charcaterized by mass ratios between corresponding trace metal associations. Percentages are related to total particle
concentrataions of each trace metal (Cr and Mn).

trace metal Cr Mn
Mn + Cr Mn + Cr

[(%;]r;rcoemn::::: Total o Tire_ Total o Tire_
concentration Associations  Particles Associations  Particles
S1  UPW 6.8 0.7 1.8 0.2
FL70 11.9 4.6 10.0 38
S2  UPW 5.6 0.0 23 0.0
FL70 232 32 18.8 26
S3  UPW 3.8 0.0 0.6 0.0
FL70 29.3 3.8 8.1 1.1
SRB UPW 0.0 0.0 0.0 0.0
SPP 6.5 3.2 1.7 0.8
W2 UPW 4.8 0.3 10.7 0.7
SPP 1.0 0.3 1.8 0.6
W3 UPW 25.0 4.2 213 3.6
SPP 0.0 0.0 0.0 0.0

5. Conclusion

The aim of this study was to detect and quantify the amount of emitted TRPs in Vienna’s road
runoff waters and road runoff exposed sediments. Two independent analytical approaches were
performed to observe assumed changes in chemical composition on roadside soils and
sediments caused through exposure to individual traffic emissions.

Results of investigated sediment suspensions showed elevated concentrations of metals
reported to be present in brake- and tire wear particles. This was verified in comparison to
present average soil data of Vienna and samples of the river’s retention basin. The resulting
change of chemical composition in road runoff exposed sediments is very likely to be caused
through local enrichments of adsorbing metal containing TRPs, which were determined in road
runoff waters during this research. Considering that during heavy rain events, higher amounts
of TRPs in road runoffs will not get adsorbed by soils or sediments but directly be flushed into
the river Wien. This study pointed out, that especially in this case, focus on fate and
environmental impact of TRPs should get enhanced in respect to potential damages concerning
at least human health. Results of this study also suggest, as mentioned earlier, that road runoff
systems should be modified in the future so that runoff water contaminated with TRPs will be
filtered out before it comes back into contact with surface waters, sediments, or soils.
Moreover, it was assumed that TRP emission by mass will be higher in front of traffic lights

due to an increased density of braking vehicles. While analyzing road runoff water samples, it
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was observed that the number of TRPs is significantly higher in road runoff in front than after
the traffic light which clearly verifies the assumption of TRP spatial distribution. This reveals
that TRP emissions, and their following environmental impact can be expected to be even
higher at areas around traffic light.

It was supposed that extraction reagents may play a possible role for enhanced dispersion of
TRPs in waters and sediments. Results collected during this research reveal, that different
extraction protocols show at least recognizable differences in particle concentrations of various
detected metals. So far, applied protocols do not indicate a constant result for only one specific
reagent delivering enhanced concentrations for all observed metals. It was also figured out, that
by applying UPW extraction, TRP analysis delivers already sufficient, in some cases even
enhanced metal concentration results as observed during this study. Anyway, results of ME-
spICP-MS, 1% FL-70 extraction showed that trace metals are less associated to aluminum in
road runoff sediment suspensions which seems to be successful in braking up heteroaggregation
between NNMs and TRPs. This concludes that FL-70 may be a promising extraction reagent
for future studies that will investigate on extraction behavior of certain TRPs from natural
matrices. These future studies will also focus on optimizing reagent concentrations that fit best
for enhanced TRP characterizations.

Furthermore, analysis of total digested tire material showed that tire particles may have La/Ce,
Cr/Mn and Co/Zn mass ratios above the natural background which may be helpful information
for future studies that focus on the characterization of tire wear particles in natural matrices.
Through mass ratios of two associated trace metals, potential brake-, tire wear and automotive
catalyst particles were detected via ME-spICP-MS and have been distinguished from NNMs in
road runoff sediments and waters.

In conclusion, the findings of this study will contribute to expose the contamination potential
through particulate emissions by individual traffic. This may be another suggestion for road
departments to improve monitoring of TRP emission and fate and to include this aspect in future
road construction concepts. Overall, this research may be a supportive orientation to upcoming
projects that will focus on the modeling of TRP concentrations in complex natural matrices and
apply total digestion on sediments that contain tire particles or use multi element-fingerprinting
for the distinction between NNMs and TRPs.
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Supplementary data

Table.S1. Z. Average hydrodynamic diameter and Zeta Potential determined by DLS as well as measured pH of 10pm (a) and
1um size-cutoff (b) from all road runoff sediment (S1, S2, S3), retention basin sediment (SRB) and road runoff water (W2, W3)
suspension. Standard deviation represents the results from several independent measurements (n=3).

a Suspension  Z. Average [nm] Z. Average Pdl Zeta Potential [mV] Zeta Potential Dev. [mV] pH
Mean stdev Mean stdev Mean stdev Mean stdev
S1 upPw 1606 281.0 065 0.19 -34.3 0.7 58 0.2 7.3
SPP 1545 209.9 0.81 0.21 -42.7 0.3 10.2 4.4 7.0
SOx 1543 305.2 0.88 0.06 -37.4 0.7 6.4 0.6 7.2
SDS 1490 42,6 0.77 0.19 -45.8 1.2 8.4 0.4 4.1
FL-70 1525 723 0.80 0.17 -41.1 11 19.0 19.7 7.8
S2 uPw 1283 180.7 0.87 0.10 -30.9 0.6 5.1 0.6 7.3
SPP 1140 46.9 0.61 0.06 -42.0 0.9 74 1.0 7.2
SOx 1134 89.3 0.79 0.05 -35.9 0.7 6.1 0.3 7.3
SDS 1250 40.6 0.90 0.08 -48.4 1.2 9.2 0.1 5.9
FL-70 1275 175.9 0.81 0.18 -42.0 11 9.3 3.9 7.6
S3 uPw 1467 36.6 0.67 0.30 -25.8 0.5 4.9 0.3 7.4
SPP 924.6 59.6 0.66 0.09 -45.1 0.1 75 0.3 7.1
SOx 1272 1116 0.78 0.05 -38.0 0.7 57 0.8 7.5
SDS 1107 107.7 0.75 0.08 -51.4 1.7 8.8 1.3 5.9
FL-70 940.4 67.4 0.69 0.08 -44.3 0.6 8.1 0.7 7.5
SRB UPW 2426 484.0 1.00 0.00 -24.4 0.6 4.7 0.6 7.2
SPP 1575 60.3 0.88 0.03 -48.8 0.3 10.6 1.5 7.0
SOx 1359 50.2 0.51 0.05 -40.6 27 71 0.2 7.2
SDS 1181 88.5 0.71  0.05 -37.8 1.6 7.2 0.7 7.2
FL-70 1210 244.8 0.82 0.16 -50.7 04 9.4 0.7 6.9
W2  UPW 910.9 64.4 082 0.13 -20.2 0.4 4.7 0.2 7.4
SPP 1370 923 082 0.18 -30.6 1.0 45 04 7.4
W3  UPW 628.2 170.0 0.65 0.09 -22.3 11 6.1 11 7.1
SPP 1561 4731 0.88 0.17 -37.0 1.3 71 0.9 7.3
b Suspension Z. Average [nm] Z. Average PdI Zeta Potential [mV] Zeta Potential Dev. [mV] pH
Mean stdev Mean  stdev Mean stdev Mean stdev
S1 upPw 593.7 19.9 0.41 0.06 -36.2 0.5 6.1 0.6 7.4
SPP 534.9 23.0 0.43 0.05 -46.9 1.9 7.6 0.6 7.2
SOx 563.4 344 0.43 0.04 -39.3 0.3 75 0.9 7.5
SDS 571.6 17.8 0.52 0.06 -49.7 1.0 8.3 1.2 4.0
FL-70 441.3 16.4 0.41 0.06 -441 0.9 7.3 0.7 7.1
S2 upPw 535 10.5 0.40 0.04 -34.4 11 58 0.3 7.3
SPP 447.4 1.7 0.38 0.03 -44.0 1.3 7.2 04 7.2
SOx 497.5 18.6 0.45 0.07 -38.2 0.8 58 0.3 7.7
SDSs 488 253 0.41 0.04 -51.9 25 8.6 11 4.4
FL-70 483.1 16.4 0.42 0.06 -40.4 0.6 6.7 0.5 7.6
S3 upPw 560.2 7.1 0.37 0.00 -32.3 1.7 5.7 0.5 7.1
SPP 409.7 1.2 0.37 0.04 -45.0 11 6.9 0.2 7.1
SOx 495.1 121 0.36 0.02 -38.9 0.8 7.2 1.3 7.3
SDS 460.4 12.4 0.46 0.09 -54.8 25 9.1 0.5 5.1
FL-70 385.2 10.1 0.36 0.01 -46.7 1.4 7.9 1.0 7.2
SRB UPW 987 107.3 0.57 0.07 -26.8 0.5 4.8 0.2 7.4
SPP 448.4 7.9 0.45 0.02 -51.1 1.6 7.6 0.7 7.0
SOx 455.7 4.2 0.42 0.07 -38.7 25 6.1 0.6 7.5
SDS 856.4 91.3 0.64 102.30 -37.9 27 12.4 0.2 7.4
FL-70 428 12.0 0.40 0.92 -47.8 1.6 7.1 0.5 7.3
W2  UPW 2243 3.1 0.24 0.02 -22.2 0.4 5.6 0.3 7.4
SPP 483.4 455 0.76 0.07 -32.9 0.4 4.6 0.1 7.4
W3  UPW 235.1 9.8 0.28 0.04 -19.0 0.2 7.4 0.4 7.1

SPP 2741 6.5 0.42 0.02 -31.9 0.7 10.4 0.6 7.5




Table .S2. Eyetech laser particle size analysis results of both size cutoff fractions from sediment suspernsions.

Hydrodynamic Diameter [nm]

10pum size cutoff fraction 1um size cutoff fraction
Suspension Mean stdev Mean  stdev
S1 uPw 1540 1480 1130 700
SPP 1460 1340 1080 630
SOx 1550 1430 1250 690
FL-70 1360 1200 1400 570
SDS 1400 1160 1130 650
S2 uPw 1290 1090 1270 590
SPP 1300 1070 1290 560
SOx 1290 1060 1430 590
FL-70 1320 1160 1420 580
SDS 1390 1160 1080 630
S3 uPw 1460 1190 1530 610
SPP 1300 1030 1410 600
SOx 1400 1150 1580 630
FL-70 1400 1120 1500 580
SDS 1340 1020 1280 700
SRB uPw 2150 1610 2927 2502
SPP 1670 770 1668 774
SOx 1570 1390 1565 1385
FL-70 1510 1150 1506 1152

SDS 1620 1220 1615 1216




Table.S3.a.b. Trace metal concentration in total digested 1um and 10um fractions of road runoff and retention basin sediment
samples extracted with UPW, SPP and FL-70. Normalized by 1g of dry sediment from corresponding size cutoff fraction. S3
(c) and SRB (d).

a Sample S1
Size
fraction 10um 1um

Extractant UPW SPP FL70 SOx SDS UPw SPP FL70 SOx SDS
Ti [mg/g] 3.54 3.25 3.42 3.58 213 11.10 13.62 3.46 17.87 0.59

Cr [pg/g] 316.13  299.00 315.30 328.27 184.20 1044.36 1169.08  271.82 1381.47 44.60

Mn  [mg/g] 1.78 1.78 2.06 1.74 1.19 6.87 15.81 5.82 9.12 0.80

Fe [mg/g] 74.79 71.54 74.83 75.75 43.87 307.20  336.89 79.68  406.91 12.47

Co [umg/g] 25.48 23.27 25.27 24.41 14.62 94.63 106.79 36.47 126.34 5.46

Ni  [pg/g] 8746  275.18 105.97  201.84 156.10 469.29  412.81 109.41 117513 10.68

Cu [pg/g] 49170 717.66 660.22 517.63 557.94 2462.22 243241 1590.04 3383.81 160.20

Zn [mg/g] 2.90 275 3.08 291 1.71 13.63 16.12 11.76 18.93 0.67

As  [pg/g] 13.38 12.06 12.86 12.43 7.45 64.59 75.28 17.14 82.04 2.60

Zr  [uglg]l 11547 102.89 116.80 108.78 64.13 268.66  312.44 81.22 399.64 13.88

Mo [ug/g] 33.26 30.93 31.57 32.15 17.83 82.01 89.65 25.87 108.24 3.59

Rh [ug/gl n.a. n.a. n.a. n.a. <0.01 <0.01 n.a. n.a. n.a. <0.01

Pd  [pg/g] n.a. 0.16 0.18 0.12 0.13 n.a. 1.16 0.19 0.96 0.04

Cd [upg/g] 1.37 1.08 1.37 1.21 0.83 5.31 6.89 3.06 7.71 0.29

Sb  [ug/g] 79.82 80.18 82.55 84.85 48.91 229.96  274.63 58.79 34248 11.53

Ba [upg/g]l 529.64 504.93 508.21 533.48 340.17 2201.31 2294.47 515.01 2859.05 193.02

La [pg/g] 21.87 20.31 20.51 21.59 12.27 81.10 89.41 21.07 104.26 3.29

Ce [upg/g] 47.67 44.16 44.55 46.97 26.53 176.86 191.75 45.81 228.75 7.22

W [pg/g] 5.78 5.16 4.40 5.86 3.33 20.66 26.81 7.79 31.51 0.91

Pt [ug/g] 0.16 n.a. n.a. 0.08 0.02 0.75 0.60 3.05 1.36 0.06

Pb  [pg/g]  206.10 188.97 185.70 198.95 108.68 953.38  1016.31 196.87 1192.96 34.13

b Sample S2
Size
fraction 10pm 1um

Extractant uPw SPP FL70 SOx SDS upPw SPP FL70 SOx SDS
Ti [mg/g] 3.38 3.65 3.31 3.65 1.95 14.55 4.65 5.02 9.89 0.43

Cr [pg/g] 314.66 308.91 297.90 308.91 167.50 117448 47462  440.85  783.35 36.02

Mn  [mg/g] 213 1.95 2.20 1.95 1.37 10.07 8.37 16.73 7.38 0.57

Fe [mg/g] 71.65 73.03 70.01 73.03 40.31 339.63 140.84 137.03  229.20 9.17

Co [ng/g] 19.95 20.57 20.96 20.57 12.24 107.18 46.47 92.06 75.60 3.79

Ni  [pg/g] 65.38 8.21 n.a. 8.21 n.a. 502.78  616.47 n.a. 531.45 23.23

Cu [pg/g] 61581 604.06 67596  604.06  407.26 3790.74 2110.90 4154.67 3350.63  270.09

Zn [mg/g] 4.50 4.52 4.72 4.52 2.67 26.65 12.22 18.45 18.07 0.86

As  [pg/g] 12.48 12.40 11.86 12.40 6.26 73.11 32.26 27.89 54.70 1.81

Zr [ug/lg] 109.84 119.19 113.91 119.19 59.78 339.71 134.81 116.58  240.66 17.63

Mo [ug/g] 31.40 32.06 30.45 32.06 16.77 121.85 44.84 39.51 76.09 3.45

Rh  [upg/g] n.a. n.a. n.a. n.a. <0.01 <0.01 n.a. n.a. n.a. <0.01

Pd  [pg/g] 0.13 0.14 0.12 0.14 0.08 n.a. 0.28 0.29 0.42 0.04

Cd [ug/g] 0.83 0.78 0.80 0.78 0.49 4.54 1.83 17.77 3.13 1.16

Sb  [ug/g] 79.14 80.43 76.24 80.43 42.72 236.40 104.34 117.62 171.80 8.23

Ba [pg/g] 489.40 507.69  467.77 507.69 275.58 2379.85 94720 901.98 1567.60 118.53

La [pg/g] 20.43 20.92 19.74 20.92 10.91 93.07 37.87 33.68 61.31 2.64

Ce [ng/g] 43.58 44.72 42.01 44.72 23.76 201.56 81.70 71.42 132.03 6.96

W [ug/g] 6.93 6.94 4.98 6.94 3.61 36.88 14.25 4.74 24.51 11.17

Pt [upg/g] n.a. <0.01 n.a. <0.01 n.a. 2.79 0.08 0.42 0.40 0.04

Pb  [pg/ig] 151.41 151.77 136.00 151.77 80.93 900.71 363.07  487.90  575.92 25.60




Table.S3.c.d. Trace metal concentration in total digested 1um and 10um fractions of road runoff and retention basin sediment
samples extracted with UPW, SPP and FL-70. Normalized by 1g of dry sediment from corresponding size cutoff fraction. S3
(c) and SRB (d).

c Sample S3
Size
fraction 10um 1um

Extractant UPW SPP FL70 SOx SDS UPw SPP FL70 SOx SDS
Ti [mg/g] 3.70 3.35 3.41 3.60 1.56 18.72 3.60 3.04 11.15 0.45

Cr [pg/g] 327.52 310.78  284.14 331.39 131.98 1557.91 342.31 279.10  905.95 37.73

Mn  [mg/g] 1.98 2.29 222 2.02 1.08 15.04 6.94 8.60 8.58 0.60

Fe [mg/g] 70.44 67.75 58.64 69.60 29.99 413.83 92.10 76.01 241.23 9.59

Co [nmg/g] 21.09 19.79 18.42 20.32 9.91 136.79 33.03 37.60 82.70 3.92

Ni  [ug/g] 44.48 49.36 n.a. n.a. n.a. 574.18 119.59 56.39  527.53 17.19

Cu [pg/g] 38293 602.31 580.44 547.48 358.22 4882.60 1265.50 2099.54 2728.05  279.87

Zn [mg/g] 3.10 3.01 2.82 2.98 1.45 22.98 527 7.64 12.81 0.75

As  [pg/g] 12.45 11.22 10.32 11.37 5.30 78.95 20.24 16.98 54.69 1.96

Zr  [ug/lg] 108.67 109.28 112.32 118.37 45.31 399.22 92.64 7329 24844 15.29

Mo [ug/g] 30.58 28.14 24.92 29.41 11.73 198.30 31.93 26.20 105.41 3.66

Rh [ug/gl <0.01 n.a. n.a. n.a. <0.01 <0.01 n.a. n.a. n.a. <0.01

Pd  [pg/g] n.a. 0.15 0.14 0.14 0.07 n.a. 0.23 0.20 0.73 0.05

Cd [upg/g] 0.97 0.77 0.84 0.95 0.45 6.32 1.36 3.71 3.71 0.67

Sb  [ug/g] 78.05 81.02 79.96 83.90 34.23 362.73 85.22 64.66  231.08 8.66

Ba [upg/g] 52423 48873  431.93 505.69 241.61 3185.71 635.81 512.14 1737.11 124.73

La [pg/g] 21.74 20.65 18.26 21.14 8.72 117.05 25.39 20.69 65.37 2.77

Ce [ng/g] 47.59 43.98 38.91 45.08 18.16 254.52 54.64 44.67 158.42 8.41

W [pg/g] 6.21 5.88 3.43 6.80 2.49 40.27 8.70 5.39 25.69 19.84

Pt [upg/g] n.a. n.a. n.a. 0.02 n.a. 0.77 0.11 0.09 0.38 0.05

Pb  [pg/ig] 171.94 162.95 128.99 159.10 70.07 1308.20 271.67  223.10 _ 698.80 26.72

d Sample SRB
Size
fraction 10pm 1um

Extractant uPw SPP FL70 SOx SDS upPw SPP FL70 SOx SDS
Ti [mg/g] 4.31 4.83 2.04 1.86 3.30 7.03 7.55 0.95 248 2.81

Cr  [ug/g]l 126.79 131.65 118.75 55.44 96.28 372.80  453.31 29.89 147.11 148.26

Mn  [mg/g] 0.81 1.55 3.55 0.70 0.80 1.83 4.90 1.56 1.83 1.48

Fe [mg/g] 41.42 45.62 41.96 18.88 30.89 128.53 159.82 14.21 52.13 51.49

Co [pg/g] 18.60 21.73 24.01 9.34 14.59 46.83 58.98 14.95 2217 20.15

Ni  [ug/g] 68.74 66.92 62.09 32.85 47.09 214.27 186.80 17.76 89.58 72.56

Cu [pg/g] 104.62 91.77 153.24 48.31 74.18 437.18  228.30 35.85 153.62 147.58

Zn [mg/g] 0.55 0.47 0.12 0.36 0.19 3.50 0.45 0.34 0.12 0.24

As  [pg/g] 12.05 13.67 13.98 5.59 12.99 33.41 68.27 7.21 15.83 26.93

Zr  [uglg] 87.49 91.09 103.65 35.96 63.18 164.78 191.55 16.76 64.06 59.67

Mo [ug/g] 2.51 1.72 2.64 1.1 0.39 11.42 8.01 1.21 3.10 n.a.

Rh  [ung/g] 0.07 0.01 0.05 0.01 <0.01 0.89 0.27 n.a. 0.05 n.a.

Pd  [pg/g] 0.10 0.04 <0.01 0.01 0.05 0.33 0.29 n.a. 0.02 0.00

Cd [pg/g] 0.54 0.52 0.97 0.35 n.a. 3.65 3.51 0.00 1.30 0.33

Sb  [upg/g] 5.52 6.58 7.28 224 3.64 37.56 36.31 0.19 8.93 7.13

Ba [pg/g] 559.35 532.26  393.38  222.09  442.05 1497.24 1546.95 136.22 504.96  659.73

La [pg/gl 38.82 37.74 22.88 15.76 31.48 77.10 81.47 8.65 29.16 31.34

Ce [pg/gl 83.29 80.53 51.28 33.83 65.76 175.09 191.52 20.14 65.94 69.35

W [pg/gl 3.78 3.67 227 1.45 2.95 7.70 9.01 1.20 2.50 2.32

Pt [upg/g] 0.22 0.06 n.a. 0.06 0.34 0.94 0.08 n.a. <0.01 0.40

Pb  [pg/g] 68.69 79.09 126.88 36.56 53.17 251.46  320.65 50.66 119.19 100.54




Table.S4.a.b. Concentrations in digested sediment dispersions normalized per gram of 125um. Determined with conventional

ICP-MS.
a Sample S1
Size fraction 125um 10um 1um
Extractant uPw UPW SPP FL70 SOx SDS UPw SPP FL70 SOx SDS
Ti [mg/g] 5.30 1.75 1.51 1.68 1.47 1.36 0.19 0.16 0.27 0.17 0.21
Cr  [ug/g] 446.17 155.83 138.80 154.66 135.12 117.66 17.50 13.99 21.46 13.23 15.54
Mn  [mg/g] 244 0.88 0.83 1.01 0.71 0.76 0.12 0.19 0.46 0.09 0.28
Fe [mg/g] 91.58 36.87 33.21 36.70 31.18 28.02 5.15 4.03 6.29 3.90 4.35
Co [ug/g] 32.18 12.56 10.80 12.40 10.05 9.34 1.59 1.28 2.88 1.21 1.90
Ni  [pg/g] 113.94 43.11 127.74 51.98 83.08 99.72 7.86 4.94 8.64 11.25 3.72
Cu [ug/g] 74917 24237  333.15 323.86 213.06 356.40 41.26 29.11 125.52 32.40 55.81
Zn [mg/g] 3.48 1.43 1.28 1.51 1.20 1.09 0.23 0.19 0.93 0.18 0.23
As [pg/g] 16.05 6.60 5.60 6.31 5.12 4.76 1.08 0.90 1.35 0.79 0.91
Zr  [pg/gl 175.66 56.92 47.76 57.30 44.77 40.97 4.50 3.74 6.41 3.83 4.83
Mo [pg/g] 39.92 16.40 14.36 15.49 13.23 11.39 1.37 1.07 2.04 1.04 1.25
Rh  [pg/g] n.a. <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Pd [pg/g] 0.29 <0.01 0.07 0.09 0.05 0.08 <0.01 0.01 0.02 0.01 0.01
Cd [ug/g] 1.62 0.68 0.50 0.67 0.50 0.53 0.09 0.08 0.24 0.07 0.10
Sb  [pg/g] 106.48 39.35 37.22 40.49 34.93 31.24 3.85 3.29 4.64 3.28 4.02
Ba [pg/g] 675.94 261.07 23440 249.29 21958  217.29 36.88 27.46 40.66 27.38 67.25
La [nHg/g] 31.69 10.78 9.43 10.06 8.89 7.84 1.36 1.07 1.66 1.00 1.15
Ce [ug/g] 68.29 23.50 20.50 21.85 19.33 16.95 2.96 2.30 3.62 2.19 251
W [ug/g] 10.38 2.85 2.40 2.16 2.41 213 0.35 0.32 0.61 0.30 0.32
Pt [pg/g] 0.28 0.08 n.a. <0.01 0.03 0.01 0.01 0.01 0.24 0.01 0.02
Pb  [pg/g] 213.92 101.59 87.72 91.09 81.89 69.42 15.97 12.16 15.54 11.42 11.89
b Sample S2
Size fraction 125um 10um 1um
Extractant UPw UPW SPP FL70 SOx SDS UPWwW SPP FL70 SOx SDS

Ti [mg/g] 4.50 0.96 0.98 1.00 0.95 0.66 0.11 0.11 0.05 0.14 0.08
Cr  [ug/g] 349.99 86.08 91.34 89.50 80.63 56.72 8.98 10.88 4.49 10.97 7.13
Mn [mg/g] 2.1 0.51 0.62 0.66 0.51 0.46 0.08 0.19 0.17 0.10 0.11
Fe [mg/g] 64.41 19.35 20.80 21.03 19.06 13.65 2.60 3.23 1.40 3.21 1.82
Co [ug/g] 20.55 5.51 5.79 6.30 5.37 4.15 0.82 1.07 0.94 1.06 0.75
Ni  [pg/g] 71.97 19.78 18.98 n.a. 2.14 n.a. 3.84 14.13 n.a. 7.45 4.60
Cu [ug/g] 429.11 159.84 178.75  203.10 157.66 137.91 28.97 48.38 42.33 46.94 53.48
Zn [mg/g] 3.58 1.20 1.31 1.42 1.18 0.91 0.20 0.28 0.19 0.25 0.17
As  [ug/g] 10.60 3.14 3.62 3.56 3.24 212 0.56 0.74 0.28 0.77 0.36
Zr  [pg/gl 139.64 34.30 31.88 34.23 31.11 20.24 2.60 3.09 1.19 3.37 3.49
Mo  [pg/g] 31.88 8.65 9.11 9.15 8.37 5.68 0.93 1.03 0.40 1.07 0.68
Rh  [pg/g] n.a. <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Pd [pg/gl 0.52 <0.01 0.04 0.04 0.04 0.03 <0.01 0.01 <0.01 0.01 0.01
Cd [ug/g] 0.96 0.22 0.24 0.24 0.20 0.17 0.03 0.04 0.18 0.04 0.23
Sb  [pg/g] 65.39 20.03 22.97 22.91 20.99 14.47 1.81 2.39 1.20 2.41 1.63
Ba [pg/g] 536.35 134.77 142.06 140.54 132.51 93.32 18.19 21.71 9.19 21.96 2347
La [upg/g] 26.16 5.68 5.93 5.93 5.46 3.69 0.71 0.87 0.34 0.86 0.52
Ce [ug/g] 58.06 12.24 12.65 12.62 11.67 8.04 1.54 1.87 0.73 1.85 1.38
W [pg/gl 2213 1.88 2.01 1.50 1.81 1.22 0.28 0.33 0.05 0.34 2.21
Pt [ug/g] 0.16 0.02 n.a. n.a. <0.01 <0.01 0.02 <0.01 <0.01 0.01 0.01
Pb [pg/gl] 112.29 41.41 43.95 40.86 39.61 27.40 6.88 8.32 4.97 8.07 5.07




Table.S4.c.d. Concentrations in digested sediment dispersions normalized per gram of 125um. Determined with conventional

ICP-MS.
C Sample S3
Size fraction 125um 10um 1um
Extractant uPw UPW SPP FL70 SOx SDS UPw SPP FL70 SOx SDS
Ti [mg/g] 4.06 0.49 0.66 0.68 0.65 0.47 0.07 0.10 0.09 0.08 0.10
Cr  [ug/g] 353.48 43.09 60.75 56.24 59.49 39.42 5.75 9.26 8.23 6.68 8.09
Mn  [mg/g] 1.74 0.26 0.45 0.44 0.36 0.32 0.06 0.19 0.25 0.06 0.13
Fe [mg/g] 53.37 9.27 13.24 11.61 12.49 8.96 1.53 2.49 224 1.78 2.06
Co [ug/g] 15.89 2.77 3.87 3.65 3.65 2.96 0.50 0.89 1.1 0.61 0.84
Ni  [pg/g] 57.82 5.85 9.65 n.a. n.a. n.a. 212 3.23 1.66 3.89 3.68
Cu [ug/g] 374.98 50.38 117.74 114.89 98.27 107.00 18.01 34.22 61.94 20.13 60.00
Zn [mg/g] 1.72 0.41 0.59 0.56 0.54 0.43 0.08 0.14 0.23 0.09 0.16
As [pg/g] 8.49 1.64 2.19 2.04 2.04 1.58 0.29 0.55 0.50 0.40 0.42
Zr  [pg/gl 132.41 14.30 21.36 22.23 21.25 13.53 1.47 2.51 2.16 1.83 3.28
Mo [pg/g] 19.24 4.02 5.50 4.93 5.28 3.50 0.73 0.86 0.77 0.78 0.78
Rh  [pg/g] n.a. <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Pd [pg/g] 0.18 <0.01 0.03 0.03 0.03 0.02 <0.01 0.01 0.01 0.01 0.01
Cd [ug/g] 0.53 0.13 0.15 0.17 0.17 0.13 0.02 0.04 0.11 0.03 0.14
Sb  [pg/g] 46.57 10.27 15.84 15.83 15.06 10.22 1.34 2.30 1.91 1.71 1.86
Ba [pg/g] 437.63 68.97 95.54 85.49 90.77 7217 11.75 17.20 15.11 12.82 26.74
La [uHg/g] 29.32 2.86 4.04 3.61 3.79 2.60 0.43 0.69 0.61 0.48 0.59
Ce [ug/g] 62.33 6.26 8.60 7.70 8.09 5.42 0.94 1.48 1.32 1.17 1.80
W [ug/g] 7.39 0.82 1.15 0.68 1.22 0.74 0.15 0.24 0.16 0.19 4.25
Pt [pg/g] 0.09 <0.01 n.a. n.a. <0.01 n.a. <0.01 <0.01 <0.01 <0.01 0.01
Pb  [pg/g] 84.88 22.62 31.85 25.53 28.56 20.93 4.83 7.35 6.58 5.16 5.73
d Sample SRB
Size fraction 10um 1um
Extractant UPW SPP FL70 SOx SDS UPWwW SPP FL70 SOx SDS

Ti [mg/g] 0.26 0.73 0.13 0.42 0.15 0.05 0.10 0.05 0.12 0.04
Cr  [ug/g] 7.60 19.88 7.75 12.50 4.50 2.88 6.19 1.51 7.07 1.92
Mn [mg/g] 0.05 0.23 0.23 0.16 0.04 0.01 0.07 0.08 0.09 0.02
Fe [mg/g] 2.48 6.89 2.74 4.26 1.44 0.99 2.18 0.72 2.51 0.67
Co [ug/g] 1.1 3.28 1.57 2.10 0.68 0.36 0.81 0.75 1.07 0.26
Ni  [pg/g] 412 10.11 4.05 741 2.20 1.65 255 0.90 4.31 0.94
Cu [ug/g] 6.27 13.86 10.00 10.89 3.47 3.37 3.12 1.81 7.38 1.91
Zn [mg/g] 0.03 0.07 0.01 0.08 0.01 0.03 0.01 0.02 0.01 0.00
As  [pg/g] 0.72 2.06 0.91 1.26 0.61 0.26 0.93 0.36 0.76 0.35
Zr  [pg/gl 5.24 13.76 6.76 8.1 2.95 1.27 2.62 0.85 3.08 0.77
Mo  [pg/g] 0.15 0.26 0.17 0.25 0.02 0.09 0.11 0.06 0.15 n.a.
Rh  [pg/g] <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01
Pd [pg/gl 0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Cd [ug/g] 0.03 0.08 0.06 0.08 <0.01 0.03 0.05 <0.01 0.06 0.00
Sb  [pg/g] 0.33 0.99 0.48 0.51 0.17 0.29 0.50 0.01 0.43 0.09
Ba [pg/g] 33.52 80.38 25.67 50.06 20.67 11.56 21.12 6.87 24.27 8.54
La [upg/g] 2.33 5.70 1.49 3.55 1.47 0.60 1.1 0.44 1.40 0.41
Ce [ug/g] 4.99 12.16 3.35 7.63 3.07 1.35 2.61 1.02 3.17 0.90
W [pg/gl 0.23 0.55 0.15 0.33 0.14 0.06 0.12 0.06 0.12 0.03
Pt [pg/g] 0.01 0.01 <0.01 0.01 0.02 0.01 <0.01 <0.01 <0.01 0.01
Pb [pg/gl] 412 11.94 8.28 8.24 2.49 1.94 4.38 2.56 5.73 1.30

Vi



Table.S5. Concentration in ultra filtrated sediment suspensions (30kDa). Determined with concentional ICP-MS.

a 30kDa__ S1 b 30kDa _ S2
UPW SPP SOx SDS FL70 UPW SPP SOx SDS FL70
Ti [ug/L] n.a. n.a. n.a. n.a. n.a. Ti [ug/L] n.a. n.a. n.a. n.a. n.a.
Cr [ug/L] n.a. n.a. n.a. n.a. n.a. Cr [ug/L] n.a. n.a. n.a. n.a. n.a.
Mn  [ug/L] n.a. 0.16 n.a. 78.42 107.95 Mn  [ug/L] n.a. 10.67 n.a. 32.61 1282.76
Fe [ug/L] n.a. n.a. n.a. n.a. 194.85 Fe [ug/L] n.a. n.a. n.a. na. 1250.48
Co [ug/L] n.a. n.a. n.a. 0.40 2.30 Co [ug/L] n.a. 0.51 n.a. n.a. 6.67
Ni [ug/L] n.a. n.a. n.a. n.a. n.a. Ni [ug/L] n.a. n.a. n.a. n.a. n.a.
Cu [ug/L] 4.04 28.26 20.31 14.39 114.57 Cu [ug/L] 39.91 131.73 70.91 8.08  346.78
Zn [pg/L] n.a. 285.74 n.a. 71.38 1029.44 Zn [ug/L] n.a. 45.35 n.a. 46.23 1830.36
As [ug/L] 0.57 3.08 n.a. n.a. 0.38 As [ug/L] n.a. 3.85 1.91 0.38 0.38
Zr [ug/L] n.a. n.a. n.a. n.a. n.a. Zr [pg/L] n.a. n.a. n.a. n.a. n.a.
Mo [ug/L] n.a. 2.22 1.28 n.a. 0.93 Mo [ug/L] 4.26 7.02 9.25 n.a. 1.18
Rh [ug/L] n.a. n.a. n.a. n.a. n.a. Rh [ug/L] n.a. n.a. n.a. n.a. n.a.
Pd [ug/L] n.a. n.a. n.a. n.a. n.a. Pd [ug/L] n.a. n.a. n.a. n.a. n.a.
Cd [ug/L] n.a. n.a. n.a. n.a. 0.42 Cd [ug/L] n.a. n.a. n.a. n.a. 1.54
Sb [ug/L] n.a. n.a. n.a. n.a. n.a. Sb  [ug/L] n.a. n.a. n.a. n.a. n.a.
Ba [ug/L] n.a. n.a. n.a. n.a. n.a. Ba [ug/L] n.a. n.a. n.a. n.a. n.a.
La [ug/L] n.a. n.a. n.a. n.a. n.a. La [ug/L] n.a. n.a. n.a. n.a. n.a.
Ce [ug/L] n.a. n.a. n.a. n.a. n.a. Ce [ug/L] n.a. n.a. n.a. n.a. n.a.
W [ug/L] n.a. 0.63 0.74 n.a. n.a. W [ug/L] n.a. 1.62 0.95 n.a. n.a.
Pt [ug/L] n.a. n.a. n.a. n.a. n.a. Pt [ug/L] n.a. n.a. n.a. n.a. n.a.
Pb_[ug/L] n.a. n.a. n.a. n.a. n.a. Pb_[ug/L] n.a. n.a. n.a. n.a. 13.03
Cc 30kDa _S3 d 30kDa SRB
UPW SPP SOx SDS FL70 UPW SPP SOx SDS FL70

Ti [ug/L] n.a. n.a. n.a. n.a. n.a. Ti [ug/L] n.a. n.a. n.a. n.a. n.a.
Cr [ug/L] n.a. n.a. n.a. n.a. n.a. Cr [ug/L] n.a. n.a. n.a. n.a. n.a.
Mn  [ug/L] n.a. n.a. n.a. 77.45 3223.61 Mn  [ug/L] n.a. n.a. n.a. n.a. 98.36
Fe [pg/L] n.a. n.a. n.a. na. 3419.12 Fe [ug/L] n.a. n.a. n.a. na. 2248.12
Co [ug/L] n.a. n.a. n.a. 0.43 19.77 Co [ug/L] n.a. n.a. n.a. n.a. 13.08
Ni - [ug/L] n.a. n.a. n.a. n.a. 36.96 Ni [ug/L] n.a. n.a. n.a. n.a. n.a.
Cu [ug/L] 14.42 24.64 28.84 193.88 1575.89 Cu [ug/L] na. 15.62 16.04 na. 77.28
Zn [pg/L] n.a. n.a. n.a. 115.35 5935.59 Zn [ug/L] n.a. n.a. n.a. n.a. 482.08
As [ug/L] n.a. n.a. 0.56 n.a. n.a. As [ug/L] 0.39 10.58 152 154 113
Zr [ug/L] n.a. n.a. n.a. n.a. n.a. Zr [pg/L] n.a. n.a. n.a. n.a. n.a.
Mo [ug/L] 7.06 221 7.94 n.a. 11.69 Mo [pg/L] n.a. 1.38 1.60 0.79 n.a.
Rh [ug/L] n.a. n.a. n.a. n.a. n.a. Rh [ug/L] n.a. n.a. n.a. n.a. n.a.
Pd [ug/L] n.a. n.a. n.a. n.a. n.a. Pd [ug/L] n.a. n.a. n.a. n.a. n.a.
Cd [ug/L] n.a. n.a. n.a. n.a. 3.32 Cd [ug/L] n.a. n.a. n.a. n.a. 0.48
Sb [ug/L] n.a. n.a. n.a. n.a. n.a. Sb [ug/L] n.a. n.a. 21.52 n.a. n.a.
Ba [ug/L] n.a. n.a. n.a. n.a. n.a. Ba [ug/L] n.a. n.a. n.a. n.a. n.a.
La [ug/L] n.a. n.a. 0.20 n.a. n.a. La [ug/L] n.a. n.a. n.a. n.a. 0.45
Ce [ug/L] n.a. n.a. n.a. n.a. n.a. Ce [ug/L] n.a. n.a. n.a. n.a. 1.00
W [ug/L] n.a. n.a. n.a. n.a. 0.66 W [ug/L] n.a. n.a. n.a. n.a. n.a.
Pt [ug/L] n.a. n.a. n.a. n.a. n.a. Pt [ug/L] n.a. n.a. n.a. n.a. n.a.
Pb  [ug/L] n.a. n.a. n.a. n.a. 29.19 Pb  [ug/L] n.a. n.a. n.a. n.a. 81.29

Vil



Table.S6. Concentration in ultra filtrated runoff water suspensions (30kDa). Determined with concentional ICP-MS.

e 30kDa w2 W3
UPW SPP UPW SPP
Ti [ug/L] n.a. n.a. n.a. n.a.
Cr [ug/L] n.a. 6.53 n.a. n.a.
Mn  [ug/L] 217.48 60.68 18.99 8.14
Fe [ug/L] n.a. 523.06 n.a. 144.61
Co [pg/L] 1.75 0.97 n.a. n.a.
Ni [ug/L] n.a. n.a. n.a. n.a.
Cu [ug/L] 42.43 60.41 47.98 37.53
Zn [ug/L] 331.44 116.08 112.01 87.89
As [ug/L] 0.76 2.34 n.a. n.a.
Zr [ug/L] n.a. n.a. n.a. n.a.
Mo [ug/L] 471 454 2.34 1.26
Rh [ug/L] n.a. n.a. n.a. n.a.
Pd [ug/L] n.a. n.a. n.a. n.a.
Cd [ug/L] n.a. n.a. n.a. n.a.
Sb [ug/L] n.a. 22.23 n.a. n.a.
Ba [ug/L] n.a. n.a. n.a. n.a.
La [pg/L] n.a. n.a. n.a. n.a.
Ce [ug/L] n.a. n.a. n.a. n.a.
W [ug/L] n.a. 0.72 n.a. n.a.
Pt [ug/L] n.a. n.a. n.a. n.a.
Pb [ug/L] n.a. n.a. n.a. n.a.

Table.S7. Dissolved anion and cation concentrations in road runoff water samples determined by IC and ICP-OES.

w2 w3
F [mg /L] 0.09 0.05
cr [mg /L] 29.91 34.69
NOs~ [mg /L] 2.23 27.95
S04 % [mg/L] 13.20 12.22
Na [mg /L] 225.72 272.75
Mg [mg /L] 4.70 22.55
Al [mg /L] 0.09 0.03
Si [mg /L] 47.69 16.77
K [mg /L] 190.34 8.97
Ca [mg /L] 497.96 273.85
Cr [ug /L] 1.70 1.60
Mn [ug /L] 8.10 4.20
Fe [mg /L] 0.18 0.06
Ni [ug /L] 4.00 3.80
Cu [ug /L] 58.10 71.70
Zn [ug /L] 932.80 207.50
Sr [ug /L] 59.30 31.70
Cd [ng /L] n.a na
Ba [ug /L] 58.20 25.20
Pb [Mg /L] n.a 0.2

Vil



Table.S8.a Concentrations of trace metal sand Al, Fe associations in sediment suspensionsnormalized per gram of 125um
stock fraction.Determined with ICP-TOFMS.

a S1
Total with Al without Al without Al and Fe
[ug/g] UPW SPP FL70 UPw SPP FL70 UPw SPP FL70 UPW SPP FL70
Al 282.24 149.98 216.50 282.24 149.98 216.50 n.D. n.D. n.D. n.D. n.D. n.D.
Ti 18.89 11.76 25.24 8.72 3.16 4.13 10.17 8.60 21.12 9.1 7.15 19.02
Cr 212 0.94 2.38 0.85 0.27 0.31 1.27 0.67 2.08 0.30 0.26 0.94
Mn 9.92 7.46 1.85 6.13 2.79 0.68 3.79 4.67 1.17 1.39 2.79 0.43
Fe 759.53 421.30 516.77 454.21 208.55 239.17 305.32 212.75 277.59 n.D. n.D. n.D.
Co 0.06 0.00 0.02 0.02 n.D. 0.01 0.04 0.00 0.01 0.03 0.00 0.01
Ni 0.11 0.07 0.02 0.04 0.02 n.D. 0.07 0.05 0.02 0.04 0.05 0.02
Cu 1.88 0.96 1.43 1.05 0.30 0.30 0.83 0.67 1.13 0.16 0.14 0.94
Zn 7.05 3.54 6.32 4.17 1.82 2.84 2.88 1.72 3.48 0.46 0.36 1.39
As n.D. 0.02 0.01 n.D. n.D. n.D. n.D. 0.02 0.01 n.D. n.D. 0.01
Zr 0.64 0.62 1.24 0.18 0.09 0.17 0.46 0.53 1.06 0.33 0.41 0.96
Mo 0.02 0.01 0.09 n.D. 0.01 0.02 0.02 n.D. 0.07 0.01 n.D. 0.05
Rh 0.01 n.D. 0.01 n.D. n.D. n.D. 0.01 n.D. 0.01 0.01 n.D. 0.01
Pd 0.02 n.D. n.D. 0.02 n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D.
Ag n.D. 0.00 n.D. n.D. 0.00 n.D. n.D. n.D. n.D. n.D. n.D. n.D.
Cd n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D.
Sb 0.51 0.34 0.48 0.20 0.08 0.05 0.32 0.26 043 0.06 0.11 0.17
Te 0.07 0.03 0.01 0.01 n.D. n.D. 0.06 0.03 0.01 0.06 0.03 0.01
Ba 0.61 3.29 0.39 0.50 0.41 0.23 0.11 2.88 0.16 0.01 2.85 0.12
La 0.08 0.22 0.21 0.03 0.08 0.02 0.06 0.14 0.18 0.05 0.12 0.17
Ce 0.48 0.64 0.60 0.25 0.16 0.10 0.23 0.48 0.50 0.19 0.42 0.45
w 0.01 0.00 0.01 0.00 0.00 n.D. 0.01 n.D. 0.01 0.01 n.D. 0.01
Pt 0.02 0.01 0.00 n.D. n.D. n.D. 0.02 0.01 0.00 0.01 0.01 0.00
Pb 3.43 1.98 1.36 1.90 0.84 0.45 1.53 1.14 0.92 0.38 0.41 0.28




Table.S8.b Concentrations of trace metals and Al, Fe associations in sediment suspensionsnormalized per gram of 125um
stock fraction.Determined with ICP-TOFMS.

b s2
Total with Al without Al without Al and Fe

UPW SPP FL70 UPw SPP FL70 UPw SPP FL70 UPW SPP FL70
Al 195.21 165.70 108.30 195.21 165.70 108.30 n.D. n.D. n.D. n.D. n.D. n.D.
Ti 27.10 22.29 6.68 7.95 5.83 2.04 19.15 16.45 4.64 16.83 14.15 3.96
Cr 1.26 1.93 0.64 0.61 0.40 0.25 0.65 1.53 0.39 0.39 0.91 0.16
Mn 4.44 5.05 1.21 1.81 2.56 0.74 2.62 2.49 0.47 1.58 1.40 0.15
Fe 562.05 459.08 274.34 316.91 221.73 165.84 245.15 237.35 108.50 n.D. n.D. n.D.
Co 0.03 0.05 0.00 0.01 0.03 0.00 0.01 0.02 n.D. 0.01 0.02 n.D.
Ni n.D. 0.08 0.02 n.D. 0.02 n.D. n.D. 0.06 0.02 n.D. 0.03 0.01
Cu 1.35 1.20 0.20 0.62 0.45 0.08 0.73 0.75 0.12 0.27 0.28 0.08
Zn 5.37 2.87 1.78 3.08 1.50 1.22 2.29 1.36 0.56 0.89 0.51 0.19
As 0.00 0.01 n.D. n.D. n.D. n.D. 0.00 0.01 n.D. 0.00 0.01 n.D.
Zr 0.70 1.10 0.27 0.15 0.15 0.06 0.55 0.95 0.21 0.44 0.90 0.16
Mo 0.06 0.06 0.02 0.01 0.01 0.01 0.04 0.05 0.01 0.02 0.04 n.D.
Rh 0.00 0.00 0.00 0.00 n.D. n.D. n.D. 0.00 0.00 n.D. 0.00 0.00
Pd n.D. 0.02 n.D. n.D. n.D. n.D. n.D. 0.02 n.D. n.D. n.D. n.D.
Ag 0.00 n.D. n.D. 0.00 n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D.
Cd n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D.
Sb 0.51 0.62 0.18 0.16 0.06 0.07 0.35 0.56 0.1 0.18 0.31 0.02
Te 0.02 n.D. 0.01 n.D. n.D. n.D. 0.02 n.D. 0.01 0.01 n.D. 0.01
Ba 0.32 0.41 0.17 0.25 0.26 0.16 0.06 0.15 0.01 0.04 0.12 0.00
La 0.12 0.15 0.05 0.04 0.03 0.02 0.08 0.12 0.02 0.07 0.11 0.02
Ce 0.42 0.47 0.16 0.17 0.13 0.07 0.25 0.34 0.09 0.23 0.29 0.07
w 0.02 0.01 0.00 0.00 n.D. 0.00 0.02 0.01 0.00 0.02 0.00 0.00
Pt 0.03 0.08 n.D. 0.00 n.D. n.D. 0.03 0.08 n.D. 0.03 0.08 n.D.
Pb 1.81 1.34 0.78 0.89 0.62 0.45 0.92 0.73 0.33 0.34 0.28 0.05




Table.S8.c Concentrations of trace metal sand Al, Fe associations in sediment suspensionsnormalized per gram of 125um
stock fraction.Determined with ICP-TOFMS.

C S3
Total with Al without Al without Al and Fe

[ug/g] UPW SPP FL70 UPw SPP FL70 UPw SPP FL70 UPW SPP FL70
Al 96.76 324.79 154.85 96.76 324.79 154.85 n.D. n.D. n.D. n.D. n.D. n.D.
Ti 9.33 30.08 18.56 4.05 12.81 5.17 5.28 17.26 13.39 4.43 14.07 11.93
Cr 0.64 2.1 1.09 0.34 0.99 0.37 0.30 1.12 0.71 0.14 0.61 0.47
Mn 4.84 27.92 12.32 2.16 10.76 4.84 2.68 17.16 7.48 1.15 11.65 4.96
Fe 301.79 618.16 389.76 178.26 342.58 219.06 123.53 275.58 170.70 n.D. n.D. n.D.
Co 0.01 0.04 0.03 0.01 0.01 0.01 0.00 0.03 0.02 n.D. 0.03 0.01
Ni 0.04 0.12 0.07 0.03 n.D. 0.01 0.01 0.12 0.06 n.D. 0.09 0.04
Cu 0.64 4.52 0.81 0.29 2.13 0.23 0.35 2.38 0.58 0.08 0.95 0.36
Zn 2.62 16.81 2.88 1.72 10.28 1.67 0.90 6.53 1.22 0.12 212 0.40
As n.D. n.D. 0.01 n.D. n.D. n.D. n.D. n.D. 0.01 n.D. n.D. n.D.
Zr 0.45 0.50 0.69 0.11 0.09 0.15 0.34 0.41 0.54 0.26 0.35 0.43
Mo 0.03 0.07 0.04 0.01 0.05 0.01 0.02 0.03 0.03 0.02 n.D. 0.03
Rh 0.00 n.D. 0.01 n.D. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pd n.D. n.D. 0.01 n.D. n.D. n.D. n.D. n.D. 0.01 n.D. n.D. n.D.
Ag n.D. 0.00 0.00 n.D. 0.00 n.D. n.D. n.D. 0.00 n.D. n.D. 0.00
Cd n.D. 0.03 n.D. n.D. 0.00 n.D. n.D. 0.02 n.D. n.D. 0.00 n.D.
Sb 0.30 1.03 0.47 0.07 0.25 0.09 0.23 0.78 0.38 0.06 0.43 0.10
Te 0.02 n.D. 0.01 n.D. 0.00 n.D. 0.02 n.D. 0.01 0.02 n.D. 0.01
Ba 0.28 0.63 0.36 0.23 0.47 0.21 0.05 0.16 0.15 0.01 0.13 0.14
La 0.04 0.10 0.18 0.01 0.06 0.02 0.03 0.04 0.16 0.03 0.03 0.15
Ce 0.22 0.27 0.54 0.08 0.15 0.10 0.14 0.12 0.43 0.14 0.11 0.41
w 0.00 0.03 0.01 0.00 0.02 n.D. 0.00 0.01 0.01 0.00 0.01 0.00
Pt 0.00 n.D. 0.00 n.D. n.D. n.D. 0.00 n.D. 0.00 0.00 n.D. 0.00
Pb 1.12 2.62 1.13 0.62 1.50 0.55 0.50 1.12 0.59 0.11 0.49 0.23

Xl



Table.S8.d Concentrations of trace metal sand Al, Fe associations in sediment suspensionsnormalized per gram of 125um
stock fraction.Determined with ICP-TOFMS.

d SRB
Total with Al without Al without Al and Fe

[ug/g] UPW SPP FL70 UPw SPP FL70 UPw SPP FL70 UPW SPP FL70
Al 87.00 104.09 79.70 87.00 104.09 79.70 n.D. n.D. n.D. n.D. n.D. n.D.
Ti 8.48 15.55 6.18 1.37 1.16 0.77 7.11 14.39 5.41 6.84 13.63 4.89
Cr 0.13 0.23 0.09 0.02 0.03 0.02 0.11 0.20 0.08 0.06 0.19 0.05
Mn 0.68 1.25 1.31 0.15 0.35 0.54 0.53 0.90 0.77 0.07 0.45 0.20
Fe 97.40 150.42 92.68 40.72 58.49 41.97 56.67 91.94 50.71 n.D. n.D. n.D.
Co 0.01 0.02 0.03 n.D. 0.01 0.01 0.01 0.01 0.02 0.01 0.00 0.01
Ni n.D. 0.04 n.D. n.D. n.D. n.D. n.D. 0.04 n.D. n.D. 0.04 n.D.
Cu 0.01 0.03 0.03 0.00 n.D. n.D. 0.01 0.03 0.03 0.00 0.03 0.03
Zn 0.09 0.18 0.07 0.02 0.05 0.02 0.06 0.13 0.05 0.02 0.11 0.03
As n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D.
Zr 0.23 1.08 0.25 0.02 0.06 0.03 0.21 1.03 0.22 0.19 0.93 0.21
Mo n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D.
Rh 0.01 0.00 0.01 n.D. n.D. n.D. 0.01 0.00 0.01 0.01 0.00 0.01
Pd n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D.
Ag n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D.
Cd n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D.
Sb 0.00 0.01 0.00 n.D. n.D. n.D. 0.00 0.01 0.00 n.D. 0.00 0.00
Te n.D. 0.03 0.02 n.D. n.D. n.D. n.D. 0.03 0.02 n.D. 0.03 0.02
Ba 0.12 0.20 0.07 0.05 0.06 0.00 0.07 0.14 0.06 0.07 0.14 0.06
La 0.22 0.56 0.17 0.02 0.02 0.02 0.20 0.53 0.15 0.19 0.52 0.14
Ce 0.57 1.28 0.45 0.08 0.08 0.07 0.49 1.20 0.38 0.46 1.16 0.34
w n.D. 0.01 n.D. n.D. 0.00 n.D. n.D. 0.00 n.D. n.D. 0.00 n.D.
Pt 0.04 0.04 0.00 0.00 n.D. n.D. 0.04 0.04 0.00 0.03 0.04 0.00
Pb 0.15 0.42 0.15 0.03 0.10 0.04 0.12 0.32 0.11 0.07 0.24 0.05

Wl



Table.S9.a Concentrations of trace metals and Al, Fe associations in runoff water suspensions.Determined with ICP-
TOFMS.

a w2
Total with Al without Al without Al and Fe
[ug/l] UPW SPP UPwW SPP UPW SPP UpPw SPP

Al 87.29 93.66 87.29 93.66 n.D. n.D. n.D. n.D.
Ti 18.22 14.96 1.27 1.59 16.95 13.37 15.88 12.08
Cr 2.05 2.09 0.20 0.24 1.85 1.85 1.47 1.00
Mn 1.58 2.37 0.17 0.17 1.41 2.19 0.95 1.97
Fe 228.49 224.38 69.52 75.92 158.97 148.46 n.D. n.D.
Co 0.03 0.09 0.00 0.00 0.03 0.08 0.02 0.08
Ni 0.25 0.1 n.D. 0.01 0.25 0.1 0.23 0.06
Cu 2.24 1.90 0.20 0.28 2.05 1.61 1.34 1.04
Zn 3.37 1.62 0.67 0.47 2.70 1.16 1.80 0.90
As 0.00 0.02 n.D n.D. 0.00 0.02 n.D 0.01
Zr 1.30 1.27 0.15 0.09 1.15 1.18 1.02 1.03
Mo 0.12 0.08 0.01 0.01 0.11 0.07 0.05 0.04
Rh 0.00 0.00 n.D. n.D. 0.00 0.00 0.00 0.00
Pd 0.01 0.02 n.D. n.D. 0.01 0.02 0.01 0.02
Ag 0.00 0.00 n.D. n.D. 0.00 0.00 0.00 0.00
Cd n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D.
Sb 0.78 0.65 0.05 0.04 0.73 0.60 0.53 0.42
Te n.D. 0.00 n.D. n.D. n.D. 0.00 n.D. 0.00
Ba 1.26 0.30 0.18 0.1 1.08 0.19 0.91 0.16
La 0.29 0.31 0.02 0.05 0.26 0.26 0.25 0.26
Ce 0.83 0.93 0.06 0.12 0.77 0.81 0.75 0.77
w 0.03 0.01 n.D n.D 0.03 0.01 0.02 0.01
Pt 0.01 0.02 0.00 0.00 0.01 0.02 0.01 0.02
Pb 1.07 0.91 0.17 0.18 0.89 0.73 0.53 0.40

Xl



Table.S9.b Concentrations of trace metals and Al, Fe associations in runoff water suspensions.Determined with ICP-

TOFMS.
b w3
Total with Al without Al without Al and Fe
[ug/l] UPW SPP UPwW SPP UPW SPP UpPw SPP
Al 52.94 8.85 52.94 8.85 n.D. n.D. n.D. n.D.
Ti 3.42 0.51 1.95 0.12 1.47 0.39 1.21 0.17
Cr 0.52 0.10 0.25 0.06 0.28 0.05 0.06 0.02
Mn 0.90 0.27 0.47 0.10 0.44 0.17 0.05 0.08
Fe 190.38 16.57 115.54 9.44 74.85 7.13 n.D. n.D.
Co 0.06 0.01 0.06 0.00 0.00 0.00 0.00 0.00
Ni 0.01 0.01 0.01 n.D. n.D. 0.01 n.D. 0.01
Cu 0.78 0.09 0.26 0.04 0.53 0.05 0.08 0.03
Zn 0.95 0.25 0.58 0.07 0.37 0.18 0.09 0.13
As n.D. 0.00 n.D. n.D. n.D. 0.00 n.D. n.D.
Zr 0.22 0.01 0.15 0.00 0.07 0.01 0.05 0.01
Mo 0.03 0.00 0.00 n.D. 0.03 0.00 0.01 0.00
Rh 0.00 0.00 0.00 n.D. 0.00 0.00 0.00 0.00
Pd 0.00 n.D. 0.00 n.D. n.D. n.D. n.D. n.D.
Ag n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D.
Cd n.D. n.D. n.D. n.D. n.D. n.D. n.D. n.D.
Sb 0.13 0.01 0.04 0.00 0.09 0.01 0.00 0.01
Te 0.01 0.01 0.00 n.D. 0.01 0.01 0.01 0.01
Ba 0.10 0.02 0.08 0.02 0.02 0.00 0.02 0.00
La 0.03 0.00 0.02 0.00 0.01 0.00 0.01 0.00
Ce 0.08 0.01 0.04 0.00 0.04 0.01 0.03 0.00
w 0.00 0.00 0.00 n.D. 0.00 0.00 n.D. n.D.
Pt 0.00 0.00 0.00 n.D. 0.00 0.00 0.00 0.00
Pb 0.73 0.07 0.47 0.04 0.26 0.04 0.03 0.00

XV



Fig.S1. SEM images from 1um fraction S2extracted wit UPW

VD e — 10 ym—
ETD 10.1 mm

500 nm

19 det nag = HV | HFW | - - 9 det W mag = spot - 4um
PM ETD 10.1 mm 10 x 00 KV 14.9 ym 1 PM ETD 10.1 mm 10 000 x 00 kV 14.9 pm

bY



Fig.S2. SEM images from 1um fraction S2extracted wit SPP

19  det Y m E HV [ R e — — 19 det wD mag = spot HV HFW
4 PM ETD 10.0 mm 2 x 3 00 kV 59.7 ym 3:53:54 PM ETD 10.0 mm 12 500 x 5.5 10.00 kV 11.8 ym

b} .
10/4/2019  det mag spot, HV e — — 019 | det WD nag = spot HV HFW - 4 ym
00 PM ETD 10 0000 x 3.0 3.00kV 1 2:49 PM ETD 10.0 mm 00 x 3.0 3.00 kV 14.9 um

019  det WD | mag HV HFW ~—— 500 nm — 10/4/2019  det WD mag = spot HV HFW - 4 pm
5 PM ETD 10.0 mm 50 000 x 3.0 3.00 kV.2.98 ym 3:09:55 PM ETD 10.0 mm 10 000 x 3.0 3.00 kV 14.9 ym
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