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Abstract

Large international airports were identified as sources of ultrafine particles (UFPs) (Hu et al.,
2009; Yu et al., 2012; Hsu et al., 2013; Keuken et al., 2015; Hudda and Fruin, 2016). Since
September 2017 UFP emissions originating from the Frankfurt International Airport, Germany
are monitored by the Hessian Agency for Nature Conservation, Environment and Geology
(HLNUG) showing elevated UFP concentrations during airport operating hours (05:00-23:00
CET) (Ditas et al., 2022). Referring to that, the organic chemical composition of aviation-
related UFPs emerging from the Frankfurt Airport was analysed by performing a
comprehensive non-target screening of UFP filter samples.
Aluminium-filter samples were collected at an air quality monitoring station 4 km north of the
Frankfurt Airport, using a 13-stage impactor system (Nano-MOUDI). The chemical
characterization of UFPs in the size range of 10-18 nm, 18-32 nm and 32-56 nm was
accomplished by ultra-high-performance liquid chromatography, heated electrospray ionisation
and mass analysis using an Orbitrap high-resolution mass spectrometer. Non-target screening
revealed that the majority of detected compounds belong to homologous series of two different
types of organic esters, which are base stocks of aircraft lubrication oils.
In reference to five different jet engine lubrication oils of various manufacturers, the
corresponding lubricant base stocks and their additives, two amines and one organophosphate,
were identified in the UFPs by the use of matching retention time, exact mass and MS/MS
fragmentation pattern of single organic molecules. The quantitative analysis of the jet engine
oil constituents in the aviation-related UFPs with diameters < 56 nm was accomplished by
standard addition. By characterizing the Nano-MOUDI, loss factors for each size stage were
determined and used for correction accordingly. Particle-number size distribution
measurements, conducted parallel to the filter sampling, enabled the determination of the jet
engine oil contribution to the UFP mass.
Furthermore, the nucleation and particle formation potential of a commonly used synthetic jet
engine lubrication oil was investigated in the laboratory. Thermodenuder experiments at 20 °C
and 300 °C were carried out to monitor the gas-to-particle partitioning behaviour of jet engine
oils. At 300 °C a significantly higher number of particles with a mean diameter of ~10 nm are
formed, leading to a more than fivefold increase in total particle numbers compared to 20 °C.
Particle diameters of the newly formed oil particles in the laboratory experiment appeared in
the same size region as UFPs emerging from Frankfurt Airport. Particles originating from the
Frankfurt city centre direction showed larger diameters.
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Results indicate that aircraft emissions strongly influence the total mass of 10-18 nm particles.
The jet oil fraction decreases for bigger particles (e.g., 18-56 nm), implying that these oils form
new particles in the cooling exhaust gases of aircraft engines. In addition, non-target screening
and in vitro bioassays on aviation-related PM:s filter samples were combined to provide
indications for potential toxicologically relevant compounds in dependence of different wind
directions and airport operations. Most recently, the applied non-target screening method was

also used to identify seasonal variations in the organic aerosol composition in Beijing.
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1. Introduction to aerosol research

1.1 Motivation

Atmospheric aerosol has a diverse and strong influence on our planet Earth. Aerosols defined
as liquid or solid particles suspended in a gas, play a major role in the global energy budget
affecting Earth’s climate and impairing human health (Seinfeld and Pandis, 2016). Different
sources and processes can cause the emission of particulate matter to the atmosphere divisible
into natural- and anthropogenic sources. Land use change and combustion of fossil- and
biofuels are mainly attributable to human activities whereas for example dust and biological
material like pollen are of natural origin (Heald and Spracklen, 2015; Shrivastava et al., 2017).
Furthermore particulate matter like sea salt, biological materials and mineral dust, which is
directly emitted to the atmosphere, is referred as primary particles. The formation of secondary
particles like sulphate aerosol, from dimethyl sulphide emission from phytoplankton, occurs in
the atmosphere by conversion of gaseous precursors through processes like nucleation,
condensation and different chemical reactions (Haywood and Boucher, 2000; Hallquist et al.,
2009; Moise et al., 2015). Furthermore, airborne particulate matter is differentiated based on
aerodynamic diameter with particles smaller than 10 um, referred as coarse mode particles
(PMyo). Particles smaller than 2.5 um in diameter are designated as fine particulate matter
(PM2s; accumulation mode) and with a diameter below 0.1 um as ultrafine particles (UFPs).
These particles can be further subdivided into the nuclei mode (< 10 nm) and Aitken mode (10-
100 nm) (Seinfeld and Pandis, 2016). Atmospheric aerosol influences Earth’s energy budget in
different ways, which can be divided into direct and indirect effects. Direct effects include the
scattering and absorption of solar- and terrestrial radiation, changing the global radiative
budget, whereas the indirect effects are based on the influence of aerosols towards clouds
(Haywood and Boucher, 2000). Atmospheric aerosol affects the lifetime and cloud albedo as
higher particle concentrations lead to smaller sized cloud droplets. In this regard aerosol
particles need to be activated as cloud condensation nuclei (CCN) (Twomey, 1977; Albrecht,
1989; Mei et al., 2013). The Intergovernmental Panel on Climate Change (IPCC) states that the
overall effective radiative forcing of atmospheric aerosol is negative, implying a net cooling
effect (IPCC, 2021). The development of mankind and the associated industrialisation lead to
an increasing alteration of Earth’s surface condition and the gaseous and aerosol phase emission
regime, both in quantity and quality. For example, different food production and further land
1



use changes lead to stronger applications of nitrogen fertilizers and an increase in animal
husbandry activities, which cause a consequent rising in gaseous precursors emission that can
lead to formation of aerosol particles as well. In this regard the emission of ammonia and
nitrogen oxides results in the formation of inorganic ammonium nitrate aerosol (Heald and
Spracklen, 2015; Bauer et al., 2016). Nevertheless not only anthropogenic emissions are
significant to air quality, human health and climate, as biogenic emissions like airborne bacteria
and pollen can trigger human diseases and also act as CCN (Frohlich-Nowoisky et al., 2016).

Air pollution is linked to respiratory diseases like asthma and lung cancer (Newby et al., 2015).
Accordingly NO2 pollution is seen as a contributor to paediatric asthma globally (Anenberg et
al., 2022). These negative health effects as well as cardiovascular diseases, which are triggered
by inhalation of airborne particulate matter, are a consequence of various adverse processes in
the human body like oxidative stress at the cellular lever and inflammatory reactions (Mills et
al., 2009). Current research results implicate an annual excess mortality rate in the European
Union (EU-28) of 659,000 and a reduction of the mean life expectancy by ~2.2 years caused
by air pollution (Lelieveld et al., 2019), whereas the European Environment Agency (EEA)
designates 307,000 premature death to PM.s exposure in the EU-27 for 2019. In order to
address this problem, the World Health Organisation (WHO) guidelines reduced the annual
average concentration exposition level from airborne PMzs from 10 pug m=in 2005 to 5 yug m-
in 2021 (WHO, 2006, 2021). From the years 2000 to 2019, ~86% of urban inhabitants were
facing PM.s concentrations exceeding the WHO 2005 limits (Southerland et al., 2022).
Application of the new WHO guidelines of 2021 would have reduced the number of premature
death in the EU-27 in 2019 by at least 72% compared to 2005 levels (EEA, 2021). Despite no
limit is set so far, in the WHO report (2021) the monitoring of ultrafine particles (UFPs) was
recommended as well.

The adverse effects on human health and Earth’s energy budget are strictly affected not only by
PM concentrations but also by their chemical composition as well. For these reasons, we need
to apply measuring techniques, which get constantly further optimized in order to chemically
characterize aerosol particles, being indispensable for the understanding of the aerosol driven
processes. In this regards, the complexity of the topic is made even more challenging due to the
fact that Earth's atmosphere acts as a huge oxidative reactor that promotes continuous changes
in airborne chemical species due to successive reactions (Jimenez et al., 2009; Shrivastava et
al., 2017).



1.2 Ultrafine particles — Occurrence and health effects

Ultrafine particles (UFPs) are specified as particles smaller than 100 nm in diameter and are of
very low mass compared to larger sized particles. These type of particles can be found in high
numbers in the urban environment with a vast variety of emission sources whereby their
emission is strongly connected to primary aerosols (Allan et al., 2010). The nature of the source
affects the particles size range as well as the number concentration with the highest numbers
originating from the traffic sector and coal use in the 30-50 nm range. Bigger sized particles are
released for example through industrial combustion processes and agricultural waste burning.
Nucleation of vapours can as well lead to the formation of UFPs mostly under influence of
sulphuric acid, ammonia and organic molecules in the gas phase. This oxidation-driven process
initially causes the formation of particles smaller than 2 nm in diameter. Formation of new
particles can also be observed in engine exhaust plumes when hot fumes get rapidly cooled by
contact with ambient air (Paasonen et al., 2016). As particle growth progresses, the increase in
diameter starts to get more and more dominated by organics. The particles increase their size
by taking up condensable vapours, this process is in competition with coagulation with bigger
sized particles (Riipinen et al., 2012). Reaching diameters of ~50 nm and above, particles can
act as cloud condensation nuclei (Seinfeld and Pandis, 2016). In order to escape the nucleation
valley of death, it is necessary to reach particle sizes larger than 10 nm. This required rapid
growth is mainly driven by gas phase supersaturation (Wang et al., 2020). Consequently,
secondary organic aerosol formation can also contribute to the overall ultrafine-particle mass
burden.

Based on airborne measurements Junkermann and Hacker (2018) concluded that the majority
of anthropogenic UFP emissions results from fossil fuel combustion. Nevertheless, industrial
processes like arc welding (Cena et al., 2014) and also restaurant cooking (Vert et al., 2016)
can lead to particle emissions in the ultrafine size range. Furthermore, a study from Japan
concluded that automobile traffic exhaust and coal- and fuel combustion contributed most to
the ultrafine particle mass burden in an urban industrial area (Fujitani et al., 2021). It is worth
to be mentioned that biogenic secondary organic aerosol is also a possible source for ultrafine
particles, contributing to the overall ultrafine particle mass in urban areas (Zhu et al., 20023;
Zhu et al., 2002b; Morawska et al., 2008; Paasonen et al., 2016, Ronkko et al., 2017).

The here presented study focuses on airports as a major source of UFPs which has already been
the subject of various publications, mainly focusing on physical measurements and not
3



providing detailed chemical information (Hu et al., 2009; Yu et al., 2012; Keuken et al., 2015;
Stafoggia et al., 2016; Yu et al., 2017; Habre et al., 2018; Fushimi et al., 2019; Rivas et al.,
2020). Due to the large number of sources and resulting chemical complexity of the particles
composition, especially in the urban environment, it is indispensable to investigate possible
exposure health effects. Research should focus on the burden in the direct surrounding of local
sources as indoor infiltration of UFPs seems to be more relevant than PM2.s and PMzo (Chen et
al., 2020; Hudda et al., 2020). Possible workplace exposure should also be considered.

UFPs are of very small size enabling deep penetration of human tissue leading to oxidative
stress, inflammatory reactions and cell membrane damages (Nel et al., 2006; Jonsdottir et al.,
2019; Ohlwein et al., 2019) (Figure 1). These health effects depend on the particle size, mass
and number concentration (Yu et al., 2017). Although health effects of UFPs are still not
adequately investigated, an increasing number of studies in the field of Nanotoxicology give
insight into possible health-damaging consequences of exposure. Furthermore, it should be
considered that compounds with no toxicological relevance can become deleterious by forming
nano-sized structures (Oberdorster et al., 2005).



Ultrafine particles (UFP)
deposited in the nasal cavity
translocate to the brain via the
olfactory nerve

Air pollutants

Particles deposited in the lung
activate the immune system

Particles are swallowed after
clearance from the lung or
deposition in the upper airways

Particles reach the
gastrointestinal tract

UFP and constituents
translocate into the blood
stream

UFP and constituents passage
the heart

UFP and constituents from
different organs reach the brain
vasculature

UFP and constituents induce
localized and diffuse
inflammatory responses,
protein misfolding, glial and
vascular dysfunction, and
neuronal degradation leading to
different forms of dementia

Figure 1. Overview about the circulation and impact of fine and ultrafine particles within the human body. Taken from
Peters (2023).

The very small size of UFPs (< 100 nm) is responsible for a more diffusional driven behaviour
in the respiratory tract in contrast to fine (< 2.5 um) and coarse (2.5 — 10 um) particles affected
by gravitational sedimentation and inertial impaction (Kim and Jaques, 2000; Oberddrster et
al., 2005). It is likely that they can enter the blood circulation by reaching the alveoli and
penetrating the pulmonary epithelium (Oberddrster et al., 2002; Oberddrster et al., 2005; Lu et
al., 2020). Stronger retention in the lungs due to hindered phagocytosis by alveolar

macrophages is additionally increased in people with respiratory diseases like asthma and



chronic obstructive pulmonary disease (COPD), possibly exacerbating the symptomatology
(Chalupa et al., 2004; Terzano et al., 2010; Kim et al., 2020; Chatkin et al., 2021).

Miller et al. (2017) was able to demonstrate in human-based studies that inhaled nanoparticles
distribute organism-wide within minutes to hours and are still detectable after months of
exposure. Translocation and accumulation of smaller sized particles was increased towards sites
of vascular inflammation with the liver as the main burdened organ (Oberdorster et al., 2002;
Miller et al., 2017). Miller et al. (2017) also stated that there are remaining open questions on
how nanoparticles translocate and accumulate in the human body.

Studies indicate that UFPs have an influence on humans via different mechanisms compared to
PM2s, and being able to create synergetic effects with transition metals (Costa and Dreher,
1997; Campen et al., 2001; WHO, 2013). The ability to damage mitochondria (Li et al., 2003;
Oberddrster et al., 2005) and the central nervous system as a possible translocation site
(Oberdorster et al., 2004) were also identified.

The harmful effects are based on their special characteristics like large surface areas, ability to
oppose macrophage phagocytosis, high oxidant capacity and tendency to induce pulmonary
inflammation (Chalupa et al., 2004). UFPs are supposed to initiate stronger proinflammatory
effects compared to fine- and coarse-mode particles with increased oxidative stress (Donaldson
et al., 2000; Donaldson et al., 2002; Li et al., 2003). The extent of inflammation is positively
correlated with surface area (Donaldson et al., 2002; MacNee and Donaldson, 2003). UFPs with
large surface areas can function as carriers for large amounts of airborne pollutants
(Oberdorster, 2001) with more reactive groups at the surface able to catalyse chemical reactions
as formation of reactive oxygen species (ROS) (Li et al., 2003; Delfino et al., 2005; Oberdorster
et al., 2005; Nel et al., 2006; Leikauf et al., 2020).

As lung deposition rates are dependant of particle size and human activity, smaller particle sizes
with greater diffusivity and higher minute ventilation during exercise lead to higher particle
number deposition (Jaques and Kim, 2000; Kim and Jaques, 2000; Daigle et al., 2003). This
could be especially relevant for the airport ground staff with physically demanding occupations
and exposure to the highest concentrations of UFPs as acute systemic inflammation caused by
airport-related UFPs was already declared (Habre et al., 2018). This could lead to the necessity
of testing studies with personal nanoparticle samplers. Habre et al. (2018) states that health
effects of airport-related UFP exposure are distinct to road traffic-related emissions while He
etal. (2020) indicates no differences. Lammers et al. (2020) found an association between short-
term exposure to high UFP concentrations and the health status of young healthy adults,

however the effects were relatively small. In a large cohort study of workers at Copenhagen
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airport no association between cardiovascular diseases and UFP exposure was found (Mgaller et
al., 2020). Nevertheless Merzenich et al. (2021) concluded after performing a scoping review
that scientific knowledge on health hazards regarding airport apron workers is still sparse which
highlights the need for further toxicological studies with realistic test conditions. A cohort study
in the Los Angeles airport area, investigating the development of malignant brain tumours,
reported a 12% increased risk for each increase of UFP exposure by 6,700 particles cm= (Wu
etal., 2021). In this context, a hazard ratio of 1.112 in developing a malignant brain tumour per
UFP increase of 10,000 particles cm3, adjusted for other air pollutants and socio-demographic
factors, was reported by a study from Toronto (Weichenthal et al., 2020).

Most of the health studies use inert surrogate particles made of materials like Teflon, titanium
dioxide (TiO2), gold, latex and carbon black to investigate possible health effects of an UFP
exposure (Oberddrster, 2001; MacNee and Donaldson, 2003; Miller et al., 2017). Although the
particle size properties used are similar to ambient UFPs, the chemical composition is still
different. As jet engine oils have been identified in aviation-related UFPs (Yu et al., 2010;
Timko et al., 2010; Yu et al., 2012; Fushimi et al., 2019; Yu et al., 2019), a more detailed
assessment of their contribution to the UFPs chemical composition may be valuable to enable
a better impact assessment of their health effects.

In vitro toxicity testing can be performed as a first approach to gain insight into possible
toxicological effects of aviation-related particulate matter. As these tests require a certain
amount of sampled particle mass, which is difficult to attain for UFPs, PM.s samples can be
used as surrogate. Due to the high filtration efficiency of glass fibre filters, the sampled fraction
also includes the ultrafine fraction although their toxicological effects are likely masked by
larger particles. Toxicity testing using various types of bioassays is a widespread technique for
the risk assessment of a variety of contaminants in the environment (Volker et al., 2017;
Schreiber et al., 2018). Assays based on bacterial bioluminescence are suitable for the
assessment of pollutants as the luminescence is correlated with the bacterium's metabolic
activity (Volker et al., 2017). The Microtox assay based on the bioluminescence of the
bacterium A. fischeri gives insight about the baseline toxicity as it is non-specific regarding
toxicological effects (Escher et al., 2014). This test was already utilised for the evaluation of
atmospheric particulate matter (Turdczi et al., 2012; Roig et al., 2013; Aammi et al., 2017).
Furthermore assays targeting a specific endpoint, like the inhibition of the acetylcholinesterase
enzyme (AChE) can be carried out. For example organophosphorus compounds, as used in jet
engine oils, can act as AChE inhibitors causing neurotoxic effects (Carletti et al., 2013; Chang
et al., 2020).



1.3 Focus of this thesis

Large international airports were identified as sources of UFPs (Hu et al., 2009; Yu et al., 2012;
Hsu et al., 2013; Keuken et al., 2015; Hudda and Fruin, 2016). The Hessian Agency for Nature
Conservation, Environment and Geology started in September 2017 to monitor UFP emissions
from Frankfurt International Airport. Wind coming from the airport direction during airport
operating hours (05:00-23:00 CET) resulted in the measurement of higher UFP concentrations
(Ditas et al., 2022). Most of the studies that are dealing with this topic undertake physical
measurements providing information for example about the particles mass, size and number
distribution. Accordingly, information on the chemical composition of these particles is rather
scarce. Increasing knowledge of chemical composition can also improve the assessment of
potential health hazards from exposure to aviation-related ultrafine particles.

Hence, UFPs emerging from the Frankfurt Airport were chemically characterized by using
ultra-high performance liquid chromatography with high-resolution mass spectrometry and
performing a comprehensive non-target screening. In total four studies are described in this
thesis. The first conducted study (Ungeheuer et al., 2021) revealed that in aviation-related UFPs
(smaller than 56 nm) detected organic compounds are dominated by jet engine lubrication oils.
In the second study (Ungeheuer et al., 2022), the contribution of engine oils to the aviation-
related UFPs was analysed. Therefore, the oils gas-to-particle partitioning behaviour was
investigated to determine the nucleation ability of jet engine oil vapours to improve the
understanding of the oils behaviour being released into the environment. Additionally, the
fraction of jet engine oil was determined in UFPs collected near Frankfurt Airport. For this
quantitative analysis the determination of sampling artefacts is necessary.

Insight into the chemical composition of aviation-related ultrafine particles was achieved in the
first two studies by non-target screening and quantitative analysis. As air pollution is generally
seen as a risk factor to human health (YYang et al., 2020; Samet et al., 2000), the aim of the third
study (Wallraff et al., 2022) was to get a first impression of the toxicity of aviation-related
aerosol. In this regard, the organic fraction of PM2s was analysed, as the mass of the collected
UFP samples was not sufficient for toxicity testing. The toxicological outcome combined with
a non-target screening allowed a first indication of certain compound classes being of
toxicological relevance.

In the fourth study (Ma et al., 2022) non-target screening and hierarchical cluster analysis
(HCA) was applied on ambient PM25 filters from Beijing. Haze episodes in Beijing and

anthropogenic emissions as influencing factor were investigated by several studies (Bryant et
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al., 2020; Wang et al., 2018). To reduce emissions, the identification of organic aerosol sources
is essential and therefore the aerosols chemical composition and related transformation
processes must be elucidated.

2. Aviation-related ultrafine particles

Airports have been identified as a major source of UFPs (Hu et al., 2009; Yu et al., 2012;
Keuken et al., 2015; Stafoggia et al., 2016; Yu et al., 2017; Habre et al., 2018; Fushimi et al.,
2019; Rivas et al., 2020). Emissions due to airport activities lead to a higher ambient particle
number concentration in the surrounding of airports, with only limited information about the
chemical composition of the particles available (Hudda et al., 2014; Hudda et al., 2018; Hudda
et al., 2020). They can be transported further distances from the source (up to 18 km) reaching
densely populated residential areas, as large airports are usually located in the close vicinity of
metropolitan cities (Keuken et al., 2015; Hudda and Fruin, 2016; Zhang et al., 2020).
Furthermore, transport and indoor infiltration of aviation-related UFPs seems to be more
relevant than PM..s and PM1o (Chen et al., 2020; Hudda et al., 2020). Different aircraft engine
operation conditions are associated with varying amounts of particulate matter emissions, take-
off is often designated as the status with the highest UFP emissions (Zhu et al., 2011; Hsu et
al., 2012; Hsu et al., 2013; Keuken et al., 2015; Pirhadi et al., 2020). As these particles are
typically formed during combustion and via gas-to-particle conversion (Pekkanen and Kulmala,
2004), road traffic is also a contributor to be taken into account. Due to a certain size
dependency on the respective source, it is partially possible to differentiate between emission
sources. The number of particles emitted by jet engines are dominated by particles with a
diameter smaller than ~30 nm, which is significantly smaller compared to particles from road
traffic emissions (Riley et al., 2016; Masiol et al., 2017; Shirmohammadi et al., 2017; Stacey,
2019; Pirhadi et al., 2020). This is in accordance with a study near Schiphol Airport
(Netherlands), which concluded that the road traffic contribution to UFPs is less significant
compared to aviation as a source based on the results from a site in 7 km distance to the airport
(Keuken et al., 2015).

Due to the COVID-19 pandemic, the European flight traffic in 2020 declined by 55% and by
44% in 2021 compared to 2019 with actual forecasts predicting a full recovery of flight

movements between mid-2023 and after 2027 depending on the pandemic course (Eurocontrol,
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2021b, 2021a, 2022). The predicted emissions of the flight sector will still partially or fully
influence local and global air pollution and global warming (Lee et al., 2009; Masiol and
Harrison, 2014; Yu et al., 2017; Ké&rcher, 2018). Pre-pandemic forecasts indicated an increase
of flights in Europe in the range of 1.9% per year with 16.2 million movements in 2040
(Eurocontrol, 2018).

Various studies examined the exhaust of aircrafts and found dependencies between particle
emissions, their chemical composition, engine design and the engine operating state (Timko et
al., 2010; Yu et al., 2010; Timko et al., 2013; Beyersdorf et al., 2014). It is often distinguished
between the idle and the take-off status of aircrafts concerning particulate emissions. The idle
state is mainly characterized by higher nucleation-mode particle number concentrations due to
a stronger nucleation of organic and sulphate precursors and a lower soot surface area as
condensation sink (Herndon et al., 2008; Timko et al., 2013). It is stated that at low thrust levels
a dominant fraction of the emitted particulate matter components are volatile and tend to
condense under formation of nucleation mode particles via mixing with ambient air (Wey et
al., 2007; Yu et al., 2017; Stacey, 2019). The volatile organic fraction of the emitted particles
increases through photochemical aging (Kilig et al., 2018). In this regard transmission electron
microscopy analysis of nucleation mode particles from aircraft exhaust showed their relatively
volatile character (Mazaheri et al., 2013). The non-volatile fraction is dominated by black
carbon, which absorbs visible light and is a component of soot resulting from incomplete
combustion (Penner and Novakov, 1996; Petzold et al., 2013). The ratio of volatile
organics/non-volatile organics varies mainly depending on the operating state and the used jet
fuel (Timko et al., 2010; Timko et al., 2013; Beyersdorf et al., 2014; Keuken et al., 2015). It
appears that black carbon is a minor fraction of airport-related particulate emissions (Keuken
et al., 2015), whereby technological advances led to reduced emissions over time (Lee et al.,
2010).

Jet engine oil constituents have been identified in aviation-related UFPs (Yu et al., 2010; Timko
etal., 2010; Yuetal., 2012; Fushimi et al., 2019; Yu et al., 2019). This is a consequence of the
jet engine design, where rotating parts of the turbines need to be lubricated and other parts like
bearings to be cooled. Due to obstructed seals of the oil circulating system and a technically
required venting system, nanometre-sized oil droplets are released into the atmosphere.
Recovery of the oil used for lubrication is achieved through an oil-air separator, typically made

of a casing including a rotating porous metal foam in a housing. The metal foam together with
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the housing are often called ‘breather’. This breather can be either located inside a bearing
chamber (internal design) or externally receiving the flows from the bearing chambers (external
design). Oil gets separated from air by centrifugation, whereby the oil droplets are thrown
against the inner walls of the casing and are thereby recovered. Smaller oil droplets enter the
porous foam where they either coalesce and are again transported to the casing walls or are
released to the atmosphere (Eastwick et al., 2006). Oil droplets smaller than ~0.5 pm can pass
the breather and are vented to the atmosphere. The pressure drop within the breather setup is a
limiting factor for the breather design. This can be especially critical at engine idling conditions
with low sealing air pressure. The oil seals within the bearing chambers partially lose their
tightness if a high pressure drop occurs leading to increased oil emissions. Whereby lower
pressure drops lead to a reduced separation efficiency. The breather design considers certain
aspects as temperature stability, physical dimensions, separation efficiency and in this regard
the level of pressure drop. Reduction of oil emissions and an improved separation efficiency
can be achieved by the use of better sealings. An enhanced air-oil separation efficiency is
beneficial as it leads to less oil emissions and therefore to technical, maintenance and
environmental benefits. In general, oil droplets below the breather cut-off size should be
prevented from reaching the breather as they cannot be retained (Willenborg et al., 2008). In
this context it should be kept in mind that with increasing thrust, the diameter of jet engine oil
droplets increases (Yu et al., 2010).

The exposure of turbine and hydraulic oils to aircraft crews and ground-staff has been linked to
health effects such as disorientation, headache, respiratory problems and weakness (van Netten
and Leung, 2000; Winder and Balouet, 2001; Winder and Balouet, 2002). Besides AChE
inhibition, one possible etiological factor is the inhibition of the neurotoxic esterase (NTE) by
organophosphorus compounds, which are present as additives in aircraft lubrication oil
(Freudenthal et al., 1993; Ehrich et al., 1993; Eyer, 1995; O'Callaghan, 2003). The symptoms
mentioned are likely induced through an exposure with organophosphorus compounds,
summarised under the expression organophosphorus-induced delayed neuropathy (OPIDN).
The formation of potentially harmful chemicals during aircraft operations requires further
elucidation, as Boer et al. (2015) states that bleed air in aircraft cabins contains tricresyl
phosphate concentrations below effect thresholds and therefore cannot explain observed
symptoms.

In order to assess further possible detrimental effects on human health, it is important to

determine the chemical composition of UFPs near airports in order to identify their sources
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during airport operations, and finally, to mitigate their emission. Due to the low mass of UFPs,
the typical sampling and extraction methods need to be refined in order to characterize particles
with aerodynamic diameters < 56 nm, requiring detection limits of low picogram levels of
single organic molecules. Nevertheless, it is necessary to shed a light on the formation process
of aviation-related UFPs. In this regard, the chemical characterization can provide an indication
for further research. Performing a non-target screening gives an overview about the organic
chemical composition and enables the possibility to identify distinct contributors to the UFPs
chemical composition.

In the context of the study presented here, jet engine lubrication oils have been identified
accounting for most of the detected signals. This led to lab-based thermodenuder experiments
to see whether the high particle number concentrations emerging from airports can be attributed
to the nucleation of hot jet engine oil vapours in aircraft exhaust plumes, rapidly cooling down

by contact with ambient air.
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3. Methods

3.1 Mass spectrometry (MS) — An overview

The invention of mass spectrometry goes back to 1898 when Willy Wien recognized that a
beam of positively charged ions called canal rays, discovered by Eugen Goldstein in 1886, can
be deflected in a magnetic field. The first mass spectrometer was built by Thomson in 1907,
which enabled a first mass detection using electric and magnetic fields. Francis William Aston
further improved the technique and was successful in discovering different isotopes with his
setup accounted in 1919 (Squires, 1998). Until now more great improvements were achieved
in mass spectrometry enabling significantly enhanced resolving power and sensitivity. Mass
spectrometry is nowadays a widely used technique in the field of analytical chemistry with the
principle aim to get as much information about a molecular compound based on its mass
information. It is for example used in the field of protein identification (proteomics) to improve
the understanding of the functioning and role of proteins, applied among other things for new
drug discovery. More applications are the identification of pollutants in the ecosystem, to
develop mitigation strategies and also to enlighten chemical transformations in water, soil and
the atmosphere. Mass spectrometry in the field of atmospheric sciences is widely used to
identify compounds present both in the gas phase and in the particle phase (Hoffmann et al.,
2011; Laskin et al., 2018). In order to be able to analyse organic as well as inorganic analytes
regarding their individual mass, they need to be ionised in the first step. Therefore, to be more
precise, not the mass of a compound is detected rather the mass-to-charge ratio (m/z). Isotopic
ratios are also taken into account. After the ionisation, the charged compounds or fragments
(depending on the ionisation technique, as explained below) are first separated regarding their
m/z and then qualitatively and quantitatively detected using an appropriate detector system. The
separation of ions is achieved by varying electrical or magnetic fields or by the time needed to
travel a defined trajectory in so called time-of-flight mass spectrometers (ToF-MS).

The basic build of a mass spectrometer always consists of an ion source, a mass analyser and
detector. The recorded mass spectrum is a representation of the ions abundance shown as signal

intensity against their individual m/z.

As mentioned, the ionisation of compounds allows them to be characterized in function of the
mass-to-charge ratio (m/z). Apart from the fact that there are several ionization techniques, they
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can basically be divided into two families: hard and soft. The main difference between them is
the ability to fragment the compounds of interest or gently charge them, keeping the molecules
intact or almost intact.

Electron-impact ionisation (EI) is one of the most commonly used ionisation techniques in
connection to a prior gas chromatographic separation: within this technique, analytes get
fragmented by impact of electrons with a certain energy, commonly 70 eV, which destroy the
molecules by collision. As a result, EI ionisation produces a fragmentation pattern, which is
unique for each analyte and can be useful to gain information about its molecular structure.
Soft ionisation techniques are typically represented by chemical ionisation in which the
ionisation occurs non-destructive by charging the analytes using a reactant gas (Gross and
Roepstorff, 2011). Electrospray ionisation, which is also referred as a soft ionisation technique,
will be discussed more detailed separately, as it was the technique of choice used in this work.
Besides the already mentioned time-of-flight (ToF) mass analyser the presumably most
frequently used type of analyser is the quadrupole. The underlying principle is that mass
separation is achieved by a changing electrical field, which directly influences the motion of
the ionised analytes according to their m/z. Linear quadrupole systems are built of four
cylindrical rods (Glish and Vachet, 2003). Another type of detector is the ion trap which is
discussed later on as it is the basis of the Orbitrap system used in this work for the chemical
characterization of atmospheric aerosol.

Decisive for the performance of a mass spectrometer is the mass resolution and accuracy. High
resolutions are necessary to detect neighbouring ion signals with similar m/z. Resolution is

defined as the smallest m/z value (Am/z) which can still be resolved for a certain peak m/z (R =

—A’:;//ZZ). Am/z is specified as the full width at half of the peak maximum (FWHM). Mass accuracy

is crucial for deriving the elemental composition of compounds based on mass information and
therefore essential for non-target analysis. It is defined as the difference between the measured
mass and the theoretical mass, normally specified in parts per million (ppm) (Bristow, 2006;
Sparkman, 2011).

3.2 lon trap mass analyser — Orbitrap

Quadrupole ion trap mass analysers use a three-dimensional electrical field set up between two
hyperbolic- and one ring electrodes to trap ions on stable trajectories. The ions of interest can
14



thereby be formed inside or outside the ion trap. To measure the mass of the trapped ions, their
trajectories need to be made unstable by adjusting the radio frequency voltage of the ring
electrode, which results in a mass selective distraction (Glish and Vachet, 2003). Although the
working principle is different to the basic principle mentioned before, the Orbitrap analyser is
also considered as an ion trap. This type of mass analyser is based on the general approach of
trapping ions in an orbital trajectory first introduced in 1923 by K. H. Kingdon (Kingdon, 1923).
He was able to show that ions with sufficient tangential velocity circle around a charged wire
in an electrostatic field. Later on R. D. Knight conducted an experiment in which laser produced
ions were, orbitally trapped, excited and ejected (Knight, 1981). The driving force for the
development of the Orbitrap analyser was to be able to reach a resolving power and mass
accuracy similar to Fourier transform ion cyclotron resonance analysers (FT-ICR) without the
high costs and space needed to operate a strong magnetic field (Gross and Roepstorff, 2011).
The first commercially available linear trap quadrupole (LTQ) Orbitrap system was released in
2005 by Thermo Fisher Scientific including a linear ion trap mass spectrometer combined with
an Orbitrap mass analyser (Makarov et al., 2006).

The Orbitrap analyser consists of three electrodes, a spindle-shaped central electrode and a
surrounding two-piece outer electrode. Applying a voltage between the inner electrode and the
outer electrode results in an electric field with strong axial and radial field forces. As a
consequence, injected ions oscillate axial along the inner electrode, with the radial forces
directing them on orbital trajectories towards the central electrode with balancing centrifugal
forces. The axial oscillations induce an image current in the outer electrode, which can be
converted into a mass spectrum by Fourier transformation, as the m/z can be determined using
the frequency of the axial oscillation (Scigelova and Makarov, 2006; Zubarev and Makarov,
2013; Nolting et al., 2019) (Figure 2).
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Figure 2. Schematic of the Orbitrap analyser and C-trap. Taken from Hecht et al. (2019).

To analyse complex mixtures it was necessary to connect the discontinuous Orbitrap analyser
with continuously working ion sources like electrospray ionisation (Hardman and Makarov,
2003). Therefore, an ion storage device, which is used to accumulate ion packages with
subsequent tangential injection into the electrical field offset to the centre, was implemented
the so called C-trap.

Meanwhile Orbitrap systems were further improved regarding sensitivity and scan speed to
fulfil the requirements for more complex applications. Enhanced ion source optics, ion trap
mass analyser and a separate fragmentation cell were implemented. As the first available
Orbitrap system contained only the option to carry out fragmentation experiments, using low
energy ion trap-based collision induced dissociation (CID) with limitations towards structure
elucidation, a new cell for higher energy collision-induced dissociation (HCD) was
implemented (Figure 3). The HCD-cell contains a multipole arrangement, is filled with an inert
gas and located next to the C-trap. Compounds of interest become accelerated towards the
collision gas molecules by adjusting the electrode voltages, resulting in fragmentation through
impaction (Olsen et al., 2007). This type of fragmentation provides a lower mass cut-off
regarding the formed fragments compared to CID fragmentation. Also higher fragment
numbers are usually obtained, which improves the structure identification of small molecules.
The C-trap functions in that respect as a distributor of ions between the HCD-cell and the

Orbitrap mass analyser (Eliuk and Makarov, 2015). In 2008 — with the release of the Exactive

MS system — the ion trap setup of the LTQ Orbitrap was replaced by a multipole and in 2011
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the Q Exactive series was launched employing a quadrupole mass filter incorporating faster
cycle times and introducing multiplexed scan modes (Figure 3). The improved duty cycle is a
consequence of the option of filling the C-trap or HCD cell during an ongoing Orbitrap scan
(Michalski et al., 2011). Additional improvements to an Orbitrap Q Exactive Plus mass
spectrometer enabled the detection of analytes up to 70,000 m/z (Fort et al., 2017). Further on,
the Tribrid line of Orbitrap mass spectrometer integrated three types of mass analysers
expanding the number of possible experiments. Current generation Orbitrap systems — like the
used Q Exactive Focus Hybrid Quadrupole-Orbitrap (Figure 4) — reach mass accuracies with
external- and internal calibration between 2-3 ppm and < 1 ppm (Hecht et al., 2019). Moreover,
by reaching resolutions of above 1,000,000 at m/z 200 Orbitrap systems became an effective
alternative to FT-ICR MS systems in the field of petroleomics (Schmidt et al., 2018).

HCD cell C-trap Quadrupole mass filter
1f| I
e
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S-lens E%}
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v

Figure 3. Schematic showing the setup of the Q Exactive mass spectrometer. Taken from Eliuk and Makarov (2015).
In order to perform non-target screening of complex environmental samples, the
implementation of high-resolution accurate mass analysis (HR/AM) is essential to identify the
elemental composition of unknown compounds using exact mass, isotopic and fragmentation
pattern. Orbitrap mass spectrometer are utilised in atmospheric sciences to chemically
characterize airborne particulate matter and shed a light on atmospheric transformation

processes. The application is versatile, among other things they are used to analyse PM2 s filter

samples, atmospheric organic aerosol in real time and to reconstruct past organic aerosol

17



composition based on glacier ice cores (Wang et al., 2017; Zuth et al., 2018; Vogel et al., 2019;
Wang et al., 2021).

Figure 4. The Vanquish Flex - Q Exactive Focus Hybrid Quadrupole Orbitrap System used.

3.3 Tandem mass spectrometry (MS/MS)

The term tandem mass spectrometry describes experiments with more than one stage of mass
spectrometric analysis with a change of the compounds molecular structure taking place in
between. In the first step, an analyte called precursor ion gets isolated and fragmented by
increasing the compounds internal energy through collision with an inert gas, referred as
collision-induced dissociation (CID) (McLuckey, 1992). Next, the produced product ions are
analysed in another mass spectrometric scan describing a mass spectrometric experiment of
second order (MS?). Repetition of this sequence leads to experiments of higher MS orders
(MS"). Advantageous of these types of experiments is that by selecting precursor ions for
analysis, the chemical noise due to high numbers of ions reaching the mass analyser is reduced

noticeable in form of improved detection limits. Fragmentation experiments make it possible
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to elucidate the molecular structure of compounds in complex samples by analysing the formed

product ions (Noziére et al., 2015).

Two possible modes of operation are the precursor-ion- and the product-ion scan. The first
experiment focuses on the detection of a specific product ion and therefore identifies all analytes
which dissociate to form this type of fragment. The product-ion mode is aimed to identify
selected analytes by detecting all the formed product ions. Furthermore, a neutral loss
experiment offers the possibility to identify selected compounds by addressing a specific mass
loss after fragmentation. Reaction monitoring is often used for quantification, as in this type of
experiment both the analytes and product ions are specified, which enhances accuracy as the
ratio of the formed product ions can be monitored. As trapping-based mass spectrometers
normally use the same analyser for each MS-stage, they are referred as tandem-in-time
instruments with the option to higher order MS/MS experiments, using one analyser (Glish,
1994). If different analysers are used for the different MS-stages, the instruments operate
tandem-in-space. Using one analyser for several MS-stages increases the MS/MS efficiency as
no ion transfer losses between the analysers occur and longer dissociation times are applicable.
On the other hand precursor ion- and neutral loss scans are not possible (Glish and Vachet,
2003). The product-ion scan combined with a chromatographic separation and authentic
standards provides the most clear identification of all techniques, making an unambiguous
compound identification possible. In this context HR/AM measurements are also useful to
elucidate the product ion identity (Kahnt et al., 2014). The other variants of tandem mass
spectrometry are also used in some particular use cases in atmospheric aerosol characterization
(Noziére et al., 2015).

Tandem mass spectrometry is a common technique to chemically characterize atmospheric
particulate matter in order to gain structural information or to confirm the identity of detected
compounds (Kitanovski et al., 2012; Zuth et al., 2018; Vogel et al., 2019; Briiggemann et al.,
2019). In this work we used MS/MS experiments in the form of product-ion scanning in order
to identify as many as possible analytes by database matching (database:

https://www.mzcloud.org/).
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3.4 Electrospray ionisation (ESI)

Yamashita and Fenn (1984) reported about the formation of ions if a solution passes a small
capillary with a voltage applied. They established a new ionisation technique based on their
findings. Single ions in the gas phase are generated in the ESI source by a potential difference
between the mass spectrometer inlet and the small capillary at atmospheric pressure. The
required voltage depends on the used solvent and size of the capillary tip (Glish and Vachet,
2003). Depending on the charging state of the inlet and the capillary, positively or negatively
charged droplets containing both analyte and solvent molecules are formed exiting the capillary.
Due to the potential difference a separation of the differently charged ions occurs. lons which
get attracted by the capillary are discharged (Ikonomou et al., 1991). In contrast ions directing
towards the inlet enrich at the surface of the droplets, forming a cone named after Taylor (1964)
with the surface tension as countering force. At some point the charge repulsion (Coulomb
forces) within the droplets reaches a critical level (Raleigh limit) so that the surface tension is
exceeded and smaller droplets are emitted (Coulomb explosion). This process is supported by
the evaporation of the solvent either through a heated gas flow or a heated transfer capillary

into the mass spectrometer or both (Gross and Roepstorff, 2011; Kromidas, 2017).

The final formation of the individual ionised species is still under debate. The charge residue
model (CRM) assumes that the process of droplet size reduction repeats itself until only single
charged molecules are left in the droplets. Ongoing solvent evaporation leads then to charged
analytes in the gas phase (Felitsyn et al., 2002). Contrasting this, the ion evaporation model
(IEM) says that the droplets size is reduced until single ions are sent out (Iribarne, 1976;
Thomson and Iribarne, 1979). It is assumed that the formation of small ions follow the IEM
model and that for bigger ions the CRM model is applicable (Kebarle, 2000). The resulting

analyte ions are then transferred into the high vacuum of the mass spectrometer.

With the development of ESI it became feasible to analyse thermally unstable, large and non-
volatile compounds and to use solvent-based separation techniques like ultra-high performance
liquid chromatography prior to mass spectrometric analysis. The development of ESI was
especially beneficial for the analysis of large biological molecules, as they can be ionised
unscathed (‘soft ionisation’) without any mass restrictions. Often high molecular weight
compounds like proteins and oligonucleotides are charged multiple times leading to a reduction
of their m/z to a level suitable for a wider range of mass spectrometers. Multiple charging is
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only rarely seen for small molecules (Glish and Vachet, 2003; Gross and Roepstorff, 2011).
lonisation by ESI occurs through adduct formation by protonation, deprotonation or attaching
for example sodium [Na*] or potassium [K*] ions. Molecular ions holding a negative charge
(M - HY") are formed by deprotonation in the negative-mode. Positively charged molecular ions
(M +H]*, [M + Na]") are generated by adduct formation within the positive-mode. Suppression
of the ionisation of certain analytes can occur as higher concentrated analytes can focus a large
part of the charges on themselves.

In this work, we used ESI to ionise organic compounds as soft as possible to be able to
determine the molecular composition based on their exact mass. Since the ionisation efficiency
of compounds depends on their functionality, authentic standards are essential for a subsequent
precise quantification.

3.5 Ultra-high performance liquid chromatography

(UHPLC)

Chromatography is an analytical method used to separate compounds in mixtures. It was first
introduced by the botanist Michail Tswett in 1906 who achieved the separation of leaf dyes
using an adsorbent packed column (Ettre and Sakodynskii, 1993). The basic principle of
chromatography is that the various compounds in a mixture interact differently with the mobile-
and stationary phase whereby they get separated. At first the sample solution is injected into a
mobile liquid- or gas phase which moves along a stationary phase. Due to the different strength
of interactions of the analytes with the surface of the stationary phase they elute at different
times from the column. Consequently, the retention time is substance specific and can therefore

be used for compound identification using authentic standards.

Furthermore, a method for the detection of the separated components needs to be applied. Often
UV/Vis detectors are coupled with UHPLC systems. In this work a high-resolution Orbitrap
mass spectrometer for the subsequent analysis was used. Recording of the detector signal over
the elution time returns a chromatogram. The interaction of an analyte solved in the mobile
phase with the stationary phase can be described through constantly re-establishing distribution
equilibria. If the overall equilibrium, described by a partition coefficient, is more on the side of

the mobile phase a substance is less retarded. Compounds that do not interact with the stationary
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phase and get detected shortly after injection allow to identify the dead time, which is column
specific. The separation efficiency can be described through the number of theoretical plates
which depends on the column length and the theoretical plate height first introduced by Martin
and Synge (1941). Lower heights of the theoretical plates are beneficial for the column
efficiency. The peak width, respectively the time period a certain compound is eluting from the
column, is defined by the Eddy- and longitudinal diffusion and the mass transfer between the
two phases. As a consequence, columns smaller in diameter and packed with smaller particles
as stationary phase became more and more utilised. The longitudinal diffusion can be reduced
through increasing the flow rate which has in return a negative impact on the separation
efficiency due to a reduced mass transfer. The extent of diffusion is also analyte specific with

lower molecular masses advantageous for the separation.

UHPLC is widely utilised in the pharmaceutical, forensic and industrial field as well as for the
analysis of foods regarding possible contaminants. The used setups generally utilise reservoirs
for solvents of different polarity, an injector and pump system and a UHPLC column for the
actual separation of the analytes. Two methods of operation are distinguished, isocratic elution
just uses one constant ratio of the solvent volumes for compound separation whereas a better
efficiency often can be reached by varying the ratio during the chromatography, named gradient
elution. By changing the polarity of the solvent mixture over time a better separation within
shorter time periods is achieved. The pump systems are subject to special requirements as they
need to resist chemical decay, generate high pressures and to guarantee constant flows with
high reproducibility.

In this work, a Vanquish Flex system of Thermo Fisher Scientific was used utilising a binary
pump setup. This system can generate pressures up to 1000 bar mixing two solvents for a high-
pressure gradient (Thermo Fisher Scientific, 2021).

In liquid chromatography two different mode of operation are used. Normal phase
chromatography is a working method utilising a polar stationary phase and a non-polar solvent
as mobile phase; one application of this method is the separation of steroids and sugars. If the
stationary phase consists of an immobilised polar liquid bound to a solid phase like silica gel,
gradient elution cannot be used. More often reversed-phase chromatography is used for
compound separation utilising a non-polar stationary phase and a polar mobile phase. Within
this type of column the effective separation phase is covalently bound to a solid phase, normally
particulate silica gel. This general type of stationary phase is used for normal phase as well as

for reversed phase chromatography. In this work the Accucore Cig (Thermo Fisher Scientific)
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reversed-phase column was used. The Cig-groups protrude vertically from the bound particle
surfaces interacting with the analytes through adsorption. The retention efficiency and
applicable analyte concentration generally increases with the length of the bounded alkyl chains
(Otto, 2006). The chromatographic separation of polar compounds can be achieved using
normal-phase columns, whereby in combination with ESI reduced ionisation efficiencies are
obtained due to the use of non-polar pure organic solvents. Furthermore, the solubility of polar
organic analytes in the mobile phase can be limited. To encounter these problems a new type
of chromatography was introduced based on hydrophilic interactions. Hydrophilic interaction
chromatography (HILIC) utilises a polar stationary phase in combination with a water- polar
organic solvent mixture as mobile phase (Nguyen and Schug, 2008). These type of columns are
also used in atmospheric sciences for the characterization of polar organic compounds like

organosulphates (Spolnik et al., 2018).

3.6 Non-target analysis

The screening for target compounds in environmental samples presuppose that compounds have
already been identified with regard to environmental relevance or human health. This type of
analysis requires the availability of reference standards, measured with the same analysis
settings in parallel (Schymanski et al., 2015). In contrast, in a non-target analysis, the three-
dimensional space of retention time, m/z, and intensity is searched for peak signals without
preselecting target compounds (Figure 5). Target- and non-target analysis can be combined to
get a more comprehensive overview about the chemical composition. The extraction and
ionization method used influences the chemical composition of the sample extracts and thus
also the substances that can be identified. Non-target analysis, a software-based approach,
required the further development of high-resolution mass spectrometry and the coupling with
gas or liquid chromatography to precisely measure the exact mass of structural intact
compounds after ionization. Following the mass spectrometric detection of compounds, an
algorithm is applied to the measurement data in order to identify formed adducts and, in this
context, identify compounds based on their exact mass. This approach enables the detection of
unexpected compounds and also the retrospective search for compounds of concern in already
measured samples.

The identification of substances within the targeted screening approach is based on the analysis

of single peaks using extracted ion chromatograms. In contrast, the non-target screening
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approach holistically identifies chromatographic peaks based on exact mass, isotopic pattern
and MS? fragmentation pattern. The identification process can be further improved by including
database matching of recorded fragmentation spectra. Finally, the software uses these
characteristics to determine molecular formulae of the detected compounds. If an exact mass
deviation can be assigned to adducts, clusters, fragments or isotopic differences, simultaneously
eluting peak signals are combined to one compound. At the end of a non-target analysis, the
identification of the substances is often supported by measuring the respective standards, if
available. In this regard, the software identification of low intensity signals can be improved by
analysing reference standards and the samples data within one non-target project. With this
approach compounds can be discovered that will then be the subject of targeted measurements
in future analyses (Schymanski et al., 2015).

%,

Intensity

Figure 5. Three-dimensional space of retention time, m/z and intensity of a Frankfurt Airport UFP sample (32-56 nm;
by MZmine2).

3.7 Quantitative analysis

The concentration of compounds in solvent extracts of ambient filters can be determined by
external calibration using authentic or surrogate standards. Based on a series of different
compound dilutions, the known concentrations are fitted with the corresponding signal intensity
responses. The resulting correlation makes it possible to quantify compounds based on their
measured peak signal intensity. Generally test measurements of the samples and dilutions of

the reference standards are conducted to assess the calibration range covering the concentrations
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present in the samples. Several different standard concentrations are then analysed, with each
calibration point being measured multiple times. The resulting calibration curve needs to be
assessed regarding their linear response range between concentration and signal intensity. In
case the calibration does not show full linearity, the concentration range needs to be adjusted.
Matrix effects, for example due to adsorption on suspended particulate material or on glass
surfaces, are not taken into account with this quantification method. To overcome this
limitation, the standard addition method can be used for quantification. In this case, the
substances to be quantified are added directly to the sample extracts. Therefore, different
dilutions of the authentic standards have to be prepared and added gradually. This spiking
process leads to an increase in the concentration of the compounds and thus the signal intensity.
The measurement of the extracts with differently increased concentrations results in the
representation of a calibration curve. It should be noted that linearity exists over the entire
concentration range. Based on this, the concentration of the target compounds in the native
sample can be determined by extrapolating the compounds response to zero (Ellison and
Thompson, 2008).

For the assessment of an analysis method, the limit of detection (LOD) and the limit of
quantification (LOQ) can be determined. The first metric describes the lowest concentration of
a compound that can be detected qualitatively with a certain degree of confidence. The LOQ is
defined as the lowest analyte concentration which can be quantified with a certain degree of
confidence. These metrics are described by the standard DIN 32645 of the German Institute for
Standardization (DIN).

3.8 Particle-number size distribution

Particle number size distributions are widely used for the characterization of airborne aerosol
like aviation-related UFPs (Hudda and Fruin, 2016; Pirhadi et al., 2020). By representing the
total particle number in a specific volume and the associated particle sizes, this type of
distributions can help to identify the source of particle emissions and their spread. Biomass-
and wood burning and other combustion processes, as in automobiles or for power generation,
generally lead to the formation of particles in the size range of a few nanometres up to one
micrometre. Secondary formed aerosol by photochemistry in the atmosphere is predominantly
smaller than one micrometre in diameter, whereas primary aerosol like dust, sea salt, plant

material and pollens are normally larger than one micrometre. The particles lifetime in the
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atmosphere is influenced by their size (Seinfeld and Pandis, 2016). Larger sized particles in the
coarse mode range (< 10 pm) are emitted, for example, from road traffic due to abrasion of
brake pads and tires (Fujitani et al., 2021).

Ultrafine particles (< 0.1 um) are of very low mass compared to larger sized particles, and can

be found in high numbers in the urban environment (Kumar et al., 2014) (Figure 6).
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Figure 6. Particle size distribution including the ultrafine-, fine and coarse mode particles size range. The particles
number, surface area, lung deposited surface area, and mass are shown. Taken from Baldauf et al. (2016).

Accordingly, UFP emissions emerging from the Frankfurt Airport were characterized regarding
their specific number size distribution (Ditas et al., 2022). Commercially available
condensation particle counters (CPC) can reach a lower limit of detection of ~3 nm (Hermann
et al., 2007; Mordas et al., 2008). Therefore, particles need to be enlarged by condensing a
solvent like butanol or water onto their surface. After growing to nearly the same size
(magnitude of a few micrometres) they can be detected optically. The lowest instruments cut-
off diameter, which describes the diameter at which 50% of the particles are counted, is ~1 nm
reached by another type of instrument (Particle size magnifier; PSM) (Vanhanen et al., 2011;
Kulkarni, 2011). As CPCs can only measure particle numbers, an instrument for size selection
must be used beforehand to determine particle-number size distributions. Scanning mobility
particle sizers (SMPS) as employed in this work combine CPC particle counting with a size
selection based on the principle of differential mobility analysers (DMA). DMAs classify
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aerosol particles depending on their electrical mobility, which describes the particles migration
velocity in a defined electrical field. This parameter depends on the particle size, morphology
and number of elementary charges. After applying a defined charge distribution onto the
particles of the aerosol sample they are injected and directed along the cylindrical construct by
a gas flow. The applied electrical field between the outer and inner electrodes drags the particles
perpendicular to the flow direction towards the inner electrode. Only particles with a specific
electrical mobility can reach the outlet port. The remaining particles either impact earlier on the
inner electrode or more downstream not reaching the exit port. SMPS instruments can measure
particle-number size distributions by continuously changing the voltage and therefore the
electrical field. Thereby varying particle sizes are detected successively (Wang and Flagan,
1990; Kulkarni, 2011).

3.9 Sampling of atmospheric particulate matter

Besides the direct chemical analysis of atmospheric particulate matter using online
instrumentation, offline sampling with subsequent analysis is widely used. In this field inertial
classifiers and especially impactor systems are most common. One example for an impaction
based sampler is the Micro Orifice Uniform Deposition Impactor (Nano-MOUDI) (Marple et
al., 1991), used in this work. Size-dependant (aerodynamic diameter) separation of particles is
achieved by taking advantage of the different particles inertia. Only particles with a sufficiently
low inertia can follow the air stream and bigger sized particles impact on a substrate for
subsequent analysis. Whether a particle is collected or follows the air stream depends on the air
velocity, the size of the impaction plate and the particle size. This dependency is explained by
the Stokes number setting the dimension of the impaction plate in relation to the distance a
particle would need to stop. Impactors, a type of inertial classifiers, are used for particle
separation at which defined cut-sizes determine whether a larger particle impacts on a plate or
a smaller particle follows the air stream. For the subsequent analysis of the deposited particles,
impaction plates are covered with a removable substrate like aluminium foils. The efficiency
of this size-dependant separation process can be described through collection efficiency curves
taking into account the fraction of particles impacted. Often a cascade of impactors is used in
series to separate various particle size fractions gaining information about the size distribution.

Cascade impactors make use of a stagewise increasing air velocity to collect smaller particles
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in succession. This size collection range can be extended to very small sizes by applying lower
pressures within the stages or by utilising nozzles with lower diameters.

The used Nano-MOUDI sampler makes use of these modifications being therefore classified as
a micro-orifice impactor. This type of cascade impactor works under the principle of inertial
impaction (Marple et al., 1991) and consists of 13 stages with the last three stages used for
sampling. Stagewise the diameter of the nozzles decreases with simultaneous increasing
number of nozzles to reach sufficient flow rates. In comparison low pressure cascade impactors

use much lower pressures however the utilised nozzles are similar as in standard impactors.

Difficulties in collecting particles using impactors are filter overloading, interstage losses and
bounce off. Particle bounce from higher to lower stages can be prevented by coating the
impaction substrate, applying a sticky substance selected based on the chemical composition,
mass stability and particle analysis technique. Particle overload of the sampling substrate can
be attenuated through rotation of the impaction plates. Diffusional losses are relevant for very
small particles like the analysed UFPs, due to a low sampling pressure. Sampling losses depend
on the characteristics of the collected particles. Solid particles undergo stronger bounce off,
lower interstage losses and tend to stronger filter overloading than more adhesive particles. For

particles < 100 nm wall losses are most relevant (Weiden et al., 2009).

Another way of attaining a representative sample of atmospheric particulate matter is using a
filtration technique enabling the sampling of higher air volumes instead of an impaction based
deposition method (Turpin et al., 2000). Within this approach a filter is used to remove particles
suspended in air and deposit them on a surface to gain a transportable and storable sample for
subsequent analysis. Often an impactor is used upstream to a filter to separate a certain particle
size fraction before collection. This approach is also utilised in high-volume samplers as used
in this work for PM2 collection. The efficiency of transport of particles from the inlet to the
filter can be affected by electrostatic wall-loss effects, temperature differences and inertial-,
gravitational- and diffusional wall deposition. Fibrous filters like glass fibre filters used by
default for high-volume air sampling are characterized by their particle filtration efficiency
larger than 99% due to their high specific surface area making also gas phase adsorption
possible (Turpin et al., 2000). Due to the high filtration efficiency the sampling of PM2 5 also
leads to the collection of UFPs. Particles get retained after impaction or diffusion onto the
fibres. Furthermore, this type of filter is relatively inert, temperature stable and pressure drops

are less relevant (Kulkarni, 2011).
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Shortcomings of particle sampling are compound volatilisation (blow off) and adsorption of
gas phase constituents (blow on) (Jacobson et al., 2000). In this regard, a pressure drop can lead
to volatilisation of particle-bound compounds (Turpin et al., 2000). Rebound from the
collection surface called thermal rebound (Givehchi and Tan, 2014) of nanoparticles down to
3 nm is not of relevance (Kim et al., 2006). Sampling artefacts due to chemical transformation

of deposited compounds can occur regardless of the sampling method.
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4. The Projects

4.1 ldentification and source attribution of organic
compounds in ultrafine particles near Frankfurt

International Airport

This chapter describes the content of the first paper of this study (Ungeheuer et al., 2021),
which focuses on the chemical characterization of aviation-related ultrafine particles using
non-target screening. To further improve the subsequent identification of compounds,
fragmentation and thermal decomposition experiments as well as a source attribution analysis
were performed.

In September 2017 the Hessian Agency for Nature Conservation, Environment and Geology
started to monitor UFP emissions originating from the Frankfurt International Airport as various
studies identified large international airports as sources of UFPs (Hu et al., 2009; Yu et al.,
2012; Hsu et al., 2013; Keuken et al., 2015; Hudda and Fruin, 2016). Based on particle size
distribution measurements it could be shown that during the operating hours of the Frankfurt
Airport (05:00-23:00 CET) higher UFP concentrations are measured when the wind was
coming from the airport direction (Ditas et al.,, 2022). Based on that, the chemical
characterization of UFPs emerging from the Frankfurt Airport was intended by performing a
comprehensive non-target screening of UFP filter samples.

Frankfurt Airport, one of the largest airports in Europe, is located in the Rhine-Main
metropolitan area in around 12 km distance to the city centre of Frankfurt. In 2019 the year of
the sampling campaign 2.1 million tons of cargo and more than 70.5 million passengers have
been transported by more than 500,000 flight operations shared over four runways (Fraport AG,
2020). In 2020 the European flight traffic declined by 55% and by 44% in 2021 compared to
2019, due to the COVID-19 pandemic. Full recovery of flight movements is expected between
mid-2023 and after 2027, depending on the course of the Covid-19 pandemic (Eurocontrol,
2021b, 2021a, 2022). The correlation between flight movements and UFP emissions at
Frankfurt Airport, which certainly applies for large international airports in general, implies
that the recovery of the aviation sector will also lead to higher UFP emissions (Rose et al., 2020;
Ditas et al., 2022).
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Ambient filter sampling

UFP filter sampling took place from August to October 2019 at the time of the highest traffic
volume at Frankfurt Airport to date. The air quality monitoring station, operated by the Hessian
Agency for Nature Conservation, Environment and Geology, used as sampling site is located
4 km north of Frankfurt Airport in the city forest (Frankfurt Schwanheim; F-Schwanheim)
(Figure 7). Highly frequented streets are not located within a distance of 1 km. Due to the size
of the airport and the proximity to the airport, samples taken at this station are considered to
generally represent emissions of large international airports. In order to characterize the airport
outflow, sampling only took place during the operating hours (5:00 — 23:00 CET) and southerly
wind direction. Due to the low mass of UFPs the sampling times varied between 18 to 54 hours.
Particle size distribution measurements in F-Schwanheim show a strong deviation between
airport-influenced- and background measurements regarding number concentration and
distribution shape. Furthermore, these measurements point out the exceptional high number

concentrations detected at the monitoring site in October 2019 (Ditas et al., 2022).
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Figure 7: Map showing the sampling site 4 km north of Frankfurt Airport. The southerly wind direction during the
eight sampling periods is depicted by the wind rose. Taken from Ungeheuer et al. (2021).

For the sampling of UFPs a Micro Orifice Uniform Deposition Impactor was used (Nano-
MOUDI, Model 115, MSP, Minneapolis, MN, USA) utilising 13 impactor stages for size
segregation and being able to collect particles < 100 nm on the last four stages. Particle size
distribution measurements in F-Schwanheim show that aviation-related particulate emissions
mainly contribute to the < 30 nm size fraction (Ditas et al., 2022). Hence, we only sampled on
the last three stages covering aerodynamic diameters between 0.010-0.018 um, 0.018-0.032 pm

and 0.032-0.056 um. The 13 impaction plates of the Nano-MOUDI were covered with
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aluminium foils to sample particles by impaction. The foils of the upper ten stages were coated
with grease to prevent larger particles reaching the lower stages by bounce-off (Figure 8). The
filters were stored in metal boxes at —20 °C to avoid transformation and evaporation of
compounds altering the outcome of the non-target screening. Field blanks in the same size range
< 56 nm were collected for 115 hours without actively sampling.

The collected UFP samples cover the average UFP emissions emerging from Frankfurt Airport
with contributions of different types of aircraft engines, fuels, jet engine oils and operating
conditions. Besides the meteorological conditions and the sampling time the actual thrust of
aircraft engines affects their particle emissions (Timko et al., 2014; Lobo et al., 2015; Yu et al.,
2017).

&

Figure 8. The Nano-MOUDI sampler used for the collection of ambient aviation-related ultrafine particles (a).
Aluminium foils after Nano-MOUDI sampling on the ten upper stages (b) and on the three lower stages (c; 32-56 nm).
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Jet engine lubrication oils

In order to identify jet engine oil constituents in UFPs five different jet oils of different brands,
selected according to the recommendations for various engine types, were analysed. These oils
are mainly used for cooling and the reduction of friction within turbines. They are mainly
composed of a synthetic ester base stock like pentaerythritol esters or trimethylolpropane esters
and different additives. Amine additives are used as stabilizers (Wu et al., 2013) whereas
organophosphate constituents serve as anti-wear agents and metal deactivators (Wyman et al.,
1987; Du Han and Masuko, 1998) (Figure 9).
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Figure 9. Most prominent jet engine lubrication oil constituents. Taken from Ungeheuer et al. (2022).

The analysed oils were: Mobil Jet Oil Il (ExxonMobil, Irving, TX, USA), Mobil Jet Oil 254
(Exxon-Mobil, Irving, TX, USA), Aeroshell 500 (Royal Dutch Shell, The Hague, Netherlands),
Turbo Oil 2197 and 2380 (Eastman, TN, USA) (Figure 10). The Mobil Jet Oil 11 has the highest

market share (Winder and Balouet, 2002), the market share of the other oils is unknown.
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Figure 10. The analysed jet engine oils (Mobil Jet Oil 11, Mobil Jet Qil 254, Aeroshell 500, Eastman Turbo Oil 2197
and Eastman Turbo Oil 2380).

Filter extraction procedure

Although UFPs are characterized by high particle number concentrations, their low mass makes
it necessary to develop a filter extraction method reaching highest possible extract
concentrations. Particle size distribution measurements indicated that the sampled particle mass
is at most in the low microgram range. Because concentrating extracts through solvent
evaporation can lead to volatilization of compounds, high extract concentrations have been
sought by reducing the amount of solvent used for extraction. Furthermore, no extract filtration
was conducted accounting for the adsorptive behaviour of the jet engine oil constituents. Pure
methanol was used for the filter extraction as testing different mixtures of solvents (50%
acetonitrile, 50% methanol; 60% methanol, 40% water; 60% acetonitrile, 40% water) showed
lower extraction efficiencies based on detected signal intensities and number of non-target
screening identifications.

After sampling no deposited particulate matter was visible onto the filter surface, hence the area
below the nozzle array of each impactor stage was chosen for extraction. The cut out filter
material with a diameter of 2.5 cm was cut in small pieces (~ 2.5 mm x 2.5 mm) using ceramic
scissors. Extraction was carried out within 2 x 20 min on an orbital shaker (300 rpm) after

adding 100 pL and 50 pL pure methanol (Optima™ LC/MS grade, Fisher scientific),
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respectively. Ultrasonic extraction was discarded due to a possible chemical transformation of
the sample composition owing to the formation of free radicals (Riesz et al., 1985). Two UFP
samples were extracted a third time solely using 50 pL of methanol to identify a possible
extraction loss caused by the adsorptive behaviour of the jet engine oil constituents. To ensure
that the entire filter surface gets in contact with the solvent, glass vials equipped with flat-
bottom micro inserts with a maximal volume of 200 uL (LLG Labware; @ x H: 6 x 31 mm)
were used for extraction. Both solvent extracts were combined and then aliquoted into three
glass vials including 100 pL micro inserts with conical bottoms (VWR, @xH: 6x31 mm)
ensuring a sufficient solvent level for the UHPLC injection of 5 uL. One vial was used for the
analysis of the native sample. Using the standard addition method authentic standards were
added to the other two vials for quantification of the jet oil constituents. The sample extracts
were measured directly after extraction. In total 48 filter samples were collected including 9
field blanks. In the end 22 filter samples and 3 field blanks were analysed. The other filters
were used for method development and testing further analytical methods to analyse metals and

organic-, inorganic carbon.

Chromatographic separation and mass spectrometric analysis

The mass spectrometric analysis of the ambient UFP filter samples was realised using an
Orbitrap high-resolution mass spectrometer (Q Exactive Focus Hybrid Quadrupole-Orbitrap,
Thermo Fisher Scientific). Chromatographic separation of the chemical composition was
achieved by ultra-high-performance liquid chromatography (UHPLC) (Vanquish Flex, Thermo
Fisher Scientific). Heated electrospray ionisation (HESI) was utilized for compound ionisation,
forming negatively and positively charged molecular ions. To separate the organic composition
based on polarity a reversed-phase column (Accucore C18, 150 x 2.1 mm, 2.6 pm particle size,
Thermo Fisher Scientific), thermostated at 40 °C (still air) was used. An improved
chromatographic separation was achieved by applying a solvent gradient using ultrapure water
(18.2 MQcm; Millipak® Express 40: 0.22 um, Millipore; Milli-Q® Reference AC, Merck)
(solvent A) and methanol (Optima® LC/MS grade, Thermo Fisher Scientific) (solvent B) as
the UHPLC solvents. The flow rate of the mobile phase was 400 uL min™. Both solvents were
acidified using formic acid (0.1% by volume; LiChropur®, Merck; purity: 98 — 100%) to
enhance the chromatographic separation and ionisation efficiency in the positive mode. Based
on test measurements revealing the non-polar character of most of the detected compounds, the

chromatographic separation started with 60% solvent B (0-0.5 min). This high organic fraction
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of the mobile phase allowed to inject large volumes of pure organic solvent based sample
extracts without impairment of the chromatographic separation. The gradient was then raised
to 90% solvent B (0.5-11 min), followed by a final increase to 99% (11-16 min). The slowed
rise of the gradient between 90 — 99% solvent B was implemented to better separate the single
synthetic esters of the jet oil base stocks. After reducing solvent B to 60% (16-17 min), the
system equilibrated the starting conditions within 3 min. The total runtime of the method was
20 min, the sample injection volume 5 pL.

Different settings regarding the ESI source were adjusted to optimise the ionisation process like
the spray voltage, transfer capillary temperature, auxiliary gas flow and temperature. After
testing, both the positive and negative mode run the same settings (3.5 kV spray voltage, 40 psi
sheath gas (nitrogen), 8 psi auxiliary gas (nitrogen), 350 °C gas temperature) but due to a lower
number of compounds in the negative mode the spray voltage was reduced from 3.5 kV to 2.5
kV. The MS-system was calibrated reaching a mass accuracy < 2 ppm using Pierce™ (Negative
lon Calibration Solution, LTQ Velos ESI Positive lon Calibration Solution, Thermo Fisher
Scientific) calibration solutions. Within the mass spectrometric analysis, a resolution of ~70 k
at mass-to-charge ratio (m/z) 200 was reached, scanning in the positive mode between 150 —
750 m/z and in the negative mode between 50 — 700 m/z. Data was recorded in profile mode,
and to further improve compound identification a tandem mass spectrometry based method was
implemented (data-dependent MS? (dd-MS?)).

Due to the low mass of UFPs and therefore low filter loadings determining the LOD and LOQ
of tri-o-cresyl phosphate (TCP) and pentaerythritol tetrahexanoate (C29Hs20s) make it possible
to evaluate the suitability of the MS-system for the analysis. These thresholds were determined
based on external calibration. Different compound concentrations in a dilution series are fitted
with the corresponding signal intensity responses. Based on this correlation it is possible to
determine compound concentrations in ambient samples. This type of quantification method
does not consider matrix effects. Five points were calibrated between 0.001-1 ng uL* using
authentic standards (tri-o-cresyl phosphate: > 97.0%, Sigma-Aldrich; pentaerythritol
tetrahexanoate: 95%, Carbosynth Ltd) with each concentration measured three times. The LOD
and LOQ for tri-o-cresyl phosphate was: 0.021 ng uL and 0.060 ng pL* and for pentaerythritol
tetrahexanoate: 0.007 ng uL* and 0.018 ng uL™. The procedure follows the standard DIN
32645. Both calibration curves only showed a small linear response range between
concentration and signal intensity, hence only three calibration points ranging between 0.001—
0.1 ng pL? were used. This is presumably a consequence of the compounds adsorptive

behaviour which probably applies to all the ester base stock compounds as well. Consequently,
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the standard addition method was chosen for quantification within the next study to take matrix

effects into account.

Non-target screening

Besides focusing on several target compounds an overview about the chemical composition of
environmental samples can be achieved by applying a non-target screening. This software-
based approach enables the detection of unsuspected compounds and also to retrospectively
search for compounds of concern. The Compound Discoverer (CD) software (version
3.2.0.261, Thermo Fisher Scientific) used in this study as well as the MZmine2 software utilize
the two-dimensional space of m/z and retention time for compound identification. They identify
chromatographic peaks based on exact mass, isotopic pattern and MS? fragmentation pattern.
Furthermore, these fragmentation spectra can be matched with databases to further improve the

identification process (database: mzCloud — Advanced Mass Spectral Database, last access: 23

February 2022). Based on these characteristics the software identifies compounds and
calculates molecular formulae. Co-eluting peak signals are assigned as one compound if an
exact mass deviation can be attributed to adducts, clusters, fragments or isotopic differences.
Analysing identification standards and ambient samples within one non-target project improves
the software identification, enabling also the identification of low intensity signals. Hence the
spectra of the described jet oils (1 pg mL™ in methanol (Optima® LC/MS grade,

Thermo Fisher Scientific)), the field blanks and the UFP samples were processed in one
experiment. The non-target settings were iteratively optimised leading to the following criteria:
a sample-to-blank ratio of 5, a minimum peak area of 1.0 x 10° after field blank correction and
a 5 ppm mass tolerance for compound detection. The minimum retention time was set to
0.7 min, accounting for the column dead time of 0.6 min. Molecular formulae were calculated
allowing elemental combinations of Ci-e0, Hi-190, O0-20, No-4, So-3, Po-1, Clo-4, and Bro-3 with a
mass tolerance of 2 ppm. All assigned molecular formulae are classified regarding their
elemental composition (CHO, CHN, CHNO, CHOS, CHNOS, CHOP, other). Tris(2-
butoxyethyl) phosphate (CigH3907P, m/z 399.2506 + 4 ppm, [M+H]"), presumably a lab
contamination, was filtered out due to its wide spectrum of applications: plasticizer, flame
retardant and floor finish (Lewis Sr. et al., 2016).
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Fragmentation based structural elucidation

Structural information of the compounds detected by the non-target screening were obtained by
HCD fragmentation applying a normalized collision energy (NCE) of 30. Two modes of
operation were used in combination, full-scan- and dd-MS? measurements. At first the exact
mass of signals is determined, additionally the discovery mode possibly records fragmentation
spectra of highly abundant signals if an estimated peak apex is reached. Processing the data
with CD, a list of compounds different from the blanks can be obtained which can be used
within the confirmation mode. This inclusion list is then used in a second measurement to record
high-quality MS? spectra. This approach improves the database identification process and
enables to obtain fragmentation spectra of low-intensity compounds.

For these measurements the described jet engine lubrication oils were used as qualitative
identification standards to unambiguously identify the jet oil constituents in the UFP samples
based on exact mass, retention time and MS? fragmentation pattern. Structural isomers cannot
be differentiated based on fragmentation experiments. Confirmation of the absence of the tri-o-
isomer of tricresyl phosphate in the ambient UFP samples and jet engine oils can be achieved
based on retention times.

According to Schymanski et al. (2014) the confidence in compound identification can be
divided into five levels. Level 1 represents the highest level of identification certainty by using
reference standards. Whereas level 5 describes the lowest level of identification confidence if
only the compounds measured exact mass is available. Database matching (database:

https://www.mzcloud.org/) results in a level 2 (Probable structure) identification confidence.

Targeting the identification of the jet engine oil constituents authentic standards were used to
match their exact mass, retention times and fragmentation pattern and therefore reaching a level

1 (Confirmed structure) confidence.

Chemical characterization of UFPs by non-target screening

The positive-ionisation mode revealed almost 1000 compounds, whereas a large fraction was
also detected in the field blanks and therefore filtered out. Applying the sample-to-blank ratio
> 5 to the average of six samples of the 0.032-0.056 um size fraction resulted in ~200 organic
compounds. In this size fraction sample-to-blank ratios > 100 were reached by approximately
30 compounds. More than 100 organic compounds in the two smaller size fractions (0.010-

0.018 pum, 0.018-0.032 um) showed a sample-to-blank ratio > 5 averaged over 8 samples
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respectively (Figure 11). The most abundant compounds in the 0.032-0.056 um particle size
range showed higher signal intensities by a factor of 5 to 10 compared to 0.010-0.032 pm
particles due to higher mass concentrations. Hence, the number of detected compounds is also
increased compared to the two smaller size bins. Applying the same data filtering onto the
measurements in the negative-ionisation mode resulted in only 16 compounds. Presumably this
low number of detected compounds is a consequence of a low influence of oxidation products

from biogenic emissions.
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Figure 11. The average of all samples within each size fraction (0.010-0.018, 0.018-0.032, 0.032-0.056 pm) is used to
plot the compounds sample-to-blank ratios against the number of detected compounds in the positive-ionisation mode.
The sample-to-blank ratio of 5 is marked showing the compounds to be analysed after data filtering. Taken from
Ungeheuer et al. (2021).

The chemical composition of the UFP samples can be depicted using molecular fingerprints,
focusing on different chemical characteristics. The various plots retention time vs. molecular
weight (MW), Van Krevelen diagram, Kroll diagram and Kendrick mass defect vs. MW are
shown in Figure 12 for 0.032-0.056 um particles. MW was used for plotting, converting the
measured mass-to-charge ratios. The detected compounds are represented as coloured circles.
The colouring describes the belonging to different molecular groups, while the measured signal
intensity is represented by their area. Compounds with no molecular formula attributable are
marked as "other".

Figure 12a mainly shows CHO containing compounds, including a homologous series of
pentaerythritol esters (Ca7-38H4s-7008) in group 1. CD identification artefacts were manually

39



removed based on adduct specific exact mass differences and retention time. Measured
[M+Na]*, [M+K]" and [M+NH4]" signals of the pentaerythritol esters were misinterpreted by
CD as [M+H]" adducts. The detected homologous series of pentaerythritol esters can be
attributed to emissions of jet engine oils as these esters are commonly utilised as base stock
material (Winder and Balouet, 2002). Automotive oil base stocks consist mostly of crude-oil
based petroleum hydrocarbons (Vazquez-Duhalt, 1989), hence being distinguishable from
aviation-related jet oils. Trimethylolpropane esters (C27-34Hs0-6406) also used as jet engine oil
base stock material appear in group 2. Fragments of pentaerythritol esters can be observed in
group 3. These fragments show a mass difference to the pentaerythritol esters at the same
retention times, explainable by the neutral loss of fatty-acid fragments (e.g. CsH1002, C7H140,
CgH1602, and C10H2002). Although electrospray is known as very soft ionisation technique,
fragmentation of the pentaerythritol esters presumably occurs in the HESI source during
ionization. lon formation was optimized in order to prevent fragmentation by adjusting the
auxiliary gas heater temperature from 350 to 200 °C in 50 °C steps, and the spray voltage from
3.5t02.0kV in 0.5 kV steps. Both parameters were identified as most relevant for the ionization
process, nevertheless suppression of fragmentation was not achieved.

The non-target screening implies that most of the organic fraction of the sampled UFPs is
attributable to jet engine lubrication oils with only a minor fraction of compounds remaining
unidentified (other). The large signal at 5.2 min is likely attributable to decanedioic acid-1,10-
diethyl ester (C14H2604) and its fragments. The homologous series of pentaerythritol- and
trimethylolpropane esters used in the Mobil Jet Oil Il (Figure 13) and Eastman Turbo Oil 2380
(Figure 14) as base stock have been clearly detected in the UFP samples (Figure 12 group 1-2).
It is important to note that the used HESI technique is only capable of ionizing organic

compounds carrying functional groups.
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Figure 12. The chemical composition of UFPs in the size range 0.032-0.056 um is averaged over six samples and
depicted using molecular fingerprints (retention time vs. MW (a), Van Krevelen diagram (b), Kroll diagram (c),
Kendrick mass defect vs. MW (d)). Taken from Ungeheuer et al. (2021).
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Figure 13. Mobil Jet Oil 11 (ExxonMobil) molecular fingerprints (Retention time vs. MW (a), Van Krevelen diagram
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(b), Kroll-diagram (c), Kendrick mass defect vs. MW (d)). Taken from Ungeheuer et al. (2021).
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Figure 14. Turbo Oil 2380 (Eastman) molecular fingerprints (Retention time vs. MW (a), Van Krevelen diagram (b),
Kroll-diagram (c), Kendrick mass defect vs. MW (d)). Taken from Ungeheuer et al. (2021).

The hydrogen-to-carbon (H/C) and oxygen-to-carbon (O/C) ratio can give insight about the
aromaticity and whether compound oxidation occurred. The Van Krevelen diagram (Figure
12b) describes the chemical composition based on these two ratios, simplifying the
identification of compounds mainly consisting of single-ring aromatic moieties having an H/C
ratio around 1. The results imply that only a minor fraction of the detected compounds show
aromaticity (H/C < 1). The jet oil anti-wear additive tricresyl phosphate appears at H/C = 1 and
O/C = 0.2 as an magenta circle, containing a cresol moiety (three single aromatic rings). Based
on the O/C ratios < 0.6 it can be stated that jet engine oils do not become oxidized reaching the
monitoring station in 4 km distance. The O/C ratios of the analysed jet oils range between 0.2-04
(exemplary see Figures 13-14).

Oxidative transformation of a complex chemical composition can be analysed by calculating
the average carbon oxidation state (avg. OSc) plotted against the number of carbon atoms (nc).
Functionalization, fragmentation and oligomerization are transformations occurring in the
atmosphere leading to a shift of the OSc and nc values (Kroll et al., 2011). The avg. OSc was

calculated not correcting for oxygen atoms attached to non-carbon atoms (Equation 1):
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avg.0S. = 2*0/C—H/C 1)

This simplified equation is appropriate for compounds only containing carbon, hydrogen and
oxygen atoms. Consequently functional groups containing oxygen atoms, like phosphate
groups, lead to OSc values higher than the average oxidation state of the oxygen atoms implies.
Atmospheric particulate matter mainly influenced by biogenic emissions exhibits a larger
variability in their avg. OSc values (Kroll et al., 2011; Vogel et al., 2019) compared with the
analysed aviation-related UFPs (Figure 12c). The lubrication oil emissions only span a small
range of OSc values indicating no significant oxidative chemical transformation, confirming
the characteristic of jet engine oils to be stable against oxidation. In this regard N-phenyl-1
naphthylamine (C1sH13N) and alkylated diphenyl amine (C2sHa3N) additives serve as radical
scavengers (Wu et al., 2013). Furthermore, Duangkaewmanee and Petsom (2011) reported that
tricresyl phosphate can improve the oxidation inhibition ability of antioxidant mixtures in
lubrication oils. The synthetic esters (CHO) contain 27-37 carbon atoms which shows that they
are large molecules having low vapour pressures making it likely that these constituents stay in
the particle phase.

Homologous series of hydrocarbons can be identified in complex chemical compositions by
plotting the Kendrick mass defect vs. MW (Figure 12d). Compounds only differing in their
number of CH. groups appear on a horizontal line since they all exhibit the same mass defect.
Therefore, the molecular composition of compounds forming a homologous series can be
deduced based on only one identified compound. Standardizing the IUPAC mass on 2CH, with
an exact mass of 14 Da yields the Kendrick mass (Kendrick, 1963). The Kendrick mass defect
(KMD) results from the difference between the Kendrick mass and the nominal mass
(Equation 2):

14.00000

14-.01565) (2)

KMD = nominal mass — (IUPAC mass *

The homologous series of pentaerythritol- and trimethylolpropane esters (group 1-2) and related

fragments (group 3) form horizontal lines in Figure 12d.

Source attribution based on the synthetic esters pattern

The fraction of each single base stock ester with regard to the sum of all esters was analysed.
Figure 15 shows the comparison of the synthetic esters pattern between the five different jet
engine oils and the ambient-UFP samples. The pentaerythritol- and trimethylolpropane esters

were analysed in all 22 filter samples, the spread of the single ester fractions is depicted by
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boxes. The jet engine oil fractions of the individual synthetic esters are illustrated by coloured
symbols. Four of the five jet engine lubrication oils utilize a pentaerythritol ester (Cz7-38Has-
700s) base stock, the ester composition of these oils matches well the UFP samples composition.
The pattern of the Mobil Jet Oil 1l most closely matches the median values of the ambient ester
pattern. This is in line with this oil having the highest market share. Accordingly, jet engine oil
emissions can be named as the source of the pentaerythritol esters detected in the aviation-
related UFP samples. In addition, trimethylolpropane esters (C27-34Hs0-6406) have been detected
in the UFP samples. This type of base stock is only used in the Eastman Turbo Oil 2380, and
not in the other four oils. These esters contribute much less to the chemical composition of the
UFPs compared to the pentaerythritol esters, presumably because of a minor use of this base
stock type in jet engine lubrication oils. The different base stocks used in the five analysed jet
oils can be distinguished by the individual molecular fingerprints and chromatograms of the

oils (exemplary see Figures 13-14 & Figure 16).
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Figure 15. Boxplot which compares the spread of the pentaerythritol- and trimethylolpropane ester ratios in the 22
ambient-UFP samples (boxes) with the corresponding ratios of the five different jet engine lubrication oils (coloured
symbols). The x axis represents the different ester types and the y axis the ratio of the peak area of each ester compound
to the overall area of all esters. The interquartile range is indicated by the bottom and top edges of the boxes, and the
median inside the boxes is depicted by an horizontal line. The spread to the most extreme values is indicated by whiskers,
and outliers (outside £ 2.76) as red '+" symbols. Taken from Ungeheuer et al. (2021).
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Figure 16. Extracted ion chromatograms (XIC) of an airport-sample (UFP size: 0.032-0.056 um). A matching pattern
with the major compounds of five different jet oils can be observed: m/z + 4 ppm 220.1120 (RT: 5.40 min, [M+H]",
N-phenyl-1-naphthylamine, CisHisN), m/z + 4 ppm 394.3468 (RT: 15.16 min, [M+H]"*, alkylated diphenyl amine,
Ca2sH43N), m/z £ 4 ppm 391.1069 (RT: 8.05 min, [M+Na]*, tricresyl phosphate, C21H2104P) and homologous series of
m/z £ 4 ppm 523.3241 - 677.4962 (RT: 11.70 — 17.27 min, [M+Na]*, pentaerythritol esters, C27-3sHas-7008, PEE) and m/z
+ 4 ppm 493.3499 - 591.4595 (RT: 13.53 — 17.24 min, [M+Na]*, trimethylolpropane esters, C27-34Hs0-640s, TMPE). The
same sample (0.032-0.056 um) was depicted once with the focus on the pentaerythritol esters (PEE) and once with the
focus on the trimethylolpropane esters (TMPE). Taken from Ungeheuer et al. (2021).

Compound verification based on fragmentation experiments

The molecular structure of compounds can be elucidated by performing MS? fragmentation
experiments. The created fragments have lower masses reducing the number of possible
structural combinations of the measured molecular composition. Chemical bonds within
molecules differ in their energy mostly leading to the formation of distinct fragments. These
fragments can be used to deduce the structure of compounds and to unambiguously verify the
identity of compounds in ambient samples using authentic standards.

Verification of the jet engine oil constituents detected in the ambient-UFP samples was

conducted by performing fragmentation experiments of the homologous series of
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pentaerythritol- (C27-38H4s-7008) and trimethylolpropane esters (C27-3sHs0-6406), tricresyl
phosphate (C21H2104P), N-phenyl-1-naphthylamine (C1sH13N) and alkylated diphenyl amine
(bis(4-(1,1,3,3 tetramethylbutyl)phenyl)amine; CosHa3N). Fushimi et al. (2019) reported these
compounds as molecular markers for jet engine oil emissions, not used in automotive
lubrication oils. Mobil Jet Oil 11 by ExxonMobil was used as authentic standard to compare the
fragmentation pattern of tricresyl phosphate (Figure 17a), alkylated diphenyl amine (Figure
17b) and the pentaerythritol ester C29Hs20s (Figure 17¢) detected in the ambient-UFP samples.
The structure of tricresyl phosphate features three aromatic moieties bridged by an phosphate
group. Fragmentation leads to the abstraction of one aromatic moiety including the bridging
oxygen atom of the phosphate group, yielding the fragment ion at m/z 261.0674 (C14H1403P)
consisting of only two aromatic moieties. The fragment at m/z 91.0543 (C7H7) corresponds to
the abstracted aromatic ring structure without the oxygen atom of the phosphate group.
Alkylated diphenylamine seems to be more stable regarding the used fragmentation settings
compared to the other jet engine oil constituents, not showing a pronounced fragmentation
pattern. The fragment ion at m/z 134.0964 (CeH12N) can be related to one of the two aromatic
rings linked to the nitrogen atom and parts of one alkyl side chain. Fragmentation of the
pentaerythritol esters, utilized as base stock material in jet oils, was analysed based on
pentaerythritol tetrahexanoate (C29Hs20g), one constituent of the homologous series. The
characteristic fragmentation pattern shows a fragment ion at m/z 399.2737 (C22H390s),
corresponding to one ester molecule after abstraction of one side chain (C7H1302). Ester bond
cleavage releases an aliphatic side chain fragment ion at m/z 113.0960 (C7H130). The signal
intensity of N-phenyl-1-naphthylamine in the ambient-UFP samples was insufficient to record
a clear fragmentation spectrum. This is possibly explainable by a minor utilization of this
additive in jet engine oils, functioning as a radical scavenger (Wu et al., 2013), potentially
undergoing a faster atmospheric degradation. Additionally, the obtained MS? fragmentation
pattern of tricresyl phosphate and N-phenyl-1-naphthylamine by analysing the jet engine oils
agreed with the corresponding fragmentation spectra of the mzcloud database.
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Figure 17. The MS? fragmentation patterns of tricresyl phosphate (a; C21H2104P), alkylated diphenyl amine (b;
C2sH43N) and one pentaerythritol ester (c; C29Hs20s) measured in an ambient-UFP sample (0.032-0.056 pm) (upward
spectra) and the Mobil Jet Oil Il by ExxonMobil (downward spectra) confirm their matching identity. Taken from
Ungeheuer et al. (2021).

Analysis of TCP isomers in the UFP samples

Detrimental health effects have been associated with a tricresyl phosphate exposure holding a
neurotoxic potential by acting as an acetylcholinesterase (AChE) inhibitor and endocrine
disruptor (Chang et al., 2020; Ji et al., 2020). Targeted screening by selected-ion monitoring
(SIM) was performed to gain insight about the TCP isomer composition in aviation-related
UFPs, as the potential health effects of the isomers vary. The identified TCP peak signal in the
UFP samples elutes after 8.06 min, while the purchased tri-ortho isomer standard elutes earlier
at 7.82 min. Therefore it can be stated that the tri-ortho isomer of tricresyl phosphate was not
present in the collected UFPs, the measured peak signal is presumably attributable to
overlapping peak signals of different meta- and para-isomers. This is beneficial concerning
possible detrimental health effects of a tri-o-cresyl phosphate exposure which possibly occur
due to formation of cyclic phosphate metabolites (Eto et al., 1962). The absence of tri-o-cresyl
phosphate in the airport samples is consistent with the reduction of this isomer in jet engine
lubrication oils (Winder and Balouet, 2002; Nola et al., 2008). Accordingly, the tri-ortho isomer
of TCP was also not detected by other studies analysing various sample types (Solbu et al.,
2010; Solbu et al., 2011). Nevertheless, it should be considered that the toxicity of isomers
featuring only one methyl group in ortho-position is possibly higher compared to isomers with
the methyl groups only in meta- and para-position (Hanhela et al., 2005).

Further organophosphate compounds like triphenyl phosphate (TPP), a high-production-
volume chemical, were detected in the airport-related UFP samples. TPP used as flame

retardant and plasticizer (Wei et al., 2015) is described as AChE inhibitor and endocrine
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disruptor bearing a neurotoxic potential (Chen et al., 2015; Shi et al., 2018). Aircraft ground
maintenance can also potentially lead to the release of organophosphates into the environment
(Solbu et al., 2010). Accordingly, the detected TPP is probably originating from hydraulic oils,

with presumably further sources beyond airport operations being relevant.

Identification of the thermal decomposition product TMP-P

Trimethylolpropane phosphate (TMP-P), a neurotoxin can be formed when trimethylolpropane
esters (TMPEs), which are used as base stock material in jet engine lubrication oils, are
combined with a phosphate additive with a final share of only 2% (Callahan et al., 1989;
Centers, 1992). In contrast combining phosphate additives with the more commonly used
pentaerythritol ester base stock does not lead to the formation of TMP-P (Wyman et al., 1987).
The formation of TMP-P takes place between 250-750 °C, possibly with all phosphates
regardless of the structure. As the activation energy of the reaction is low, the formation of
TMP-P is probably not highly temperature-dependant (Wright, 1996). TMP-P starts to
decompose reaching the upper reaction-temperature limit, thereby the actual yield of TMP-P is
determined by the balance between formation and degradation reactions (Callahan et al., 1989).
The ability of TMP-P to bind to y-aminobutyric acid (GABA) receptors, particularly at the
picrotoxinin site, affects neurotransmission processes, implying its convulsive potency to affect
the nervous system (Bowery et al., 1976; Bowery et al., 1977; Mattsson, 1980; Simmonds,
1982; Ticku and Ramanjaneyulu, 1984). TMP-P was not detected in different studies (van
Netten and Leung, 2000; Solbu et al., 2011), while it could be identified in the UFP samples by
fragmentation resulting in a characteristic phosphate fragment. The continued use of jet engine
lubrication oils based on TMPEs could be the reason that TMP-P is detectable in aviation-
related UFPs. The analysed Eastman Turbo Oil 2380 is based on a trimethylolpropane ester
base stock, showing a different pattern regarding the jet oil marker compounds compared with
the other analysed jet oils based on pentaerythritol ester formulations (Figure 16). The Eastman
Turbo Oil 2380 is probably the successor to the Exxon 2380 oil, which was mentioned as a
TMP-P source (Callahan et al., 1989). The TMP-P detected in the UFP samples was verified
by simulating the thermal decomposition process in a laboratory experiment using the Eastman
Turbo Oil 2380 heated to temperatures of 250-450 °C in 50 °C steps for 4 h each. Subsequently
the jet oil was analysed and a signal at m/z 179.0467 ([M+H]*, TMP-P, CsH1104P) could be
detected from 400 °C on. The unambiguous identification of TMP-P in the UFP samples was

confirmed by comparing the retention time with the signal from the oil experiment. Starting at
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400 °C the fraction of TMP-P rises with increasing temperature. The relative fraction of
tricresyl phosphate rises, due to its temperature-stability in contrast to the trimethylolpropane
esters. They show a decreasing trend at temperatures above 400 °C. Between 250-350 °C the
fraction of both amine additives (C1sH13N, C2sH43N) decreases, being no longer detectable from
400 °C on (Figure 18).
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Figure 18. Outcome of the temperature experiment using the Eastman Turbo Oil 2380. The contribution (%0) of the
different oil constituents is defined as the ratio of the area of each single compound relative to the total area of all
constituents. Taken from Ungeheuer et al. (2021).
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4.2 Nucleation of jet engine oil vapours is a large

source of aviation-related ultrafine particles

This chapter describes the content of the second paper of this study (Ungeheuer et al., 2022),
which focuses on the ability of jet engine oil vapours to form new particles and on the oil
fraction in aviation-related ultrafine particles. Thermodenuder experiments and a volatility
analysis were performed to investigate the nucleation ability. To reliably quantify the oil
fraction, the particle sampler used was characterized in terms of sampling losses.

The non-target screening of airport-related UFPs in the previous study (Ungeheuer et al., 2021)
showed that the spectrum of detected organic compounds in aviation-related UFPs < 56 nm is
dominated by jet engine lubrication oils. Following this non-target study, the nucleation ability
of jet engine oil vapours was investigated by studying their gas-to-particle partitioning
behaviour. Furthermore this was supported by a quantitative analysis of the whole spectrum of
jet engine oil constituents in particles with aerodynamic diameters <56 nm collected near
Frankfurt Airport. This quantitative characterization requires the detection of organic molecules
down to a few picograms. In this regard the determination of possible sampling losses is
required. The results show that jet oil vapours during engine exhaust plume cooldown reach
gas-phase supersaturation leading to new-particle formation (Figure 19).
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Figure 19. lllustration of the UFP formation from the emissions of aircraft turbofans, via fast nucleation and growth of
jet oil vapours in the near field. Taken from Ungeheuer et al. (2022).
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Quantification of the jet engine oil constituents in UFPs

The UFP filter sampling, sample preparation and extraction procedure is described
comprehensively in the previous study (Ungeheuer et al., 2021). Targeted measurements of the
jet engine oil constituents were carried out by using ultra-high performance liquid
chromatography (UHPLC)/heated electrospray ionization (HESI) combined with an Orbitrap
high-resolution mass spectrometer (HRMS). Chromatographic separation of the jet engine oil
constituents was accomplished using a Cig reversed phase column (Accucore Cig, Thermo
Fisher Scientific). More details regarding the used instrument settings can be found in the
previous study.

Quantification was realised by selected ion monitoring (SIM) with a resolution of ~35k. At
maximum only four compounds were detected simultaneously in a SIM time window using an
inclusion list to attain highest possible detection sensitivity. The inclusion list was created based
on prior measurements of ambient samples and the purchased jet engine oils. The target
compounds were  N-phenyl-1-naphthylamine  (CisHwisN, CAS: 90-30-2), 1/4-
Dihydroxyanthraquinone (C14HgO4, CAS: 81-64-1), tri-o-cresyl phosphate (C21H2104P, CAS:
78-30-8), pentaerythritol esters (C27-33Has-700s), trimethylolpropane esters (C27-34Hs0-6406) and
Bis(4-(2,4,4-trimethylpentan-2-yl)phenyl)amine (C2sHasN, CAS: 15721-78-5). Quantification
of the trimethylolpropane ester base stock was conducted based on the measured full scan MS-
spectra as these esters were detected in the course of the data analysis. Concentrations were
obtained by applying a correction factor of 1.95 to switch from full-MS to SIM mode. This
factor was determined based on the surrogate standard pentaerythritol tetrahexanoate
(C29Hs5208) measured in both modes. Quantification of each compound was achieved by the use
of a standard addition method with authentic standards. This method was chosen to account for
the tendency of the target compounds to adsorb on surfaces leading to possible matrix effects.
For quantification of the oil additives N-phenyl-1-naphthylamine (> 98.0%, Sigma-Aldrich),
tri-o-cresyl  phosphate (> 97.0%, Sigma-Aldrich), Bis(4-(2,4,4-trimethylpentan-2-
yl)phenyl)amine (90%, Fluorochem) and 1,4-Dihydroxyanthraquinone (> 98.0%, Sigma-
Aldrich) were used. Pentaerythritol tetrahexanoate (95%, Carbosynth Ltd) was utilized for both
types of oil base stocks.

The measured signal intensity is directly linked to the ionization efficiency of the compounds
in the HESI source mainly dependent on their functional groups. Hence, pentaerythritol
tetrahexanoate was used to quantify all pentaerythritol esters with total carbon chain length

between C,7 — Cag attached to the ester groups. Dilutions of the jet engine oil constituents were
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prepared in methanol. Pentaerythritol tetrahexanoate was concentrated to 1.5 ng uL™* and the
four additives to 0.08 ng puL* in the first dilution. The second dilution contained the different
constituents in a four times higher concentration. Measurements of single UFP filter samples
and quantification by external calibrations were used to evaluate the concentration ranges of
the ambient filter samples. The solvent extracts were divided onto three vials 20 pL each and 3
ML of both dilutions were added. The native sample concentration was adjusted accordingly by
adding 3 pL of pure methanol. After the first spiking series the final concentrations were
0.196 ng pL* for pentaerythritol tetrahexanoate and 0.010 ng uL™ for each additive. The vials
of the second spiking series contained the constituents in a four times higher concentration.
Hence, each UFP filter sample was measured three times leading to a total of 75 measurements.
The software Xcalibur (version 4.2.47, Thermo Fisher Scientific) was used to determine the
signal areas through automatic integration. The results were checked manually. For
pentaerythritol tetrahexanoate the calibration range was 0.2-0.8 ng pL* and for N-phenyl-1-
naphthylamine, 1,4-Dihydroxyanthraquinone, Bis(4-(2,4,4-trimethylpentan-2-yl)phenyl)amine
and tri-o-cresyl phosphate 0.01-0.04 ng uL 1. The jet engine oil constituents were quantified in
the native samples applying a linear regression for each compound in every UFP sample based
on the spiked samples. The final results were corrected with the individual purity of the
calibration standards. Finally 25 ambient filter samples including 3 blank samples were
analysed with 23 compounds being quantified. In the final results pentaerythritol- and
trimethylolpropane esters have been grouped together considering only their summed total
mass. Mixtures of those ester compounds with a wide range of different carbon chain lengths
are used in jet engine oils as base stock. The jet engine oil mass of the deposited UFPs was
determined after subtraction of the field blank values.

Characterization of the Nano-MOUDI sampler

The very low mass of UFPs (total particle mass collected after 30-50 hours of sampling in the
sub-microgram range) makes the quantitative analysis challenging. Furthermore accounting for
sampling artefacts is just as difficult as necessary for quantifying the jet engine oil mass
fraction. Despite several shortcomings MOUDI and Nano-MOUDI samplers are commonly
utilized for the collection and subsequent analysis of UFPs (Diaz-Robles et al., 2014; Andrade-
Oliva et al., 2020; Focsa et al., 2020; Takegawa et al., 2021). Characterization of the Nano-
MOUDI sampler was carried out in a lab experiment making use of different surrogate
compounds with different chemical functional groups. To account for sampling losses

pentaerythritol tetrahexanoate was used as representative for jet engine oil base stocks. These
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synthetic ester base stocks make up the largest fraction of jet engine oils. Volatilisation of semi-
volatile compounds is expected to be relevant as the three nano-stages (10-18 nm, 18-32 nm,
32-56 nm) exhibit a reduced pressure down to approximately 1/6 of the ambient pressure (~17.2
kPa; 18-32 nm stage). Generally, wall losses are most important for particles < 100 nm (Weiden
et al.,, 2009). Within the lab experiment nanoparticles of pentaerythritol tetrahexanoate
(C29Hs208) were generated and sampled by the Nano-MOUDI. Quantifying the collected
particle mass and comparing with the mass based on the measured particle-number size
distributions revealed a correction factor for each nano-stage < 56 nm. Particles with an
aerodynamic diameter between 32-56 nm showed a loss of 28% and a loss of 40% was
determined for 18-32 nm particles. The sampled mass of 10-18 nm particles was insufficient to
experimentally obtain a loss factor for the smallest size stage. Therefore calculation of the loss
factor was undertaken assuming that sampling losses of particles < 100 nm is mainly driven by
their diffusivity. The sampling condition of the 18-32 nm stage with a pressure of 17.2 kPa and
20°C were used to determine the dependency between diffusion coefficient and corresponding
particle diameter. Calculations resulted in a loss of ~58% for the 10-18 nm particles by using
the experimentally determined losses of the two larger stages, the particles mean geometric
diameters and a damping term on the diffusion coefficient equation. As the 18-32 nm stage
pressure was used, the estimated loss factor for the smallest size stage can be evaluated as
conservative since the 10-18 nm stage features a lower pressure leading to a higher diffusivity
and in this regard to higher losses. The quantified ambient jet oil filter mass was corrected
applying these loss factors. Subsequently, the mass fraction of jet oils regarding airport-related

UFPs was determined.

The setup to measure the particle size distribution in a 5 min frequency consisted of a scanning-
mobility particle sizer (SMPS; D = 2.3-82.2 nm, TSI, model: 3938, Shoreview, MN, USA)
equipped with an electrostatic classifier (EC; TSI, model: 3082), an Aerosol Neutralizer (TSI,
model 3088) and a nano Differential Mobility Analyser (Nano DMA,; TSI, model: 3085A). An
ultrafine condensation particle counter (UCPC; TSI, model: 3776) was used to measure particle
number concentrations. Pentaerythritol tetrahexanoate was diluted in methanol at ~0.1 g/L to
produce nanoparticles with an average electrical mobility diameter of ~50 nm (Figure 20a)
using a constant output atomizer (TSI, model: 3076). The mass of the particles formed is more
concentrated on the larger particles (Figure 20b).
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Figure 20. Particle-number size (a) and mass distribution (b) of the formed pentaerythritol tetrahexanoate
nanoparticles used to characterize the Nano-MOUDI sampler. Taken from Ungeheuer et al. (2022).

Before entering a mixing chamber (Volume ~2.2 L) the generated nanoparticles pass a diffusion
dryer filled with preconditioned silica gel. In order to ensure the flow rate needed for the
analysis clean air is directed into the chamber, mixing with the nanoparticle stream. The mixing
chamber and the Nano-MOUDI/SMPS system were connected by an aluminium tubing. The
connection was designed based on the equation to estimate the laminarisation length for a
straight tube (Bird et al., 2007) to ensure a laminar flow (Reynolds number < 2100). The flow
was split to the Nano-MOUDI for particle collection and to the SMPS system using a bend
bypass at the end of the aluminium tube (ID 1 inch, length 1.5 m). Figure 21 shows the setup

and the used flow rates.

55



2.1m?h!

Clean air
> 0.1 m® h! 0.1 m® h!
Overflow Overflow D
o

= ID 1inch ec | ,fAJo
Atomizer »| Diffusion dryer Y 5| Mixing chamber DMA CPC

length 1.5 m 0.09 m3h!

1.8 m*h!

MOUDI

—| Nano
—| MOUDI
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Three nanoparticle collections were conducted on the last three Nano-MOUDI stages for

7 hours each. Pure methanol was used in two blank measurements carried out equally to correct

for a possible formation of nanoparticles from solvent impurities. Integration of the particle-

number size distribution, assuming spherical particles, yielded the mass deposited on each of

the three nano-stages < 56 nm. In this regard the density of pentaerythritol tetrahexanoate (1.014

g cm™®) and for the blank measurements a unit density of 1 g cm™ was used. The mass of the
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three nano-stages was corrected by subtracting the corresponding blank masses averaged
stagewise. Furthermore the resulting particle mass was corrected with the purity of the used
pentaerythritol tetrahexanoate standard. Next the collected aluminium filter samples were
extracted as described previously and measured using the SIM mode. Five concentration points
of the pentaerythritol tetrahexanoate standard between 0.1-15 ng pL™* were calibrated to
quantify the deposited particle mass by external calibration. Each concentration was measured
three times in succession. By averaging the measurements of each concentration a calibration
function was determined for quantification. The purity of the pentaerythritol tetrahexanoate

standard was used to correct the quantified filter mass.

SMPS measurements nearby Frankfurt Airport

Parallel to the UFP filter sampling the particle-number size distribution was measured using a
scanning-mobility particle sizer (SMPS) with a sample flow rate of 1 L min. The SMPS
consists of an electrostatic classifier (TSI, model: 3082), a Differential Mobility Analyser
(DMA, TSI, model: 3081) and a Condensation Particle Counter (CPC, TSI, model: 3772).
Airborne particles following the airstream were sampled through a stainless-steel tube (inner
diameter: 20 mm, length 1.6 m), equipped with a PM2s inlet head. A Nafion dryer (1.2 m length,
flow rate of 0.3 m® h't) was connected upstream the SMPS to stabilize the relative humidity
below 40%. In order to minimize residence time and particle losses in the inlet system an
additional bypass was used. Corrections regarding particle losses through sedimentation,
inertial impaction and diffusion were conducted based on Weiden et al. (2009). The number
size distribution of particles between 10 — 500 nm was measured every 5 minutes. The particle
mass in the Nano-MOUDI size ranges was determined by integration assuming spherical
particles. For mass calculations a unit density of 1 g cm was used in accordance to the analysed
jet engine oils (see safety data sheets) and aircraft turbine engine studies (Durdina et al., 2014).
By using this density a conversion of the measured mobility diameter to aerodynamic diameter
is unnecessary (Seinfeld and Pandis, 2016). Furthermore the Nano-MOUDI sampling flow rate
of 0.6 m® h™ was used to calculate the particle mass for each of the seven filter sampling periods
during airport operating hours by calculating the volume distribution averaged over the
sampling period based on the particle number size distribution. Due to an instrument failure no

data was available for one sampling period.
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Error estimation of the jet engine oil UFP mass fraction

Several limitations in the analytical process were identified including calibration-, instrumental-
and measurement errors. Based on that the uncertainty of the jet engine oil mass fractions
regarding UFPs was calculated using error propagation. The coefficient of variation of the
standard addition of five pentaerythritol tetrahexanoate calibration curves was used to represent
possible uncertainties within the filter quantification process. Calibration errors of the jet oil
additives have not been included as the group of pentaerythritol- and trimethylolpropane esters
determine most of the quantified jet engine oil mass. By applying the average of the coefficient
of variation to the average jet engine oil filter- and blank filter mass of each Nano-MOUDI size
fraction yielded the absolute error for the subtractive error propagation. Thereby the absolute
error of the blank correction step could be determined. The relative errors for the final error
propagation have been obtained by setting the absolute error of each size fraction in ratio to the
corresponding average blank corrected jet oil mass. The ambient UFP mass determined by
SMPS measurements and subsequent data integration was taken into account with a relative
error of 10%. The error of the Nano-MOUDI characterization was determined by taking the
coefficient of variation of the external pentaerythritol tetrahexanoate calibration and the SMPS
measurements standard deviations into account. The single SMPS scans during the seven hour
experiments of filter collection and blank determination were represented by their average
absolute standard deviation. For each size fraction the absolute error of the blank corrected
SMPS mass per scan was calculated by error propagation. The relative error of the SMPS
measurements for each size fraction was determined by referring the absolute values to the
average blank corrected mass per scan. Accordingly, the average relative error of each of the
three UFP stages within the Nano-MOUDI characterization was obtained by combining the
relative error of the external pentaerythritol tetrahexanoate calibration and of the SMPS
measurements by error propagation. Finally combining the relative errors of the ambient filter
quantification, the Nano-MOUDI characterization and the ambient SMPS measurements by
error propagation yielded the error of the UFP jet oil mass fraction for the three size ranges.
The determination of errors for each UFP size fraction is based on the equation used to
determine the contribution of jet engine oils to the UFP mass. Accordingly, an error of 52%,
53% and 25% for the 10-18 nm, 18-32 nm and 32-56 nm stage was obtained.
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Jet engine oil volatility analysis by thermodenuder measurements and modelling

The new international aircraft particulate matter (PM) standard only considers the non-volatile
PM number and mass (International Civil Aviation Organization, 2019). Particulate emissions
which pass over into the gas phase at certification conditions are not taken into account. The
volatility of jet oil UFPs was determined based on thermodenuder measurements and analysis
of the particle-number size distribution (PNSD) of Mobil Jet™ Qil Il generated UFPs at two
different temperatures. The particles were formed using an atomizer with ~0.04 g Lt jet oil in
methanol. The PNSD was measured using a SMPS (TSI, model: 3938, Shoreview, MN, USA)
after they passed the thermodenuder at 20 °C or at 300 °C. Comparing the SMPS mass at both
temperatures revealed the remaining jet engine oil fraction at the elevated temperature.

In this regard the jet oil base stocks were analysed using semi-empirical group contribution
methods (SIMPOL.1 model; (Pankow and Asher, 2008)) and a volatility basis set (VBS;
(Donahue et al., 2011)). This allows the grouping of the single ester compounds to volatility
classes (ULVOC: ultra-low volatility-, ELVOC: extremely-low volatility-, LVOC: low-
volatility organic compound) as their volatility strongly determines their gas-to-particle
partitioning behaviour. The volatility of compounds can be expressed as the logarithm of the
saturation mass concentration (logq, C;"). The inverse of the gas-to-particle phase partition
constant yields the saturation mass concentration (C;") (Donahue et al., 2006). One decade in
C; is assumed as uncertainty which is also the scale by which the volatility can be differentiated.
Within this approach the individual molecular composition and a parametrization of the
oxidation state is taken into account (Donahue et al., 2011).

To take into account changes of the saturation vapour pressure due to different temperatures,
the Clausius-Clapeyron equation can be used to describe C; (Epstein et al., 2010). This
approach allows an estimate of the temperature dependence although it is burdened by higher
uncertainties. Assuming that the base stock ester concentrations quantified in the particle phase
have been in the gas phase in the engine exhaust plume, their gas-phase saturation ratio (S;)
can be calculated (Donahue et al., 2013). Thereby it is possible to determine whether jet oil
constituents reach gas-phase supersaturation. The behaviour of the jet engine oil constituents in
a cooling engine exhaust plume was analysed by calculating the approximate temperature at

which they reach gas-phase supersaturation (S; = 1).
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Nucleation of jet engine lubrication oil

Ambient measurements at Frankfurt-Schwanheim (Figure 7) showed a distinct difference
between particle number size distributions of UFPs coming from the city centre and the airport
(Figure 22a). Air masses emerging from Frankfurt Airport differ compared to air masses from
the city centre showing higher particle number concentrations of ~18 nm UFPs by a factor of
~15. Furthermore, these ambient particle-number size distributions (PNSD) were compared
with jet engine oil particles generated in the laboratory. Assessment of the volatility and
nucleation capability of the jet oil was strived for by studying the PNSD of the jet oil particles
passing a thermodenuder at 20 °C and 300 °C. After passing the thermodenuder at 300 °C,
newly formed particles show a five-fold increase of the total particle number compared to the
experiment at 20 °C and a reduction of the mean diameter from 27 nm to ~12 nm (Figure 22b).
Compared to the experiment at 20 °C the 300 °C experiment showed a reduction of the jet oil
mass fraction by ~99%, indicating the volatile character of jet engine oils (Figure 22c). The
PNSD was measured downstream the heating section at room temperature, with a large fraction

of the oil vapours likely lost to the inner surfaces of the connection tubing.
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SMPS data

Ambient, WD SW (from airport)

Ambient, WD NE (from city center)
I Laboratory, jet oil particles (20 °C)
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Figure 22. Three days average (05:00-23:00 CET) of the ambient particle size distribution (a) at the monitoring site
under airport- (grey) and city (yellow) wind direction (WD). Size (b) and mass distributions (c) from the two
thermodenuder experiments using Mobil Jet Oil 11 nanoparticles at 20 °C (blue/light blue) and 300 °C (red/light red).
Black dots display the measured data which were extrapolated using a lognormal distribution. Taken from Ungeheuer
et al. (2022).

Nonetheless new-particle formation can be observed downstream of the thermodenuder as a
small fraction of the jet oil vapours nucleate within a few seconds. Nucleation occurs when the
temperature of the sampling flow cools down and the jet oil vapour becomes supersaturated.
To evade scavenging by coagulation, small particles have to grow rapidly to sizes > 10 nm
allowing to escape the nucleation “valley of death” (Wang et al., 2020). Hence, jet engine oil
particles are volatile UFPs at the thermodenuder temperature of 300 °C, assuming a complete
shift to the gas phase at operating temperatures of aircraft turbofan engines (>> 300 °C (EI-
Sayed, 2017)). The full complexity of jet engine emissions is surely not reflected by the
conducted experiments. Nevertheless, the formed oil particles after passing the thermodenuder

and the ambient UFPs downwind of Frankfurt Airport can be assigned to the same size region
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(particle diameter). Therefore, it is rather likely that nucleation of jet engine oils contributes to

the high number concentration of UFPs < 30 nm nearby airports.

Fraction of lubrication oil in ambient UFP samples

In order to determine the oil fraction in UFPs near Frankfurt Airport, the jet engine oil
constituents were quantified in the ambient particle samples collected in seven periods during
airport operating hours and southerly wind direction (Figure 23a and blue horizontal bars in
Figure 23b-d). Furthermore the measured PNSD was used to calculate the mass concentration
(oil density = 1 g cm™, see Durdina et al. (2014)) for the three investigated particle size bins
(Figure 23b-d).
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Figure 23. Overview of the size-resolved UFP mass concentration measurements at Frankfurt Airport. Wind direction
(a) with wind speed indicated by colour bar. The wind data is provided by the meteorological station at Frankfurt
Airport (International Civil Aviation Organization, ICAO, code: EDDF) of the German weather service (DWD). The
ambient UFP mass concentration (ug m) in the size ranges 10-18 nm (b), 18-32 nm (c) and 32-56 nm (d), and the
Nano-MOUDI sampling intervals are shown. Horizontal lines of the average mass concentration during sampling
hours (blue) and the average background mass concentration (dark red) exhibit the individual filter sampling periods.
Mass calculations were conducted assuming a unit density of 1 g cm. In (e) the distribution of the total mass
concentrations (g m) for particles in the 10-18 nm, 18-32 nm and 32-56 nm ranges during airport operating- and
non-operating hours are shown. The prevailing wind directions during filter sampling at airport operating hours are
depicted in (f). The wind directions during the non-operating hour periods used for SMPS background correction are
shown as well (g). Taken from Ungeheuer et al. (2022).
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Particles <32 nm showed a significantly higher UFP mass during airport operating hours
(Figure 23e-g), likewise their particle mass concentration increased significantly within the
airport wind sector compared to periods of other wind directions (Figure 23a-c). According to
other studies, aircraft-related particle emissions are primarily < 30 nm supporting these findings
and contrasting particle emissions from on-road vehicles which are dominated by particles
> 30 nm (Shirmohammadi et al., 2017; Stacey, 2019; Pirhadi et al., 2020; Keuken et al., 2015).
The mean particle mass of the largest size bin (32-56 nm) showed no significant difference
between airport operating- and non-operating hours (Figure 23e).

The total accumulated UFP mass on each impactor stage was calculated by subtraction of the
mean background mass from the mass during UFP sampling. Therefore, the night-time periods
between 00:00 — 05:00 CET adjacent to each sampling day were used to determine the mean
rural background particle mass concentration that is largely unaffected by airport UFP
emissions (see dark red bars in Figure 23b-d). This is a consequence of the finding that the rural
background level of the particle number concentration (< 32 nm) is reached around midnight.
As particle mass concentrations during non-operating hours are sometimes higher than during
airport operating hours (see Figure 23d) this approach cannot be applied to the largest Nano-
MOUDI stage (32-56 nm). Quantification of the jet oil concentration of the collected filter
samples, comprising different UFP size fractions, was conducted by adding authentic standards
to filter-solvent-extract aliquots (standard addition method). Particle losses in the Nano-
MOUDI were corrected using an experimentally determined loss function. Results reveal a
21 + 11% contribution of jet engine oils to the total particle mass averaged over seven ambient
UFP samples in the 10-18 nm size range. In this size range the individual samples showed jet-
oil mass contributions between 10 and 38%, with the higher mass fractions linked to the shorter
sampling intervals. The 18-32 nm particles exhibit only a 5 + 3% jet engine oil UFP mass
fraction on average. As mentioned before the background subtraction could not be applied on
the largest size stage, therefore the non-background corrected SMPS mass was used. This
results in a mean jet oil contribution of 9% to the largest size bin (32-56 nm) (Table 1).
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Table 1. UFP mass fractions of jet engine oil for the three Nano-MOUDI size stages. Taken from Ungeheuer et al. (2022).

Particle
diameter (nm)

Range of oil
contribution to total
UFP mass (%)

Average oil contribution to
total UFP mass (%0)

Average oil contribution to
total UFP mass not
background corrected (%0)

10-18 10-38 21+11 18
18-32 1-13 5+3 3
32-56 13 - 49* 33*+8 9

* In this size range the values are artificially high due to a high SMPS background correction.

Accordingly, the highest fraction of jet engine lubrication oils was detected in the smallest
particle size fraction. Determination of the jet oil contribution to the individual size stages was
conducted by taking particle wall losses as well as evaporative losses (pressure in sampling
stages <200 mbar) into account. As the Nano-MOUDI sampling takes place at reduced
pressures the observed bias in the molecular composition of jet oil from the ambient samples

can be well explained by evaporation of the semi-volatile additives (Table 2).

Table 2. The ambient UFP mass fractions of the single jet engine oil constituents averaged over all size stages are shown.
The vapour pressures of the different compounds and compound classes are listed. Taken from Ungeheuer et al. (2022).

Jet oil constituents CiH1sN C21H2:04P CasHasN C27-38H48-700s8 C27-34H50-6406
Ambient constituent 0.10 0.34 0.10 94.87 4.58
fraction (%)
Mob!l Il constituent 215 522 105 91.57 )
fraction (measured)
Mobil 11 constituent
fraction (MSDS) 1 1-<3 i i i
Vapour pressure* (Pa) 3.85E-03 1.45E-05 6.73E-06 3.12E-08*** 2.37TE-06****
Vapour pressure** ) ) ) 1.54E-10 - 2.43E-09 -
(Pa) 8.32E-04 1.53E-07 2.21E-08 5 36E-15 5 10E-12

* Calculated with EPI Suite (25 °C)(United States Environmental Protection Agency, 2012).
** Calculated with SIMPOL..1 (20 °C)(Pankow and Asher, 2008).

*** \Vapour pressure of Co9Hs20s.

**** \apour pressure of CazHs00s.

Based on laboratory experiments the sampling efficiency of the Nano-MOUDI toward semi-
volatiles was evaluated by generating pure ethyl oleate UFPs (C2oH3302, CAS: 111-62-6, 98%,
Sigma-Aldrich) covering the whole Nano-MOUDI size range. The compound was only
detectable on the 32-56 nm stage, with a UFP mass loss of more than 99%. Ethyl oleate has a
calculated vapour pressure of 8.10E-03 Pa (EPI Suite; United States Environmental Protection
Agency, 2012), similar to the vapour pressure of the N-phenyl-1-naphthylamine additive used
in jet engine oils. The other jet oil constituents (additives and base stock esters) exhibit lower
65



vapour pressures (Table 2). As a consequence, the vapour pressure is most likely the main
important factor for sampling losses in the Nano-MOUDI, affecting the volatilization of semi-
volatile compounds. Fortunately, volatilization of the synthetic jet oil esters is negligible due to

their extremely-low volatility.

Lubrication oil base stock esters in the volatility basis set

The important role of jet engine lubrication oils regarding the formation of airborne UFPs is
supported by the fact that the largest mass fraction of lubrication oil is observed in the smallest
ambient Nano-MOUDI size fraction, consistent with the size range of the particles formed in
the thermodenuder experiment. This hypothesis was further investigated concerning the
individual base stock synthetic esters using the volatility basis set (VBS, Donahue et al., 2006,
Donahue et al., 2011, Donahue et al., 2012). The vapour pressure of each single ester compound
was calculated using the SIMPOL.1 model (Pankow and Asher, 2008). The quantified particle-
phase concentration of each individual ester compound attributable to the two different
synthetic ester base stocks, pentaerythritol esters (Cz7-3sHas-700s) and trimethylolpropane esters
(C27-34Hs0-6406), are shown in Figure 24a. Ester concentrations ranged between 0.01-4 ng m™
in the ambient UFP samples. The volatility of these compounds can be expressed by calculating
their saturation mass concentration log,, C;” (20 °C) and by this means they can be assigned to
known volatility classes (Stolzenburg et al., 2018). Assuming that the ester compounds are in
the gas phase at engine exhaust temperatures, their theoretical gas-phase concentration at
Frankfurt-Schwanheim can be calculated using the determined particle phase concentrations.
Certainly the gas phase concentration near the jet engine exhaust exit is higher than this lower
limit gas phase concentration, since dilution between the source and the measurement station
was not taken into account. The three pentaerythritol esters attributable to the ultra-low
volatility region reach a saturation ratio larger than 1x10° (Figure 24b). This finding
substantiates the hypothesis that jet oil synthetic esters can initiate rapid nucleation in the
exhaust plume of aircraft engines, even if a lower-limit estimate of the gas phase concentration
is used. Furthermore the temperature at which gas-phase supersaturation (S; > 1) is reached
was calculated, using the theoretical gas-phase concentration derived from the ambient samples
of each single ester compound (Figure 24c). CasHesOs - C3sH700g pentaerythritol esters in the
ultra-low volatility region are the first compounds that reach S; > 1 at around 60 °C, even

though these ester compounds occur at ambient concentrations an order of magnitude or even
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lower than the Ca9Hs20g ester with the highest ambient concentration. Apart from the three

most volatile trimethylolpropane esters Cz7-20Hs0-5406 all synthetic esters reach supersaturation.
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Figure 24. (a) Quantified particle concentration (ng m3) of the individual synthetic ester compounds (C27-3sHas-700s;
Ca27-3¢H50-6406) plotted against the log,o C; at 20 °C (ULVOC: ultra-low volatility-, ELVOC: extremely-low volatility-,
LVOC: low-volatility organic compound). The spread of the ambient concentrations is shown by the boxes as
interquartile range. (b) Resulting gas-phase saturation ratio S; (20 °C) based on the theoretical gas-phase
concentration assuming that all particle-phase compounds of (a) shifted entirely to the gas phase. Reached
supersaturation is indicated by values of 5;(20 °C) above 1 (yellow line). (c) The approximate temperature at which
each individual jet oil ester reaches S; = 1. Taken from Ungeheuer et al. (2022).
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4.3 Occurrence and in vitro toxicity of organic

compounds in urban background PMzs

This chapter describes the content of the third paper of this study (Wallraff et al., 2022), which
focuses on the combination of toxicity testing and non-target screening to analyse urban
background PMzs. To investigate the relationship between toxicity and chemical composition,
two in vitro bioassays were performed and a wind direction dependency was also analysed.

The chemical characterization of aviation-related ultrafine particles gave insight into the
chemical composition of the smallest analysable particle size fraction. As the collected ultrafine
particle samples are not sufficient in mass for toxicity testing we used larger airborne particulate
matter < 2.5 um (PMas). Hence, the toxicity of organic compounds in PM2swas investigated
and combined with a non-target screening in order to attribute the toxicological findings to
certain compound classes. Air pollution and in this regard PM2 s exposure is seen as a risk factor
to human health with the respiratory system as the primary target organ (Yang et al., 2020).
Furthermore, it was shown that PM exposure can cause oxidative stress and inflammation
damaging the respiratory and cardiovascular system (Arias-Pérez et al., 2020; Bates et al.,
2015). An impairment of the brain is considered to be possible, leading to neurodegenerative
disorders (Kanninen et al., 2020). However linking specific chemicals and their sources to
detrimental health effects remains highly uncertain (Daellenbach et al., 2020). Additionally, the
understanding of the chemical composition of urban organic aerosol is still lacking. Only a
relatively small number of organic pollutants are monitored including phthalate diesters,
polycyclic aromatic hydrocarbons (PAHs) and organophosphorus esters (OPEs) (Kolossa-
Gehring et al., 2011).

The Microtox assay (Aliivibrio fischeri) used in this study can be applied to investigate the basic
toxicity of PM2 . This test accounts for toxicological effects on the bacterial energy metabolism
like narcosis, uncoupling and electrophilicity-based effects (Hermens et al., 1985; Schultz and
Cronin, 1997; Cronin and Schultz, 1998; Brack, 2003). In contrast the more specific AChE-
inhibition assay accounts for neurotoxic effects induced by for example organophosphates
(Hageman et al., 2022). Nevertheless, in vitro bioassays of PM extracts only provide indications
of the toxicity of the entire substance mixture, which cannot be traced back to individual
substances. Filter sampling was conducted at two different wind directions with air masses
emerging from the Frankfurt city centre and airport direction to represent three different

sampling conditions. The analysed samples give insight into the emissions of a large
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international airport (Frankfurt International Airport, Germany) during normal operations and
an airport strike event. Furthermore, they enable a differentiation between airport emissions and

urban background emissions from downtown Frankfurt.

Filter sampling, preparation and analysis

Filter sampling was conducted between October and November 2019 at the air-quality
monitoring station of the Hessian Agency for Nature Conservation, Environment, and Geology
(HLNUG) in Frankfurt-Schwanheim (Figure 7). The city centre of Frankfurt is located in the
northeast, the Frankfurt Airport in the south both in a distance of about 4 km to the station.
Micro glassfiber filters were used in combination with a High Volume Air Sampler (HVS)
(Digitel DHA-80, Digitel Elektronik AG, Volketswil, Switzerland) to sample in 6 h intervals to
cover the airport night flight ban period, from 23:00 to 05:00 CET. Sampling was conducted
with a flow rate of 500 L min™* with the filters subsequently stored at -20 °C until analysis. To
investigate emissions emerging from the airport, the Frankfurt city centre and from the airport
during a Lufthansa strike four samples for each period were used with one sample reflecting
the night-time period. One filter, only stored inside the HVS within the sampling periods, served
as a field blank.
For the analysis each filter was cut into small pieces and extracted two times with a total of
20 mL distilled dichloromethane. The extraction was conducted on an orbital shaker for 20 min
each at 300 rpm. After filtration and pooling of the two extracts, the solvent was evaporated at
35 °C applying a gentle nitrogen stream. A mixture of methanol : water (50:50) (85 uL) was
used to resolve the extract residues for in vitro testing. The chemical characterization was
conducted by diluting 5 pL aliquots with the same solvent mixture by 1:20.
Baseline toxicity was determined by the Microtox assay according to Escher et al. (2008) and
the 1SO-guideline (ISO 11348-3:2007, 2007). The A. fischeri luminescence emission was
detected by a microplate reader (Tecan Spark 10 M, Tecan Group, Mannedorf, Switzerland).
Three experiments with one technical replicate were carried out for each sample. Inhibition by
negative controls were used for correction. Final results were calculated as effective
concentration (ECz2o in m® air mL™Y) reflecting a 20% reduction in light emission.
The more specific acetylcholinesterase (AChE) inhibition assay, originally by Ellman et al.
(1961), can be used to examine potential neurotoxic effects induced by AChE inhibitors. This
neurotoxicity assay is based on the hydrolisation of acetylthiocholine resulting in the formation
of thiocholine which is colorimetrically measureable (Escher et al., 2008). Inhibition of AChE
via phosphorylation can lead to headaches, general weakness, emotional lability and confusion
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(Eyer, 1995). Four independent experiments including one technical replicate were conducted
for each sample. The assay was adapted and the inhibition rate for each sample determined
according to Sigma-Aldrich (2018). By pooling the quadruplicates an EC2s value for each
sample was calculated.

The chemical characterization of the PM> s extracts was carried out using the same instrumental
setup as for the ultrafine particle studies. Briefly, the gradient for chromatographic separation
started with 5% methanol (solvent B). After 1 minute solvent B was increased to 95% within
12 minutes and held for 2 minutes. Thereafter, solvent B was reduced to 5% within 2 minutes
to re-establish the starting conditions. Including the equilibration time of 3 min prior the next
run, the total method duration was 20 minutes. The sample compounds were ionised using
heated electrospray ionisation (HESI) in the positive mode. The Orbitrap mass spectrometer
was operated in a range of mass-to-charge ratios (m/z) between 50-750 and in discovery mode
to obtain fragmentation spectra of single compounds. The non-target analysis software
Compound Discoverer (CD) (version 3.2.0.421, Thermo Fisher Scientific) was utilised for the
analysis of the full-scan MS- and fragmentation spectra and Matlab (R2019b, MathWorks,
Natick, Massachusetts, USA) for subsequent data evaluation. The applied criteria were identical
to the previously described ultrafine particle study (Ungeheuer et al., 2021). For each compound
class (CHO, CHN, CHNO, CHOS, CHNOS, CHOP, other) the summed area was calculated to
compare the three different sampling conditions.

The summed signal intensities of the detected organic compounds were correlated with PMa5
concentrations (g m=?). These concentrations were continuously measured by a hybrid
particulate mass monitor (SHARP 5030, Thermo Fisher Scientific), utilizing nephelometry and
B-absorption with the data publicly accessible (HLNUG, 2019). Hourly measured
concentrations were averaged according to the 6 hours individual sampling periods. The highest
concentrations in the dilution series of each bioassay were examined regarding a linear
correlation of AChE inhibition and luminescence emission with the summed signal intensities
of the different compound classes. The summed signal intensity of all compounds was also

tested equally.

Organic molecular composition and in vitro toxicity

The non-target screening led to the detection of 460 organic compounds with a sample-to-blank

ratio larger than five out of ~1600 compounds in total. The overall highest signal intensities and

variety of compounds was detectable in the city condition samples with the CHO and CHNO

compounds showing the highest summed signal intensities. Only the group of CHOP
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compounds were more dominant in the airport samples. The analysis of the appearance of
specific compounds was based on a minimum confidence level for identification of two (level
1: confirmed structure by reference standard; level 2: probable structure by library spectrum
match) according to Schymanski et al. (2014). In the group of CHOP compounds mostly
organophosphorus esters (OPEs) were detected. They are high-production-volume chemicals
used as flame retardants, plasticisers or oil additives which are released into the environment
by evaporation and leaching (Reemtsma et al., 2008). Tributyl phosphate (TBP, level 1),
tricresyl phosphate (TCP, level 1) and dibutyl phosphate (level 2), probably formed by
fragmentation of TBP, were identified exhibiting high signal intensities. Furthermore,
dicresylphenyl- (DPP, level 1) and cresyldiphenyl phosphate (CDP, level 1) were detected
particularly in the city samples. Triethyl phosphate (CeH1504P, TEP, level 1) had significantly
higher average signal intensities in the city samples compared to the airport samples. TCP, an
airport marker compound used as anti-wear agent in jet engine lubrication oils, was detectable
in the airport samples and being absent in the city samples (Boer et al., 2015). Compared to the
normal airport operation samples a lower average intensity was detected under strike condition.
Triphenyl phosphate (TPhP, level 1) was detected with more than sixfold higher intensities in
average in the city samples compared to the airport samples. TBP was only detectable in the
airport samples which is congruent with its application as additive in aircraft hydraulic fluids
(Marklund et al., 2005). Within the class of CHO compounds pentaerythritol esters (C2sHa40s,
level 1; Co7H480g, level 1), used as jet engine oil base stocks, were identified in the airport PMz.5
samples. This class of compounds was also detectable in ultrafine particles collected at the same
monitoring site (Ungeheuer et al., 2021). Furthermore, 4-tert-octylphenol monoethoxylate
(C16H2602, OP1EO, level 2) was identified particularly in the city samples being an
environmental pollutant and potential endocrine disruptor (Bergé et al., 2012). OP1EO belongs
to the class of alkylphenol ethoxylates (non-ionic surfactants) utilized for instance as industrial
cleaners and solubilisers in agricultural products (Acir and Guenther, 2018; Ying et al., 2002).
CHNO compounds, based on summed signal intensities, were most dominant in the city
samples. Many of the detected CHNO compounds with high intensity independently of the
sampling conditions showed H/C ratios of about 0.8 to 1.5 indicating a cyclic character. The
city samples also showed a more than eightfold higher summed signal intensity of CHOS
compounds and the highest summed signal intensities regarding the CHNOS class compared to
the airport direction samples. In all samples prosulfocarb (C14H21NOS, PSC, level 1) a systemic
thiocarbamate herbicide was identified, whereas N-butylbenzenesulfonamide (C1oH1sNO-S,

NBBS, level 2) a neurotoxic plasticiser was mainly present in the city samples (Rider et al.,
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2012). NBBS has also been detected in brake pad emissions (Placha et al., 2017). In the class
of CHN compounds the samples from the city wind sector exhibited the highest summed signal
intensities. Overall, the non-target analysis exposed a strong wind direction dependency
regarding the organic chemical composition and a greater heterogeneity in the city samples

compared to the airport samples.

The highest applied concentrations in both bioassays revealed a positive correlation between
the inhibitory response and the summed signal intensity of the four compound classes CHO,
CHN, CHNO and CHNOS with the CHO group correlating strongest with luminescence
inhibition. The signal intensity of all detected compounds correlated strongly with both assays
and also with the averaged PM2s mass concentration of the filter sampling periods. Hence, a
correlation between the PM2s mass concentration and both assays could also be observed. No
positive correlation between the TCP signal intensities and AChE inhibition was detected,
although TCP is described as an AChE inhibitor with different potency depending on the
respective isomers (Winder and Balouet, 2002). Possibly this outcome is related to the absence
of the tri-ortho isomer (TOCP) in jet engine oils and aviation-related ultrafine particles as
mentioned in a previous study (Ungeheuer et al., 2021). Positive correlations with both
bioassays were obtained for TPhP, CDP, DPP and TEP. TPhP has been described as an AChE
inhibitor and endocrine disruptor (Shi et al., 2018). Surprisingly, no distinct correlation between
the sum of CHOP compounds and both bioassays was observed. OP1EO as well as PSC showed
a positive correlation with the outcome of both assays while NBBS only with the Microtox
assay. Hence, OP1EO and the detected OPEs seem to be relevant regarding AChE inhibition
effects. PM2.s samples collected under the city wind direction showed the highest luminescence-
(Microtox assay) and AChE inhibition and samples of the airport strike event the lowest
inhibitions. The two different airport sampling conditions only differed slightly in the AChE
inhibition assay. Generally, compared to the Microtox assay the AChE assay showed a higher
sensitivity towards the PM2 s filter extracts. Nevertheless, some samples with a high summed
signal intensity showed a lower toxicity in the bioassays compared to lower intensity samples,
indicating the strong influence of the chemicals composition and individual compound

concentrations towards toxicity.
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4.4 Nontarget Screening Exhibits a Seasonal Cycle of

PM_s Organic Aerosol Composition in Beljing

This chapter describes the content of the fourth paper of this study (Ma et al., 2022), which
focuses on the chemical characterization of Beijing PM.s organic aerosol by non-target
screening. The large data set was analysed for seasonal variation in chemical composition
using hierarchical cluster analysis and conclusions were drawn about possible sources.

The identification of organic aerosol (OA) sources is essential in order to reduce emissions by
developing mitigation strategies. Therefore, identification of the OA chemical composition and
related chemical transformation processes is needed. Several studies applied high-resolution
mass spectrometry to investigate haze episodes in Beijing and identified anthropogenic
emissions as an influencing factor (Bryant et al., 2020; Wang et al., 2018). Within this study
non-target screening and hierarchical cluster analysis (HCA) was applied on 172 (including 10
blank samples) ambient PMs filters from Beijing, analysed by ultra-high performance liquid
chromatography/heated electrospray ionization/Orbitrap high-resolution mass spectrometry
(UHPLC-ESI-HRMS) in order to reduce the complexity of the measured chemical composition.
The twenty-four hours integrated samples were collected over a period of 13 months at Beijing
University of Chemical Technology (BUCT) (Liu et al., 2020). In parallel OA was measured
using a Time-of-Flight Aerosol Chemical Speciation Monitor (ToF-ACSM, more details see
Cai et al. (2020)). Mean PM.s mass concentrations were calculated based on data from the
Wanliu, Gucheng, Wanshouxigong, and Guanyuan monitoring stations, as the ToF-ACSM
provides only non-refractory PM2s data. UHPLC-ESI-HRMS measurements in the negative
mode were conducted with similar settings as described in the previous studies. For non-target
screening Compound Discoverer (CD, version 3.2, Thermo Fisher Scientific) was used to obtain
peak features in dependence on retention time and mass-to-charge ratio (m/z) for compound
identification. Filtering for duplicates, background correction and applying a signal intensity
sample-to-blank ratio of > 3 led to a total of 2136 compounds. The identified compounds were
grouped into six classes CHOa, CHOn, CHNO, CHNOS, CHOS, and others, based on their
elemental composition. To determine whether molecules contain double- and triple-bonds and
ring-structures the double bond equivalent can be calculated. This value is used to calculate the
aromaticity equivalent (Xc) (Yassine et al., 2014) for identification of (poly)aromatic
compounds considering also significant alkylation (Daellenbach et al., 2019). Based on Xc the

class of CHO containing compounds is divided into aromatic (CHOa) and non-aromatic
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(CHON). The HCA was performed using Matlab (Mathworks) in order to merge samples and
detected organic compounds (including peak areas) into clusters of similar temporal behaviour
and chemical characteristics. Accordingly, the data input comprised of 1323 compounds with
1097 unambiguously identified molecular formulas making up 94% of the non-target screening
detected peak area. This reduced set of compounds was utilized as the input of a large number

of small peak signals could bias the HCA.

Seasonal variability of the organic aerosol chemical composition

In winter the compound classes CHOa and CHNO contributed 17% and 38% to the overall
signal intensity. Emissions of those compounds are presumably attributable to intensified solid
fuel burning during winter time (Steimer et al., 2020). In summer, both compound classes only
contributed 8% and 6% to the total signal intensity. Generally, the total intensity of organic
compounds was largest in the winter period. CHOn, CHOS and CHNOS compounds made up
16%, 14% and 3% of the overall signal intensity in winter. In contrast, CHOn compounds
contributed 30% to the summer total signal intensity. This could be the result of increased
biogenic emissions in the summer period, which was supported by the identification of certain
compounds as oxidation products of volatile biogenic emissions based on MS/MS-spectra and
retention time (Vogel et al., 2019). CHOS and CHNOS compounds contributed up to 30% and
9% to the summer overall signal intensity.

Based on the HCA and PM2s mass concentrations the samples were separated into summer
high (SH) and low (SL) PM, and winter high (WH) and low (WL) PM. CHOS compounds
contributed with 40% to the SH cluster signal intensity, whereas to cluster SL only with 12%.
As most of the detected aliphatic organosulphates were only present in the SH cluster, their
formation could enhance the organic aerosol mass in summer Beijing. In the winter clusters the
chemical composition was comparable, indicating rather constant emission sources and
formation processes. The total signal intensity in WH was much higher than in WL, explainable
by the increased wind speed during both periods of low-pollution, therefore the difference in
OA could be determined by aerosol accumulation.

Analysing the H/C- and O/C ratio of Cluster A in the Van Krevelen-space pointed out that
CHNO and CHO aromatic compounds are prominent in the winter period. Within the two
detected homologous series (Cs+nH3z+2nNO3z (n = 1-5), CsnH3z+2nNO4 (n = 1-4)) the largest
signals were identified as 4-nitrophenol (CeHsNOs) and 4-nitrocatechol (CeHsNOas) by
matching the fragmentation patterns and retention times with the authentic standards.
Nitroaromatics are emitted by biomass and coal burning and also by vehicular fuel combustion
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(Yuan etal., 2021). Furthermore, a tracer for naphthalene oxidation, monohydroxy benzoic acid
(C7He60:3), was tentatively identified (Kautzman et al., 2010). CHOa compounds had the highest
intensities in cluster B, with the largest peak signal identified as phthalic acid (CgHsOa4) possibly
attributable to anthropogenic emissions (Wang et al., 2021). Alkylorganosulphates tentatively
identified in cluster A and B are mentioned as tracers for diesel fuel emissions (Blair et al.,
2017). Accordingly, the chemical composition of cluster A and B could be strongly influenced
by traffic emissions and solid fuel combustion. Cluster C was dominated by CHOS and CHNOS
compounds, their high H/C- and O/C ratios suggest a high aliphatic character and oxidation
state, respectively. Some of the observed aliphatic organosulphates are described as
transformation products of liquid fossil fuel emissions (Tao et al., 2014). Therefore, this cluster
of organosulphates showed distinct contributions of liquid fossil fuel emissions and also of
biogenic emissions as monoterpene-derived nitrooxy-organosulphates (C1oH17NO7S,
(Briiggemann et al., 2020)) and isoprene-derived organosulphates (CsHgSO7, (Surratt et al.,
2008)) were detected as well. In cluster D mainly CHOn compounds appeared, while the
detection of a-pinene tracers like MBTCA (CgH1206) and pinic acid (CoH1404) indicates
contributions of biogenic emission sources (Miiller et al., 2012; E. Jenkin et al., 2000).
Nevertheless, anthropogenic sources could also have contributed to this cluster.

To gain more insight into the chemical composition of clusters A-D, the average response of
eight surrogate standards was determined and used for quantification, although this approach is
subject to uncertainty. 4-nitrophenol and 4-nitrocatechol showed the highest signal response,
their average was used for quantification of the cluster A and B nitroaromatics. Quantification
of the CHOa compounds in cluster A and B was conducted using the average response of 5,7-
dihydroxy-4-phenyl-coumarin, phthalic acid and benzoic acid. For the organosulphates in
cluster C, camphor-10-sulphonic acid was utilized (Briiggemann et al., 2019) and for cluster D
the average response of MBTCA and pinic acid.

During the residential-heating period (cluster A and B), aromatic compounds showed an
increasing trend supporting the assumption of OA emissions related to traffic- and solid fuel
combustion. Aliphatic organosulphur marker compounds for traffic emissions showed a lower
abundance in summer, possibly due to enhanced higher boundary layer mixing and chemical
degradation. Clusters C and D showed a strong positive correlation, indicating similar biogenic
sources as the compounds are also more abundant in summer. In addition, the influence of
sulphate on the secondary formation of organosulphates is shown, since cluster C compounds
and the sulphate mass concentration increase in parallel (Wang et al., 2018). At the same time,

another indication is given that various compounds from cluster D are likewise affected by
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anthropogenic activities, since their occurrence is also relatively high in winter. It is worthwhile
to mention that, based on the concentration time series of the compounds of the individual
clusters, a distinct seasonal cycle can be observed while the sum concentration of the four
clusters does not show this trend. Since, the OA time series measured by ACSM also does not
exhibit a seasonal variation and showing a strong correlation with the sum of the quantified
clusters, evidence is given that the OA seasonal cycles are well described by the cluster analysis.
Although, only ~11-14% of the total OA could be explained, seasonal variations are clearly
shown by this study. Traffic and solid fuel combustion emissions are represented by cluster A
and B, making up 76% of the combined four clusters in winter and 15% in summer. Cluster D
contributed with 60% in summer and 17% in winter. Summer haze periods are characterized by
increased organosulphate formation. Overall, by combining non-target screening with HCA, it
was possible to seasonally discriminate between high and low PM samples. Furthermore, the
variation of the detected aerosol chemical composition was determined. The composition
patterns allowed conclusions about the sources of the organic compounds with the applied
quantification method enabling the observation of trends.
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Abstract. Analysing the composition of ambient ultrafine
particles (UFPs) is a challenging task due to the low mass
and chemical complexity of small particles, yet it is a prereq-
uisite for the identification of particle sources and the assess-
ment of potential health risks. Here, we show the molecular
characterization of UFPs, based on cascade impactor (Nano-
MOUDI) samples that were collected at an air quality moni-
toring station near one of Europe’s largest airports, in Frank-
furt, Germany. At this station, particle-size-distribution mea-
surements show an enhanced number concentration of parti-
cles smaller than 50 nm during airport operating hours. We
sampled the lower UFP fraction (0.010-0.018, 0.018-0.032,
0.032-0.056 um) when the air masses arrived from the air-
port. We developed an optimized filter extraction procedure
using ultra-high-performance liquid chromatography (UH-
PLC) for compound separation and a heated electrospray
ionization (HESI) source with an Orbitrap high-resolution
mass spectrometer (HRMS) as a detector for organic com-
pounds. A non-target screening detected ~ 200 organic com-
pounds in the UFP fraction with sample-to-blank ratios larger
than 5. We identified the largest signals as homologous se-
ries of pentaerythritol esters (PEEs) and trimethylolpropane
esters (TMPEs), which are base stocks of aircraft lubrica-
tion oils. We unambiguously attribute the majority of de-
tected compounds to jet engine lubrication oils by match-
ing retention times, high-resolution and accurate mass mea-
surements, and comparing tandem mass spectrometry (MS?)
fragmentation patterns between both ambient samples and
commercially available jet oils. For each UFP stage, we cre-
ated molecular fingerprints to visualize the complex chemi-
cal composition of the organic fraction and their average car-

bon oxidation state. These graphs underline the presence of
the homologous series of PEEs and TMPEs and the appear-
ance of jet oil additives (e.g. tricresyl phosphate, TCP). Tar-
geted screening of TCP confirmed the absence of the harm-
ful tri-ortho isomer, while we identified a thermal transfor-
mation product of TMPE-based lubrication oil (trimethylol-
propane phosphate, TMP-P). Even though a quantitative de-
termination of the identified compounds is limited, the pre-
sented method enables the qualitative detection of molecular
markers for jet engine lubricants in UFPs and thus strongly
improves the source apportionment of UFPs near airports.

1 Introduction

Ultrafine particles (UFPs) are particles with a diameter of
less than 100nm that are strongly influenced by primary
emissions in the urban environment (Allan et al., 2010). Cur-
rent observations indicate that airports are major sources of
UFPs (Yu et al., 2012; Keuken et al., 2015; Yu et al., 2017;
Fushimi et al., 2019), but also road traffic and (biogenic) sec-
ondary organic aerosol are possible sources for nanoparticles
contributing to the overall ultrafine-particle mass in urban ar-
eas (Zhu et al., 2002a, b; Morawska et al., 2008; Paasonen et
al., 2016, Ronkko et al., 2017). Measurements in the vicinity
of Schiphol Airport (the Netherlands) concluded that road
traffic contributes less to the UFP burden compared to air
traffic (Keuken et al., 2015).

With increasing numbers of flight operations worldwide,
aircraft emissions will become increasingly relevant regard-
ing the long-term development of local and global air pollu-
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tion and its impact on global radiative forcing (Lee et al.,
2009; Masiol and Harrison, 2014; Yu et al., 2017). Fore-
casts indicate an increase in flights in Europe in the range of
1.9 % yr~!, with 16.2 million movements in 2040 (Eurocon-
trol, 2018). Due to the coronavirus pandemic, however, the
European flight traffic in 2020 declined by 55 % compared
to 2019 (Eurocontrol, 2021). Current forecasts predict a full
recovery of flight movements between 2024 and 2029, de-
pending on the pandemic course (Eurocontrol, 2020). UFPs
can be transported over long distances towards urban areas
(Keuken et al., 2015; Hudda and Fruin, 2016), and although
they have very low mass, they can cause oxidative stress, in-
flammatory reactions, and other adverse health effects (Jons-
dottir et al., 2019; Schraufnagel, 2020). In contrast to larger-
sized particles, UFPs are able to penetrate the pulmonary
alveoli and can enter the bloodstream (Yang and Omaye,
2009). At the same time, studies indicate that UFPs have an
influence on humans via different mechanisms compared to
PM3 5 and are also able to create synergetic effects with tran-
sition metals (Costa and Dreher, 1997; Campen et al., 2001;
World Health Organization, 2013). Still, the molecular com-
position of ambient UFPs and their effects on human health
are only poorly understood, primarily because of a lack of the
deployment of specific and sensitive chemical measurement
approaches.

Various studies examined the exhaust of aircraft and found
dependencies between particle emissions, their chemical
composition, engine design, and the engine operating state.
It is stated that the volatile organic fraction of the emitted
particles is increasing through photochemical ageing (Kilig
et al., 2018), and the oxidized organic fraction tends to con-
dense on nucleation-mode particles (Wey et al., 2007; Yu et
al., 2017). The non-volatile fraction is dominated by black
carbon. The ratio of volatile organics to non-volatile organ-
ics varies mainly depending on the operating state and the
used jet fuel (Timko et al., 2010; Timko et al., 2013; Beyers-
dorf et al., 2014; Keuken et al., 2015). It appears that black
carbon is a minor fraction of airport-related particulate emis-
sions (Keuken et al., 2015), and it is often distinguished be-
tween the idle and the take-off status of aircraft.

Further studies identified jet engine oil constituents in
airport-located UFPs (Yu et al., 2010, 2012, 2019; Timko et
al., 2010; Fushimi et al., 2019). This is a consequence of the
jet engine design, where rotating parts of the turbines need to
be lubricated, and other parts like bearings need to be cooled.
Due to a technically required venting system, nanometre-
sized oil droplets are released into the atmosphere (Yu et al.,
2010). Depending on the seal tightness, the overall consump-
tion of jet engine oil can amount to up to 0.6Lh~! per jet
engine (Boyce, 2012), of which a part is emitted into the at-
mosphere.

The exposure of turbine and hydraulic oils to aircraft crews
and ground staff has been linked to health effects such as dis-
orientation, headaches, respiratory problems, and weakness
(van Netten and Leung, 2000; Winder and Balouet, 2001,
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2002). These symptoms, likely induced through an expo-
sure to organophosphorous compounds, are summarized un-
der the expression organophosphorus-induced delayed neu-
ropathy (OPIDN). One possible etiological factor is the inhi-
bition of the neurotoxic esterase (NTE) by organophospho-
rous compounds, which are present as additives in aircraft
lubrication oil (Freudenthal et al., 1993; Ehrich et al., 1993;
Eyer, 1995; O’Callaghan, 2003). However, the understanding
of health effects from potentially harmful chemicals formed
during aircraft operations requires further elucidation as it
has been shown that, for example, tricresyl phosphate expo-
sure from bleed air in aircraft cabins is below effect thresh-
olds and cannot explain observed symptoms (de Boer et al.,
2015).

Therefore, it is important to determine the chemical com-
position of UFPs near airports in order to identify their
sources during airport operations, to assess further possi-
ble detrimental effects on human health, and finally to miti-
gate their emission. Due to the low mass of UFPs, the typ-
ical sampling and extraction methods need to be refined
in order to characterize particles with aerodynamic diame-
ters < 56 nm, requiring detection limits of low picogram lev-
els of single organic molecules. Here, we describe an offline
method combining size-resolved UFP sampling with target
and non-target screening by ultra-high-performance liquid
chromatography (UHPLC) coupled to high-resolution mass
spectrometry (HRMS) in order to shed light on the chemi-
cal composition of airport-related UFPs. The overall aim of
this study was to develop an analytical routine that allows
the identification of as many compounds contributing to the
particle mass as possible. Within the scope of this study,
we compare the molecular-composition pattern of 22 size-
resolved ambient-UFP samples with the composition of five
different jet engine lubrication oils. Therefore, our results
provide an overview of the chemical composition of UFPs
near large international airports, covering various aircraft en-
gine designs, operating conditions, fuels, and jet engine lu-
brication oils.

2  Methods
2.1 Frankfurt Airport — measuring site

Frankfurt Airport is one of the largest airports in Europe,
with more than 500 000 flight operations in 2019, shared over
four runways. It is located in the Rhine-Main metropolitan
area within a distance of around 12 km to the city centre of
Frankfurt. In 2019 more than 70.5 million passengers and
2.1 x 100t of cargo were transported, with a kerosine con-
sumption of around 5.5 x 10® m3 (Fraport AG, 2020). The
coronavirus pandemic caused a decline in flight movements
by 58.7 % in 2020 compared to 2019. The transported cargo
decreased by 8.3 % and passenger numbers by 73.4 % (Fra-
port AG, 2021).
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Figure 1. Illustration of the sampling site at a distance of 4km to Frankfurt Airport (pictures © 2020 AeroWest, GeoBasis-DE/BKG,
GeoContent, Landsat/Copernicus, Maxar Technologies; map data © 2020 Google). The wind rose indicates the wind direction during the
eight sampling periods of the campaign. Data provided by the meteorological station at Frankfurt Airport (International Civil Aviation
Organization, ICAO, code: EDDF) of the Deutscher Wetterdienst (DWD).

Since September 2017 the size distributions of ambient
particles, including the ultrafine fraction, have been mon-
itored at an air quality monitoring station of the Hessian
Agency for Nature Conservation, Environment and Geology
4km north of Frankfurt Airport (Fig. 1). It is located in a
forested area with no highly frequented streets within 1 km
distance. This sampling station is considered representative
of the outflow emissions of highly frequented airports.

2.2 Sampling

We used a Micro Orifice Uniform Deposition Impactor
(Nano-MOUDI; Model 115, MSP, Minneapolis, MN, USA),
which consists of a 13-stage impactor system that is able
to collect size-resolved UFPs on the last four stages. How-
ever, we only sampled on the last three stages (aerody-
namic diameters between 0.010-0.018, 0.018-0.032, and
0.032-0.056 um) since particle-size-distribution measure-
ments show the highest number concentrations for particles
smaller than 50 nm (Rose and Jacobi, 2018). This type of
low-pressure cascade impactor was already used by other re-
search groups for analysis of atmospheric and industrial par-
ticulate matter (Cena et al., 2014; Chen et al., 2016; Fushimi
et al., 2019).

The Nano-MOUDI was installed at the air quality mon-
itoring site in Frankfurt Schwanheim (Fig. 1). We sampled
ambient air without a pre-impactor inlet through a stainless-
steel tube (ID: 1 in.; length: 2 m) towards the Nano-MOUDI,
with a total sampling flow rate of 1.8 m®>h™!. The sampling
on the last three stages was conducted with a flow rate of
0.6m>h~!. The deposition of particles > 0.056 um on the
upper 10 stages and the sampling of ambient UFPs on the
last three stages were carried out using aluminium foils (TSI;
@ x THK: 47 x 0.015 mm). To limit a bounce-off of larger
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particles to the lower stages, the foils for the upper 10 stages
were coated with Apiezon® L grease. Therefore, after bak-
ing out the filters for 30 min at 300°C, a 1 cm section of
the Apiezon® grease was dissolved in 100 mL n-hexane, and
each foil was evenly coated by adding six droplets of the
mixture. After drying for 24 h in a fume hood, each single
foil was stored in a glass petri dish. The foils for the UFP
sampling were heated at 300 °C for 30 min and then stored in
metal boxes until sampling.

Sampling took place from August to October 2019 ex-
clusively during a southerly wind direction and during the
airport operating hours (05:00-23:00 CET). Sampling times
varied between 18 and 54 h (Table S1 in the Supplement) in
order to accumulate sufficient mass for analysis. Shortly after
sampling, the filters were stored in metal boxes at —20 °C to
prevent subsequent evaporation or transformation processes.
The final filter loadings depend on sampling time, meteo-
rological conditions, and operating state of the airport. Al-
though the particle emissions of aircraft engines depend on
the actual thrust (Timko et al., 2014; Lobo et al., 2015; Yu
et al., 2017), we assume that we sampled a mixture of UFPs
that represent different aircraft engines under various oper-
ating states. Hence, the collected samples reveal the average
UFP emissions of the whole airport and not of individual en-
gines or operating conditions. Due to no strict compliance
with the night flight ban between 23:00-05:00 CET and fur-
ther urban and industrial sources in the other wind directions,
it was not feasible to collect isolated background samples.
We collected field blanks on the last three stages for 115h
without active sampling air flow and processed them analo-
gously to the UFP samples.
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2.3 Filter extraction

As a consequence of the low mass of the sampled UFPs
(sub-microgram range of total particle mass after 30-50 h of
sampling), the extraction method was developed in order to
achieve the highest possible extract concentration. Simulta-
neously, no pre-concentration step through solvent evapora-
tion was conducted in order to prevent volatilization of target
compounds. Owing to the strongly adsorptive behaviour of
the jet engine oil constituents, no filtration step of the sol-
vent extracts was implemented. Various solvents were tested
regarding their ability to dissolve the jet engine oil target
compounds and the overall particle mass. Pure organic sol-
vents provided a higher extraction efficiency than mixtures
with water and similar efficiencies to mixtures of acetoni-
trile and methanol. The tests were based on UFP filter extrac-
tions with different solvents (100 % methanol; 50 % acetoni-
trile, 50 % methanol; 60 % methanol, 40 % water; 60 % ace-
tonitrile, 40 % water) and evaluated based on the non-target-
analysis-generated identifications and corresponding signal
intensities. Due to the use of methanol (Optima® LC/MS
grade, Thermo Fisher Scientific) and water (Milli-Q, Merck)
as the UHPLC solvents, pure methanol was used for the filter
extraction.

A circular section with a diameter of 2.5 cm was cut out of
each foil sample, which were located below the array of the
nozzles of each impactor stage. It is worth mentioning that
the region of deposited UFPs on the foil surface was gen-
erally not visible. The resulting sections were cut in small
pieces (approximately 2.5 mm x 2.5 mm) with ceramic scis-
sors and extracted two times with 100 and 50 uL, respec-
tively, for 20 min each on an orbital shaker (300 rpm). We
avoided ultrasonic extraction due to a possible formation of
free radicals, which can lead to chemical transformation of
the original sample composition (Riesz et al., 1985). The
extraction was conducted in glass vials equipped with flat-
bottom micro inserts with a maximal volume of 200 pL. (LLG
Labware; @ x H: 6 x 31 mm) to ensure a complete filter sur-
face covering and then pipetted into 100 uL micro inserts
with conical bottoms (VWR; @ x H: 6 x 31 mm) to guaran-
tee a complete UHPLC injection of 5 uL in the autosampler.
Altogether 22 filter samples and 3 field blanks were analysed.

2.4 Jet engine lubrication oils

Jet engine oils are made of a base stock material like pen-
taerythritol esters or trimethylolpropane esters and different
additives. Organophosphate additives are used as anti-wear
agents and metal deactivators (Wyman et al., 1987; Du Han
and Masuko, 1998), whereas amine constituents serve as sta-
bilizers (Wu et al., 2013) (Table S2).

In order to characterize UFPs and screen for the molecu-
lar composition of jet engine oil, we analysed five different
jet engine oils of various brands. The oils were selected re-
garding the recommended oil brand of engine manufacturers.
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The Mobil Jet Oil II (ExxonMobil, Irving, TX, USA) has the
highest market share (Winder and Balouet, 2002), whereas
the market share of the other oils (Mobil Jet Oil 254 (Exxon-
Mobil, Irving, TX, USA), Aeroshell 500 (Royal Dutch Shell,
The Hague, Netherlands), Turbo Oil 2197 and 2380 (East-
man, TN, USA)) is unknown.

2.5 UHPLC-HRMS method

The chemical characterization of the airport filter samples
was realized by using ultra-high-performance liquid chro-
matography (UHPLC) (Vanquish Flex, Thermo Fisher Sci-
entific) and heated electrospray ionization (HESI) coupled
to an Orbitrap high-resolution mass spectrometer (HRMS)
(Q Exactive Focus Hybrid Quadrupole-Orbitrap, Thermo
Fisher Scientific) as a detector. The chromatographic separa-
tion was achieved by using a reversed-phase column (Accu-
core Cyg, 150 x 2.1 mm, 2.6 um particle size, Thermo Fisher
Scientific), operated in gradient mode and thermostated at
40°C (still air). Ultrapure water (18.2 MS2cm; Millipak®
Express 40: 0.22 um, Millipore; Milli-Q® Reference A+,
Merck) with 0.1 % formic acid (by volume; solvent A) and
methanol (Optima® LC/MS grade, Thermo Fisher Scien-
tific) with 0.1 % formic acid (solvent B) were used as the
UHPLC solvents. Formic acid (LiChropur®, Merck) with a
purity of 98 %—100 % was used to improve the chromato-
graphic separation and ionization in the positive mode. Due
to the high fraction of nonpolar compounds in the samples,
the UHPLC chromatography started with 60 % solvent B
(0-0.5 min), was then increased to 90 % (0.5-11 min), and
then was ramped up to 99 % (11-16 min). The high-organic-
solvent starting conditions allow the injection of large sam-
ple volumes of organic solvents without compromising the
chromatographic separation. In the end, solvent B was re-
duced to 60 % (16—17 min), and the system was allowed to
equilibrate for the subsequent measurement within 3 min.
The overall method duration was 20 min, with a flow rate
of 400 uL min~! and an injection volume of 5 uL. The ion-
ization for the mass spectrometric detection was conducted
by HESI in positive and negative mode. The HESI settings
in positive mode were 3.5kV spray voltage, 40 psi sheath
gas (nitrogen), 8 psi auxiliary gas (nitrogen), and 350 °C gas
temperature. The negative mode was operated with the same
settings but with a spray voltage of 2.5kV. The scan range
in the positive mode was from 150 to 750 and in the nega-
tive mode from 50 to 700 mass-to-charge ratio (m/z) with a
resolution of ~ 70k at m/z 200. In negative-mode molecu-
lar ions ([M — H]™) are produced by deprotonation, whereas
in positive-mode molecular ions ([M + H] ™, [M + Na]™) are
generated by adduct formation. In order to gain structural
information of the single molecules, a data-dependent MS?
(dd-MS?) method was used with MS data recorded in profile
mode.

The limit of detection (LOD) and limit of quantifica-
tion (LOQ) of tri-o-cresyl phosphate (TCP) and pentaery-
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thritol tetrahexanoate (Cy9Hs5,0g) were determined by ex-
ternal calibration according to the standard DIN 32645 of
the German Institute for Standardization (DIN). For tri-o-
cresyl phosphate (> 97.0 %; Sigma-Aldrich) and for pen-
taerythritol tetrahexanoate (95 %; Carbosynth Ltd), we cali-
brated with five points in the range of 0.001-1ng uL~!. Each
calibration point was measured three times in succession.
We determined the LOD of pentaerythritol tetrahexanoate
as 0.007 nguL.~! and the LOQ as 0.018 nguL~!. For tricre-
syl phosphate we achieved an LOD of 0.021 nguL~! and an
LOQ of 0.060 ng uL~!. Both calibration curves show only a
small linear-response range, which is likely due to their ad-
sorptive behaviour on glass surfaces. Therefore, we used only
three concentrations in the range of 0.001-0.1 nguL~" for
the determination of the LOD and LOQ. Presumably, all the
detected pentaerythritol esters and trimethylolpropane esters
show a similar adsorption tendency like the used ester stan-
dard. Due to the adsorptive behaviour, quantification of the
UFP constituents in ambient samples should preferentially be
carried out by standard addition. We translate the results of
the calibration into ambient-concentration LODs: an average
sampling duration of 40 h with the Nano-MOUDI flow rate of
0.6m> h™! results in a sampled air volume of 24 m3. Reach-
ing the LOD of pentaerythritol tetrahexanoate and tricresyl
phosphate in a solvent extraction volume of 150 uL. would
require ambient-air concentrations of 44 and 131 pgm~ (for
each sampled size interval), respectively. However, we can
project this calculation on ambient samples only under the
assumption that no losses occur during sampling.

2.6 Non-target screening

The full-scan MS spectra analysis was carried out by the non-
target-analysis software Compound Discoverer (CD) (ver-
sion 3.2.0.261, Thermo Fisher Scientific), which was already
validated regarding the qualitative and quantitative results by
comparison with the non-target-analysis software MZmine2
(Vogel et al., 2019). The Compound Discoverer software
identifies substances and determines their molecular formula
depending on their exact mass, isotopic signature, and MS?
fragmentation pattern and by database matching of MS? frag-
mentation spectra (database: https://www.mzcloud.org/, last
access: 11 July 2020).

We iteratively optimized the non-target-analysis workflow
(see Supplement Fig. S1 and Table S3 for the detailed set-
tings of the CD workflow) in order to achieve the best pos-
sible characterization of the particles’ chemical composi-
tion. The described jet engine oils were diluted to a concen-
tration of 1 ugmL~! in methanol (Optima® LC/MS grade,
Thermo Fisher Scientific) and analysed with an identical
non-target approach. The chromatograms of the jet engine
oils, the UFP samples, and the field blanks were processed
in one experiment in order to improve the software-based
identification procedure. We filtered the non-target-analysis
results with the following criteria: the sample signal must
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be more than 5 times larger than the blank signal, the min-
imum area is 1.0 x 105, and the minimum retention time is
0.7 min (column dead time peak at 0.6 min). A large signal
at m/z 399.2506 4= 4 ppm ([M + H] " of tris(2-butoxyethyl)
phosphate, CigH39O7P) was manually filtered out prior to
the graphical illustration because of its ubiquitous use as
a plasticizer, flame retardant, and floor finish (Lewis et al.,
2016). The peak areas of the compounds in the samples were
background-corrected by subtracting the corresponding peak
areas of the field blank. For the detection of the compounds,
a mass tolerance of 5 ppm was allowed, whereas we reduced
the mass tolerance for the molecular-formula prediction to
2 ppm. The allowed elemental combinations for the molec-
ular formulae assignments were constrained to the limits of
Ci-90, Hi-190, O0—20, No—4, So—3, Po—1, Clo—4, and Bro_3.
Finally, we classified the assigned molecular formulas into
composition groups (CHO, CHN, CHNO, CHOS, CHNOS,
CHOP, other), which helped to graphically illustrate the com-
plex chemical composition of UFPs.

2.7 Fragmentation experiments

In order to gain structural information of the chemical
species found by the non-target analysis, we conducted suc-
cessive data-dependent full-scan and dd-MS? measurements
in the discovery and confirmation mode, respectively. In a
first measurement, we used the discovery mode to obtain the
exact mass and possibly MS? spectra of abundant signals. In
this mode, the mass spectrometer estimates a peak apex dur-
ing acquisition of the chromatogram and triggers the record-
ing of a fragmentation spectrum by higher-energy collisional
dissociation (HCD) of the highly abundant signals. Subse-
quently, we analysed the discovery-mode data with CD, and
we obtained a list of compounds that are significantly differ-
ent from the blank. This list was loaded as an inclusion list
for a second measurement of the samples. By this approach,
we recorded high-quality MS? fragmentation spectra of the
listed compounds of interest (even of the low-intensity com-
pounds), allowing us to confirm the molecular structure and
improve the accuracy of the database identification process.
The MS? experiments were conducted with a normalized col-
lision energy (NCE) of 30.

We used the different jet engine lubrication oils as qualita-
tive identification standards with regard to the material safety
data sheets (MSDSs) declaring the composition of the oils.
With the help of the exact mass, retention time, and MS2
fragmentation pattern of the jet oil constituents, we were
able to unambiguously identify the oil-related compounds
in ambient-UFP samples. In the case of TCP, the different
structural isomers do not show different MS? fragmentation
patterns. Here, we make use of different retention times for
the unambiguous identification of tri-o-cresyl phosphate, en-
abling us to examine whether the ortho-isomer can be found
in the jet oils and the ambient-UFP samples.
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Figure 2. The sample-to-blank ratios of the detected compounds,
averaged over all samples belonging to a certain size fraction
(0.010-0.018, 0.018-0.032, 0.032-0.056 pm). Detection of the
compounds was accomplished in positive-ionization mode. The
sample-to-blank ratio of 5 was specified for data filtering and is
displayed as a dashed horizontal line.

3 Results

3.1 Non-target screening and molecular fingerprints
of UFPs

The non-target screening detected almost 1000 compounds
in the positive-ionization mode. However, we observed the
majority of these compounds at similar intensities also in the
field blanks and hence excluded from the dataset. We find
approximately 200 organic compounds at a sample-to-blank
ratio > 5 in the largest size fraction (0.032-0.056 um) based
on the average of six samples. For the two smaller size frac-
tions, we determined the sample-to-blank ratios based on the
average of 2 x 8 samples (see Table S1). The two smaller size
fractions yielded more than 100 organic compounds with a
sample-to-blank ratio > 5 (Fig. 2). Averaged over all filters
of the largest size fraction, we obtained sample-to-blank ra-
tios > 100 for approximately 30 compounds in the positive-
ionization mode. The particles in the size fraction 0.032-
0.056 ym show a 5- to 10-times-higher signal intensity of
the most abundant compounds as well as a larger number of
compounds due to the larger mass concentration compared to
the smaller size bins. The negative-ionization mode revealed
only 16 compounds with the same data processing filter cri-
teria.

For each size fraction, we use the molecular fingerprints
(retention time vs. molecular weight (MW), Van Krevelen di-
agram, Kroll diagram, and Kendrick mass defect vs. MW) for
illustration of the chemical composition of the organic frac-
tion, which is shown in Fig. 3 for 0.032-0.056 um particles.
Molecular fingerprints of the size stages 0.010-0.018 and
0.018-0.032 um are shown in Figs. S2 and S3, respectively.
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Each circle represents a compound, and the colouring de-
scribes the molecular-composition group. Signals to which
a molecular formula could not be assigned are classified
as “other”. The area of the circles is proportional to the
measured signal intensity. The measured mass-to-charge ra-
tios (m/z) are converted into MW.

Figure 3a (retention time vs. MW) shows primarily CHO
compounds. Group 1 represents mainly the homologous se-
ries of pentaerythritol esters (Ca7_38H48-700g). We found
that Compound Discoverer falsely interprets ion signals as
[M + H]t of the measured ions [M + Na]t, [M +K]*, and
[M -+ NH4]" of the pentaerythritol esters and hence sug-
gests up to three likely false molecular formulas per es-
ter molecule. These artefacts were manually removed based
on the same retention time and exact mass difference to
the molecular ions of the pentaerythritol esters. The native
molecular fingerprint is displayed for comparison in Fig. S4.
Pentaerythritol esters are used as a common base stock
material for synthetic jet engine lubrication oils (Winder
and Balouet, 2002) and therefore can be attributed to jet
engine oil emissions. These synthetic oils are particularly
used in aviation, while the base stock of automotive oils
is made of a crude-oil fraction that consists mostly of
petroleum hydrocarbons (Vazquez-Duhalt, 1989). Another
jet engine oil base stock material of trimethylolpropane es-
ters (C27-34H50-640¢) (Wright, 1996) forms a homologous
series in group 2. Group 3 can be mainly attributed to frag-
mentation, probably formed during the ionization of the pen-
taerythritol esters in the HESI source. The compounds in
group 3 have the same retention times as the original pen-
taerythritol esters of group 1 but differ in their molecu-
lar weight, which can be explained by the neutral loss of
fatty-acid fragments (e.g. CsH19O2, C7H1407, CgH602,
and C19oHp903). Although electrospray ionization is known
as a very soft ionization technique, we observe different frag-
mentation products of the pentaerythritol esters, depending
on the side chain length. In order to minimize fragmentation
of the pentaerythritol esters, we tested different settings of
the HESI source: the auxiliary gas heater temperature was
reduced from 350 to 200 °C in 50°C steps, and the spray
voltage was reduced from 3.5 to 2.0kV in 0.5kV steps. Vari-
ation in both parameters, which were identified as the most
important drivers of the ionization process, did not reduce
fragmentation of the pentaerythritol esters. Besides the large
CHO compounds at 5.2 min, which can likely be attributed to
decanedioic acid-1,10-diethyl ester (C14H2604) and its frag-
ments, we do not detect large contributions of other organic
species in this size fraction. Only a small number of signals
remain unidentified, appearing in the “other” composition
group. Hence, the results of the non-target analysis suggest
that the sampled UFPs are mainly composed of lubrication
oils. However, other techniques might reveal the presence of
additional compounds (e.g. metals, black carbon, inorganic
compounds) which are not detected by the presented tech-
nique.
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Figure 3. Molecular fingerprints — retention time vs. MW (a), Van Krevelen diagram (b), Kroll diagram (c), Kendrick mass defect vs. MW (d)
— of six averaged airport-related ultrafine-particle samples in the size range of 0.032-0.056 um.

The Van Krevelen diagram describes the different com-
pounds regarding their hydrogen-to-carbon (H/C) and
oxygen-to-carbon (O/C) ratios (Fig. 3b). Compounds that
consist mainly of single-ring aromatic moieties have an H/C
ratio around 1. Tricresyl phosphate, an anti-wear additive in
synthetic jet oil, contains three single-ring aromatic (cresol)
moieties. TCP appears in Fig. 3b as a magenta circle at
H/C =1 and O/C = 0.2. The majority of the detected com-
pounds, however, are located in the upper part of the diagram
(H/C > 1.5), which implies that most of the airport-related
UFP constituents do not have an aromatic character. With
O/C ratios below 0.6, it can also be stated that the UFPs do
not become oxidized during the 4 km transport distance be-
tween the emission source and the monitoring station. The
analysed jet engine lubrication oils show O/C ratios within
the same range (0.2-0.4; Figs. S6-S10).

The average carbon oxidation state (avg. OSc) versus the
number of carbon atoms (Fig. 3c) is a way of characteriz-
ing the oxidation state of complex organic-compound com-
positions and is calculated according to Kroll et al. (2011).
The diagram shows that the synthetic esters (CHO) are large
molecules containing 27-37 carbon atoms, which implies a
low vapour pressure and supposedly the ability to reside in
the UFP fraction. The average carbon oxidation state was not
corrected for oxygen atoms that are attached to non-carbon
atoms. Thus, compounds with oxygen-containing functional
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groups (e.g. oxygen atoms of the phosphate group in tri-
cresyl phosphate) are shifted in the diagram towards seem-
ingly higher OSc values, but in fact the carbon atoms ex-
hibit a lower average oxidation state. Also in this illustra-
tion, we find no evidence for oxidation products of airport-
related lubrication oil emissions. These results are consistent
with the objective to design lubrication oils with a stability
against oxidation. For this purpose antioxidants such as N-
phenyl-1-naphthylamine (C16H;3N) and alkylated diphenyl
amine (CpgHy3N) are added, which serve as radical scav-
engers (Wu et al., 2013). Even though tricresyl phosphate
serves as an anti-wear agent in lubrication oils, it is also re-
ported that this additive is able to enhance the oxidation inhi-
bition ability of antioxidant mixtures (Duangkaewmanee and
Petsom, 2011).

We illustrate the Kendrick mass defect (CH, base) vs. MW
in order to identify homologous series of hydrocarbons
(Fig. 3d). The Kendrick mass defect (KMD) is calculated by
subtracting the Kendrick mass of the nominal mass (Equation
1). The Kendrick mass is defined as the [IUPAC mass stan-
dardized on '2CH, with an exact mass of 14 Da (Kendrick,
1963).

. 14.00000
KMD = nominal mass — { [UPAC mass 1)

" 14.01565
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Figure 4. Comparison of the pentaerythritol- and the trimethylol-
propane ester ratios of five different jet engine oils (coloured sym-
bols) with the observed spread in 22 ambient-UFP samples (box
plots). The y axis is the ratio of the peak area of each individual
ester to the summed area of all esters. The horizontal line within the
box indicates the median, and the bottom and top edges of the box
indicate the interquartile range. The whiskers show the spread to the
most extreme values, and outliers (outside £2.70°) are shown as red
“+” symbols.

Thereby, compounds of a homologous series differing in the
number of CH; groups align on a horizontal line. We ob-
serve the homologous series of pentaerythritol- and trimethy-
lolpropane esters and their fragments as horizontal lines in
Fig. 3d.

3.2 Composition pattern of synthetic esters

We analysed the molecular pattern of the synthetic esters by
comparison between the UFP samples and the five different
jet engine oils. Figure 4 shows the contribution of each in-
dividual ester molecule to the sum of all esters. The boxes
illustrate the spread of the ester fraction in all 22 measured
ambient-UFP samples, and the coloured symbols indicate the
composition of the oil standards. We observe that the es-
ter composition of four out of the five jet engine lubrication
oils matches the ester composition in the UFP samples well,
which confirms that these esters can be attributed to the spe-
cific source of jet engine oils. Furthermore, the Mobil Jet
Oil II follows most closely the ambient pattern of the me-
dian level of the pentaerythritol esters (eight oxygen atoms),
which is in line with the highest market share of this oil.
The Eastman Turbo Oil 2380 consists of trimethylolpropane
esters (six oxygen atoms) as the base stock, which are not
a constituent of the other four jet engine oils. We observe
a small but significant fraction of the trimethylolpropane
esters in the ambient UFPs, indicated by the consistently
higher values of the boxes (and the median) compared to the
pentaerythritol-ester-based oils. This is presumably a result
of a minor utilization of trimethylolpropane ester containing
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jet engine lubrication oils in air traffic. Chromatograms of
the various jet engine lubrication oils are shown in Fig. S5
and the individual molecular fingerprints as in Figs. S6-S10,
showing the different base stock materials.

3.3 MS? fragmentation experiments

We used fragmentation experiments of the homologous se-
ries of pentaerythritol esters (Ca7-38H48_-7003), N-phenyl-1-
naphthylamine (C16H13N), alkylated diphenyl amine (bis(4-
(1,1,3,3-tetramethylbutyl)phenyl)amine; CogH43N), tricresyl
phosphate (C;1H2104P), and the homologous series of
trimethylolpropane esters (C27-34Hs50-640¢) in order to ver-
ify the identity of the molecules in the ambient-UFP samples.
These compounds have been described as molecular markers
for jet engine lubrication oil emissions and are not present in
automotive lubrication oils (Fushimi et al., 2019). Figure 5
shows the comparison between the fragmentation patterns of
tricresyl phosphate (Fig. 5a), the alkylated diphenyl amine
(Fig. 5b), and one of the pentaerythritol esters (Fig. 5¢) in
the UFP samples and the Mobil Jet Oil II by ExxonMobil,
respectively.

The fragment at m/z 261.0674 (C14H1403P) is a frag-
ment ion of tricresyl phosphate with only two aromatic
moieties, whereas the fragment at m/z 91.0543 (C;H7y)
is the corresponding aromatic structure without the oxy-
gen atom related to the phosphate group. Fragmentation
of the alkylated diphenyl amine leads only to a slight for-
mation of fragment ions, e.g. m/z 134.0964 (C9H2N),
which is one of the two aromatic rings connected to the
nitrogen atom and parts of one alkyl side chain. Hence it
seems that the alkylated diphenyl amine additive features
a higher stability compared to the other oil constituents
with the used fragmentation settings. The pentaerythritol es-
ter (Co9H520g), exemplary of the ester base stock material,
shows a characteristic fragmentation pattern. The fragment
ion at m/z 399.2737 (CyH390Og) is an ester molecule af-
ter the loss of one side chain (C7H;30,), and the fragment
ion at m/z 113.0960 (C7H;30) is an aliphatic side chain af-
ter ester bond cleavage. We were not able to obtain a clear
fragmentation spectrum of N-phenyl-1-naphthylamine in the
UFP samples as the detected signal intensity was not suffi-
cient. This could be due to a minor usage of the additive in
jet engine lubrication oils and a faster atmospheric degrada-
tion rate as it is utilized as a radical scavenger (Wu et al.,
2013). Furthermore, the screening of the jet oils showed a
matching MS? pattern of tricresyl phosphate and N-phenyl-
1-naphthylamine with the mzcloud database.

3.4 TCP isomer characterization
Recent studies have reported that tricresyl phosphate expo-
sure provokes detrimental health effects as it exhibits a neu-

rotoxic potential functioning as an acetylcholinesterase in-
hibitor and also by acting as an endocrine disruptor (Chang
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Figure 5. Comparison of the MS? fragmentation patterns of (a) tricresyl phosphate (CoHy1O4P), (b) alkylated diphenyl amine (CogHy3N),
and one (c) pentaerythritol ester (CogH570Og) measured in an ambient-UFP sample (0.032-0.056 um) (upward spectra) and the Mobil Jet

Oil II by ExxonMobil (downward spectra).

et al., 2020; Ji et al., 2020). Different TCP isomers vary
regarding their potential health effects, for which reason it
is important to gain information about the isomer composi-
tion of tricresyl phosphate in UFPs. Therefore, we performed
a targeted screening on tricresyl phosphate isomers using
selected-ion monitoring (SIM). The tri-ortho isomer shows
a peak at 7.82 min, whereas the TCP peak of the UFP sam-
ple elutes after 8.06 min, likely an overlapping peak of a mix
of different meta- and para-isomers. The tri-ortho-isomer of
tricresyl phosphate was not detected in the airport samples.
This is in accordance with the reduction in the ortho-isomer
fraction of tricresyl phosphate used as an additive for lubri-
cation oils (Winder and Balouet, 2002; de Nola et al., 2008).
Other studies have also reported that they were not able to
identify the tri-ortho isomer of TCP in various sample types
(Solbu et al., 2010, 2011). Although no tri-ortho isomer of
TCP was detected, it is still worthwhile to consider that iso-
mers with only one ortho-methyl group feature possibly a
higher toxicity than isomers having methyl groups only in
meta- and para-position (Hanhela et al., 2005).

We detect further organophosphate compounds like triph-
enyl phosphate (TPP) in the UFP samples, which likely orig-
inate from hydraulic oils. TPP is a high-production-volume
chemical used as a flame retardant and likely has further
sources other than airport operations. However, Solbu et
al. (2010) have reported that ground maintenance of aircraft
is also a possible source of organophosphates in the environ-
ment.

3.5 TMP-P formation from thermal decomposition of
TMPE oils

Besides the common use of pentaerythritol esters as the base
stock of lubrication oils, also trimethylolpropane esters (TM-
PEs) are in use. It is known that a combination of TMPEs
with a phosphate additive proportion of only 2 % can result
in the formation of the neurotoxin trimethylolpropane phos-
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phate (TMP-P) (Callahan et al., 1989; Centers, 1992). The
combination of pentaerythritol esters with phosphate addi-
tives does not lead to the formation of TMP-P (Wyman et al.,
1987). Studies have shown that the formation of TMP-P oc-
curs possibly with all phosphates, regardless of the structure,
at temperatures between 250-750 °C. The reaction is proba-
bly not highly temperature-dependent due to the low activa-
tion energy (Wright, 1996). At the upper temperature limit,
the formed TMP-P starts to decompose, implying that the ac-
tual yield of TMP-P depends on the balance between forma-
tion and degradation reactions (Callahan et al., 1989). TMP-
P affects the nervous system by binding to y-aminobutyric
acid (GABA) receptors, especially at the picrotoxinin site,
and therefore affects neurotransmission processes (Bowery
et al., 1976, 1977; Mattsson, 1980; Simmonds, 1982; Ticku
and Ramanjaneyulu, 1984).

In contrast to other studies (van Netten and Leung, 2000;
Solbu et al., 2011), we detected TMP-P in the UFP samples,
which could be the result of the continued use of TMPE-
based lubrication oils. TMP-P was identified via fragmen-
tation leading to a characteristic phosphate fragment. The
analysed Eastman Turbo Oil 2380 shows a different pattern
regarding the jet engine oil marker compounds compared to
the other tested oils (Fig. 4). This oil is not based on a pen-
taerythritol but on a trimethylolpropane ester formulation.
Callahan et al. (1989) identified the Exxon 2380 oil as a
source of TMP-P formation, which is possibly the forerun-
ner oil of the Eastman Turbo Oil 2380 tested here. In order
to confirm the identified TMP-P, we simulated the thermal
decomposition in a temperature experiment using the East-
man Turbo Oil 2380. The jet engine oil was heated to tem-
peratures of 250—450°C in 50°C steps for 4 h. Analysing
the oil after the temperature treatment, we were able to de-
tect an emerging signal at m/z 179.0467 (M + H]*, TMP-
P, CgH 1 04P) at temperatures starting from 400 °C. The ap-
pearing compound features the same retention time as de-
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Figure 6. Development of the different constituents of the Eastman
Turbo Oil 2380 during the temperature experiment. The contribu-
tion (%) is defined as the ratio of the area of one single compound
relative to the total area of all jet oil constituents.

tected in the UFP samples, which speaks for the unambigu-
ous identification of TMP-P. To our knowledge, this is the
first detection of TMP-P in ambient UFPs. With increasing
temperature, we observe the fraction of trimethylolpropane
esters decreasing, whereas the fraction of TMP-P rises. The
relative fraction of tricresyl phosphate also increases as it
is temperature-stable in contrast to the esters. The fraction
of the two amines (CjgH 3N, CogHy3N) decreases between
250-350°C, and from 400 °C onwards both compounds are
not detectable anymore (Fig. 6).

4 Conclusions

In this study, we demonstrate a novel analytical approach
(non-target analysis) that reveals the chemical composition
of UFPs down to the size range of 10-18 nm. We find that jet
oil emissions contribute to the non-refractory fraction of par-
ticles < 56 nm near Frankfurt Airport, with all specified con-
stituents detectable by HESI in the positive-ionization mode.
The analysis of the individual pattern of ester molecules and
the comparison to jet oil standards revealed the presence
of two different oil base stocks that emerge in the UFPs at
Frankfurt Airport. Due to the identification of health-relevant
organophosphorous compounds, future studies should per-
form toxicity testing and effect-directed chemical analysis
in order to evaluate the health effects of UFPs from large
airports. In this context, it is essential to quantify the contri-
bution of potentially harmful compounds that are present in
airport-related UFPs in future studies.
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Table S1. Overview of the sampling times (only during Frankfurt Airport operating hours between 5 AM

and 11 PM).

Sample Start ‘ Stop Collection time [h] Dp(aer) [um]
FF7 8/31/2019 5:00 8/31/2019 23:00 18 0.01-0.018
FF8 8/31/2019 5:00 8/31/2019 23:00 18 0.018 - 0.032
FF10 9/4/2019 5:00 9/4/2019 23:00 18 0.01-0.018
FF11 9/4/2019 5:00 9/4/2019 23:00 18 0.018 - 0.032
FF13 9/6/2019 12:00 9/7/2019 23:00 29 0.01-0.018
FF14 9/6/2019 12:00 9/7/2019 23:00 29 0.018 - 0.032
FF15 9/6/2019 12:00 9/7/2019 23:00 29 0.032 - 0.056
FF16 9/11/2019 10:00 9/12/2019 23:00 31 0.01-0.018
FF17 9/11/2019 10:00 9/12/2019 23:00 31 0.018 - 0.032
FF18 9/11/2019 10:00 9/12/2019 23:00 31 0.032 - 0.056
FF19 9/15/2019 9:00 9/16/2019 23:00 32 0.01-0.018
FF20 9/15/2019 9:00 9/16/2019 23:00 32 0.018 - 0.032
FF21 9/15/2019 9:00 9/16/2019 23:00 32 0.032 - 0.056

Blank 9/18/2019 17:00 9/23/2019 11:30 - 0.01-0.018
Blank 9/18/2019 17:00 9/23/2019 11:30 - 0.018 - 0.032
Blank 9/18/2019 17:00 9/23/2019 11:30 - 0.032 - 0.056
FF28 9/27/2019 15:40 9/30/2019 11:00 49 0.01-0.018
FF29 9/27/2019 15:40 9/30/2019 11:00 49 0.018 - 0.032
FF30 9/27/2019 15:40 9/30/2019 11:00 49 0.032 - 0.056
FF31 9/30/2019 12:05 10/1/2019 23:00 29 0.01-0.018
FF32 9/30/2019 12:05 10/1/2019 23:00 29 0.018 - 0.032
FF33 9/30/2019 12:05 10/1/2019 23:00 29 0.032 - 0.056
FF43 10/16/2019 5:00 10/18/2019 23:00 54 0.01-0.018
FF44 10/16/2019 5:00 10/18/2019 23:00 54 0.018 - 0.032
FF45 10/16/2019 5:00 10/18/2019 23:00 54 0.032 - 0.056




Table S2. Most prominent jet engine lubrication oil constituents and the thermal decomposition product

TMP-P.

Name

Molecular
formula
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Figure S1. Workflow of the Compound Discoverer (CD) non-target screening.



Table S3. Detailed settings of the CD-workflow.

Processing node O: Input Files

Processing node 1: Select Spectra

1. Spectrum Properties Filter:

- Lower RT Limit: 0

- Upper RT Limit: 0

- First Scan: 0

- Last Scan: 0

- Ignore Specified Scans: (not specified)

- Lowest Charge State: 0

- Highest Charge State: 0

- Min. Precursor Mass: 0 Da

- Max. Precursor Mass: 5000 Da

- Total Intensity Threshold: 1000000

- Minimum Peak Count: 1

2. Scan Event Filters:

- Mass Analyzer: Is FTMS

- MS Order: Is MS2; MS1

- Activation Type: (not specified)

- Min. Collision Energy: 0

- Max. Collision Energy: 1000

- Scan Type: Any

- Polarity Mode: Is +

3. Peak Filters:

- SIN Threshold (FT-only): 1.5

4. Replacements for Unrecognized Properties:
- Unrecognized Charge Replacements: 1

- Unrecognized Mass Analyzer Replacements: ITMS
- Unrecognized MS Order Replacements: MS2
- Unrecognized Activation Type Replacements: CID

- Unrecognized Polarity Replacements: +



- Unrecognized MS Resolution@200 Replacements: 60000
- Unrecognized MSn Resolution@200 Replacements: 30000
5. General Settings:

- Precursor Selection: Use MS1 Precursor

- Use Isotope Pattern in Precursor Reevaluation: True

- Provide Profile Spectra: Automatic

- Store Chromatograms; False

Processing node 2: Align Retention Times

1. General Settings:

- Alignment Model: Adaptive curve

- Alignment Fallback: Use Linear Model
- Maximum Shift [min]: 0.3

- Shift Reference File: True

- Mass Tolerance: 5 ppm

- Remove Outlier: True

Processing node 3: Detect Compounds

1. General Settings:
- Mass Tolerance [ppm]: 5 ppm
- Intensity Tolerance [%]: 10
- S/N Threshold: 3
- Min. Peak Intensity: 500000
- lons:
[2M+H]+1
[2M+K]+1
[2M+Na]+1
[2M+NH4]+1
[M+H]+1
[M+H+MeOH]+1
[M+K]+1
[M+Na]+1
[M+NH4]+1



- Base lons: [M+H]+1; [M+Na]+1

- Min. Element Counts: C H

- Max. Element Counts: C90 H190 Br3 Cl4 N4 020 P S3
2. Peak Detection:

- Filter Peaks: True

- Max. Peak Width [min]: 0.5

- Remove Singlets: True

- Min. # Scans per Peak: 5

- Min. # Isotopes: 2

Processing node 5: Group Compounds

1. Compound Consolidation:
- Mass Tolerance: 2 ppm

- RT Tolerance [min]: 0.3
2. Fragment Data Selection:

- Preferred lons: [M+H]+1

Processing node 6: Fill Gaps

1. General Settings:
- Mass Tolerance: 2 ppm
- S/N Threshold: 1.5

- Use Real Peak Detection: True

Processing node 7: Mark Background Compounds

1. General Settings:
- Max. Sample/Blank: 3
- Max. Blank/Sample: 0

- Hide Background: False

Processing node 9: Assign Compound Annotations

1. General Settings:



- Mass Tolerance: 2 ppm

2. Data Sources:

- Data Source #1: mzCloud Search

- Data Source #2: Predicted Compositions
- Data Source #3: (not specified)

- Data Source #4: ChemSpider Search
- Data Source #5: (not specified)

- Data Source #6: (not specified)

- Data Source #7: (not specified)

3. Scoring Rules:

- Use mzLogic: True

- Use Spectral Distance: True

- SFit Threshold: 20

- SFit Range: 20

Processing node 10: Search mzCloud

1. General Settings:

- Compound Classes: All

- Precursor Mass Tolerance: 5 ppm

- FT Fragment Mass Tolerance: 5 ppm
- IT Fragment Mass Tolerance: 0.4 Da
- Library: Autoprocessed; Reference

- Post Processing: Recalibrated

- Max. # Results: 10

- Annotate Matching Fragments: False
2. DDA Search:

- Identity Search: HighChem HighRes
- Match Activation Type: True

- Match Activation Energy: Match with Tolerance
- Activation Energy Tolerance: 20

- Apply Intensity Threshold: True

- Similarity Search: Similarity Forward
- Match Factor Threshold: 60

3. DIA Search:



- Use DIA Scans for Search: False
- Max. Isolation Width [Da]: 500

- Match Activation Type: False

- Match Activation Energy: Any

- Activation Energy Tolerance: 100
- Apply Intensity Threshold: False
- Match Factor Threshold: 20

Processing node 8: Predict Compositions

1. Prediction Settings:

- Mass Tolerance: 2 ppm

- Min. Element Counts: C H

- Max. Element Counts: C90 H190 Br3 Cl4 N4 020 P S3
- Min. RDBE: 0

- Max. RDBE: 40

- Min. H/C: 0.1

- Max. H/C: 3.5

- Max. # Candidates: 10

- Max. # Internal Candidates: 200
2. Pattern Matching:

- Intensity Tolerance [%]: 10

- Intensity Threshold [%]: 0.1

- S/N Threshold: 3

- Min. Spectral Fit [%]: 30

- Min. Pattern Cov. [%]: 90

- Use Dynamic Recalibration: True
3. Fragments Matching:

- Use Fragments Matching: True

- Mass Tolerance: 5 ppm

- S/N Threshold: 3

Processing node 11: Search ChemSpider

1. Search Settings:



- Database(s):
EAWAG Biocatalysis/Biodegradation Database
Nature Chemistry
Sigma-Aldrich
- Search Mode: By Formula Only
- Mass Tolerance: 5 ppm
- Max. # of results per compound: 100
- Max. # of Predicted Compositions to be searched per Compound: 3
- Result Order (for Max. # of results per compound): Order By Reference Count (DESC)
2. Predicted Composition Annotation:

- Check All Predicted Compositions: False

Processing node 12: Apply mzLogic

1. Search Settings:

- FT Fragment Mass Tolerance: 10 ppm

- IT Fragment Mass Tolerance: 0.4 Da

- Max. # Compounds: 0

- Max. # mzCloud Similarity Results to consider per Compound: 10

- Match Factor Threshold: 30

Processing node 13: Apply Spectral Distance

1. Pattern Matching:

- Mass Tolerance: 5 ppm

- Intensity Tolerance [%]: 30
- Intensity Threshold [%]: 0.1
- S/N Threshold: 3

- Use Dynamic Recalibration: True
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Figure S2. Molecular fingerprints (Retention time vs. MW [A], Van-Krevelen-diagram [B], Kroll-diagram
[C], Kendrick mass defect vs. MW [D]) of eight averaged airport-related ultrafine particle samples in the
size range of 0.010-0.018 pm (corrected).
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Figure S3. Molecular fingerprints (Retention time vs. MW [A], Van-Krevelen-diagram [B], Kroll-diagram
[C], Kendrick mass defect vs. MW [D]) of eight averaged airport-related ultrafine particle samples in the
size range of 0.018-0.032 pum (corrected).
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Figure S4. Native (not corrected) molecular fingerprints after non-target analysis (Retention time vs. MW [A],
Van-Krevelen-diagram [B], Kroll-diagram [C], Kendrick mass defect vs. MW [D]) of six averaged airport-
related ultrafine particle samples in the size range of 0.032-0.056 pm (for comparison with Figure 3).
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Figure S5. Extracted ion chromatograms (XIC) of an airport-sample (UFP size: 0.032-0.056 um) and five
different jet oils, showing a matching pattern of the major compounds m/z £ 4 ppm 220.1120 (RT: 5.40 min,
[M+H]*, N-phenyl-1-naphthylamine, CisH13N), m/z £ 4 ppm 394.3468 (RT: 15.16 min, [M+H]", alkylated
diphenyl amine, C2sHa43N), m/z + 4 ppm 391.1069 (RT: 8.05 min, [M+Na]", tricresyl phosphate, C21H2104P)
and homologous series of m/z + 4 ppm 523.3241 - 677.4962 (RT: 11.70 — 17.27 min, [M+Na]*, pentaerythritol
esters, Cozr-3sHas-700s, PEE) and m/z + 4 ppm 493.3499 - 591.4595 (RT: 13.53 — 17.24 min, [M+Na]",
trimethylolpropane esters, Cz27-34Hs0-6406, TMPE). The same sample (0.032-0.056 um) was depicted once
with the focus on the pentaerythritol esters (PEE) and once with the focus on the trimethylolpropane esters
(TMPE) to illustrate the different influence of diverse jet engine lubrication oil base stock materials on
ultrafine particles.
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Figure S6. Molecular fingerprints (Retention time vs. MW [A], Van-Krevelen-diagram [B], Kroll-diagram
[C], Kendrick mass defect vs. MW [D]) of the jet engine lubrication oil Mobil Jet Oil 11 by ExxonMobil.
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Figure S7. Molecular fingerprints (Retention time vs. MW [A], Van-Krevelen-diagram [B], Kroll-diagram
[C], Kendrick mass defect vs. MW [D]) of the jet engine lubrication oil Mobil Jet Oil 254 by ExxonMobil.
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Figure S8. Molecular fingerprints (Retention time vs. MW [A], Van-Krevelen-diagram [B], Kroll-diagram
[C], Kendrick mass defect vs. MW [D]) of the jet engine lubrication oil Turbo Oil 2197 by Eastman.
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Figure S9. Molecular fingerprints (Retention time vs. MW [A], Van-Krevelen-diagram [B], Kroll-diagram
[C], Kendrick mass defect vs. MW [D]) of the jet engine lubrication oil Turbo Oil 2380 by Eastman.
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Figure S10. Molecular fingerprints (Retention time vs. MW [A], Van-Krevelen-diagram [B], Kroll-diagram
[C], Kendrick mass defect vs. MW [D]) of the jet engine lubrication oil Aeroshell 500 by Royal Dutch Shell.
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Nucleation of jet engine oil vapours is a large
source of aviation-related ultrafine particles

Florian Ungeheuer 1 Lucfa Caudillo!, Florian Ditas® 2, Mario Simon!, Dominik van Pinxteren3,

Dogushan Kilic*®, Diana Rose?, Stefan Jacobi?, Andreas Kiirten', Joachim Curtius® ! & Alexander L. Vogel® '™

Large airports are a major source of ultrafine particles, which spread across densely popu-
lated residential areas, affecting air quality and human health. Jet engine lubrication oils are
detectable in aviation-related ultrafine particles, however, their role in particle formation and
growth remains unclear. Here we show the volatility and new-particle-formation ability of a
common synthetic jet oil, and the quantified oil fraction in ambient ultrafine particles
downwind of Frankfurt International Airport, Germany. We find that the oil mass fraction is
largest in the smallest particles (10-18 nm) with 21% on average. Combining ambient
particle-phase concentration and volatility of the jet oil compounds, we determine a lower-
limit saturation ratio larger than 1 x 105 for ultra-low volatility organic compounds. This
indicates that the oil is an efficient nucleation agent. Our results demonstrate that jet oil
nucleation is an important mechanism that can explain the abundant observations of high
number concentrations of non-refractory ultrafine particles near airports.
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ultrafine particles (UFPs)!-8. Among different engine
operation conditions at the airports, take-off is often asso-
ciated with the highest UFP emissions>~12. These particles are
typically formed via gas-to-particle conversion after
combustion!3. Transmission electron microscopy analysis of
UFPs from aviation shows spherical particles with a volatile
character under high vacuum!%. They can be transported large
distances from the source reaching densely populated residential
areas, as large airports are usually located in the close vicinity of
metropolitan areas>1>16, UFP emissions from airport operations
lead to a higher ambient particle number concentration (PNC) in
the surrounding of airports, with a limited knowledge of their
chemical composition!”-18, UFP transport and subsequent infil-
tration to the indoor environment seems to be more relevant than
infiltration of PM, s and PM,;,!%!°. The number-size distribu-
tions of particles emitted by jet engines are dominated by a mode
diameter smaller than ~30nm, which is significantly smaller
compared to particles from road traffic emissions!>20-23. Jet
engine oil constituents (Supplementary Fig. 1) have been identi-
fied in UFPs near airports®7-24-26, Lubrication oils are emitted
from aircraft engines through a breather vent and unintentionally
as leaks of the oil circulating system (i.e., due to worn seals)?%.
Due to the small size of UFPs, exposure-related health effects are
of importance as they potentially reach the alveoli, penetrate

S everal studies identified airports as a major source of
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Fig. 1 Particle size distributions of ambient and laboratory-generated
ultrafine particles. Ambient particle size distribution (@) at the monitoring
site during wind direction (WD) from the airport (grey) and the city
(yellow), averaged over three days (05:00-23:00 CET). Number-size (b)
and mass-size distribution (¢) from two laboratory experiments, each with
jet oil nanoparticles generated from a methanolic solution, native at 20 °C
(blue & light blue) and after heating to 300 °C (red & light red).
Measurement data (black dots) were fitted using a lognormal distribution.

through the pulmonary epithelium in the lower respiratory tract,
and translocate the air-blood barrier?’-30. Animal tests also showed
that they can reach the central nervous system via the olfactory
nerve circumventing the blood-brain barrier3!. UFPs can permeate
into the respiratory and cardiovascular system within minutes to
hours and are still detectable for months after the exposure32.
Depending on their chemical composition, UFPs can induce oxi-
dative stress, inflammatory reactions, and cell membrane
damages?3-3°. Health effects depend on their particle size, mass and
number concentration’, and additionally on individual properties
such as surface area, solubility, oxidative potential and the ability to
counteract macrophage phagocytosis3®. Several studies investigated
the UFP exposure of airport ground personnel and passengers3”-38
and health effects due to UFP exposure near the airport®. A recent
cohort study reported a 12% increased risk of developing a malig-
nant brain tumour in the Los Angeles airport area for each increase
of UFP exposure by 6,700 particles cm~3 3%, This finding is sup-
ported by a study from Toronto, which reports a hazard ratio of
1.112 in developing a malignant brain tumour per UFP increase of
10,000 particles cm™3, adjusted for other air pollutants and socio-
demographic factors?’. A study of the health effects from long-term
UFP exposure of airport workers reported no association to car-
diovascular disease®!.

Ultrafine and fine particle emissions by jet engines during flight
have also been investigated®>#3. Here the focus has been put on
determining emission indices for particle emissions at cruise and
their role for contrail and cirrus formation*4. Black carbon (soot)
emissions have been discussed to dominate the formation of ice
crystals in contrails, especially in the soot-rich regime characterised
by soot particle number emission indices, Els, in excess of ~1014 (kg-
fuel)~! 44, Recent studies have shown that soot formation by aircraft
engines burning plant-based bio-fuels blended with petroleum-based
conventional kerosene (Jet A) or blends of synthetic fuels (Fischer-
Tropsch) with Jet A fuel, both significantly reduces the soot
formation*3#>, which is likely explained by the near zero aromatic
contents of the bio and synthetic fuels. Ultrafine volatile particles
were assumed to be mostly composed of sulphuric acid and organic
fuel components that nucleate in the young exhaust plume®%#7, but
jet lubrication oil has so far not been suggested as an important
source of the freshly formed particles in the exhaust plume in flight.

In our previous study on airport-related UFPs, we showed that
jet engine lubrication oils dominate the spectrum of detected
organic compounds after a non-target analysis2°. Following this
non-target study, here we describe the nucleation ability of jet oil
vapours in laboratory experiments and by quantification of jet
engine oil constituents in three ambient UFP size fractions
(<56 nm) downwind Frankfurt International Airport.

Results

Volatility and new-particle formation of jet engine lubrication
oil. We compared particle-number size distributions (PNSD) of
ambient UFPs with laboratory-generated jet oil particles. In the
ambient measurements at Frankfurt-Schwanheim (Supplementary
Fig. 2) we observe a distinct difference between UFPs from the
airport and the city centre (Fig. 1a). Air masses transported from
Frankfurt Airport show a ~15-times higher PNC of UFPs at
~18 nm compared to air masses from the city centre (wind roses are
shown in Supplementary Fig. 3). For larger UFPs, this difference
becomes less pronounced. In the laboratory, we studied the PNSD
of atomised lubrication oil passing a thermodenuder at 20 °C and
300 °C to investigate the volatility and nucleation capability of the
jet oil compounds. When the jet oil particles (mean diameter of
27 nm) pass the thermodenuder at 300 °C, we observe a more than
fivefold increase of the particle number concentration compared to
the experiment at 20°C, and a reduction of the mean diameter
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down to ~10 nm of the measured particles (Fig. 1b). Although the
particles passed the thermodenuder, it is important to mention that
the PNSD measurement was conducted downstream the heating
section at room temperature. The volatility of the jet oil at 300 °C is
evident as the mass fraction of jet oil is reduced by ~99% compared
to the 20 °C control experiment (Fig. 1c). Downstream the heating
section of the thermodenuder the majority of oil vapours in the gas
phase is likely lost to the surfaces of the tubing. However, a small
fraction of the oil vapours nucleates and forms new particles
downstream of the thermodenuder within a few seconds, when the
temperature of the sampling flow reaches a point at which the oil
vapour becomes supersaturated. Rapid growth of particles to sizes
>10nm allows escaping the “valley of death” in the nucleation
mode®3, in which small particles are efficiently scavenged by coa-
gulation. The thermodenuder experiment demonstrates that jet
engine oil particles are volatile UFPs at 300°C, and it can be
assumed that the oil partitions entirely to the gas phase if exposed to
operating temperatures of aircraft turbofan engines (»300 °C*?).

Fraction of lubrication oil in ambient UFP samples. We
quantified jet engine oil constituents (Supplementary Fig. 1 and
Supplementary Note 1) from ambient particle samples to deter-
mine the oil fraction in UFPs near Frankfurt Airport. Therefore,
we collected UFP samples downwind the airport at Frankfurt-
Schwanheim when air masses arrived from the airport (Fig. 2a-d).
Using a cascade impactor (Nano-MOUDI), we sampled UFPs
during seven periods (18-54h) in three different UFP size bins
(10-18 nm, 18-32 nm, 32-56 nm) for subsequent chemical ana-
lysis. From the continuous measurements of the PNSD we cal-
culated the mass concentration (oil density=1gcm™3, see
Durdina et al.>%) for the three investigated particle size bins
(Fig. 2b-d). The corresponding UFP number concentration is
shown in Supplementary Fig. 4. Particle mass concentration of the
two smallest size bins (<32 nm) increased significantly (two-tailed
t-test, p <0.001) when the wind direction falls within the airport
sector during its operating hours, compared to periods of other
wind directions or non-operating hours. The variability of larger
UFPs (>32 nm) does not show this behaviour (Fig. 2d-g). This is
in accordance with previous studies, which state that the mode
diameter of aircraft-related particle emissions is smaller than
30 nm, while the mode diameter of particles from on-road vehicles
is predominantly larger than 30 nm31%22:23, The particle number
concentration (<32nm) reaches the rural background level
around midnight. Hence, we consider the night-time periods
between 00:00-05:00 CET adjacent to each sampling day as the
mean rural background particle mass concentration that is largely
unaffected by UFPs from the airport (dark red bars in Fig. 2b-d).
Subtraction of the mean background mass from the mass during
UFP sampling results in the total accumulated UFP mass on each
impactor stage that can be attributed to the airport (Supplemen-
tary Figure 5 & Supplementary Table 1). This approach of mass
closure cannot be applied to the largest stage (32-56 nm), because
the particle mass concentration reaches sometimes higher values
during non-operating than during operating hours (Fig. 2d).

We quantified the jet oil concentration of the individual
impactor stages by adding authentic standards to aliquots of the
filter extracts (standard addition method). Furthermore, we
corrected for particle losses in the Nano-MOUDI based on an
experimentally determined loss function of the three nano-stages
(see Methods section). We find that jet engine oils contribute on
average 21 +11% to the UFP mass in the 10-18 nm size bin. The
jet-oil mass fraction of individual samples in the 10-18 nm size
bin varies between 10 and 38%, with generally higher values for
short sampling intervals. The contribution of jet engine oil to the
total mass of the 18-32 nm particles is only 5+ 3% on average

(Error estimation see Supplementary Note 2). Because the
background subtraction could not be applied on the largest stage,
we used the non-background corrected SMPS mass of the
32-56 nm stage and find a mean of 9% for the oil fraction of this
size bin. Hence, the smallest particle stage shows consistently the
highest mass fraction of jet engine lubrications oils (Supplemen-
tary Table 1 and Supplementary Fig. 6).

The calculation of the fractional oil contribution on all three
stages did take into account experimentally determined particle
losses. Regarding evaporative losses, we observe a bias in the
molecular composition of jet oil from the ambient samples, which
can be well explained by evaporation of the semi-volatile additives
during Nano-MOUDI sampling (Supplementary Table 2). We
evaluated the sampling efficiency of the Nano-MOUDI toward
semi-volatiles based on pure ethyl oleate UFPs (C,oH330,, 98%,
Sigma-Aldrich) from an atomised solution. Although the
generated PNSD covered the whole Nano-MOUDI range, we
only detected the compound on the 32-56 nm stage (with the
lowest pressure difference of the three Nano-MOUDI stages), and
even on this stage we observed a loss of >99% of mass of
the ethyl-oleate-UFPs. The vapour pressure of ethyl oleate is
8.10x 103 Pa (EPI Suite®!), which is similar to the vapour
pressure of the N-phenyl-1-naphthylamine jet oil additive. The
other additives and the jet oil esters exhibit lower vapour
pressures (Supplementary Table 2). Therefore, it can be stated
that the vapour pressure, and with this regard the volatilisation of
semi-volatile compounds is the most important sampling loss
process in the Nano-MOUDI. Fortunately, the jet oil esters are
extremely low-volatile, and therefore evaporation of this com-
pound class during sampling is negligible.

Lubrication oil base stock esters in the volatility basis set. The
observed new-particle formation downstream the thermo-
denuder and the largest mass fraction of lubrication oil in the
smallest ambient UFPs suggests that lubrication oil emissions
from jet engines play a pivotal role in nucleation and early
growth of new particles. We further evaluated this hypothesis
by classifying the oils’ synthetic esters into the volatility basis set
(VBS*2-54), Figure 3a shows the quantified ambient particle-
phase concentration of single esters from two different jet oil
base stocks: pentaerythritol esters (C,;.33Has700s) and tri-
methylolpropane esters (C,; 34Hs0.6406). We used the SIM-
POL.1 model®® to estimate the vapour pressures of the different
esters. We then calculated their saturation mass concentration
C! (at 293.15K), which is the inverse of the gas-to-particle
partitioning constant [Eq. 1], and assigned them to volatility
classes®®. In the ambient UFP samples, we measured particle-
phase concentrations of the esters between 0.01 and 4 ngm~3.
Following, we calculated the theoretical gas-phase concentra-
tion, assuming that the esters’ partitioning would shift entirely
to the gas phase at ambient temperatures [Eq. 2]. As the
lubrication oil concentration is not corrected for atmospheric
dilution between the airport and the measurement station at
Frankfurt-Schwanheim, the gas-phase concentration in the
engine exhaust plumes at high temperatures (>300 °C) is cer-
tainly higher than this lower-limit estimate downwind of the
airport. However, we still observe a large saturation ratio of the
theoretical gas-phase concentration [Eq. 3], which we derived
from ambient particle-phase concentrations (Fig. 3b). The three
largest pentaerythritol esters, which fall into the region of ultra-
low volatility, reach a saturation ratio of up to 3 x 10°. Although
this calculation is a lower-limit estimate, it supports the
hypothesis that the synthetic esters from lubrication oils can
initiate rapid nucleation in the exhaust plume of aircraft
engines. Based on the theoretical gas-phase concentration, we
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Fig. 2 Overview of the UFP mass concentrations derived from PNSD measurements and wind direction at Frankfurt Airport. \Wind direction (a) with
wind speed indicated by the colour code. The wind data is provided by the meteorological station at Frankfurt Airport (International Civil Aviation
Organization, ICAO, code: EDDF) of the German weather service (DWD). The ambient UFP mass concentration (ug m3) in the size ranges 10-18 nm (b),
18-32 nm (¢) and 32-56 nm (d), and the Nano-MOUDI sampling intervals (horizontal lines), indicating the average mass concentration during sampling
hours (blue) and the average background mass concentration (dark red). Boxplots in (e) show the spread of the total mass concentrations (ug m-3) for
10-18 nm, 18-32 nm and 32-56 nm particles during airport operating- and non-operating hours (based on SMPS data of the sampling- and background
correction periods). The bottom and top of the boxes indicate the interquartile range and the horizontal line inside the boxes indicates the median. The
whiskers show the scatter towards the most extreme values. The wind roses depict the prevailing wind directions during filter sampling at airport operating
hours (). Furthermore, the wind directions during the non-operating hour periods used for SMPS background correction are shown (g).

also determined the temperature at which each single ester
compound reaches gas-phase supersaturation (S;>1) during
cool-down of the exhaust plume [Eq. 6] (Fig. 3c). At ~60 °C, the
ultra-low volatility pentaerythritol esters (C3sHgsOg—C33H79Os)
are the first compounds that reach §;>1, although their ambient
concentration is an order of magnitude lower than the
extremely-low volatility ester C,oHs,0g. Based on our mea-
surements we observe that all synthetic esters reach

supersaturation at ambient temperature, except the three most
volatile trimethylolpropane esters C,; 29Hs0.540s.

Discussion

We interpret our laboratory thermodenuder experiment in such
way that heated oil particles from an atomised solution generate
gaseous oil vapours, which nucleate and form new ~10nm
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Fig. 3 Ambient concentrations of jet oil esters in the volatility basis set.
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The boxes show the spread of the quantified mass concentrations

(10-56 nm) as interquartile range during airport operating hours. The
horizontal line within the boxes shows the median and the whiskers show
the spread to the most extreme values. Values outside £2.7 ¢ are marked as
outliers by “0” symbols. b Resulting gas-phase saturation ratio S} (20 °C) of
the theoretical gas-phase concentration when all particle-phase compounds
of (a) would partition to the gas phase. Values of S (20 °C) above 1
(yellow line) indicate supersaturation. ¢ The approximate temperature at
which the different jet oil esters reach Sf=1.

particles right behind the heated section. This experiment
demonstrates that the jet oil compounds are volatile at 300 °C, but
also efficient nucleators at room or ambient temperature. The
particle diameter of the freshly nucleated particles in our
laboratory experiment appears in the same size region as the
ambient UFPs downwind of Frankfurt Airport. Certainly, these
laboratory experiments do not reflect the full complexity of jet
engine emissions in the atmosphere. In real emission plumes,
non-volatile particulate matter (nvPM) could scavenge nucleation
by providing surface for condensation of oil vapours. However,
earlier studies describe aviation-related UFPs as volatile under
high vacuum!4, therefore, it appears likely that a large number of
these particles, which are observed downwind of airports1>23, are
formed via nucleation of gaseous jet oil emissions.

Efficient nucleation and growth by organic compounds
requires both (ultra-low) volatility compounds and sufficient high
gas-phase concentrations for growing the particles fast enough.
The lower concentration of the three ultra-low volatility organic
compounds (ULVOCs) and higher concentrations of extremely-
low volatility organic compounds (ELVOCs) create ideal condi-
tions for initial nucleation by the jet oil ULVOCs, followed by
rapid growth due to condensation from a large gas-phase reser-
voir of jet oil ELVOCs. The range of critical temperatures at
which the compounds reach supersaturation suggests that
nucleation and particle growth occurs in the near-field during

cool down of hot exhaust behind the turbofan (Fig. 4), and can
explain the large volatile fraction (at elevated temperatures) of
UFPs from aviation. To which extent the emission of nvPM from
turbofan engines can scavenge this nucleation and growth needs
further evaluation.

In fact, the reduction of nvPM emissions (e.g. soot) from air-
craft engines in the last decades®’—and with this the reduction of
the condensational sink—might have led to an increase of the
number concentration of volatile UFPs that are formed via
nucleation of gaseous oil vapours or sulphuric acid. Nevertheless,
the determined high gas-phase saturation ratios of the ULVOC
synthetic esters suggest that nucleation can occur despite the
presence of the condensation sink from nvPM. The dynamics of
formation and condensation of semi-volatile oxidation products
(e.g. from incomplete combustion) are not investigated in this
study, but are complementary for understanding the UFP com-
position. Hence, the above-mentioned Nano-MOUDI sampling
artefacts are critical, as low- and semi-volatile oxidation products,
which can contribute to UFP mass, are lost during sampling.
Despite these uncertainties and considering that our results are
lower-limit estimates, they substantiate the main finding that jet-
oil vapours reach gas-phase supersaturation in cooling emission
plumes leading to rapid nucleation and formation of UFPs in the
range of ~10-20 nm.

Our observations of lubrication oil emissions being an
important source for UFPs implies that this source will not be
addressed by replacing traditional jet fuels with sustainable
aviation fuels (SAF)*>, and should therefore also be taken into
account in the current endeavour to eliminate UFP emissions
from aviation. Accordingly, the air/oil separator should be opti-
mised with regard to an improved jet oil recovery, and thus
preventing oil emissions. In addition, developing advanced
maintenance routines and reducing the total uptime of jet engines
at airports (e.g. through electrification of ground handling) could
also reduce oil emissions. Furthermore, evaluation of the tox-
icological properties of jet oil UFPs should be conducted to assess
their health effects, also considering detrimental and potentially
neurotoxic substances that are either directly emitted (e.g. orga-
nophosphates as lubrication oil additives®®°%), or which are
formed through thermal transformation of the utilised tri-
methylolpropane esters (e.g. trimethlyolpropane phosphate)Z6:60,
Furthermore, lubricant oil emissions during cruise and their
possible effects on cirrus cloud formation needs further investi-
gation, as the oil effect (e.g. as an organic coating on soot parti-
cles) has not been studied, yet.

Materials and methods

Jet engine oil thermodenuder measurements. We used thermodenuder mea-
surements to determine the volatility of jet oil UFPs, as the new international
aircraft particulate matter standard only considers the number and mass con-
centration of nvPMC!, We determined the particle-number size distribution of
Mobil Jet™ Qil II UFPs, formed using an atomizer (replica of TSI model 3076)
with 0.04 gL~! jet oil solved in ultra-pure methanol. The resulting PNSD down-
stream of the thermodenuder (operated at 20 °C and 300 °C) was measured using a
scanning-mobility particle sizer (SMPS, TSI, model: 3938, Shoreview, MN, USA).
The remaining jet engine oil fraction after the heating section was determined by
comparing the particle mass derived from the PNSD measurements at both
temperatures.

Impactor sampling and molecular characterisation. Detailed information on
sampling technique, sample preparation and extraction procedure can be found
elsewhere?®. Briefly, we used a Micro Orifice Uniform Deposition Impactor (Nano-
MOUDI, Model 115, MSP, Minneapolis, MN, USA) at an air-quality monitoring
site in Frankfurt-Schwanheim and sampled particles on the three nano-stages
<56 nm. All stages were equipped with aluminium foils (TSI, diameter 47 mm and
thickness 0.015 mm), and the upper ten stages were coated with Apiezon® grease to
minimise the bounce-off of larger particles.

In the period of August to October 2019, we sampled UFPs for 18-54 h during
airport operating hours (5:00-23:00 CET) and during southerly wind direction.
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Without an active sampling airflow, we collected field blanks for 115 h on the three
nano-stages to estimate possible background concentrations regarding the target
compounds. We stored the filters until analysis at —20 °C. Due to the extensive
sampling time span, we assume that our UFP samples represent aircraft engines of
several types under various operating states. This is essential for covering the
average UFP emission of the whole airport and not of individual engines or certain
engine operating states.

We quantified the additives and jet oil esters using standard addition with
authentic and surrogate standards, respectively (Supplementary Figs. 7 and 8).
Targeted measurements of the jet engine oil constituents were carried out by using
ultra-high performance liquid chromatography (UHPLC)/heated electrospray
ionisation (HESI) coupled to an Orbitrap high-resolution mass spectrometer
(HRMS). Chromatographic separation of the jet engine oil constituents was
accomplished using a C;g-reversed phase column (Details see Supplementary
Note 3). Using the standard addition method, we quantified 23 compounds in 25
ambient filter samples including 3 blank samples (Details see Supplementary
Note 4). Most of these compounds belong to the group of pentaerythritol- or
trimethylolpropane esters, which are utilised as jet engine oil base stocks
(Supplementary Table 2). Finally, we determined the jet engine oil mass of the
deposited UFPs after field blank correction.

Experimental loss determination in the Nano-MOUDI. Since sampling UFPs
with a Nano-MOUDI is accompanied by particle losses, we determined a loss
factor for each Nano-MOUDI stage (Details see Supplementary Note 5, Supple-
mentary Figs. 9-11, and Supplementary Table 3). The loss of particles with an
aerodynamic diameter between 32-56 nm is 28% and for 18-32 nm particles 40%,
respectively. We were not able to experimentally determine a loss factor for the
smallest size bin of 10-18 nm particles, due to insufficient deposited mass. We
calculated the loss under the assumption that particle diffusivity is the main driving
force for sampling losses of extremely low-volatile compounds in the UFP size
range. We determined the dependency between particle diameter and diffusion
coefficient at 17.2 kPa and 20 °C (sampling condition of the 18-32 nm stage). To fit
the experimentally determined particle losses of the two larger stages, we applied a
damping term on the diffusion coefficient equation (Supplementary Fig. 11). Based
on the experimentally determined losses of the two upper nano-stages, we calcu-
lated a loss of ~58% for the smallest stage. This loss factor can be considered as a
conservative estimate, as it is only based on particle diffusive losses and not
including losses due to evaporation after impaction (see main text). By imple-
menting these loss factors, we corrected the quantified jet oil filter mass and
determined the mass fraction of jet engine lubrication oils in airport-related UFPs.

Ambient SMPS measurements. The PNSD at the sampling site was determined
using a SMPS including an electrostatic classifier (TSI, model: 3082), a Differential
Mobility Analyser (DMA, TSI, model: 3081) and a Condensation Particle Counter
(CPC, TSI, model: 3772). Ambient air was sampled through a stainless-steel tube
(inner diameter: 20 mm, length 1.6 m), using a PM, 5 inlet head at a flow rate of
1 m3 h~L Prior entering the SMPS, the aerosol passes a Nafion dryer (1.2 m length,
flow rate of 0.3 m3h~!) to stabilise the relative humidity below 40%. The actual

sample flow of the SMPS was 1 L min"!, the additional bypass is used to minimise

residence time and particle losses in the inlet system. The PNSD was measured in
the size range of 10-500 nm at a temporal resolution of 5 min. Particle losses due to
sedimentation, inertial impaction and diffusion have been calculated and corrected
accordingly®2. The UFP mass was determined by integration assuming spherical
particles. We calculated the particle mass for each filter collection interval exclu-
sively during airport operating hours by converting the PNSD into a volume
distribution averaged over the sampling period using a unit density of 1 gcm—3 and
the Nano-MOUDI sampling flow rate of 0.6 m®h~!. The particle density was
chosen according to the analysed jet engine oil densities (see safety data sheets) and
aircraft turbine engine studies®’. Consequently, conversion of the measured
mobility diameter to aerodynamic diameter is not necessary®>. We analysed the
SMPS data of seven filter sampling periods as no data is available for one sampling
period due to an instrument failure.

Volatility and saturation ratio of jet oil esters. The volatility of compounds
strongly determines their gas-to-particle partitioning behaviour. Hence, evaluation
of the jet oil base stocks using semi-empirical group contribution methods (SIM-
POL.1 model®®) and the volatility basis set (VBS>>°3) enables the grouping of the
single ester compounds to volatility classes (ULVOC: ultra-low volatility-, ELVOC:
extremely-low volatility-, LVOC: low-volatility organic compound). Compound
classification is based on their volatility expressed as the logarithm of the saturation
mass concentration (log,, Cf), where the volatility is differentiated by one decade
in Cf, which is also assumed as uncertainty. The saturation mass concentration (C}
(ug m—3)) is calculated as the inverse of the gas-to-particle phase partitioning
constant (KP)52 taking into account the weight fraction of the absorbing organic
material (om) phase (f ), its average molecular weight (MW ,,, g mol~!), and the
activity coefficient ({;) and vapour pressure (p} ;, Torr)*>4 of compound i:

1 fom 760 % Rx T
=K, = —=om
(Gl P MW, + 8k pl % 10°

(6]

We calculated K, assuming the absorbing organic phase consists only of the
respective substance (f,,, = 1), which leads to an ideal absorption affinity of the
molecules passing from the gas phase to the particle phase ({; = 1). The
compound’s affinity to the particle phase inversely correlates with {;%°. R is the gas
constant (8.2 x 10> m3 atm mol~! K~1) and T (K) the temperature.

We converted the quantified base stock ester concentrations in the particle
phase (5 (g m~3)) to gas phase number concentrations (c] (m~3)) using the ideal
gas law (m;: quantified ester mass; M;: molecular mass in g mol~1):

v mixNy
T VM, @

To determine whether jet oil constituents reach gas-phase supersaturation, we
calculated their gas-phase saturation ratio (S})%%:

S,fzc}'*M[*lO6

3
! CrxNy ®

6 COMMUNICATIONS EARTH & ENVIRONMENT | (2022)3:319 | https://doi.org/10.1038/s43247-022-00653-w | www.nature.com/commsenv


www.nature.com/commsenv

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00653-w

ARTICLE

Accounting for the temperature dependence of the saturation vapour pressure,
C7 can be described according to the Clausius-Clapeyron equation:

log, CH(T) = log,, C(293.15K) + —AH~ (L 1 @)
Bro &1 (1) = 10810 & (229 R#In(10) * \ 293.15K T
where R = 8.314 x 10-3kJ K~! mol~L. The evaporation enthalpy AH}* (k] mol~!)
can be approximated by:

AH;" = —11 xlog,, C(293.15K) + 129 5)
Despite the large uncertainties of this approach®”, it still can be used to describe
a simple estimate of the temperature dependence of the oil partitioning. Finally, we
combined [Eq. 3] and [Eq. 4] to calculate the approximate temperature at which
the jet oil esters reach gas-phase supersaturation (S; = 1) in a cooling engine
exhaust plume [Eq. 6].

1

)5 R0 1 (6)
AH™ T 293I5K

*_
5= = —

1 ( o % M; % 10°
0810\N, «Cr293.15%)

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data shown in this study is available at https://doi.org/10.5281/zenodo.6876277.
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Supplementary Note 1.

Jet engine oil constituents

Jet engine oils are mainly composed of only a few constituents selected in terms of their lubricating,
cooling and stability characteristicsl. Base stock materials like pentaerythritol esters or
trimethyolpropane esters are combined with organophosphates functioning as anti-wear agents
and metal deactivators?3. Amine additives act as antioxidants*. In aircraft engines, the oil is
circulating and a lubrication oil recovery system ensures the cleaning and reuse of the oil. Although
it is a closed system, oil can be released to the atmosphere depending on seal tightness and the
venting system'5. These emissions depend on the engine model, the engine design® and the
operational statel.

We analysed commonly used oils like the Mobil Jet™ Qil I1® and Mobil Jet™ Qil 254 (Exxon Mobil,
Irving, TX, USA), the Turbo Oil 2197 and 2380 (Eastman, Tennesee, USA) and the AeroShell
Turbine Oil 500 (Royal Dutch Shell, The Hague, Netherlands). The composition of these oils can
be described in accordance to the safety data sheets mainly by five different compounds:
pentaerythritol esters (Caz7-3sHas.700s8), trimethylolpropane esters (Ca27-34sHs0-6406), N-phenyl-1-
naphthylamine (CisH13N), alkylated diphenylamine (Bis(4-(1,1,3,3-tetramethylbutyl)phenyl)amine;
C2sH43N) and tricresyl phosphate (C21H2:04P) (Supplementary Figure 1). These compounds have
been described as molecular markers for jet engine oil emissions during aircraft operations’. We
confirmed that finding and, furthermore, detected that trimethylolpropane esters are still in use at
Frankfurt International Airport, although it is known that the neurotoxin trimethylolpropane
phosphate is formed upon pyrolysis of this oil®. Although the safety data sheet of Jet Qil Il lists 1,4-
Dihydroxyanthraquinone (CAS: 81-64-1), we were not able to detect this compound in either

ionization polarity.

Supplementary Note 2.

Error estimation of the jet engine oil UFP mass fraction

We determined the uncertainty of the UFP jet engine oil mass fractions based on calibration-,
instrumental- and measurement errors. To ensure a conclusive error calculation we identified
several limitations in our analytical process taking them into account by error propagation. For the
ambient filter quantification, we used the coefficient of variation of the standard addition of a sample
of five pentaerythritol tetrahexanoate calibration curves. We did not consider the calibration errors
of the jet oil additives as most of the quantified jet engine oil mass is determined by the group of
pentaerythritol- and trimethylolpropane esters with concurrently higher uncertainties (see
Supplementary Table 2). Averaging the coefficient of variation and applying it to the average jet

engine oil filter- and blank filter mass of each size fraction gave us the absolute error for the

2



subtractive error propagation yielding the absolute error of the blank correction step. We set the
absolute error of each size fraction in ratio to the size respective average blank corrected jet oil
mass to obtain the relative errors for the final error propagation. For determination of the ambient
UFP mass by SMPS measurements and data integration we considered a relative error of 10%.
In order to determine the error of the Nano-MOUDI characterization we made use of the coefficient
of variation of the external pentaerythritol tetrahexanoate calibration and the SMPS measurements
standard deviations. We used the average absolute standard deviation of the single SMPS scans
during the seven hour experiments of filter collection and blank determination. We calculated the
absolute error of the blank corrected SMPS mass per scan by error propagation for each size
fraction. Referring these values to the average blank corrected mass per scan yielded the relative
error of the SMPS measurements for each size fraction. Combination of the relative error of the
SMPS measurements and of the external pentaerythritol tetrahexanoate calibration by error
propagation yielded the average relative error for the three size fractions of the Nano-MOUDI
characterization. Including the relative errors of the Nano-MOUDI characterization, the ambient
SMPS measurements and the ambient filter quantification in a final error propagation step yielded
an error of the UFP jet oil mass fraction for the three size ranges. The error analysis follows the
equation used to determine the contribution of jet engine oil to the UFP mass giving an error of
52%, 53% and 25% for the 10-18 nm, 18-32 nm and 32-56 nm stage, respectively.

Supplementary Note 3.

UHPLC-HRMS method

Targeted measurements of the jet engine oil constituents in the UFP samples were carried out by
using ultra-high performance liquid chromatography (UHPLC) (Vanquish Flex, Thermo Fisher
Scientific)/heated electrospray ionization (HESI) combined with an Orbitrap high-resolution mass
spectrometer (HRMS) (Q Exactive Focus Hybrid-Quadrupol-Orbitrap, Thermo Fisher Scientific).
Chromatographic separation of the jet engine oil constituents was accomplished using a reversed
phase column (Accucore Cis, 150 x 2.1 mm, 2.6 pm particle size, Thermo Fisher Scientific),
thermostated at 40 °C (still air) operated in gradient mode. As mobile phase we used ultrapure
water (18.2 MQ-cm, Millipak® Express 40: 0.22 um, Millipore; Milli-Q® Reference A+, Merck) with
0.1% formic acid (v/v, solvent A) and methanol (Optima™ LC/MS grade, Fisher scientific) with 0.1%
formic acid (v/v, solvent B). Both UHPLC solvents were spiked with formic acid (LiChropur®, Merck,
98-100%) functioning as an acidifier/proton donor. This leads to an enhanced ionization in the
positive mode and improves the chromatographic separation.

The total method duration was 20 minutes with a flow rate of 400 pL/min and an injection volume
of 5 uL. We started the UHPLC chromatography with 60% solvent B (0-0.5 min). Then we increased
solvent B to 90% (0.5-11 min) and then raised up to 99% (11-16 min). In the end, solvent B was
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reduced to 60% (16-17 min) to equilibrate the starting conditions for the following measurement
within three minutes.

Due to the chemical composition and molecular structure, the jet engine oil constituents form
positively charged molecular ions ([M+H]*, [M+Na]*) by adduct formation. Hence, the mass
spectrometric detection was conducted by HESI in positive mode. The applied HESI settings were:
350 °C gas temperature, 40 psi sheath gas (nitrogen), 8 psi auxiliary gas (nitrogen) and a spray
voltage of 3.5 kV. The measurement for quantification was realised by selected ion monitoring
(SIM) with a resolution of ~35k using an inclusion list based on prior measurements of the
purchased jet engine oils and ambient samples. At maximum only four compounds were detected
simultaneously in a SIM time window to attain highest possible detection sensitivity. Mass
spectrometry (MS) data was recorded in profile mode. The target compounds were N-phenyl-1-
naphthylamine (CisHisN, CAS: 90-30-2), 1,4-Dihydroxyanthraquinone (Ci4HsOa, CAS: 81-64-1),
tri-o-cresyl phosphate (C21H2104P, CAS: 78-30-8), pentaerythritol esters (Cz27-3sH4s-700s),
trimethylolpropane esters (Cz7-3aHs0-6406) and Bis(4-(2,4,4-trimethylpentan-2-yl)phenyl)amine
(C2sHasN, CAS: 15721-78-5).

Supplementary Note 4.

Quantification method of jet engine oil constituents

Quantification of the jet engine oil constituents was achieved by the use of a standard addition
method with authentic standards. For the analysis, we extracted a centred circular punch of the
samples with a diameter of 2.5 cm two times, 20 minutes each on a shaker with 100 and 50 pL
pure methanol (Optima™ LC/MS grade, Fisher scientific). Glass vials with 200 pL flat bottom micro
inserts (LLG Labware, @xH: 6x31 mm) were used for the extraction to ensure a covering of the
entire filter surface. After the combination of the two extracts, the solvent extracts were then
aliquoted onto three glass vials by pipetting 20 uL into 100 pL micro inserts with conical bottoms
(VWR, @xH: 6x31 mm). One vial was used for the measurement of the native sample and two for
the standard addition. The sample extracts were measured directly after extraction. We used
pentaerythritol tetrahexanoate (95%, Carbosynth Ltd) for the oil base stock and the oil additives N-
phenyl-1-naphthylamine (= 98.0%, Sigma-Aldrich), tri-o-cresyl phosphate (= 97.0%, Sigma-
Aldrich),  Bis(4-(2,4,4-trimethylpentan-2-yl)phenyl)amine  (90%, Fluorochem) and 1,4-
Dihydroxyanthraquinone (= 98.0%, Sigma-Aldrich). The jet oil base stock is composed of a mixture
of pentaerythritol esters with different total carbon chain length of C27 — Css attached to the ester
groups. As the ionization efficiency of HESI and therefore the resulting signal intensity is mainly
dependent on functional groups, we used pentaerythritol tetrahexanoate to quantify all
pentaerythritol ester compounds. Standard addition method was chosen to overcome matrix effects

because of the strong tendency of the target compounds to adsorb on surfaces.



Two dilutions of the jet engine oil constituents in methanol were prepared, one contained the four
additives at 0.08 ng pL! and pentaerythritol tetrahexanoate at 1.5 ng uL1. The second dilution was
four times higher in concentrations. The concentrations of the different dilutions were set based on
single UFP filter measurements and quantification by external calibrations to cover the ambient
filter concentration ranges.

After separating the solvent extracts onto three vials 20 uL each, we added 3 pL of each dilution to
a respective vial. The degree of dilution of the native sample was adjusted by adding 3 pL of pure
methanol. The nominal final concentrations were 0.010 ng uL* for each additive (N-phenyl-1-
naphthylamine, 1,4-Dihydroxyanthraquinone, Bis(4-(2,4,4-trimethylpentan-2-yl)phenyl)amine, tri-
o-cresyl phosphate) and 0.196 ng uL! for pentaerythritol tetrahexanoate in the first spiking series
and four times higher in the second, respectively. This led to a total of 75 measurements with 3
measurements per UFP filter. Signal integration was automatically carried out by the software
Xcalibur (version 4.2.47, Thermo Fisher Scientific), and checked manually. For each compound in
every UFP sample a linear regression was accomplished based on the spiked samples allowing to
guantify the jet engine oil constituents in the native samples (Supplementary Figure 8). The
guantification results were field blank corrected and adjusted with the individual purity of the used
calibration standards.

As the ester base stock of trimethylolpropane esters was detected in the course of the data
analysis, we used previously measured full scan MS-spectra for quantification of these esters.
Therefore, we applied a correction factor between full-MS and SIM mode of 1.95 that was

determined using the surrogate standard pentaerythritol tetrahexanoate.

Supplementary Note 5.

Characterization of the Nano-MOUDI sampler

Various groups used MOUDI and Nano-MOUDI samplers for the collection and subsequent
analysis of UFPs®-12, However, the quantitative determination is not only challenging because of
the very low mass of UFPs (sub-microgram of total particle mass collected after 30-50 hours of
sampling), but it is also difficult to account for sampling artefacts while quantifying UFP mass in the
Nano-MOUDI sampler. Therefore, we characterized the cascade impactor in the lab using a variety
of compounds with different chemical functional groups as surrogates. Finally, we used
pentaerythritol tetrahexanoate as representative for jet oil basestocks to attain a loss correction
factor for each size distribution stage.

The Nano-MOUDI loss factors were determined based on the quantified filter mass compared to
the mass based on the measured particle number size distributions. The loss of particles <100 nm
is dominated by diffusional wall losses?!3. In addition, sampling on the last three Nano-MOUDI

stages takes place at reduced pressures down to approximately 1/6 of the ambient pressure
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(~17.2 kPa; 18-32 nm stage) and therefore evaporation of semi-volatile compounds is expected to
be relevant. In order to determine possible losses of jet engine oil constituents during sampling, we
characterized the Nano-MOUDI sampler in a lab experiment by generating nanoparticles of
pentaerythritol tetrahexanoate (C29Hs20g) and quantification of the collected particle mass. This
single ester compound was chosen as a suitable surrogate as the jet engine oils are mainly
composed of these synthetic esters. The particle size distribution was measured every 5 min using
a scanning-mobility particle sizer (SMPS; D = 2.3-82.2 nm, TSI, model: 3938, Shoreview, MN, USA)
containing an electrostatic classifier (EC; TSI, model: 3082) equipped with an Aerosol Neutralizer
(TSI, model 3088) and a nano Differential Mobility Analyzer (Nano DMA; TSI, model: 3085A).
Particle number concentrations were recorded using an ultrafine condensation particle counter
(UCPC; TSI, model: 3776). We used a Constant Output Atomizer (home-built replica of TSI model:
3076) to produce nanoparticles with an average electrical mobility diameter of ~50 nm
(Supplementary Figure 9) by using ~0.1 g/L pentaerythritol tetrahexanoate in methanol. The formed
nanoparticles pass a diffusion dryer filled with preconditioned silica gel. Subsequently they enter a
mixing chamber (Volume ~2.2 L) where mixing with clean air provides the flow rate needed for the
analysis. The particles follow the airstream to the Nano-MOUDI for particle collection and to the
SMPS system. In order to guarantee a laminar flow (Reynolds number < 2100) the aluminium tube
connection between the mixing chamber and the Nano-MOUDI/SMPS system was designed based
on the equation to estimate the laminarisation length for a straight tube!4. At the end of the
aluminium tube (ID 1 inch, length 1.5 m) a bend bypass was used to split the flow for the respective
analysis. The flow rates were adjusted according to the instruments used, the setup with the
detailed flow rates is shown in Supplementary Figure 10.

We collected nanoparticles on the last three Nano-MOUDI stages for 7 hours in triplicate
experiments. Two blank measurements with pure methanol were conducted equally to correct for
nanoparticle formation from solvent impurities. We determined the deposited mass on each Nano-
MOUDI size distribution stage by integration of the particle size number distribution assuming
spherical particles and using the pentaerythritol tetrahexanoate density (1.014 g cm=3). The mass
of the blank measurements was determined equally using a unit density of 1 g cm-? (Details see
Supplementary Table 3). Averaging the blank masses stage wise and subtracting of the
corresponding masses provided the corrected mass, based on the measured particle number size
distribution. The resulting mass was adjusted with the purity of the used pentaerythritol
tetrahexanoate standard. The aluminium filter extraction was conducted as described above. Mass
spectrometric analysis was carried out in SIM mode and quantification by external calibration using
the pentaerythritol tetrahexanoate standard. We calibrated five points in the range of 0.1-15 ng uL™
and measured each calibration point three times in succession. The calibration function was
determined based on the average of the measurements of each concentration. The quantified filter

mass was adjusted with the purity of the pentaerythritol tetrahexanoate standard.
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Supplementary Figure 1. Most prominent jet engine lubrication oil constituents.
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Supplementary Figure 2. Map showing the sampling site in a distance of 4 km to Frankfurt
Airport (www.openstreetmap.org/copyright).
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Supplementary Figure 3. Wind roses related to figure 1la showing the wind direction of the
ambient SMPS data (Airport (a)- and city (b) direction) averaged over three days (05:00—
23:00 CET).
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Supplementary Figure 4. Overview of the size-resolved UFP number concentration (# cm)
measurements at Frankfurt Airport. Wind direction (a) with wind speed indicated by colour
bar. The wind data is provided by the meteorological station at Frankfurt Airport
(International Civil Aviation Organization, ICAO, code: EDDF) of the German weather service
(DWD). The ambient UFP number concentration (# cm®) in the size ranges (b) 10-18 nm, (c)
18-32 nm and (d) 32-56 nm are shown.
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Supplementary Figure 6. Jet oil mass fractions of the collected filter samples for the three
Nano-MOUDI size stages (10-18 nm, 18-32 nm, 32-56 nm). The values of the 32-56 nm stage
are limited and artificially high due to a high SMPS background correction.

12



><106

155

105

Relative Intensity

original
6 ! ‘of‘“me
o
Ret®

Supplementary Figure 7. Development of the extracted ion chromatogram (XIC) of tricresyl
phosphate ([M+Na]*: 391.1069) during the add-on steps. The added tri-o-cresyl phosphate
(C21H2104P) forms a peak signal left of the original sample signal, which indicates no high
ortho-isomer concentrations in the airport samples
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Supplementary Figure 8. Standard addition calibration curves of (a) N-phenyl-1-
naphthylamine, (b) alkylated diphenylamine, (c) tricresyl phosphate and (d) pentaerythritol
tetrahexanoate. Plot (e) shows the pentaerythritol tetrahexanoate external calibration curve
for the Nano-MOUDI characterization.
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Supplementary Figure 10. (a) Photo of the setup to characterize the Nano-MOUDI regarding
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32-56 nm size stages. (b) Schematic representation of the Nano-MOUDI characterization
setup including the detailed flow rates used.
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Supplementary Table 1. UFP mass fractions of jet engine oil with lowest to highest and
average contributions for the three Nano-MOUDI size stages.

Average oil

. Range of oil . .
F_>art|cle contribution to Average oil contribution Conmbu ooyl
diceten total UFP mass to total UFP mass (%) UIE s (e
(nm) %) background corrected
(%)
10-18 10 - 38 21+11 18
18-32 1-13 5+3 3
32-56 13 - 49* 33*+8 9

* These values are artificially high due to a high SMPS background correction in this size range.
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Supplementary Table 2. The ambient UFP mass fractions of the single jet engine oil
constituents averaged over all size stages are shown. The vapour pressures of the different

compounds and compound classes are listed.

Jet oil

Ty CisH13N C21H2104P CagHazN C27.38H487008 | C27-34H50.6406
Ambient
constituent fraction 0.10 0.34 0.10 94.87 4.58
(%)
Mobil Il constiuent |, 1 5.22 1.05 91.57 :
fraction (measured)
Mobil Il constituent
fraction (MSDS) 1 1-<3 i i i
*
Vapo”r(g;‘)assure 3.85E-03 | 1.45E-05 | 6.73E-06 | 3.12E-08** | 2.37E-06***
Vapour pressure** i ) i 1.54E-10 - 2.43E-09 -
(Pa) 8.32E-04 1.53E-07 2.21E-08 2 36E-15 2 10E-12

* Calculated with EPI Suite (25 °C).

** Calculated with SIMPOL.1 (20 °C)?.
*** Vapour pressure of C29Hs20s.

**** \Vapour pressure of Ca7HsoOe.
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Supplementary Table 3. SMPS masses of the individual Nano-MOUDI characterization
experiments. The collected pentaerythritol tetrahexanoate mass was determined using the

density of 1.014 g cm™. For the blank mass a unit density of 1 g cm= was used.

Collection 1

Nano MOUDI stage Total collected mass [ng]
32 -56 nm 2574.0

18- 32 nm 249.7

10-18 nm 8.4

10 - 56 nm 2832.1

Collection 2

Nano MOUDI stage Total collected mass [ng]
32 -56 nm 3641.0

18 - 32 nm 368.5

10-18 nm 14.5

10 - 56 nm 4024.0

Collection 3

Nano MOUDI stage Total collected mass [ng]
32 -56 nm 3643.5

18 - 32 nm 388.4

10-18 nm 16.2

10 - 56 nm 4048.1

Blank 1

Nano MOUDI stage Total collected mass [ng]
32-56 nm 974.2

18 -32 nm 173.7

10 - 18 nm 14.7

10-56 nm 1162.6

Blank 2

Nano MOUDI stage Total collected mass [ng]
32-56 nm 1245.1

18 - 32 nm 2154

10-18 nm 14.3

10 - 56 nm 1474.9
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ABSTRACT

This study describes the chemical composition and in vitro toxicity of the organic fraction of fine particulate matter
(PM, 5) at an urban background site, which receives emissions either from Frankfurt international airport or the city
centre, respectively. We analysed the chemical composition of filter extracts (PMy s) using ultrahigh-performance lig-
uid chromatography coupled to a high-resolution mass spectrometer, followed by a non-target analysis. In parallel, we
applied the bulk of the filter extracts to a Microtox and acetylcholinesterase-inhibition assay for in vitro toxicity testing.
We find that both the chemical composition and toxicity depend on the prevailing wind directions, and the airport op-
erating condition, respectively. The occurrence of the airport marker compounds tricresyl phosphate and
pentaerythritol esters depends on the time of the day, reflecting the night flight ban as well as an airport strike
event during November 2019. We compared the organic aerosol composition and toxicity from the airport wind-
sector against the city centre wind-sector. We find that urban background aerosol shows a higher baseline toxicity
and acetylcholinesterase inhibition compared to rural PM, s that is advected over the airport. Our results indicate
that the concentration and individual composition of PM, 5 influence the toxicity. Suspected drivers of the acetylcho-
linesterase inhibition are i.e. organophosphorus esters like triphenyl phosphate and cresyldiphenyl phosphate, and the
non-ionic surfactant 4-tert-octylphenol ethoxylate. However, further research is necessary to unambiguously identify
harmful organic air pollutants and their sources and quantify concentration levels at which adverse effects in humans
and the environment can occur.
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1. Introduction

Air pollution is a significant worldwide environmental risk with adverse
effects on human health, which are largely determined by fine particulate
matter (PM, 5, aerodynamic diameter < 2.5 pm) (Landrigan et al., 2018;
Lelieveld et al., 2015; Lim et al., 2012). PM, 5 enters the respiratory system

0048-9697/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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via airways and can penetrate deep into the lung (Xing et al., 2016). Chronic
exposure can lead to negative influences on mostly any organ
(Schraufnagel, 2020; Schraufnagel et al., 2019). Lelieveld et al. (2019) esti-
mate an annual excess mortality rate of 659,000 per year from air pollution
in the European Union (EU-28), which largely can be attributed to PM, 5 ex-
posure. In the new air quality guidelines of the World Health Organization
(WHO) the PM, s limit has been reduced from 10 down to 5 pg m~ 3 (WHO,
2021). This limit is exceeded in many European regions (European Environ-
ment Agency (EEA), 2019).

In order to assess the health effects of ambient PM, a small fraction of
anthropogenic organic pollutants is monitored in urban areas. These are
usually polycyclic aromatic hydrocarbons (PAHs), and more rarely phthal-
ate diesters and organophosphorus esters (OPEs). Both PAHs, as well as
their transformation products, nitro-PAHs, are mutagenic and carcinogenic
substances (Bandowe and Meusel, 2017; Guo et al., 2011; Kim et al., 2013).
Phthalate diesters, mostly used as plasticisers, are suspected to exert a vari-
ety of toxic effects (e.g, endocrine disrupting effects) in humans and ani-
mals (UBA (Umweltbundesamt), 2004, 2017). OPEs, such as triphenyl
phosphate (TPhP) or tributyl phosphate (TBP) have numerous use cases
e.g., as flame retardants, plasticisers, or additives in lubrication and hydrau-
lic oils, why they are found in both indoor and outdoor air (Reemtsma et al.,
2008; Wong et al., 2018; Zhou et al., 2017). Many OPEs are hazardous. The
specific mechanism of intoxication is the inhibition of the acetylcholinester-
ase (AChE) via phosphorylation, which can lead to cholinergic overstimula-
tion resulting in headaches, emotional instability, confusion, as well as
chronic diseases (Abou-Donia, 1981; Winder and Balouet, 2002).

However, there is still a lack of a holistic understanding of the chemical
composition of urban organic aerosol (OA), and the number and identity of
harmful chemicals that remain undetected is highly uncertain. In contrast,
in vitro biotests of PM extracts always respond to the complex mixtures that
are tested. Various studies show that particulate matter can induce oxida-
tive stress, genotoxicity, DNA degradation, inflammation, and apoptosis,
with harmful consequences on the respiratory and cardiovascular system
(Arias-Pérez et al., 2020). The oxidative potential of airborne PM, as a met-
ric for acute PM health effects (Bates et al., 2019), led to the recognition
that anthropogenic emissions from residential wood burning and non-
exhaust vehicular emissions are mostly associated with the oxidative poten-
tial concentration (Daellenbach et al., 2020). Further studies show that air
pollution also exhibits detrimental effects on the central nervous system
and increases the risk of dementia and neurodegeneration (Chew et al.,
2020; Kanninen et al., 2020; Peters et al., 2019). Still, the molecular link
to specific chemicals or chemical classes as toxicity drivers remains elusive,
while there is evidence that the mass of PM alone cannot explain the vari-
ability of toxicological effects (Cassee et al., 2013; Ronkko et al., 2021;
Daellenbach et al., 2020).
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In earlier studies, the Microtox assay with the autoluminescent
bacterium Aliivibrio fischeri was used to examine the baseline toxicity of
PM, s. The Microtox assay considers multiple toxicological effects that
take place at the cellular level, such as log Koy~dependent unspecific effects
that include narcosis, uncoupling (disruption of the oxidative phosphoryla-
tion), and electrophilicity-based effects (Brack, 2003; Cronin and Schultz,
1998; Hermens et al., 1985; Lionetto et al., 2019; Schultz and Cronin,
1997). The assay is widespread in aquatic ecotoxicology and has previously
been used for the examination of airborne particles (Lionetto et al., 2019;
Roig et al., 2013). Lionetto et al. (2019) found a strong correlation between
the bioluminescence inhibition in the Microtox assay and PM;q
(aerodynamic diameter < 10 pm) concentration at an urban background
in Southern Italy. They report a weak correlation between the baseline tox-
icity and the oxidative potential of PM; o, making it a valuable test system
for airborne particles (Lionetto et al., 2019). In contrast, Roig et al.
(2013) found no correlation between PM,, concentrations and the results
obtained with the Microtox assay, concluding that only a few substances
drive the toxicity.

The AChE inhibition of single chemicals or complex mixtures can be de-
termined using the Ellman assay, in which acetylthiocholine, as an alterna-
tive enzyme substrate, is hydrolysed by AChE into thiocholine and acetate.
The formed thiocholine can be photometrically determined using Ellman's
reagent (Ellman 1961). To our knowledge, the AChE-inhibition assay has
not yet been applied on organic extracts of atmospheric PM in order to de-
termine the potential neurotoxic effects of organophosphates or other neu-
rotoxic compounds.

To gain further insight about a potential composition-dependent toxic-
ity, in this study we comprehensively characterised the chemical composi-
tion of organic PM, 5 extracts and determined their toxic potential with the
two in vitro assays; Microtox and AChE inhibition. The investigated samples
were chosen to reflect the emissions of a large airport in contrast to air
masses from a large city centre (urban background), which both can be con-
sidered as a of source of different organophosphates. PM, 5 in airport direc-
tion was sampled during normal operation and during an airport strike
event and before the Covid-19 pandemic.

2. Material and methods

2.1. Sampling site

Field sampling was conducted at the air quality monitoring station
Frankfurt-Schwanheim, located 4 km north of the Frankfurt International
Airport, Germany (Fig. 1). Frankfurt airport is the largest German commer-
cial airport and counted over 70 million passengers in 2019 (Fraport,
2020). It is located 100 m above sea level at 50° 3’ 40” N, 8° 33’ 51” E.

Fig. 1. Location of the air quality monitoring station Frankfurt-Schwanheim. It is located 4 km north of the Frankfurt International Airport. FCC - Frankfurt city centre, OB —
city of Offenbach, Main, RH - city of Riisselsheim (Bilder © 2021, Google,Bilder © 2021 TerraMetrics, Kartendaten © 2021 GeoBasis-DE/BKG (©2009)).
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The main wind directions at the airport are south-southwest and northeast
(HLNUG, 2018). South-southwest is the predominant direction. The moni-
toring station is located on a sports ground, the nearest street is in approx-
imately 100 m distance. It is surrounded by the Frankfurt forest. The city
centre of Frankfurt (FCC) is located roughly 4 km northeast of the station
(Fig. 1). The district Niederrad and the residential area of Schwanheim
are located 4 km east-northeast, and 2 km north-northeast, respectively.
The city Offenbach (OB) lies 14 km east-northeast of the station, the city
Riisselsheim (RH) in a distance of 15 km southwest (Fig. 1). According to
the Hessian Agency for Nature Conservation, Environment, and Geology
(HLNUG) the air quality monitoring station Schwanheim has urban back-
ground characteristics (HLNUG, 2018). This is excepted by the lower bur-
den with airborne pollutants due to the distance to inhabited areas
(HLNUG, 2018). At south-southwesterly wind direction there is a rural
emission background with low anthropogenic influence, with the exception
of the airport. The station is representative for the emissions of highly
frequented airports, overflights do not take place (HLNUG, 2018).

2.2. Sampling procedure

PM,,5 was sampled during the 30 of October 2019 to the 9% of Novem-
ber 2019 using a High Volume Air Sampler (HVS) (Digitel DHA-80, Digitel
Elektronik AG, Volketswil, Switzerland) loaded with baked-out (6 h at
450 °C) micro glassfiber filters with a diameter of 150 mm (Munktell MG
160, Ahlstrom-Munks;jo, Helsinki, Finland). A sampling interval of 6 h per fil-
ter was chosen to illustrate the night flight ban at Frankfurt Airport, which ap-
plies from 23:00 to 05:00. The HVS was operated with a flow of 500 1 min ™",

After sampling, the filters were stored at —20 °C until further analysis.
Three different sampling conditions were chosen, each reflecting specific
wind directions. Filters that were taken during normal airport operation
and main wind direction from south-southwest are marked as AN (Fig. 2).
Filters assigned to condition AS were sampled during a Deutsche Lufthansa
strike in November 2019 with comparable wind conditions as AN (Fig. 2).
The city condition (C) includes filters that were taken during the main wind
directions from north-northeast to east-northeast, reflecting an urban back-
ground from the city centre (Fig. 2). For every condition four filters were
analysed, one assigned to nighttime (23:00-05:00) and three sampled at
daytime (Table 1). An unsampled filter, which was treated just as the sam-
ples, was stored inside the HVS for a couple of days and served as field
blank for both chemical analysis and toxicity testing.

2.3. Sample preparation

The sampled filter area used for analysis was 154 cm?. A whole filter
was cut into small pieces using pre-cleaned ceramic scissors. The pieces
were transferred into a 30 ml glass vial. For the extraction of organic com-
pounds, a total of 20 ml distilled dichloromethane (DCM) was used in a
two-step extraction. In the first step, filters were covered with 15 ml DCM
and extracted on an orbital shaker (KS 15-A, Edmund Biihler GmbH,
Bodelshausen, Germany) for 20 min at 300 rpm. Afterwards, the solvent
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Table 1
List of analysed samples.

Normal airport
operation (AN)

Airport strike (AS) City (C)

Sample # Time Sample # Time Sample # Time

Nighttime AN27 23:00-05:00 AS31 23:00-05:00 C5 23:00-05:00
Daytime  AN19 11:00-17:00 AS29 11:00-17:00 C7 11:00-17:00
AN24 17:00-23:00 AS30 17:00-23:00 C4 17:00-23:00
AN26 17:00-23:00 AS28 05:00-11:00 C3 11:00-17:00

extract was filtered using a solid phase extraction (SPE) cartridge made of
glass. It was loaded with a filter punch that retained particles of =1.2 pm
(Munktell MG 160) and fitted with a steel pin. The second extraction step
consisted of the same procedure but was carried out using only 5 ml of
DCM. Thereupon, the pooled extract of about 15 ml was evaporated near
dryness under a gentle nitrogen stream and at 35 °C. The remaining extract
was transferred into a 1 ml glass vial. The extraction glass was rinsed with a
small amount of DCM, which was pooled with the extract. The extract was
then evaporated to dryness. The residue was taken up in 85 pl of MeOH:
H,0 (50:50) (see 2.5 Chemical analysis for used chemicals) and used for
in vitro testing. All analyses were carried out within 3 weeks after sample
preparation. For the chemical analysis of PM, s, aliquots of 5 pl from the
in vitro extracts were taken and diluted 1:20 by MeOH:H,0 (50:50). The re-
maining in vitro extract (80 pl) was further diluted for triplicate and quadru-
plicate in vitro analysis. Hence, the procedure ensures identical sample
extraction conditions for both the in vitro and organic-chemical analysis.

2.4. Invitro testing

The sample-extracts (four per sampling condition) were tested for base-
line toxicity, applying the Microtox assay according to Escher et al. (2008)
and neurotoxic effects using an AChE inhibition assay. Microtox assays with
A. fischeri cover effects altering the bacterial energy metabolism (Brack,
2003). The assay provides insight about the unspecific toxicity as multiple
stressors may inhibit the metabolism of A. fischeri leading to decreased bio-
luminescence (Escher et al., 2014; Volker et al., 2017). The decrease in bio-
luminescence reflects the cellular metabolic status as determinant for the
toxicity (Abbas et al., 2018). As a specific assay targeting neurotoxicity,
the AChE inhibition assay originally described by Ellman et al. (1961)
was used. The assay aims to examine potential neurotoxic effects caused
by AChE inhibitors such as organophosphorus compounds (Eyer, 1995;
Winder and Balouet, 2002).

2.4.1. Baseline toxicity

The baseline toxicity was determined using the bioluminescent bacte-
rium A. fischeri following the procedure described in Escher et al. (2008)
and was based on the ISO-guideline (ISO 11348-3:2007). PM, 5 extracts
and controls including 3,5-dichlorophenol as positive control were serially
diluted (1:2) obtaining eight concentrations for each sample. For the

Normal airport operation (AN) Airport strike (AS) City (C)
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Fig. 2. Wind roses indicating the wind directions and speed of the examined filters assigned to the three sampling conditions. All filter samples were taken during 30.10.2019
to 09.11.2019. Data provided by the meteorological station at Frankfurt airport (ICAO-Code: EDDF) of the Deutscher Wetterdienst (DWD).



J.P. Wallraff et al.

extracts these dilutions refer to 0.35 to 47 m® air ml ~*. The diluted sample
solutions (100 pl) were added to 50 pl of bacterial suspension. The lumines-
cence emitted by A. fischeri was measured prior to and 30 min after sample
addition using a microplate reader (Tecan Spark 10 M, Tecan Group,
Ménnedorf, Switzerland). Each sample was tested in three independent ex-
periments including one technical replicate. The results were corrected for
the inhibition caused by the negative controls (bacterial solution without
any present inhibitor) resulting in a relative inhibition rate (%). By pooling
the triplicates, a mean relative inhibition was derived for each sample.
Based on this, an effective concentration (ECyo * confidence intervals
(CI) in m® air ml ™! reflecting a decrease in light emission of 20%) was cal-
culated using a nonlinear regression model. The upper plateau was
constrained to 100% luminescence inhibition, the lower plateau to the inhi-
bition caused by the field blank, respectively.

2.4.2. AChE inhibition

The assay according to the protocol by Ellman et al. (1961) was used.
Further alterations were made to adapt the assay to 96-well plates as de-
scribed by Sigma-Aldrich (2018). 10 pl positive control (0.1 mM
paraoxon-methyl, PESTANAL®, = 98% purity, Sigma-Aldrich, St. Louis,
Missouri, USA), negative control (0.4 units ml~ 1 AChE from Electrophorus
electricus, Sigma-Aldrich) or sample, and 90 pl AChE (0.4 units ml™ Y
were added to a 96-well plate and diluted 1:2 column-wise, obtaining
eight concentrations for each sample. For the extracts these dilutions refer
to 0.4 to 53 m® air ml~*. After incubation on a platform shaker (Titramax
1000, Heidolph Instruments GmbH & Co. KG, Schwabach, Germany) for
5 min at 450 rpm the reaction was started by adding 150 pl of the reaction
mix consisting of 5,5’-dithio-bis-(2-nitrobenzoic acid) (30 uM, = 98%
purity, Sigma-Aldrich) and acetylthiocholine iodide (600 uM, = 98% pu-
rity, Sigma-Aldrich) dissolved in phosphate buffer (1.5 M, pH 7.2) (see Sup-
plementary Information (SI), Table S1). The increase in absorbance was
immediately measured at 412 nm over 6 min in intervals of 15 s using a mi-
croplate reader (Tecan Spark 10 M, Tecan Group). Each sample was tested
in four independent experiments including one technical replicate. Only
samples showing a linear absorbance increase (r* = 0.9) in the initial reac-
tion phase of the kinetic were used for further data evaluation. The inhibi-
tion rate was calculated as described by Sigma-Aldrich (2018) where
AAsampie is the increase in absorption for each individual sample and
AApcpooled Teflects the averaged increase in the negative controls without
a present inhibitor (Eq. (1)). Based on the inhibition rate an EC,5 pooling
the quadruplicates was calculated for each sample using a nonlinear regres-
sion model. The upper plateau was constrained to 100% AChE inhibition,
the lower one to 0%, respectively.

1 - AA
Inhibition [%) = ————xrle

% 100 (O]
AANCp(m[ed

2.5. Chemical analysis of organic PM fraction

The chemical composition of PM, 5 was examined using an ultra-high
performance liquid chromatograph (UHPLC; Vanquish Flex, Thermo Fisher
Scientific, Waltham, Massachusetts, USA) coupled to a quadrupole-
Orbitrap hybrid mass spectrometer (Q Exactive Focus, Thermo Fisher Sci-
entific). The chromatographic separation of compounds was carried out
on an Accucore™ C;g column (150 mm X 2.1 mm,; 2.6 pm solid-core parti-
cles, Thermo Fisher Scientific) operated in gradient mode with a constant
flow of 400 pl min "~ 1 and heated to 40 °C (still air). Ultrapure water (solvent
A) (Millipak® Express 40: 0.22 pm, Millipore; Milli-Q® Reference A+,
Merck, Darmstadt, Germany) and Methanol (solvent B) (Optima™ LC/MS
grade, Thermo Fisher Scientific), both acidified (v/v 0.1%) with formic
acid (LiChropur® = 98% purity, Merck), were used as mobile phase. The
chromatographic separation started with 5% solvent B, maintained for
1 min. Within 12 min the amount of solvent B was increased to 95% and
held for 2 min. Subsequently, the starting conditions were restored by de-
creasing solvent B to 5% within 2 min, allowing the system to equilibrate
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for 3 min before the next run. Altogether, one chromatographic run lasted
20 min. The sample (5 pl) was injected using an autosampler thermostated
at 15 °C. Samples were ionised via heated electrospray ionisation (HESI)
and measured in the positive ionisation mode over a range of mass-to-
charge ratio (m/z) 50-750. The mass resolving power was ~70 k at m/z
200. The capillary voltage was set to 3.5 kV, the capillary temperature
was at 300 °C. The sheath gas was set to a flow of 50 psi (nitrogen), the
aux gas flow rate was set to 10 psi (nitrogen) with an aux gas temperature
of 350 °C. The Orbitrap instrument was operated in discovery mode to gain
further insight into the fragmentation of single compounds. In this mode,
fragmentation spectra of the highly abundant signals are recorded by esti-
mating a peak apex during acquisition of the chromatogram. Prior to the
measurements, the MS was calibrated using an external calibration solution
(Pierce™ LTQ Velos ESI positive ion, Thermo Fisher Scientific) obtaining a
mass accuracy of better than 2 ppm.

2.6. Non-target analysis and data filtering

The full-scan MS spectra were analysed by the non-target analysis soft-
ware Compound Discoverer (CD) (version 3.2.0.421, Thermo Fisher Scien-
tific) as described by Ungeheuer et al. (2021). CD was already tested against
the non-target analysis software MZmine2 (Vogel et al., 2019). Briefly, CD
identifies compounds and determines the molecular composition based on
the measured exact mass, isotopic signature, MS/MS fragmentation pat-
terns and compares measured MS/MS fragmentation spectra with a MS/
MS database (mzcloud.org, last access: 12th January 2021). For the detec-
tion of compounds, a mass tolerance of 5 ppm was used, and further
constrained to 2 ppm for the formula prediction. The analysis results
were filtered with Matlab (R2019b, MathWorks, Natick, Massachusetts,
USA) by the following requirements: the minimum sample-to-blank ratio
(s/b) of a compound had to be five, the minimum area 1 X 10° counts
and the minimum retention time 0.7 min (deadtime of the used column
was 0.6 min). The peak areas of each sample were background corrected
by subtracting the related peak area of the field blank. Minimum element
counts of C;, H; and maximum counts of Cog, H; 99, Brs, Cls, Ny, O, P1,
S; were used. The obtained molecular formulae of the organic molecules
were categorised into compound classes according to their elemental com-
position (CHO, CHN, CHNO, CHOS, CHNOS, or CHOP). Compounds to
which a molecular formula could not be assigned were classified as
‘other’. To compare the different sampling conditions, the summed area
of each compound class was calculated. For the comparison of two condi-
tions, an unpaired t-test with Welch's correction using the software
GraphPad Prism (Version 5.01, GraphPad Software, San Diego, California,
USA) was performed. A p-value <0.05 was considered as statistically signif-
icant and is indicated by *.

2.7. Measurement of PM 5 concentrations

The PM, 5 concentrations (in pg m~>) were continuously measured
using a hybrid particulate mass monitor (SHARP 5030, Thermo Fisher Sci-
entific) that utilizes nephelometry and 3-absorption for real-time measure-
ments of PM, s. For each sampling interval referring to one sample and 6 h,
we averaged the PM, 5 concentrations based on hourly PM, 5 concentration
values. The data was provided by the HLNUG and is available to the public
(HLNUG (2019), last access: 7th July 2021). We correlated the averages
with the summed signal intensity of the detected organic molecules using
the software GraphPad Prism. For the linear correlation a p-level of <0.01
was considered as a statistically significant correlation.

2.8. Statistical analysis of bioassay data

The software GraphPad Prism was used for nonlinear regression and
statistical analyses of the in vitro assay data. Statistical differences between
the EC-values were obtained by comparison of the 95% confidence inter-
vals. Non-overlapping CIs were considered statistically significant at a p-
level of 0.05. We used the Pearson correlation coefficient to gain insight
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about statistical relationships between the chemical composition and
in vitro toxicity. Each samples' luminescence and AChE inhibition (%)
caused by the highest analysed concentration in the dilution series of the
corresponding assay was tested for linear correlations with the summed sig-
nal intensities of each compound class. Further, it was tested with the over-
all signal intensities for all detected compounds. A p-level < 0.01 was
considered as a statistically significant correlation. The correlations were
compared by their coefficient of determination .

3. Results
3.1. Invitro toxicity

3.1.1. Baseline toxicity

The baseline toxicity of the organic PM, 5 extracts was evaluated by the
Microtox test. For 75% of the examined samples an effect concentration of
EC,, which reflects a luminescence inhibition of 20%, could be calculated.
The remaining samples exerted too low toxicity on A. fischeri to calculate an
ECy0. The obtained ECy values ranged from 24.7 to 57.1 m® air ml ™~ *. Indi-
vidual values with corresponding 95%-ClIs are given in Fig. 3A and the SI,
Table S2. The highest luminescence inhibition was found in the samples
from group C (C5 and C4) (Fig. 3). In this group, C4 had the lowest ECyq
(24.7 (20.2 to 30.3) m? air ml~1). This was significantly lower than AN27,
AN26, AS28 and C3 (p < 0.05). Notably, samples with no calculable ECy,
and therefore no observed baseline toxicity, stemmed from groups AN and
AS, while the highest inhibiting samples were all from group C. City samples
excluding C3 had an ECy, of approximately 30 m® air ml~ !, whereas for
samples taken during normal airport operation and strike, the values were
about twice as high indicating a considerably lower baseline toxicity.

3.1.2. AChE inhibition

The neurotoxicity of the organic PM, 5 extracts was examined by the
evaluation of their AChE inhibition. The two highest test concentrations
of each quadruplicate had to be excluded from the EC calculation due to
high activity in the field blank (see SI, Fig. S1). The quadruplicates inhibi-
tion (%) for each concentration were tested for outliers with Grubb's outlier
test according to Barnett and Lewis (1994). Outliers were excluded from
the analysis. An EC,5 was obtained for all but one sample, individual values
and their 95% ClIs are given in Fig. 3B and the SI, Table S2. The highest
inhibition was obtained in samples of group C (Fig. 3). Samples from AN
had lower values than those from AS. One sample that showed no AChE
inhibition stemmed from group AN (AN19). The calculated ECy5 values
ranged from 1.39 to 11.2 m® air ml ™. The highest inhibition of AChE
was observed in samples that were taken during wind from north-
northeast to east-northeast and daytime (C3 and C4), the lowest during
airport strike and daytime (AS29 and AS30). AS29 had an EC,s of
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11.2m? airml ™~ *. The value was significantly higher than all other obtained
values (p < 0.05). The highest overall AChE inhibition was observed in the
daytime sample C4. It had an EC,s5 of 1.39 m® air ml~?, no overlapping CI
with all samples but C3, and about a ten times lower EC,5 than that of the
least inhibiting sample AS29. Under normal airport operation, the largest
inhibition was obtained for AN27. It had overlapping CIs with the other
samples from AN and AS28, AS31, C5, C3, and C7. ECy5 values of AS28
and AS31 were significantly lower than those of AS29 and AS30
(p < 0.05). Notably, the lowest EC,5 and therefore highest inhibition for
samples taken during the strike is reflected by the night-time sample AS31.

3.2. Organic aerosol molecular composition

The non-target screening detected a total of ~1600 different organic
compounds within all analysed samples in the positive electrospray
ionisation mode. Thereof, approximately 460 compounds showed at least
fivefold higher signal intensities than the field blank. Airport marker com-
pounds were detected in samples of both airport operation conditions and
during day- and night-time. For a better graphical comparison between
the sampling conditions, all samples of each condition were averaged
(AN, AS, and C), and the organic molecular pattern is displayed by retention
time against molecular weight (MW) (Fig. 4), Kroll-diagram (SI, Fig. S2),
and Kendrick mass defect (KMD) against MW (Fig. 4). The KMD was calcu-
lated as described by Kendrick (1963) to identify homologous series of hy-
drocarbons with all homologues appearing plotted on a horizontal line.
Every circle represents a single compound assigned to one of the seven com-
pound classes. Their colouration depends on the assignment to one of the
individual compound classes. The area of each circle is proportional to
the signal intensity of the detected compound. We use the compound iden-
tification levels for HR-MS as suggested by Schymanski et al. (2014). All
namely mentioned compounds are determined based on a minimum confi-
dence level of two and marked accordingly (level 1: confirmed structure by
reference standard; level 2: probable structure by library spectrum match)
(Schymanski et al., 2014). The corresponding MS/MS spectra and chro-
matograms can be obtained from the SI. The compound dibutyl phthalate
and its fragmentation product were excluded from the fingerprints due to
their high signals in the field blank and its ubiquitous use as a plasticiser
and cosmetic product (Benson, 2009). For some compounds, CD falsely
interpreted ion signals of the measured ion [M + Nal]™ as [M + H]™".
This led to an overestimation of detected compounds since two to three ad-
ditional false formulas with higher m/z than their parent molecular ion
were suggested for each affected compound. These artifacts were filtered
out based on the same retention time and exact mass difference between so-
dium and hydrogen.

Both scatter plots for normal airport operation (AN) and airport during
strike (AS) show a similar molecular fingerprint, while the city condition
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Fig. 3. Results of the Microtox and AChE inhibition assay. EC values are given with 95% confidence interval (CI) for baseline toxicity assessed via Microtox test (A, n = 3) and
AChE inhibition (B, n = 4). In cases where a corresponding EC could not be calculated, the column is left out blank. The grey area indicates the interval of confidence of the
sample with the highest activity, C4. Significant differences between C4 and the other samples at a p-value of <0.05 are indicated by % (CI comparison).
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Fig. 4. Retention time against molecular weight (MW) and Kendrick mass defect plots based on the average of all samples belonging to a certain sampling condition. Three
homologous rows were identified: 1 Homologues of organophosphate (C;gH;504P to C»;H»104P), TCP is absent in C. 2 Pentaerythritol esters CosH440g and Co;H4g0g, 3
Homologous row of CHOS compounds present in C (C16H;60S to C19H2,08) and AN (C;7H;50S and C;9H2,08). Prosulfocarb (PSC) was present in all groups, N-
butylbenzenesulfonamide (NBBS) only in C. AN — normal airport operation, AS — airport strike, C - city.

(C) clearly shows a distinct pattern (Fig. 4). We observed the highest num-
ber of different compounds and overall signal intensities in the city-
condition samples. The summed intensities for all compounds detected in
C were significantly higher than in AN (Welch's t-test, p = 0.0251) and
AS (p = 0.0257) (Fig. 5). The samples C4 and C5 had the largest signal in-
tensity of all detected compounds in total, AN19 and AS31 the lowest. The
airport samples consisted mostly of CHO, CHNO, and CHOP compounds
with CHO and CHOP showing the highest intensities. Under city-
condition, the highest summed signal intensities were observed in the clas-
ses CHO and CHNO. The summed signals of these compound classes were
two to four times higher than under both airport conditions. Compared to
the city samples, we found higher summed intensities of phosphorous-

containing (CHOP) organic compounds in the airport samples. Among the
highest signals we identified the organophosphorus compounds tributyl
phosphate (TBP, level 1), tricresyl phosphate (TCP, level 1), and dibutyl
phosphate (level 2), which is likely generated in the ion source via fragmen-
tation of tributyl phosphate. During the airport strike period, a greater het-
erogeneity in the largest detected compound-signals was observed. Two of
them were assigned to the CHOP (tributyl phosphate and C33Hg;0sP) and
one to the CHNO class (C;4H2;NO). Among the highest signals in the city
samples, we observed nitrogen-containing compounds (e.g. C¢H;1NO,
C19H;5NO, and C;4H»;NO), which are no organonitrates but rather second-
ary and tertiary amines that are likely directly emitted and not formed via
secondary formation.
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Fig. 5. Comparison between the summed signal intensities of all compounds with a
signal to blank ratio higher than five. There is no significant difference between the
summed intensity of AN and AS. Samples from C have significantly higher summed
areas than AN and AS. Significant differences of p < 0.05 are indicated by *
(unpaired t-test with Welch's correction).

Across all samples we detected 195 compounds of the CHO class.
Thereof, 95 were found in AN, 100 in AS and 170 in C. The summed signal
intensities of CHO for AN and AS were approximately the same, whereas C
had at least twofold and significantly higher intensities than AN (p =
0.0406) and AS (p = 0.0499) (Fig. 6). The samples C4 and C5 had the larg-
est summed signal intensity, sample AN19 and AS31 the lowest (Fig. 7).
The CHO class of C predominantly consisted of molecules with an
MW < 350 Da (Fig. 4). CHO compounds with an MW > 500 Da were only
detected in AS and AN (Fig. 4). Their carbon number was mostly below
20 in city samples, while compounds with = C,s were detected under
both airport conditions (see SI, Fig. S2). In the airport PM, 5 samples we
identified specific airport marker compounds which stem from
pentaerythritol-based lubrication oils that have earlier been detected in ul-
trafine particles at the same site (e.g. Co5H,440g, level 1 and C,,H,50g, level
1) (Ungeheuer et al., 2021) (Fig. 4, circle 2). Co5sH,440g exhibited high
sample-to-blank (s/b) ratios of up to 100 in AN and 68 in AS, while
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Co7H4505 had s/b ratios of up to 40 in both AN and AS. Their occurrence
during night-time was at the blank level for normal airport operation
(AN27). Furthermore, we identified the compound C;6H,60- in all samples
as 4-tert-octylphenol monoethoxylate (OP1EOQ, level 2), a common environ-
mental pollutant (Bergé et al., 2012; Renner, 1997; Ying et al., 2002). Its
abundance was the highest in samples from the city condition (C4 and
C5) and lowest in sample AN19. Moreover, caryophyllene oxide
(Cy5H240, level 2) was identified in AN, AS, and C with approximately
the same averaged signal intensities.

In the class of CHN compounds, which largely represents amines and
heterocyclic compounds, we observed 18 compounds across all samples.
Thereof, 10 were found in AN, 11 in AS, and 17 in C. The summed signal
intensity for all CHN compounds within AN and AS was at least twofold
lower than in C but showed no significant differences between the sampling
conditions. The predominant CHN compounds were similar within groups
AN and AS and consisted mostly of cyclic amines, e.g., norharmane
(C11HgN,, level 2), which was also found in C. Norharmane was most abun-
dant in the samples C4 and AS31 (night). AN19 had the smallest signal and
was approximately 20 times lower than C4.

The class of CHNO compounds consisted of 88 different compounds
across all analysed samples whereof 76 were detected in the city group. In
the groups AN and AS we detected 45 and 39 compounds, respectively. The
summed signal intensities for C were significantly higher than those in AN
(p = 0.0130) and AS (p = 0.0261), while AN and AS showed no significant
difference (Fig. 6). The samples C4 and C5 had the largest overall signal inten-
sity of CHNO compounds (Fig. 7). The lowest intensities were found in AN19
and AN24 (Fig. 7). The highest signals showed great heterogeneity among the
sampling conditions, but none could be identified. However, many of the
molecules were cyclic based on their H/C ratios of about 0.8 to 1.5. The larg-
est measured CHNO signal was C;4H>;NO, which exhibited a fragment
through the loss of C3Hg. C;4H>;NO was found in all groups and had about
two- to threefold higher intensities in samples from the city wind-sector.

The class of CHOS compounds consisted of 19 different compounds
across all samples. Thereof 11 were detected in C, 6 in AS, and 10 in AN.
The largest signal areas of CHOS compounds were found in C3 and C7,
the lowest in the night sample AN27. Notably, the highest CHOS signals
for C consisted of smaller molecules with an MW < 300 Da while for AN
and AS compounds with an MW > 450 Da were detected (Fig. 4). Their
summed signal intensity was at least eightfold higher in C than in AN and
AS. This could be traced back to a homologous row of four CHOS com-
pounds (C;6H;60S to C19H5,0S) present in C but absent in AS (Fig. 4, circle
3). Two of them (C;,H;g0S and C;9H»,0S) were also found in AN but had
at least sevenfold lower averaged signal intensities than in C. The homo-
logues were characterised by their identical KMD of 0.19 Da and differed
by a CHy-unit (Fig. 4). The compounds could not be further identified
with the mzcloud database, however, based on their H/C ratios of ~1 we
can state that they likely contain a cyclic or unsaturated carbon skeleton.
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Fig. 6. Comparison between the summed signal intensities of the different compound classes. There were no significant differences between AN and AS. Significant
differences between AN and AS against C with p < 0.05 are indicated by % (unpaired t-test with Welch's correction).
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For the CHNOS class, 18 different signals were detected. Thereof, 11
were found in AN, 8 in AS, and 10 in C. Their summed signal intensity for
C was significantly higher than for AS (p = 0.0498) (Fig. 6). Again, we ob-
served the lowest summed signal intensities in the airport wind-sector
(AN24 and AS29), and the highest for the city wind-sector (C5 and C4)
(Fig. 7). One of the detected molecules was identified as the systemic herbi-
cide prosulfocarb (PSC, C14H;NOS, level 1). PSC was present in all groups
with the highest intensity in AN26 and C4 (Fig. 4). The night-time sample
AS31 exhibited the lowest signal. Furthermore, the neurotoxic plasticiser
N-butylbenzenesulfonamide (C;0H;5NO-S, NBBS, level 2) (Rider et al.,
2012) was identified in all samples from C, but it was largely absent in sam-
ples from the airport wind-sector (Fig. 4).

The class of CHOP compounds consisted of 29 different compounds
across all samples. Thereof 17 compounds were detected in each AN and
AS, and 21 compounds were found in C. We found that the CHOP-group
is the only elemental composition group that exhibited the lowest summed
intensity for samples from the city-sector. The AN samples were twofold
higher than in C, and a third higher than in AS, indicating a strong emission
of this class during normal airport operation. The compound C;5H5,04P
was identified as tributyl phosphate (TBP, level 1), which was absent in
the city-sector and largely present in air masses from the airport during day-
time with higher values under normal operating conditions and lower dur-
ing the strike event (Fig. 4). Furthermore, we identified a homologous row
of aromatic organophosphorus compounds (C;gH1504P to Ca1Ha104P)
based on a CH,-based KMD, caused by the varying number of methylated
phenyl groups (Fig. 4). The largest homologue was identified as tricresyl
phosphate (TCP, level 1), which was absent in samples from the city sector
and showed a lower averaged intensity under airport strike condition com-
pared to the normal airport operation (Fig. 4). The highest signal of TCP
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was obtained during daytime and normal airport operation. The smallest
homologue was identified as triphenyl phosphate (TPhP, level 1) and de-
tected among all groups being at least sixfold higher on average in C than
in AN and AS, indicating that this compound has other sources than the air-
port operation. The remaining two homologues C5oH;904P and C;9H;,04P
were also detected under all sampling conditions and were identified as
dicresylphenyl- (DPP, level 1) and cresyldiphenyl phosphate (CDP, level
1). Both compounds were predominant in samples from the city condition.
The compound C¢H;504P was identified as triethyl phosphate (TEP, level
1). TEP had the highest signal in C4 and had approximately two- to fivefold
greater averaged signal intensities than in samples from AS and AN.

Contrasting the results of all sampling conditions, the non-target analy-
sis revealed a greater heterogeneity regarding the organic aerosol composi-
tion for samples from the city centre wind-sector. We found a significantly
larger signal intensity in samples from the city for the composition classes
CHO, CHNO and CHNOS (Fig. 6). The CHOP class had the lowest signal in-
tensity regarding samples from the city wind-sector. High molecular CHO
compounds were only found in airport samples, while lower molecular
compounds dominated in samples from C. Individual airport marker com-
pounds, such as C5H440g, C7H480s, TCP, and TBP, were completely ab-
sent in the urban background aerosol under C-condition. Differences
between both airport conditions were observable by the signal intensity
of single compounds.

3.3. Correlation between in vitro inhibition, compound intensities and PM s
mass concentration

We found a significant (p < 0.01) positive correlation between the inhi-
bition of the highest used concentration in both in vitro assays (see 3.1.2
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Fig. 7. Linear regression lines and coefficients of determination (r*) for the correlation between the in vitro inhibition of the highest tested concentration and different
compound classes. A — Linear regression lines and r? for CHO, CHNO and the sum of all compounds in the Microtox assay. B - Linear regression lines and r? for CHN and
CHNOS compounds in the Microtox assay. C — Linear regression lines and r® for CHO, CHNO and the sum of all compounds in the AChE inhibition assay. D - Linear

regression lines and r? for CHN and CHNOS compounds in the AChE inhibition assay.
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AChE inhibition and SI, Fig. S3) and the summed signal intensity of organic
aerosol compounds for four compound classes (CHO, CHN, CHNO,
CHNOS) (Fig. 7). The highest coefficients of determination were found
for the Microtox assay. The strongest correlation was found between the lu-
minescence inhibition and signal intensity of the CHO compounds (r* =
0.934). This was followed by the correlation with the sum of all compounds
(r* = 0.915), CHNOS (r* = 0.834), CHNO (r* = 0.804), and CHN com-
pounds (r* = 0.770). The coefficients of determination were slightly
lower for the comparison between AChE inhibition and different compound
classes (Fig. 7). The sum of all compounds had the strongest correlation
with AChE inhibition (r* = 0.682), CHNOS compounds the lowest (r* =
0.444).

We observed different organic composition classes, but certainly, a large
fraction of PM, 5 is not represented by our non-target analysis due to a spe-
cific extraction and ionisation method. However, we observed a strong cor-
relation between the summed signal intensities of the detected organic
molecules and averaged PM, 5 mass concentration during the filter sam-
pling periods (see SI, Fig. S4). Hence, we observe in vitro effects even at
mass concentrations of 10 pg m ™~ and less, as can be seen at sample C4,
which exhibited the highest activity in both assays, although the average
PM, s mass concentration during this sampling interval was below
10 pg m 3, Certainly, the transferability of these biological outcomes on
human health effects is limited, but they can help identifying causal rela-
tionships between PM pollution and adverse health effects.

4. Discussion
4.1. Source attribution of single organic compounds

The chemical composition of the organic fraction in PM, 5 determined
by the non-target approach had a strong wind direction dependency. Possi-
ble emission sources of selected compounds are discussed in the following.
The class of CHO compounds consisted of compounds with a molecular
weight below 350 Da for samples from the city wind-sector, while
compounds with a higher molecular weight were found in the airport
wind-sector. The large CHO compounds CosH440g and C,,H4505 were
only detected in airport samples (AN and AS). In an earlier work we exam-
ined ultrafine particles from the Frankfurt airport sampled at the same mon-
itoring site and identified these compounds as pentaerythritol esters (PEEs)
that are used in jet engine lubrication oils (Timko et al., 2010; Ungeheuer
et al., 2021; Yu et al., 2012). This finding is supported by their absence
under the city wind-sector condition and their high occurrence at the
airport during the daytime. It remains ambiguous why we detect these com-
pounds also in the night-time strike sample AS31. The emission of such jet
oil constituents has previously been reported at other airports (Fushimi
etal., 2019; Yu et al., 2012). The use of high molecular PEEs is especially
reported for synthetic aviation oils, while oils used in automotive have an
average MW of 340 Da (fresh) and 293 Da (used) (Chen et al., 1994;
Vazquez-Duhalt, 1989). The substance 4-tert-octylphenol monoethoxylate
(OP1EO) belongs to the class of alkylphenol ethoxylates (APEO). APEOs
are the major group of non-ionic surfactants and have wide use as industrial
cleaners, dispersing agents and emulsifiers, demulsifiers and solubilisers in
agricultural products (Acir and Guenther, 2018; Ying et al., 2002). OP1EO
is an environmental pollutant with endocrine disruption potential (Bergé
et al., 2012; European Chemicals Agency (ECHA), 2020) and was predom-
inantly detected in samples from the city wind-sector. The wide use of
APEOs in cleaning and agricultural products makes them prone to high
emissions from such environments as the city or nearby agricultural fields,
which is why they are found ubiquitously in the environment, including the
air (Bergé et al., 2012) This would explain the high occurrence of OP1EO in
samples from the city condition. However, the compound also had high sig-
nal values in some airport samples.

The occurrence of the epoxide caryophyllene oxide showed no depen-
dency of the wind-sector, yet airport samples tended to have higher signal
intensities than city samples. Caryophyllene oxide is an oxidation product
of B-caryophyllene that is naturally emitted by several plant families such
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as Pinaceae (Helmig et al., 2007; Pokorska et al., 2012; Skold et al.,
2006). Higher occurrences of caryophyllene oxide in samples from the
south (airport wind-sector) can be explained by the biogenic emissions
from the surrounding forest. Caryophyllene oxide is considered as an inhib-
itor of the mitochondrial electron transport chain (Monzote et al., 2009),
however, its metabolites might exhibit different properties (Choudhary
et al., 2006).

The cyclic amine norharmane had the highest abundance in C4, yet it
was equally distributed among the remaining samples. Norharmane is a 3-
carboline and formed as a pyrolysis product in cooking and can be found
in tobacco or marihuana smoke (Pfau and Skog, 2004; Rommelspacher
et al., 2002). Pfau and Skog (2004) identified tobacco smoke as a major
emission source. Reported emission index is ~12 pg norharmane g~ " to-
bacco (Poindexter and Carpenter, 1962; Rommelspacher et al., 2002).
Therefore, high emissions around urban areas seem plausible. Nevertheless,
this is contrasted by the further mentioned equal distribution between all
samples except C4. A possible explanation is the sheer size of the Frankfurt
Airport with plenty of restaurants and its large passenger numbers (poten-
tial smokers). Norharmane can induce neurodegeneration and motoric im-
pairment (Ostergren et al., 2006). It is further known as an inhibitor for
the monoaminoxidase B and AChE (Rommelspacher et al., 2002; Skup
etal., 1983).

NBBS is a neurotoxic plasticiser that is frequently used in polyacetals
and polyamides (Rider et al., 2012). It is also naturally formed in green-
house soil by the bacterium Pseudomonas sp. (Kim et al., 2000). Its abun-
dance was high in the city samples C4 and C5 and low in samples taken
under airport strike condition. This might be explained by the abrasion of
brake pads. Polyamides such as Kevlar are used in brake and clutch pads
due to their high-temperature resistance and solidity (Bin Kabir and
Ferdous, 2012; Kankanala and Sarkar, 2020; Loken, 1980; Unaldi and
Kus, 2014). Correspondingly, NBBS has already been described in particu-
late matter emissions from brake pads (Placha et al., 2017). The city sam-
ples reflect an urban background with lots of motor traffic. Furthermore,
its occurrence was slightly higher in samples taken during normal airport
operation than during airport strike. This possibly reflects fewer breaking
events due to the decreased airplane, shuttle, and passenger traffic.

PSC is a thiocarbamate herbicide and a relevant aerosol constituent
with the potential to induce acute toxicity (Bo et al., 2020; Devault et al.,
2019). Its wind-driven atmospheric dispersion is especially relevant in au-
tumn with the highest described concentrations in November (Devault
etal., 2019). Furthermore, the potential of long-range transport is described
(Van Dijk and Guicherit, 1999). This corresponds with our unambiguous
finding of PSC in PM, 5 as the examined samples were sampled during No-
vember. Its occurrence could not be clearly assigned to a specific wind di-
rection, which might be explained by its use. Agricultural fields are
equally distributed among the sampled wind directions, so its abundance
may rather depend on the seasonal application of PSC.

Most detected CHOP compounds can be attributed to the class of organ-
ophosphorus esters (OPEs). The OPEs identified on an identification confi-
dence level of 1 included TCP, TBP, TPhP, CDP, DPP and TEP. OPEs are
high-production-volume chemicals that are emitted into the environment
by leaching and volatilisation (Marklund et al., 2003; Reemtsma et al.,
2008). TBP was exclusively detected in samples from the airport. It is
used as a plasticiser, anti-foaming agent, and additive in lubricants and hy-
draulic fluids (Marklund et al., 2005; Reemtsma et al., 2008). Marklund
et al. (2005) examined OPE concentrations at the Umed airport in
Sweden and at a road intersection. They found TBP to be the most abundant
of all measured OPEs at the airport. Its main source was identified as air-
craft hydraulic fluids. Further, they did not find a strong correlation be-
tween TBP levels and road traffic (Marklund et al., 2005). This coincides
with the finding that TBP had the highest signal intensity of all detected
compounds and was only present in airport samples. The high abundance
of TCP in airport samples can be explained by its distinctive use as an
anti-wear agent in aircraft engine lubrication oils (de Boer et al., 2015; De
Nola et al., 2008). Therefore, the TCP signals during the night-time flight
ban at normal airport operation were remarkably lower than at daytime
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and for the city condition, respectively. It further explained the lower aver-
age TCP signals during the airport strike. This is in accordance with previ-
ous examinations that described TCP as an airport marker compound
(Fushimi et al., 2019; Ungeheuer et al., 2021). However, its high abun-
dance during nighttime and strike (AS31) remains unclear. TCP acts as an
inhibitor of acetylcholinesterase, its toxicity is dependent on the present
isomers (Abou-Donia, 1981; Winder and Balouet, 2002). CDP, DPP, and
TPhP had the highest abundances at wind directions from north-northeast
to east-northeast (city). Because OPEs are not chemically bonded to the
products they are used in, outgassing is likely to happen (Marklund et al.,
2003; Rodriguez et al., 2006). Due to their ubiquitous use, large cities
may have a higher burden than remote areas, thus explaining the lower oc-
currence of these compounds in airport samples. In contrast, Ren et al.
(2016) reported significantly higher OPE concentrations in sub-urban air
than in urban air. CDP and TPhP are used as flame retardants and
plasticisers in PVC, hydraulic fluids, lubricants, electrical components,
and the automobile industry (Esch et al., 1997; WHO & IPCS, 1991). CDP
has already been found in indoor dust and soils (Bjornsdotter et al., 2018;
Huang et al., 2020; Wang et al., 2019). TPhP is a described endocrine
disruptor and inhibits the acetylcholinesterase (Shi et al., 2018). TEP had
a similar distribution behaviour between the sampling conditions as CDP
and TPhP. It is also used as a flame retardant but does not inhibit the acetyl-
cholinesterase (Gumbmann and Williams, 1970; Salthammer et al., 2003).

4.2. PM, s composition and in vitro toxicity

The observed in vitro toxicity of the PM, s filter extracts showed a strong
wind direction dependency. Samples of the city wind-sector exhibited the
highest toxicity, samples obtained during the airport strike event showed
the lowest. The AChE assay assesses a characteristic mechanism for neuro-
toxicity from ie., organophosphorus compounds (Baron, 1981; Winder and
Balouet, 2002) and revealed a higher sensitivity to the PM, 5 extracts than
the Microtox assay thus resulting in lower EC values. However, the inhibi-
tion of bioluminescence is a more sensitive indicator for unspecific toxicity
than other assays such as mammalian cell viability assays (Neale et al.,
2012). Both assays had a strong correlation with the total signal intensity
of all detected organic compounds. The total signal intensities of the or-
ganic fraction also showed a strong correlation with the PM, 5 mass concen-
tration (SI, Fig. S4). Therefore, we also observe an apparent correlation
between baseline toxicity/AChE inhibition and PM, 5 mass concentration.
This supports the need for low ambient PM, 5 concentrations. Studies on
the baseline toxicity of PM, s are scarce. However, this explanation is fol-
lowing Lionetto et al. (2019) who examined the water-soluble fraction of
urban PM; o with the Microtox assay. They found a positive correlation be-
tween the increase of luminescence inhibition and PM;, concentrations
(Lionetto et al., 2019). Nonetheless, this contrasts with the findings of
Roig et al. (2013). They found no correlation between the water-soluble
fraction of PM;o and Microtox results. This was explained by varying
PM; o compositions of which only a few compounds might induce toxicity
(Roig et al., 2013). Considering that some samples had a high summed sig-
nal intensity but lower toxicity than samples with lower signal intensity, the
chemical composition of PM, 5 seems to play an important role. Further,
both mentioned studies tested the water-soluble fraction of the coarse
PM, ( and measured its concentration. In contrast, the filters that we exam-
ined were extracted with an organic solvent, thus leading to a different ex-
traction result. It can be assumed that highly lipophilic compounds have a
higher extraction rate with an organic solvent such as the used DCM.
Those differences make the comparison of different studies difficult. Yet
PM, s is reported to induce lower toxicity to A. fischeri than PM;,
(Papadimitriou et al., 2006). This corresponds with the present results as re-
ported Microtox ECsq values of PM; (<20 m?® air ml %) are lower than the
obtained EC,q values of PM, 5 (Roig et al., 2013). Roig et al. (2013) used
acidified water, thus extracting a large amount of metals that might be
more toxic and were not examined in this study. This suggests that the tox-
icity of PM depends on the specific sample composition and extracted com-
pounds. To gain further insight on the effect of specific substances,
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substances with high signal intensities and described adverse effects were
also tested for their correlation with the assay results (see SI, Table S3).
OP1EO had a significant positive correlation with the results of both assays.
Hence, it is a suspected driver of the found CHO compound dependent tox-
icity. The neurotoxicant norharmane also had a weak positive correlation
with both assays, while NBBS only correlated with luminescence inhibition.
The herbicide prosulfocarb had a significant positive correlation with both
assays. Notably, no significant correlation between the sum of CHOP com-
pounds and both assays was obtained. The CHOP class consisted of many
OPEs that had the largest signals. As AChE inhibition is a specific mechanism
of OPE toxicity (Eyer, 1995; Winder and Balouet, 2002), this finding was un-
expected (see 4.3 Limitations). Therefore, the predominant OPEs were cor-
related with both assays, obtaining a positive correlation for TPhP, CDP,
DPP and TEP (see SI, Table S3). TPhP is described as an AChE inhibitor
(Shi et al., 2018). Therefore, a positive correlation between its abundance
and the assay result is plausible. Interestingly, the signal intensities of TCP
had no positive correlation with the inhibition of AChE. This might be an in-
dicator for the use of nontoxic isomers in aircraft engine oils as the TCP-
toxicity is strongly isomer-dependent (Eto et al., 1962; Winder and
Balouet, 2002). This finding is in accordance with Ungeheuer et al. (2021)
who reported the absence of the harmful tri-ortho isomer (TOCP) in aircraft
engine lubrication oils and airport-related ultrafine particles.

4.3. Limitations

The toxicity of TOCP is described as dependent on its metabolic activa-
tion by the cytochrome P450 system (Eto et al., 1962), and might therefore
be underestimated in this study. The activation leads to the formation of cy-
clic saligenin phosphate esters, which induce the toxic effect of TOCP (Eto
et al., 1962; Lorke et al., 2016). This metabolic activation is also described
for phosphorothioates and takes place in the brain, having a major role in
acute toxicity (Sanchez-Hernandez and Walker, 2000). To address the
metabolite-dependent toxicity of TCP, future studies with S9 liver extract,
which mimics the hepatic metabolisation by P450 enzymes, are conceiv-
able. We also observed a positive correlation between TEP and AChE inhi-
bition, although it can be concluded that TEP is not responsible for the
AChE inhibition as it has been evaluated as non-AChE inhibiting
(Gumbmann and Williams, 1970). In contrast, TBP, which is described as
AChE inhibitor had no significant correlation with the assay results. This
might be explained by the exceeding effect of other neurotoxicants in the
air masses from the city center. Therefore, these cases (TCP and TEP)
point out the limitation of the correlation analysis. Based on the correlation
analysis, we can only observe indications for potential drivers of toxicity,
but cannot attribute the observed effects to individual compound classes
or single compounds. An underlying hidden effect cannot be avoided
when considering individual compound classes as only the whole filter ex-
tracts were analysed for in vitro toxicity. To overcome this limitation, future
investigations shall apply fractionation of filter sample extracts before
biotesting in order to clearly identify the key drivers of toxicity.

In our non-target analysis approach many detected compounds remain
unidentified, and a part of the described compounds are only identified
with an identification confidence of level 2 that is based on exact mass
and fragmentation pattern comparison with a database. Future work is
needed to unambiguously identify the suspected drivers of toxicity using
authentic standards. However, the non-target analysis is a promising tool
for holistic chemical characterisation of extracts of ambient PM.

The use of high-volume air samplers also holds the potential for sam-
pling artifacts. The gas-particle partitioning of compounds is dependent
on the temperature and the total suspended particles (Pankow, 1994). Vol-
atile compounds can desorb from the filter depending on their physico-
chemical properties (Peters et al., 2000). This so-called ‘blow-off’ can take
place during and after sampling. The potential desorption after sampling
was addressed by the filter storage at —20 °C. The high volume flux of a
high-volume air sampler may also lead to ‘blow-on’ events that increase
the particle phase concentration (Peters et al., 2000). This is critical for or-
ganophosphorus compounds for which the gas-particle partitioning
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behaviour is part of current research (Okeme et al., 2018). Furthermore, the
used glass fiber filter material holds the potential of active zones, on which
gaseous polar compounds might strongly adsorb.

5. Conclusions and outlook

In this study, we showed that the chemical composition and in vitro
baseline toxicity and neurotoxicity of the organic fraction in urban back-
ground PM, 5 strongly depends on the origin of the sampled air masses.
The baseline toxicity and inhibition of acetylcholinesterase exhibited a
strong correlation with the sum of the signals from (4 )ESI-HRMS measure-
ments of individual organic compounds. The sum of organic compounds
also showed good correlation to the averaged PM, s mass concentration.
Considering the organic PM, 5 fraction, the air mass advected from the
urban city centre was found to be more toxic compared to the rural air
from south-southwest carrying particle emissions from the airport. A
minor difference between the toxicity of airport particle emissions of the
strike event and of the normal operation was only found in the AChE
inhibition assay. Based on the results, i.e. organophosphorus esters and
the non-ionic surfactant OP1EO are suspected drivers of the AChE inhibi-
tion. The results indicate that the toxicity of the organic fraction in PM; 5
is dependent on both its concentration and individual composition. This
partially supports the need for low ambient PM, 5 mass concentration, as
recommended by the WHO. However, further work is necessary to (1) -
comprehensively characterize the organic PM fraction with authentic
standards, (2) identify the main drivers of toxicity as well as their
metabolism-dependent toxicity, and (3) quantify the levels at which indi-
vidual compounds pose a risk to human health. We recommend an ap-
proach by fractionating the samples and following an effect-directed
analysis approach, including studies on the metabolic activation of single
compounds or whole fractions. In parallel, the establishment of an atmo-
spheric pollutants mass spectrometry database is urgently needed.
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Table S1. AChE phosphate buffer.

Solution M (mol I'%) Mass concentration (g 1)
K2HPO4 A 15 342.34
KH2PO4 B 15 204.14

100 ml solution A and 48.5 ml solution B were mixed. If necessary, the pH was adjusted to 7.2




Table S2. ECy and ECys values with 95 % confidence interval
(CI) for the Microtox- and AChE inhibition assay.

Microtox, ECy with CI AChE, EC,; with CI
Sample

(m?® air ml?) (m?® air ml?)
Airport, normal AN27 54.5 3.32
operation (7.48 to 427) (2.21t04.98)
AN19
AN24 57.1 5.34
(8.25 to 395) (4.4510 6.41)
AN26 41.4 4553
(33.7t051.0) (4.01105.17)
Airport strike AS31 3.81
(2.90 to 5.00)
AS28 49.9 5.09
(38.3 10 65.0) (4.41105.88)
AS29 11.2
(10.0t0 12.6)
AS30 56.6 8.353
(7.48 to 427) (7.51 10 9.30)
City C5 21.7 3.24
(22.2t0 34.6) (2.94t03.57)
C3 49.3 1.74
(38.710 62.7) (1.36t02.22)
C4 247 1.39
(20.2t0 30.3) (1.05t0 1.83)
C7 327 311
(26.8 t0 40.0) (2.30t04.21)




T
S
=
(0]

™
S
@
o
n

B 26.5 m® air mi™
E 13.2 m3 air mI‘1

T T

= i B E A A NN AN N AR N NN NN
L O e e L L L e L =

100

(%) a@s ¥ uonqiyul 3yov

Fig. S1. AChE inhibition of the three highest tested concentrations in m? air ml™%. The field blank showed high

activity in the two highest concentrations of 52.9 and 26.5 m® air mIt. Therefore, these concentrations were

excluded from the ECas calculation. In the remaining six dilutions from 13.2 m2 air mI* downwards, the field

blank shows no inhibition to AChE.
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Fig. S2. Kroll plot of the filter averages for each sampling condition. The plot shows the average carbon
oxidation state (avg. OSc) against the number of carbon atoms. It is a way of characterizing complex organic
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AS — airport strike, C — city.
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Fig. S4. Pearson correlation between the summed signal intensity of all detected compounds with a s/b > 5 and
the ambient PM. s concentrations. P=0.0006, Pearson r=0.841 (0.352 to 0.970), confidence interval 99 %.



Table S3. Coefficients of determination (r?) for the linear regression analyses (Pearson) at a p-level of 0.01 for
single compounds. ns = not significant.

AChE (r?) Microtox (r?)

TPhP 0.616 0.616
CDP 0.674 0.659
DPP 0.704 0.703
TCP ns ns

TBP ns ns

TEP 0.341 0.523
Norharman 0.396 0.364
NBBS ns 0.558
Caryophyllene oxide ns ns

OP1EO 0.575 0.693
Prosulfocarb 0.360 0.542




Table S4. Detailed settings of the CD-workflow.

Processing node O: Input Files

Processing node 1: Select Spectra

1. Spectrum Properties Filter:

- Lower RT Limit: 0

- Upper RT Limit: 0

- First Scan: 0

- Last Scan: 0

- Ignore Specified Scans: (not specified)
- Lowest Charge State: 0

- Highest Charge State: 0

- Min. Precursor Mass: 0 Da

- Max. Precursor Mass: 5000 Da

- Total Intensity Threshold: 1000000

- Minimum Peak Count: 1

2. Scan Event Filters:

- Mass Analyzer: Is FTMS

- MS Order: Is MS2; MS1

- Activation Type: (not specified)
- Min. Collision Energy: 0

- Max. Collision Energy: 1000

- Scan Type: Any

- Polarity Mode: Is +



3. Peak Filters:

- S/N Threshold (FT-only): 1.5

4. Replacements for Unrecognized Properties:

- Unrecognized Charge Replacements: 1

- Unrecognized Mass Analyzer Replacements: ITMS

- Unrecognized MS Order Replacements: MS2

- Unrecognized Activation Type Replacements: CID

- Unrecognized Polarity Replacements: +

- Unrecognized MS Resolution@200 Replacements: 60000

- Unrecognized MSn Resolution@200 Replacements: 30000

5. General Settings:

- Precursor Selection: Use MS1 Precursor

- Use Isotope Pattern in Precursor Reevaluation: True
- Provide Profile Spectra: Automatic

- Store Chromatograms: False

Processing node 2: Align Retention Times

1. General Settings:

- Alignment Model: Adaptive curve

- Alignment Fallback: Use Linear Model
- Maximum Shift [min]: 0.3

- Shift Reference File: True

- Mass Tolerance: 5 ppm

- Remove Outlier: True



Processing node 3: Detect Compounds

1. General Settings:

- Mass Tolerance [ppm]: 5 ppm

- Intensity Tolerance [%]: 10

- S/N Threshold: 3

- Min. Peak Intensity: 500000

- lons:
[2M+H]+1
[2M+K]+1
[2M+Na]+1
[2M+NH4]+1
[M+H]+1
[M+H+MeOH]+1
[M+K]+1
[M+Na]+1
[M+NH4]+1

- Base lons: [M+H]+1; [M+Na]+1

- Min. Element Counts: CH

- Max. Element Counts: C90 H190 Br3 Cl4 N4 O20 P S3

2. Peak Detection:

- Filter Peaks: True

- Max. Peak Width [min]: 0.5
- Remove Singlets: True

- Min. # Scans per Peak: 5

- Min. # Isotopes: 2



Processing node 5: Group Compounds

1. Compound Consolidation:
- Mass Tolerance: 2 ppm

- RT Tolerance [min]: 0.3

2. Fragment Data Selection:

- Preferred lons: [M+H]+1

Processing node 6: Fill Gaps

1. General Settings:
- Mass Tolerance: 2 ppm
- S/N Threshold: 1.5

- Use Real Peak Detection: True

Processing node 7: Mark Background Compounds

1. General Settings:
- Max. Sample/Blank: 3
- Max. Blank/Sample: 0

- Hide Background: False

Processing node 9: Assign Compound Annotations




1. General Settings:

- Mass Tolerance: 2 ppm

2. Data Sources:

- Data Source #1: mzCloud Search

- Data Source #2: Predicted Compositions
- Data Source #3: (not specified)

- Data Source #4: ChemSpider Search

- Data Source #5: (not specified)

- Data Source #6: (not specified)

- Data Source #7: (not specified)

3. Scoring Rules:

- Use mzLogic: True

- Use Spectral Distance: True
- SFit Threshold: 20

- SFit Range: 20

Processing node 10: Search mzCloud

1. General Settings:

- Compound Classes: All

- Precursor Mass Tolerance: 5 ppm

- FT Fragment Mass Tolerance: 5 ppm
- IT Fragment Mass Tolerance: 0.4 Da
- Library: Autoprocessed; Reference

- Post Processing: Recalibrated



- Max. # Results: 10

- Annotate Matching Fragments: False

2. DDA Search:

- Identity Search: HighChem HighRes

- Match Activation Type: True

- Match Activation Energy: Match with Tolerance
- Activation Energy Tolerance: 20

- Apply Intensity Threshold: True

- Similarity Search: Similarity Forward

- Match Factor Threshold: 60

3. DIA Search:

- Use DIA Scans for Search: False
- Max. Isolation Width [Da]: 500

- Match Activation Type: False

- Match Activation Energy: Any

- Activation Energy Tolerance: 100
- Apply Intensity Threshold: False

- Match Factor Threshold: 20

Processing node 8: Predict Compositions

1. Prediction Settings:
- Mass Tolerance: 2 ppm
- Min. Element Counts: CH

- Max. Element Counts: C90 H190 Br3 Cl4 N4 O20 P S3



- Min. RDBE: 0

- Max. RDBE: 40

- Min. H/C: 0.1

- Max. H/C: 3.5

- Max. # Candidates: 10

- Max. # Internal Candidates: 200

2. Pattern Matching:

- Intensity Tolerance [%]: 10
- Intensity Threshold [%]: 0.1
- S/N Threshold: 3

- Min. Spectral Fit [%]: 30

- Min. Pattern Cov. [%]: 90

- Use Dynamic Recalibration: True

3. Fragments Matching:
- Use Fragments Matching: True
- Mass Tolerance: 5 ppm

- S/N Threshold: 3

Processing node 11: Search ChemSpider

1. Search Settings:

- Database(s):
EAWAG Biocatalysis/Biodegradation Database
Nature Chemistry

Sigma-Aldrich



- Search Mode: By Formula Only

- Mass Tolerance: 5 ppm

- Max. # of results per compound: 100

- Max. # of Predicted Compositions to be searched per Compound: 3

- Result Order (for Max. # of results per compound): Order By Reference Count (DESC)

2. Predicted Composition Annotation:

- Check All Predicted Compositions: False

Processing node 12: Apply mzLogic

1. Search Settings:

- FT Fragment Mass Tolerance: 10 ppm

- IT Fragment Mass Tolerance: 0.4 Da

- Max. # Compounds: 0

- Max. # mzCloud Similarity Results to consider per Compound: 10

- Match Factor Threshold: 30

Processing node 13: Apply Spectral Distance

1. Pattern Matching:

- Mass Tolerance: 5 ppm

- Intensity Tolerance [%]: 30
- Intensity Threshold [%]: 0.1
- S/N Threshold: 3

- Use Dynamic Recalibration: True
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Fig. S5. Chromatograms of tributyl phosphate (TBP) signals in the sample AN26 (top)
and the authentic standard (>99 %, Sigma Aldrich) (bottom).



RT :13.07-16.52

NL: 7.42E7
100 — 14.64 C21H2104P: m/z= 369.1232-
] 369.1268 MS
80 - 2021_12_07_Sample_26Schw
§ ] _Waters_pos01
I 604
c
E J
< 40+
o _
=
T 20
& ] 1439 8 14.76 1519 15.79
0 NL: 2.97E7
100 — 14.64 C21H2104P: miz= 369.1232-
1 369.1268 MS
80 - 2021_12_07_Jet_0il2_1ugml_
Q
Q ] Waters_pos01
c
T 604
o
5 J
< 40+
O -
=
T 20
r ] 14,44 § 1475
0 NL: 1.02E9
100 o 14.63 C21H2104P: m/z= 369.1232-
1 369.1268 MS
80 2021_12_01_Tricresylphospha
('é n te_mix_1ugml_Waters_pos01
S 604
fo
S J
& 404
o] -
=
T 20
N 0 1353 1429 111.84 15.73 16.22
T T T I T T T
14 15 16
Time (min)

Fig. S6. Chromatograms of tricresyl phosphate (TCP) signals in the sample AN26 (top),
in Mobil Jet Oil Il (middle) and in the authentic standard (mixture of TCP isomers 63-
85 %, residue of other tolyl phosphate isomers, Acros Organics) (bottom).

RAWFILE(top): 2020_11_25_Sample_265chw_C18_pos01 (F7) #4226, RT=12.093 min, M52, FTMS (+), (HCD, DDA, 211.1093@30, +1)
REFERENCE(bofttom): mzCloud library, Dibutyl phosphate, C8 H19 04 F, M52, FTMS, (HCD, 211.1094@30)
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Fig. S7. MS/MS mirror plot of the compound dibutyl phosphate in sample AN26 (top) and the mzcloud library
spectrum (bottom).
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Fig. S8. Chromatograms of cresyldiphenyl phosphate (CDP) signals in the sample C5 (top) and the authentic
standard (mixture of TCP isomers 63-85 %, residue of other tolyl phosphate isomers, Acros Organics) (bottom).
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Fig. S9. Chromatograms of dicresylphenyl phosphate (DPP) signals in the sample C5
(top) and the authentic standard (mixture of TCP isomers 63-85 %, residue of other tolyl
phosphate isomers, Acros Organics) (bottom).
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Fig. S10. Chromatograms of triethyl phosphate (TEP) signals in the sample C5 (top) and
the authentic standard (>99.8 %, Sigma Aldrich) (bottom).
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Fig. S11. Chromatograms of triphenyl phosphate (TPhP) signals in the sample C5 (top)
and the authentic standard (>99 %, Sigma Aldrich) (bottom).
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Fig. S12. Chromatograms of prosulfocarb (PSC) signals in the sample C5 (top) and the
authentic standard (>98 %, Sigma Aldrich) (bottom).

RAWFILE(top): 2020_11_25_Sample_4Schw_C18_pos01 (F11)#3074, RT=8.79% min, M52, FTMS (+), (HCD, DDA, 214 0896@30, +1)
REFERENCE(bottom): mzCioud library. N-Butylbenzenesulfonamide, C10 H15 N 02 S5, MS2, FTMS, (HCD, 214.0896@50)
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Fig. S13. MS/MS mirror plot for N-butylbenzenesulfonamide (NBBS) in sample C4 (top) and the

library spectrum (bottom).
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RAWFILE(top): 2020_11_25_Sample_285Schw_C18_pos01 (F6) #4340, RT=12.415 min, MS2, FTMS (+), (HCD, DDA, 221.1900@30, +1)
REFERENCE(bottom): mzCloud library, (-)-Caryophyllene oxide, C15 H24 O, M52, FTMS, (HCD, 221.1900@50)
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Fig. S14. MS/MS mirror plot for caryophyllene oxide in sample AS28 (top) and the mzcloud library spectrum
(bottom).
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Fig. S15. Chromatograms for the signals of the synthetic ester CzsHa4Os in the sample
AN26 (top) and in Mobil Jet Qil 1l (bottom).
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Fig. S16. Chromatograms for the signals of the synthetic ester C,7H1s0s in the sample
AN26 (top) and in Mobil Jet Qil 11 (bottom).

RAWFILE(top): 2020_11_25_Sample_5Schw_=C18_pos01 (F5) #4006, RT=11.459 min. M52, FTMS (+), (HCD. DDA, 251.2005@30. +1)
REFERENCE(bottom): mzCloud library. OPEOQ, C16 H26 02, M52, FTMS, (HCD, 251.2006@40)
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g. S17. MS/MS mirror plot for OP1EQ in sample C5 (top) and the mzcloud library spectrum (bottom).
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ABSTRACT: The molecular composition of atmospheric particulate matter

. . . . . * ‘ 2 2 UHPLC/HRMS
(PM) in the urban environment is complex, and it remains a challenge to T d3imonthsgsamples Hrom Beljing .—E—f\/

identify its sources and formation pathways. Here, we report the seasonal ﬂ in the years 2018-2019 1 =
variation of the molecular composition of organic aerosols (OA), based on 172 L

PM, s filter samples collected in Beijing, China, from February 2018 to March 2 Nontarget
2019. We applied a hierarchical cluster analysis (HCA) on a large nontarget- o Roahvels (N0R)
screening data set and found a strong seasonal difference in the OA chemical 458 | Hierarchical Cluster
composition. Molecular fingerprints of the major compound clusters exhibit a Analysis (HCA)
unique molecular pattern in the Van Krevelen-space. We found that summer
OA in Beijing features a higher degree of oxidation and a higher proportion of
organosulfates (OSs) in comparison to OA during wintertime, which exhibits a
high contribution from (nitro-)aromatic compounds. OSs appeared with a high
intensity in summer-haze conditions, indicating the importance of anthro-
pogenic enhancement of secondary OA in summer Beijing. Furthermore, we
quantified the contribution of the four main compound clusters to total OA using surrogate standards. With this approach, we are
able to explain a small fraction of the OA (~11—14%) monitored by the Time-of-Flight Aerosol Chemical Speciation Monitor
(ToF-ACSM). However, we observe a strong correlation between the sum of the quantified clusters and OA measured by the ToF-
ACSM, indicating that the identified clusters represent the major variability of OA seasonal cycles. This study highlights the potential
of using nontarget screening in combination with HCA for gaining a better understanding of the molecular composition and the
origin of OA in the urban environment.

KEYWORDS: particulate matter, urban aerosol, molecular composition, mass spectrometry, hierarchical cluster analysis

1. INTRODUCTION ization of OA requires the application of robust state-of-the-art
analytical strategies."'

High-resolution mass spectrometry (HRMS) combined with
electrospray ionization (ESI) has been widely applied to
identify various organic compound classes."*™"* The “soft” ESI
technique, which converts the precursor molecules to
molecular ions with minor fragmentation reactions, is advanta-

Atmospheric particulate matter (PM), in the form of liquid or
solid particles suspended in air, can cause detrimental effects
on human health depending on the particles chemical
composition and their sources."”” Furthermore, PM affects
Earth’s radiative balance through direct interaction with

radiation and the formation of cloud condensation nuclei geous for the determination of the molecular formulas of native
(CCN).* Organic aerosol (OA) represents a large proportion organic compounds. High-resolution and accurate mass (HR/
(20—90%) of the fine aerosol mass in the lower tropo- AM) measurement of the molecular ions and their isotopic
sphere."™® Thus, understanding the chemical composition and patterns allow the determination of the molecular formulas of
atmospheric transformation of OA is essential for under- unknown compounds. Moreover, several studies have intro-
standing the sources and enables the identification of effective duced the use of ESI-HRMS coupled with high-performance
mitigation strategies. Among various aerosol components, OA liquid chromatography (HPLC)-“’IS_IS The separation of
typically represents ~30%—50% of the PM, s mass concen-

tration in China,g’10 formed from a variety of natural and Special Issue: Urban Air Pollution and Human Health

anthropogenic sources. Determining the chemical composition
of urban OA at the molecular level is challenging due to the
highly complex composition, represented by several thousands
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complex matrix. Therefore, the molecular-resolved character-
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individual compounds by HPLC provides an additional
dimension of information (e.g, on the polarity of the
compounds), compared to HRMS studies using direct
infusion. Furthermore, HPLC separation minimizes the
variation arising from matrix ion suppression. For example, a
previous study found a larger number of determined molecular
formulas using HPLC combined with ESI-HRMS'® than
studies solely using direct infusion ESI-HRMS;'**°~** possibly
caused by ion suppression reactions in the direct infusion
technique. Moreover, separation by HPLC is a prerequisite for
nontarget analysis (NTA) since algorithms use the information
on retention time to attribute ions from fragmentation
reactions, adduct and cluster formation reactions to their
parent molecule.”””* However, care must be taken in setting
up the individual NTA steps such as the detection and merging
of features, filtering, and background correction.”® In a recent
NTA study of atmospheric PM preserved in an ice core, we
demonstrated that applying different analysis software results
in almost identical molecular fingerprints using HPLC-(—)ESI-
HRMS.*

Haze episodes in Beijing attract worldwide attention and
many studies using an HRMS approach have been conducted
in Beijing.'”*”~** For example, previous studies have revealed
OA in winter Beijing is dominated by aromatics, which
suggests a hi%h contribution of combustion aerosols to the
total OA.'”””** Bryant et al.”” discovered that the formation of
isoprene-derived secondary organic aerosol (SOA) in urban
Beijing is strongly influenced by anthropogenic emissions. Xie
et al”’ found that the number of detected compounds
(especially for high molecular weight compounds) in aqueous
PM extracts decreased with larger particle sizes. In this study,
we applied NTA to HPLC-ESI-HRMS measurements of 172
ambient PM, g filters from Beijing that cover a period of 13
months, and represent all detected compounds in compre-
hensive molecular fingerprints. Moreover, we used a
hierarchical cluster analysis (HCA) for complexity reduction
of the large data set that enabled the identification of
compound classes that were likely to originate from similar
sources and/or processes. Finally, we estimated the quantita-
tive contribution of the four largest compound clusters to total
OA based on calibrations using selected surrogate standards.

2. METHODS

2.1. Sampling, Filter Extraction, and Online Measure-
ments. The ambient filters were collected at Beijing
University of Chemical Technology (BUCT,
39°58'N,116°25'E), which is an urban site located in the
North-East of Beijing.”* 24 h integrated samples were collected
during the period from 27 February 2018 to 30 March 2019 on
preheated quartz-fiber filters (@150 mm, TISSUQUARTZ-
2500QAT-UP, Pall Life Science, U.S.A.) by using a high-
volume sampler (CAV-A/mb, MCV, Spain). We set the flow
rate of the sampler to 30 m’/h and collected samples every
second or third day. In total, we collected 172 samples
including 10 blank samples. Filter samples were sealed by
aluminum foil and stored at —20 °C until analysis. For analysis,
we punched 2 cm diameter circular sections from each filter
and cut these sections into small pieces using ceramic scissors.
Then we extracted the filters in an orbital shaker, twice for 20
min, consecutively, using 250 and 150 yL of an acetonitrile/
water mixture (50/50 (v/v), acetonitrile: Optima LC/MS
grade, Fisher scientific; water: 18.2 MQ-cm, Millipak Express
40:0.22 pm, Millipore; Milli-Q Reference A+, Merck). After
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each extraction, we used a 0.22 um polytetrafluoroethylene
(PTFE) syringe filter (Fisher Scientific) and then combined
the extracts in a sharp bottom vial (CS Chromatographie
Service GmbH) for subsequent analysis.

At the same site, OA was simultaneously measured by a
Time-of-Flight Aerosol Chemical Speciation Monitor (ToF-
ACSM, details see Cai et al.** and Supporting Information, SI).
Since the ToF-ACSM only measures nonrefractory PM,
constituents, the PM, s mass concentration used in this paper
is the mean value of the Wanliu, Gucheng, Wanshouxigong,
and Guanyuan monitoring stations, which are the nearest
monitor sites operated by China National Environmental
Monitoring Center (CNEMC). However, we note that the
PM, 5 mass concentrations measured by ToF-ACSM correlate
well with the mean PM,; values from these four monitoring
stations (R = 0.89, SI Figure S1).

2.2. UHPLC-HRMS Analysis. The analysis of the filter
extracts was conducted with an Orbitrap HRMS (Q Exactive
Focus Hybrid-Quadrupol-Orbitrap, Thermo Scientific)
coupled with an ultrahigh performance liquid chromatography
(UHPLC) system (Vanquish Flex, Thermo Fisher Scientific).
The chromatographic separation was performed on a reversed
phase column (Accucore Cg, 150 X 2.1 mm, 2.6 ym particle
size, Thermo Scientific), at 40 °C (still air). As mobile phases
we used eluent A (ultrapure water with 0.1% formic acid
(LiChropur, Merck), v/v) and eluent B (acetonitrile with 0.1%
formic acid, v/v). The gradient was set as follows: starting with
1% B for 2.0 min, increased to 99% B within 13 min, held for 2
min, decreased to 1% B within 1 min and finally held for 2 min
for re-equilibration. The flow rate was 0.4 mL/min, and the
injection volume was 2 uL. It is worth mentioning that due to
the large set of samples, the UHPLC-HRMS measured
continuously for 6 days to complete the measurements.
Consequently, we repeated the measurement of one sample
on a daily basis to monitor the performance of the instrument.
We observe a highly reproducible instrumental performance in
terms of intensity variation and mass accuracy of the five
quantified compounds (4-Nitrophenol, 4-Nitrocatechol,
Phthalic acid, 3-methyl-1,2,3-butanetricarboxylic acid
(MBTCA), and Pinic acid) during the measurement period
(see Figures S2 and S3). The mass spectra (m/z S0—750) with
a resolving power of 70 000@ m/z 200 were obtained by using
(—)ESL Ion source settings were as follows: 8 psi auxiliary gas
(nitrogen), 40 psi sheath gas (nitrogen), 3.5 kV spray voltage,
and 350 °C gas temperature.

2.3. UHPLC-HRMS Data Processing. We used the NTA
software (Compound Discoverer (CD), version 3.2, Thermo
Fisher Scientific) to identify chromatographic peak features in
the two-dimensional space of retention time and m/z. These
features are combined to compounds when eluting at the same
retention time and appearing at a m/z that corresponds to the
exact mass differences from either isotopes, adducts, clusters or
fragments. On the basis of the HR/AM-measurement and the
isotopic pattern, molecular formulas for the detected
compounds were calculated. The detailed settings of the CD-
workflow are provided in Table SI.

A brief description of the NTA-workflow: a threshold
intensity of 1E6 was applied to the two-dimensional coordinate
system (RT: 0—20 min, m/z: 50—750) for all 172 measure-
ments. CD automatically filtered out ions with peak abundance
below the threshold intensity, as well as the ions that appeared
in blank samples at intensities of >1/3 of the maximum values
of the ambient samples. For the remaining ions, the molecular
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formulas were calculated with elemental combinations of
C,H,,Br,3CL N, O,(P,-S,s (nl = 1-90, n2 = 1-190, n3 =
0—3, n4 = 0—4, nS = 0—4, n6 = 0—20, n7 = 0—1, and n8 = 0—
3) and with a mass tolerance of 2 ppm. To filter out chemically
unreasonable formulas, the minimum H/C and maximum
H/C were set as 0.1 and 3.5, respectively.

2.4. Calculation of Molecular Characteristics. The
double bond equivalent (DBE) of a molecular formula
containing C, H, N, O, and § indicates the number of rings,
double and triple bonds. The value of the DBE is calculated
based on the number of the individual elements as follows:>°

#H

#N
DBE=#C—7+

— +1

2 (1)

Both the aromaticity equivalent’” (Xc) and aromaticity
index™® (AI) can be applied to estimate the aromaticity of the
organic compounds. Here we used Xc as it classifies
(poly)aromatic compounds with significant alkylation as
aromatic compounds.” Thus, Xc was applied in this study
to estimate the aromaticity of the compounds, expressed as
follows:

3%[DBE — (m*™#0 + n™#S)] — 2
DBE — (m*#0O + n*#S)

Xc (0 if < 0)

2)

Here “m” and “n” are the fractions of oxygen and sulfur atoms
in the 7-bond structures of a compound (both “m” and “n” are
37 - i
presumed to be 0.5°"), respectively. If the DBE < m*#0O +
n*#S, then Xc = 0, showing no aromaticity as Yassine et al¥’
suggested that compounds with Xc < 2.5000 correspond to
nonaromatic compounds, for aromatics 2.5000 < Xc < 2.7143
and for condensed aromatics Xc > 2.7143.

All the observed formulas were classified into six categories
based on their elemental compositions, including CHOa,
CHOn, CHNO, CHNOS, CHOS, and others. As an example,
CHOS refers to compounds that contain the elements carbon,
hydrogen, oxygen, and sulfur. The compound categories
CHOa represent aromatics (Xc > 2.5), while CHOn are
nonaromatic (Xc < 2.5) compounds (e.g, terpene oxidation
products). “Others” (e.g, CH, CHS, CHNS, and signals to
which no elemental formulas were calculated) refers to the
compounds excluded from the above major compound
categories.

2.5. Hierarchical Cluster Analysis. HCA is a data mining
method that merges individual observations into clusters of
similar behavior through the determination of the similarity
between every pair of objects in a data matrix. Previous studies
have described the principle of HCA in detail*>*' and discuss
its difference to other methods, such as the widely used
positive matrix factorization (PMF). In brief, HCA groups
compounds in a stepwise process in contrast to PMF that
defines components (termed factors) that explain the
compounds’ variability. In this work, we use Matlab (Math-
works) to perform the HCA. The observation used as input for
the HCA was a matrix of organic compounds and their peak
area in the 172 samples covering a time span of 13 months. As
a first step, the peak areas were standardized based on
z-transformation. The proximity between the observation pairs
was determined by Euclidean distance for both compound
rows and sample columns. We note that it is also possible to
use other metrics of distance, for example, correlation or cosine
distance, however, the Euclidean distance made our data set
the most understandable and reproducible. We used the Ward
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linkage method for merging different compounds and samples
into compound clusters and sample clusters, respectively. The
hierarchical clustering in this study was performed twice, on
both compound rows and sample columns. Moreover, the two
clusterings were independent from each other since the order
of components does not matter when one computes the
distance between two vectors.

The outcome of the NTA resulted in 2136 compounds after
background correction, filtering for duplicates, and applying an
intensity threshold for the sample-to-blank ratio of >3. In order
to avoid a bias in the HCA introduced by a large number of
small signals, we used, as input, only the major compounds
that were responsible for 94% of the total peak area (SI Figure
S4). Variation of this threshold does not affect the compound
clustering. However, with 95% as input we observe a slight
difference of the sample clustering, but with 94% as input we
observe a better separation between summer samples into
clean and haze conditions. With using 94% as input, there were
1323 compounds remaining, of which 1097 had unambiguous
molecular formulas.

3. RESULTS AND DISCUSSION

3.1. Seasonal Differences of the OA Chemical
Composition in Beijing. Figure 1 indicates a clear seasonal
variation in the intensities and the relative contribution of
different compound categories (Figure 1A and B). We
observed an enhanced absolute intensity of organic com-
pounds (Figure 1C), especially for the intensity of the
compound groups CHNO (e.g, nitroaromatics) and CHOa
(e.g., oxidized aromatics), which contribute 38% and 17%,
respectively, to the total peak intensity during winter. These
specific compound groups are likely attributed to the increased
solid fuel combustion activities in winter.”> Moreover,
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Figure 1. Seasonal differences and time series for the intensity of OA
chemical composition. (A, B) The m/z vs retention time (RT) plots
represent a three-month mean value of summer (A) and winter (B)
samples. Individual detected compounds are displayed as circles with
the area representing the signal intensity, and the color indicates the
molecular composition. The x-axes show the mass-to-charge ratio
(m/z) of the compounds, and the measured retention time (y-axis)
indicates the polarity of the single molecules. (C) Time series of the
different compound categories (CHOn, CHOa, CHNO, CHOS,
CHNOS, and others).
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Figure 2. HCA and molecular fingerprints. (A) Hierarchical clustergram: the x-axis and y-axis represent the sample cluster and compound cluster,
respectively. The letters A—F in the y-axis represent the respective compound clusters. Sun: compound clusters high in summer, snowflake:
compound clusters high in winter. (B—E) show the average intensities for samples from the summer high PM (SH), summer low PM (SL), winter
low PM (WL), and winter high PM (WH) days, respectively, in a Van Krevelen-diagram. The numbers inside the pie chart represent the intensity
contribution (%) of each compound category to the total detected compound intensity.

unfavorable meteorological conditions (e.g,, low wind speed,
stagnation of air, and a shallow and stable inversion layer) may
promote OA accumulation in Beijing during winter.”> In
contrast, the relative contribution of these two groups to the
total intensity in summer are 6% and 8%, respectively. The
major compounds in these two groups have an RT > 4.5 min,
indicating their relatively low polarity. Contrary to the
enhancement of the CHNO and CHOa compounds, the
CHOn, CHOS, and CHNOS compounds show decreased
abundance in winter, accounting for 16%, 14%, and 3% of the
total intensity, respectively. The relative contribution of the
CHOn compounds to the total intensity in summer is 30%,
which can partly be explained by enhanced biogenic emissions
in summer. On the basis of MS®>—spectra and retention time,
we are able to unambiguously identify CHOn compounds as
oxidation products of certain biogenic VOCs.”® Moreover, low
temperatures during winter may lead to lower evaporation of

anthropogenic CHOn compounds. A clear decrease of CHOn
with short retention times was observed for the winter season,
similar to the trend for CHOS compounds (e.g., isoprene-
organosulfates (OSs)), which contribute up to 30% of the total
intensity in summer. The CHOS compounds display a wide
spectrum in polarity, ranging from polar (short RT) to
nonpolar (long RT) compounds. Due to more oxygen- and
heteroatoms, the CHNOS compounds tend to have higher
mass-to-charge ratios (m/z) than most of the other
compounds. The relative contribution of CHNOS compounds
in summer is 9%. The formation of OSs can enhance PM mass,
since the sulfate-functionalization of small organic compounds
(e.g, from isoprene oxidation) changes the gas-to-particle
partitioning of these small organic molecules toward the
particle phase. Furthermore, some of the OSs are hygroscopic
and light-absorbing,"*~* hence this class of compounds may
enhance haze in summer. However, further research on the
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Figure 3. Comparison of compounds that originate from different sources, illustrated in the Van Krevelen space (peak area shows the mean
intensity of all 172 samples). (A—D) Van Krevelen diagram of clusters A—D from HCA (see Figure 2).

quantification of the organosulfate effect on urban haze is
needed. Finally, we like to emphasize that the peak intensities
in Figure 1 are not directly linked to the concentration of the
individual compounds, however, differences of peak intensities
of the same compound (category) throughout the time series
can be interpreted.

3.2. Application of Hierarchical Cluster Analysis on
172 PM Samples. We used the filtered data matrix to (1)
display molecular fingerprints of the average intensity (Figure
SSA,B), (2) perform a HCA (Figure 2A), and (3) identify
groups of samples (Figure 2B—E) and compounds that exhibit
similar temporal patterns (Figure 3A—D).

The horizontal and vertical dendrograms in Figure 2A
visualize the distance between different samples and different
compounds, respectively. Interestingly, we found that the
horizontal dendrogram clearly separated the samples into
summer high PM (SH, haze episodes), summer low PM (SL),
winter low PM (WL), and winter high PM (WH, haze
episodes) clusters by comparison with PM, mass concen-
tration (Figure 2A). The mean PM,  mass of clusters SH, SL,
WL, and WH was 67 ug/m’ 23 ug/m’ 37 ug/m’, and
100 ug/m’®, respectively (the distribution of PM,s mass of
these four clusters is shown in Figure S6). We observed a
strong variation of the organic aerosol composition by plotting
the molecular fingerprints of clusters SH, SL, WL, and WH
(average intensity, Figure 2B—E). Most clearly, the majority
aliphatic OSs, which appeared in the SH samples, are not
detected in the SL samples. The relative contribution of the
CHOS compounds to the total intensity in cluster SH is 40%,
which is much higher than in cluster SL (12%, Figure 2B and
C). This observation indicates that the formation of aliphatic
OSs (at h'égh particulate sulfate concentration and high relative
humidity*™®) can be an important factor for the increase of
organic aerosol mass in summer Beijing. The organic aerosol
composition was similar in the clusters WL and WH, however,
the compound intensity of cluster WH was much higher than
that of cluster WL. This may indicate that the emission sources
and chemical processes in winter are relatively constant, and
OA pollution accumulates when wind speed is low. In fact, we
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observe that both low-pollution episodes experienced higher
wind speed, and the backward trajectories show that the air
masses were coming from the northwest to north sector (see
Figure S7A,B).

Regarding the clustering result of the compounds (vertical
dendrogram), we observed two separate clusters: the
compounds in the upper cluster were abundant in winter,
while the lower cluster’s compounds had a higher intensity in
summer. In order to elucidate this seasonal variation in the
chemical properties of the compounds (e.g, molecular
formula, oxidation state, aromaticity), we divided them into
smaller clusters. The Van Krevelen diagrams in Figure 3
display the compound clusters A—D. It becomes evident that
the HCA is a powerful tool that reduces the chemical
complexity by aggregating compounds of similar chemical
characteristics into the same clusters (clusters A, B, C, and D,
Figure 3). Clusters E and F either have no clear chemical
patterns in the Van Krevelen-space (Figure S8A) or contain
very small amounts of aliphatic compounds (Figure S8B),
therefore, these two clusters will not be discussed further.

Figure 3A shows that this cluster is dominated by the
CHNO compounds, followed by the CHOa compounds. The
majority of the compounds appear at the region of 0.2 < H/C
< 1.2 and 0.3 < O/C < 0.6, indicating that CHNO and CHO
aromatics are important compound classes in wintertime
Beijing. We found the homologous series of Cs,,Hj,,,NO; (n
1-5) and C,,H;,,,NO, (n = 1—4) in this cluster with
slopes of —2.33 and —1.75, respectively (y-intercept at H/C =
2). The largest signals of the two series corresponded to
C¢HsNO; and C;H{NO,, which were identified (by comparing
the retention time and fragmentation pattern with the
authentic standards, Figure S9A,B) as 4-nitrophenol and 4-
nitrocatechol, respectively. Previous studies have identified
nitroaromatics as oxidation products of coal burning**
biomass burning,49_Sl and vehicle emissions.”> > A recent
study by Yuan et al. suggests that coal and biomass burning in
winter are the major sources for nitroaromatics.’® Further-
more, previous studies have also revealed that in winter,
nitrophenol and nitrocatechol are likely arising from biomass
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and coal burning emissions.”>>”*® In addition, we observed
C,H4O; as a major compound in this cluster, being tentatively
identified as monohydroxy benzoic acid, which is a tracer
compound for naphthalene oxidation.***’

In cluster B, CHOa compounds were the most abundant
compounds (according to the intensities of the compounds),
followed by CHNO compounds (Figure 3B). Most of the
compounds appear in the area of 0.5 < H/C < 1.2 and 0.25 <
O/C < 0.8, which indicates an aromatic character. The largest
signal of this cluster was identified as phthalic acid (CsH4O,,
Figure S9C), which is a product of naphthalene photo-
oxidation.”"®* Similarly, phthalic acid has also been reported as
a product of vehicle exhaust and biomass burning.*”%***** We
observed that the most abundant compounds in this cluster
have a carbon number between 6 and 10 (Figure S10A). In
this range, these compounds could be associated with the
oxidation products of benzene, toluene, ethylbenzene, xylene
(BTEX), C3- and C4-benzenes, all of which were previously
observed in emissions from traffic and coal burning in north
China.**~% Simultaneously, the homologous series of aliphatic
organosulfates in both clusters A and B are tentatively classified
as alkylorganosulfates (cluster A: C,H,,,,SO, n = 3—11,
cluster B: C,H,,SO;, n = 7—10), which are described as
markers for secondary traffic OA.'* As consequence, we infer
that the compounds in clusters A and B originate mainly from
solid fuel combustion and traffic emissions.

As Figure 3C indicates, almost all compounds in cluster C
are sulfur-containing compounds (CHOS and CHNOS).
Interestingly, most of the sulfur-containing compounds fall
into the area of 1.5 < H/C < 2 and 0.3 < O/C < 1.5. The high
H/C ratio indicates that the S-containing compounds are
affected by more aliphatic precursors, while the high O/C ratio
suggests that they also have a high oxidation state. As previous
studies indicate, the CHOS compounds which fulfill O/S > 4
can be tentatively classified as OSs."”*"**”° Thus, a large
majority (>99%) of CHOS compounds in this cluster could be
assigned as OSs (by peak intensity). We also found the
homologues of C,H,,SO; (n = 4—17) and C,H,,SO (n = 4—
16) appearing in the diagram at H/C = 2; such aliphatic OSs
were reported as products from the reaction of SO, with
emissions from liquid fossil fuel.'>?*°° However, there are also
plenty of very polar OSs with extremely short retention times
(Figure SSA); most of these have less than 10 carbon atoms
(Figure S10B). In this range, one can expect OSs from
biogenic emissions; for example, we find CsHgSO; that has
been reported as an isoprene-derived organosulfate,”””* while
Ce¢H (SO and C4H (SO, have been reported as OSs formed
from the OH-initiated oxidation from green leaf volatiles.””
Furthermore, six isomers of the monoterpene-derived nitrooxy-
0S (C,;oH,;,NO,S),**’* were also observed in this cluster.
These compounds have relatively high intensities during
summertime, when biogenic emissions are high and radiation
can accelerate the formation of sulfate and OSs from SO,
emissions.”*”® Overall, this organosulfate cluster has diverse
sources with clear contributions from liquid fossil fuel and
biogenic emissions.

The majority of compounds in Cluster D (Figure 3D) are
CHOn compounds, present in the region of 1.1 < H/C < 2
and 0.2 < O/C < 0.9. Previous studies suggest that in this
region oxidation products of biogenic emissions appear.”®**””
We confirm this cluster as partly biogenic as we detect the
compounds MBTCA (CgH;,0;) and pinic acid (CoH,0,),
which are widely used as oxidation tracers of a-pinene (Figure
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S9D,E).”*®" However, we cannot exclude the contribution of
anthropogenic compounds in this cluster. For instance, the
CHO compounds with 11 and 12 carbons and OS. between
—1 and O appear with a high signal in this cluster (Figure
S10C). These compounds are likely oxidation products of
anthropogenic emissions since the oxidation of terpenes rarely
results in C;;- and C;,-compounds.®”

3.3. Concentration Time Series of the Compounds in
the Different Clusters and Their Relative Contribution
to the Total OA. In atmospheric sciences, the use of
surrogates to quantify similar compounds is a common
approach when authentic standards are not available."
However, for NTA, it is impossible to allocate authentic or
surrogate standards for every compound. Hence, it is a
challenge to quantify nontarget screening data. Here, we used
the average response of different surrogate standards to
quantify the sum of the signal intensities of the four main
compound clusters A—D.

We calibrated the system with eight different standards
(Figure S11) and found that 4-nitrophenol and 4-nitrocatechol
had the highest responses of the eight surrogates. This
indicated that nitroaromatics have a higher ionization
efficiency in (—)ESI than other compounds, hence, we used
the average response of these two standards to quantify the
nitroaromatic compounds present in clusters A and B.
However, the ionization efliciency for different CHOa
compounds varied greatly and, in order to minimize deviation,
we tested three CHOa compounds (S,7-dihydroxy-4- phenyl-
coumarin, phthalic acid, and benzoic acid) and took the
average of their responses to quantify the CHOa compounds
in clusters A and B (Figure S11). Furthermore, camphor-10-
sulfonic acid has been widely suggested to be used as the
surrogate standard to quantify OSs,”*™* therefore, this was
employed to quantify OSs in cluster C in our study. The
calibration curves of MBTCA and pinic acid are very similar
(Figure S11). Therefore, we used the mean response of
MBTCA and pinic acid to quantify compounds in cluster D.
Certainly, this approach of quantification for this large data set
can easily introduce an error of a factor of 2. However, in this
analysis, we observe that the Pearson correlation coeflicients
between the four clusters A—D and OA mass (determined by
ToF-ACSM; A-OA: 0.44, B-OA: 0.70, C-OA: 0.51, and D-OA:
0.41 (Figure 4)) are all lower than the correlation coefficient
between the sum of the four clusters and the OA mass (R =
0.78). This indicates that the used quantification method does
not introduce any bias by giving more weight to one of the
clusters, but instead explains the rather flat OA observation by
the different seasonal contribution of the identified clusters
(Figure 4). Furthermore, the concentration of OSs in cluster C
are in the same range with other recent studies that determined
the content of organic sulfates in Beijing.””"°

The time series in Figure 4 reveal a strong seasonal variation
of the concentration of the four different clusters. The aromatic
compounds in clusters A and B show a clear increasing trend
during the domestic-heating period, which provides further
evidence for the OA from solid fuel combustion and traffic
emissions. The lower appearance of aliphatic organosulfur-
compounds (as traffic markers) in summer can be explained by
a faster chemical degradation due to OH radicals, and more
efficient mixing in a higher boundary layer. Cluster B shows a
higher fluctuation during winter than cluster A, which might be
explained as a combined meteorological and photochemical
effect. In contrast, the compounds in clusters C and D are
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Figure 4. Concentration time series of compounds in clusters A, B, C,
D, sum of the four clusters, and OA (data from ACSM). The scatter
plots show the correlation between the four individual cluster and
OA, as well as the correlation between the sum of the four clusters
and the OA content. The pie charts display the concentration
fractions of individual cluster in sum of the four clusters in spring,
summer, autumn, and winter.

more abundant in summer, which indicates that these
compounds partly originate from biogenic emissions. The
strong positive correlation (R = 0.75, Figure S12) between
these two clusters suggest that some of these compounds have
the same source. Compounds from cluster C are elevated with
increasing sulfate mass concentrations (Figure S12), which
indicates the importance of sulfate in the secondary formation
of 0Ss.”" The concentration of these compounds in the two
clusters greatly fluctuates from day to day, and thus reveal that
these clusters are largely dependent on meteorological
conditions (air mass origin, relative humidity, temperature,
radiation, wind speed, and so forth). It is worth mentioning
that the compounds in cluster D also have a relatively high
content in winter (ranging from 120 to 920 ng/m’ with a
mean of 380 ng/m?); this provides further evidence that a part
of the compounds from this cluster are also influenced by
anthropogenic activities. Interestingly, although the concen-
tration time series of the compounds in every individual cluster
shows a clear seasonal cycle, the time series for the sum
concentration of the four clusters does not exhibit a seasonal
variation; this is in agreement with the time series of OA from
the ACSM measurement (Figure 4). Thus, there is a strong
correlation between the sum of the quantified clusters and OA,
indicating that the cluster analysis represents the major
variability of OA seasonal cycles.

In order to investigate further the concentration fraction of
the four clusters in relation to the total OA, we averaged the
concentration of the sum clusters in spring, summer, autumn,
and winter, respectively, the same was applied to the total OA
content. As the pie charts in Figure S13 indicate, with this
approach we can explain only a small fraction of OA (~11—
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14%). However, in the nontarget data set we found sufficient
evidence for seasonal variation; for example, clusters A and B
represent emissions of solid fuel combustion and traffic,
contributing with 76% to the total of the four main clusters in
winter, but only 15% in summer. The CHOn cluster (cluster
D) showed a relative contribution of 60% in summer and only
17% in winter (see Figure 4). To gain a more complete insight
on ambient OA and its sources, other ionization approaches
need to be applied to enable the detection of the remaining
unattributed OA.

3.4. Limitations and Implications. As limitations we
emphasize that the UHPLC/HRMS technique only identifies a
small fraction of the total OA, and also potential sampling
artifacts cannot be ignored (e.g,, a-pinene oxidation products
can react with SO, during filter sampling87). The six
compound categories do not represent the entire organic
composition since electrospray ionization is not sensitive to
nonpolar compounds (e.g., nonfunctionalized polycyclic
aromatic hydrocarbons, hopanes, and alkanes)."* Furthermore,
(—)ESI is also not sensitive to compounds with no acidic
protons (e.g., phthalates). To a lesser extent, there might be
large-molecular weight humic-like substances (HULIS), that
we do not detect in the scanning mass range of the mass
spectrometer, or which do not result in sharp chromatographic
peaks.®®

Nevertheless, the nontarget screening in combination with
HCA can help to gain a more comprehensive understanding of
urban air pollution at the molecular level. With this approach,
we were able to distinguish high PM and low PM samples from
different seasons and to determine the variation of the organic
aerosol composition. Moreover, we can infer the different
sources of the organic compounds from the chemical
composition patterns and observe enhanced organosulfate
formation during summer haze episodes. Further studies are
needed to confirm attribution of OA winter clusters to
anthropogenic emissions from coal combustion, biomass
burning and traffic as well as quantitatively identify the
major primary OA (POA) and SOA sources.

The calibration method in our study bridges the gap to
quantify compounds from ESI-NTA. The strong correlation
between the sum of the quantified clusters and OA indicates
that the cluster analysis represents the major variability of OA
seasonal cycles. We suggest that future nontarget studies of OA
could follow the direction of combining different ionization
techniques to provide a more comprehensive data set for NTA
of ambient filters. Joint effort is needed to establish a mass
spectrometry database that contains molecular fingerprints of
chamber-generated organic aerosol, in order to identify sources
and their contribution to OA in ambient samples.
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I, Aerosol Chemical Speciation Monitor Measurement

The Aerodyne Time-of-Flight Aerosol Chemical Speciation Monitor (ACSM) was deployed at
Beijing University of Chemical Technology (BUCT, 39°58'N, 116°25'E), China. BUCT is an
urban site which is located north-east of Beijing. A PM2s cyclone was installed in front of the
sampling line on the rooftop with a flow rate of 3 L/min and the aerosol was dried using a

Nafion dryer (Perma Pure, MD-700-24F-3).
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I1, Figure S1, PM2.5 mass correlation
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Figure S1. Concentration correlation of PM2s mass concentrations measured by ToF-ACSM
55 and the mean PM2s mass concentrations measured at Wanliu, Gucheng, Wanshouxigong, and

Guanyuan monitoring stations.

S4



60

II1, Figure S2, Reproducibility of signal intensity
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Figure S2. Intensity variation of the five quantified compounds (4-Nitrophenol, 4-
Nitrocatechol, Phthalic acid, 3-methyl-1,2,3-butanetricarboxylic acid (MBTCA), Pinic acid) of
the sample which was measured repeatedly on a daily basis to monitor the performance of the

instrument (sample of 30.03.2019).
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65 IV, Figure S3, Mass accuracy during measurement period
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Figure S3. The mass accuracy (deviation between theoretical and measured mass) of
4-Nitrophenol, 4-Nitrocatechol, Phthalic acid, MBTCA, and Pinic acid in all measured
70  samples.
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V, Table S1, Detailed settings of the CD-workflow

1. General Settings:

- Precursor Selection: Use MS1 Precursor

- Use Isotope Pattern in Precursor Reevaluation: True
- Provide Profile Spectra: Automatic

- Store Chromatograms: False

2. Spectrum Properties Filter:

- Lower RT Limit: 0

- Upper RT Limit: 0

- First Scan: 0

- Last Scan: 0

- Ignore Specified Scans: (not specified)
- Lowest Charge State: 0

- Highest Charge State: 0

- Min. Precursor Mass: 0 Da

- Max. Precursor Mass: 5000 Da

- Total Intensity Threshold: 1000000

- Minimum Peak Count: 1

3. Scan Event Filters:

- Mass Analyzer: Is FTMS

- MS Order: Is MS2; MS1

- Activation Type: Is HCD

- Min. Collision Energy: 0

- Max. Collision Energy: 1000
- Scan Type: Any

- Polarity Mode: (not specified)
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105

110

115

120

125

130

135

4. Peak Filters:
- S/N Threshold (FT-only): 1.5

5. Replacements for Unrecognized Properties:

- Unrecognized Charge Replacements: 1

- Unrecognized Mass Analyzer Replacements: ITMS

- Unrecognized MS Order Replacements: MS2

- Unrecognized Activation Type Replacements: CID

- Unrecognized Polarity Replacements: -

- Unrecognized MS Resolution@200 Replacements: 60000
- Unrecognized MSn Resolution@200 Replacements: 30000

1. General Settings:

- Alignment Model: Adaptive curve

- Alignment Fallback: Use Linear Model
- Maximum Shift [min]: 0.5

- Shift Reference File: True

- Mass Tolerance: 4 ppm

- Remove Outlier: True

1. General Settings:

- Mass Tolerance [ppm]: 4 ppm

- Intensity Tolerance [%]: 10

- S/IN Threshold: 3

- Min. Peak Intensity: 500000

- lons:
[2M+FA-H]-1
[2M-H]-1
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[M+FA-H]-1
[M-H]-1
[M-H-H20]-1
- Base lons: [M-H]-1
140 - Min. Element Counts: C H
- Max. Element Counts: C90 H190 Br3 Cl4 N4 020 P S3

2. Peak Detection:
- Filter Peaks: True
145 - Max. Peak Width [min]: 0.3
- Remove Singlets: True
- Min. # Scans per Peak: 5
- Min. # Isotopes: 2

150  Processing node 5: Group Compounds

1. Compound Consolidation:

- Mass Tolerance: 2 ppm

- RT Tolerance [min]: 0.1
155

2. Fragment Data Selection:

- Preferred lons: [M-H]-1

160  =mmmmmmmmmmmmmmmmmemmmmmeeeeeeeeeeeeeeeee e

1. General Settings:

- Mass Tolerance: 2 ppm

- S/N Threshold: 1.5

- Use Real Peak Detection: True

165  mmmmmmmmmmmmmmmmmemmmmmmeeeeeeeeeeeeeeeee e




170

175

180

185

190

195

1. General Settings:

- Max. Sample/Blank: 3

- Max. Blank/Sample: 0

- Hide Background: False

1. General Settings:

- Mass Tolerance: 2 ppm

2. Data Sources:

- Data Source #1: mzCloud Search

- Data Source #2: Predicted Compositions

- Data Source #3: (not specified)
- Data Source #4: ChemSpider Search
- Data Source #5: (not specified)
- Data Source #6: (not specified)
- Data Source #7: (not specified)

3. Scoring Rules:

- Use mzLogic: True

- Use Spectral Distance: True
- SFit Threshold: 20

- SFit Range: 20

1. General Settings:

- Compound Classes: All

- Precursor Mass Tolerance: 5 ppm

- FT Fragment Mass Tolerance: 5 ppm

- IT Fragment Mass Tolerance: 0.4 Da
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200

205

210

215

220

225

230

- Library: Autoprocessed; Reference
- Post Processing: Recalibrated
- Max. # Results: 10

- Annotate Matching Fragments: False

2. DDA Search:

- Identity Search: HighChem HighRes

- Match Activation Type: True

- Match Activation Energy: Match with Tolerance
- Activation Energy Tolerance: 20

- Apply Intensity Threshold: True

- Similarity Search: Similarity Forward

- Match Factor Threshold: 60

3. DIA Search:

- Use DIA Scans for Search: False
- Max. Isolation Width [Da]: 500

- Match Activation Type: False

- Match Activation Energy: Any

- Activation Energy Tolerance: 100
- Apply Intensity Threshold: False
- Match Factor Threshold: 20

1. Prediction Settings:

- Mass Tolerance: 2 ppm

- Min. Element Counts: CH

- Max. Element Counts: C90 H190 Br3 Cl4 N4 020 P S3
- Min. RDBE: 0

- Max. RDBE: 40

- Min. H/C: 0.1
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240

245

250

255

260

- Max. H/C: 35
- Max. # Candidates: 10
- Max. # Internal Candidates: 200

2. Pattern Matching:

- Intensity Tolerance [%]: 10
- Intensity Threshold [%]: 0.1
- S/N Threshold: 3

- Min. Spectral Fit [%]: 30

- Min. Pattern Cov. [%]: 90

- Use Dynamic Recalibration: True

3. Fragments Matching:

- Use Fragments Matching: True
- Mass Tolerance: 5 ppm

- S/N Threshold: 3

1. Search Settings:
- Database(s):
EAWAG Biocatalysis/Biodegradation Database
Nature Chemistry
Sigma-Aldrich
- Search Mode: By Formula Only
- Mass Tolerance: 2 ppm
- Max. # of results per compound: 100
- Max. # of Predicted Compositions to be searched per Compound: 3

- Result Order (for Max. # of results per compound): Order By Reference Count (DESC)

2. Predicted Composition Annotation:

- Check All Predicted Compositions: True
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270

275

280

285

1. Search Settings:

- FT Fragment Mass Tolerance: 10 ppm

- IT Fragment Mass Tolerance: 0.4 Da

- Max. # Compounds: 0

- Max. # mzCloud Similarity Results to consider per Compound: 10

- Match Factor Threshold: 30

1. Pattern Matching:

- Mass Tolerance: 5 ppm

- Intensity Tolerance [%]: 30
- Intensity Threshold [%]: 0.1
- S/N Threshold: 3

- Use Dynamic Recalibration: True

1. Peak Consolidation:
- Mass Tolerance: 2 ppm
- RT Tolerance [min]: 0.2
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VI, Figure S4, Data preparation for hierarchical cluster analysis
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Figure S4. Data preparation for hierarchical cluster analysis.
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VII, Figure S5, Molecular fingerprints (average intensity)
295

[ e CHOa © CHOn ® CHNO e CHOS © CHNOS © Other|

A e . 7 2.5
=15 . ° . L
E ® , ° 21 .
® “ e .
_g "0 . L O 1.5
5 : T
= 1-
c
-94 L
f4b]
0 T T T
400 0 0.5 1 1.5

Figure S5. Molecular fingerprints of average intensity for 13 months’ samples (after data

filtering). (A), m/z vs RT plot. (B), Van Krevelen-diagram.
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300 VIII, Figure S6, The PM2.5 mass distribution of clusters SH, SL, WL, and

WH
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Figure S6. The PM2s mass distribution of clusters SH, SL, WL, and WH. The standard

305  deviations of the four clusters are 37, 16, 26, and 52 g m~3, respectively.
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IX, Figure S7, Meteorological conditions during the sampling period
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Figure S7. Meteorological conditions during the sampling period. (A) Wind direction and wind

310 speed at Beijing University of Chemical Technology (BUCT); (B) Comparison of air mass

trajectories for the different clusters based on 48 h backward HY SPLIT-trajectories.*
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X, Figure S8, Van Krevelen-diagram of clusters E and F
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Figure S8. Van Krevelen-diagram (average intensity for 13 months’ samples) of (A) cluster E

and (B) cluster F from HCA.
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XI, Figure S9, MS/MS fragmentation patterns
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Figure S9. Comparison of the MS/MS fragmentation patterns of (A) 4-nitrophenol, (B) 4-

nitrocatechol, (C) phthalic acid, (D) MBTCA, and (E) pinic acid measured in ambient samples

(upward spectra) and their standards (downward spectra).
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XI1, Figure S10, Kroll-diagram of clusters B, C, and D
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Figure S10. Kroll-diagram of (A) cluster B, (B) cluster C, and (E) cluster D from HCA.
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X111, Figure S11, Calibration curves
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Figure S11. Calibration curves of selected compounds detected by (—)ESI, solid lines represent
335 aromatic compounds while dashed lines non-aromatic compounds. The inset shows the
calibration curves on a linear scale. Abbreviations: Phenylcoumarin (5, 7-Dihydroxy-4-
phenylcoumarin), MBTCA (3-methyl-1, 2, 3-butanetricarboxylic acid), and Cmphrsulfon

(camphor-10-sulfonic acid).

S21



340 XIV, Figure S12, Relationship between clusters C and D and sulfate
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Figure S12. Correlation coefficient of total compound concentrations in cluster C and cluster

D. The circles are colored according to the SO42 mass concentration (data from ACSM).
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XV, Figure S13, Fraction of the four clusters to the total OA
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Figure S13. The concentration fraction of the four clusters to the total OA (data from ACSM)

350 inspring, summer, autumn, and winter.
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355

XVI, Table S2, Detailed information for identified molecules

Common name | Formula Structure Theoretical [M-H]" | AMass (ppm)
4-Nitrophenol | CgHsNO3 T 138.0197 -0.72
No,
4-Nitrocatechol | CeHsNO4 o 154.0146 -0.39
4
Phthalic acid CsHeO4 i Ny 165.0193 -0.76
e
o
MBTCA CsH1206 % 203.0561 -0.14
Pinic acid CoH1404 N 185.0819 -0.52

COOH

AMass (ppm): Difference between measured and theoretical mass in ppm.
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Reference:

(1) Stein, A. F.; Draxler, R. R.; Rolph, G. D.; Stunder, B. J. B.; Cohen, M. D.; Ngan, F.
360 NOAA’s HYSPLIT Atmospheric Transport and Dispersion Modeling System. Bull.
Am. Meteorol. Soc. 2015, 96 (12), 2059-2077. https://doi.org/10.1175/BAMS-D-14-

00110.1.
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6. Summary and Outlook

The organic chemical composition and formation of aviation-related ultrafine particles (UFPs)
was analysed. By using a 13-stage impactor system (Nano-MOUDI), aluminium-filter samples
were collected at an air quality monitoring station four kilometres north of the Frankfurt
International Airport. UFPs in the size ranges 10-18 nm, 18-32 nm and 32-56 nm were
chemically characterized by ultra-high-performance liquid chromatography (UHPLC),
followed by heated electrospray ionisation (HESI) and mass analysis using an Orbitrap high-
resolution mass spectrometer (HRMS). The characterization of particles with aerodynamic
diameters < 56 nm required the detection of low picogram levels of organic molecules. Using
non-target screening, the majority of detected compounds belonged to homologous series of
two different kinds of organic esters. Jet engine oil base stocks and additives were identified in
the UFPs by matching retention time, exact mass and MS/MS fragmentation pattern of single
organic molecules in reference to five different jet oils of various manufacturers. The created
molecular fingerprints showed a characteristic pattern of the jet oil constituents. The largest
signals were identified as homologous series of pentaerythritol esters (PEEs) and
trimethylolpropane esters (TMPES), which are utilized in aircraft lubrication oils as base stock.
The source attribution approach based on the analysed ambient synthetic esters pattern revealed
that jet engine oil emissions are the source of the pentaerythritol esters detected in the aviation-
related UFP samples. Trimethylolpropane esters have been detected as well in the UFP samples,
compared to the pentaerythritol esters these esters contribute much less to the UFPs chemical
composition. Different jet oil additives (e.g. tricresyl phosphate, TCP) were detected as well.
The absence of the harmful tri-ortho isomer was confirmed by targeted screening, whereas a
thermal transformation product of TMPE-based lubrication oil (trimethylolpropane phosphate,
TMP-P) was identified.

Furthermore, the new-particle formation potential of a commonly used synthetic jet engine
lubrication oil was investigated based on laboratory experiments. This was supported by a
guantitative analysis of the whole spectrum of jet engine oil constituents in ambient UFPs with
diameters < 56 nm, based on the collected ambient filter samples. Thermodenuder
measurements enabled the monitoring of the gas-to-particle partitioning behaviour of jet engine
oils at different temperatures. At 300 °C a reduction of the jet oil mass fraction by ~99% was
observable compared to the experiment at 20 °C, indicating the volatile character of jet engine
oils. Particles with a mean diameter of ~10 nm were formed at significantly higher numbers in
221



the 300 °C experiment compared to the 20 °C experiment, resulting in a more than fivefold
increase in total particle numbers.

The particle diameters of the newly formed oil particles in the laboratory experiment were in
the same size range as those of the UFPs coming from Frankfurt Airport, while particles coming
from the direction of Frankfurt city centre had larger diameters. To further support these results
quantification of the jet engine oil constituents was carried out, as the relevance of the chemical
composition of UFPs regarding human health is depending on the mass contribution of each
compound. This was achieved by standard addition of purchased original standards to the native
UFP filter extracts. Two amines serving as stabilizers, one organophosphate used as an anti-
wear agent/metal deactivator and two ester base stocks were quantified. Quantification of the
two homologous ester series was carried out using one ester compound and cross-calibration.
Sampling losses within the Nano-MOUDI were determined for each size stage, whereby the
obtained loss factors were used for correction accordingly.

The contribution of jet engine oil to the UFP mass was determined based on particle-number
size distribution measurements, conducted parallel to the filter sampling.

The results showed that aircraft emissions strongly affect the total mass of the 10-18 nm
particles. The proportion of jet oil decreases for larger particles (e.g. 18-56 nm), suggesting that
these oils form new particles in the cooling exhaust from aircraft engines. Accordingly, the
volatility of the single ester compounds was analysed, which allows the esters to be divided
into different volatility classes. The gas-to-particle partitioning behaviour of compounds is
strongly determined by their volatility. The hypothesis that jet oil synthetic esters can initiate
rapid nucleation in the exhaust plume of aircraft engines was supported by the three largest
pentaerythritol esters showing ultra-low volatilities. Esters with higher volatilities can then
condensate on these newly formed particles supporting particle growth. Furthermore, the
temperature at which gas-phase supersaturation is reached was calculated with the largest
pentaerythritol esters reaching supersaturation at first around 60 °C.

The hereby introduced method allows the qualitative and quantitative assignment of aircraft
emissions towards the chemical composition and total mass of airport-related UFPs. Although
there is strong evidence that nucleation of gaseous jet oil emissions forms new particles, open
guestions remain to be answered. In real emission plumes, non-volatile particulate matter

(nvPM) could scavenge nucleation by providing surfaces for condensation of oil vapours.

Furthermore, in vitro bioassays and non-target screening were applied on aviation-related PM2 s

filter samples to give a first indication of toxicity drivers, depending on different wind
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directions and airport operations. Three different sampling conditions are represented by the
collected filter samples with air masses emerging from the Frankfurt city centre and airport
direction (Frankfurt International Airport, Germany) during normal airport operations and a
strike event. This allowed to differentiate between airport emissions and urban background
emissions from downtown Frankfurt. PM2s samples were used in this study, as the mass of the
collected ultrafine particle samples was not sufficient for the applied Microtox- and AChE
inhibition biotests. The basic toxicity of PM. s was investigated by applying the Microtox assay
(Aliivibrio fischeri), while the more specific AChE-inhibition assay accounted for neurotoxic
effects. Results revealed the influence of the sampled air mass towards the organic chemical
PM2.s composition and consequently towards the baseline toxicity and neurotoxicity.

In the city condition samples, the overall highest signal intensities and variety of compounds
were detectable. In the airport samples only organophosphorus compounds were more
dominant. The highest luminescence- (Microtox assay) and AChE inhibition was detected in
PM2.5 samples collected under the city wind direction while samples of the airport strike event
showed the lowest inhibitions. Only small differences in the AChE inhibition assay were
observable for the two different airport sampling conditions. The AChE assay showed a higher
sensitivity towards the PM2 s filter extracts compared to the Microtox assay. The sum of the
signals from the detected organic compounds correlated strongly with the results of both
conducted biotests and their specific mode of toxicity. However, the bioassays of some samples
with a high summed signal intensity showed less toxicity compared to samples with lower
intensity. This indicates that the samples toxicity is strongly influenced by the chemical
composition and the individual compound concentrations.

Generally, the organic fraction of PMzs emissions from the Frankfurt city centre showed a
higher toxicity compared to emissions from the airport. Findings from bioassays are certainly
not directly transferrable to human health, but this approach may allow to reveal adverse human

health effects related to PM exposure.

The last study of this work about the seasonality of the PM2s organic aerosol composition in
Beijing showed the benefit of combining the non-target screening approach with hierarchical
cluster analysis to get more insight into urban air pollution. Different sources of the detected
organic compounds could be derived from the chemical composition patterns (e.g. traffic and
solid fuel combustion emissions shown by the cluster analysis). Furthermore, samples with high
and low particulate matter loadings from different seasons could be distinguished and the

variation of the organic aerosol composition determined. An increased formation of
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organosulphates during summer haze periods was observable. By the applied quantification
approach the contribution of each cluster to the total organic aerosol could be determined. This
study revealed clear seasonal variations of the organic aerosol composition although, only ~11-

14% of the mass could be explained.

The studies described provide insight into the organic-chemical composition of airborne
particulate matter of different sizes, which originate from different sources. Furthermore,
statements on the toxicity of aerosols from different sources could be made. However, these
studies have limitations that restrict their conclusions. Potential sampling artefacts should be
taken into account and the applied UHPLC-HESI-HRMS technique is able to capture only a
small part of the organic PM fraction. Using electrospray ionisation non-polar compounds
without functionalisation like alkanes and polycyclic aromatic hydrocarbons are not measurable
(Lin et al., 2012). Future studies should combine different ionisation techniques to gain a more
complete overview about the organic chemical composition of aerosols. Furthermore, the total
organic composition is certainly not fully represented by a classification by six compound
classes in the non-target screening.

Due to limitations regarding the used extraction techniques and ionisation method a large part
of the sampled PM2;s fraction is not represented by the conducted analyses and also the
correlation analysis can only provide indications for potential toxicologically relevant
compounds. A direct link between the observed bioassay inhibition effects and compound
classes or single compounds cannot be assessed as whole filter extracts were analysed by the in
vitro bioassays. Therefore, fractionation of the filter extracts should be conducted prior to
biotesting to improve the identification of toxicologically relevant compounds. In addition,
refinements should be made with respect to in vitro assays to account for toxicity due to

metabolic activation (for example by adding liver extract).

Earlier studies describe aviation-related UFPs as volatile under high vacuum (Mazaheri et al.,
2013), therefore, it appears likely that a large number of particles smaller than 20 nm that are
observed downwind of airports (Stacey, 2019; Pirhadi et al., 2020) are formed via nucleation
of jet oil vapours. Nevertheless, more studies are needed to further investigate the formation of
aviation-related ultrafine particles. Experiments should be carried out in which the volatile and
non-volatile parts of the particles are chemically characterized individually to assess their
respective fractions and sources. More analytical techniques should be applied to gain a more

comprehensive overview of the chemical composition. The role of sulphuric acid in the UFP
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nucleation process is still rather unclear, implying chemical-ionisation mass spectrometry
measurements in the future to assess the respective contribution. Accordingly, the UFP mass
fraction of metals, organic- and elemental carbon should be determined. Measurements already
carried out using the collected ambient ultrafine particle filter samples did not lead to any result
due to insufficient mass.

Finally, the chemical composition of the analysed particulate matter should be used to further
assess potential health hazards related to exposure to aviation-related ultrafine particles, as
scientific knowledge in this area is still scarce. In this context, air propagation measurements
should be carried out to identify in which regions around airports people are particularly
exposed. Airport and aircraft operations should be analysed in terms of their contribution to

emissions in order to develop efficient reduction strategies.
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/. Zusammenfassung

Die organisch-chemische Zusammensetzung und Bildung luftfahrtbedingter ultrafeiner Partikel
(UFPs) wurde analysiert. Aluminiumfilter-Proben wurden an einer
Luftqualitatstiberwachungsstation 4 km nérdlich des internationalen Flughafens Frankfurt am
Main mit einem 13-stufigen Impaktorsystem (Nano-MOUDI) gesammelt.

Die chemische Charakterisierung von UFPs im GroRenbereich von 10-18 nm, 18-32 nm und
32-56 nm erfolgte durch Ultra-Hochleistungs-Flissigkeitschromatographie (UHPLC), gefolgt
von Elektrospray-lonisation (HESI) und Detektion durch ein hochauflésendes Orbitrap-
Massenspektrometer (HRMS). Die Charakterisierung von Partikeln mit aerodynamischen
Durchmessern < 56 nm erfordert den Nachweis von organischen Molekilen im niedrigen
Pikogramm-Bereich. Im Rahmen des Non-Target-Screenings konnte die Mehrzahl der
nachgewiesenen Verbindungen homologen Reihen zweier verschiedener Arten von
organischen Estern zugeordnet werden. Diese dienen als Basiskomponenten in
Flugzeugschmierélen. Basierend auf funf verschiedenen Triebwerksschmierdlen verschiedener
Hersteller wurden die entsprechenden Basisverbindungen und Additive in den UFPs anhand
der (bereinstimmenden Retentionszeit, der genauen Masse und des MS/MS-
Fragmentierungsmusters einzelner organischer Molekiile identifiziert.

Die erstellten molekularen Fingerabdriicke zeigten ein charakteristisches Muster der
Triebwerksol-Bestandteile. Die groRten Signale wurden als homologe Reihen von
Pentaerythritolestern (PEEs) und Trimethylolpropanestern (TMPES) identifiziert, die in
Flugzeugschmierdlen als Basis verwendet werden. Die Quellenzuordnung auf Grundlage des
analysierten Musters der synthetischen Ester ergab, dass Triebwerksdlemissionen die Quelle
der in den luftfahrtbezogenen UFP-Proben nachgewiesenen Pentaerythritolester sind. Auch
Trimethylolpropanester wurden in den UFP-Proben nachgewiesen, im Vergleich zu den
Pentaerythritolestern  tragen diese jedoch  wesentlich  weniger zur chemischen
Zusammensetzung der UFPs bei.

Auch verschiedene Additive (z. B. Trikresylphosphat) wurden nachgewiesen. Die Abwesenheit
des schédlichen Tri-ortho-Isomers wurde durch gezieltes Screening bestatigt, wahrend ein
thermisches Umwandlungsprodukt von Olen auf TMPE-Basis (Trimethylolpropanphosphat,
TMP-P) identifiziert wurde.

Darlber hinaus wurde das Potenzial zur Partikelneubildung eines haufig verwendeten
synthetischen Triebwerko6ls anhand von Laborexperimenten untersucht. Unterstiitzt wurde dies
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durch eine quantitative Analyse der Triebwerksolbestandteile in UFPs mit Durchmessern
<56 nm. Thermodenuder-Messungen ermdglichten die Untersuchung von Triebwerksolen
hinsichtlich ihrer Verteilung zwischen der Gas- und Partikelphase bei unterschiedlichen
Temperaturen. Bei 300 °C war eine Verringerung des Massenanteils des Triebwerksdls um
~99% im Vergleich zum Versuch bei 20 °C festzustellen, was auf den flichtigen Charakter der
Ole hinweist. Bei 300 °C werden deutlich mehr Partikel mit einem mittleren Durchmesser von
~10 nm gebildet, was zu einem mehr als funffachen Anstieg der Gesamtpartikelzahl im
Vergleich zur 20 °C Messung fiihrt. Die Durchmesser der neu gebildeten Olpartikel im
Laborexperiment lagen im gleichen GroRenbereich wie die der UFPs aus Richtung des
Frankfurter Flughafens. Partikel, die aus Richtung des Frankfurter Stadtzentrums kamen,
wiesen groRere Durchmesser auf,

Um die Ergebnisse des Laborexperiments weiter zu untermauern und da die Relevanz der
chemischen Zusammensetzung von UFPs fir die menschliche Gesundheit vom Massenanteil
der einzelnen Verbindungen abhangt, wurden die Ol-Bestandteile in den gesammelten UFPs
quantifiziert. Dies geschah durch Standardaddition von gekauften Standards zu den nativen
UFP-Filterextrakten. Zwei Amine, die als Stabilisatoren dienen, ein Organophosphat das als
AntiverschleiBmittel/Metalldeaktivator verwendet wird und zwei Estergrundstoffe wurden
quantifiziert. Die Quantifizierung der beiden homologen Ester-Reihen wurde mit einer
Esterverbindung mittels Kreuzkalibrierung durchgefiihrt.

Durch die Charakterisierung des Nano-MOUDI konnten die Sammelverluste fir jede
GroRenstufe bestimmt und die Ergebnisse entsprechend korrigiert werden. Messungen der
PartikelgréRenverteilung, die parallel zur Filterbeprobung durchgefihrt wurden, ermdglichten
die Bestimmung des Anteils der Triebwerksdle an der UFP-Masse.

Die Ergebnisse zeigen, dass Flugzeugemissionen die Gesamtmasse der 10-18 nm grof3en
Partikel stark beeinflussen. Der Anteil des Triebwerksdls nimmt bei groReren Partikeln (z. B.
18-56 nm) ab, was darauf hindeutet, dass diese Ole in den sich abkiihlenden Abgasen von
Flugzeugtriebwerken neue Partikel bilden. Dementsprechend wurde die Fluchtigkeit der
einzelnen  Esterverbindungen analysiert, wodurch die Ester in  verschiedene
Flichtigkeitsklassen eingeteilt werden konnten.

Das Gas-zu-Partikel-Verteilungsverhalten von Verbindungen wird stark durch ihre Fllchtigkeit
bestimmt. Die Hypothese, dass synthetische Ester eine schnelle Keimbildung in der Abgasfahne
von Flugzeugtriebwerken ausldsen kdnnen, wurde dadurch gestltzt, dass die drei groRten
Pentaerythritolester eine sehr geringe Flichtigkeit aufwiesen. Ester mit héherer Flichtigkeit

konnen dann auf diesen neu gebildeten Partikeln kondensieren und das Partikelwachstum
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fordern. Dariiber hinaus wurde die Temperatur berechnet, bei der eine Ubersattigung der
Gasphase erreicht wird, wobei die grofiten Pentaerythritolester als erste Verbindungen diese bei
etwa 60 °C erreichen.

Die hier vorgestellte Methode ermdglicht die qualitative und quantitative Zuordnung von
Flugzeugemissionen zur chemischen Zusammensetzung und Gesamtmasse flughafenbezogener
UFPs.

Dariiber hinaus wurden In-vitro-Bioassays und ein Non-Target-Screening an PMazs-
Filterproben durchgefiihrt, um toxikologisch relevante Verbindungen in Abhangigkeit von
verschiedenen Windrichtungen und dem Flughafenbetrieb zu bestimmen. Drei verschiedene
Probenahmebedingungen werden durch die gesammelten Filterproben représentiert, wobei die
beprobten Luftmassen aus dem Frankfurter Stadtzentrum und aus Richtung des Flughafens
wéhrend des normalen Flughafenbetriebs und eines Streikereignisses stammten. Dies
ermoglichte die Unterscheidung zwischen Flughafenemissionen und Hintergrundemissionen
aus der Frankfurter Innenstadt.

In dieser Studie wurden PM_s-Proben verwendet, da die Masse der gesammelten UFP-Proben
fiir die durchgefiihrten Microtox- und AChE-biotests nicht ausreichte. Die Basistoxizitat von
PM2 s wurde mit dem Microtox-Test (Aliivibrio fischeri) untersucht, wahrend der spezifischere
AChE-Test neurotoxische Effekte berlicksichtigte.

Die Ergebnisse zeigen den Einfluss der beprobten Luftmasse auf die organisch-chemische
PM2s-Zusammensetzung und folglich auf die Basistoxizitdt und Neurotoxizitat. In den
Stadtproben waren insgesamt die meisten Verbindungen und die hdchsten Signalintensitaten
nachweisbar, lediglich phosphororganische Verbindungen waren in den Flughafenproben
dominanter. Die starkste Lumineszenz- (Microtox-Assay) und AChE-Hemmung wurde in
PM2s-Proben festgestellt die bei Windrichtung aus der Stadt gesammelt wurden, wéhrend die
Proben des Flughafenstreiks die geringsten Hemmungen aufwiesen. Es konnten zudem nur
geringe Unterschiede in der AChE-Hemmung zwischen den Proben des regulédren
Flughafenbetriebs und des Streiks beobachtet werden. Der AChE-Assay zeigte eine hohere
Empfindlichkeit gegenlber den PMy s-Filterextrakten als der Microtox-Assay. Die Summe der
Signale der nachgewiesenen organischen Verbindungen korrelierte stark mit den Ergebnissen
der beiden durchgefiihrten Biotests und ihrer spezifischen Art der Toxizitat. Allerdings zeigten
die Biotests einiger Proben mit einer hohen summierten Signalintensitat eine geringere

Toxizitét als Proben mit geringerer Intensitat.
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Dartiber hinaus zeigte der organische PM2s-Anteil der Partikelemissionen aus der Frankfurter
Innenstadt eine hohere Toxizitat verglichen mit den Emissionen des Frankfurter Flughafens.

Generell hat diese Studie gezeigt, dass sowohl die Konzentration als auch die individuelle
Zusammensetzung der organischen PM;s-Fraktion die Toxizitat bestimmen. Die Ergebnisse
von Bioassays sind sicherlich nicht direkt auf die menschliche Gesundheit Gbertragbar, aber
dieser Ansatz kann es ermdglichen, negative Auswirkungen einer Aerosol-Exposition auf die

menschliche Gesundheit aufzuzeigen.

Die letzte Studie dieser Arbeit Uber die saisonale Zusammensetzung der organischen PM3 s-
Fraktion von Aerosolen aus Peking hat gezeigt, dass es von Vorteil ist, den Non-Target-
Screening-Ansatz mit der hierarchischen Clusteranalyse zu kombinieren. Dies ermdglicht es
einen besseren Einblick in die stadtische Luftverschmutzung zu erhalten. Aus den Mustern der
chemischen Zusammensetzung konnten verschiedene Quellen der organischen Verbindungen
abgeleitet werden, z. B. Emissionen aus dem Verkehr und der Verbrennung fester Brennstoffe,
Proben mit hoher und niedriger Feinstaubbelastung aus verschiedenen Jahreszeiten
unterschieden und die Variation der organischen Aerosolzusammensetzung bestimmt werden.
Eine verstarkte Bildung von Organosulfaten wahrend sommerlicher Dunstperioden war
ebenfalls zu beobachten. Anhand der durchgefiihrten Quantifizierung konnte der Beitrag jedes
Clusters zum gesamten organischen Aerosol bestimmt werden. Deutliche saisonale
Schwankungen der Zusammensetzung des organischen Aerosols konnten durch diese Studie
aufgezeigt werden, obwohl aufgrund der genutzten Analyseverfahren nur ~11-14% der Masse

erklart werden konnten.

Die beschriebenen Untersuchungen geben einen Einblick in die organisch-chemische
Zusammensetzung von luftgetragenen Feinstaubfraktionen unterschiedlicher GroRe aus den
verschiedensten Quellen. Zudem konnten Aussagen uber die Toxizitat der Aerosole getroffen
werden. Diese Studien unterliegen jedoch Einschrankungen, die ihre Schlussfolgerungen
limitieren. Fir zuklnftige Arbeiten sollte berlcksichtigt werden, dass Artefakte bei der
Probenahme auftreten kdnnen und dass die angewandte UHPLC-HESI-HRMS-Messmethode
nur einen kleinen Teil der organischen Aerosol-Fraktion erfassen kann. Mit der Elektrospray-
lonisierung sind unpolare Verbindungen ohne Funktionalisierung wie Alkane und
polyzyklische aromatische Kohlenwasserstoffe (PAKSs) nicht messbar (Lin et al., 2012).

In kiinftigen Studien sollten verschiedene lonisierungstechniken kombiniert werden, um einen

vollstandigeren Uberblick tiber die organisch-chemische Zusammensetzung von Aerosolen zu
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erhalten. Darlber hinaus kann die gesamte organische Zusammensetzung mit hoher
Wahrscheinlichkeit nicht durch eine Unterscheidung in nur sechs Verbindungsklassen
vollstandig dargestellt werden.

Dementsprechend ist auch ein groRer Teil der beprobten PM2s-Fraktionen durch die
durchgefuhrten Analysen nicht repréasentiert, was auf die Limitierungen der verwendeten
Extraktionstechniken und lonisierungsverfahren zurtickzufihren ist. Darlber hinaus kann die
durchgefiihrte Korrelationsanalyse nur Hinweise auf potentiell toxikologisch relevante
Verbindungen liefern. Ein direkter Zusammenhang zwischen den beobachteten Bioassay-
Ergebnissen und Verbindungsklassen oder einzelnen Verbindungen kann nicht hergestellt
werden, da vollstandige Filterextrakte in den in vitro Bioassays analysiert wurden. Daher sollte
vor der Durchfuihrung von Biotests eine Fraktionierung der Filterextrakte durchgefiihrt werden,
um die Identifizierung toxikologisch relevanter Verbindungen zu verbessern. Daruiber hinaus
sollten die In-vitro-Tests verfeinert werden, um eine Toxizitat aufgrund von Metabolisierung

zu berticksichtigen.

Obwonhl es deutliche Hinweise darauf gibt, dass die Nukleation gasformiger Olemissionen zur
Bildung neuer Partikel flhrt, sind noch offene Fragen zu klaren. In Emissionsfahnen kénnten
nichtfluchtige Partikel (nvPM) die Keimbildung verhindern, indem sie Oberflachen fir die
Kondensation von Oldampfen bieten. Frithere Studien beschreiben jedoch luftfahrtbedingte
UFPs als fluchtig unter Hochvakuum (Mazaheri et al., 2013), weshalb es wahrscheinlich ist,
dass eine groRRe Anzahl von Partikeln kleiner 20 nm, die in der Abluft von Flughafen beobachtet
werden (Stacey, 2019; Pirhadi et al., 2020), durch Nukleation von Oldampfen gebildet werden.
Dennoch sind weitere Studien erforderlich, um die Bildung von luftfahrtbedingten ultrafeinen
Partikeln zu untersuchen. Es sollten Experimente durchgefihrt werden, bei denen die fliichtigen
und nicht flichtigen Bestandteile der Partikel einzeln chemisch charakterisiert werden, um ihre
jeweiligen Anteile und Quellen zu ermitteln. Zuséatzlich sollten weitere Analysetechniken
angewendet werden, um einen umfassenderen Uberblick Uber die chemische
Zusammensetzung zu erhalten. Der Einfluss von Schwefelsdure auf die Bildung von
luftfahrtbedingten UFPs ist noch nicht vollstandig geklart, so dass in Zukunft Messungen
mittels chemischer lonisation und Massenspektrometrie durchgefiihrt werden sollten, um den
entsprechenden Beitrag zu ermitteln. Ebenso sollte der UFP-Massenanteil von Metallen sowie
organischem- und elementarem Kohlenstoff bestimmt werden. Bereits durchgefiihrte Analysen
der gesammelten UFP-Filterproben fuhrten aufgrund unzureichender Masse zu keinem

aussagekraftigen Ergebnis.
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SchlieBlich muss die ermittelte chemische Zusammensetzung der Aerosole genutzt werden, um
potenzielle Gesundheitsgefahren im Zusammenhang mit der Exposition gegenuber
luftfahrtbedingten ultrafeinen Partikeln weiter zu bewerten, da die wissenschaftlichen
Erkenntnisse in diesem Bereich noch gering sind. In diesem Zusammenhang sollten
Ausbreitungsmessungen durchgefuhrt werden, um festzustellen, in welchen Regionen in der
Né&he von Flughé&fen Menschen besonders exponiert sind. Flughafen- und Flugbetrieb sollten
hinsichtlich ihres Beitrags zu den Emissionen analysiert werden, um effiziente

Minderungsstrategien zu entwickeln.
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8. Personal Contribution to the Publications

1) Ungeheuer, F., van Pinxteren, D., and VVogel, A. L.: Identification and source attribution
of organic compounds in ultrafine particles near Frankfurt International Airport, Atmos. Chem.
Phys., 21, 3763-3775, https://doi.org/10.5194/acp-21-3763-2021, 2021.

This publication describes the chemical characterization of airborne ultrafine particles (UFPS)
with aerodynamic diameters smaller than 56 nm collected near Frankfurt Airport by combining
UHPLC-HRMS measurements with a non-target screening approach. From August to October
2019 | collected UFP filter samples at an air quality monitoring site using a cascade impactor
sampler (Nano-MOUDI). | developed the sample preparation procedure, the UHPLC-HRMS
method and carried out the UHPLC-HRMS measurements. | analysed the data by performing
a software based non-target screening. Thereby, | identified a strong contribution of jet engine
lubrication oils to the organic chemical composition of aviation-related UFPs based on single

compound identification. | depicted the data and wrote the manuscript.

2.) Ungeheuer, F., Caudillo, L., Ditas, F. et al. Nucleation of jet engine oil vapours is a large
source of aviation-related ultrafine particles. Commun Earth Environ 3, 319 (2022).
https://doi.org/10.1038/543247-022-00653-w.

This publication describes the volatility and new-particle-formation ability of jet engine oil
vapours based on laboratory thermodenuder experiments. This is further supported by
quantification of jet engine oil constituents in three ambient ultrafine particle (UFP) size
fractions (< 56 nm) downwind Frankfurt International Airport. Lucia and | together performed
the thermodenuder measurements and Nano-MOUDI characterization in the laboratory. I
conducted the respective UHPLC-HRMS measurements, analysed the data and depicted the
results. From August to October 2019 | collected UFP filter samples at an air quality monitoring
site using a cascade impactor sampler (Nano-MOUDI). By performing targeted UHPLC-
HRMS measurements and standard addition quantification | determined the mass contribution
of the individual jet oil constituents to the three ambient UFP size fractions. Therefore, |
developed the sample preparation procedure, the UHPLC-HRMS method and carried out the
UHPLC-HRMS measurements. Thereby, | identified the strongest contribution of jet engine
lubrication oils to the organic chemical composition of the smallest UFP size fraction (10-18
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nm). Based on the ambient concentrations | analysed the volatility of the individual jet oil

constituents. | depicted the data and wrote the manuscript.

3.) Wallraff, J. P. 1, Ungeheuer, F. !, Dombrowski, A., Oehlmann, J., and Vogel, A. L.
Occurrence and in vitro toxicity of organic compounds in urban background PM2 s, The Science
of the total environment, 817, 152779, https://doi.org/10.1016/j.scitotenv.2021.152779, 2022.

1 These authors contributed equally.

This publication describes the in vitro toxicity of the organic fraction of atmospheric particulate
matter with aerodynamic diameters smaller than 2.5 um (PMz5). It combines the toxicological
assessment with a comprehensive chemical characterization by UHPLC-HRMS and non-target
screening. Jonas P. Wallraff and | collected PM2s filter samples at an air quality monitoring
station 4km north of Frankfurt Airport. We jointly developed the sample preparation procedure.
| developed to a large extent the UHPLC-HRMS and non-target screening method and was
significantly involved in the UHPLC-HRMS measurements and chemical data analysis. Jonas
P. Wallraff carried out the in vitro tests and evaluation of the corresponding results. | conducted
various measurements to verify identified compounds using purchased standards. Final results
point out a high correlation of the aerosol toxicity with the origin of the sampled air masses.
Air masses originating from the Frankfurt city direction showed a higher in vitro toxicity and
varying chemical composition than air masses advected over Frankfurt Airport. | contributed
to creating the figures and writing the manuscript.

4.) Ma, J., Ungeheuer, F., Zheng, F., Du, W., Wang, Y., Cai, J., Zhou, Y., Yan, C,, Liu, Y.,
Kulmala, M., Daellenbach, K. R., and Vogel, A. L.: Nontarget Screening Exhibits a Seasonal
Cycle of PM.s Organic Aerosol Composition in Beijing, Environ. Sci. Technol.,
https://doi.org/10.1021/acs.est.1c06905, 2022.

This publication describes the seasonal variation of the organic molecular composition of
atmospheric particulate matter based on PM2s filter samples collected over a one year period
in Beijing, China. The study combines UHPLC-HRMS non-target screening, hierarchical

cluster analysis (HCA) and ToF-ACSM measurements. | developed to a large extent the
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UHPLC-HRMS- and sample preparation method and was significantly involved in the UHPLC-
HRMS measurements and data verification. Furthermore, | synthesised organic standards to
quantify the contribution of several compound clusters to the total organic aerosol mass and

contributed to the scientific discussion.
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