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Abstract

100 nm) are a highly dynamic fraction of particulate matter in the 

atmosphere. Their high number concentrations, small size, large surface area, and chemical 

heterogeneity render UFP relevant for both climate and toxicology. At the same time, these properties 

make it challenging to reliably sample and chemically analyse UFP, while evaporation, adsorption, and 

oxidation during sampling can further introduce substantial artefacts. As a result, understanding 

molecular fingerprints, sources, atmospheric transformations, and impacts of UFP is hindered, despite 

increasing evidence of their importance for air quality, human and environmental health, and climate.

In this thesis, four interrelated studies are presented that together aim to address one overarching 

problem: how measurement methodology, atmospheric pathways, and source-specific composition 

determine the observed molecular fingerprint of UFP.

Firstly, a systematic comparison of four cascade impactors was conducted, demonstrating that design-

specific characteristics can significantly bias the measured chemical composition of UFP. These results 

emphasize the need for greater awareness of artefacts arising from different UFP-sampling approaches. 

collection substrate, thereby reducing in-situ oxidation of UFP-bound compounds such as polycyclic 

aromatic hydrocarbons (PAH) and tyre additives. Thirdly, with such artefacts better constrained, a 

combined impactor denuder setup together with Two-Dimensional Gas Chromatography coupled to

Time-of-Flight Mass Spectrometry (GC×GC TOFMS) was applied to resolve the molecular fingerprint 

of ambient UFP. The resulting dataset revealed distinct seasonal and episodic patterns, was validated 

against an established High-Performance Liquid Chromatography coupled to a Fluorescence Detector

(HPLC-FLD) method, and demonstrated how source- and transport-related processes are reflected in 

UFP chemistry. Fourthly, the previous methodologies were applied to the emerging field of non-exhaust 

traffic emissions: tyre-related particle markers were tracked from tyre materials through abrasion 

emissions to atmospheric UFP and deposition samples. The observed progressive oxidation of 

antiozonant markers exemplifies both their diagnostic potential and the limitations for quantitative 

source apportionment. 

Together, this thesis establishes a workflow from artefact-aware UFP-sampling and chemical analysis 

to source- and process-oriented interpretation. It is concluded that chemical UFP characterisation 

requires (i) quantifying, mitigating, and accounting for sampling-induced artefacts and (ii) non-target 

molecular analysis of fingerprints or the analysis of targeted chemical marker compounds. This 

integrated approach reduces sampling- and oxidation-related artefacts, enables chemical non-target 

fingerprint analysis, and targeted organic marker quantification, thereby improving the methodological 

basis for source- and process-oriented interpretation of chemical UFP composition.
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Zusammenfassung

Atmosphäre. Aufgrund ihrer hohen Anzahl, geringen Größe, großen Oberfläche und chemischen 

Heterogenität sind UFP sowohl für das Klima als auch für die Toxikologie von Bedeutung. Gleichzeitig 

erschweren diese Eigenschaften eine zuverlässige Probenahme und chemische Analyse von UFP, 

während Verdunstung, Adsorption und Oxidation während der Probennahme weitere erhebliche 

Artefakte verursachen können. Infolgedessen wird das Verständnis der molekularen Fingerabdrücke, 

Quellen, atmosphärischen Umwandlungen und Auswirkungen von UFP trotz der zunehmenden 

Bedeutung dieser Partikel für die Luftqualität, die Gesundheit von Mensch und Umwelt sowie das Klima 

erschwert.

In dieser Arbeit werden vier miteinander verbundene Studien vorgestellt, die gemeinsam darauf 

abzielen, ein übergeordnetes Problem zu bearbeiten: Wie bestimmen Messmethodik, atmosphärische 

Wege und quellenbezogene Zusammensetzung den beobachteten molekularen Fingerabdruck von UFP?

Zunächst wurde ein systematischer Vergleich von vier Kaskadenimpaktoren durchgeführt, der zeigte, 

dass konstruktionsspezifische Eigenschaften die gemessene chemische Zusammensetzung von UFP 

erheblich beeinflussen können. Diese Ergebnisse verdeutlichen die Notwendigkeit eines stärkeren

Bewusstseins für Artefakte, die durch unterschiedliche UFP-Probenahmeverfahren entstehen. Im 

-Denu

entfernt und dadurch die in-situ-Oxidation von UFP-gebundenen Verbindungen wie polyzyklischen 

aromatischen Kohlenwasserstoffen (PAK) und Reifenzusatzstoffen reduziert. Anschließend kam eine 

kombinierte Impaktor-Denuder-Anordnung in Verbindung mit zweidimensionale Gaschromatographie 

gekoppelt mit Flugzeit-Massenspektrometrie (GC×GC-TOFMS) zum Einsatz, um den molekularen 

Fingerabdruck von UFP in der Umgebung zu entschlüsseln. Der resultierende Datensatz zeigte 

ausgeprägte saisonale und episodische Muster, die mit einer etablierten 

Hochleistungsflüssigkeitschromatographie gekoppelt mit einem Fluoreszenzdetektor (HPLC-FLD)

Methode validiert wurden. Dies demonstriert, wie sich quellen- und transportbezogene Prozesse in der 

UFP-Chemie widerspiegeln. Abschließend wurden die bisherigen Methoden auf den Bereich der Nicht-

Abgas-Verkehrsemissionen übertragen: Reifenbezogene Partikelmarker wurden von Reifenmaterialien 

über Abriebemissionen sowie atmosphärische UFP- und Ablagerungsproben verfolgt. Die beobachtete 

fortschreitende Oxidation von Antiozonantmarkern verdeutlicht sowohl ihr diagnostisches Potenzial als 

auch die Grenzen der quantitativen Quellenzuordnung. 

Insgesamt etabliert diese Arbeit einen Arbeitsablauf, der von der artefaktbewussten UFP-Probenahme 

und chemischen Analyse bis zur quell- und prozessorientierten Interpretation reicht. Die Ergebnisse 

zeigen, dass die chemische Charakterisierung von UFP sowohl die Quantifizierung, Minderung und 

Berücksichtigung durch Probenahme verursachter Artefakte als auch die nicht-zielgerichtete molekulare 
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Analyse von Fingerabdrücken oder die Analyse zielgerichteter chemischer Marker erfordert. Der 

integrierte Ansatz reduziert probenahme- und oxidationsbedingte Artefakte, ermöglicht eine chemische 

Nicht-Ziel-Fingerabdruckanalyse sowie eine zielgerichtete Quantifizierung organischer Marker und 

verbessert damit die methodische Grundlage für eine quellen- und prozessorientierte Interpretation der 

chemischen Zusammensetzung von UFP.
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1. Introduction to airborne ultrafine particles

Airborne ultrafine particles (UFP, 100 nm) are increasingly recognized as a distinct and policy-

relevant fraction of airborne particulate matter (PM). While they contribute negligibly to total PM mass, 

UFP dominate in terms of particle number concentration (PNC) and surface area. These properties,

together with their dynamic atmospheric behaviour, define a unique toxicological and environmental 

profile for UFP.

Their unique properties facilitate deposition throughout the respiratory tract and translocation across 

biological barriers, and they also promote the transport of adsorbed toxic compounds. Consequently, 

UFP have increasingly come into focus in toxicological studies, climate-relevant aerosol processes, and 

source apportionment (Kumar et al., 2021; Kwon et al., 2020; Oberdörster et al., 2005). However, the 

characteristics of UFP also pose analytical challenges: the very low mass strongly limits routine 

chemical characterisation. Due to the high surface-to-volume ratio, UFP are prone to gas particle 

partitioning processes. Evaporation from, or adsorption to, sampling substrates can induce substantial 

sampling artefacts (Kristensen et al., 2016; Kuwabara et al., 2016; Subramanian et al., 2004; Surdu et 

al., 2021; Ungeheuer et al., 2021). Consequently, developing robust, artefact-minimising methods for 

the collection and chemical analysis of UFP is necessary for the reliable identification of UFP sources,

atmospheric processing, and health-relevant properties (Lei et al., 2024; Moreno-Ríos et al., 2022).

This research need has recently been formalised by European regulatory action. In 2024, for the first 

time, UFP became a regulated parameter to protect air quality in the European Union (EU). The revised 

Ambient Air Quality Directive (2024/2881) defines UFP as 100 

nanometres (nm). It is stipulated that UFP are measured as particle number concentrations (PNC; cm-³)

above a lower cut-off diameter of 10 nm, in accordance with European Standard EN 16976 (Bustin et 

al., 2019; European Parliament and Council of the European Union, 2024). This deviates from the 

regulatory treatment of PM 10 2.5), which 

are regulated in terms of the total particle mass concentration (µg m-3) (European Parliament and Council 

of the European Union, 2024). The official recognition of UFP as a distinct fraction of particulate matter 

marks a shift in air quality governance. Previously, UFP were not adequately covered by the already 

implemented PM10 and PM2.5 standards. In contrast to the PNC approach for UFP, PM10 and PM2.5 

are analysed mass-based, which does not take the unique physicochemical properties of UFP into 

account. Consequently, this regulatory approach highlights the need to comprehensively understand the 

specific physical and chemical properties of UFP and to develop new approaches for their measurement 

and assessment (Kumar et al., 2014; Kwon et al., 2020; Oberdörster et al., 2005; Ohlwein et al., 2019).

While the PNC metric already addresses key public health and environmental concerns, it does not

provide information about the chemical composition of UFP. However, linking PNC with their chemical 

composition is essential for source apportionment, conducting targeted toxicological and 
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epidemiological studies, and understanding atmospheric processing. This need for complementary, 

mass-based chemical analysis also exposes a methodological gap in accurately characterising the 

chemical composition of UFP. Established sampling and chemical analysis methods that are suitable 

and routinely used for PM10 and PM2.5 are, in most cases, not applicable to UFP, where collection and 

chemical characterisation are severely constrained by the low particle size and mass (Lei et al., 2024; 

Moreno-Ríos et al., 2022). In addition, the dynamic behaviour of UFP including gas particle 

partitioning and the semi-volatile nature of many UFP-bound organics makes separation and collection 

methods prone to sampling artefacts due to adsorption, evaporation, and in-sampler chemical 

transformation (Kristensen et al., 2016; Kuwabara et al., 2016; Subramanian et al., 2004). Consequently, 

there is a need for methods that can (i) collect sufficient UFP mass, (ii) provide precise size segregation 

in the <100 nm range, and (iii) minimise sampling artefacts to preserve the chemical composition. 

Addressing these challenges through the development and validation of a novel and existing 

methodologies for the collection and chemical analysis of UFP is the central objective of this 

dissertation.

Physical properties of UFP

UFP represent the smallest size range of the atmospheric aerosol size spectrum, and differ from fine 

(PM2.5) and coarse (PM10) particles in their behaviour, sources, and potential health impacts 

(Donaldson et al., 2001; Kumar et al., 2014; Kwon et al., 2020; Oberdoerster, 2000; Schraufnagel, 2020).

Although they contribute negligibly to the total particle mass, UFP dominate the PNC in most 

environments (Figure 1) (Donaldson et al., 2001; Hussein et al., 2004; Shi et al., 1999). Their small size 

promotes high Brownian diffusivity, which leads to short atmospheric lifetimes due to coagulation with 

larger particles or deposition, including onto the human respiratory tract (Hinds & Zhu, 2022; Seinfeld 

et al., 1998). This size-metric mismatch explains why mass-based indicators underrepresent their

relevance for exposure and processes (Kumar et al., 2014). The distinct physical behaviour of UFP is 

primarily governed by their small size. Furthermore, because the diameters of UFP are similar to the 

mean free path of air molecules (~60 70 nm), gas particle interactions occur in the transition between 

continuum and molecular regimes. At this scale, air slip at the particle surface reduces drag and makes 

mass and heat transfer less efficient, as the air no longer behaves as a continuous medium. As a result, 

UFP have low inertia and closely follow airflow, making inertial impaction unlikely, while diffusion

becomes more important. Their transport and condensational growth occur in the transition regime and 

therefore require non-continuum (slip-flow) corrections (Cunningham, 1910; Hinds & Zhu, 2022; 

Kulkarni et al., 2011; Seinfeld et al., 1998).

Another distinct physical characteristic of UFP is their high surface-area-to-mass ratio, which is several 

orders of magnitude greater than that of micrometre-sized particles. This enhances gas-particle 
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interactions, accelerates heterogeneous surface reactions, and increases toxicological potential through 

intensified interactions with biological tissues (Kwon et al., 2020; N. Li et al., 2003; Schmid & Stoeger, 

2016). Over the highly curved surface of UFP, the Kelvin effect raises the equilibrium vapour pressure.

Consequently, the condensation of semi-volatile species is inhibited and the growth through the uptake 

of low-volatility compounds is favoured (Kousaka et al., 1985; B. Y. H. Liu et al., 1984; Patoulias & 

Pandis, 2022). As condensation proceeds, UFP often transition from externally mixed to internally 

mixed (core shell) morphologies, such as organic or sulfate coatings on soot cores, which in turn 

influence their optical properties, hygroscopicity, and chemical reactivity (Patoulias & Pandis, 2022; 

Pöschl, 2005a; Seinfeld & Pandis, 2016).

Figure 1 illustrates why mass-based air quality standards (PM2.5, PM10) fail to reflect the relevance of 

UFP: while their contribution to particle mass concentration (dM/dlog dp) is negligible, they dominate 

in both number concentration (dN/dlog dp) and surface area (dA/dlog dp) due to their distinct physical 

properties.

Figure 1. Schematic comparison of coarse, fine, and ultrafine particle contributions to total aerosol mass, number, and 
surface area for an equal mass of particles. Ultrafine particles contribute negligibly to the total mass but dominate in 
number concentration and surface area. Adapted from Kwon et al., 2020.

Chemical properties and sources of UFP

Chemically, UFP have a diverse composition, comprising both organic and inorganic fractions. Organic 

compounds can account for 20 90 % of the UFP mass, ranging from highly volatile hydrocarbons to 

low-volatility polycyclic aromatic hydrocarbons (PAH) and oxygenated organic species (Jimenez et al., 

2009; Pöschl, 2005). Inorganic components often include sulfates, nitrates, ammonium, and sea salt, 

together contributing 10 50 % of UFP mass in many environments (Cass et al., 2000; Fang et al., 2006; 
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Xiu et al., 2004). Additionally, trace metals such as Fe, Cu, Zn, and Mn can be enriched in UFP, 

particularly in urban air, where they may constitute several percent of particle mass but can dominate in 

toxicological response through redox activity (Fernández-Camacho et al., 2012; Nico et al., 2009; 

Utsunomiya et al., 2004; Waheed et al., 2011). Black carbon (BC) and elemental carbon (EC) constitute 

a further fraction, which typically accounts for 5 30 % of the UFP mass in traffic-influenced 

environments (Riffault et al., 2015). This chemical heterogeneity is highly dynamic, as volatile and 

semi-volatile compounds in UFP can equilibrate rapidly with the surrounding gas phases, while their 

composition is sensitive to atmospheric conditions such as temperature, humidity, and oxidants (Brown, 

2003; Pöschl, 2005). Accordingly, UFP can be emitted from a wide range of anthropogenic and biogenic 

processes, which are categorized as primary or secondary sources. Primary UFP are emitted directly 

into the atmosphere, for example from combustion processes, industrial activities, or mechanical 

abrasion (e.g. brake wear and tyre abrasion). In contrast, secondary UFP form in the atmosphere via new 

particle formation (NPF) from low-volatility vapours such as sulfuric acid with

highly oxygenated organic molecules through photochemical reactions followed by condensational 

growth (Brown, 2003; Donaldson et al., 2001; Kerminen et al., 2018; Y. Li et al., 2020; Lv et al., 2020; 

Moreno-Ríos et al., 2022; Posner & Pandis, 2015; Riffault et al., 2015; Z. B. Wang et al., 2011).

A common pathway is the oxidation of volatile organic compounds (VOC) to yield less volatile 

products, which subsequently condense onto existing particle surfaces or nucleate to form new particles, 

collectively referred to as secondary organic aerosol (SOA) (Chen et al., 2021; Donahue et al., 2006, 

2013; Patoulias et al., 2015). Thus, the accurate chemical characterisation and source apportionment of 

UFP remain challenging, as their composition and mixing state evolve rapidly through condensation, 

coagulation, and heterogeneous chemistry, introducing large uncertainties in determining their chemical 

composition. Addressing these uncertainties requires size-resolved and chemically resolved

measurements with high temporal resolution.

Impact on environmental and human health

Due to their small size, UFP can penetrate deeply into the respiratory tract and translocate across 

epithelial barriers into the bloodstream, from where they are transported to secondary organs such as the 

heart, liver, and brain (Oberdoerster, 2000; Oberdörster et al., 1990, 2005; Schraufnagel, 2020). Their 

large reactive surface and direct interaction with biological tissues induce oxidative stress, 

inflammation, and endothelial dysfunction, which have been linked to respiratory and cardiovascular 

diseases, neurodegenerative disorders, and adverse birth outcomes (Donaldson et al., 2001; Kwon et al., 

2020; N. Li et al., 2003; Schmid & Stoeger, 2016). Besides human health, UFP also pose potential 

ecotoxicological risks: they can deposit onto terrestrial and aquatic surfaces, where they can interact 
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with microorganisms, biofilms, and aquatic organisms, potentially disrupting their enzymatic activity, 

nutrient cycling, and trophic transfer (Handy et al., 2008; Holzer et al., 2022).

In the atmosphere, UFP influence climate-relevant processes by acting as cloud condensation nuclei 

(CCN) or ice-nucleating particles (INP), thereby affecting cloud microphysics, albedo, and precipitation 

efficiency (Kerminen et al., 2018; Shrivastava et al., 2024; Sun et al., 2024). Moreover, the strong size 

dependence of their optical properties enables UFP to scatter and absorb solar radiation, modifying the 

atmospheric radiation budget (Fatima et al., 2011; Kazil et al., 2010; Makkonen et al., 2012; Sun et al., 

2024; M. Wang & Penner, 2009). Consequently, UFP represent a critical pollutant linking air quality, 

human health, ecosystem integrity, and climate regulation.

Challenges for measurement and analysis

Their physicochemical properties not only determine the environmental fate of UFP but also complicate 

their accurate measurement, chemical characterisation, and source attribution. Comprehensive chemical 

characterisation is essential to assess both their causes and impacts. Yet, their diverse sources, rapid 

atmospheric transformation, and short lifetimes lead to pronounced temporal and spatial variability 

. This variability makes particle size 

and chemical composition critical parameters for assessing UFP sources, atmospheric transformation 

processes, and potential adverse effects on health and the environment. At the same time, the properties 

that render UFP environmentally and toxicologically relevant also complicate their accurate sampling 

and analysis .

Consequently, robust UFP measurements demand a combination of complementary methods, including 

continuous particle number monitoring, size-resolved counting, and offline or online chemical analysis, 

each with distinct capabilities and limitations. Importantly, these limitations are not merely technical 

details, as they can systematically bias their results and thereby affect source attribution as well as 

transformation and risk assessments of UFP.

5



2. Synopsis an integrated framework for artefact-aware ultrafine 
particle characterisation

This synopsis links the four manuscripts of this cumulative thesis into a coherent workflow for the 

chemical characterisation of airborne UFP. The central hypothesis is that apparent UFP chemical 

composition is not solely determined by atmospheric processes, but can be substantially influenced by 

methodological decisions in size separation, sampling, and subsequent analysis. Accordingly, the 

overarching objective of this cumulative dissertation is to analyse the chemical composition of airborne 

UFP in a robust and comparable manner by identifying, quantifying, and minimising artefacts during 

UFP separation, collection, and chemical analysis.

The work is structured in four manuscripts; each manuscript addresses one methodological gap on the 

chain from UFP separation through sampling to the chemical analysis and the resulting interpretation 

(Figure 2). 

First (Manuscript I), potential biases originating from size-segregated UFP separation, which can 

already affect the chemical composition of the targeted size fraction, are investigated. Design- and 

operation-related characteristics of cascade impactors are therefore evaluated in order to assess how and 

to what extent they may affect the size-resolved molecular compositions and which compound classes 

are expected to be most susceptible. 

Second (Manuscript II), the focus shifts from biases mostly introduced by physical separation 

methodology to the preservation of the chemical composition during collection. Because reactive 

particle-bound organics can be transform

-driven in-situ reactions while maintaining the particle transmission, so that

differences in marker composition can be attributed to atmospheric variability rather than artefacts that

are introduced during sampling.

Third (Manuscript III), the artefact-aware sampling framework from manuscripts I and II is combined 

with subsequent molecular analysis that provides sufficient sensitivity and chemical resolution despite 

inherently low UFP mass. A non-target approach is applied to derive molecular fingerprints of ambient 

UFP beyond a set of targeted markers, while targeted quantification is used for quantitative validation. 

Finally (Manuscript IV), the outcomes of the manuscripts I III are transferred to an applied source-to-

atmosphere context with a focus on UFP-relevant markers. Targeted chemical analysis is performed

across multiple sample types, which range from reference material through emissions to ambient UFP 

and deposition, to evaluate how systematic compositional shifts arise along the emission pathway and 

how emission and atmospheric processes affect the chemical transformation of marker compounds. 
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Taken together, each manuscript reduces a distinct source of uncertainty in UFP chemical 

characterisation, spanning physical separation biases through to transformation-aware source and 

process interpretation.

Figure 2. Synopsis linking the four manuscripts: (1) quantification of design-dependent biases in size-resolved UFP 

-induced artefacts during UFP sampling (Manuscript II), (3) non-target 

GC×GC analysis to resolve ambient UFP molecular fingerprints (Manuscript III), and (4) organic marker-based source 

and process analysis across the source-to-atmosphere continuum (Manuscript IV). The goal of each step is indicated 

within the corresponding manuscript panel.

2.1 Artefact-aware size-segregated sampling of UFP

Methods to measure UFP require novel or modified methodologies that are distinct from those applied 

to larger PM, mainly due to their low mass and dynamic transport behaviour. Approaches generally fall 

into three categories: physical characterisation (size and number), online chemical characterisation, and 

offline chemical characterisation via prior collection. As detailed above, the regulatory focus on PNC 

necessitates sensitive instruments for counting, while the chemical characterisation requires analytical 

techniques that can overcome the challenge of low mass and sampling methods that minimise sampling 

artefacts.
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Number-size characterisation

The quantification of the PNC is a fundamental metric in UFP characterisation, as UFP dominate number 

concentrations. PNC is typically measured with condensation particle counters (CPCs). CPCs first grow 

particles to optically detectable sizes via supersaturation with a working fluid such as butanol and 

subsequently count them (Brown, 2003; Giechaskiel & Melas, 2022; Hinds & Zhu, 2022;Aitken, 1889; 

McMurry, 2000). The upcoming European standard for UFP monitoring (CEN prEN 16976) defines 

CPC-based PNC measurements as the reference method (CEN, 2023). CPCs are highly sensitive and

can detect particles as small as 7

research applications and can reach lower cut-off diameters of approximately 2.5 3 nm. While CPCs 

provide total particle number concentrations, they provide no size-resolved information (Asbach et al., 

2017; Giechaskiel & Melas, 2022; Kumar et al., 2016; Matson et al., 2004; Tuch et al., 2016;Singh & 

Kuang, 2024; Stolzenburg & McMurry, 1991).

For resolving the particle number size distribution (PNSD), scanning mobility particle sizers (SMPS), 

also referred to as mobility particle size spectrometers (MPSS), are deployed (Kumar et al., 2016; 

Wiedensohler et al., 2012). These instruments classify particles by their electrical mobility using a 

differential mobility analyser (DMA), followed by counting with a CPC. SMPS systems provide high-

eric research, 

supported by standardized operating protocols (CEN, 2020). However, SMPS instruments require scan 

times of several minutes and corrections for multiple charging and diffusion losses, particularly at the 

ultrafine end of the spectrum (Kulkarni et al., 2011; Kumar et al., 2016; Wiedensohler et al., 2012).

For applications requiring high temporal resolution, such as measuring traffic plumes or laboratory 

chamber studies, fast mobility spectrometers (e.g., the DMS500) can provide a full PNSD at up to 10 

Hz using unipolar corona charging and multiple electrometer channels (Bergmann et al., 2007; Kumar 

et al., 2009; Symonds et al., 2007). While these instruments enable rapid PNSD characterisation for 

highly dynamic particles and are widely applied in vehicle exhaust studies, they typically exhibit higher 

detection limits and lower sizing resolution compared to SMPS (Kumar et al., 2009; Ristimäki et al., 

2002).

While number size instrumentation is increasingly standardized, chemically resolved information for 

UFP remains limited by low mass and sampling artefacts, motivating offline size-segregated collection.

Sampling of UFP

UFP originate from diverse sources and additionally can undergo rapid chemical transformations during 

their atmospheric lifetime. Thus, their composition is variable but also provides insight into their 

sources, reactivity, and health relevance. Online and semi-online techniques can therefore provide near-
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real-time chemical data. Yet, most of these techniques have intrinsic limitations for particles with 

diameters below 100 nm. The aerosol mass spectrometer (AMS) quantifies species that evaporate 

rapidly at 600 °C under vacuum conditions with high temporal and size resolution (Canagaratna et al., 

2007; DeCarlo et al., 2006). However, its inbuilt aerodynamic lens only transmits particles larger than

~50 70 nm. For smaller particles, the transmission efficiency rapidly drops, which results in an 

underrepresentation of the nucleation-mode (P. S. K. Liu et al., 2007). The soot-particle AMS (SP-

AMS) extends this capability to refractory Black Carbon (BC) (Onasch et al., 2012), but still suffers 

from transmission losses for small particles. Single-particle mass spectrometers such as ATOFMS, 

PALMS, or RSMS-II provide online information on particle composition and mixing state (Gard et al., 

1997; Mallina et al., 2000; Murphy & Thomson, 1997b, 1997a). Nevertheless, the combination of 

minimal light scattering and low ionisation efficiency for extremely small particles also results in a 

decline in detection efficiency below ~70 80 nm. By contrast, RSMS-II can in principle assess particles 

down to ~15 nm, but at the cost of very low detection efficiency and strong composition biases (Kane 

& Johnston, 2000; Middlebrook et al., 2003).

Semi-continuous systems such as the particle-into-liquid sampler (PILS) or the Monitor for Aerosols

and Gases in Ambient Air (MARGA) enable near-real-time quantification of water-soluble ions (Orsini 

et al., 2003; Rumsey et al., 2014; Weber et al., 2001). In the PILS, the sample flow is mixed with water-

saturated air to create supersaturation so that particles grow into droplets and are inertially impacted into 

a continuously flowing aqueous stream, which is then analysed by ion chromatography or total organic 

carbon; because the PILS has no intrinsic size resolution, it relies on an upstream classifier such as an 

impactor or mobility selector to target the UFP fraction (Orsini et al., 2003; Weber et al., 2001). The 

-

jet aerosol collector that dissolves particle-bound ions into separate liquid channels, followed by online 

anion and cation ion chromatography with hourly time resolution. Like the PILS, it measures size-

integrated aerosol behind the inlet and therefore depends on pre-classification to isolate UFP (Rumsey 

et al., 2014). However, their detection limits, typically on the order of 0.05

above the range of mass concentrations of UFP (Sorooshian et al., 2006; Weber et al., 2001).

Size-segregated sampling by impaction

In practice, online and semi-online techniques provide valuable information for accumulation-mode 

particles but offer incomplete coverage of the physicochemical composition of UFP. Consequently, 

detailed chemical characterisation of UFP still relies on offline analysis following size-segregated 

sampling, most commonly achieved with impactors.

Impactors allow for separation of particles in air samples based on their aerodynamic diameter (da). The 

physical separation of particles within an impactor
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relatively smaller particles to follow the airflow when it bends sharply, e.g. when forced through nozzles, 

orifices, or slits. For predicting particle impaction, the dimensionless Stokes number (Stk) can be used

to describe the ratio of particle response time to the transit time of the airflow (Kulkarni et al., 2011):

 (1)

Where is the particle density, Cc represents the Cunningham slip correction factor, dp is the particle 

diameter, U is the average air velocity at the nozzle exit, is the viscosity of the air or gas, and W is the 

diameter of the round nozzles or slit width. Particles with a Stokes number significantly greater than 1 

are likely to impact on the collection surfaces due to their inability to follow the rapidly changing 

direction of the air streams within the impactor. Conversely, particles with lower Stokes numbers remain 

airborne, following the air streamlines through the impactor (Kulkarni et al., 2011).

Upon separation, the particles can be collected on the impaction plates or downstream of the impactor, 

by placing filter substrates. Particles caught in the substrate can be extracted and undergo chemical 

analysis to determine their composition (Canepari et al., 2010; Daher et al., 2011).

To describe the separation and collection efficiency of an impactor, the cut-off diameter dp50 is used. 

This parameter is defined as the aerodynamic particle diameter at which 50 % of particles are collected 

on the impaction plate, while smaller particles are transmitted to subsequent stages. Thus, it characterises 

the effective size threshold of a given impactor stage. The dp50 value depends on the Stokes number 

and is, for a given impactor geometry and flow rate, proportional to the square root of the Stokes number 

(Kulkarni et al., 2011; Marple, 2004).

Cascade impactors 

A stack of impaction and nozzle plate pairs, is a cascade impactor. Within the cascade impactor, the 

nozzles or slits become increasingly smaller, so that the air moves progressively faster through these 

orifices. As the aerosol flows through, particles with sufficiently high inertia (large Stokes number) 

cannot follow the streamlines and impact onto the impaction plates. Progressively smaller particles stay 

with the air flow to reach later stages. In this way, particles are size-segregated by aerodynamic diameter. 

The final stage and filter can collect the particle fraction that penetrates the upper stages (Figure 3).

The journey of cascade impactors began in 1860 when researchers aimed to collect and study airborne 

particles for the first time to understand their relationship with diseases (Marple, 2004). Later, from 

1920 to 1945, impactors were refined for studying industrial aerosols in mine environments, shifting the 

focus to the quantification of particle concentrations. In 1945, the May cascade impactor provided 

insights into particle size distribution and concentration (May, 1945), which was spurred by military

10



studies on chemical dispersion. Post-1945, numerous impactor designs proliferated, with many being 

variations of the original May cascade impactor. Theoretical analyses and computational methods from 

1970 onwards revolutionized the understanding of impactors' fluid and particle dynamics, enabling 

precise size classification. In the mid-20th century, further progress was made by pushing cut-off sizes 

to sub-µm ranges (Berner et al., 1979; Brink, 1958; Mitchell & Pilcher, 1959). One example is the 

Berner 

stage through an ingenious pressure drop mechanism. This concept evolved with the electrical low-

pressure impactor (ELPI), which harnessed low pressure to achieve even smaller particle cut sizes and 

introduced electrometer-based charged particle detection with a potential for real-time data acquisition 

(Keskinen et al., 1992; Marjamäki et al., 2000). Another approach for ultrafine cut-off sizes uses small 

nozzles, such as implemented for the micro-orifice uniform deposit impactor (MOUDI) which is capable 

(Marple et al., 1991). Finally, miniaturized impactors were 

developed to study personal exposure, such as the Personal Nanoparticle Sampler (PENS) (Tsai et al., 

2012). This summary is not intended to be comprehensive, but to illustrate key milestones leading to 

UFP-capable impactor designs.

Figure 3. (A) Schematic cross section of a multi-stage cascade impactor with the aerosol inlet, sequential impaction 

stages with collection plates, and the downstream backup filter. (B) Principle of inertial impaction. The particle 

transporting jet accelerates through a nozzle, and the trajectory of particles depends on their inertia. Larger particles 

cannot follow the sharp bend of the streamline and impact on the impaction plate, whereas smaller particles follow the 

gas streamlines and pass to the next stage. Adapted from (Knap et al., 2023).

The low mass of UFP poses a challenge to their collection, and separation from the atmosphere using 

cascade impactors. Unlike PM2.5 and PM10, this low mass renders gravimetry and mass-based 

chemical analysis difficult. In particular, the following factors affect UFP collection with cascade 

impactors:
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The nominal 50 % cut-off diameter (dp50), defined as an aerodynamic diameter, is sensitive to particle 

100 nm) can also shift into the lower accumulation mode. Because of the steep mass increase with 

particle size, even shifts in cut size can therefore bias the collected UFP mass and thus the chemical 

composition with larger particles (Huang, 2005; Kulkarni et al., 2011). In addition, aerosols in the 

impactor are subject to internal losses, with coarser particles lost by inertial deposition and finer particles 

by diffusional wall losses (C.-N. Liu et al., 2013; Newton et al., 1977). Following impaction, particle 

bounce and re-entrainment may fragment larger particles into apparent UFP. Additionally, semi-volatile 

particle-bound compounds can evaporate from deposited material under reduced pressure and 

continuous flow within the impactor, thereby altering both the apparent mass and composition of UFP 

(Dunbar et al., 2005; Dzubay et al., 1976; Cornette et al., 2023; Yao et al., 2022).

Consequently, the observed mass and chemical composition of impactor UFP samples is not solely the 

result of source contribution and atmospheric transport and transformation. It is also influenced by the 

choice of impactor. However, impactor-based size segregation of UFP remains a standard method for 

offline UFP chemical characterisation. A central methodological gap is that impactor-induced biases 

are rarely quantified in a way that allows robust cross-study comparison of UFP mass and 

composition. 

Manuscript I addresses this gap by comprehensively evaluating four UFP-capable cascade 

impactors under controlled laboratory conditions with different generated aerosols, as well as in 

a side-by-side field deployment. The study quantifies pressure drop, cut-off behaviour, transmission 

losses, particle bounce and transmitted particle mass, and links these physical metrics to differences in 

UFP-resolved mass concentrations of six organic compounds analysed by HPLC-MS/FLD. Manuscript 

I describes systematic, design-dependent biases and provides a quantitative basis for interpreting and 

comparing UFP datasets obtained with different impactor types.

The comparison reveals that UFP-resolved mass and marker concentrations can differ substantially 

between impactors despite similar nominal cut-offs. This is mainly attributable to impactor-specific 

differences in cut-off behaviour, pressure drop, internal losses, and bounce, which are design-dependent. 

The concentrations of UFP-bound semi-volatile organic compounds are most affected by these 

differences, consistent with evaporative losses at higher pressure drops and altered collection/re-

entrainment behaviour. Overall, the manuscript delivers bias metrics that aim to improve cross-study 

comparability and to raise awareness of the importance of impactor selection and operation for UFP 

chemistry. In summary, impactor-based size segregation remains indispensable for offline UFP 

chemistry, but the recovered UFP composition can be systematically shaped by impactor-dependent 

physical artefacts. After analysing and minimising impactor related artefacts, oxidant-driven in-situ 

reactions during the UFP sampling process, remain a source of uncertainty, motivating upstream ozone 

removal strategies (Section 2.2 / Manuscript II).
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2.2 In-situ oxidation artefacts and ozone removal in UFP sampling 

Ongoing in-situ reactions during collection can change the chemical composition even when size-

resolved UFP sampling with cascade impactors is optimised to minimise artefacts. Specifically, during 

sampling time, particle-bound compounds that have already been deposited on the sampling substrate 

may react with atmospheric oxidant ozone (O3). Consequently, this in-situ oxidation can cause an 

underestimation of the parent compounds and an overestimation of their oxidation products (Berberler 

.

such as PAH or certain rubber additives 

like N-(1,3-dimethylbutyl)- -phenyl-p-phenylenediamine (6PPD) (Rossomme et al., 2023). In order to 

ensure that subsequent chemical analyses of UFP accurately reflect the ambient composition at the time 

of sampling, it is crucial to reduce biases caused by O3.

To mitigate on-

denuder materials, however, rely on distinct scrubbing mechanisms, each with specific advantages and 

toichiometric redox reactions but can 

release reactive iodine species that may cause secondary artefacts (Albinet et al., 2010; Williams & 

Grosjean, 1990)

However, the effectiveness and selectivity of this denuder material strongly depends on operational 

conditions such as humidity, which can reduce efficiency and promote side reactions (Y. Liu et al., 

2006). Activated-carbon-based denuders, including carbonaceous monoliths, r

but are non-selective and may scavenge other gaseous or semi-volatile species 

Williams & Grosjean, 1990)

via conversion to inert sulfate thus avoiding the generation of reactive 

by-products (Ernle et al., 2023).

These denuder materials can be used in various geometries for different applications. For example, 

annular denuders offer a high surface area to volume ratio and can handle comparatively high flow rates 

(Sekiguchi et al., 2009), whereas honeycomb/monolith denuders combine a large surface area with low 

pressure drop (Kohlmeier et al., 2018; Poon et al., 1994; Sioutas et al., 1994). Cartridge-style 

impregnated denuders are easy to replace but can add flow resistance and particle losses, and are 

therefore more common for gas-phase sampling than for UFP chemistry .

ns, sampling flow rates, or relative 

humidity can affect the scrubbing efficiency and/or the lifetime of the coating (e.g., Albinet et al., 2010; 

Duong et al., 2019; Ho et al., 2013; Parmar & Grosjean, 1990). Regular maintenance or replacement is 

therefo (Albinet et al., 2010; Garcia-Fouqué et al., 1999).
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Selecting a suitable denuder material and sampling configuration requires balancing

efficiency, its chemical selectivity, flow adjustment, and the risk of introducing additional unintended 

interferences (e.g., Garcia-Fouqué et al., 1999; Sekiguchi et al., 2009).

To obtain representative UFP chemical measurements, the selection of an ozone denuder upstream of 

the collection substrate is critical (Tsapakis & Stephanou, 2003). Because UFP combine a 

disproportionately large surface area and small particle mass, they are particularly susceptible to surface 

oxidation reactions (Hinds & Zhu, 2022; Kwon et al., 2020; Pöschl, 2005; Schmid & Stoeger, 2016). 

Even minor oxidative reactions can result in relatively large concentration biases, affecting both source 

apportionment (Hopke et al., 2022) and toxicological assessment (Oberdörster et al., 2005; Z. Tian et 

al., 2021). A major limitation of cu

achieved at the expense of selectivity, increasing the likelihood of sampling artefacts, for example, 

through the distortion of the gas-particle partitioning and/or particle losses. Because offline chemical 

characterisation of UFP is inherently mass- -induced chemical reactions during 

UFP collection can disproportionately distort the recovered molecular composition. This leaves a 

methodological gap: a selective ozone-removal method that is UFP-compatible, field-deployable 

over the sampling durations required to accumulate sufficient UFP mass for offline analysis, and 

demonstrably does not affect particle number size distributions and gas particle partitioning.

Manuscript II addresses this gap by presenting a sodium-thiosulfate coated ceramic ozone 

denuder (TSOD) for UFP sampling. This denuder is evaluated for its -removal efficiency, particle 

losses and selectivity under controlled laboratory conditions. Furthermore, the denuder is used in a dual-

channel approach in a field experiment to quantify in-situ -induced artefacts in various UFP-bound 

organic compounds. This demonstrates affecting particle 

number or semi-volatile partitioning. It is demonstrated that the sodium-thiosulfate coated denuder 

removes ozone efficiently while introducing negligible particle losses across the UFP size range under 

relevant operating conditions. In dual-channel field deployment, the denuded line yields higher 

concentrations of ozone-sensitive parent compounds and lower levels of corresponding oxidation 

products, directly quantifying the magnitude of in-

establishes a field-ready mitigation strategy that preserves reactive organic signals without introducing 

measurable distortions of particle number or partitioning. The dual-channel setup also delivers a 

practical approach to quantify ozone-driven reactions of UFP-bound organic compounds under realistic 

sampling conditions.

Notably, precise chemical characterisation of UFP is still inherently difficult, even when sampling- and 

ozone-induced artefacts are reduced. Primary reasons are the low mass and chemical heterogeneity of 

UFP. Thus, there is a need for sophisticated, comprehensive analytical techniques that can resolve 

UFPs' molecular composition. 
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2.3 Molecular analysis of UFP

The chemical characterisation of UFP requires analytical approaches that can, on the one hand, resolve 

their molecular composition and, on the other hand, cope with their extremely low particle mass. 

Subsequent offline analysis following size-segregated sampling therefore remains indispensable for 

obtaining compositional UFP data. In this approach, UFP are first collected on suitable substrates, the 

choice of which depends on the targeted analytes, the subsequent analytical method, and the need to 

minimise artefacts such as adsorption, volatilisation, or chemical reactions with the substrate. 

Commonly used filter substrates include pre-baked QFF, PTFE membranes, aluminium foils, and 

polycarbonate filters (Lin et al., 2007; Perrino et al., 2013; Ungeheuer et al., 2021).

Once UFP are deposited on a chosen substrate, several approaches provide direct information on their 

composition and morphology. Thermal optical analysis yields information on bulk elemental and 

organic carbon (EC/OC) fractions (K. H. Kim et al., 2011; Kudo et al., 2012), while scanning and 

transmission electron microscopy (SEM/TEM) combined with energy-dispersive X-ray spectroscopy 

(EDX) deliver morphological and elemental information at the single-particle level (Lü et al., 2012; 

Mäkelä et al., 2002; Tumolva et al., 2010; Y. Wang et al., 2019). Most mass-based chemical analyses, 

including elemental, ionic, and organic analysis, require particle-bound compounds to be transferred 

from the sampling substrate into a suitable liquid or gaseous phase. The corresponding extraction 

strategies are therefore a critical step and are discussed in the following section.

Extraction

Beyond direct characterisation, particle-bound analytes often need to be transferred from the sampling 

substrate into a form which is suitable for the distinct chemical analysis. For targeted organic analytes 

in UFP, solvent-based extraction methods are commonly used. Depending on the volatility and the 

polarity of the compounds of interest, solvents which differ in polarity are often used in sequential 

polarity-increasing schemes, to extract both non-polar tracers (e.g., PAH, hopanes) and more polar 

species (e.g., oxygenated aromatics, nitrophenols) (e.g. (Chow & Watson, 2007; Ungeheuer et al., 2021; 

Vaze et al., 2024; Zhai et al., 2016). For water-soluble compounds, aqueous extractions are applied 

followed by ion chromatography (IC) for inorganic ions such as sulfate, nitrate, and ammonium, or total 

organic carbon (TOC) analysis for water-soluble organic carbon (WSOC) (e.g., Chow & Watson, 2007; 

Lin et al., 2007; C. Ning et al., 2024)

Thermal desorption (TD) techniques provide a solvent-free alternative. TD volatilises organic 

compounds from the substrate under controlled heating into an inert carrier gas. This enables the direct 

introduction of the analyte compounds to gas chromatographic analysers. While TD preserves thermally 

stable semi-volatile compounds 
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et al., 2003), Pyrolysis (Py) uses higher temperatures to thermally decompose non-volatile matrices into 

identifiable fragments (Fushimi et al., 2007; Reichel et al., 2020; Streibel et al., 2006). In contrast, 

headspace analysis targets volatile and semi-volatile compounds which are emitted from the sample into 

an enclosed vial. Analytes can be enriched, for example by solid-phase microextraction (SPME) fibres

and subsequently analysed directly (Khanal & Shooter, 2004; Naing & Lee, 2020; Savareear et al., 

2017).

Chemical analysis

Following the extraction of the UFP samples, there is a broad range of chromatographic and 

spectrometric techniques to resolve the mass-based molecular composition. Thereby, one of the largest 

challenges remains the low mass of UFP, which often approaches or falls below the Limit of Detection 

(LOD) of the instruments.

High-performance liquid chromatography (HPLC) coupled with ultraviolet (UV)/visible diode-array 

detection (DAD) or fluorescence detection (FLD) is a well-established technique to sensitively and 

selectively quantify particle-bound PAH (Bacaloni et al., 2004; Eiguren-Fernandez et al., 2013; Liaud 

et al., 2015). Coupling HPLC to tandem mass spectrometry (HPLC MS/MS), frequently using 

electrospray ionisation (ESI), extends the analysis to polar and high molecular weight organic 

compounds. UFP studies utilizing HPLC MS/MS quantify, among others, PAH, nitroaromatic 

compounds, anhydrosugars, and jet-oil markers (Feltracco et al., 2018; Schneider et al., 2022; 

Ungeheuer et al., 2021; Yassine et al., 2020).

Gas chromatography (GC), typically coupled to FID (Flame Ionisation Detector) or MS, is often applied 

to analyse volatile to semi-volatile, non-polar compounds (Fushimi et al., 2007; Hays et al., 2003; 

Rissanen et al., 2006; M. Wang et al., 2019). UFP studies have applied GC-MS to quantify n-alkanes 

(C18 C33), hopanes and steranes (lubricating-oil tracers), and 2 6-ring PAH (Fushimi et al., 2007, 

2019; Lai et al., 2013; Phuleria et al., 2007; Riddle et al., 2007). However, conventional one-dimensional 

(1D) GC often suffers from co-elution when it is applied to complex UFP samples which often contain 

several structurally related hydrocarbons from mixed sources (Hamilton, 2010; Hamilton et al., 2004; 

Worton et al., 2012). Comprehensive two-dimensional (2D) gas chromatography (GC×GC) addresses 

this limitation. Thereby, two orthogonal separation mechanisms are combined, typically volatility in the 

first dimension and polarity in the second (Figure 4). Thus, an increase in the peak capacity is achieved, 

at the same time co-elution is reduced. In this manner, the resolution of up to thousands of individual 

compounds is enabled (Alam et al., 2024; Worton et al., 2012). Early applications of direct TD-GC×GC-

TOFMS resolved over 10 000 organic (Hamilton et 

al., 2004). Following studies have highlighted the use of this technique for both source apportionment 

and non-target analysis (Alam et al., 2024; Booyens et al., 2015; Kallio et al., 2006). The resulting 
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chromatographic patterns reveal molecular 

fingerprints that are indicative of specific 

emission sources and atmospheric ageing 

processes (Ruiz-Jiménez et al., 2011).

Within this methodological framework, 

Manuscript III deploys TD-GC×GC-TOFMS

analysis to derive interpretable ambient 

molecular fingerprints of UFP. Applying the 

modified and novel UFP sampling method and oxidant-mitigation strategy established in Manuscripts I

and II, Manuscript III demonstrates that GC×GC fingerprint patterns in ambient UFP change across 

seasons and during pollution episodes. These shifts are overlapping with evolving source mixtures and 

atmospheric processing, rather than being attributable to analytical variability. To ensure compatibility 

with established analytical standard methods, Manuscript III compares TD-GC×GC-TOFMS based 

PAH quantification against HPLC-FLD. The agreement confirms that the method reproduces targeted 

results, while the GC×GC provides additional compound-class resolution and pattern-based molecular 

fingerprints.

Targeted chemical analysis

Non-target chemical analysis is valuable for separating complex mixtures in UFP samples and detecting 

pattern shifts. However, these patterns become actionable only when they can be linked to quantifiable 

concentrations of compounds that connect the aerosol composition to emission sources and processing 

pathways (Cass, 1998; Schauer et al., 1999). Accordingly, marker-based analytical methods were 

developed to link the chemical composition to source- and process-specific information. In the early 

1990s the concept of organic marker compounds was first established from GC-based analysis of 

emissions and ambient PM (Hildemann et al., 1991; Rogge et al., 1993; Schauer et al., 1999). In 1998, 

Cass set up a framework for this concept, emphasizing that markers are most useful when they are (i) 

sufficiently source-specific, (ii) emitted in reasonably stable and reproducible concentrations within a 

source class, (iii) detectable at ambient concentrations, and (iv) either inert in the atmosphere or at least 

their transformation pathways are understood well enough for reasonable interpretation (Cass, 1998; 

Simoneit, 2002).

For UFP, chemical analysis is limited by their low mass, as well as by measurement artefacts and 

interference. Thus, the concept of marker compounds, which provide quantifiable indicators, is 

especially compelling. providing a high information-per-mass approach (Cass, 1998; Simoneit, 2002; 

Figure 4. Schematic representation of comprehensive two-
dimensional gas chromatography coupled to a detector,
illustrating orthogonal separation in two capillary columns 
followed by detection. Adapted from (P. Zhang et al., 2023).
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Ungeheuer et al., 2021). Prominent examples of organic marker compounds which are applied in aerosol 

research include several marker groups that link the composition of UFP to sources and atmospheric 

pathways. For example, PAH are commonly analysed as indicators for combustion processes. In size-

segregated near-road studies, their observed concentration and composition vary systematically with 

traffic and roadway setting (X. Li et al., 2021; S. Tian et al., 2024). A complementary, more source-

constrained traffic marker is represented by hopanes and steranes, which originate from petroleum-

derived lubricating oil and are observable in vehicle-exhaust-related particulate matter. These markers 

have been detected in airborne fine and ultrafine samples in roadside and tunnel environments (F. Li, 

2018; Z. Ning et al., 2007; Shirmohammadi et al., 2016; Xue et al., 2022). n-Alkanes, and more 

specifically their carbon-number patterns, can reflect mixed fossil and wax-like additives, although they 

are typically interpreted within a broader marker set rather than as unique marker compounds (Nikolova 

et al., 2018; Z. Ning et al., 2007). Beyond fossil- and combustion-related markers, levoglucosan is 

widely used to trace and quantify the influence of biomass burning, as it is produced during cellulose 

pyrolysis and is commonly observed in wood-smoke-impacted atmospheric particles (Bhattarai et al., 

2019; Corsini et al., 2017; Müller et al., 2012; Simoneit et al., 1999). Finally, to trace atmospheric 

transformation pathways from fresh biogenic emissions to atmospherically processed aerosol, organic 

acids (including dicarboxylic acids and related oxygenated products) serve as organic markers for 

secondary aerosol formation and ageing, with size-dependent behaviour in submicron aerosols

(Deshmukh et al., 2016; Kawamura & Bikkina, 2016; G. Wang et al., 2012). Well-established organic 

marker compounds (e.g., PAH, hopanes/steranes) were introduced due to the dominance of exhaust-

related emissions of traffic signatures. Since tailpipe emissions have been reduced, non-exhaust traffic 

emissions (brake/tyre wear, road abrasion, resuspension) have become increasingly important (Fussell 

et al., 2022; Wei & Kumar, 2025). Historically, non-exhaust contributions were tracked mainly with 

metals (e.g., Cu/Fe/Sb for brake wear, Zn for tyre-related material), but these tracers can be confounded 

by mixed sources (especially resuspended road dust) and they provide limited access to the organic 

fraction and its transformation chemistry (Baensch-Baltruschat et al., 2020; Gietl et al., 2010; Klöckner 

et al., 2019; Thorpe & Harrison, 2008).

This has motivated a complementary targeted approach that searches for tyre-/rubber-associated organic 

markers, initially exemplified by traffic-influenced detections of benzothiazoles, and more recently 

expanded toward additive-derived compound classes such as substituted p-phenylenediamines (PPDs), 

guanidines (e.g., 1,3-diphenylguanidine (DPG)), and related transformation products (Avagyan et al., 

2014; W. Wang et al., 2022).
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2.4 Tyre and road wear particles and their organic markers 

Recently, non-exhaust traffic emissions have gained attention as an increasingly important source of 

atmospheric UFP (Amato et al., 2014; Fussell et al., 2022; Guo et al., 2021). Their relevance is further 

appreciated by emerging regulatory action: the forthcoming Euro 7 standards will set legal limits for 

non-exhaust particulate emissions. Euro 7 will enter application in 2026 with limits for brake wear, 

followed by tyre abrasion limits starting in July 2028 (Giechaskiel, Grigoratos, Dilara, et al., 2024).

Initially, these limits will regulate the emissions based on mass. This contrasts with recent studies which 

showed that tyre and road wear particles (TRWP) also contribute to the ultrafine fraction. Within this 

range, the high PNC, small size, and chemical composition of ultrafine TRWP raise concerns for human 

and environmental impacts (Baensch-Baltruschat et al., 2020; Grigoratos & Martini, 2014; Kole et al., 

2017; Wagner et al., 2018).

Emission process

TRWP are primarily generated through mechanical abrasion of the tyre tread on the road surface, but 

thermal and oxidative degradation of tyre compounds during driving also contribute (De Oliveira et al., 

2024; Gieré & Dietze, 2022; Kreider et al., 2010; Truong et al., 2025). Field and modelling studies 

estimate that the majority of TRWP by mass is deposited within a few meters from the road or transferred 

into adjacent soils and sediments (De Oliveira et al., 2024; Klöckner et al., 2020; Kunze et al., 2022; 

Mian et al., 2022; H. Wang et al., 2023). As a result, road runoff has been identified as a major transport 

pathway for TRWP into aquatic systems. This way, they are also carried into stormwaters and receiving 

rivers (Goehler et al., 2022; K. Li et al., 2023; McCarty et al., 2023; Tamis et al., 2021; Wik et al., 2008).

Nevertheless, a fraction of TRWP remains airborne and contributes to the atmospheric particle burden.

Most airborne TRWP mass is found in the coarse and fine size fractions. However, by number, 

laboratory and on-road studies have consistently reported that > 90 % of emitted tyre-related particles 

are smaller than 100 nm (Bondorf et al., 2025; Dahl et al., 2006; Haugen et al., 2024; Kreider et al., 

2010; Löber et al., 2024; Mathissen et al., 2011). These UFP often result from high-energy processes at 

the tyre-road interface (Chang et al., 2020; Foitzik et al., 2018; G. Kim & Lee, 2018; Mathissen et al., 

2011). Reported emission rates for tyre-derived UFP are on the order of 1010 1012

5 % of the total TRWP mass (Dahl et al., 2006; Giechaskiel, 

Grigoratos, Mathissen, et al., 2024; Khardi, 2024; Mathissen et al., 2011).
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Chemical composition

Chemically, TRWP are heterogeneous mixtures of tyre- and road-derived material. The formulation of 

tyre rubber generally consists of 40 60 % natural and/or synthetic elastomers and 20 25 % reinforcing 

fillers such as carbon black or silica. Additionally, variable amounts of softeners, vulcanisation agents, 

and other additives are incorporated during production, while heat and friction during driving further 

alter the chemical composition of tyre surfaces and emitted particles (Müller et al., 2025; Wagner et al., 

2018; Wik & Dave, 2009). The bulk elemental TRWP composition is dominated by carbon, hydrogen, 

sulfur, and zinc. Unfortunately, the ubiquitous occurrence of elements like zinc in the environment 

hinders their source-specific use as markers. Therefore, research has increasingly focused on organic 

trace markers for tyres. Among them para-phenylenediamine (PPD) antioxidants, vulcanisation

accelerators (e.g., DPG), and benzothiazoles have gained attention (Klöckner et al., 2019, 2021; Kreider 

et al., 2010). In particular, N-(1,3-dimethylbutyl)- -phenyl-p-phenylenediamine (6PPD) is widely used 

in tyre formulations and has emerg

oxidised to form quinones. Consequently, the oxidation product 6PPD-quinone (6PPDq) has emerged 

as both a marker of atmospheric transformation and a compound with ecotoxicological relevance (Jiang 

et al., 2024; Johannessen et al., 2022; Z. Tian et al., 2021; Y. Zhang et al., 2024). At the same time, 

abrasion processes and atmospheric transformations alter the tyre-related marker composition, which in 

turn also alters source profiles and complicates the direct attribution of TRWP.

Environmental occurrence

Various field studies show that tyre-related marker profiles vary strongly with environmental conditions,

as reported by laboratory abrasion studies as well as field samples. The studies find order-of-magnitude 

shifts in parent-PPD:quinone ratios, depending on tyre composition, driving conditions, and oxidant 

levels (Kreider et al., 2010; Mattonai et al., 2022; Rauert et al., 2022; Y. Zhang et al., 2024). This 

heterogeneity complicates the quantitative use of markers for direct source apportionment. Reported 

concentrations of TRWP demonstrate their widespread environmental presence across multiple 

matrices. They were quantified in northern Atlantic marine air (Goßmann et al., 2023) and identified as 

a dominant nanoplastic fraction in high-Alpine glacier snow (Jurkschat et al., 2025), suggesting the 

potential for long-range atmospheric transport. 

Taken together, current studies (i) show high tyre- and road-wear derived emissions by number, in the 

UFP range, (ii) report concentrations of tyre related organic marker compounds in PM2.5 from to ng 

TRWP. 
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Organic tyre-additive markers are therefore increasingly used to analyse and quantify non-exhaust 

emissions, but their robust application as tracers for source apportionment remains challenging. 

Abrasion processes and atmospheric ageing can influence both the absolute concentrations and the 

patterns of chemical markers. Not only are transformation products themselves environmentally 

relevant, they also undermine simple source-to-concentration back-calculations based on marker 

composition. A key knowledge gap concerns how the composition of organic tyre-wear marker 

compounds evolves coherently across the full source-to-atmosphere continuum.

Manuscript IV addresses this gap by establishing a unified HPLC MS workflow for six widely 

used organic tyre wear markers and applying it on pristine tyre materials, testbed and on-road 

abrasion emissions, ultrafine particles, and monthly resolved total deposition samples. This enables 

the observation of directional shifts in organic marker compositions and how abrasion conditions and 

atmospheric processing jointly influence the composition and thus the interpretability of organic tyre

wear markers in environmental samples. The data show coherent, directional changes in tyre-related 

marker profiles, consistent with progressive transformation along the source-to-atmosphere continuum. 

Parent PPD concentrations decrease while quinone fractions increase, showing that both wear conditions 

and ambient processing shape the marker signature and therefore tracer interpretability. The unified 

HPLC MS approach enables consistent quantification across matrices and highlights that 

parent/product pairs are powerful for tracing, while compositional evolution complicates simple mass 

apportionment based on single markers.
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3. Objectives of this thesis

This thesis aims to analyse the chemical composition of airborne UFP and to elucidate how measurement 

methodology, atmospheric processing, and source-specific emissions collectively influence the 

observed molecular fingerprints. Four specific objectives are pursued, each corresponding to a

manuscript.

Objective I: Characterise and minimise the design-specific biases of cascade impactors when 

sampling UFP for chemical-composition analysis.

UFP impactors vary in cut-off size, internal geometry, substrate materials, and flow conditions, factors 

that influence the collection efficiency of UFP, diffusion and wall losses, and particle bounce. The extent 

to which these design differences affect the chemical composition of the collected UFP remains 

uncertain.

It is expected that design-specific characteristics of different impactors introduce systematic biases in 

size-resolved UFP chemistry that are compound-class-dependent, with the strongest effects expected for 

semi-volatile organics.

Accordingly, the first objective of this thesis is to determine whether UFP samples collected using 

different impactors display significant, systematic differences in size-resolved molecular composition 

(Manuscript I). This objective involves analysing physical impactor characteristics, as well as ambient 

side-by-side sampling of UFP, and performing subsequent chemical analysis to evaluate which 

compound classes (e.g., semiVOC, PAH) are affected and how.

Objective II: Remove ozone from the sampling air to suppress ozone-induced artefacts in UFP 

marker compounds.

O3 present in the sampling stream can react with particle-bound organics during the collection of UFP. 

Thereby, marker concentrations can be artificially affected or unwanted artefact products can be 

generated. 

It is anticipated that upstream O -bound 

marker components that are sensitive to O3 exposure (e.g., PAH and PPD antiozonants), while 

decreasing the concentration of oxidation products, without disturbing UFP number-size distributions

and particle transmission.

Therefore, the second objective of this thesis is the development and evaluation of an upstream ozone-

removal technique for UFP sampling (Manuscript II). A TSOD is designed and tested under controlled 

laboratory and ambient conditions to quantify ozone scrubbing efficiency and to verify that particle 

number and size distribution of UFP remain unaffected. A dual-channel sampling setup (with and 
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without the denuder) is applied to assess whether concentrations of organic markers (PAH, antioxidant 

additives, organic acids) differ systematically between the two streams.

Objective III: Analyse variability in UFP chemical composition by non-target GC×GC analysis.

Sources and atmospheric processing of UFP differ across seasons and even days, which likely results in 

distinct molecular patterns of their chemical composition. However, resolving this chemical complexity 

requires comprehensive molecular analysis techniques. 

The guiding question is whether seasonal changes in sources and atmospheric processing are translated

into shifts in molecular UFP fingerprints that are not captured by targeted marker analysis but can be 

resolved using non-target GC×GC analysis.

Therefore, the third objective of this thesis is to characterise the molecular composition of ambient UFP 

using GC×GC-TOFMS and to link observed variability to sources and atmospheric conditions 

(Manuscript III). UFP samples are collected during contrasting seasons with the previously characterised

impactor denuder setup and analysed to identify chemical groups and compounds that vary 

significantly. Thereby, the added value of non-target GC×GC is demonstrated, while the method 

performance is validated against conventional analytical techniques to ensure quantitative.

Objective IV: Study the variability of TRWP-specific organic marker compounds and their 

chemical transformation from source to atmosphere.

TRWP release organic additives such as antiozonants, antioxidants, and vulcanisation agents, which 

serve as attractive molecular markers because of their abundance and source specificity. However, these 

compounds undergo chemical transformation during abrasion and atmospheric ageing, which 

complicates both source apportionment and risk assessment. Additionally, the high toxicity of certain 

transformation products raises ecotoxicological concerns.

The central hypothesis is that TRWP marker profiles evolve systematically along the source-to-

atmosphere pathway, with progressive oxidation of PPD antiozonants to quinones, thereby altering the 

reliability of individual compounds as quantitative tracers.

Accordingly, the fourth objective of this thesis is to identify and quantify key TRWP marker compounds 

and their transformation products along the entire emission pathway, including pristine tyre material,

controlled and on-road abrasion emissions, ambient ultrafine particles, and atmospheric deposition 

samples (Manuscript IV). A unified targeted HPLC MS method is employed to detect six widely 

discussed markers and to evaluate how their relative abundances evolve. This approach also assesses 

the extent to which abrasion and atmospheric processing affect the reliability of individual compounds 

as quantitative tracers for TRWP.
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3.1 Publications and own contributions

Performance evaluation of four cascade impactors for airborne ultrafine-particle (UFP) collection: the 
influence of particle type, concentration, mass, and chemical nature

Eckenberger, E., Mittereder, A., Gawlitta, N., Schnelle-Kreis, J., Sklorz, M., Brüggemann, D., 
Zimmermann, R., & Nölscher, A. C. (2025)

Aerosol Research, 3, 45 64. DOI: 10.5194/ar-3-45-2025

Own contribution:

Measurements, data analysis, and writing (original draft, review, and editing). 

Author contributions:

AM, DB: DMS500 measurements, data analysis, and writing (review, and editing);

NG, JSK, MS, RZ, ACN: funding acquisition, conceptualisation, supervision, and writing (review and 
editing).

Sodium Thiosulfate-Coated Ceramic Denuders for Ozone Removal in Ultrafine Particle Sampling

Eckenberger, E., Mittereder, A., Gawlitta, N., Sklorz, M., Brüggemann, D., Zimmermann, R., & 
Nölscher, A. C. (2026)

Atmospheric Measurement Techniques, 19(12), 4035 4047. DOI: 10.5194/amt-19-4035-2026

Own contribution: 

denuder design and preparation, laboratory and field deployment, measurements, chemical analyses, 
data processing and interpretation, and writing (original draft, review, and editing).

Author contributions: 

AM, DB: DMS500 measurements, data analysis.

NG: filter collection and writing (review and editing).

MS, RZ, ACN: funding acquisition, conceptualization, supervision, and writing (review and editing).
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About the Variability of Tire and Road Wear Marker Components in Air: From Emissions to 
Atmospheric Deposition

Eckenberger, E., Younes, M., Mayer, T., Loeber, M., Bondorf, L., Schripp, T., Kernchen, S., Laforsch, 
C., & Nölscher, A. C. (2026)

Environ. Sci. Technol. 60(2), 2023 2036. DOI: 10.1021/acs.est.5c12735

Own contribution: 

Sampling, Measurements, data analysis, and writing (original draft, review, and editing).

Author contributions: 

MY, SK: Deposition samples, extractions, and writing (review, and editing).

TM: Extractions and first proof of concept.

ML, LB, TS: Sampling of testbed and on-road driving emissions

CL, ACN: funding acquisition, conceptualisation, supervision, and writing (review and editing).

Sampling and Chemical Characterization of Ambient Ultrafine Particles using Direct Thermal 

Desorption GC×GC-MS: A Case Study in Augsburg, Germany

Gawlitta, N., Eckenberger, E., Sklorz, M., Schnelle-Kreis, J., Cyrys, J., Nölscher, A. C., 

Zimmermann, R. 

Submitted Manuscript; submitted to Environmental Science: Atmospheres (2026)

Own contribution:

Development and deployment of the automated UFP sampling device, HPLC-FLD 
measurements, writing (draft, review and editing)

Author contributions: 

NG: automated UFP sampling, GC×GC-MS analysis, data analysis and curation, 
conceptualization, writing original draft, writing (review and editing)

MS: Conceptualization, writing (review and editing)

JSK: Supervision, conceptualization, data curation, writing (review and editing)

JC: Data (MPSS, CPC, Aethalometer) analysis, writing (review and editing)

ACN: Resources, Funding Acquisition, Conceptualization, data curation, writing original 
draft, writing (review and editing)

RZ: Resources, Funding Acquisition, Project administration, Conceptualization, writing (review 
and editing)
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3.2 Summary of the published article Objective I

Published article I: Performance evaluation of four cascade impactors for airborne ultrafine-

particle (UFP) collection: the influence of particle type, concentration, mass, and chemical nature

Accurate chemical characterisation of UFP is challenged by their low mass and by sampling artefacts 

that are highly dependent on instrument design. Cascade impactors separate particles by aerodynamic 

diameter, but differences in cut-off size, stage geometry, flow configuration, and substrate treatment can 

affect particle collection efficiency, diffusion and wall losses, as well as bounce or re-entrainment. This 

study conducted a systematic, side-by-side evaluation of four UFP-capable cascade impactors (the 120R 

MOUDI-II, ultraMOUDI, ELPI, and PENS) under controlled laboratory conditions and in parallel field 

sampling to determine how such design differences introduce biases in measured chemical UFP 

fingerprints.

Laboratory experiments employed various aerosol types, including -pinene SOA, and 

diesel soot, to assess stage cut-off characteristics, transmission efficiencies, and susceptibility to particle 

losses and bounce. The instruments exhibited notable differences in physical performance. Cut-off 

diameters varied depending on particle type, and maximum transmission at 30 nm ranged from ~69 % 

(ELPI) to ~84 % (PENS). Higher pressure drops were correlated with greater potential for evaporation 

of semi-volatile compounds, while design features such as the number of stages and the use of coated 

substrates influenced the extent of particle bounce.

Three parallel 24-hour sampling campaigns were conducted in an urban environment. Six marker 

compounds, representing different sources and volatilities, were quantified: two PAH (benzo[a]pyrene, 

benzo[b]fluoranthene), two SOA-derived organic acids (pinic acid and terpenylic acid), the biomass-

burning tracer levoglucosan, and the tyre-derived antioxidant 6PPD. Low-volatility PAH exhibited 

relatively consistent concentrations across all impactors. In contrast, semi-volatile species showed 

systematic trends, with concentrations generally decreasing from PENS to ultraMOUDI to 120R 

MOUDI-II to ELPI. This pattern aligns with greater evaporative losses at higher pressure drops and 

differences in bounce behaviour. The maximum observed disagreement between instruments for a given 

compound reached ~60 %.

Overall, the study demonstrated that even impactors with similar nominal cut-off sizes can produce 

substantially different size-resolved chemical profiles as a result of design-dependent artefacts. These

findings highlight the necessity for methodological harmonisation in UFP sampling, particularly for 

semi-volatile compounds, and offers quantitative guidance for interpreting and comparing data obtained 

with different impactor designs.
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3.3 Summary of the published article Objective II

Published article II: Sodium Thiosulfate-Coated Ceramic Denuders for Ozone Removal in 

Ultrafine Particle Sampling: Performance from Laboratory to Field.

-bound organic components

during sampling, particularly in the ultrafine fraction due to its high specific surface area. Such 

degradation biases the measured concentrations of organic markers, including PAH and tyre-wear 

additives, and can result in the in-situ formation of oxidation products. This study aimed to develop and 

from the sampling air without 

interfering with the gas phase or introducing additional artefacts. 

Laboratory experiments conducted under controlled relative humidity (~50 %) showed near-complete 

from reference 

baselines. Particle-loss tests using secondary organic aerosol confirmed that the TSOD introduced UFP 

losses within the range of the instrument s uncertainty across relevant flow rates.

Field deployment involved the TSOD in a dual-channel setup alongside an uncoated reference sampling 

line, positioned downstream of a reduced 120R MOUDI impactor. Continuous monitoring confirmed 

distinct 

results for organic marker compounds: PAH concentrations were higher in the denuded channel, 

indicating suppression of in-situ degradation, with relative artefacts of up to ~40 45 % for high-

molecular-weight PAH. For tyre-wear markers, the antiozonant 6PPD was higher and its quinone 

oxidation product was lower in the denuded channel compared to the O3-exposed channel. Mass-balance 

analysis indicated that ~15 20 % of 6PPD can be converted to 6PPD-

UFP sampling. In contrast, biogenic organic acids showed no significant inter-channel differences, 

suggesting that the TSOD did not affect gas particle partitioning for these semi-volatile species.

In summary e UFP 

semi-volatile organic acids. 

These results demonstrate a field-ready, chemically selective solution for minimising oxidant artefacts 

during UFP sampling.
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3.4 Summary of the submitted article – Objective III 

Submitted article III: Sampling and Chemical Characterisation of Ambient Ultrafine Particles: 

A Case Study in Augsburg, Germany 

Chemical characterisation of UFP is frequently constrained by their low mass. In this study, a daily, 

automated UFP sampling protocol was implemented at an urban background site in Augsburg, 

combining an upstream TSOD with a reduced ultraMOUDI (cut-points 2.5/1.0/0.1 µm). Two sampling 

campaigns were conducted in spring (March 2023) and autumn (September 2023) to capture seasonal 

variability. Samples were analysed by direct thermal desorption (DTD)-GC×GC-TOFMS for ten 

targeted PAH and by non-target analysis to classify broader compound families, including oxygenated 

PAH, alkylated PAH, and hopanes. Meteorology, air quality, particle size distributions, and back-

trajectories supported source interpretation. 

A method comparison was performed prior to data interpretation to validate GC×GC results. 

Quantification of PAH by DTD-GC×GC–TOFMS was evaluated against HPLC-FLD using the NIST 

SRM 2786 reference material. The two methods demonstrated strong agreement, with high correlations 

observed (e.g., Σ[BaP, BeP] slope = 0.83, R² = 0.98 for the standard; slope = 1.02, R² = 0.93 for ambient 

samples), thereby confirming the robustness of the GC×GC approach and its comparability to 

established reference techniques.  

The PAH data revealed distinct seasonal and short-term variability. In March, PAH concentrations 

remained relatively stable (e.g., BaP 9–14 pg m⁻³). In contrast, September was characterised by a lower-

pollution period (Sep-1) and a short high-pollution episode (Sep-2), during which the total PAH 

concentration increased to ~270 pg m⁻³ and BaP levels rose more than fourfold. The latter coincided 

with stagnant, low-altitude easterly flow and elevated combustion tracers, suggesting a strong local 

influence. 

Non-target GC×GC analysis identified compositional changes in UFP composition. March UFP samples 

contained a higher proportion of oxygenated PAH, consistent with more aged or regionally transported 

aerosol. In contrast, September samples exhibited stronger hopane signals, indicative of traffic and 

lubricating-oil contributions. During the high-pollution episode in September, increased concentrations 

of parent and alkylated high-ring PAH were observed, suggesting fresh combustion sources. Hopane 

source ratios further supported these findings, indicating additional heating-related sources in March 

and predominantly traffic-related sources in September. 

Overall, the findings demonstrate that both seasonal and short-term meteorological conditions 

substantially affect the molecular fingerprint of ambient UFP. The integration of non-target GC×GC 

analysis, cross-validation against targeted HPLC-FLD and certified reference material, yields a 

chemically resolved molecular composition that distinguishes aged, regionally transported aerosol from 
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fresh, traffic-related emissions. This approach offers a methodological framework for future long-term 

UFP monitoring studies.

3.5 Summary of the published article Objective IV

Published article IV: About the Variability of Tire and Road Wear Marker Components in Air: 

From Emissions to Atmospheric Deposition

Tyre wear emits a complex mixture of rubber additives, the diagnostic value of which as molecular 

markers is determined by their persistence and transformation from emission to deposition. Two HPLC 

MS methods with complementary gradients and SIM detection, validated using internal standards, were 

developed and applied to quantify six widely discussed TRWP markers (DPG, IPPD, 6PPD, IPPDq, 

6PPDq, DPPD) throughout the entire tyre-to-atmosphere pathway. Detection limits for air samples 

. QA/QC procedures included calibration with a reference tyre material, 

blanks, and repeatability assessments.

Samples encompassed the entire lifecycle of a tyre: (i) reference tyre compounds and shredded bulk in 

three size classes to assess extraction efficiency and particle-size effects; (ii) worn tyre surface sections 

to evaluate in-use variability; (iii) controlled abrasion emissions from two tyres, including size-

resolved ELPI measurements (0.094 3.6 µm); (iv) on-road emissions from the ZEDU-1 demonstrator 

vehicle; (v) ambient UFP at six Bavarian sites, ranging from alpine background to urban traffic 

locations, sampled with an ozone denuder, ultraMOUDI impactor and 24 h automated filter 

changer; and (vi) monthly total atmospheric deposition at an urban site over one year.

Results showed directional changes in marker composition along the source atmosphere pathway. 

Abrasion caused a loss of parent 6PPD by roughly an order of magnitude, accompanied by the 

appearance of 6PPDq, indicating oxidative transformation during wear. However, the measured 

6PPDq accounted for only a small fraction of the lost 6PPD, suggesting additional transformation 

pathways and/or volatilisation. Smaller particle sizes yielded higher oxidised marker concentrations 

per mass, consistent with greater surface oxidation.

In ambient UFP, 6PPD was detectable at all sites, scaling with urban intensity. Atmospheric deposition 

fluxes showed seasonal trends, with 6PPD peaking in winter and quinones dominating (> 50 % of total 

PPD markers) in summer. The proportion of 6PPD-quinone relative to total 6PPD + 6PPD-quinone 

increased systematically from tyre material (~1 15 %) to emissions (~26 %), to ambient UFP (~46 51 

%), to deposition (~63 % in spring summer), indicating progressive oxidation during atmospheric 

transport and ageing.
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The unified analytical approach reveals a coherent pattern of PPD-based marker transformation from 

tyre to environment: abrasion initiates chemical shifts, while ambient processing further alters the 

chemical composition. This dual dynamic enhances the potential for tracing TWP emissions using 

parent/product pairs, but also complicates mass apportionment due to variability in tyre composition, 

emission conditions, and atmospheric ageing. The dataset also quantifies non-negligible environmental 

loading of PPDqs via atmospheric deposition, relevant for exposure and fate assessments.
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4. Outlook

This thesis examined how measurement methodology, atmospheric processing, and source-specific 

emissions jointly influence the molecular fingerprint of airborne UFP. 

One key finding is that uncertainty in UFP characterisation already arises at the sampling stage.

Furthermore, challenges in the characterisation of UFP arise due to their low mass, as measurements are 

frequently near detection limits and require long sampling durations, which further increases 

susceptibility to methodological bias. Thus, cross-study comparability is limited, as different studies use 

different methods for UFP sampling and characterisation. Consequently, it is even more difficult to 

establish a comprehensive link between UFP composition and their potential effects on human and 

environmental health, despite increasing toxicological evidence. The WHO Global Air Quality 

Guidelines (2021) have emphasized that the lack of standardized and comparable exposure data remains 

a primary barrier to deriving health-based limit values for UFP. 

A key example of such methodological sensitivity is size-segregated UFP sampling with cascade 

impactors, which remains a standard collection approach for subsequent offline chemical 

characterisation. In the UFP range, small performance differences in the separation method can 

systematically bias the recovered mass and chemical composition. Without explicit quantification and 

awareness of these artefacts, chemically resolved UFP compositions obtained with different impactors 

are difficult to compare, a

methodological effects. Consequently, future UFP research should focus on sampling strategies that 

explicitly account for chemical biases during UFP collection.

This thesis also demonstrates that selective artefact mitigation (e.g., ozone denuding) is capable of 

improving the integrity of the chemical composition of UFP samples. To contextualize these findings, 

a systematic assessment should be conducted to determine the extent to which UFP studies may have 

been affected by such impactor- and denuder-induced artefacts. The next step would be the widespread 

implementation of such denuder concepts in long-term field studies. This would not only minimise

sampling biases but also provide an operational basis to continuously quantify oxidant-driven changes 

in UFP under varying realistic conditions.

While particle number concentrations are increasingly regulated, the chemical complexity and low mass 

of UFP requires high-resolution analytical methods. The success of GC×GC fingerprinting in yielding 

patterns across different pollution episodes suggests a proof of concept in observing chemical UFP 

patterns during varying seasons and pollution events. However, to make these complex datasets 

comparable across different studies, establishing a harmonised, CEN-style protocol for UFP chemical 

measurements is essential. Such a protocol should include standardized methods as well as cross-
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calibration against established reference methods to ensure that "molecular fingerprints" are 

reproducible and comparable on a global scale.

Regarding TRWP, future research must treat atmospheric transformation as a defining feature rather 

than a complication. This thesis identified coherent, directional changes in tyre-related marker profiles 

along the source-to-atmosphere continuum. Future studies investigating TRWP in the environment 

based on organic tyre additives should therefore move away from single-compound analysis, which can 

be misleading, toward parent-product relationships. Investigating these relationships in controlled 

environments, such as chamber studies linked to chassis dynamometers, would further refine our ability 

to back-extrapolate environmental findings to primary emissions.

Ultimately, the goal should be to provide a reliable evidence base that bridges the gap between UFP 

measurement and potential effects. Although UFP have been regulated by particle number concentration 

since 2024, this contrasts with historical air-pollution monitoring and much of the toxicological evidence 

base, which are largely mass-based. In order to determine what truly matters for human and 

environmental health, we must first ensure that the methodology to characterise UFP is reproducible

and comparable, and that their chemical fingerprints are fully resolved.
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5. Published and submitted articles

Published Article I

Performance evaluation of four cascade impactors for airborne ultrafine-particle (UFP) 
collection: the influence of particle type, concentration, mass, and chemical nature
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