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Abstract
Road traffic emissions are known to contribute in environmental pollution and have adverse
effects on humans. The emissions of organic and inorganic pollutants from traffic and road ac-
tivity are established as the primary source of contamination in an urban environment. Abrasion
of road materials, and tire and break wear are only some of thee contributing pollution factors
in a road setting. Therefore, road dust is a promising environmental matrix for investigating
sources of urban pollution. The road dust is a complex matrix composed of both natural and an-
thropogenic materials, and is a heterogeneous mix originating from diverse sources. Therefore,
it is a great need for better characterization of the road dust, and a particularly need of good
chemical markers for tire and brake wear.

In this study, a liquid chromatography tandem mass spectrometry (LC-MS/MS) method was
developed for the simultaneous determination of six benzothiazoles (BTHs) and seven benzo-
triazoles (BTRs) primarily in road dust. The target benzothiazoles were benzothiazole, 2-
hydroxy-benzothiazole, 2-mercaptobenzothiazole, 2-methylthio-benzothiazole, 2-amino-benzo-
thiazole, and 2-Morpholin-4-yl-benzothiazole, and the target benzotriazoles were benzotriazole,
1-hydroxy-benzotriazole, 4-methyl-1H-benzotriazole (tolyltriazole), 5,6-dimethyl-1H-benzotri-
azole (xylyltriazole), benzotriazole-5-carboxylic acid, 5-chloro-1H-benzotriazole and 5-amino-
1H-benzotriazole. Benzothiazoles and benzotriazoles are known pollutants in an urban envi-
ronment. Benzothiazoles are previously proposed as potential chemical markers of tire wear,
while benzotriazoles are well established anticorrosive chemicals linked to metal pollution. In
addition, 66 elements were measured in the road dust samples by ICP-MS analysis in order to
account for inorganic pollution sources.

The road dust samples analysed in this study were collected using a novel sampling instru-
ment for road dust, the Wet Dust Sampler. Road dust samples were taken from both the non-
studded tire season (summer) and the studded tire season (winter). The turbid road dust samples
were filtered, extracted by sonication and prepared using solid phase extraction. In an attempt
to pinpoint road dust pollution sources, different sample matrices were collected and analysed.
In addition to road dust samples, air filters, tires, core-samples from asphalt, bitumen and back-
ground soil sample were analysed for both elements and/or organics. The tire samples, the
asphalt samples, and the asphalt binding agent were also extracted by sonication and liquid
extraction.

The concentrations both benzothiazoles and benzotriazoles and elements were higher in the
winter season compared to the summer season. The concentrations of the benzothiazole and
benzotriazole derivatives differed in the summer and winter season, indicating different trans-
formation ratios based on season. Higher concentration of BTHs in the winter was probably
attributed leaching from winter tires, possibly affected by road salt. This is described with a
simple steady state kinetic model/equation in this study. The major source of most elements in
road dust is the minerals in the coarse aggregate used in the pavement, and/or wear of car parts
(chassis, shocks, brakes). The concentration of antimony (Sb) was approximately the same for
both sampling seasons in dust, and it was associated to break wear. The increase in benzotria-
zoles, mainly tolyltriazole (TTR), in the winter season was probably attributed to the increased
wear of car parts affected by road salt.

Making use of principal component analysis (PCA) it was possible to group adequately the
sample matrices that were analysed. The PCA indicated associations between break wear and
tire wear. 2-S-BTH and Sb were proposed as effective markers of break and rubber tire wear,
while 2-OH-BTH, 2-Me-S-BTH, and Cl were proposed as possible markers of chemical leach-
ing from tire rubber.
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Sammendrag
Utslipp av organiske og uorganiske forurensninger fra trafikk og veiarbeid er den viktigste
forurensningskilden i bymiljøet, og har klare negative virkninger på menneskets helse. Slitasje
av veimaterialer, bildekk og bremsesystemer er noen av faktorene som bidrar til forurensning
i en veisammenheng. På grunn av dette, er veistøv en lovende miljømatrise for å undersøke
kilder til byforurensning. Vegstøvet er en kompleks matrise som består av både naturlige og
menneskeskapte materialer, og er en heterogen blanding som stammer fra ulike kilder. Der-
for er det et stort behov for bedre karakterisering av vegstøvet, og spesielt et behov for gode
kjemiske markører for dekk- og bremselitasje.

I denne studien ble det utviklet en metode for væskekromatografi tandem massespektrometri
(LC-MS/MS) for simultan bestemmelse av seks benzothiazoler (BTHer) og sju benzotriazoler
(BTRer), hovedsakelig for veistøv. De analyserte benzothiazolene var benzothiazole, 2-hydroxy-
benzothiazole, 2-mercaptobenzothiazole, 2-methylthio-benzothiazole, 2-amino-benzothiazole,
og 2-Morpholin-4-yl-benzothiazole, og de analyserte benzotriazolene var benzotriazole, 1-hydr-
oxy-benzotriazole, 4-methyl-1H-benzotriazole (tolyltriazole), 5,6-dimethyl-1H-benzotriazole
(xylyltriazole), benzotriazole-5-carboxylic acid, 5-chloro-1H-benzotriazole og 5-amino-1H-
benzotriazole. Benzothiazoler og benzotriazoler er kjente forurensninger i et urbant miljø. Ben-
zothiazoler har tidligere blitt foreslått som potensielle kjemiske markører for dekkslitasje, mens
benzotriazoler er veletablerte korrosjonshemmende kjemikalier koblet til metallforurensning. I
tillegg, ble 66 grunnstoffer analysert i veistøvprøvene med ICP-MS for å kartlegge uorganiske
forurensningskilder.

Veistøvprøvene analysert i denne studien ble innsamlet med et nytt prøvetakingsinstrument
for veistøv, Wet Dust Sampler. Veistøvprøvene ble innsamlet fra både før og etter piggdekk-
sesongen hadde startet (sommer og vinter). De turbide veistøvprøvene ble filtrert, ekstrahert ved
hjelp av ultralydoppløsning og preparert med fast-fase-ekstraksjon. I et forsøk på å bestemme
forurensningskildene til veistøv, ble forskjellige matriser innsamlet og analysert. I tillegg til
veistøvprøvene ble luftfilter, bildekk, kjerneprøver fra asfalt, bitumen og jord-bakgrunnsprøve
analysert for både grunnstoffer og/eller organiske stoffer. Dekkprøvene og prøven av asfalt-
bindemiddelet ble også ekstrahert med ultralydoppløsning og preparert med væske-ekstraksjon.

Konsentrasjonene av både benzothiazoler, benzotriazoler og grunnstoff var høyere i vinter-
sesongen sammenlignet med sommer-sesongen. Konsentrasjonene av benzothiazol- og benzo-
triazol-derivatene varierte mellom sommer- og vinter-sesongen, som antyder forskjellige trans-
formasjonsforhold avhengig av sesong. Høyere konsentrasjoner av BTHer i vinter-sesongen var
sannsynligvis koblet til utlekking fra vinterdekk, mulig påvirket av veisalt. Dette er beskrevet i
studien ved hjelp av en enkel ”steady state”-kinetikk-modell/ligning. Hovedkilden til de fleste
grunnstoffene i veistøv er mineralene i grovtilslaget i veidekket, og/eller slitasje av bildeler (un-
derstell, fjæringer, bremser). Konsentrasjonen av antimon (Sb) var omtrent den samme i veistøv
fra begge begge sesonger, og anslått til å komme fra bremseslitasje. Økningen av benzotria-
zoler, hovedsakelig tilyltriazole (TTR), i vintersesongen skyldes mest sannsynlig økt slitasje av
bildeler påvirket av veisalt.

Ved hjelp av prinsipalkomponentanalyse (PCA) var det mulig å gruppere de analyserte prøve-
matrisene. PCAen indikerte en sammenheng mellom bremseslitasje og dekkslitasje. 2-S-BTH
og Sb foreslås som effektive markører for bremse- og gummidekkslitasje, mens 2-OH-BTH,
2-Me-S-BTH og Cl foreslås som mulige markører for utlekking av kjemikalier fra gummidekk.
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1 Introduction
Road dust and dust in suspension in cities have gained interest in the last 20 years. Many studies

seek to find the sources of road dust, and how reduce the levels of pollution from vehicles.

Increased amounts of road dust during winter has been mainly attributed to the use of studded

tires that wear the road surface. Moreover, other sources of road pollution remain understudied.

The Swedish National Road and Transport Research Institute (VTI)has introduced a novel

sampling device for collecting road dust, the Wet Dust Sampler (WDS). This device uses a

high-pressure washer to collect road dust from the road into an aqueous sample matrix that

allows a range of different analytic methods to be applied on (Per Jonsson, 2008). The WDS is

distributed in Scandinavia, and Norway possess one such device located in Trondheim. Since

this device is novel, its possibilities are still not fully investigated when it comes to its use as a

road dust sampler for analytical/environmental chemistry purposes.

The first main aim of this study was to analyse both inorganic and select organic chemicals

in the road dust collected by the WDS with an attempt to distinguish pollution sources. For

the organic analysis, the analysed components were benzothiazoles (BTHs) and benzotriazoles

(BTRs), as BTHs are established to be a possible indicator for tire wear, while benzotriazoles are

well established anticorrosive chemicals linked to metals (Pant and Harrison, 2013). BTHs are

also detected in previous studies in a variety of matrices, ranging from indoor dust and textiles

to swimming pools and wastewater. In this study, a method was developed for the organics,

including two benzotriazoles not previously studied in road dust.

Both elements (e.g. zinc) and organic chemicals (e.g. benzothiazoles) have been previously

proposed as indicators for tire wear in road dust (Pant and Harrison, 2013). Specific elements

are also suggested as key tracers for the wearing of different vehicle parts and emissions (e.g.

brakes, deterioration, exhaust, emissions etc.) But a multitude of possible contributing pollution

sources render it difficult to determine a sole key tracer (Pant and Harrison, 2013; Thorpe and

Harrison, 2008). The second main aim of the study was to determine specific pollution sources

by performing both elemental and select organic analysis in different seasons (summer, winter),

and analysing a variety of sample matrices including asphalt, road dust, tires and air filters. The

potential sources of exposure are elucidated through Principal Component Analysis (PCA) with

the aim to identify the patterns within a specific data set, and cluster the sources based on their

similar characteristics.
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2 Theory
The theory chapter begins with the properties of benzothiazoles and benzotriazoles, and possible

uses and sources, including previously detected levels. The road dust section gives a descrip-

tion of properties of road dust and differences between seasons, as well as information about

elements relevant to traffic and use of vehicles. A brief description of the mineral composition

of Elgeseter street follows, based on a previous study. Thereafter, a detailed description is given

for both the sampling device and the instrumentation used for the road wear testing, as well

as for the analytical methods used in this study. Since a multi-residue method was developed

for the analysis of benzothiazoles and benzotriazoles, detailed quantification and quality assur-

ance/validation information is presented in this work. For the statistical processing of the data,

theory on data transformation, correlations, and principal component analysis (PCA) are given

in the theory part.

2.1 Benzothiazoles and benzotriazoles
Benzothiazoles (BTHs) are aromatic heterocyclic compounds consisting of a 1,3-thiazole ring

fused to a benzene ring. The chemical formula of the BTH ring structure is C7H5NS. Benzotri-

azoles (BTRs) are also heterocyclic compounds containing two fused rings and three nitrogen

atoms. The chemical formula of the BTR ring structure is C6H5N3 (Figure 2.1). BTHs are

widely used as vulcanization agents in rubber, biocides in paper and leather manufacturing, and

anticorrosive agents in antifreeze formulations (Herrero et al., 2014; Loi et al., 2013). BTRs

can form a stable coordination complex with metals (e.g copper), resulting in anticorrosive

properties, and applications in antifreeze formulations, cooling systems, hydraulic fluids and

dishwasher detergents. BTHs can be derived from natural sources, in addition to anthropogenic

sources. BTH is a known constituent of tea leaves and tobacco smoke (Asimakopoulos et al.,

2013a). Some BTRs have specific chemical or biological properties, rendering them as particu-

larly useful in the pharmaceutical industry (Herrero et al., 2014). BTRs and BTHs easily reach

environmental media such as surface water bodies and wastewaters, due to their widespread use

in various applications and consumer products (Herrero et al., 2014). BTRs and BTHs are clas-

sified as high-volume production chemicals, with an estimated worldwide production of BTRs

in excess of 9000 tonnes/year (Loi et al., 2013). The production of BTHs was documented to

be in the range of 4.5–450 tons in the U.S. in 1993 (Technical Resources International Inc.,

1997). BTHs and BTRs have been found in indoor dust (Wang et al., 2013), outdoor air parti-

cles (Maceira et al., 2018), human urine (Asimakopoulos et al., 2013a,b), clothing (Liu et al.,

2017), tobacco smoke (Schmeltz and Hoffmann, 1977; Seo et al., 2000) tap water (Wang et al.,

2016) and even in swimming pool water (Lu et al., 2017). Previously detected levels of BTHs

and BTRs, in selected matrices relevant to this study, are given in Table 2.1.
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Benzothiazole Benzotriazole

N
H

N

N

S

N

Figure 2.1: Chemical structure of benzothiazole and benzotriazole ring

Commonly known BTHs include benzothiazole (BTH), 2-hydroxy-benzothiazole (2-OH-

BTH), 2-mercaptobenzothiazole (2-S-BTH), 2-methylthio-benzothiazole (2-Me-S-BTH), 2-

amino-benzothiazole (2-NH2-BTH), and 2-Morpholin-4-yl-benzothiazole (2-M-BTH) (Figure
2.2). BTH and 2-OH-BTH are breakdown products from vulcanizing agents and antioxi-

dants added to rubber materials during manufacturing (Reddy and Quinn, 1997). BTH and

2-OH-BTH are documented to be used as corrosion inhibitors in antifreeze liquids in com-

mercial cars (Reddy and Quinn, 1997). 2-S-BTH is the BTH derivative most widely-used

as a vulcanization accelerator in rubber products such as car tires, cables, seals, shoes, rub-

ber gloves and toys (Herrero et al., 2014; Leng and Gries, 2017). 2-S-BTH and 2-NH2-BTH

have proven good corrosion inhibitory efficiency for carbon steel applications (Jafari et al.,

2014). 2-Me-S-BTH is a biomethylation product of 2-S-BTH, and a photolysis by-product of

2-(thiocyanomethylthio)benzothiazole (which is a commonly used herbicide) (Brownlee et al.,

1992). 2-M-BTH is used as a vulcanizing accelerator in rubber (Zeng et al., 2004). It has

low water solubility and is non-volatile, and has documented use in antifreeze liquids in cars

(Reddy and Quinn, 1997). 2-M-BTH and its derivatives are toxic to living organisms including

humans, and is a persistent substance in soil. (Umamaheswari and Rajaram, 2017). Reddy and

Quinn (1997) found that BTH, 2-OH-BTH and 2-M-BTH are major organic components that

leach from rubber, and asphalt containing 1-3% rubber. BTH biodegrades rapidly under aerobic

conditions (HSDB, 2018). 2-S-BTH can undergo biomethylation to 2-Me-S-BTH, or photoly-

sis to 2-OH-BTH and BTH. Specific microorganisms can transform BTH into 2-S-BTH before

it is converted to a more stable methylated product (e.g 2-Me-S-BTH) (Felis et al., 2016). In

water containing chloride it is suggested that BTH can undergo oxidation by hydrochloride to

2-OH-BTH (Brownlee et al., 1992). It is expected that 2-M-BTH is photodegraded to BTH,

in a similar way as 2-S-BTH (Liao et al., 2018). Experiments on wastewater treatment has

shown that 2-NH2-BTH rapidly degenerates (<5min) in solutions with chloride (molar ratio

of 1000/1)(Nika et al., 2017). Aqueous photolysis tests show that 2-S-BTH is susceptible to

direct photolysis, with a half-life of hours or less (at a surface) under full sunlight exposure

(30-40 N latitude) (HSDB, 2018). Furthermore, BTH can be microbial degraded into 2-OH-

BTH in natural waters. In experiments done by Reddy and Quinn (1997) with collected water

from a highway settling ponds (collected during September) showed that 60% of the BTH was

transformed into 2-OH-BTH. For water samples collected in November and December, both

BTH and 2-OH-BTH degraded within 30 days. These results indicate that different bacteria

that reside in the ponds or others seasonal factors (e.g. road salts), have an influence on the

breakdowns of BTH and 2-OH-BTH (Reddy and Quinn, 1997). An overview of transformation

pathways of BTHs in urban settings are demonstrated in Figure 2.3.
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Figure 2.3: Overview of possible transformations of BTHs in environmental media
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2 Theory

Commonly known BTRs include 1H-benzotriazole (BTR), 1-hydroxy-benzotriazole (1-OH-

BTR), tolyltriazole (TTR, a mixture of isomers of 4-methyl-1H-benzotriazole (4-Me-1H-BTR)

and 5-methyl-1H-benzotriazole (5-Me-1H-BTR)), 5-chloro-1H-benzotriazole (5-Cl-BTR), and

xylyltriazole (XTR or 5,6-dimethyl-1H-benzotriazole (5,6-diMe-1H-BTR)) (Figure 2.4). BTR

and TTR are used as corrosion inhibitors for metals and steel, especially copper and brass (a

metallic alloy that is made of copper and zinc), by forming a thin complexing film on the metal

surface (Cantwell et al., 2015). BTR and TTR are particularly used in aircraft de-icing/anti-

icing fluids. They are generally present to reduce the flammability hazard from corrosion of

metal components carrying a direct current (Breedveld et al., 2003). BTR and TTR acts as

a chelating agent in the reaction of silver (in silver-covered copper wires) and glycol (in de-

icing/anti-icing fluids), by removing the silver ions. This prevents the creation of silver oxide

and eventually silver fulminate, which is a sensitive detonator (Downs, 1968). BTR may un-

dergo direct photolysis in the environment, and it is shown to be slowly photo-decomposed into

aniline and o-anisidine by irradiation at 300 nm (HSDB, 2018). XTR is a methylated BTR,

and possible transformation product of BTR (Huntscha et al., 2014). 1-OH-BTR (1-OHBTR),

benzotriazole-5-carboxylic acid (BTR COOH) and 5-amino-1H-benzotriazole (5-Amino-BTR)

are polar derivatives of the BTR class. It is found that BTR has an aerobic pathway to 1-OH-

BTR and 4-hydroxybenzotriazole, by experiments with wetlands and artificial sunlight (Felis

et al., 2016). BTR COOH, in particular, is proven to be a transformation product of 4-Me-1H-

BTR (Huntscha et al., 2014). 5-Cl-BTR is used as a UV-stabilizer in various products, including

building materials, vehicle components, waxes, paints, and adhesive agents (Fent et al., 2014).

N
H

N
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H3C

5,6-Dimethyl-1H-benzotriazole

N
H

N

N

CH3

4-Methyl-1H-benzotriazole
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N
H

N

N
HO

O

Benzotriazole-5-carboxylic acid

N
H

N

NCl

5-Chlorobenzotriazole
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N
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N

N

N
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XTR TTR 5-Cl-BTR

COOH BTR 5-Amino-BTR 1-OH-BTR

Figure 2.4: Derivatives of benzotriazole
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2.2 Road dust
The road dust matrix is composed of both natural and anthropogenic materials that accumulate

on the road surface mainly in proximity to the pavements (Valotto et al., 2018). The road dust

is a heterogeneous mix originating from diverse sources, with a complex source characterisa-

tion. Some of the potential sources for road dust are erosion of surrounding soil, atmospheric

deposition and anthropogenic activities including traffic related activities (Gunawardana et al.,

2012). Snilsberg et al. (2017) analysed road dust from Kristiansund, Norway, collected by WDS

(section 2.3). They found that the organic and inorganic content in the road dust obtained from

the road edge (kerb) were 8.4-13.3% and 86.7-91.6% respectively, and the particle diameter of

the road dust was in the range of 0.04-242 μm with a peak of 50 μm. Gunawardana et al. (2012)

found that the organic content in road dust was higher in residential areas, compared to com-

mercial and industrial areas, possibly because of the surrounding vegetation at the investigated

sites of the study. The composition of road dust has been found to be dominated by elements

normally associated with crustal materials. The element composition therefore often reflects

the local geology and varies greatly with location. There can also be pronounced variation with

seasons, especially in regions where road salting and use of studded tires is common practice in

the winter months (Thorpe and Harrison, 2008).

The road dust comes from both exhaust and non-exhaust emissions and can be resuspended

by wind and traffic (Valotto et al., 2018; Thorpe and Harrison, 2008). Emissions from road

traffic constitute a substantial proportion of primary particulate matter within urban areas, with

a considerable contribution to PM10 (particles with less than 10 μm diameter) and PM2.5 (par-

ticles with less than 2.5 μm diameter) levels (Table: 2.2). Studies from European cities has

shown that the road dust contribution from exhaust and non-exhaust emissions are of similar

level of magnitude. In northern European cities, where sanding of roads and use of studded

tires are common, the non-exhaust emission fraction of PM10 can be as high as 90% (Thorpe

and Harrison, 2008; Omstedt et al., 2005). Non-exhaust emissions typically arise from abrasive

sources, including wear and tear of vehicle parts (brakes, tires, clutch), wear of road surface

and re-suspension of dust (Pant and Harrison, 2013; Thorpe and Harrison, 2008). Amato et al.

(2014) identified three main sources for road dust build-up: (1) carbonaceous sources, mainly

related to tire wear, with possible contributions from motor exhaust and brake wear; (2) road

wear; and (3) brake wear. The sum of these three sources explained 96% of the observed road

dust mass loadings.

Table 2.2: Yearly average road dust contribution to PM10 and PM2.5 levels in different sites

(Amato et al., 2014)

Rural Urban-industrial Urban Traffic

PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5

9-22% 7% 17-22% 6-16% 29-34% 11-31% 21-35% 21-31%

There have been reported high levels of metals, such as copper (Cu), lead (Pb) and zinc (Zn),

in urban street dust from many countries, linked to the high motor vehicle traffic in these areas

(Apeagyei et al., 2011). The wear of brakes and tires are an important source of trace metals in

the urban environment (Thorpe and Harrison, 2008).

Exhaust emissions come from the combustion of vehicle fuel. Different types of engines emit

fumes with different composition. Diesel engines produce a higher mass of particles since the
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fuel is considered less clean and there is no catalytic treatment of the exhaust gases. More than

90% of the exhaust gases produced by diesel engines are nanoparticles (<50 nm) composed

of metals, elemental carbon and semivolatile organic compounds. The organic compounds are

formed when the exhaust is diluted and cooled after the gasses exit the tailpipe, and mainly

consist of unburned lubricate oil (Forsberg et al., 2005; Matti Maricq, 2007). Diesel vehicles

emit both a greater mass of PMs and a larger number of ultrafine particles if compared to gaso-

line vehicles (Pant and Harrison, 2013). In a study done by Suarez-Bertoa and Astorga (2018)

gasoline vehicles emitted two times more solid particles than diesel vehicles (at cold start), ex-

plained by the improvement of particle filters in current diesel vehicles. Both trace elements

and organic compounds have been used as source markers for exhaust emissions, but after the

removal of Pb from gasoline trace metals have become less useful as source markers (Pant

and Harrison, 2013). Metals can be emitted from different exhaust-related sources: fuel and

lubricant combustion; catalytic converters; particulate filters and engine corrosion. Elemen-

tal markers used for vehicular emissions include Cu, manganese (Mn), iron (Fe), Zn, barium

(Ba), tin (Sn), nickel (Ni), molybdenum (Mo) and antimony (Sb). Ni and vanadium (V) have

also been reported to be present in exhaust emissions due to oil combustion (Pant and Harri-

son, 2013). Different studies suggest different markers for exhaust fumes, for both gasoline and

diesel engines. Some elements are also suggested markers for exhaust fumes from both gasoline

engines as well as diesel engines (e.g. Ba and V), making it difficult to distinguish a specific

source. Studies have suggested bromine (Br), Ba, Sb and V as potential markers for gasoline

engines (Cheng et al., 2010). Cu, Mn and strontium (Sr) in particles <0.1μm are reported to

be strongly associated with gasoline, while silver (Ag), Ba, cadmium (Cd), Pb, Sb, V, and Zn

contents in nanoparticles (0.01-0.056 μm) are strongly associated with diesel fuel (Lin et al.,

2005). Metals in the platinum group (rhodium (Rh), palladium (Pd), and platinum (Pt)) are

expected to come from catalytic converters (Schauer et al., 2006). However, due to very low

levels of trace elements emitted in exhaust fumes, great care is needed to distinguish them from

non-exhaust traffic emissions and other sources. Precise source attribution with trace elements

alone is difficult without local information on source particle composition (Pant and Harrison,

2013). The number of particles emitted from vehicle exhaust is temperature dependent. The

solid particle emission of both diesel and gasoline vehicles increases at cold temperatures; but

literature is referring mainly to start-up conditions of engines. However, a study done by Li

et al. (2005) stated that the fuel consumption increases with 1.4% in cold temperatures (winter).

Non-exhaust emissions are typically characterized by metals (e.g. Cu, Zn, Ba, Sb, Mn), and

less commonly organic chemicals (e.g. benzothiazoles). The profile of trace metal concentra-

tions in non-exhaust particulate is unique for every region, based on traffic volume, climate and

geological characteristics (Pant and Harrison, 2013).

2.2.1 Asphalt wear
Asphalt is the top layer of the road surface, consisting of a mixture of gravel (aggregate) and bi-

tumen. The bitumen is a black viscous mixture of hydrocarbons, usually made from petroleum

residues, acts as the binding agent in the asphalt. A key component in road dust is crustal

particles, consisting of primarily coarse particles derived from different sources (traffic, indus-

trial emissions, mineralogical dust etc.) (Pant and Harrison, 2013). Several metals have been

detected in road bitumen samples including V, Ni, Fe, magnesium (Mg), and calcium (Ca).

However, the concentrations of these metals were significantly lower when compared with raw

bitumen, indicating that these elements are incorporated into the road surface from other sources
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(Thorpe and Harrison, 2008). The different kinds of tires have an impact on the magnitude of

wear emissions, with studded tires causing more emissions compared to summer and friction

tires (Pant and Harrison, 2013). The combination of sanding on the roads and use of studded

tires in the winter season, substantially increases the wear of the road surface, resulting in an

increase in coarse particle emission (Forsberg et al., 2005). The friction between studded tires

and the road asphalt can generate particles <0.1 μm, and this friction has shown to increase

the emissions of PM10 by a factor of 1.5 (Pant and Harrison, 2013). Laboratory tests have

also shown that more particles are produced (more wear) under wet conditions than under dry

conditions (Snilsberg et al., 2008).

2.2.2 Tire wear
The tire wear particles are predominantly coarse (PM2.5−10) and are generated mostly by shear

forces between the tire thread and road surface, and also by volatilization (Pant and Harrison,

2013). Since tires contain a vast array of organic components and several inorganic components,

much research has been done to investigate the physico-chemical characteristics of tires and tire

wear particles, but the current understanding is still incomplete (Thorpe and Harrison, 2008).

The key tracer components of tire wear include BTHs and trace metals. The BTHs used

as tracer components are: benzothiazole (BTH), 2-hydroxybenzothiazole (2-OH-BTH) 2-(4-

morpholinyl)benzothiazole (2-M-BTH) and N-cyclohexyl-2-benzothiazolamine (Pant and Har-

rison, 2013). Zn is added to the tire thread as zinc oxide and organozinc derivatives to facilitate

the vulcanization process. Zn is reported to reach up to nearly 1% by weight in rubber tires.

Even though Zn is a ”major component” in car tires, it cannot be used as a sole tracer for tire

wear as it is also emitted from brake wear, motor oil and other sources (Pant and Harrison,

2013). Other metals reported in tire wear debris are Mn, Fe, Co, Ni, Cu, Cd and Pb, but since

there are other significant sources of these elements related to traffic, the use of these elements

as individual or collective tracers for tire wear will most likely be ineffective (Thorpe and Har-

rison, 2008).

2.2.3 Other non-exhaust emission sources
The frictional contact between the brake system components during deceleration is an important

source of particulate matter emissions from motor vehicles. During the braking of the vehicle,

wearing occurs to both brake lining materials and brake discs (Thorpe and Harrison, 2008).

Amato et al. (2014) found the contribution of brake wear to road dust to be 12% on average.

Analyses of brake dust and crushed brake pads show high concentrations of Fe and Cu. The

elements with the highest concentrations in brake dust are Ba, Cu, Zn and Sb (Thorpe and

Harrison, 2008). Brake pads contain 13-45% of metallic Fe, and Cu, Sn, Sb, chromium (Cr)

and Ba are used in lubricant formulations in brake pads manufacturing (Amato et al., 2014).

Schauer et al. (2006) found Cu, Ba and Sb to be more strongly correlated to each other than to

crustal elements, indicating that they are likely to originate directly from brake wear.

The Cu:Sb ratio has been suggested as a method to distinguish brake wear particles. Stern-

beck et al. (2002) proposed the Cu:Sb ratio 4.6 as a diagnostic criterion for brake wear particles,

but other ratios have been reported ranging from about 1-10. Some of the reported ratios are: 5.6

(Germany, 1990); 4.4 (Denmark, 2006); 5.3 (Sweden, 2007); and 9.1 (London, 2010). Differ-
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ences can arise from different compositions in brake pads, and contribution from other sources

(e.g ambient air) due to natural occurrence (Pant and Harrison, 2013).

In the winter season road salts are often applied to the road surface to remove snow and

ice and therefore improve the tire friction. The most commonly used road salt for prevent-

ing/removing ice is sodium chloride (NaCl), both as dry and moisturised salt. Calcium chloride

(CaCl2), magnesium chloride (MgCl2) and calcium magnesium acetate (CMA) are some of the

other de-icing chemicals used on road. The de-icing chemicals also act as dust binding agents,

by keeping the surface wet or humid and therefore retaining the road dust (Lundberg, 2018).

The road salts have been associated to corrosion of motor vehicles and unprotected steel

structures (Kogel et al., 2006). MgCl2 is the road salt which leads to the highest weight loss

(corrosion) of steel, and use of CaCl2 and MgCl2 has been associated with an increase in vehicle

corrosion (Prošek et al., 2007). The chassis of personal vehicles mainly consists of steel (iron

and carbon), with an increasing use of Al alloys. Steel and titanium (Ti) is used in shocks.

Wheels made of Al now make up over 50% of road wheels in cars and light trucks (Cole,

2017).

2.2.4 The urban road setting at ”Elgeseter street”
A previous study performed in Trondheim by Erichsen et al. (2004) found that the airborne dust

was dominated by mineral matter. They also stated that the dust most likely comes from the

tearing/wearing of the aggregate (rocks/gravel in asphalt recipe) used in the asphalt pavement.

In Elgeseter street the mineral composition is almost 50/50 mylonite and gabro in the coarse

aggregate. In the fine aggregate the content of gabbro is 65%. From the aggregate used in

Trondheim, mylonite is composed of 40% plagioclase and 25% quartz as the main components.

The gabbro is composed of 40% amphibole and 35% plagioclase as the main components. The

dust collected and filtered (< 10μm) consisted of 31% quartz and 26.4% plagioclase (Erichsen

et al., 2004). So, the most abundant mineral in the coarse aggregate is plagioclase, thereafter

amphibole and quartz.

Plagioclase consists of a mixture of the minerals Na(AlSi3O8) (albite) and Ca(Al2Si2O8)

(anorthite) ranging from pure albite to pure anorthite. Amphibole minerals consists of Mg, Fe

and a silica group. Quartz consists primarily of silica (silicon dioxide, SiO2) (Encyclopædia

Britannica, 2018).

2.2.5 Data from previous studies
Table 2.3 shows levels of elements found in some studies on road dust, tires, brake pads and

brake dust, to give a rough overview of detected elements in the different matrices, and the

amounts detected.

11



2 Theory

Ta
bl

e
2.

3:
O

cc
u

rr
en

ce
o

f
el

em
en

ts
in

ro
ad

re
la

te
d

m
at

ri
ce

s
(m

ea
n

s/
ra

n
g

e
if

n
o

t
st

at
ed

o
th

er
w

is
e)

.

M
at

ri
x

C
ar

b
ra

k
e

d
u
st

P
as

se
n
g
er

ti
re

tr
ea

d
P

M
1
0

R
o
ad

d
u
st

U
se

d
b
ra

k
e

p
ad

s
T

ir
es

U
rb

an
ro

ad
d
u
st

R
eg

io
n

P
o
rt

u
g
al

-2
0
1
4

A
u
st

ra
li

a
O

sl
o
,
N

o
rw

ay
-

1
9
9
4

L
o
n
d
o
n
,
U

K
-

2
0
1
4

M
as

sa
ch

u
se

tt
s,

U
S

A

m
g
/k

g
m

g
/k

g
w

t%
m

g
/g

a
p
p
m

(d
ry

w
ei

g
h
t)

b
m

g
/g

b
p
p
m

p
p
m

p
p
m

A
l

3
3
0
-2

5
0
0

7
-1

2
9

1
.1

0
-4

.2
3

1
.4

0
-5

.8
8

5
9
,5

2
7

1
8
.5

3
B

a
5
9
0
0
-7

4
,4

0
0

1
0
.4

-1
6
6

0
.0

6
-1

.1
2

5
2
6

4
9
,9

6
0

1
4
8

C
a

9
2
0
-8

6
0
0

1
0
0
-1

6
8
0

0
.6

8
-3

.9
3

4
2
,6

9
1

2
,8

4
3

1
2
,7

1
2

C
d

<
0
.0

6
-2

.6
<

0
.0

5
-0

.3
4

0
.1

9
-0

.5
4
*

1
.4

0
.0

1
2

8
4

b

C
o

1
2
-4

2
.4

0
.5

-4
.1

<
L

O
D

1
9

5
3
7

b

C
r

1
3
5
-1

3
2
0

<
1
-2

<
L

O
D

3
.1

6
-1

4
.8

*
0
.1

7
5

2
6
3

b
1
4
0

1
1
9

C
u

7
0
-3

9
,4

0
0

<
1
-2

0
.0

3
-0

.2
2

6
5
.5

-1
3
1
.4

1
2
3

0
.3

3
7

5
8
,8

1
0

5
0

1
0
4

F
e

1
.1

-5
3
.7

(%
)

4
0
-2

2
0

2
.1

6
-3

.0
4

2
.9

8
-7

.2
2

5
1
,4

5
2

2
7
.3

2
1
0
2
,0

8
0

6
7
0

2
8
,5

4
2

K
1
9
0
-5

1
0
0

1
1
0
-4

1
0

0
.5

5
-0

.8
4

1
2
,1

0
6

6
9
0

7
,3

6
3

M
g

8
3
,0

0
0

<
4
-3

7
0
.1

0
-0

.1
6

1
3
,1

8
8

6
.9

6
M

n
6
2
0
-5

6
4
0

0
.8

-2
.5

0
.0

2
-0

.0
4

8
3
3

0
.3

7
5

2
,0

8
6

4
1
2

M
o

5
-7

4
0

4
6
0

5
b

N
a

8
0

1
2
0
-5

3
0

0
.2

9
3

1
9
,2

9
5

N
i

8
0
-7

3
0

<
1
-3

<
L

O
D

4
.5

3
-7

.9
2
*

4
1

0
.0

3
1

P
b

4
-1

2
9
0

1
-5

.7
0
.0

1
0
-0

.0
2
8

2
5
.7

-3
8
.4

*
1
8
0

0
.2

2
7

8
0

1
1

b
6
9

S
b

4
-1

6
,9

0
0

<
0
.2

-0
.9

0
.0

0
5
-0

.0
1
5

6
3
0
0

b

S
r

3
0
0
-9

9
0

<
0
.5

-2
.6

0
.0

0
3
-0

.0
0
4

3
4
4

2
,3

8
0

4
0

1
4
3

T
i

5
6
0

0
.0

9
6
-0

.1
1
0

7
,4

5
2

9
4
,3

6
0

2
0
0

2
,2

1
6

Z
n

1
2
-2

7
,3

0
0

5
6
5
0
-9

6
4
0

0
.0

7
4
-0

.2
5
9

9
0
.4

-2
9
6
.6

*
4
1
2

1
.1

5
1
,1

5
2

1
7
,7

2
0

2
9
6

Z
r

<
L

O
D

2
6
,8

4
0

3
0

1
7
3

R
ef

(T
h
o
rp

e
an

d
H

ar
ri

so
n
,
2
0
0
8
)

(T
h
o
rp

e
an

d
H

ar
ri

so
n
,
2
0
0
8
)

(A
lv

es
et

al
.,

2
0
1
8
)

(G
u
n
aw

ar
d
an

a
et

al
.,

2
0
1
2
)

(M
ig

u
el

et
al

.,
1
9
9
7
)

(C
ro

sb
y

et
al

.,
2
0
1
4
)

(A
p
ea

g
y
ei

et
al

.,
2
0
1
1
)

(A
p
ea

g
y
ei

et
al

.,
2
0
1
1
)

(A
p
ea

g
y
ei

et
al

.,
2
0
1
1
)

*
:

μ
g
/g

a
:

lo
w

av
er

ag
e-

h
ig

h
av

er
ag

e
b

:
m

ea
n

12



2 Theory

2.3 Wet Dust Sampler (WDS)
The wet dust sampler is used for sampling of dust and other dissolved substances in an imper-

meable surface. WDS III (version 3; Figure 2.5) is using a high-pressure washer to spray a

small area of the surface and pneumatically (use of air) transfer the road dust to a sample bottle

(Per Jonsson, 2008; Snilsberg et al., 2017).

The WDS is equipped with a control box that regulates the time of the high-pressure washer

and the compressor settings (Per Jonsson, 2008); this ensures that each sampling is made in a

similar manner. The diameter of the chamber, and the area washed, is approximately 20 cm2

(circle with ∼ 51 mm). Each sample-shot consist of 340 mL distilled water, and a sample

consist of six consecutive sample-shots reaching a total of 2.5 L (Snilsberg et al., 2017).

Figure 2.5: The Wet dust sampler, (Photo: Mats Gustafsson, VTI)

Figure 2.6: Description of the WDS instrument.

Figure 2.6 demonstrates the WDS instrument. The sampler is connected to a tank of distilled

water and a compressor. The sampler first flushes the spot where the sample is being collected,
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using high-pressure. Thereafter, the flushing chamber is kept sealed and air tight making it

possible to transfer the sample from the flushing chamber into the sample-flask by the use of

compressed air.

2.4 Prall
The ”prall”-test is a laboratory method for determining the wear of the asphalt pavement. The

core sample is placed in a test chamber with 40 steel balls (12 mm diameter each). The steel

balls hammer the sample, driven by a stay rod with a rotation of 950 RPM. The sample is cooled

down with distilled water flushing through the chamber with a flow of 2 L per minute. The

particles produced by this process are washed out from the chamber and collected (Snilsberg

et al., 2008).

Figure 2.7: Description of the ”prall”-test instrument (Snilsberg et al., 2008)

2.5 Sample preparation and organic instrumental analysis
Performing trace analysis of samples is always challenging due to the complexity and diversity

of the sample matrix, and the multiplicity of interfering compounds (Pérez-Fernández et al.,

2017). Matrix effects might have a profound impact on the performance of the method, such as

the limit of detection, limit of quantification, accuracy, precision and linearity. During environ-

mental analyses sample treatment and enrichment processes are crucial because of the typically

low concentrations found. Sample preparation may include clean-up and pre-concentration

procedures to ensure that the analytes are found at a suitable concentration level (Padrón et al.,

2014). There are several goals of sample extraction prior to analysis. Firstly, there is the ne-

cessity to separate the target analytes from a complex matrix such as road dust samples to

remove interfering components. The second task is the enrichment of the target analytes in the

sample, especially when analytes in trace levels are to be determined. Sample extraction and

concentration are applied steps used to improve instrumental sensitivity. Lastly, the compati-

bility between the sample matrix and the instrumental analysis must be considered. The most

common detection techniques for analysis of organic and inorganic compounds are based on

mass spectroscopy analysis (Mitra, 2003).
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2.5.1 Solid-liquid extraction
Solid-liquid extraction (SLE) is a classic extraction technique, used to extract organic com-

pounds from a solid sample into a liquid phase. Solid-liquid extraction allows soluble compo-

nents to be removed from solids using a solvent. The choice of solvent is critical when doing

the SLE separation. In general, good selectivity and low miscibility with the sample matrix,

are highly desirable properties of the extraction solvent. The efficiency of the extraction is also

dependent on solvent/solid ratio, temperature, time of contact and the particle size of the solid

matrix (Ballesteros et al., 2013).

Ultrasound is an important aid in sample preparation procedures, facilitating and speeding

up extraction of organic and inorganic compounds. Ultrasound-assisted solid–liquid extraction

is an effective and time-saving extraction method. Sonication accelerates the mass-transfer

process between two phases. With the use of ultrasound operating temperature is reduced,

allowing the extraction of temperature-sensitive components (Baranowska, 2016, p. 136).

2.5.2 Liquid-liquid extraction
Liquid-liquid extraction (LLE) is based on partitioning of the analytes between two immiscible

solvents. Most common is that the sample containing the analytes is an aqueous solution, while

the extraction phase is an organic solvent. The partitioning coefficient KLLE is given by the

equation:

KLLE =
[analyte]organic

[analyte]aqueous
(2.1)

Where [analyte]organic and [analyte]aqueous are the concentrations of the analyte in the immiscible

phases. High KLLE mean that the analyte is mainly in the organic phase, and low KLLE mean

that the analyte is manly in the aqueous phase (Lundanes et al., 2014).

2.5.3 Solid phase extraction
The solid phase extraction (SPE) method requires a measured volume of the liquid state sample

to be passed through a cartridge tube packed with a suitable solid adsorbent material. The

chemicals in the sample are adsorbed onto the solid surface from which they are eluted by a

properly selected eluent (Baranowska, 2016, p. 126). The sample is applied at the top of the

tube and drawn through the bed, maintaining a flow rate of 1–2 drops/second. Alternatively,

larger pore size particles may be used to allow fast flow rates for large volume samples. The

tube is washed with a nonpolar solvent for polar analytes, and with a polar solvent for non-

polar analytes. SPE has become increasingly common when performing sample preparation

for trace level analysis. This is mainly attributed to the lower solvent consumption of the SPE

technique (Zdravkovic, 2017). Other advantages of SPE is that it eliminates emulsions, and

it is considered to improve selectivity, specificity and reproducibility. The most common SPE

packing materials used for trace level analysis of organic compounds, consists of nonpolar pores

of chemically bound silica, with a carbon chain length from C-8 to C-18. The head of the carbon

chain usually has an ion-exchange head (e.g., Strata X cartridge).

The general procedure of SPE consists of four steps (Figure: 2.8): First is the conditioning

of the SPE material by means of methanol or acetonitrile, followed by water. The second step

is to apply the aqueous sample to the SPE material. The third step is to remove hydrophilic

interferences by washing with water or 5% aqueous acetonitrile, the fourth and last step is to

elute the analytes from the SPE material (Niessen, 2006, p. 17).
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Figure 2.8: The four steps of the SPE procedure (Zdravkovic, 2017)

2.6 Sample preparation for elemental analysis
A decomposition procedure is required in inorganic analysis to alter the original environment

of a sample into a solution where the analyte is homogeneously distributed. Criteria for a

good decomposition technique include that the decomposition must be as complete as possible,

inorganic materials should be converted to soluble compounds, and organic material must be

totally mineralized. Residual matrix components that interfere in detection must be removed

(Baranowska, 2016, p. 75). Liquids can be analysed directly without dissolution, if the total

dissolved solids (TDS) are below 0.5%. With a higher content of TDS, the solids can precipitate

in the nebulizer of an ICP instrument, or overload the plasma and alter the processing of the

sample in the plasma (Thermo Fisher Scientific, 2018).

Microwave-assisted acid digestion has proven to be the most suitable method for the diges-

tion of complex environmental matrices such as soils and sediments containing oxides, silicates

and organic substances. Closed vessel microwave-assisted digestion systems under high tem-

perature and pressure for digestion with acid has now become routine for determining metals

in environmental samples. The procedure allows shorter digestion times, good recoveries even

for volatile elements, and it reduces the risk of external contamination. It also requires smaller

quantities of acids, thus improving detection limits and the overall accuracy of the analytical

method (Hassan et al., 2007). HNO3 is a strong oxidant that dissolves all common metals with

the exception of aluminium and chromium (Skoog et al., 2003, p. 1043).

2.7 Analytical techniques

2.7.1 LC-MS/MS
A mass spectrometer coupled to HPLC (abbreviated LC-MS) is a common technique because of

its robustness, automation and performance (Lundanes et al., 2014). The LC-MS combination

gives high sensitivity, providing a ”fingerprint” of a particular eluent, instead of relying on

the retention time as in conventional HPLC (Skoog et al., 2003, pp. 980-981). The central

pillar of the LC analysis system is the chromatographic column where the actual separation

occurs (Figure 2.9). The ability to separate compounds in a sample using chromatography is an

essential step in analysing compounds in complex matrices. The efficient separation of different
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target analytes from each other, and from the matrix components, is essential to avoid or reduce

background noise in the analysis. It also diminishes the risk of false positive or negative results

(Kuster et al., 2009). The HPLC separates the compounds contained within a sample based on

their difference in polarity.

The HPLC system consists of different components, which perform different tasks in the

HPLC system (Figure 2.9). First, a carrier stream of solvent (the mobile phase) is pumped

into an injector, from which the sample is introduced. The sample is dissolved in the mobile

phase or in a similar solvent. After the sample has been introduced into the mobile phase, the

sample goes through the column, where the separation of the individual components (analytes)

occurs, based on the polarity of the different components (Lundanes et al., 2014, pp. 47-71).

The composition of the mobile phase is an important factor to obtain separated peaks in LC

(Ramos, 2013, p. 209). After the sample has been separated into its individual components,

the different components are detected. Separation is specific for each column design/type and

the separated peaks elute flowing into the detector. A typical LC column has a length of 15-

25 cm, with an internal diameter in the range of 2-5 mm (Lundanes et al., 2014, p. 54). The

most common tube packing for LC is small silica particles, which have an average diameter

of 3 to 10 μm (Skoog et al., 2003, p. 978). Due to the different interactions between the

components in the sample and the stationary phase in the column, different components migrate

through the system at different speeds and elute from the column at different retention times.

Retention time is the time between the sample injection into the mobile phase until the separated

component is observed by the specific detector (Lundanes et al., 2014, p. 2). Among the most

common approaches for improved peak shape in chromatography, is an acidic condition with

acetonitrile–water and methanol–water mixtures with gradient elution. Attempt to improve the

sensitivity of MS detection have been accomplished with acetic acid, formic acid or ammonium

acetate modification of the mobile phase (Ramos, 2013, p. 209).

Figure 2.9: General instrumentation of a HPLC-system (LaboratoryInfo.com, 2018)

In this study, a tandem mass spectrometer (triple quadrupole) was used for the detection and

quantification of the target analytes. Often, the retention times and molecular-weight infor-

mation from the total ion chromatogram of a mass spectrometer are insufficient to completely

identify all the compounds present in the chromatogram of the effluents. A LC-MS/MS system

with collision-induced fragmentation of the molecular ion to produce daughter ions, can pro-

vide a greater sensitivity than what can be provided by a mass range scan. The fragmentation

to daughter ions from the molecular ion results from fragment-induced cleavage and rearrange-

ments resulting in the loss of neutral molecules. The structures of the daughter ions can then

be estimated by examining the mass intervals and isotopic patterns between the product ions.

(McMaster, 2005, p. 103)
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Figure 2.10: Schematic of a triple quadrupole mass spectrometer

The triple-quad LC-MS/MS system (Figure 2.10) was designed to cleave ions into their

daughter ions. The system consists for a scanning Q1 quadrupole analyser, separating the orig-

inal precursor ion(s), an unscanned Q2 quadrupole, serving as a collision cell to fragment the

ions sent to it by collision with a heavy gas molecule, and a scanning Q3 quadrupole, separating

the fragments produced in the Q2 unit. The first quadrupole, Q1, can be operated in a full-scan

or SIM mode to select ions to pass on to the other analysers in the system. The Q2 unit is

flooded with an inert heavy gas, either krypton or xenon, and fragmentation is induced as the

ions from Q1 pass to Q2 where they undergo collision with the inert gas. The final analyser,

Q3, can also be run in either full-scan or SIM mode (McMaster, 2005, p. 104).

There are four possible modes of operating the two analysers: Q1 scan/Q3 SIM (daugh-

ter mode/precursor scanning), Q1 SIM/Q3 scan (parent mode/product scan), Q1 scan/Q3 scan

(neutral loss scanning mode) and Q1 SIM/Q3 SIM (multiple reaction monitoring (MRM) mode).

The scan/SIM mode makes it possible to determine which primary fragments that are related

to each other. Q1 is scanned over the mass range, and all fragments formed enter the collision

cell to form secondary fragments. The Q3 is set at a specific mass/charge position, and only

primary fragments that breaks down to a specific m/z value will be detected. The common

daughter ion points out interrelated primary fragments, and makes it easier to understand which

fragments are formed when a large primary fragment breaks down. The SIM/SIM mode is de-

signed to analyse specific components of very impure mixtures without having to purify them

completely. Detection can be done at very high sensitivity, since both analysers are set at dif-

ferent specific single m/z values, and a greater number of scans can be summed in determining

their position. When examining a chromatographic peak, in which we expect a specific com-

pound to appear, the first quadrupole is used to separate a primary fragment characteristic of the

compound of interest before it is passed to the collision cell, and finally the last quadrupole is

used to identify it by looking for only one of its specific daughter ions. For each compound to

be analysed, an individual primary and secondary fragment on a time basis is selected in step

with their expected chromatographic retention time (McMaster, 2005, pp. 104-106).

Electrospray ionization

Electrospray ionization (ESI) is one of the most common interfaces in LC-MS, and has a wide

range of applications. ESI is carried out under atmospheric pressure conditions and used mainly

for compounds with polar groups. Under given conditions, neutral components either accept or

donate a proton to yield positive or negative ions. This can happen either in the mobile phase or

during the ESI process. For acids and bases the ionization process occurs in the mobile phase

by pH adjustments (Lundanes et al., 2014).
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In ESI, the mobile phase with the analytes enters a capillary where a high voltage is applied

(typically +5 or -5 kV). A nebulizing gas (mostly N2) is mixed with the mobile phase at the

outlet of the capillary to facilitate formation of droplets. A dry gas is introduced in the opposite

direction of the flow. When the repulsive forces inside the drop exceed the surface tension, the

droplets explode into smaller droplets. This repetitive process results in yielding ions in the

gas phase. Detection can be set to positive mode, to detect protonated ions, or negative mode,

detecting deprotonated ions (Lundanes et al., 2014).

2.7.2 ICP-MS
Inductively coupled plasma-mass spectrometry (ICP-MS) is a technique for elemental chemical

characterization of virtually any material. ICP-MS has the ability to precisely identify and

measure almost all elements in the periodic table including the refractory elements, which often

are difficult to analyse. It can also detect and measure concentrations of analyte elements at

very low levels (down to 1-10 ng/L, in solution). It has a wide linear dynamic work range, high

accuracy and precision of measurement, and minimal interference, making this a powerful and

useful trace analysis tool (Taylor, 2001, pp. 1-2).

All atomic spectroscopic techniques require atomization of the sample, converting it into

gas-phase atoms and ions. The sample enters the atomization source in solution, and the atom-

ization device must then convert the analyte species in solution into gas-phase free atoms and/or

elementary ions (West et al., 2014, p. 776).

Plasma is an electrically neutral gas made up of positive ions and free electrons. It has a suffi-

ciently high energy to atomize, ionize an excite virtually all elements in the periodic table. The

inductively coupled plasma (ICP) is the most useful ionization source for mass spectrometry.

To sustain plasmas, inert gases are often desired due to their ionization properties and availabil-

ity in a relatively pure form, resulting in low spectral interference. Argon specifically, has the

advantageous property of minimal chemical reactivity with various analyte species, leading to

less interference with the analytical results (Taylor, 2001, p. 15). Once argon ions are formed

in plasma, they are capable of absorbing enough power from an external source to maintain

the temperature level at which further ionization sustains the plasma indefinitely. In this way,

temperatures as high as 10 000 K are achieved (West et al., 2014, p. 778).

Samples can be introduced into the ICP by argon flowing through the central quartz tube

(Figure 2.11; C). The most common sample introduction is by means of a nebulizer. A high-

velocity gas breaks the liquid into fine droplets of various sizes, which are then carried into the

plasma (West et al., 2014, p. 779).
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Figure 2.11: The inductively coupled plasma torch. A: cooling gas tangential flow to the outer

quartz tube B: discharge gas flow (usually Ar) C: flow of carrier gas with sample D:

induction coil which forms the strong magnetic field inside the torch E: force vec-

tors of the magnetic field F: the plasma torch (the discharge). Retrieved (02.05.2018)

from https://en.wikipedia.org/wiki/Inductively coupled plasma\#/media/
File:ICP torch.svg

The ICP-MS system has high-temperature argon plasma as the atomic ion source, and a

quadrupole as a typical mass analyser. The ions formed in the plasma are introduced into the the

mass analyser, where they are sorted according to their mass-to-charge (m/z) ratio and detected.

The interface usually consists of two metal cones, the sampler and the skimmer. Each cone has a

small orifice, approximately 1 mm, to let the ions pass through to ion optics which guides them

into the mass analyser. ICP-MS spectra are used to identify and quantify the elements present

in the sample. Usually, quantitative analysis is based on a calibration curve made from plotting

the ratio of the ion signal for the analyte and internal standard as a function of concentration

(West et al., 2014, pp. 808-809).

2.8 Quantitation and quality assurance

2.8.1 LC-MS/MS
Retention time (RT) and relative retention time (RRT)

The RT of a compound is not fixed, it is dependent on the applied chromatographic system and

can fluctuate between consecutive injections. Factors that can cause fluctuation is: instability

of the mobile phase flow rate; instability in column temperature; column degradation; air bub-

bles in the mobile phase; and column length differences. These factors can make it difficult to

compare absolute RT. With the use of RRT, the RT of the analyte is compared to the RT of an in-

ternal standard (Equation 2.2). This reduces the fluctuation impact, since the same fluctuations

impact the internal standard and the ratio should be the same (Asimakopoulos, 2014).

RRT =
RT analyte

RT interal standard
(2.2)

Relative response (RR)

The relative response (RR) is a factor used to compensate for variations in the signal intensity

of a target analyte. This can be due to variations during sample preparation (e.g., loss of sample

volume) and/or variabilities in instrumental response. To compensate for these variations, a
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ratio between the signal intensity of the analyte and the internal standard can be calculated

(Equation 2.3). This ratio is called relative response ratio.

RR =
Response analyte

Response interal standard
(2.3)

Ion ratio (IR)

The ion ratio is an additional confirmation parameter for the target analytes. The ion ratio is a

specific ratio unique for each compound in a sample matrix. The ratio is calculated by dividing

the area of confirmation ion with the area of the quantification ion multiplied by 100 (Equation
2.4).

IR% =
Area of confirmation ion

Area of quantification ion
(2.4)

Repeatability and Reproducibility

Repeatability of measurements refers to the variation in consecutive measurements made on the

same sample under identical conditions (Bartlett and Frost, 2008). Reproducibility refers to the

degree of agreement between the results of experiments conducted under different conditions.

Herein, by the term reproducibility the measurements taken in between different days are indi-

cated. A measurement is repeatable when this variation is smaller than a pre-determined accep-

tance criterion. Repeatability can be calculated using the standard deviation formula (Equation
2.6) or the relative standard deviation (Equation 2.7). The mean value is calculated using

equation 2.5.

x̄ =
∑n

i=1 xi

n
(2.5)

ST D =

√
∑n

i=1(xi − x̄)2

n−1
(2.6)

Where x1,x2 . . .xn are the observed values for the repeated test, x̄ is the mean of the data

sample, n is the number of samples and n-1 is the degree of freedom. Standard deviation is used

to measure precision, and measures the amount of variation or dispersion in a data set (Skoog

et al., 2003).

The relative standard deviation (RSD%), also known as coefficient of variation, often gives a

clearer picture of the data quality than STD. The RSD% is given as equation 2.7 (Skoog et al.,

2003).

RSD% =
ST D

x̄
×100% (2.7)

Absolute and relative recovery

Recovery is a measure of how effective an analytical method, and particularly the sample prepa-

ration, is to recover and measure an analyte spiked into a blank matrix (Meier and Zünd, 2005).

The absolute recovery is given by equation 2.8 and the relative recovery is given by equation
2.9.

21



2 Theory

Absolute recovery% =
APre−ext

APost−ext
×100% (2.8)

Where APre−ext is the area of analyte in the pre-extraction spiked sample and APost−ext is the

area of the analyte in the post-extraction spiked sample (Matuszewski et al., 2003).

Relative recovery % =
APre−ext/ISPre−ext

APost−ext/ISPost−ext
(2.9)

Where ISPre−ext is the area of internal standard in the pre-extraction spiked sample and ISPost−ext
is the area of internal standard in the post-extraction spiked sample.

The absolute recovery is the “real” recovery, and is typically characterized by higher un-

certainty than its respective relative recovery, which is the “corrected” recovery. The relative

recovery compensates effectively for the analyte(s) losses during sample preparation.

Instrumental level of detection (LOD) and lower level of quantification (LLOQ)

The limit of detection (LOD), is the smallest quantity of an analyte that is ”significantly differ-

ent” from a blank. The lower level of quantification (LLOQ), called (lowest) limit of quantita-

tion, is the smallest amount of analyte that can be measured with a reasonable accuracy (Harris,

2006).

The calculation of LODs and LLOQs can vary within a matrix due to matrix effects and

needs to “fit the purpose” of the analytical method. (Asimakopoulos et al., 2014). In this study

the LLOQ was set to the lowest concentration detected in the calibration curve, as done by

Asimakopoulos et al. (2014), and the LOD calculated from the equation:

LOD =
LLOQ

3
(2.10)

Matrix effect

When developing an LC-MS/MS method, evaluating matrix effects is of the utmost importance.

Coeluting compounds from the matrix can cause either signal enhancement or suppression.

The ionization efficiency of the analyte may also be affected when matrix compounds and the

analytes enters the ionization source at the same time. Because of this, the matrix effect can

affect both the reproducibility and accuracy of the method. The best option to tackle matrix

effects is the use of isotopically labelled internal standards (Steene and Lambert, 2008).

The effect on the analytical signal from the other compunds, except the main analyte in the

matrix, is expressed as a matrix factor by the equation (Silvestro et al., 2013):

MF =
Areapost−ext−spike

AreaIS
(2.11)

Where Areapost−ext−spike is the area of analyte in the post-extraction spiked sample, and

AreaIS is the area of analyte in the standard solution (in solvent matrix) fortified with the same

concentration as spiked sample (Silvestro et al., 2013).

The matrix effect percentage can then be expressed by this equation (Asimakopoulos et al.,

2014):

ME% = (MF −1)×100% (2.12)
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Internal standard method

The internal standard method consists of using a calibration curve in matrix, constructed for

every target analyte, from the ratio of the analyte response and the internal standard response

in a set of standard solutions, plotted against the concentration of the spiked analyte. Val-

idation criteria (i.e. reproducibility, accuracy) can be calculated in accordance to this ratio

(Asimakopoulos et al., 2014).

The internal standard is a compound that is very similar, but not identical to the chemical

species of interest in the samples. A known amount of the internal standard can be added to

the sample, and the signal from the analyte can be compared with the signal from the standard

to determine the amount of analyte present. The internal standard method is useful when the

instrument signal varies from run to run, or if sample losses occur during sample preparation

(Harris, 2006, pp. 90-92).

2.9 Statistics

2.9.1 Data transformation
Transformation of data is frequently used to normalize the data to a more bell-shaped curve. By

transforming data, regression line plots can also achieve a more linear form instead of a curvilin-

ear form. For aggregated data it is usually found adequate to transform the data by a logarithmic

transformation. Log transforming the data can make positively skewed data distributions more

normal in form; the data becomes more symmetrical (Bakus, 2007, p. 66).

2.9.2 Correlation
Correlation is widely used to measure the amount of association between two variables. The

strength of the correlation can be evaluated from the correlation coefficient (r). A rule of thumb

is that a r-value from 0.90 to 1 is a very high correlation, 0.70-0.89 a high correlation, 0.50 to

0.69 a moderate correlation, 0.30 to 49 a low correlation and 0.00 to 0.29 little if any correlation

(Asuero et al., 2006). The p-value of a correlation coefficient states the probability of finding a

correlation if there is none (null hypothesis). The lower the p-value, the lower the probability

of ”false” correlations.

2.9.3 PCA
PCA is a multivariate technique, used to analyse a data table representing observations described

by several dependent variables. The variables in the data table are in general inter-correlated.

The goal of PCA is to (1) extract the most important information from the data table; (2) com-

press the size of the data set by keeping only this information; (3) simplify the description of

the data set; and (4) analyse the structure of the observations and variables. PCA also represents

the similarity of the observations and the variables by displaying them as points in maps (score

plots).

To achieve these goals, PCA computes new variables called principal components, obtained

as linear combinations of the original variables. The first principal component is required to

have the largest possible variance of the variables, and will then explain the majority of variance

23



2 Theory

in the data table. The second component is computed to have the largest possible variance, under

the constraint of being orthogonal to the first component. The other components are computed

the same way. The values of these new variables is called factor scores. These factor scores can

be interpreted geometrically as projections of the observations on to the principal components.

The data table used for PCA analysis is represented by a I × J matrix X containing I
observations described by J variables. The rank of the matrix X is L, where L≤min{I,J}.

The data is generally pre-processed before analysis, almost always by centring the column of X ,

done by subtracting the mean of each variable from the data, so that the mean of each column is

equal to 0. The components in PCA are obtained from the singular value decomposition (SVD)

of the data table X:

X = PΔQT (2.13)

where P is the I×L matrix of left singular vectors (normalized eigenvectors1 of the matrix

XXT ), Q is the J×L matrix of right singular vectors (normalized eigenvectors of the matrix

XTX), and Δ is the diagonal matrix of singular values (square root of the diagonal matrix of

the eigenvalues2 of matrix XXT and XTX (as they are the same)) (Hervé and Williams Lynne,

2010).

The main principal component (with the highest variance) becomes the x-axis in the new

plot, and the other principal component (with the second highest variance) becomes the y-axis

(as this is orthogonal to the main component). The ”plot” is then rotated, so that the x-axis is

horizontal and the y-axis vertical, by multiplying the original data by the eigenvectors (which

indicate the direction of the principal components). For the plot, there are two eigenvectors (one

for each axis) each corresponding to an eigenvalue, whose magnitude indicates how much of

the data’s variability is explained by its eigenvector.

PCA is used to identify patterns within a data set, aiming to cluster similar observations.

The goal is to project and visualize the data to a two-dimensional space with a minimal loss of

information. To achieve this, the number of variables is decreased to a few linear combinations

of the data set, with linear combination corresponding to a principal component. The loading

plot (shown in Appendix H) shows the variables influential for the PCA model (score plot)

and how the variable correlates to each other. Points close to each other in the loadings plot

indicate a similar data profile; increase or decrease of one of the component, will lead to the

same change for proximal components (Asimakopoulos et al., 2016).

1non-zero vector that changes only by a scalar factor, and not in direction, when linear transformation is applied

to it
2scale factor corresponding to the eigenvector
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3.1 Sample collection

Figure 3.1: Description of all the types of samples collected.

The different types of samples collected are shown in Figure 3.1. The main part of the

samples is road dust collected with WDS. Air filters (passive samplers) were collected from

an ”air-filtering”-station located at Elgeseter street. Core samples were collected from the road

by drilling, and they were analysed with the prall-test. Tire samples were collected from a tire

distributor, and asphalt binding agent was obtained from the Norwegian road department. A

background sample was collected from a forest located outside Trondheim, with the basic aim

to establish natural occurring background levels.

3.1.1 Road dust
Road dust samples were collected during two different seasons, with the aim to compare the

road dust generated by traffic with summer and winter tires. The use of studded tires in Norway

is regulated, by law, from the beginning of November to mid-April (unless the conditions require

studded tires) (Norwegian Road Departement, 2014). The samples representing the non-studded

tire season were collected in the beginning of October (02.10.17) and later in the text called

”summer samples”. The samples representing the winter season were taken in late November

(23.11.17). The samples were taken at Elgeseter street in Trondheim, Norway [63°25’10.5”N,

10°23’45.2”E] (Figure 3.2). The sampling area was close to an intersection and is the main road

to the city centre. Each sample batch consisted of 16 samples that were consecutively collected
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near the pavement edge (kerb) from an approximately 15 metres of road stretch. Each sample

was collected using the Wet Dust Sampler (WDS, section 2.3) in plastic bottles (polyethylene,

high density) with a total sample volume of approximately 2.1 L.

Figure 3.2: Location of sample collection. Elgeseter street, Trondheim, Norway.

3.1.2 Asphalt
During the sampling campaign in summer, four core samples were collected from the road

(asphalt). A column with diameter of ∼10 cm and height of ∼ 50 cm was drilled out from the

road. The top layer of each core sample (3 cm) was obtained and submitted to a ”prall”-test.

Before the test, the sample was stored in a water bath in the refrigerator (4-5 °C), to simulate

saturated road (full of rain water) which is most susceptible for stud tire wear. The ”prall”-test

was performed by an instrument that contains 40 metal balls (14 mm diameter each), that are

set to spin at 950 RPM for 15 min. Two of the samples (P1 and P2) were collected with pre-

flush (core sample flushed with distilled water before wearing; 2 min) and two samples without

pre-flush (P3 and P4). The collected water sample was transferred to two 25 L cans, and from

these 2 L was transferred to 2 L plastic bottles for analysis (shaken before transferring to obtain

as homogeneous mixture as possible).

Figure 3.3: Top layer asphalt sample before (left) and after (right) ”prall”-test.
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A sample of the same binding agent (bitumen) used for the pavement recipe in Elgeseter

street, was retrieved from the Norwegian Road Department for analysis.

3.1.3 Tires
Tire samples for both personal vehicles and heavy-duty vehicles were obtained from an importer

of tires. There were three types of tires from both types of vehicles: Summer tire, studded tire

and stud free tire. All tires tire samples were cross section samples of new tires. Labelling

of samples was T1 (personal, summer), T2 (personal, studded), T3 (personal, stud free), T16

(heavy, summer), T17 (heavy, studded) and T18 (heavy, stud free).

3.1.4 Air filters
Two sets of filters were collected from the air-filtering-station at Elgeseter street. The first set

of air filters was collected in mid-September, after a collection period of ∼10 days. The other

set of filters had a collection period of 14 days, and was collected the same day as the collection

of road dust in summer season (02.10.17). The sets of air filters consist of four filters: PM2.5,

PMcoarse, volatile PM2.5 and volatile PMcoarse. The PMcoarse consists of particles ranging from

PM10 to PM2.5. The PM2.5 (FE-1, FE-5) and PMcoarse (FE-2, FE-6) filters were kept at 30°C

during sampling. The filters collecting volatile PM2.5 (FE-3, FE-7) and PMcoarse (FE-4, FE-8)

particles were kept at 4°C during sampling.

3.2 Sample preparation

3.2.1 Filtering of samples
For filtering the samples, a 589/3 Blue Ribbon ashless filter (<2μm, Whatman) was used in a

”funnel” attached to a Büchner flask via an elastomer adapter. The flask was then connected to

a vacuum pump. Before filtering, the filters were weighed on a Petri dish. 50 mL of sample

was transferred to a measuring cylinder and thereafter to the ”filtering device”. Duplicates were

obtained from each sample bottle. The filtered sample (50 mL) was then transferred to a 50 mL

polypropylene plastic tube (PP). After the process the equipment used for filtering was washed

with soap-water, followed by methanol and MilliQ water (Q-option, Elga Labwater, Veolia Wa-

ter Systems LTD, UK). The same method was used for all the road dust and prall samples. Two

samples with distilled water and two filters prepared as reagent blanks that monitor background

contamination. The reagent blank filters were spiked with 10 μL IS (1 ppm) before extrac-

tion, and the liquid reagent blanks were spiked with 10 μL IS (1 ppm) before SPE. The liquid

samples were then stored in the refrigerator (4°C).

The filters were left to dry in the fume hood for 3 days, before weighing. After the filters were

weighed, they were spiked with 10 μL of internal standard (BTR-d4) and left to dry overnight.

The 50 mL liquid samples from filtering were acidified using HCl (1M) to pH 3, controlled with

pH-paper, and transferred to a 50 mL VWR tube. Each liquid sample was spiked with 10 μL of

internal standard (BTR-d4), and stored in the refrigerator (4°C).
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3.3 Methods - Organic

3.3.1 Chemicals and materials
Standards of BTH (≥ 97%), BTR (≥ 98%), XTR (≥ 99%), TTR (≥ 90%), BTR-COOH (99%),

5-Cl-BTR (99%), 5-Amino-BTR (CPR), 2-S-BTH (97%), 2-OH-BTH (98%), 2-NH2-BTH

(97%), 2-Me-S-BTH (97%), 2-M-BTH (CPR), 1-OH-BTR (≥ 97%) and BTR-d4 (10μg/mL
in acetone) were purchased from Sigma-Aldrich (Steinheim, Germany).

SPE cartridges, Strata™-X RP 3 mL/200 mg (Phenomenex, Germany) had 29 μm average

particle diameter, 85 Å average pore diameter, and 812 m2/g specific surface area. A 12-fold

Visiprep DL (Disposable Liners) SPE vacuum manifold was obtained from Supelco (Bellefonte,

PA, USA). Disposable liners (from PTFE) were used to eliminate cross-contamination during

SPE and solvent evaporation.

3.3.2 Internal Standards (IS)
For spiking, BTR-d4 was used. The stock solution was 10 ppm, so in order to make 1 ppm

solution, 100 μL was transferred to a glass vial (LC-MS) using an Eppendorf pipette, and 900

μL of MeOH was added.

Standard stock solutions

For most of the standard stock solutions, they were prepared by weighing 10 mg of chem-

ical in a 10 mL vial and dissolved in methanol (MeOH). The standard stock solution of 2-

morpholin-4-yl-benzothiazole (2-M-BTH) was prepared by dissolving 5 mg in its original con-

tainer with 2 mL of MeOH. Benzotriazole-5-carboxylic acid (BTR-COOH) did not dissolve in

plain methanol, and consequently it was prepared with 5 mL MeOH, 5 mL Milli-Q water and 1

mL of ammoniumhydroxide (NH4−OH).

From the standard stock solutions, 10 ppm working solutions were prepared. To make the 10

ppm solutions a calculated amount of standard stock solution was extracted to a 20 mL glass

vial, with the use of an Eppendorf pipette before diluting up to 10 mL with MeOH. 9 mL of

the MeOH were added with the use of a measuring cylinder, and the remaining fraction of

MeOH was added with an Eppendorf pipette. Amounts of stock solutions extracted and MeOH

added with the Eppendorf pipette are given in Table A. The amounts of extracted standard

stock solution were calculated based on the ppm of the stock solution (Table A.1). The 1 ppm

solutions were made by extracting 0.5 mL of the 10 ppm solution to a 20 mL glass vial, before

adding 4.5 mL of Me-OH, with the use of an Eppendorf pipette.

3.3.3 Solid-liquid extraction (SLE)
SLE was used to extract the particulate matter that were collected from the prall, road dust,

air filters, and background soil sample. The dried filters (prall, road dust and air filters) were

inserted in a plastic tube (15 mL), before adding 5 mL of 50/50 ”Milli-Q”-water:MeOH mixture

acidified to pH <3 with HCl (1 M). The filters were pushed down in the tube so that the filters

were set below the liquid surface. For the background soil sample, approximately 0.1 g was

weighed in a plastic tube and added 5 mL of 50/50 ”Milli-Q”-water:MeOH mixture acidified to

pH <3 with HCl (1 M). The particulate matter samples were sonicated for 45 minutes. After

sonication the filters were pushed down (compressed) down to the bottom of the tube, using a
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glass pipette. The filters were then centrifuged in a Hettich EBA III, using setting 10 (15 G) for

10 min. After centrifuging, the supernatant liquid was transferred to a 50 mL VWR tube, and

diluted up to 50 mL with acidified Milli-Q water (pH 3, HCl 1M).

For the air filters, the supernatant liquid was split into two equal fractions of 2.5 mL with one

fraction used for elemental analysis and the other for organic analysis. The fractions used for

organic analysis were transferred to a 50 mL VWR tube, an diluted up to 25 mL with acidified

Milli-Q water (pH 3, HCl 1M), and spiked with 10 μL IS (1 ppm).

Four spike samples (filters; pre-extraction) were prepared by spiking the filters with 10 μL of

IS (1 ppm), 10 μL mixture of all the BTHs (1ppm) and 10 μL mixture of BTRs (1 ppm). The

filters were dried overnight before extraction with sonication.

Four aqueous spike samples (pre- extraction) were prepared using 50 mL acidified Milli-Q

water. Each sample was spiked with 10 μL IS (1 ppm), 10 μL mixture of the BTHs (1ppm) and

10 μL mixture of the BTRs (1 ppm). The samples were then stored in the refrigerator (4°).

3.3.4 Solid phase extraction (SPE)
SPE was used of extraction/sample pre-treatment of the aqueous matrices and for the clean-

up of the extracts that were obtained for the particulates with SLE. The SPE was performed

using Strata-X 33 μm Polymeric Reversed Phase (200 mg/3mL) tubes. The cartridges were

conditioned by passing through them 10 mL of MeOH, before equilibrating with acidified Milli-

Q water (pH <3, using HCl). Then the acidified samples were passed through the cartridges,

and rinsed with 10 mL of acidified Milli-Q water (pH <3, using HCl) to remove interfering

endogenous matrix components. The sample was then dried under vacuum for 11 min, before

eluted with 10 mL of MeOH/ACN solution (50/50).

The samples from the SPE were run in a Turbovap (TurboVap� LV automated evaporation

system) system to evaporate the solvent. Evaporation was performed to near dryness (50-55

min) in a water bath with a temperature set at 45 °C under a N2 gas stream (2.5 psi). After

evaporation, the samples were diluted with Milli-Q/ACN solution (80/20) up to a final volume

of 1 mL and transferred for LC-MS/MS analysis.

3.3.5 Liquid-liquid extraction (LLE)
The samples of the asphalt binding agent and tires were weighed to approximately 0.1 g, and

dichloromethane (DCM) was added. It must be noted that every tire-sample was cut down to

grinds, and thereafter 1 mL of DCM was added. The tire-samples were then sonicated for 45

min, and 5 mL of acidified MilliQ/MeOH solution (50/50, pH 3) were added before sonicated

again for 45 min. For the binding-agent 5 mL of DCM were added and were dissolved. 100

μL were transferred to a new tube and 5 mL of acidified MilliQ/MeOH solution (50/50, pH 3)

were added. Thereafter, sonication followed for 45 min. After sonication, both the tire samples

and the binding agent were centrifuged in a Hettich EBA III, using setting 10 (15G) for 10

min. After centrifugation, the supernatant liquid was transferred to a new vial, ensuring that all

particulates were removed. The tire samples and binding agent samples where thereafter spiked

with 10 μL IS (1 ppm), and 1 mL of each sample was taken for analysis.
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3.3.6 LC-MS/MS
The chromatographic separation was carried out using an Acquity UHPLC Thermo system with

a column manager, a flow through needle sample manager, and binary solvent manager (Waters,

Milford, USA). The tandem mass spectrometric system was a Xevo TQ-S, triple quadrupole

mass analyser, with ZSpray ESI (Waters, Milford, USA). The LC column used was an Atlantis

C18 T3 (150 mm × 2.1 mm, 3 μm) connected to a Phenomenex C18 guard column (4.0 mm

× 2.0 mm, 5 μm). Determination of the mass spectrometry parameters were done by direct

infusion and the IntelliStart software (Waters, Milford, USA) (see Appendix E). The parent

and fragment ions of every chemical included in the method are demonstrated in Table 3.1.

Table 3.1: Analyte specific MS/MS parameters

Component Quantification transition Confirmation transition CVb

(CEa [eV]) (CE [eV]) (V)

BTH 135 > 109 (28) 135 > 65 (22) 44

2-S-BTH 168 > 135 (20) 168 > 92 (20) 2

2-OH-BTH 152 > 124 (16) 152 > 92 (16) 2

152 > 80 (22) 2

2-NH2-BTH 151 > 124 (18) 151 > 109 (20) 28

2-Me-S-BTH 182 > 167 (22) 182 > 109 (32) 26

2-M-S-BTH 221 > 177 (18) 221 > 109 (30) 2

BTR 120 > 65 (16) 120 > 92 (14) 28

TTR 134 > 77 (18) 134 > 79 (22) 40

XTR 148 > 93 (16) 148 > 77 (24) 16

BTR COOH 164 > 80 (18) 164 > 108 (18) 2

5-Cl-BTR 154 > 99 (22) 154 > 73 (24) 24

5-Amino-BTR 135 > 80 (16) 135 > 107 (16) 42

1-OH-BTR 136 > 119 (18) 136 > 91 (14) 24

BTR-d4 (IS) 124 > 69 (18) 124 > 96 (16) 38

a: Collision energy b: Cone voltage

Chromatographic separation was performed by Atlantis� T3 C18 and the column tempera-

ture was set at 40°C. Chromatographic analyses were carried out using a gradient elution pro-

gram with ACN and Milli-Q water (both acidified with 0.1% v/v formic acid) as binary mobile

phase mixture at a flow rate of 250 μL/min. The gradient elution started with 2% (v/v) ACN

and increased linearly to 40% ACN in 4.5 min, and then to 100% ACN in 12.0 min which was

held for 3.5 min (until 15.50 min), reverted to 50% ACN at 18 min and re-equilibrated for 4.0

min (from 18.0 to 22.0 min) at 2% ACN for a total run time of 22.0 min. The electrospray ion-

ization voltage was applied at +2.5 kV. The cone gas (N2) flow rate was set at 150 (L/Hr). The

desolvation gas (N2) flow rate was set at 800 (L/Hr). The source temperature was set at 150°C,

and the desolvation temperature was set at 500°C. The final in-vial composition of all samples

and standard solutions were in MeOH/MilliQ water (2:8 v/v), and were injected on column with

loop injection (2 μL). Data were acquired with the MassLynx and TargetLynx software pack-

ages (version 4.1 SCN871, Waters, Milford, USA). Data treatment was performed with Excel

(Microsoft Office, 2016).
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3.4 Methods elemental analysis

3.4.1 Sample preparation
A total of 53 samples were analysed by ICP-MS, 22 filtered road dust samples, 8 air filters (see

section 3.3.3 for extraction), 22 turbid road dust samples and 1 background soil sample.

The filtered road dust samples were prepared using a syringe (Norm-Ject 10 mL) and a sy-

ringe filter (capsule type, 0.45 μm pores, diameter 25 mm, VWR). 6-10 g of turbid road dust

sample was filtered into a VWR 15 mL tube and acidified with pure concentrated nitric acid

HNO3 (UltraPure grade, distilled with Milestone SubPur, 9 mL 50 % v/v) with one drop per 3 g

sample (0.1 M) for conservation. The syringe and filters was rinsed with Milli-Q water for each

sample. The samples from the air-filtering station (2.5 mL) was diluted to 16.5 mL (because of

50% MeOH content) and added HNO3(0.1 M) for conservation.

The turbid road dust samples were prepared by weighing approximately 8 g of turbid road

dust sample and transferring to PTFE-Teflon vials (18 mL) before adding 2 mL pure concen-

trated HNO3. Digestion of the samples was carried out in a high-pressure microwave system

(Milestone UltraClave, EMLS, Leutkirch, Germany) according to a temperature profile which

increases gradually from room temperature up to 250°C within 1 h. In addition, there was a

cooling step which allowed temperature to return back to the initial value within approximately

1 h (Table 3.2). After cooling to room temperature, the digested samples were diluted with

Milli-Q water up to 47 mL in polypropylene vials to achieve a final HNO3concentration of

approximately 0.6 M. For the background sample, approximately 230 mg of soil sample was

weighed and transferred to PTFE-Teflon vial (18 mL)to added 9 mL HNO3 (50% v/v) before

decomposition with Ultraclave, and diluted to 108 mL with ultrapure water and transferred to a

polypropylene vial.

Table 3.2: Steps in Ultraclave decomposition

Step Time (min) Temp 1 (°C) Temp 2 (°C) Press (bar) Energy (Watt)

1 5 50 60 160 1000

2 10 50 60 160 1000

3 10 100 60 160 1000

4 8 110 60 160 1000

5 15 190 60 160 1000

6 5 210 60 160 1000

7 15 245 60 160 1000

8 10 245 60 160 1000
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3.4.2 ICP-MS
High resolution inductively coupled plasma mass spectrometry (HR-ICP-MS) analyses were

performed using a Thermo Finnigan model Element 2 instrument (Bremen, Germany). The

radio frequency power was set to 1350 W. The samples were introduced using a combination

of SC2 DX autosampler (with ULPA filter dust cover) and PrepFAST flow injection analysis

system (ESI, Elemental Scientific, Inc. Omaha, NE) with a total flow of 200 μL/min. The

instrument was equipped with a PFA-ST nebulizer, spray chamber (PFA Barrel 35 mm), de-

mountable torch, quarts standard injector as well as Al sample skimmer and X-skimmer cones.

Methane gas was added to the sample gas to achieve lower levels of oxides and to provide

enhanced sensitivity, especially for Se and As. More details on instrumentation and instrumen-

tation can be found in Appendix G.

The accuracy of the ICP-MS instrument was verified against certified calibration solutions.

For this analysis, two sets of calibration solutions (CS) were used, delivered by ESI from two

independent producers. One of the sets is used as a CS and the other for accuracy ascertainment.

There are two different solutions in each set to cover all the elements, PS-ClBrI and PS-70.

PS-70 is the primary solution containing 70 elements. PS-ClBrI contains chlorine, bromine

and iodine, because these elements cannot be mixed into the PS-70 due to the HCl matrix.

There was not used any reference materials in this study, but the reproducibility of the ICP-MS

instrument is ensured by continuously repeating analyses of reference materials. The precision

was calculated by RSD% values, calculated from three consecutive scans of each individual

sample. Detection limits were calculated by taking the concentration which approximately

gives a RSD of 25%, uncorrected of baseline. The quantification limit (QL) is then calculated

from the detection limit (DL), with correction from baseline and total measurement uncertainty

(MU). The total MU is calculated by this equation:

MU =
√

DL2 +DL′2 (3.1)

Where DL′ is the DL with baseline correction.

3.5 Data treatment
Statistical analysis and correlations were done using SPSS Statistics (IBM, version 25). Princi-

pal component analysis (PCA) was done using the statistical software R.
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4.1 Quality assurance and method validation

4.1.1 Organics
Table 4.1 shows the precision of the tandem LC-MS/MS method. All the ion ratios (IR%, Table
4.1) meets the criteria of tolerance stated in Commission Decision 2002/657/EC (European

Commission, 2002).

Table 4.1: Ion ratios (IR%), Retention times (RT) and Relative retention times (RRT) (RSD%,

N=6 highest calibration points)

IR% RT RRT

BTH 29.5 (21.2)∗ 5.38 (0.14) 1.39 (0.10)

2-S-BTH 51.4 (3.62) 7.48 (0.07) 1.39 (0.07)

2-OH-BTH 1.02 (5.90) 6.85 (0.11) 1.27 (0.11)

2-NH2-BTH 79.2 (0.90) 4.19 (0.10) 0.78 (0.10)

2-Me-S-BTH 8.44 (6.63) 8.98 (0.06) 1.67 (0.06)

2-M-BTH 74.1 (2.37) 7.48 (0.00) 1.39 (0.00)

BTR 46.0 (2.61) 5.41 (0.10) 1.00 (0.10)

TTR 76.0 (3.04) 6.12 (0.00) 1.14 (0.00)

XTR 86.2 (2.79) 6.66 (0.00) 1.24 (0.00)

BTR COOH 71.1 (3.41) 4.67 (0.00) 0.87 (0.00)

5-Cl-BTR 18.0 (1.36) 6.69 (0.06) 1.24 (0.06)

1-OH-BTR 25.1 (3.75) 4.48 (0.00) 0.83 (0.00)

5-Amino-BTR 22.1 (9.31) 2.93 (0.00) 0.54 (0.00)

∗: N = 5

Table 4.2 shows the recoveries for the method. The absolute recoveries in particulate and

liquid phase are >70 for the majority of target analytes. The recoveries of the target analytes

are similar to previous studies (Maceira et al., 2018; Wang et al., 2016; Zhang et al., 2018).
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Table 4.2: Recoveries% (RSD%, N = 3; [10 ng/mL]) of target analytes.

Absolute recovery Relative recovery

Filter Particulate phase Filter Particulate phase

BTH 118 109 165 111

2-S-BTH 29.2 20.7 37.6 18.8

2-OH-BTH 105 80.2 125 75.0

2-NH2-BTH 61.3 67.0 70.4 63.4

2-Me-S-BTH 49.7 40.0 53.4 33.1

2-M-BTH 77.2 72.2 88.3 68.2

BTR 94.1 107 107 108

TTR 76.8 106 86.2 107

XTR 92.6 105 105 106

BTR COOH 86.2 101 97.5 102

5-Cl-BTR 93.4 102 105 103

1-OH-BTR 67.4 66.7 74.8 65.8

5-Amino-BTR 4.05 14.0 4.55 14.0

BTR-d4 87.7 99.8 - -

This is the first work that demonstrates a method for the analysis of BTR COOH. In this

method, BTR COOH demonstrated excellent recoveries with 86% (± 18.3) for particulate sam-

ples and 101% (± 11.5) for liquid samples. To my far knowledge, 5-Amino-BTR was also

analysed for the first time. However, the developed method demonstrated low recoveries. Thus,

this compound was semiquantified. This low recovery is attributed to the strong retention on the

SPE-cartridges due to interactions between the NH2 group and the sorbent, previously stated by

Asimakopoulos et al. (2014).

Table 4.3 shows the repeatability/reproducibility of the method.
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Table 4.3: Reproducibility (RSD%, N = 3; [10 ng/mL]) of target analytes

Particulates Liquid phase

BTH 7.84 24.0

2-S-BTH 16.5 34.2

2-OH-BTH 8.82 12.0

2-NH2-BTH 5.88 17.2

2-Me-S-BTH 4.70 13.9

2-M-BTH 5.44 14.8

BTR 15.9 11.0

TTR 19.4 12.4

XTR 22.9 8.03

BTR COOH 18.3 11.5

5-Cl-BTR 18.7 10.9

1-OH-BTR 15.7 15.4

5-Amino-BTR 32.7 7.87

BTR-d4 2.71 24.9

The limit of quantification and detection for the BTHs and BTRs is presented in Table 4.4
(see section 2.8.1 for calculations). From the instrumental LOD and LLOQ, method LLOQ

and LOD was calculated to account for the 50-fold pre-concentration from (see section 3.3.4).

Concentrations detected below method LOD were removed from the data set.

Table 4.4: Lower limits of quantification and limits of detection (ng/mL)

Instrumental Method (preconcentrated 50-fold)

LLOQ LOD LLOQ LOD

BTH 1.00 0.33 0.02 6.67×10−3

2-S-BTH 0.10 0.03 2.00×10−3 6.67×10−4

2-OH-BTH 0.50 0.17 0.01 3.33×10−3

2-NH2-BTH 0.10 0.03 2.00×10−3 6.67×10−4

2-Me-S-BTH 0.10 0.03 2.00×10−3 6.67×10−4

2-M-BTH 0.10 0.03 2.00×10−3 6.67×10−4

BTR 0.50 0.17 0.01 3.33×10−3

TTR 0.10 0.03 2.00×10−3 6.67×10−4

XTR 0.10 0.03 2.00×10−3 6.67×10−4

BTR COOH 0.10 0.03 2.00×10−3 6.67×10−4

5-Cl-BTR 0.10 0.03 2.00×10−3 6.67×10−4

1-OH-BTR 0.10 0.03 2.00×10−3 6.67×10−4

5-Amino-BTR 0.10 0.03 2.00×10−3 6.67×10−4
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Table 4.5 shows the matrix factors and matrix effects for the BTHs and BTRs analysed by

LC-MS/MS. Compared to previously published methods, the target analytes did not suffer from

strong matrix effects, except from 2-S-BTH, where the ME% was -95.6%. The high matrix

effects for this chemical are expected since the free thio-group is highly reactive. Overall,

BTRs demonstrates higher ME% (-41.5 to -29.5) than most of the BTHs (-12.4 to -3.30); this

is due to the fact that BTRs elute chromatographically earlier, alongside with the more polar

endogenous interferences of the matrices.

Table 4.5: Matrix factors (MF) and matrix effects (ME%)

MF ME%

BTH 0.53 -47.1

2-S-BTH 0.04 -95.6

2-OH-BTH 0.91 -8.51

2-NH2-BTH 0.97 -3.30

2-Me-S-BTH 0.96 -4.06

2-M-BTH 0.88 -12.4

BTR 0.68 -32.0

TTR 0.65 -34.7

XTR 0.66 -34.1

BTR COOH 0.64 -36.3

5-Cl-BTR 0.70 -29.5

1-OH-BTR 0.68 -31.9

5-Amino-BTR 0.58 -41.5

4.1.2 Element analysis by ICP-MS
The precision of the element analysis was very good (RSD% < 5) for most of the elements.

Only Ag, Au, Ir, Pt and Se had RSD% above 25% in the turbid samples. The RSD% and

quantification limit for all elements are given in Table B.9. All of the selected elements in turbid

samples used for discussion (Table 4.10) have detected concentrations above the quantification

limit. The calculations of detection limits for ICP-MS is described in section 3.4.2.

4.2 Occurrence of benzothiazoles, benzotriazoles and
elements in analysed matrices

Table 4.6 shows the weight of particles collected from filtering of the turbid road dust samples

(section 3.2.1). Figure 4.1 shows a box plot of the weight data of the filters.

The weight/amount of particles from filtering is approximately the same for the summer

season and the prall. In the winter season, the weight of particles is approximately 3.5 times

higher than in the summer season and prall. This indicates that more road dust is generated

during the winter season than in the summer season, as stated by Pant and Harrison (2013).

The weather in the different seasons also affect the amounts of road dust on the road surface.

Longer periods of dry weather and wind will contribute to less particles on the road surface,
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while rain contributes to settle the particulates on the road surface. Heavy rain can contribute to

”washing” off the road surface and eliminate precipitated particulates into the drainage system.

The time of sampling since the last sweeping/cleaning of road will also affect the amount of

particles collected.

Table 4.6: Statistics for particles weight from filtering of turbid road dust samples (50 mL)

N Mean (mg) Median (mg) Stdev (mg) RSD (%)

Summer 32 26.9 23.2 10.4 38.6

Winter 16 101 80.3 47.4 46.7

Prall 8 23.3 23.6 3.26 14.0
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Figure 4.1: Box plot of particle weight collected from filtering of turbid road dust samples (50

mL)

The box plot of weight of particles shows that the amount of particles in the filtered samples

differs more in the winter than the summer. As stated by Forsberg et al. (2005), the use of

studded tires increases the wear of the pavement and the emission of coarse particles. This

will lead to a more heterogeneous matrix with a dispersion of coarse particles, resulting in a

dispersion of weight of the particles filtered based on the partition of coarse particles in the

sample transferred for filtering.

4.2.1 Benzothiazoles and benzotriazoles
The total concentrations (sum of liquid and particulate matter) of BTHs and BTRs (Table 4.7)

are used for the comparison of the different seasons and matrices, because of the variation in

distribution coefficient for BTHs and BTRs in different matrices (described in text below). The

concentrations of BTHs and BTRs in particulate (Table B.1) and liquid phase (Figure B.2) is

given in Appendix B.
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The concentrations of BTHs and BTRs detected in particulate matter of road dust and tires

in this study (Table B.1) is low, compared to previous studies, and significantly lower than

concentrations found in the most recent study on road dust by Zhang et al. (2018) in China

(Table 2.1). The concentration of BTH and 2-S-BTH detected in this study is also lower than

reported in Sweden, by (Avagyan et al., 2014). But to my far knowledge, this is the first study

to analyse BTRs in road dust, and detected/reported 2-OH-BTH, 2-NH2-BTH, XTR and 1-OH-

BTR in tires.

The total concentrations (particulate and liquid) of road dust and prall are given in Table 4.7.

The total concentration of BTHs and BTRs was higher in the winter season, and lower in the

prall-samples. The total concentrations of BTHs in the winter season (939 ng/L) is approxi-

mately three times higher than in the summer season (303 ng/L), and the concentration in the

dust from the prall test (242 ng/L) is lower than the summer samples. The total concentration

of BTRs in the winter season (977 ng/L) is almost two times higher than in the summer season

(529 ng/L), and the concentration in the dust from the prall test (40.7 ng/L) is significantly lower

than in summer.
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Figure 4.2: Distribution of benzothiazole derivatives in road dust, compared to ∑BTHs

The distribution of the individual BTHs in the road dust samples (Figure 4.2) shows that

2-OH-BTH, 2-NH2-BTH and 2-Me-S-BTH are the major components in the summer season.

In the winter season, the major components are 2-OH-BTH, BTH and 2-Me-S-BTH. BTH was

not detected in the dust from the prall test, and the major components of the BTHs were 2-OH-

BTH and 2-Me-S-BTH. For the partition of BTRs in the road dust samples (Figure 4.3), TTR

and 5-Amino BTR are the major components in the road dust from the summer season. In the

winter season is TTR the major component, accounting for 76.6% of the total concentrations

of BTRs. From the BTRs in the dust from the prall test, 5-Amino-BTR, TTR and BTR are the

major components. 5-Amino-BTR was only detected in one of the four prall samples (Table
4.7).
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Figure 4.3: Distribution of benzotriazoles derivatives in road dust, compared to ∑BTRs
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TTR increases considerably in the winter season. BTR and TTR are known anti-icing/de-

icing agents (Breedveld et al., 2003), and are mainly used as corrosion inhibitors for steel,

copper and brass (Cantwell et al., 2015). BTR was used as a corrosion inhibitor for copper in

windshield fluid, patented by Shell Oil Co (1976) and as an additive in windshield fluid from

Trico Products (Trico Products, 2016). It is unknown if BTRs are used in anti-icing/de-icing

and windshield fluids in Norway, but a strong correlation (0.99, ref Table C.1) indicates that

they are applied for the same purposes.

All BTHs were detected in the tires analysed in this study (Table B.1). 2-M-BTH was only

detected in summer and studded tires for heavy duty vehicles. XTR and 1-OH-BTR were

the only BTRs detected in tires. XTR was detected in summer and studded tires for personal

vehicles, and 1-OH-BTR was detected in summer tires for heavy duty vehicles and studded

and stud free winter tires for personal vehicles. The total concentration of BTHs in the tires

ranked: stud free winter tires (37 644 ng/g) > summer tires (16 678 ng/g) > studded tires (10

265 ng/g). The total concentration of BTRs in tires was ranked: stud free winter tires (4304

ng/g) > studded tires (2170 ng/g) > summer tires (128 ng/g). The major components of BTHs

in summer tires are 2-S-BTH and BTH. The distribution of BTHs is approximately the same

for all types of tire (Figure 4.4). This matches the literature reports stating that 2-S-BTH is

the BTH derivative most widely used in car tires (Herrero et al., 2014; Leng and Gries, 2017).

In studded tires, the increase in the partition of 2-OH-BTH is approximately the same as the

decrease of 2-S-BTH (∼7%), which can indicate that part of the 2-S-BTH, which is used in

summer and stud-free tires, are substituted by 2-OH-BTH in studded tires. The partition of

BTRs in tires is mainly 1-OH-BTR (99.6-100%), with 0.4% XTR detected in summer tires.

The ratio between 2-S-BTH and BTH, the major partitions in summer and stud free tires, is

1.55 for both tire types. The ratio between 2-S-BTH and 2-OH-BTH is almost the same for

both tire types; 0.09 for summer tires and 0.10 for stud free tires. Since the tires in this study

are unused, this supports that BTH and 2-OH-BTH are major break down products of 2-S-BTH

during manufacturing, as proposed by Reddy and Quinn (1997), since they are present before

possible wearing of the tires occurs.

Contribution from tires Zhang et al. (2018) stated that tire wear was the main source of

BTHs in road dust. This is also indicated by the high concentrations of BTHs found in the tires

analysed in this study. All BTHs except 2-S-BTH increases in the winter season.

To estimate the amount of BTHs leached from tires in the different season, two simple equa-

tions were used. Leach summer (Equation 4.1) and leach winter (Equation 4.2):

Leach summer =
[∑BT Hs(summer)]

[∑BT Hs(summer tires)]
×100 (4.1)

Leach winter =
[∑BT Hs(winter)]

0.28× [∑BT Hs(studded tires)]+0.72× [∑BT Hs(stud free tires)]
×100 (4.2)

By using the sum of BTHs, it takes in account possible transformations in between the BTHs.

The 0.28 and 0.72 that were used in the winter leach equation is to account for the fraction of

tire types used in Trondheim in the studded tire season 2017-2018, as Statens Vegvesen (2018)

reported that 72% of the cars used stud free tires and 28% of the cars used studded tires in this

period.

41



4 Results and discussion

�%�7� �����6���%�7� �����2����%�7� �����0�H���6���%�7�

����

������

������

������

������

������

������
�3
�H
�U�F

�H
�Q
�W

�����������

�����������

����������

���������

�����������

����������

������������

����������

�����������

�����������

���������

����������

�6�X�P�P�H�U���W��U�H�V

�6�W�X�G���W��U�H�V

�6�W�X�G���I�U�H�H���W��U�H�V

!�7�5 �����2����%�7�5

����

������

������

������

�����

��������

�3
�H
�U�F

�H
�Q
�W

����������

����������

����������

��������������

����������

���������������6�X�P�P�H�U���W��U�H�V

�6�W�X�G���W��U�H�V

�6�W�X�G���I�U�H�H���W��U�H�V

Figure 4.4: Distribution of benzothiazoles and benzotriazoles in tires, compared to ∑BTHs and

∑BTRs

From the equations above, the leaching of BTHs from the tires were calculated to 0.087 in

the summer season and 0.136 in the winter season. This indicates that more BTHs are leached

from the tires in the winter, than in the summer season. The data in this study is not sufficient to

determine if the increase in BTHs from tires come from the properties of the different tires, or

the different conditions of the seasons (road salt, weather, etc.). But it is reasonable to assume

that more BTHs could leach from stud free tires, as the concentrations are twice as high as in

summer tires.

Contribution from asphalt pavement It is difficult to draw conclusions on the contribution

of BTHs from the road surface due to the fact that steel balls are hammering a rubber packing

in the interior of the ”prall-test” instrumentation (Figure 3.3). Therefore, there is a possibility

that the prall-machine itself contribute to the BTHs content in the asphalt dust.

Based on the possible transformations of BTHs reported in the literature (Figure 2.3), and

the distribution of BTHs (Figure 4.2), different rates of transformation in the summer and

winter season are indicated. By assuming the same contribution from tires in the winter and the

summer, it is indicated, by the distribution of BTHs in the winter, that more of the 2-S-BTH gets

methylated or transformed to BTH/2-OH-BTH in the winter season than the summer season.

The increase in the portion of 2-OH-BTH in the winter can come from oxidation of BTH, or

transformation of 2-S-BTH. It is also a possibility that 2-OH-BTH is leached from studded

tires, which have a higher portion of 2-OH-BTH than summer and stud free tires. The partition

of 2-NH2-BTH in winter is over to times less than in the summer, which can be explained by

the rapid degradation of 2-NH2-BTH in solutions with chloride (Nika et al., 2017), caused by

the road salt. The partition of 5-Amino-BTR is more than 5 times less in the winter, than the

summer, suggesting the same degradation pattern as 2-NH2-BTH.

From the airborne dust collected by the air filters, five of the six analysed BTHs and two of the

seven analysed BTRs were detected (Figure 4.5). All BTHs except 2-M-BTH were detected in
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the air filters. The highest concentration of the BTHs in the air filters was 2-OH-BTH detected

in the one of the PMcoarse filter (60.4 ng/L), while the highest concentration of the BTRs was

BTR detected in the volatile PM2.5 filters (813 ng/L) (Table 4.8). Detected concentrations are

all lower than previously reported concentrations (Maceira et al., 2018), that are measured in

ng/m3 (Table 2.1). This study found BTR to be the biggest partition of the BTRs, and 2-OH-

BTH to be the biggest partition of the BTHs in air filters, matching the findings of Maceira et al.

(2018)
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Figure 4.5: Distribution of benzothiazoles and benzotriazoles in air filters, compared to ∑BTHs

and ∑BTRs

The highest concentrations of BTHs were detected in the non-volatile filters (section 3.1.4),

with most of the BTHs detected in the PMcoarse. BTH was only detected in the non-volatile

PM2.5, and 2-S-BTH had higher concentration in the non-volatile PM2.5 rather than the non-

volatile PMcoarse. 2-S-BTH was also detected in the volatile PMcoarse with approximately half

the concentration as in the non-volatile PMcoarse. 2-OH-BTH was not detected in the non-

volatile PM2.5. However, it is the major partition (92.5%; 34.8 ng/L) of the BTHs in the volatile

PM2.5. None of the BTRs were detected in the non-volatile PM2.5, but BTR was detected in

non-volatile PMcoarse. The concentration of BTR detected in the volatile PM2.5 (813 ng/L) and

volatile PMcoarse (223 ng/L) is significantly higher than the detected in the road dust during

the same season (23.4 ng/L; summer). The highest concentration of the BTHs in the volatile

particulate is 2-OH-BTH in PM2.5 (34.8 ng/L), which is much lower than the concentration

detected in the road dust during the same season (197 ng/L; summer). This indicates that the

BTHs is less volatile, and is adsorbed/bound to the road dust, while the BTR is more volatile

and less bound to the road dust. BTH and 2-Me-S-BTH are most abundant in the PM2.5, while

2-S-BTH, 2-OH-BTH and 2-NH2-BTH are most abundant in the PMcoarse.
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4 Results and discussion

Table 4.8: Concentrations of BTHs and BTRs in total (particulate and liquid phase) (ng/L) in

the different air filters

PM2.5 n/N∗ PMa
coarse n/N∗ Volatile PM2.5 n/N∗ Volatile PMcoarse n/N∗

BTH 18.1 1/2 - - - - - -

2-S-BTH 2.47 1/2 5.10 1/2 - - 2.20 1/2

2-OH-BTH - - 60.4 1/2 34.8 2/2 8.95 1/2

2-NH2-BTH - - 2.08 2/2 - - - -

2-Me-S-BTH 8.02 2/2 5.14 2/2 2.83 2/2 3.29 1/2

∑ BTHs 18.3 2/2 40.0 2/2 37.6 2/2 7.22 2/2

BTR - - 10.0 2/2 813 2/2 223 2/2

1-OH-BTR - - - - - - 3.0 1/2

∑ BTRs - - 10.0 2/2 813 2/2 225 2/2

*: n is number of detected samples and N is total samples in the set

a: particles between PM2.5 and PM10

According to the calculations (Table 4.9), the distribution coefficient values, Kd vary greatly

between the different matrices. There is also high variation within the same matrices as well,

as shown by the standard deviations. The Kd is calculated by dividing the concentration in

particulate matter (ng/g) by the corresponding amount in the liquid (ng/mL) phase (see Table
B.1 and B.2), and higher Kd means higher affinity to the particulate phase.

Table 4.9: Distribution coefficient values, Kd , for BTHs and BTR in road dust

Summer Winter Prall

Kd (L/kg) (± SD∗) Kd (L/kg) (± SD) Kd (L/kg) (± SD)

BTH - 93.9 (± - ) -

2-S-BTH 1953 (± 1178) 635 (± 753) 4114 (± 2689)

2-OH-BTH 23724 (± 23231) 450 (± 4782) 1077 (± 1789)

2-NH2-BTH 642 (± 286) 174 (± 80.1) 931 (± 409)

2-Me-S-BTH 1355 (± 2449) 3005 (± 3078) 30122 (± 24055)

2-M-BTH - 567 (± 398.4) 528 (± 178)

BTR 2608 (± 895) 368 (± 174) 929 ( - )

TTR 1682 (± 610) 295 (± 118) 4383 (± 2183)

XTR - 523 (± 442) -

BTR COOH 5033 (± 3653) 417 (± 253) -

5-Cl-BTR 2728 (± 7598) 2219 ( - ) -

1-OH-BTR - 524 (± 366) -

5-Amino-BTR - - -

∗: Standard Deviation

- : Not calculated

( - ): Only one calculation
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4.2.2 Elements
Table 4.10 shows the concentrations of a selection of elements detected in the turbid road dust

samples. Full table of concentrations of all elements detected in the turbid road dust samples

can be found in Table: B.4 and B.5 in Appendix B.

Based on the report of Erichsen et al. (2004), the minerals in the coarse aggregate in Elgeseter

street mainly consists of plagioclase (Na(AlSi3O8), Ca(Al2Si2O8)), quartz (SiO2) and amphi-

bole (Mg-Fe silicate). This is consistent with the concentrations of elements from the prall-test

detected in this study, which support this, where the major elements are Si, Al, Ca, Na, Fe and

Mg. These elements are the major components in the turbid road dust samples (Table 4.10),

which supports the statement of Pant and Harrison (2013), that the crustal dust is a key com-

ponent in road dust. By comparing the concentration elements in road dust from the summer

season and the prall-test, it is evident that the amount of Fe has more sources than only the road

surface. The concentrations of the crustal elements are more than doubled in the winter season,

supporting the statement of Forsberg et al. (2005), that sanding of the road and use of studded

tires substantially increase the wear of the road surface. By comparing with the concentration

in the filtered samples (particles < 0.45 μm) in Table B.8 it also supports the statement of Fors-

berg et al. (2005), that this is mainly coarse particles, since the concentration in fine particles

severely lower.

All of the ”selected” elements (Table 4.10) demonstrated higher concentrations in the win-

ter season than the summer season. Some of these elements, especially crustal elements are

potentially coming from the increased wear of the road surface in the winter season. The con-

centration of Cl in the winter is approximately 80 times higher in the winter (81 490 ng/mL)

than in summer (1146 ng/mL); this 80-fold increase can be explained by the addition of salt to

the road surface. The increase of Na, Mg, and Ca in the winter can also partly be explained by

the addition of salt, since NaCl is added to prevent/remove ice and CaCl2 and MgCl2 is used as

de-icing and dust binding chemicals.

The concentration of Sb, a major component in brake dust/wear particles (Thorpe and Harri-

son, 2008; Schauer et al., 2006), is approximately the same for the summer (10.6 ng/mL) and

winter (11.3 ng/mL) season. This indicates that Sb has the same source, and its concentration

is independent of season. Ni and V, previously reported in exhaust due to oil combustion (Pant

and Harrison, 2013), is 4-5 times higher in the winter season compared to the summer season.

Both elements reported in gasoline (Br, Ba, Cu, Mn and Sr) and diesel (Ba, Cd, Pb, V, Zn)

(Cheng et al., 2010; Lin et al., 2005) have higher concentrations in winter compared to summer.

This is attributed to the increase in fuel consumption in colder temperatures, and also from the

increase in exhaust particle emissions due to cold engines. Sb has been previously reported in

both gasoline (Cheng et al., 2010) and diesel (Lin et al., 2005), but since concentrations detected

are approximately the same for winter and summer, it can be suggested that brake wear is the

main source of road pollution.
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4 Results and discussion

Because some of the elements, have both minerals in the road pavement and vehicle parts as

sources, an attempt was made to distinguish the concentration explained by surface wear. To do

this an equation was purposed:

RW% =
[Summer]× kRW

[Winter]
×100% (4.3)

Where RW% is the percentage explained by road wear, [Summer] is concentration detected in

summer, [Winter] is the concentration detected in winter and kRW is the road wear correction

factor. The correction factor was calculated based on Si because of mineral, by my knowledge,

as the only source. The correction factor is calculated so that the RW% of Si becomes 100, and

was calculated to be 2.78 in this study.

Table 4.11: Amount of detected concentration explained by road wear, using road wear factor

2.78 (based on Si)

Element RW%

Si 100

Fe 57.1

Al 76.1

Ca 61.3

Mg 43.4

Na 96.5

Ti 64.8

Ba 69.7

Cr 71.6

Table 4.11 shows the calculations using equation 4.3. This equation calculates the amount

of concentration in winter that is explained by road wear. This equation can only be used

on elements having a higher increase than Si in the winter season compared to the summer

season (concentration in winter is higher than 2.78 times concentration in summer). From the

calculation, only 57.1% of the Fe concentration is explained by road wear and other sources

must contribute to the concentration detected. The same applies for Al, Ca and Mg. Almost all

of the Na concentration is explained by road wear, using this calculation, suggesting that most

of the salt added to the road surface at sampling was for dust binding purposes (using CaCl2
and MgCl2) and not for ice removal. These calculations have a high degree of uncertainty, and

are meant as an attempt to broadly distinguish sources and not for quantitative calculations.

Some of the elements found in the dust generated from the prall-test can originate from other

sources than the road itself, as it is possible that these elements incorporate into the road surface

from other sources, as stated by Thorpe and Harrison (2008). A possible source of Fe is brake

wear, as brake pads contain 13-45% Fe (Amato et al., 2014). The increased concentrations of

Al, Fe, Ba, Zn, Cu could also come from corrosion of vehicle parts, as Fe, Al and Ti is used

in car chassis, wheels and shocks (Cole, 2017), and road salt contributes to the corrosion of

vehicles (Kogel et al., 2006). Ba, Cu and Zn are components in brake systems (Schauer et al.,

2006; Thorpe and Harrison, 2008), which are exposed to corrosion from road salt. The most

evident contribution factor in the winter season is the increased road wear from studded tires

and the additional corrosive properties of road salt. The increase in elements in the winter,
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4 Results and discussion

which is not explained by the road wear (Table 4.11), and the corrosive properties of the road

salt, indicates that a major source is corrosion of vehicle parts, or increased wear induced by

the addition of road salt. Barium is easily oxidized, and a high increase of Ba in winter can

come from both brake wear, and corrosion of brake-components. Titanium alloys are known to

be very corrosion resistant, but low in wear resistance (Fuji et al., 2003), hence the increase in

titanium comes from abrasion of vehicle parts instead of corrosion.

The Cu:Sb (used in literature for brake wear) ratio found in this study, was 12.7 (summer

season) and 31.6 (winter season), indicating that the brake wear is much higher in the winter

season than in the summer season. It is evident that the ratio itself cannot be used as a sole

indicator for brake wear, as proposed by previous studies (Sternbeck et al., 2002; Hjortenkrans

et al., 2007), as the ratio differs between geographical areas (section 2.2.3). A more stable ratio,

independent of geographical area is deemed necessary.

4.3 Correlations between BTHs, BTRs and elements
The goal of finding correlations between the elements and the organic is to propose possible

markers for different sources. The different transformations of BTHs and BTRs during seasons,

and the different possible sources of elements makes it difficult to solely using elements or

organics as key tracers.

Zn demonstrate a strong correlation with 2-Me-S-BTH and 1-OH-BTR, which the latter are

both found in the tires analysed, alongside with other BTHs. Zn with 2-Me-S-BTH could

be used as a possible marker, as 2-Me-S-BTH is a major transformation product of 2-S-BTH

(Brownlee et al., 1992). Table 4.12 shows all significant correlations between elements and

organics.
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4 Results and discussion

Table 4.12: Correlations between log conc. (ng/mL) of BTHs/BTRs and metals in summer and

winter samples (p < 0.01)

Si Fe Al Ca Mg Cl Na K Ti S Mn P

BTH 0.74 0.77 0.77 0.76 0.77 0.70* 0.71* 0.76 0.78 0.75 0.77 0.76

2-OH-BTH 0.82 0.83 0.82 0.84 0.82 0.78 0.77 0.82 0.83 0.84 0.84 0.81

2-NH2-BTH 0.52* 0.54* 0.53* 0.50* 0.52* 0.52* 0.55* 0.52* 0.53*

2-Me-S-BTH 0.90 0.90 0.89 0.90 0.90 0.83 0.88 0.90 0.90 0.91 0.90 0.87

2-M-BTH 0.73 0.71 0.71 0.68 0.70 0.55* 0.71 0.71 0.72 0.67 0.70 0.65

BTR 0.92 0.95 0.95 0.94 0.94 0.80 0.89 0.93 0.95 0.93 0.95 0.93

TTR 0.60* 0.66 0.65 0.67 0.68 0.71 0.62* 0.64 0.65 0.67 0.68 0.63

BTR COOH -0.58*

5-Cl-BTR 0.50* 0.50* 0.53*

1-OH-BTR 0.78 0.82 0.82 0.82 0.87 0.94 0.87 0.83 0.78 0.88 0.84 0.81

Zn V Ba Sr Cu Br Cr Ni Ce Sc Co Pb

BTH 0.78 0.77 0.76 0.75 0.78 0.72* 0.78 0.77 0.77 0.76 0.76

2-OH-BTH 0.76 0.83 0.82 0.84 0.80 0.80 0.81 0.82 0.84 0.84 0.83

2-NH2-BTH 0.63 0.53* 0.53* 0.59* 0.56* 0.54* 0.53* 0.53* 0.51*

2-Me-S-BTH 0.85 0.90 0.90 0.90 0.88 0.87 0.88 0.90 0.89 0.90 0.90

2-M-BTH 0.72 0.71 0.72 0.69 0.71 0.61* 0.71 0.72 0.73 0.70 0.71

BTR 0.96 0.94 0.94 0.93 0.96 0.84 0.95 0.94 0.94 0.94 0.93

TTR 0.70 0.65 0.64 0.65 0.66 0.72 0.67 0.66 0.66 0.63 0.65

BTR COOH -0.54*

5-Cl-BTR 0.50* 0.54* 0.50* 0.52* 0.52*

1-OH-BTR 0.84 0.80 0.82 0.81 0.80 0.94 0.79 0.84 0.80 0.77 0.83 0.86

Li Sn W As Mo Cs Be Se Cd Hg Pt

BTH 0.79 0.71* 0.63* 0.80 0.80 0.79 0.79 0.76 0.65*

2-OH-BTH 0.80 0.52* 0.82 0.84 0.65 0.79 0.79 0.73 0.80 0.60*

2-NH2-BTH 0.54* 0.64 0.55* 0.64 0.54* 0.53* 0.65 0.63*

2-Me-S-BTH 0.88 0.63 0.89 0.86 0.77 0.87 0.87 0.81 0.87 0.63 0.52*

2-M-BTH 0.68 0.69 0.68 0.70 0.68 0.70 0.77 0.42 0.56*

BTR 0.94 0.73 0.82 0.93 0.93 0.95 0.94 0.61* 0.97 0.73 0.65

TTR 0.69 0.57* 0.69 0.61* 0.67 0.67 0.72 0.66 0.57*

BTR COOH -0.56*

5-Cl-BTR 0.52* 0.51* 0.67* 0.60* 0.57*

1-OH-BTR 0.88 0.67* 0.83 0.78 0.73 0.86 0.80 0.80 0.90

*. p < 0.05
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4 Results and discussion

4.3.1 Corrosion, TTR and road salt
To distinguish a relationship between road salt and corrosion of car parts, chloride was plotted

against some of the elements commonly used in car parts (Figure 4.6). In this figure it is

evident that there is a relationship in the winter season (when road salt is used), which is not

found in the summer season. As the concentration of chloride increases, the concentration of

selected metals also increases. Zn has the most linear relationship, from these figures. Both Fe

and Al have coarse aggregate in the road surface as a source, which can lead to a lesser linear

relationship with chloride.
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Figure 4.6: Scatter plot of chloride versus selected elements in car parts

By comparing the amount of tolyltriazole (TTR) with the chloride and the same elements as

in Figure 4.6, more assumptions about corrosion can be made. By comparing the relationship

between TTR and chloride (Figure 4.7) is it evident that there is a relationship between chloride

and TTR, as chloride increases so does TTR. By plotting TTR concentrations against the metals

with possible corrosion, it is evident that as there is an increase in TTR, other metals also

increase. The increase in TTR in the winter season follows the increase of the metals, which

indicates that TTR may come from corrosion of car parts, and not added as de-icing/anti-icing

in road salt. If they were found in de-icing/anti-icing in road salt, then there should be a more

negative relationship between the TTR and the metals, as TTR inhibits corrosion.
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Figure 4.7: Scatter plot of tolyltriazole (TTR) versus some selected elements in car parts

4.3.2 PCA
The PCA analysis demonstrates a ”fingerprint” of the sample matrices. The samples get grouped

or separated based on the variation in the samples. It groups the samples together on the basis

of the same relationships between the components analysed. This can be used to analyse an

unknown sample matrix for the same components, and distinguish the matrix based on the

placement in the PCA score plot. Simplified loading plots are presented in this section, and the

more detailed loading plots can be found in Appendix H.
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4 Results and discussion

Figure 4.8: PCA of BTHs and BTRs in road dust samples

With PCA analysis of the total concentrations of BTHs and BTRs (Figure 4.8) it was possible

to separate the tire samples, prall samples and road dust samples. The road dust from summer

and winter is partially separated, but not completely. From the loadings plot it can be stated that

the BTHs and the BTRs are used in different applications, as they are clearly separated in the

loading plot (Figure 4.9).

Figure 4.9: Loading plot for PCA of organics (demonstrating only total BTHs and total BTRs)
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4 Results and discussion

Figure 4.10: PCA of elements in turbid road dust samples

In the PCA of elements (Figure 4.10), there is a clear separation of road dust from summer

and winter season. There is also a clear separation of the air filters and the road dust. However,

the prall samples are in the same group as the road dust collected in summer. From this it can

be concluded that the dust from prall and the road dust collected in summer have a very similar

composition, making them hard to separate using PCA. This also support that metals from road

dust, or other sources, can be incorporated into the asphalt (road surface), as previously stated

by Thorpe and Harrison (2008).

In the loading plot for elements (Figure 4.11), the biggest group is described as background

level. Elements closer to each other are more correlated to each other. Ba and Sn, are close to

each other since both are found in components of brake systems. Sb is relatively close to Ba

and Sn, because it is also a brake component. Zn that are reported in tires are lesser correlated

to other elements, suggesting multiple sources or a source that produces solely Zn.

The PCA of both organics (BTHs and BTRs) and elements (Figure 4.12) clearly separates

the dust from the prall from the road dust from summer and winter season.
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4 Results and discussion

Figure 4.11: Loading plot for PCA of elements

Figure 4.12: PCA of metals, BTHs and BTRs in turbid road dust samples
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4 Results and discussion

Figure 4.13: Loading plot for PCA metals, BTHs and BTRs

There is a correlation between the components close to each other (grouped together) in the

loading plot of the PCA. From figure 4.13 indications on possible tracers can be made. Sb and

2-S-BTH are correlated since Sb is coming from brake wear and 2-S-BTH is coming from wear

(physical) of tires (as braking leads to physical tear/wear of the tires). The transformation prod-

uct of 2-S-BTH, 2-S-Me-BTH is more correlated to the components in road salt. The road salt

is also correlated with 2-OH-BTH, a major component in tires and break down/transformation

product of BTH. This suggests that the road salt has an impact on the transformation/break

down of BTHs like 2-S-BTH and BTH, and/or increased wear of tires.

The association between braking (Sb) and tire wear (2-S-BTH) also indicate that 2-S-BTH

mainly is in rubber particles torn from tires, and not free in the environment. Since 2-S-BTH

is highly reactive, it is rapidly methylated into its transformation product 2-Me-S-BTH (Figure
2.3). This suggests 2-S-BTH together with Sb to be a possible marker for rubber particles from

tires, and 2-Me-S-BTH and 2-OH-BTH together with Cl to be a possible marker for chemical

wear/leaching from tires due to road salt.

The correlation between MgCl2 as road salt and corrosion of steel (Fe) and aluminium with

TTR as corrosion inhibitor, is difficult to distinguish due to high concentrations from other

sources (background).
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5 Conclusions
The wet dust sampler (WDS) worked well for sample collecting road dust for both inorganic

and organic analysis. The use of distilled water ensures that the contamination is low, and the

design of the apparatus ensures that all of the dust on the surface gets collected. This leads

to a better characterization of the road dust, than collecting the dust by hand. The automated

sampling provided by the WDS also ensures good reproducibility.

The uncertainty of using the prall-test for producing ”clean” road dust from the asphalt,

contamination wise, is too high for both analysis of BTHs and elements. The use of steel balls

to hammer the sample can contribute to the dust produced by both wear of the balls and also

from wear of the prall-test instrument. The fact that the ”hammering chamber” has a rubber

seal introduces the risk of BTHs contamination to leach into the ”clean” dust sample.

The BTR COOH, for which no analytical method has been previously reported, showed

good reproducibility and had high recovery. The 5-Amino-BTR demonstrated low recoveries,

rendering more appropriate to have semiquantification for this component. All BTHs and BTRs

analysed were found in the road dust in both summer and winter season. For the elements, 61

of the 66 analysed had detected concentrations above the quantification limit in the turbid road

dust samples.

The concentration of BTHs and BTRs are higher in the winter season than in the summer

season. High concentrations of BTHs in tires tested in the study, together with previous studies,

indicates that tire wear is the major source of BTHs in road dust. 2-OH-BTH is the BTH

derivative with the highest concentrations in both summer, winter and prall sample. This can

indicate that 2-OH-BTH is the major transformation products from BTHs, as both BTH and 2-S-

BTH is known to biotransform to 2-OH-BTH. The increase in the partition of 2-OH-BTH and 2-

Me-S-BTH in the winter indicates that the rate of transformation is higher in the winter season,

than the summer season. The road salt increases the concentration of chlorine on the road

surface, which contribute to the breakdown/transformation of several BTHs and BTRs, with the

most significant effect on 2-NH2-BTH which is decreased two-fold in the winter season. Based

on the increase in concentration of BTHs in the winter, together with higher concentration of

BTHs in stud free tires (most common tire), this study shows that more BTHs are leached from

tires in the winter season.

TTR was the major BTR derivative in the road dust, with the highest concentration detected

for all BTHs and BTRs analysed. TTR is used as corrosion inhibitor in steel and copper. It

is a reason to believe that most of the TTR comes from wear of vehicle parts treated with

corrosion inhibitors. The increase in TTR in the winter season, together with the relationship

with elements used in vehicle chassis and chloride, suggest that TTR derives from wear of the

vehicle and not from the road salt solution. The increase in TTR also supports that the road salt

increase wear of the vehicle parts.
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5 Conclusions

The major inorganic components in the road salt is the crustal elements (Si, Fe, Mg, Al,

Ca), indicating that most of the road dust comes from wear of the road surface. This wear

increases in the winter season, mostly due to the use of studded tires and salting of the road

(wet conditions). However, the concentrations of the crustal elements, in winter season, cannot

solely be explained by the road wear. With a simple equation made in this study, an estimate

on the contribution from road wear can be made. Using this equation, it was indicated that the

road wear only explains about half of the concentration of iron, meaning that the remaining

must come from other sources. Increase of elements known to be present in the car exteriors

(chassis, wheels, shock, brake pads, etc.) were all increased in the winter season. This is

believed to come from the wear and vehicle parts, with an increase in the winter because of the

road salt.

Elements previously reported in exhaust (Ba, Br, Cu, Cd, Mn, Ni, Pb, Sr and V) had increased

concentrations in the winter season, attributed to the increase in fuel consumption in colder

temperatures, as well as from increase in exhaust particle emissions due to cold engines. Sb,

previously reported in exhaust and brake dust, had approximately the same concentrations for

summer and winter season, suggesting that brake wear is the main source of Sb in road dust.

With the use of PCA, it was possible to separate the different samples analysed (summer,

winter, prall) only when combining the elements with the BTHs and BTRs. By combining the

concentrations of the inorganic analytes with the organic analytes a clearer picture of sources

can be made, comparing organic components and elements with the same, or similar, source.

An example of this is comparing 2-S-BTH from rubber particles and Sb from tires to distin-

guish rubber particles worn from tires, and comparing 2-OH-BTH and 2-Me-S-BTH with Cl to

distinguish the wear/leach of tires affected by road salt. Many of the elements cannot be used as

a sole key indicator for wear of specific parts of a vehicle, but by correlation with organic com-

ponents known to have the same source a more reliable assumption can be made. Tolyltriazole

(TTR) together with Fe, Al, Ti, Cu can be a possible marker for wear of car parts, and together

with Cl it can be a possible marker for corrosion of car parts. These relationships emphasise the

importance of simultaneously analysing both inorganic and organic parts of the road dust sam-

ple to be able to distinguish pollution sources and to determine better markers for contributors

to road dust (e.g. tire wear and brake wear).
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Appendix A

Experimental calculations for organic
analysis

Table A.1: Weight of chemical used for stock solutions and ppm per standard stock solution.

Chemical Weight (grams) ppm

BTR 0.0115 1150

BTH 0.0185 1850

TTR 0.0101 1010

XTR 0.0125 1250

2-NH2-BTH 0.0103 1030

2-S-BTH 0.0105 1050

1-OH-BTR 0.0105 1050

2-Me-S-BTH 0.0203 2030

BTR COOH 0.0101 1010

2-OH-BTH 0.0105 1050

5-Amino-BTR 0.0105 1050

2-M-BTH 0.005 2500

5-Cl-BTR 0.0108 1080
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Appendix A Experimental calculations for organic analysis

Table A.2: Calculated amount of extracted chemical for making the 10 ppm working solutions,

and Me-OH added with pipette

Chemical μL extracted μL Me-OH (added with pipette)

BTR 87 913

BTH 54 946

TTR 99 901

XTR 80 920

2-NH2-BTH 97 903

2-S-BTH 95 905

1-OH-BTR 95 905

2-Me-S-BTH 49 951

BTR COOH 99 901

2-OH-BTH 95 905

5-Amino-BTR 95 905

2-M-BTH 40 960

5-Cl-BTR 93 907
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9
3
.5

9
3
.5

6
4
.8

1
2
2

2
/2

V
3
4
2

4
4
8

9
5
.1

1
,1

2
6

2
2
/2

2
1
4
6

1
7
5

9
5
.1

3
7
5

1
0
/1

0
6
8
7

7
2
0

3
0
9

1
,1

2
6

1
0
/1

0
6
9
.5

6
9
.5

4
6
.9

9
2
.1

2
/2

B
a

3
4
0

4
1
0

1
0
6

9
2
7

2
2
/2

2
1
6
1

1
8
4

1
0
6

3
4
2

1
0
/1

0
6
4
1

6
3
6

3
3
8

9
2
7

1
0
/1

0
2
5
1

2
5
1

1
6
5

3
3
7

2
/2

S
r

3
0
9

3
9
2

8
6
.9

1
,0

1
2

2
2
/2

2
1
3
2

1
5
3

8
6
.9

3
1
3

1
0
/1

0
5
9
5

6
3
1

3
0
5

1
,0

1
2

1
0
/1

0
2
2
8

2
2
8

1
6
4

2
9
2

2
/2

C
u

2
1
6

2
5
5

9
6
.9

5
1
6

2
2
/2

2
1
3
5

1
4
3

9
6
.9

2
3
8

1
0
/1

0
3
5
8

3
6
7

1
9
5

5
1
6

1
0
/1

0
1
0
0

1
0
0

7
6
.8

1
2
4

2
/2

B
r

1
9
9

4
0
4

1
7
.3

1
,2

0
9

2
2
/2

2
2
2
.5

2
3
.5

1
7
.3

3
1
.0

1
0
/1

0
8
0
2

7
8
5

3
6
7

1
2
0
9

1
0
/1

0
3
4
.6

3
4
.6

3
3
.3

3
5
.9

2
/2

C
r

1
8
9

2
4
7

6
3
.8

5
8
6

2
2
/2

2
9
6
.5

1
1
1
.1

6
3
.8

2
1
5

1
0
/1

0
3
7
4

3
8
2

1
6
4

5
8
6

1
0
/1

0
1
4
9

1
4
9

1
2
6

1
7
2

2
/2

N
i

7
6
.5

1
0
1

2
6
.2

2
2
4

2
2
/2

2
3
8
.8

4
3
.7

2
6
.2

7
9
.7

1
0
/1

0
1
5
6

1
5
9

7
3
.2

2
2
4

1
0
/1

0
3
3
.7

3
3
.7

2
8
.5

3
8
.9

2
/2

C
e

5
6
.6

7
7
.7

1
6
.4

2
0
6

2
2
/2

2
2
4
.0

2
9
.7

1
6
.4

6
0
.4

1
0
/1

0
1
1
6

1
2
6

5
2
.9

2
0
6

1
0
/1

0
2
4
.9

2
4
.9

1
7
.3

3
2
.6

2
/2

S
c

4
2
.6

4
9
.1

1
2
.5

1
1
7

2
2
/2

2
1
9
.2

2
2
.1

1
2
.5

4
7
.7

1
0
/1

0
7
5
.0

7
6
.0

3
7
.5

1
1
7

1
0
/1

0
8
.3

4
8
.3

4
5
.6

1
1
1
.1

2
/2

C
o

4
0
.4

5
3
.0

1
1
.6

1
1
7

2
2
/2

2
1
8
.3

2
0
.6

1
1
.6

4
0
.3

1
0
/1

0
8
8
.3

8
5
.4

4
0
.5

1
1
7

1
0
/1

0
9
.5

8
9
.5

8
6
.9

5
1
2
.2

2
/2

Y
4
0
.0

5
0
.7

1
2
.3

1
3
8

2
2
/2

2
1
8
.7

2
1
.0

1
2
.3

4
4
.8

1
0
/1

0
7
5
.1

8
0
.5

3
5
.1

1
3
8

1
0
/1

0
9
.7

8
9
.7

8
6
.6

8
1
2
.9

2
/2

R
b

3
3
.5

4
4
.2

1
0
.3

1
0
8

2
2
/2

2
1
6
.5

1
8
.2

1
0
.3

3
2
.5

1
0
/1

0
6
9
.8

7
0
.2

3
4
.5

1
0
8

1
0
/1

0
2
1
.6

2
1
.6

1
4
.9

2
8
.2

2
/2

P
b

3
0
.5

4
6
.7

1
3
.8

2
4
2

2
2
/2

2
2
0
.7

4
2
.2

1
3
.8

2
4
2

1
0
/1

0
5
0
.6

5
1
.1

2
6
.2

7
4
.6

1
0
/1

0
6
.2

2
6
.2

2
4
.7

3
7
.7

2
2
/2

Z
r

2
6
.7

3
2
.0

9
.6

6
7
4
.6

2
2
/2

2
1
2
.7

1
4
.8

9
.6

6
2
6
.4

1
0
/1

0
4
8
.8

4
9
.1

2
7
.1

7
4
.6

1
0
/1

0
6
.3

8
6
.3

8
4
.5

2
8
.2

4
2
/2

L
a

2
4
.2

3
3
.6

7
.0

4
9
1
.3

2
2
/2

2
1
0
.3

1
2
.7

7
.0

4
2
5
.5

1
0
/1

0
4
9
.4

5
4
.5

2
2
.9

9
1
.3

1
0
/1

0
1
0
.8

1
0
.8

7
.4

5
1
4
.2

2
/2

B
2
2
.1

3
0
.2

8
.7

3
6
7
.4

2
2
/2

2
1
0
.9

1
0
.8

8
.7

3
1
4
.0

1
0
/1

0
4
8
.4

4
9
.7

3
0
.1

6
7
.4

1
0
/1

0
5
.0

8
5
.0

8
4
.9

8
5
.1

8
2
/2

G
a

2
1
.3

2
7
.2

5
.8

7
6
6
.7

2
2
/2

2
9
.1

2
1
0
.8

5
.8

7
2
2
.4

1
0
/1

0
4
1
.8

4
3
.7

2
0
.1

6
6
.7

1
0
/1

0
8
.1

6
8
.1

6
5
.4

7
1
0
.9

2
/2

N
d

1
8
.8

2
2
.8

5
.4

6
5
3
.5

2
2
/2

2
9
.4

5
1
1
.9

5
.4

6
2
7
.6

1
0
/1

0
3
3
.5

3
3
.7

1
3
.9

5
3
.5

1
0
/1

0
1
0
.4

1
0
.4

7
.0

5
1
3
.8

2
/2

L
i

1
8
.7

3
0
.1

6
.2

3
7
9
.9

2
2
/2

2
9
.1

3
1
0
.0

6
.2

3
1
6
.7

1
0
/1

0
4
7
.6

5
0
.1

2
0
.6

7
9
.9

1
0
/1

0
8
.5

2
8
.5

2
6
.2

4
1
0
.8

2
/2

S
n

1
8
.4

1
9
.4

9
.1

3
2
9
.2

2
2
/2

2
1
3
.6

1
5
.5

9
.1

3
2
6
.6

1
0
/1

0
2
5
.2

2
3
.4

1
4
.7

2
9
.2

1
0
/1

0
1
.8

2
1
.8

2
1
.1

6
2
.4

9
2
/2

W
1
5
.8

1
7
.8

2
.8

0
3
4
.6

2
2
/2

2
6
.3

2
6
.1

1
2
.8

0
9
.5

7
1
0
/1

0
3
0
.5

2
9
.5

2
1
.9

3
4
.6

1
0
/1

0
1
.1

5
1
.1

5
1
.0

2
1
.2

8
2
/2

S
b

1
1
.3

1
2
.6

8
.0

2
3
9
.7

2
2
/2

2
1
0
.6

1
3
.8

8
.0

2
3
9
.7

1
0
/1

0
1
1
.3

1
1
.4

8
.6

9
1
4
.0

1
0
/1

0
0
.7

6
0
.7

6
0
.7

4
0
.7

9
2
/2

A
s

9
.3

7
1
3
.1

2
.9

9
4
0
.1

2
2
/2

2
4
.5

5
5
.5

4
2
.9

9
1
0
.8

1
0
/1

0
1
9
.5

2
0
.6

7
.5

9
4
0
.1

1
0
/1

0
1
.5

2
1
.5

2
1
.3

8
1
.6

6
2
/2

T
h

8
.3

9
1
0
.5

2
.0

2
2
5
.8

2
2
/2

2
3
.5

5
4
.7

0
2
.0

2
1
2
.6

1
0
/1

0
1
4
.1

1
6
.2

6
.7

7
2
5
.8

1
0
/1

0
4
.7

9
4
.7

9
3
.9

6
5
.6

2
2
/2

D
y

7
.7

6
9
.5

1
2
.3

8
2
4
.8

2
2
/2

2
3
.4

7
4
.0

6
2
.3

8
8
.7

3
1
0
/1

0
1
4
.1

1
5
.0

6
.7

8
2
4
.8

1
0
/1

0
1
.8

7
1
.8

7
1
.2

2
2
.5

3
2
/2

S
m

7
.5

6
9
.4

2
2
.2

0
2
4
.9

2
2
/2

2
3
.1

6
3
.7

9
2
.2

0
8
.2

2
1
0
/1

0
1
4
.7

1
5
.1

6
.9

0
2
4
.9

1
0
/1

0
2
.4

3
2
.4

3
1
.6

1
3
.2

5
2
/2

G
d

7
.0

4
8
.9

1
2
.1

9
2
3
.5

2
2
/2

2
3
.0

9
3
.6

6
2
.1

9
7
.8

6
1
0
/1

0
1
3
.3

1
4
.1

6
.2

3
2
3
.5

1
0
/1

0
1
.9

9
1
.9

9
1
.2

9
2
.6

9
2
/2

P
r

6
.8

4
8
.7

5
1
.9

5
2
2
.1

2
2
/2

2
2
.8

5
3
.4

7
1
.9

5
7
.2

1
1
0
/1

0
1
3
.6

1
4
.0

6
.4

7
2
2
.1

1
0
/1

0
2
.7

7
2
.7

7
1
.9

0
3
.6

4
2
/2

M
o

6
.7

0
7
.7

7
3
.3

7
1
7
.7

2
2
/2

2
4
.5

2
4
.8

8
3
.3

7
7
.5

1
1
0
/1

0
1
0
.8

1
0
.7

4
.5

4
1
7
.7

1
0
/1

0
1
.5

3
1
.5

3
1
.2

1
1
.8

5
2
/2

*
:

n
is

n
u
m

b
er

o
f

d
et

ec
te

d
sa

m
p
le

s
an

d
N

is
to

ta
l

sa
m

p
le

s
in

th
e

se
t
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Appendix B Data tables

Ta
bl

e
B

.5
:C

o
n

ce
n

tr
at

io
n

s
o

f
el

em
en

ts
in

tu
rb

id
ro

ad
d

u
st

sa
m

p
le

s
(n

g
/m

L
)

(c
o

n
ti

n
u

ed
)

To
ta

l
Su

m
m

er
W

in
te

r
Pr

al
l

M
ed

ia
n

Av
er

ag
e

m
in

m
ax

n/
N
∗

M
ed

ia
n

Av
er

ag
e

m
in

m
ax

n/
N
∗

M
ed

ia
n

Av
er

ag
e

m
in

m
ax

n/
N
∗

M
ed

ia
n

Av
er

ag
e

m
in

m
ax

n/
N
∗

E
r

4
.5

6
5
.6

2
1
.5

0
1
4
.7

2
2
/2

2
2
.1

1
2
.4

1
1
.5

0
5
.1

6
1
0
/1

0
8
.4

3
8
.8

3
3
.9

6
1
4
.7

1
0
/1

0
1
.0

9
1
.0

9
0
.6

8
1
.5

0
2
/2

N
b

4
.1

8
4
.1

0
1
.9

5
6
.6

7
2
2
/2

2
2
.7

2
2
.9

7
1
.9

5
4
.9

7
1
0
/1

0
5
.3

2
5
.2

4
4
.1

7
6
.6

7
1
0
/1

0
3
.2

4
3
.2

4
2
.4

3
4
.0

6
2
/2

Y
b

4
.0

5
5
.0

5
1
.3

6
1
3
.2

2
2
/2

2
1
.9

1
2
.1

5
1
.3

6
4
.4

9
1
0
/1

0
7
.5

8
7
.9

5
3
.6

1
1
3
.2

1
0
/1

0
0
.9

9
0
.9

9
0
.7

0
1
.2

8
2
/2

E
u

2
.0

6
2
.4

8
0
.5

8
6
.6

1
2
2
/2

2
0
.8

5
1
.0

3
0
.5

8
2
.3

1
1
0
/1

0
3
.6

7
3
.9

2
1
.8

1
6
.6

1
1
0
/1

0
0
.5

1
0
.5

1
0
.3

8
0
.6

4
2
/2

U
1
.8

8
2
.5

8
0
.5

6
6
.6

6
2
2
/2

2
0
.9

8
1
.0

6
0
.5

6
1
.9

0
1
0
/1

0
3
.9

5
4
.0

9
1
.8

6
6
.6

6
1
0
/1

0
1
.1

8
1
.1

8
0
.8

8
1
.4

7
2
/2

H
o

1
.5

1
1
.8

9
0
.4

9
5
.0

0
2
2
/2

2
0
.6

8
0
.8

0
0
.4

9
1
.7

2
1
0
/1

0
2
.8

5
2
.9

9
1
.3

0
5
.0

0
1
0
/1

0
0
.3

5
0
.3

5
0
.2

2
0
.4

7
2
/2

C
s

1
.2

9
1
.8

9
0
.4

3
4
.8

1
2
2
/2

2
0
.6

8
0
.7

4
0
.4

3
1
.2

1
1
0
/1

0
2
.9

5
3
.0

4
1
.3

6
4
.8

1
1
0
/1

0
0
.3

4
0
.3

4
0
.2

9
0
.3

9
2
/2

T
b

1
.1

8
1
.5

0
0
.3

7
3
.9

3
2
2
/2

2
0
.5

4
0
.6

3
0
.3

7
1
.3

2
1
0
/1

0
2
.2

4
2
.3

7
1
.0

4
3
.9

3
1
0
/1

0
0
.3

1
0
.3

1
0
.2

2
0
.4

0
2
/2

B
i

1
.1

8
1
.6

9
0
.4

8
4
.2

2
2
2
/2

2
0
.7

6
0
.9

2
0
.4

8
2
.1

3
1
0
/1

0
2
.3

2
2
.4

7
1
.0

0
4
.2

2
1
0
/1

0
0
.0

7
0
.0

7
0
.0

7
0
.0

8
2
/2

G
e

1
.1

1
1
.5

7
0
.0

7
4
.3

7
1
6
/2

2
0
.4

1
0
.5

7
0
.0

7
1
.4

1
5
/1

0
1
.7

8
2
.0

7
0
.2

0
4
.3

7
1
0
/1

0
1
.6

5
1
.6

5
1
.6

5
1
.6

5
1
/2

B
e

1
.0

7
1
.2

4
0
.3

6
2
.9

4
2
2
/2

2
0
.5

1
0
.6

0
0
.3

6
1
.0

6
1
0
/1

0
1
.6

6
1
.8

7
1
.0

8
2
.9

4
1
0
/1

0
0
.4

7
0
.4

7
0
.3

7
0
.5

8
2
/2

H
f

0
.9

8
1
.0

7
0
.2

6
2
.2

5
2
2
/2

2
0
.3

9
0
.5

0
0
.2

6
0
.9

9
1
0
/1

0
1
.7

1
1
.6

4
0
.9

6
2
.2

5
1
0
/1

0
0
.3

1
0
.3

1
0
.1

9
0
.4

3
2
/2

T
m

0
.6

4
0
.8

0
0
.2

0
2
.0

6
2
2
/2

2
0
.2

9
0
.3

4
0
.2

0
0
.7

3
1
0
/1

0
1
.2

0
1
.2

6
0
.5

6
2
.0

6
1
0
/1

0
0
.1

5
0
.1

5
0
.1

0
0
.2

1
2
/2

L
u

0
.5

8
0
.7

1
0
.1

9
1
.8

4
2
2
/2

2
0
.2

7
0
.3

0
0
.1

9
0
.6

5
1
0
/1

0
1
.0

6
1
.1

2
0
.5

0
1
.8

4
1
0
/1

0
0
.1

4
0
.1

4
0
.1

1
0
.1

8
2
/2

C
d

0
.2

4
0
.3

1
0
.0

9
0
.7

5
2
2
/2

2
0
.1

3
0
.1

5
0
.0

9
0
.2

7
1
0
/1

0
0
.4

5
0
.4

7
0
.2

2
0
.7

5
1
0
/1

0
0
.0

5
0
.0

5
0
.0

3
0
.0

7
2
/2

T
l

0
.2

4
0
.3

2
0
.0

8
0
.7

3
2
2
/2

2
0
.1

2
0
.1

3
0
.0

8
0
.2

2
1
0
/1

0
0
.5

0
0
.5

0
0
.2

6
0
.7

3
1
0
/1

0
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Appendix B Data tables

Table B.6: Concentrations of selected elements with RSD% < 25%, in air filters (ng/mL)

PM2.5 PMa
coarse Volatile PM2.5 Volatile PMcoarse

Al 135 579 1,315 1,662

As 0.67 0.72 <QL 0.68

Ba 36.9 55.3 154 117

Ca 453 4 290 1,531 3,534

Cd 0.16 <QL 0.13 0.18

Ce 0.08 0.82 0.18 0.41

Co 0.11 1.51 1.94 2.46

Cr 0.97 3.01 1.51 3.25

Cs 0.02 0.02 0.02 0.03

Cu 17.1 222 15.6 155

Fe 69.5 863 144 744

Hg 0.50 0.29 0.36 0.35

K 807 1,070 3,719 3,945

Li 0.07 0.50 0.60 0.86

Mg 89.5 814 276 670

Mn 4.40 60.2 5.58 38.4

Na 1,953 3,971 7,381 9,023

Ni 1.36 3.75 1.30 3.60

P 42.9 131 29.4 103

Pb 1.90 6.08 1.07 1.94

S 1,511 1,385 970 1,152

Sb 1.34 2.34 2.49 3.22

Si n.d 478∗ 252 651

Sn 1.17 1.88 0.35 1.35

Sr 2.60 14.3 9.25 15.9

Ti 1.33 8.91 <QL 3.28

V 0.76 2.04 0.85 1.60

W 0.06 0.10 0.06 0.06

Zn 169 340 1,107 1,223

a: particles between PM2.5 and PM10
∗: Detected in 1 of 2 samples
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Appendix B Data tables

Table B.7: Concentration of elements in the background soil sample (ng/g)

Al 23,860 Zr 15.7 U 0.98 Sb 0.02

Fe 20,216 Pb 14.9 As 0.97 W 0.01

Ca 7,646 La 13.1 Ag 0.59 Ta 0.002

Mg 7,322 Li 11.7 Eu 0.59 Au 0.001

K 4,573 Y 11.0 Be 0.45 Ir 0.0004

Si 2,757 Cu 10.1 Ho 0.42 Pt n.d

Ti 1,068 Sc 10.1 Hf 0.40

Na 435 Ga 7.71 Se 0.37

P 358 Co 5.86 Sn 0.34

S 329 Br 4.80 Tb 0.34

Mn 267 Nd 4.50 Tl 0.19

Ba 116 B 3.57 Tm 0.19

Cr 82.8 Th 2.87 Lu 0.18

Cl 80.4 Pr 2.82 Bi 0.16

V 63.3 Sm 2.52 Mo 0.15

Sr 40.9 Gd 2.10 Ge 0.14

Rb 29.7 Dy 2.08 Nb 0.14

Ce 29.4 Cs 1.85 Cd 0.08

Zn 24.1 Er 1.27 Hg 0.05

Ni 19.8 Yb 1.24 In 0.03
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Appendix B Data tables
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Appendix B Data tables

Table B.9: Quantification levels (QL) and RSD% for elements analysed with ICP-MS in differ-

ent matrices (ng/mL)

Element QL (turbid) RSD% QL (filtered) RSD% QL (air filters) RSD%

Ag 0.12 43.2 0.02 114 0.14 51.3

Al 1.2 2.18 0.2 1.93 1.4 2.64

As 0.15 11.8 0.025 18.4 0.175 22.7

Au 0.0012 26.9 0.0002 23.2 0.0014 12.7

B 0.3 2.75 0.05 2.49 0.35 3.23

Ba 0.078 1.90 0.013 2.60 0.091 3.31

Be 0.012 11.6 0.002 70.3 0.014 58.4

Bi 0.006 3.25 0.001 39.5 0.007 7.31

Br 18 13.7 3 13.4 21 28.1

Ca 12 1.91 2 2.42 14 4.29

Cd 0.012 13.2 0.002 35.6 0.014 18.9

Ce 0.0012 1.69 0.0002 18.4 0.0014 8.22

Cl 600 3.86 100 2.82 700 2.61

Co 0.024 2.44 0.004 15.9 0.028 12.1

Cr 0.03 1.90 0.005 16.8 0.035 9.36

Cs 0.003 3.09 0.0005 8.83 0.0035 10.0

Cu 0.18 2.02 0.03 3.65 0.21 3.25

Dy 0.012 2.28 0.002 59.7 0.014 35.2

Er 0.0018 3.00 0.0003 82.8 0.0021 34.7

Eu 0.012 3.82 0.002 44.7 0.014 24.0

Fe 0.12 1.44 0.02 3.61 0.14 3.53

Ga 0.042 3.40 0.007 27.6 0.049 38.6

Gd 0.3 3.08 0.05 30.3 0.35 27.0

Ge 0.12 22.5 0.02 26.2 0.14 30.1

Hf 0.006 6.29 0.001 110 0.007 58.7

Hg 0.006 5.83 0.001 12.5 0.007 3.71

Ho 0.0012 2.58 0.0002 42.7 0.0014 44.3

In 0.003 13.9 0.0005 1689 0.0035 67.0

Ir 0.003 62.9 0.0005 90.9 0.0035 92.0

K 30 4.07 5 3.39 35 3.67

La 0.012 1.67 0.002 17.8 0.014 11.9

Li 0.18 2.13 0.03 2.81 0.21 5.87

Lu 0.0012 4.18 0.0002 92.2 0.0014 75.4

Mg 0.6 2.19 0.1 2.43 0.7 3.11

Mn 0.036 1.57 0.006 2.68 0.042 4.26

Mo 0.12 7.36 0.02 11.0 0.14 27.3

Na 60 2.20 10 3.16 70 3.60

Nb 0.15 2.56 0.025 38.8 0.175 26.9

Nd 0.0012 2.69 0.0002 53.4 0.0014 27.2

Ni 0.09 2.53 0.015 12.3 0.105 11.4

P 2.4 2.02 0.4 3.14 2.8 3.59

Pb 0.012 1.98 0.002 9.88 0.014 3.27

Pr 0.0018 1.93 0.0003 40.3 0.0021 13.1

Pt 0.006 43.0 0.001 74.6 0.007 62.2

Rb 0.072 2.69 0.012 4.22 0.084 10.5

S 120 2.76 20 2.76 140 4.30

Sb 0.012 4.07 0.002 7.84 0.014 4.61

Sc 0.024 2.72 0.004 27.7 0.028 28.0

Se 0.3 389 0.05 458 0.35 265

Si 24 1.87 4 1.70 28 2.75

Sm 0.003 2.98 0.0005 77.3 0.0035 47.2

Sn 0.006 2.41 0.001 2.48 0.007 7.77

Sr 0.15 1.83 0.025 2.26 0.175 4.13

Ta 0.0012 14.9 0.0002 67.2 0.0014 93.3

Tb 0.0012 2.75 0.0002 81.2 0.0014 21.2

Th 0.003 1.84 0.0005 55.7 0.0035 26.2

Ti 0.12 1.58 0.02 34.1 0.14 17.3

Tl 0.0015 7.53 0.00025 21.3 0.00175 14.7

Tm 0.003 3.53 0.0005 104.9 0.0035 44.8

U 0.0015 2.43 0.00025 8.74 0.00175 12.7

V 0.018 1.92 0.003 8.37 0.021 10.1

W 0.006 4.01 0.001 4.03 0.007 16.6

Y 0.0024 1.94 0.0004 12.3 0.0028 6.86

Yb 0.0024 3.57 0.0004 94.8 0.0028 45.9

Zn 0.24 2.34 0.04 7.82 0.175 3.65

Zr 0.003 5.84 0.0005 25.5 0.28 20.5
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Appendix C Correlations
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Appendix D Boxplots
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Figure D.1: Boxplot of concentrations of benzothiazoles in summer samples
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Figure D.2: Boxplot of concentrations of benzothiazoles in winter samples
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Figure D.3: Boxplot of concentrations of benzothiazoles in prall samples
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Figure D.4: Boxplot of concentrations of benzotriazoles in summer samples
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Figure D.5: Boxplot of concentrations of benzotriazoles in winter samples
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Figure D.6: Boxplot of concentrations of benzotriazoles in prall samples
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Appendix D Boxplots

�6� �)�H �$� �&�D �0
 �&� �1�D � �7�

��

����������

������������

������������

������������

������������

������������

�Q


���P
�

�6 �0�Q �3 ��Q �9 �%�D �6�U �&�X �%�U �&�U �1�

��

������

��������

��������

��������

��������

��������

�Q


���P
�

Figure D.7: Boxplot of concentrations of metals in summer and winter samples
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Appendix G

ICP-MS parameters

Table G.1: Specifications for ICP-MS, Element 2 from Thermo Scientific

Instrumental part Specification

Autosampler SC2 DX equipped with a dustcover with ULPA filter

Sample injector prepFAST

Nebulizer PFA-ST with approx. volume range from 50-700μl/min.

Spray chamber Quarts baffled micro cyclonic, with dual gas inlet type

(ESI – ES-3452-111-11)

Cooling PC3x - Peltier cooling and heated inlet system.

Torch Quarts Demountable with o-rings

Injector Quarts 2.5 mm with o-rings, (ES-1024-0250)

Sample cone Aluminium (ES-3000-18032)

Skimmer cone Aluminium type X-skimmer (ES-3000-1805 X)

Radio frequency(RF)-power 1350 W

Table G.2: Gas flow settings for ICP-MS

Type of gas Flow (L/min)

Cool gas 15.5

Auxiliary gas 1.1

Sample gas 1 (nebulizer) 0.75

Sample gas 2 (T-connection) 0.55

Additional gas 0.0004 corresponds to approx. 0.04%

(10% methane in Argon) in the sample
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Appendix H

Principal component analysis (PCA) data
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Appendix H Principal component analysis (PCA) data
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Appendix H Principal component analysis (PCA) data
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Appendix H Principal component analysis (PCA) data
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Appendix H Principal component analysis (PCA) data
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Appendix H Principal component analysis (PCA) data
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Appendix H Principal component analysis (PCA) data
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