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1. Introduction

Tire and road wear particles (TRWP) are suspectedd an important environmental
pollutant, due to their high abundance, occurreincair, water and sediment, heavy metal
contents, and their persistence (Kole et al., 2@&bies et al., 1987; Wagner et al., 2018; Wik
and Dave, 2009). The term TRWP describes hetereggtgs of abraded tire material with
road material and other particles deposited onrdaa (Kreider et al., 2010). Without
inclusion of other particles, abraded tire matdgalenoted as tread particles (TP).

The quantity and quality of TRWP emitted from rdaalffic can be expected to be highly
variable since they are depending on local factach as traffic conditions, road material and
surface, mineral and organic deposition and weatBeistafsson et al., 2008; Lee et al.,
2013). While tire rubber has a density of approxetyal.2 g/cm3 (Degaffe and Turner,
2011), the densities of particles collected frorad® were reported to range from 1.5 to 2.2
g/cm3 (Kayhanian et al., 2012). The density of mahearticles is assumed to be close to the
density of quartz (2.65 g/cms3; Lide, 2008). Approately 50% of the mass of TRWP
generated in a road-simulator were reported taratig from road wear (Kreider et al., 2010).
Consequently, the density of TRWP is expected bobitween that of TP and quartz and
recently a density of 1.8 g/cm3 was estimated (Beical., 2019). However, measured data on
the density of TRWP generated on streets are raladle yet.

In microplastics research, density separation mmonly used to isolate plastic particles
from other particulate matter, e.g. minerals, basedheir density. This approach was first
applied by Thompson et al. (2004) and was furtleretbped since then (e.g. Imhof et al.,
2012). A recent adaptation and overview of existimgthods was given by Coppock et al.
(2017). In principal, a solution of high density, smdium chloride, zinc chloride or sodium
polytungstate leads to flotation of particles watver density, allowing a separation of plastic

particles from denser matrix components.
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Even though the emissions of TRWP are enormou8 (.87 t/a in Europe (Wagner et al.,
2018)) knowledge on environmental concentration$R¥WP is limited (Unice et al., 2019).
This may at least partially be due to limitationstihe analytical methods available for their
determination. Furthermore, the lack of (certifiecdRWP reference materials hampers
validation of analytical methods as only TP is iBaavailable. Since TRWP are a mixture of
chemicals, use of a marker is a promising apprdachquantification in environmental
samples. An ideal marker would be selective, peantaifnot leaving the particle), stable (not
degrading) and easily detectable (Wagner et all8R0For instance, benzothiazoles have
been used as marker substances to estimate thenpeesf TRWP in sediments and soils
already in 1987 (Spies et al.,, 1987). Due to themter solubility and reactivity,
benzothiazoles are not suitable for the quantificadf TRWP (Kumata et al., 2002; Wik and
Dave, 2009; Zhang et al., 2018). Vinylcyclohexene aipentene were considered TRWP
specific breakdown products in pyrolysis-GC-MS (&ni et al., 2013), while
cyclohexenylbenzene was recently used in thermabrgéon-gas chromatography-mass
spectrometry (TED-GC-MS) (Eisentraut et al., 208and Zn have been used as markers to
detect single TRWP (Adachi and Tainosho, 2004).

Furthermore, Zn was used to determine influencé&aidfic emissions on soils and aquatic
environments (Councell et al., 2004; Hjortenkranalg 2007) and has a certain potential to
serve as a marker due to its high concentratiotirés. However, total Zn is not a good
indicator for TRWP as other sources exist in urbamironments, such as galvanized street
furniture and car bodies (Blok, 2005; Councell let2004; Wagner et al., 2018). The use of
organo-Zn complexes as tire indicator was propdseérauser et al. (1999). However, the
selectivity of this approach was questioned latdni¢e et al., 2013). Further potential
indicator elements of tires are Al, As, Cd, Cr, €e, Mo, Na, Ni, Pb, Sb, and V (Kocher et
al., 2010), but no proof of their suitability hasem provided yet, while other sources of these

elements obviously exist (see also appendix, TAkh)e Conclusively, elemental markers may
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be suitable to detect TRWP in environmental magrmay if matrix components are removed
prior to analysis.

This work aims at identifying an elemental markeitable for the determination of TRWP in
environmental samples and to combine its quantifinavith a subsequent density separation
procedure (adjusted from Thompson et al., 2004)dbparates TRWP from other particulate
metal species. Elemental determination is condustedigests of the separated fractions.
Theoretical calculations and analyses of road rfusefiment as internal reference material
support the improvement of the density separatimtgdure, which is then verified with
TED-GC-MS as independent method. The developed odeth exemplarily applied to

samples from road environment.

2. Materials and methods
2.1. Samples

2.1.1.Tire samples

20 used passenger car tires from different velulesses have been collected. Tire tread was
obtained using an electric multi-tool (Fein Multistar Start), resulting tread pieces were cut
with a ceramic knife and partly milled using a aggaic mill (Retsch Cryomill). In addition,
one composite sample obtained from a rubber regyctiompany (PVP Triptis GmbH,
Triptis, Germany) was analyzed. Here, ground pagsetar tires are shredded under ambient
temperature and textiles and metal wires are rethoMeis composite sample F® was used
for method optimization.

2.1.2.Environmental background sample
Lake sediment (obtained from Lake Tegel in Ber8 June 2016, ca. GPS 52°34'24.6"N
13°15'10.2"E), Germany by dredging from a boat) waed for method optimization. The

sediment was dried in the oven at 100 °C and homipgé using pestle and mortar. Lake
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Tegel is an urban lake characterized by histortoophication. Most of the inflowing water is
treated since the 1990s by precipitation, floceakatind filtration, reducing its nutrient and
total particulate matter content (Heinzmann andr@$01994). The lake is surrounded by

forest and residential areas.
2.1.3.Field samples

Samples were taken on 10 November 2017 at a roaoffrtreatment facility in Berlin
Halensee, Germany (52°29'49.7"N 13°16'56.0"E). Heoad runoff is pre-treated in a
sedimentation basin (HAL_SED) before being distiélou over a soil retention filter
(HAL_SRF). Sampling was conducted with a stainlet=el beaker and a stainless steel
cylinder (47 mm inner diameter, sharpened rim) wepth of ca. 15 cm, respectively. Two
SRF samples were taken: close to the inlet (HAL _BRiAd on the opposite side of the filter
area (HAL_SRF2).

Samples from two consecutive settling ponds trgatighway runoff (LE_S1, LE_S2) were
taken in Leipzig, Germany on 13 March 2018 at thghiWay A 38 (51°16'29.1"N
12°29'31.5"E) with an Ekman dredge. After treatntbetwater enters a nearby trench.

All samples were filled in 1 L glass bottles, sthia a refrigerator, sieved (500 um; Retsch
GmbH, Haan, Germany), dried (100 °C) and homogeniz@ mortar prior to analysis.

2.2. Sample digestion

Samples were digested using microwave assisteddagagdtion (Multiwave, Rotor 8NXF100,
Anton Paar, Graz, Austria). 6 mL HN@Chemsolute, superpure grade, 67-70%, Th. Geyer,
Renningen, Germany) and 2 mL®4 (suprapure, 30%, Merck KGaA, Darmstadt, Germany)
were added, according to a protocol for rubber stiga provided by the manufacturer. For
digestion of tire tread samples, approximately #@pwere used. For the analysis of density
separated fractions from environmental samplesywegjht in microwave digestion was 380
mg (8-1111 mg) on average, depending on the masiseofespective fraction. Microwave

power was 900 — 1500 W, maximum temperature was-2240 °C, and maximum pressure
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was 60 bar. After digestion, samples were filledta0 mL with ultrapure water (Milli-Q,

Merck KGaA, Darmstadt, Germany) and centrifugedCfiO rpm for 10 minutes.

2.3. Instrumental analyses

2.3.1.Elemental analysis

Elemental analysis was conducted using inductigelypled plasma mass spectrometry (ICP-
MS; ICAP Q S, Thermo Scientific, Waltham, USA) ainductively coupled plasma optical
emission spectroscopy (ICP-OES; ARCOS, SpectrovéKI&ermany). Details can be found

in the appendix.
2.3.2.TED — GC-MS

Chromatograms were obtained using the TED-GC-MStemysdescribed in literature
(Eisentraut et al., 2018). Quantification was dergeexternal calibration using SBR and an
internal standard of deuterated polystyrene. A dgmsition product of SBR, 3-
phenylcyclohexene, was used amongst others adispaerker compound for the elastomer.
The calibration curve for the TED-GC-MS method banfound in Figure A3. Further details

can be found in the appendix.
2.4. Separation of TP and TRWP from particulate samples

A density separation setup consisting of a 50 miumetric flask with beaded rim (DURAN,

Class A, Hirschmann, Eberstadt, Germany) and aclat PVC tube (flexible) was used (15
mm inner diameter, 170 mm length, Guttasyn, Witt&ermany). Sample mass was
approximately 1 g for environmental samples, wfolemethod development 500 mg (testing
of working range and selectivity) and 250 mg (tegtof different densities) were used. For
separation of the floating fractions, a Hoffmanmpeypinch cock (Bochem, Weilburg,

Germany) was used. The resulting fractions werterétl (Whatman cellulose nitrate
membrane filter, 47 mm diameter, 0.1 pum nominakmize, GE Healthcare, Chicago, USA)

and dried at 70 °C. The separation solution waslywed from sodium polytungstate (SPT)
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(Carl Roth, Karlsruhe, Germany) dissolved in ultnepwater (Milli-Q). Further details can be

found in the appendix (Scheme Al, Figure Al).
2.5. Calculation of particle sedimentation rate

Sedimentation speed of particles can be calculas#g a transformation of Stokes’ law
(equation 1).

2 1’9 (pp=pp)
9 U]

Equation 1: v, =
wherev, is the sedimentation speed of the particles, the particle radiug is the gravitation
constant (9.81 m/s?), is the density of the particle at 25 %¢is the density of the fluid at 25
°C (1.9 g/cm?) andg is the dynamic viscosity of the fluid at 25 °CQ@227 Pa*s). For the
buoyant velocity of particles, the negative seditabon speed was used. Time needed for a

particle to rise from the bottom of the tube to ligét fraction was calculated on a basis of 16

cm total distance (see section 2.4).
2.6. Selectivity towards TP

Selectivityof the density separation was assessed by spiki@gryy sediment with 1 mg zinc
oxide (ZnO, > 99%, Carl Roth, Karlsruhe, Germany), 2 mg zincodbe (ZnC},

EMSURE®, Merck KGaA, Darmstadt, Germany), 2 mg zisulfide (ZnS, 99.99%,
Chempur, Karlsruhe, Germany), 4 mg zinc sulfateS@n 99.5 — 103%, Fluka Chemie AG,
Biichs, Switzerland) and 100 mg i The Zn content of added FiRwas approximately 1.4

mg while the Zn amount of the spiked species wascegmately 4.0 mg.

3. Results and discussion

3.1. Elemental composition of tire samples
To select possible marker elements, 20 tire tremtpies and one mixed sample were
analyzed for their elemental concentration andat@m thereof (Table 1). The most abundant

elements in TP are S and Zn at concentrations aBa/keg (Table 1). Concentrations of As,
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Bi, Cd, Co, Cr, Cu, Ni, Pb and Sb are three ordémmagnitude lower (< 15 mg/kg) (Table 1).

Zn is also the element with the most uniform comregion between different TP samples

(RSD 23%). Concentrations of further elements, Whate ubiquitous and therefore not

suitable as markers, are listed in the appendikI€TA2).

The determined mean concentrations agree well Méfature data for Cr, Cu, Ni, Pb, S and

Zn, but are notably lower for As, Bi, Cd and Sb ¢Ker et al., 2010; Kreider et al., 2010).

Harsher conditions of digestion have been usedrenipus studies such as a mix of nitric

acid, sulfuric acid and perchloric acid (Kocher at, 2010), or thermal decomposition

followed by analysis of ash residues (Kreider et2010). This may account for some of the
differences, e g. of Sb and As. Lower concentratibsome heavy metals in this study, e.g. of
Cd, may also be due to the use of less contamimatednaterials nowadays as compared to
the tires analyzed by Kocher et al. (2010), whickrevobtained from an archive with tire

samples from 1980 to 2003.
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Table 1. Mean elemental contents and standard deviah of 20 tread samples and one composite sample [P

(n=21) and literature data. Cu is based on analysed 9 tires and the composite sample.

Kocher etal. Kocheretal Kreider et al.
TP TP
(2010) (2010) (2010)
Element Unit Mean Median
Mean Median (composite of
(n=21) (n=21)
(n=65) (n=65) 3 tires)
As mg/kg 0.28 £0.21 0.20 20 2 <64.5
Bi mg/kg 1.1+19 0.44 not reported not reported 86.8
Cd mg/kg 0.35+0.30 0.21 1.66 £1.16 1.36 <4.99
Co mg/kg 42+15 0.20 not reported not reported <164
Cr mg/kg 22+1.1 2.1 4.60 £1.75 4.16 <245
Cu mg/kg 48+55 3.1 7.09 £ 3.96 6.35 215
Ni mg/kg 3.7+56 1.7 8.70 £ 6.43 6.79 not reported
Pb mg/kg 14+11 9.4 18.2+17.2 13.2 <13.9
Sh mg/kg 0.039 +£0.047 0.016 3.76 £12.4 1 76.5
S o/kg 16+7.1 14 not reported not reported 12
Zn o/kg 8720 8.1 11.3+3.92 10.3 9

3.2. Density separation of TP

The particulate matter into which TRWP are embeddetthe environment may contain the

same elements found in TRWP also from other sou(teble Al). Therefore, prior to

analysis, a separation of TRWP from the particulaiarix is required, which may be

achieved by density separation. TRWP are expedaiedntich in the top (light fraction)

whereas denser particulate materials remain didttem (heavy fraction). Soluble Zn species

dissolve in the separation solution and are wasiied

The enrichment of TRWP in the light fraction wasfitested by spiking a sediment sample

with TPmix (at 60 mg/g dry weight), because this is the oméigerial linked to TRWP which is

well available. Separation was performed using @asgion solution with a density of 1.9

g/lcm3. For the spiked sediment, the Zn determinatio the light fraction perfectly
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represented the amount added as,'PLOO £ 4%), while calculations according to other
elements overestimate the TP mass (160 — 21'000P@se overestimations by all elements
except Zn are due to their relatively low concemdres in TR,x (Table 1, Table Al) but
relatively higher concentration in the sediment eniat (Table A5). Leaching of elements
from TPnix in SPT solution over a period of 192 h was fouadbé negligible (see also
appendix). Consequently, Zn was selected as thekemaglement for further method

development.

3.3. Density separation of TRWP

Since TRWP reference material is not availablariethod optimization, the sedimentation or
flotation rates of various potential sample constits, including TP and TRWP, and the time
required for their separation was calculated uSitakes’ law, assuming spherical particles
(Figure 1).

A spherical TRWP with a density of 1.8 g/cm3 andiameter of 10 um rises at a speed of
0.86 cm/h; after 23 h separation duration thisigartcan be expected in the light fraction
(Figure 1). For larger particles of the same dgrnsitparticles of the same size but of lower
density, the rising speed is higher and they ase ahriched in the light fraction (Figure 1).
For example pure TP (density 1.2 g/cm3) rise fagdek cm/h for a particle size of 10 um)
than TRWP.

Smaller particles, such as fine particulate mafe2.5 um), remain suspended in the
separation solution.

Particle size distributions of real-world TRWP awet well known especially for larger
particles (> 10 um; Wagner et al., 2018). Coarstgbas, however, appear more relevant in
terms of absolute particle mass: For TRWP geneliatadroad simulator for example, only a
minor fraction (by mass) was reported to be bel®wuin (Kreider et al., 2010). Furthermore,

Aatmeeyata et al. (2009) found that PM10 and PM®2rbaprised less than 0.1% of the mass
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of larger particle non-exhaust emissions. Noneti®l@ RWP in the nano- and lower pm-
range have been reported (Dahl et al., 2006; Ms¢hist al., 2011). Based on the current
knowledge, small particles are considered negkgior the total mass compared to larger
particles and particle size therefore should moitITRWP determination in the light fraction
under the described conditions.

A further increase in fluid density also increasles risk for non-TRWP particles with Zn
content to enrich in the buoyant fraction. This Idokead to a decrease in selectivity and a
potential overestimation of TRWP. Such particlegldde for example clay minerals (density
1.8 — 2.6 g/cm?3) (Lide, 2008), for some of whictfZadsorption has been described (Harter,
1991). Soil particles could also be enriched in light fraction. In soils, Zn retention by
hydrous iron oxides was reported, while organictemainly adsorbs a small fraction of Zn in
soil solutions (Harter, 1991). The results therefgupport the selection of a separation

solution density of 1.9 g/ctior TRWP separation.

100%

.'. Particle density:
o e 1.20 g/cm?3

80%

(Pure TP)
60%

o 1.50 g/cm?
40%
o° 1.80 g/cm?3

Enrichment in light

fraction [%)]

20%
0°® ee000188g/cm?

T T T T T T T T

10 12 14 16 18 20

1.95 g/cm?

20%
2.65g/cm3

40%
- 561 g/cm3

60%

80%

Enrichment in heavy

fraction [%)]

100% —-

particle diameter [um]

(Low density TRWP)
(Expected TRWP density)
(Max. TRWP density enriched)
(Clay)

(Quartz)

(znO)

Figure 1. Enrichment of particles after 23 h densityseparation in the light or heavy fraction for a sparation solution

with a density of 1.9 g/cm. Enrichment [%] describes the fraction of particlesthat travelled the maximum distance

(16 cm) within 23 h.
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3.4. Fractionation of interfering Zn species in densityseparation

As mentioned above, other Zn species besides TR¥¢Bran road runoff in dissolved or
particulate form. The density fractionation shoskparate TRWP from them. ZnO is an
insoluble Zn species of high density (5.6 g/cm3jd€,. 2008) that can be formed from
galvanized steel by corrosion (Del Angel et al.120 ZnS may precipitate under reducing
conditions in the presence of dissolved Zn(ll) antfide (Cleven et al., 1993); it has a high
density (4.1 g/cm?3) and is soluble in diluted adidde, 2008). ZnClis highly soluble (4,080
g/L), as well as Zn complexed as ZnSB77 g/L) (Lide, 2008). Correspondingly, ZnS, ZnCl
and ZnSQ, if present in a sample, are expected to dissotwapletely in the separation
solution (density 1.9 g/cms3, pH = 4.2), while Zrieixpected to remain in the heavy fraction.
This was verified by spiking known amounts of ZidCl,, ZnS and ZnS@into a sediment
sample, with and without adding TP, and subjectiregsamples to density separation. In the
sediment sample spiked with TP and Zn-salts, Zrcleimg in the light fraction was 86 = 4%
of the Zn spiked as TR (TP-Zn; Figure A2). In the sediment sample withyo#h-salts
added, 1.2 = 0.3% of the Zn spiked as Zn-salts wietermined in the light fraction. Zn
determined in the heavy fractions was 119 — 125%hefZn added as insoluble ZnO. In the
separation solution, 110 £ 45% of the Zn addedadhsbe Zn-salts were determined. The
density separation therefore effectively keepsgaarc Zn species out of the TRWP fraction

(light fraction).

3.5. Optimizing density fractionation with a real sample

The effect of varying density of the separationusioh (from 1.2 to 2.2 g/cf) was tested
using a real sample of road runoff sediment (HALD$®ith unknown TRWP concentration.
TRWP concentrations in a sample were calculateoh floe mass of Zn determined in the

light fraction, the mean Zn concentration foundgare TP (8.7 mg Zn/g TP; Table 1) and an
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assumed TP contribution to TRWP heteroaggregats ofas0% (Kreider et al., 2010; Panko
et al., 2013; Unice et al., 2019, 2013). The vamabf the Zn concentration in pure TP of
approximately £ 20%, (Table 1) can be neglecteceragronmental samples contain TRWP
from countless tires. The fraction of mineral pdes in TRWP heteroaggregates is
presumably more variable, but no data exist on(ihiggner et al., 2018).

At densities below 1.5 g/cm3, the determined TRV@Rcentrations were low with 6.6 — 11
mg TRWP/g (Figure 2a). The quantified TRWP conadidns increased with increasing
densities of the separation solutions to 158 + 9TRYVP/g at a density of 1.9 g/értFigure
2a), accounting for 33 = 11% of the total Zn of te@mple (Figure 2b). With further
increasing the density to 2.1 gfmlso the TRWP concentration increased furthef,9® +
24 mg TRWP/g (42 + 5% of total Zn). This increakewever, was no more statistically
significant (p = 0.058¢ = 0.05; paired t-test, two-tailed). As was desadilabove (see also
3.3), the use of separation solution with highemsity increases the risk of enriching non-
TRWP-Zn.

Repeated fractionations were not found to increbeeyield of TRWP from the sediment
material: of the mass obtained by three consecttactionations, 95% were gathered during
the first fractionation, already (Figure A4).

While the Zn concentration in the light fractioncieased with increasing density of the
separation solution, the Zn concentration in thavigdraction decreased. The sum of Zn in
both fractions was, however, not constant and wasumted for by dissolved Zn (40 — 50 %
of total Zn of the sample; Figure 2b). Dissolved &was not analyzed instrumentally but
calculated via a mass balance of Zn in the unsegghsmmple and in the respective fractions.
The density of 1.9 g/chris considered ideal for the separation of TRWmnfenvironmental

media.
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a) b)
m light fraction Ndissolved (calculated) O heavy fraction
250 -
100% -
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Figure 2. Calculated TRWP concentrations (mg/g) aéir density separation at varying densities (a) andZn
partitioning in light and heavy fractions [%] at varying densities compared to total Zn of the sample dfore
fractionation (n= 3) (b). Error bars indicate standard deviation. The dissolved fraction was determinedvith the help

of a mass balance.

3.6. Validation of TRWP separation by an independent mi#od

To further validate the separation of TRWP with 8T solution of a density of 1.9 g/&m
the light and heavy fractions of the road runofiiseent presented before were analyzed for
TRWP using a recently developed method based onGEEMS, assuming an average SBR-
content of 11.3 % in the tire material (Eisentrauél., 2018) and a TP contribution in TRWP
heteroaggregates of 50% (Kreider et al., 2010k®@a& al., 2013; Unice et al., 2019, 2013).
According to this method, 336 + 17 mg TRWP werenfibin the light fractions and 34 + 4.6
mg TRWP remained in the heavy fractions (n=3). Thius density separation enriched 91 +
0.7% of the samples’ TRWP in the light fraction,osing an adequate density of the
separation solution. As mentioned before, densitta ddn TRWP generated on streets are
scarce and yet only calculated. The results ofettdemnsity fractions prove that more than
90% of TRWP found in the sample has a density bel@g/cnf; this finding supports the

density estimate of 1.8 g/cm3 for TRWP (Unice et2019).
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295 3.7.Working range of the method

296 The working range of the method was determinedgikirsg an environmental background
297 sample from an urban lake sediment (Lake Tegel) Wi« in the concentration range from
298 2 to 200 mg/g, corresponding to 4 — 400 mg/g TRW&ble 2). Such concentrations are
299 expected for samples with a strong traffic influerstnce TP concentrations of up to 80 mg
300 TP/g (160 mg TRWP/g) were reported for road s@$aand road side soils (Wagner et al.,

301 2018).

302 Table 2: Recovery [%] for TPy in the light fractions at varying densities (working range) + standard deviation.
303 Sediment was spiked with TR,,. Recovery values and Zn values were background cacted. Light fraction Zn in the

304  background sample was 0.083 + 0.014 mg/g. Zn contén TP ., was 14.02 mg/g.

305
Spiking level Recovery Light fraction Zn
[mg TPmix/g] [%0] (background corrected)
[mg/g]
2 (n=3) 123+3.0 0.039 +0.0035
5(n=3) 102 £31 0.073 +0.012
10 (n=3) 110+ 23 0.15 +0.022
20 (n=1) 86 0.24
40 (n=1) 78 0.42
100 (n=1) 84 1.1
200 (n=1) 85 20
""" meantstddev  95x17
306

307 The recovery ranged from 123% for the 2 mg/g cotraéon to 85% at 200 mg/g, with an
308 average of 95 + 17%. In the lower concentratiorgea?2 — 10 mg TR,/g) the mean recovery
309 was 112 + 21%.

310 The recoveries were achieved usingmkPas TRWP was not available. Since the density
311 separation was optimized for TRWP, the recoveryltesre expected to be transferable.

312 The TRWP determination in environmental samplegxpected not to be limited by the
313 sensitivity of Zn determination after digestion ths instrumental sensitivity (ICP-MS) would

314 allow a TRWP determination down to 0.002 mg/g witis method. Rather, the sensitivity of
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TRWP detection is expected to depend upon thegoaind the quality of non-TRWP-Zn of a
sample and on the extent to which this is separfateal the TRWP (light) fraction. Zn in the
light fraction of the non-spiked sediment samples Wab83 mg Zn/g. However, this Zn may
also derive from other sources and cannot be glemstigned to TRWP. TED-GC-MS
analyses of the sediment did not identify TRWP raarkubstances (LOQ = 0.73 mg
TRWP/g). This suggests incomplete separation of PRXK from background Zn.

A combination of three factors may have hamperedptete separation: i) the sediment used
for the spiking was rich in organic carbon (16.5% deight) and Zn adsorbed to organic
matter may have interfered with TRWP determination.The total Zn content of the
sediment was high (0.86 mg/g) compared to natwek@round concentrations (0.070 — 0.175
mg/g in European sediments (European Commissial)2dii) The sediment was taken far-
off street environment, so that the fraction of TR\n was expected to be negligible
compared to non-TRWP-Zn.

This outlines, that a general limit of quantificati cannot be provided for this method
consisting of density separation and Zn deternonatbecause the completeness of TRWP
separation will dependent upon a sample’s matrid background concentration of Zn.
However, the selectivity and, thus, the sensitiaitythis method may be further increased by
applying a 2-step density separation. In a firspsparticles with a density of e.g. < 1.2 g/cm3
(light organic material) could be removed befoeefionating the TRWP in a density range of
1.2 -1.9 g/cms.

The present sensitivity should be adequate for tmmpith a relatively high TRWP load,
such as road surface samples or roadside soilgr{@vat al., 2018). The presented method
may also be used for lower concentration rangesoifall three of the above hampering
factors (high organic carbon content, high Zn contew traffic impact) apply. The method
is less sensitive than Pyr-GC-MS or TED-GC-MS, Widrich detection limits for TRWP in

the medium to low pg/g-range are reported (Eiseh&aal., 2018; Unice et al., 2013); those
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methods appear more suitable for samples with faffi¢ influence such as river sediments
or remote environments. The accuracy of Pyr-GC-M& &ED-GC-MS could be increased

by a broader data base for the yield of marker @amgs in a larger number of tires.

3.8. Application to samples from road environment

The presented method was applied to samples frantreatment systems for road runoff. In
the first system, TRWP concentrations of 16 — 15@¢/gnwere determined, with total
particulate Zn in the range from 0.3 to 1.1 mg/gl€ 3). Thus, TRWP-Zn comprised 22 —
83% of total particulate Zn (Figure 3). Highest TRWoncentrations were found in the
sedimentation basin (130 mg/g, HAL_SED) as wellrathe upper layer of the subsequent
soil retention filter close to its inlet (150 mg/$lAL_SRF1), while the concentration
markedly decreased towards the opposite side addheetention filter, with an approximate
distance of 35 m to the point of discharge. Eveugin the TRWP concentration decreased in
the SRF, the relative mass contribution of TRWEh®light fraction remained constant (34 —
36%; Table 3). While the portion of the light frat (density < 1.9 g/cm3) decreased along
the treatment train, its composition hardly changBdese three samples indicate that the
initial sedimentation basin is insufficient to netaall TRWP and that concentrations in the
SRF area are not equally distributed but furthelirsentation takes place while the runoff
water flows along the top SRF. Correspondingly, réslative contribution of non-TRWP-Zn
to total Zn increased from 17 to 78 % (Figure 3)isToutlines that in urban settings other Zn
sources than TRWP contribute substantially to taiqulate Zn in road runoff. Thus, total
Zn of whole samples would be a poor marker of TR&/#n in samples from roadside
environment.

TRWP concentrations in the particulate matter ctdlé at the second treatment system were
remarkably lower, with 2 mg/g in the first (LE_S4nd 0.4 mg/g in the second settling basin

(LE_S2; Table 3); also the contribution of TRWPtdtal particulate Zn was low (2 — 3 %)
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(Figure 3), as well as the TRWP contribution to tight fraction mass (Table 3). These
findings were astonishing, because this systentstq@are highway runoff for which a high

TRWP content was expected in the particulate matter

B TRWP-Zn O non-TRWP-Zn
= =

80% A -
60% A
40% -

20%

Total particulate Zn [%]
o

o

X

1 1

0%

LE_S1
LE_S2

HAL_SRF1
HAL_SRF2

HAL_SED

Figure 3: Relative contributions of TRWP-Zn (light fraction) and non-TRWP-Zn (heavy fraction) to total particulate
Zn. Error bars indicate standard deviations. HAL_SRF1is based on two samples only and no standard deviah can

be given.

These differences in TRWP concentration at the treatment sites may be explained by
differences in the surrounding environment, byficafensity and driving behavior. While the
highway next to the HAL system has an average daffic of about 160’000 cars and 8’000
trucks, traffic density at the LE site was much éow40’000 cars and 7’000 trucks per day
(BASt, 2018a, 2018b)). Due to frequent congestigahjcles brake and accelerate more often
on the HAL highway compared to the LE highway; leglabrasion rates and higher total
emissions may therefore be expected. Furthermoeerural environment surrounding the LE
sampling site, where agriculture dominates the daade, may lead to higher deposition of
soil particles on the highway, which in turn migtitute the TRWP. The influence of
surrounding environments on road dust compositias shown before (Gunawardana et al.,

2012).
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The TRWP concentrations found in the HAL system \aithin previous findings for road
surface concentrations (see also 3.7). Concemtsatiothe LE system are within the range of
TP data previously reported for highway settlinghg® and road runoff detention systems of
0.3 to 11 mg TP/g (equivalent to 0.6 — 22 mg TRWRegddy and Quinn, 1997; Wik et al.,
2008).

Comparing the results for HAL_SED with the TED-GCSManalysis (see also 3.6),
determined TRWP concentrations differed by a facbtwo. Given the analyzed sample
mass (5-25 mg for TED-GC-MS and 157 + 43 mg in agigestion) and the potential
heterogeneity of environmental samples, this camabed as good agreement between the
methods.

The compositional differences of the particulateteran the two systems (HAL vs. LE) as
visible in Table 3 may also be explained by changeBRWP dynamics due to ageing, such
as aggregation and degradation processes. Thef tueafment system HAL is maintained
and the sediment removed regularly, while this waisthe case for the LE system. Rather,
the latter system was operated for 12 years witlentoval of any particulate material.
During this long period TRWP collected togetherhagther particulate matter may have aged
and increased in density, e.g. by heteroaggregatibim further mineral material, which
would explain the lower mass percentages of lighttions (Table 3). Ageing processes
leading to the incorporation of TRWP into largendadenser) heteroaggregates would
strongly reduce the distance along which TRWP eaasported before they settle. They
would also preclude the material from being detkete TRWP by the applied method.

Zn leaching from TP was reported earlier and magppgex TRWP quantification. For
example, particles of up to 2.8 mm diameter we@nshto leach 5% of total Zn within 28
days at pH 3 (Selbes et al., 2015). Experimentglected in filtered river water led to
leaching of up to 8% Zn from TP after 5 days (pH, Gnedian particle size 420 um; Degaffe

and Turner, 2011). However, information on Zn leaglirom TRWP is missing.
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Since the percentages of the light fractions netato the total sample mass were low (1.3 —
2.5%; Table 3), a potential Zn leaching from TRWH &inding to the soil matrix (Smolders
and Degryse, 2002) is not the reason for the lowWPRconcentrations determined at this site:
even without Zn the TRWP would contribute to thesmaf the light fraction. Furthermore,
components preventing microbial decomposition mayehleached from the TRWP over
time, making them available to biodegradation psees. Tire particles were shown to be
available for microbial degradation under aerobind aanaerobic conditions if toxic
constituents are removed from the tire rubber @&tson et al., 2008). While the explanations
of TRWP dynamics remain speculative at this stdgedata clearly show that the developed
method has a high precision (RSD in the range of 90 %, Table 3) and that total
(particulate) Zn is not suited as indicator of TRWProad-runoff (Figure 3). The results

underline that present knowledge on TRWP generapiaperties and ageing is insufficient.

Table 3: TRWP concentrations in samples from road erivonment, total particulate Zn (sum of TRWP-Zn and non-
TRWP-Zn), TRWP-Zn of the total sample, relative mass bthe light fraction and TRWP mass in the light fradion. No
standard deviation can be provided for particulateZn of HAL_SRF1 due to sample loss of the heavy fraicin of one

sample. For all other values, n=3.

Total Mass of light ~ TRWP mass in
Sample m T‘IBRWV\I;)P /al particulate Zn E:W;nlzr]] fraction light fraction
9 9 [mg Zn/g] 9 £Ng [%] (%]
HAL_SED 130+ 15 0.68 £ 0.06 0.57 £0.07 52+1.2 24 +3%
HAL_SRF1 150 £ 30 1.1 0.65+0.13 40+ 3.5 36 1%
HAL_SRF2 16+£14 0.32 £0.008 0.07 £0.01 4.4 +£0.23 344 3
LE_S1 2.0+0.3 0.35 £ 0.006 0.01 £0.001 25%+1.0 8D/
LE_S2 0.38 £0.04 0.09 + 0.005 0.002 £ 0.0002 1.3+0.43 3.1+x1%
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4. Conclusions

The developed method for TRWP quantification fromrtigulate environmental samples
based on Zn determination after density separaisnitable for samples from highly traffic-
influenced environments. The selectivity and, thaesjsitivity of the method is expected to
increase further by the application of a 2-stepsigrseparation.

TRWP contents of materials from road-runoff treatingystems were found to be highly
variable in the range from 0.38 to 150 mg/g. Howgettgese concentrations are in line with
previous estimates for highway runoff.

The separation of TRWP from other particulate matdomponents using density
fractionation can help in TRWP characterizatiorexamination of particle dynamics (ageing,
aggregation, transport) and associated changesnsitg. Another application would be the
detection of TRWP on a single particle level. Kneslde on TRWP composition and physical
properties may be deepened in this way, providalgable information for the assessment of
TRWP fate in the environment. TRWP density in gaitar is of high relevance for their
environmental fate. Factors contributing to or deiaing TRWP concentrations in runoff are

still poorly understood.

5. Acknowledgements

The authors thank Berliner Wasserbetriebe (BWBg, tbad maintenance depot Leipzig and
Mirko Albrecht (TU Chemnitz) for provision of sangd, Robert Ladwig (IGB) for supporting
sampling at Lake Tegel as well as Timothy Holbroddsephine Karte, Peter Portius and his
team, Jurgen Steffen, Ines Volkmann and Ursula Wmkom UFZ Leipzig for help in
sample preparation, instrumental analyses and isittqn of tire tread material. Financial
support by the German Ministry for Education andséch (BMBF, funding measure
RiSKWa) through the project MiWa (reference num@EWRS1378H) is gratefully

acknowledged.



457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

ar7

478

479

480

481

482

21

6. References

Aatmeeyata, Kaul, D.S., Sharma, M., 2009. Traffengrated non-exhaust particulate
emissions from concrete pavement: A mass and [msize study for two-wheelers and
small cars. Atmos. Environ. 43, 5691-5697.
https://doi.org/10.1016/j.atmosenv.2009.07.032

Adachi, K., Tainosho, Y., 2004. Characterizationhefivy metal particles embedded in tire
dust. Environ. Int. 30, 1009-1017. https://doi.&@fy1016/j.envint.2004.04.004

BASt, 2018a. Bundesanstalt fur Strassenwesen - mAatiesche Zahlstellen 2017 [WWW
Document]. URL https://www.bast.de/BASt_2017/DE/Mehrstechnik/Fachthemen/v2-
verkehrszaehlung/Aktuell/zaehl_aktuell _node.htra§gonid=A940EA91DB3741BB5A
36CBOFAB821836.live11294 (accessed 11.26.18).

BASt, 2018b. Bundesanstalt fir Strassenwesen - rAatische Zahlstellen 2016 [WWW
Document]. URL https://www.bast.de/BASt _2017/DE/khrstechnik/Fachthemen/v2-
verkehrszaehlung/Daten/2016_1/Jawe2016.html;jseisisi6 940EA91DB3741BB5A36
CBOFAB821836.live11294?nn=1819490 (accessed 11826.1

Blok, J., 2005. Environmental exposure of road bosdo zinc. Sci. Total Environ. 348, 173—
190. https://doi.org/10.1016/j.scitotenv.2004.13.07

Cleven, R., Janus, J., Annema, J., W, S., 1993gtated criteria document Zinc,
Basisdocument Zink, RIVM Report 710401028.

Coppock, R.L., Cole, M., Lindeque, P.K., Queir6sMA Galloway, T.S., 2017. A small-
scale, portable method for extracting microplasfrtsn marine sediments. Environ.
Pollut. 230, 829-837. https://doi.org/10.1016/jjeoiv2017.07.017

Councell, T.B., Duckenfield, K.U., Landa, E.R., [@ader, E., 2004. Tire-wear particles as a
source of zinc to the environment. Environ. Sci.chrel. 38, 4206-4214.

https://doi.org/10.1021/es034631f



483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

22

Dahl, A., Gharibi, A., Swietlicki, E., GudmundssoA., Bohgard, M., Ljungman, A.,
Blomqvist, G., Gustafsson, M., 2006. Traffic-gertedaemissions of ultrafine particles
from pavement-tire interface. Atmos. Environ. 40, 314-1323.
https://doi.org/10.1016/j.atmosenv.2005.10.029

Degaffe, F.S., Turner, A., 2011. Leaching of zinenf tire wear particles under simulated
estuarine conditions. Chemosphere 85, 738-743.
https://doi.org/10.1016/j.chemosphere.2011.06.047

Del Angel, E., Vera, R., Corvo, F., 2015. Atmospherorrosion of galvanised steel in
different environments in Chile and Mexico. IntElectrochem. Sci. 10, 7985-8004.

Eisentraut, P., Dumichen, E., Ruhl, A.S., Jekel, Mbrecht, M., Gehde, M., Braun, U.,
2018. Two Birds with One Stone—Fast and Simultase@nalysis of Microplastics:
Microparticles Derived from Thermoplastics and TWear. Environ. Sci. Technol. Lett.
5, 608—-613. https://doi.org/10.1021/acs.estlet0346

European Commission, 2010. Zinc. European Uniok Rssessment Report, JRC Scientific
and technical Reports. https://doi.org/10.2788/4004

Fauser, P., Tjell, J.C., Mosbaek, H., Pilegaard,1R99. Quantification of tire-tread particles
using extractable organic zinc as tracer. RubbeenChTechnol. 72, 969-977.
https://doi.org/10.5254/1.3538846

Gunawardana, C., Goonetilleke, A., Egodawatta,Rwes, L., Kokot, S., 2012. Source
characterisation of road dust based on chemical @mgeralogical composition.
Chemosphere 87, 163-170. https://doi.org/10.1@I@&mosphere.2011.12.012

Gustafsson, M., Blomqvist, G., Gudmundsson, A., ID&h, Swietlicki, E., Bohgard, M.,
Lindbom, J., Ljungman, A., 2008. Properties anddobogical effects of particles from
the interaction between tyres, road pavement amdewitraction material. Sci. Total
Environ. 393, 226—-240. https://doi.org/10.1016fjctenv.2007.12.030

Harter, R.D., 1991. Micronutrient Adsorption-Desiisp Reactions in Soils, in: Mortvedt,



509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

23

J.J. (Ed.), Micronutrients in Agriculture. Soil 8oce Society of America, Madison, WI,
pp. 59-87. https://doi.org/10.2136/sssabookser4c3ed

Heinzmann, B., Chorus, I., 1994. Restoration ContmpLake Tegel, a Major Drinking and
Bathing Water Resource in a Densely Populated Afagiron. Sci. Technol. 28, 1410—
1416. https://doi.org/10.1021/es00057a006

Hjortenkrans, D.S.T.T., Bergback, B.G., HaggerudyYA 2007. Metal Emissions from Brake
Linings and Tires: Case Studies of Stockholm, Swet@95/1998 and 2005. Environ.
Sci. Technol. 41, 5224-5230. https://doi.org/101¥620701980

Imhof, H.K., Schmid, J., Niessner, R., Ivleva, N.Raforsch, C., 2012. A novel, highly
efficient method for the separation and quantifamabf plastic particles in sediments of
aguatic environments. Limnol. Oceanoqgr. Methods 10524-537.
https://doi.org/10.4319/lom.2012.10.524

Kayhanian, M., McKenzie, E.R., Leatherbarrow, J¥oung, T.M., 2012. Characteristics of
road sediment fractionated particles captured fpawved surfaces, surface run-off and
detention basins. Sci. Total Environ. 439, 172-186.
https://doi.org/10.1016/j.scitotenv.2012.08.077

Kocher, B., Brose, S., Feix, J., Gorg, C., PetarsSchenker, K., 2010. Stoffeintrage in den
Stralenseitenraum — Reifenabrieb, Berichte der &sentbtalt flr Strallenwesen -
Verkehrstechnik Heft V188. Bergisch Gladbach.

Kole, P.J., Lohr, A.J., Van Belleghem, F., Ragas, 2017. Wear and Tear of Tyres: A
Stealthy Source of Microplastics in the Environmeént. J. Environ. Res. Public Health
14, 1265. https://doi.org/10.3390/ijerph14101265

Kreider, M.L., Panko, J.M., McAtee, B.L., Sweet,|.LFinley, B.L., 2010. Physical and
chemical characterization of tire-related particl€@omparison of particles generated
using  different  methodologies. Sci. Total Environ.408, 652—-659.

https://doi.org/10.1016/j.scitotenv.2009.10.016



535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

24

Kumata, H., Yamada, J., Masuda, K., Takada, H9,S4t Sakurai, T., Fujiwara, K., 2002.
Benzothiazolamines as tire-derived molecular matk8orptive behavior in street runoff
and application to source apportioning. Environ.i. Stechnol. 36, 702-708.
https://doi.org/10.1021/es0155229

Lee, S., Kwak, J., Kim, H., Lee, J., 2013. Propartof roadway particles from interaction
between the tire and road pavement. Int. J. Automiadchnol. 14, 163-173.
https://doi.org/10.1007/s12239-013-0018-y

Lide, D.R., 2008. CRC Handbook of Chemistry anddttsy 89th ed. Taylor & Francis, Boca
Raton, Florida, USA.

Mathissen, M., Scheer, V., Vogt, R., Benter, T.120 Investigation on the potential
generation of ultrafine particles from the tire-daaterface. Atmos. Environ. 45, 6172—
6179. https://doi.org/10.1016/j.atmosenv.2011.08.03

Panko, J.M., Chu, J., Kreider, M.L., Unice, K.M.013. Measurement of airborne
concentrations of tire and road wear particlesrivan and rural areas of France, Japan,
and the United States. Atmos. Environ. 72, 192-199.
https://doi.org/10.1016/j.atmosenv.2013.01.040

Reddy, C.M., Quinn, J.G., 1997. Environmental Clstryiof Benzothiazoles Derived from
Rubber. Environ. Sci. Technol. 31, 2847-2853. hifghsi.org/10.1021/es9700780

Selbes, M., Yilmaz, O., Khan, A.A., Karanfil, TQD5. Leaching of DOC, DN, and inorganic
constituents from scrap tires. Chemosphere 139, -—-@A3.
https://doi.org/10.1016/j.chemosphere.2015.01.042

Smolders, E., Degryse, F., 2002. Fate and effeztnaf from tire debris in soil. Environ. Sci.
Technol. 36, 3706-3710. https://doi.org/10.102128567p

Spies, R.B., Andresen, B.D., Rice Jr, D.W., 198&nAhiazoles in estuarine sediments as
indicators of street runoff. Nature 327, 697—-638$1//doi.org/10.1038/327697a0

Stevenson, K., Stallwood, B., Hart, A.G., 2008 eTiubber recycling and bioremediation: A



561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

S77

578

579

580

581

582

583

584

585

586

25

review. Bioremediat. J. 12, 1-11. https://doi.08g1D80/10889860701866263

Thompson, R.C., Olsen, Y., Mitchell, R.P., Davis,, Rowland, S.J., John, AW.G.,
McGonigle, D., Russell, A.E., 2004. Lost at Sea:anéhis All the Plastic? Science. 304,
838.

Unice, K.M., Kreider, M.L., Panko, J.M., 2013. Coanigon of tire and road wear particle
concentrations in sediment for watersheds in Fradapan, and the United States by
guantitative pyrolysis GC/MS analysis. Environ. .Sdiechnol. 47, 8138-8147.
https://doi.org/10.1021/es400871]

Unice, K.M., Weeber, M.P., Abramson, M.M., ReidCRD., van Gils, J.A.G., Markus, A.A,,
Vethaak, A.D., Panko, J.M., 2019. Characterizingcek of land-based microplastics to
the estuary - Part I: Application of integrated gjgatial microplastic transport models to
assess tire and road wear particles in the Seitersteed. Sci. Total Environ. 646, 1639—
1649. https://doi.org/10.1016/j.scitotenv.2018.68.3

Wagner, S., Huffer, T., Kléckner, P., Wehrhahn, Mofmann, T., Reemtsma, T., 2018. Tire
wear particles in the aquatic environment - A revan generation, analysis, occurrence,
fate and effects. Water Res. 139, 83—-100. httms:6id)/10.1016/j.watres.2018.03.051

Wik, A., Dave, G., 2009. Occurrence and effecttirefwear particles in the environment - A
critical review and an initial risk assessment. iEmv. Pollut. 157, 1-11.
https://doi.org/10.1016/j.envpol.2008.09.028

Wik, A., Lycken, J., Dave, G., 2008. Sediment qyatissessment of road runoff detention
systems in Sweden and the potential contributiotirefwear. Water. Air. Soil Pollut.
194, 301-314. https://doi.org/10.1007/s11270-00839F

Zhang, J., Zhang, X., Wu, L., Wang, T., Zhao, hag, Y., Men, Z., Mao, H., 2018.
Occurrence of benzothiazole and its derivatesrenwiear, road dust, and roadside soil.

Chemosphere 201, 310-317. https://doi.org/10.1@h@mosphere.2018.03.007



Highlights:

Density separation is able to enrich TRWP

Density separation can be a powerful tool for TRWP characterization
TRWP density was determined and may change upon ageing

Zn isthe best suited elemental marker for TRWP quantification

Samples from road environment were analysed for TRWP





