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Zusammenfassung

Organische Aerosole (OA) spielen eine wichtige Rolle in der Atmosphére. Sie werden aus
verschiedenen nattirlichen und anthropogenen Quellen in die Atmosphare eingetragen und
kénnen dort das Klima beeinflussen, indem sie Strahlung streuen oder zur Wolkenbildung
beitragen. Vor allem im Submikrometerbereich tragt die organische Fraktion einen grofden
Teil zur Partikelmasse der Atmosphdire bei. In Gebieten mit konvektiven Wolkensystemen
wurden in Studien eine grofie Anzahl kleiner Partikel in der oberen Troposphéare gefunden,
was auf die Bildung neuer Partikel (new particle formation, NPF) durch homogene Nukleation
und anschliefSendes Partikelwachstum zuriickzufithren ist. Die Transportmechanismen
organischer Verbindungen in diese Regionen sind noch nicht vollstiandig geklart, aber von

grofder Bedeutung.

Der erste Teil dieser Arbeit beschaftigt sich mit dem moglichen Transport von semivolatilen
organischen Verbindungen (SVOCs) in héhere Troposhdrenschichten durch hochreichende
Konvektionswolken, wo sie zur NPF beitragen konnen. Die zuvor in Wassertropfen geldsten
SVOCs werden durch die Konvektionswolke in Hohen transportiert, in denen
Mischphasenwolken und damit sowohl unterkiihlte Wassertropfen als auch gefrorene
Hydrometeore vorhanden sind. Durch die Kollision von unterkiihlten Wolkentropfen mit z.B.
Graupel kommt es zum Gefrieren der Losung. Wahrend dieses Gefrierprozesses konnen die
im Wolkentropfen gelosten Stoffe entweder im Eis verbleiben oder in die Gasphase
tibergehen. Dieser Vorgang wird durch den Retentionskoeffizienten beschrieben, der Werte
zwischen 0 und 1 annehmen kann, wobei 1 fiir einen vollstindigen Verbleib im Eis steht.
Wenn die Stoffe im Eis verbleiben, konnen sie durch Niederschlag effektiv aus der Atmosphare
entfernt werden. Ein Ubergang der SVOC in die Gasphase kann dagegen zu einer vertikalen
Neuverteilung, und damit zu einem Anstieg der Konzentration in der oberen Troposphare,
dieser Verbindungen durch konvektive Wolkenprozesse fithren. Um das Retentionsverhalten
von drei a-Pinenoxidationsprodukten (cis-Pinsaure, cis-Pinonsaure, und (—)-Pinandiol),
sowie von vier nitroaromatischen Verbindungen (4-Nitrophenol, 4-Nitrocatechol,
2-Nitrobenzoesdure, und 2-Nitrophenol) zu untersuchen, wurden Experimente im vertikalen
Windkanal der Johannes Gutenberg-Universitit in Mainz durchgefiihrt. Dabei wurden
Trocken- und Nasswachstumsbedingungen (Temperatur von -12 bis -3 °C) bei verschiedenen
pH-Werten (pH 4,0 und 5,6) der Wassertropfen untersucht. Nur der Retentionskoeffizient von
2-Nitrophenol zeigte eine Abhangigkeit von Temperatur und pH-Wert.

Im zweiten Teil dieser Arbeit wurde ein miniaturisierter Aerosolpartikelsammler fiir den
Einsatz mit Drohnen entwickelt. Dieser dient dazu, Erkenntnisse liber Quellen und Senken
sowie die Bedeutung von Mischungs- und Alterungsprozessen fiir OA zu gewinnen, indem
vertikale Konzentrationsprofile organischer Aerosole ermittelt werden. Solche Messungen
werden gegenwartig an speziellen Messtiirmen, wie zum Beispiel dem 325 m hohen ATTO-

Turm im brasilianischen Regenwald, durchgefiihrt. Der Einsatz von Drohnen ermoglicht eine



kostenglinstige Probenahme in verschiedenen Hohen und in Regionen, die sonst nur schwer
zuganglich waren. Das System wurde im Rahmen der Kampagne BISTUM23 erfolgreich
getestet, wobei Aerosolproben in einer Hohe von bis zu 500 m tlber Grund gesammelt
wurden. Die Proben wurden mittels hochauflosender Flissigchromatographie-
Massenspektrometrie (HPLC-HRMS) analysiert. Dadurch konnten Hohenprofile bekannter
biogener und anthropogener Markerverbindungen erstellt werden. Die biogenen
Verbindungen zeigen einen Konzentrationsanstieg zwischen 1,5 m und 120 m, gefolgt von
einer Abnahme bei 500 m. Generell kommt es zu einem Anstieg der Konzentrationen im
Tagesverlauf. Dies steht in guter Ubereinstimmung mit der ebenfalls durchgefiihrten Non-

Target-Analyse, die eine Zunahme hoher oxidierter Verbindungen im Tagesverlauf zeigt.

Der letzte Teil dieser Arbeit befasst sich mit maritimen Aerosolen. Obwohl die Ozeane mehr
als 70% der Erdoberfliche bedecken, ist der Einfluss maritimer VOC und der daraus
resultierenden SOA noch nicht vollstandig geklart. Um ein besseres Verstandnis iiber die Rolle
der Ozeane bei der Entstehung von SOA zu erlangen, wurden Proben mittels HPLC-HRMS
untersucht, die auf dem Forschungssegelschiff Eugen Seibold in den Jahren 2020 und 2021
zwischen dem noérdlichen Polarkreis und dem Aquator gesammelt wurden. Ziel war es, neue
maritime Markerverbindungen zu finden und ein besseres Verstindnis maritimer
Aerosolquellen zu erlangen. Zu diesem Zweck wurden die Proben mit einer Non-Target HPLC-
HRMS-Analyse untersucht und die Ergebnisse in einer Serie von Van-Krevelen-Diagrammen
dargestellt. Dabei wurde eine Gruppe von Verbindungen mit den Summenformeln
Co-12H22-32N6.1201-5S als mogliche neue maritime Markerverbindungen identifiziert. Dariiber
hinaus wurde in allen Proben eine organische lodverbindung (CoH7I03) nachgewiesen, die

ebenfalls eine Verbindung maritimen Ursprungs sein konnte.
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Abstract

Organic aerosols (OA) play an important role in the atmosphere. They are introduced into the
atmosphere from various natural and anthropogenic sources and can influence the climate by
scattering radiation or contributing to cloud formation. The organic fraction contributes a
large fraction of the atmospheric particle mass, especially in the submicron range. Studies
show a large number of small particles in the upper troposphere in areas with convective
cloud systems, which can be attributed to new particle formation (NPF) by homogeneous
nucleation and subsequent particle growth. The transport mechanisms of organic compounds

into these regions are not fully understood but are of high interest.

The first part of this thesis focuses on the possible transport of semi-volatile organic
compounds (SVOCs) by deep convective clouds to high altitudes in the troposphere, where
they can contribute to NPE The SVOCs, previously dissolved in water droplets, are transported
by the convective cloud to altitudes where mixed-phase clouds, and thus both supercooled
water droplets and frozen hydrometeors, are present. The collision of supercooled cloud
droplets with e.g. graupel results in the freezing of the solution. During the freezing process,
the substances dissolved in the cloud droplets can either remain in the ice or be transferred
to the gas phase. This process is described by the retention coefficient, which can have values
between 0 and 1, where 1 represents complete retention in the ice. If the substances remain
in the ice, they can be effectively removed from the atmosphere by precipitation. A transition
of SVOCs to the gas phase, on the other hand, can lead to a vertical redistribution and thus to
an increase in the concentration of these compounds in the upper troposphere due to
convective cloud processes. To investigate the retention behavior of three a-pinene oxidation
products (cis-pinic acid, cis-pinonic acid, and (—)-pinanediol) and four nitroaromatic
compounds (4-nitrophenol, 4-nitrocatechol, 2-nitrobenzoic acid, and 2-nitrophenol),
experiments were performed in the vertical wind tunnel of the Johannes Gutenberg-
University in Mainz, Germany. Dry and wet growth conditions (temperature from —12 to
—3°C) at different pH values (pH 4.0 and 5.6) of the water droplets were investigated. Only

the retention coefficient of 2-nitrophenol showed a dependence on temperature and pH.

In the second part of this work, a miniaturized aerosol particle collector for use with drones
was developed. This system was used to determine the vertical concentration profiles of
organic aerosols in order to gain insight into sources and sinks as well as the importance of
mixing and aging processes for OA. Such measurements are currently carried out on high
towers, such as the 325 m ATTO tower in the Brazilian rainforest. The use of drones allows
cost-effective sampling at different heights and in regions that would otherwise be difficult to
access. The system was successfully tested during the BISTUM23 campaign, where aerosol
samples were collected at up to 500 m above ground. The samples were analyzed by HPLC-
HRMS. This allowed the generation of altitude profiles of known biogenic and anthropogenic
marker compounds. The biogenic compounds show an increase in concentration between

1.5m and 120 m, followed by a decrease at 500 m. In general, there is an increase in
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concentrations during the course of the day. This is in good agreement with the non-target
analysis, which also showed an increase in higher oxidized compounds over the course of the

day.

The last part of this thesis deals with marine aerosol particles. Although the oceans cover
more than 70% of the Earth's surface, the influence of marine VOCs and the resulting SOA is
not fully understood. To gain a better understanding of the role of the oceans in the formation
of SOA, samples collected on the research sailing vessel Eugen Seiboldbetween the northern
polar circle and the equator in 2020 and 2021 were analyzed by HPLC-HRMS. The aim was to
find new marine marker compounds and to gain a better understanding of marine aerosol
sources. For this purpose, the samples were analyzed by non-target HPLC-HRMS and the
results were presented in a series of Van Krevelen diagrams. A group of compounds with the
molecular formulas Co.12H22-32N6.1201-5S were identified as possible new marine marker
compounds. In addition, an organic iodine compound (CoH7103) was detected in all samples,

which could also be a compound of marine origin.
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Introduction

1. Introduction

1.1 Atmospheric aerosols

An aerosol is defined as a suspension of liquid or solid particles in a gas. These particles have
a diameter ranging from a few nanometers to around a hundred micrometers. Aerosols in the
atmosphere can have an impact on Earth's radiative budget and the climate. Aerosols have the
potential to exert both a warming and a cooling effect on global warming (Seinfeld and Pandis,
2006; Poschl, 2005). Observations and model calculations indicate that an increase in global
temperature resulting from the rise in greenhouse gases, including CO,, CHs4, N:0O, and
halocarbons, may be reduced by an increase in aerosol particle concentration. Aerosols are
more challenging to characterize than trace gases due to their complex chemical composition

and extensive size range (van Dingenen et al., 2004).

The impact of aerosols on climate can be classified into two categories: direct and indirect
effects. Direct effects include the scattering and absorption of radiation. The indirect effects
of aerosols can be observed in their influence on cloud formation and precipitation, acting as
both cloud condensation nuclei (CCN) and ice nucleation particles (INP) (Seinfeld and Pandis,
2006; Poschl, 2005). The lifetime and properties of clouds can be influenced by a high number
of aerosol particles. As long as the liquid water content remains constant, a higher number of
aerosol particles leads to a greater potential for CCN, resulting in a greater number of smaller
cloud droplets. This phenomenon, described as the Twomey effect, results in an increased
reflection of radiation. The greater number of smaller cloud droplets also lead to a lower
precipitation efficiency, which means that the lifetime of the clouds is longer (Lohmann and
Feichter, 2005).

Organic aerosol (0A) particles are responsible for a large fraction (20-90%) of the submicron
particle mass in the lower troposphere (Jimenez et al., 2009). They are classified as primary
or secondary particles, depending on their origin (Iavorivska et al., 2016). Figure 1.1 shows
potential sources and sinks for aerosol particles. Primary organic aerosols (POA) are emitted
directly, for example from volcanoes, sea spray, fossil fuel combustion, or biomass burning.
Particles of dust, pollen, plant fragments, and sea salt often exceed one micrometer in size. In
contrast, combustion-related particles may range in size from a few nanometers to one
micrometer. Secondary organic aerosols (SOA) are formed by the oxidation of previously
emitted volatile organic compounds (VOCs) followed by homogeneous nucleation, i.e., gas-to-
particle conversion, in the atmosphere (Kroll and Seinfeld, 2008). Following the initial
formation, there is a potential for subsequent growth through condensation and self-
coagulation, reaching a size capable of serving as cloud condensation nuclei. In order to act as
a CCN, the particle size must be greater than 50 to 140 nm, depending on the supersaturation.
The SOA particles typically remain in a size range of below one micrometer (Reddington et al.,
2011; Seinfeld and Pandis, 2006; Kerminen et al., 2005).



Atmospheric aerosols

In-cloud reactions are efficient in cloud droplets. Upon evaporation of the cloud droplets, the
modified aerosol particles are reintroduced into the atmosphere. However, precipitation can
also occur, leading to what is known as wet deposition. This process not only removes CCN
particles but also particles that are picked up while the drops are falling from the cloud to the
Earth's surface. This represents the largest sink for atmospheric aerosol particles. Another
mechanism is dry deposition, in which aerosols are removed from the atmosphere by
convective transport, diffusion, and adhesion to the Earth's surface (Péschl, 2005). In addition
to classifying OA as primary or secondary, OA can also be classified according to their sources

as biogenic, anthropogenic, or caused by biomass burning (Gouw and Jimenez, 2009).
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Figure 1.1: Schematic of sources and sinks of aerosol particles. After Krishnan et al. (2020)

and lavorivska et al.(2016) (VOC: volatile organic compound, SOA: secondary organic aerosol,

POA: primary organic aerosol, CCN: cloud condensation nuclei)

The sources and sinks of atmospheric aerosols are highly dependent on the size of the aerosol
particle (see Figure 1.2). Aerosols are distinguished between fine and coarse particles. In
general, coarse particles are defined as particles with an aerodynamic diameter of exceeding
2.5 um. In some cases, a further restriction is that the diameter must be less than 10 um.
Conversely, fine particles are characterized as particles with a diameter below 2.5 um
(Seinfeld and Pandis, 2006; Brunekreef and Forsberg, 2005). The fine particles are further
subdivided into three distinct modes: nucleation mode (particles smaller than 10 nm), Aitken
mode (particles with a diameter between 10 and 100 nm) and accumulation mode (particles
between 0.1 pm and 2.5 pm). The formation of nucleation mode particles is attributed to the
condensation of hot vapor or the process of nucleation in the atmosphere, which results in the
generation of new particles. The sink of these particles, as well as those of the Aitken mode, is

2



Introduction

the coagulation with larger particles. Accumulation mode particles are formed by the
coagulation of particles and by the condensation of vapors on existing particles. They are
mainly removed from the atmosphere by wet deposition. Coarse particles are created by
mechanical processes and usually consist of dust. They have a short atmospheric lifetime and
sediment quickly (Seinfeld and Pandis, 2006).

Low Chemical
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— and -_— Droplets Dust
Growth I Emissions
Coagulation Sea Spray
Volcanoes

Plant Particles

Coagulation

Wet Sedi-
Deposition mentation
[ 1 [ 1
T T 1 T T I
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Particle Diameter / ym

<— Nucleation and Aitken Mode —>|<— Accumulation Mode =»|<—Mechanically Generated—»

< Coarse Particles —

\ 4

< Fine Particles

Figure 1.2: Schematic of an idealized distribution of particle diameter, including modes, sinks
and formation. Modified after Whitby (1978).

In addition to the previously described effects of aerosols on the climate, a number of studies
have demonstrated a negative impact of aerosols on human health. The inhalation of aerosol
particles, particularly those measuring less than 2.5 pm in diameter, has been linked to the
development of allergic reactions, reduced lung function, and an increased risk of cancer
(Lelieveld et al., 2015; Bernstein et al., 2004).



Secondary organic aerosols

1.2 Secondary organic aerosols

Secondary organic aerosols (SOA) are formed through the processing of volatile trace gases
such as isoprene, alpha-pinene, and benzene, resulting in the formation of less volatile organic
compounds (Carlton et al., 2009; Ng et al., 2007). They account for a large fraction of OA in
the atmosphere (Jimenez et al.,, 2009). It is notable that numerous atmospheric models tend
to underestimate the mass of organic aerosols present in the atmosphere (Williamson et al,,
2019; Bernstein et al., 2004). This illustrates the necessity for further investigation into the

composition and processing of SOA in the atmosphere.

1.2.1 Formation of SOA

The diversity of volatile organic compounds (VOCs) emitted to the atmosphere is reflected in
their structural and functional variability. These compounds can be divided into various
categories based on their chemical composition and functional groups. The most common
groups are alkanes, alkenes, alcohols, acids, carbonyls, esters, halocarbons, and aromatics (Li
et al, 2021; Kesselmeier and Staudt, 1999). Among the biogenic VOCs, the so-called
isoprenoids exert the most significant influence. These are constituted of Cs units. The
categorization of these compounds is dependent on the number of Cs units they contain. Thus,
they are classified as hemiterpenes (Cs, e.g. isoprene), monoterpenes (Cio, €.g. @-pinene,
camphor), sesquiterpenes (Cis, e.g. f -caryophyllene, abscisic acid), and so on. Of these,
isoprene and monoterpenes are the most atmospherically relevant (Kesselmeier and Staudt,
1999; McGarvey and Croteau, 1995). The proportion of biogenic VOCs emitted is
approximately eight times greater than that of anthropogenic VOCs (Goldstein and Galbally,
2007).

The VOCs emitted into the atmosphere can undergo a series of reactions, including gas-phase
oxidation with hydroxyl radicals (OH), ozone (03), or nitrate radicals (NO3). These reactions
can result in the formation of compounds with lower volatility. This is shown exemplarily in
Figure 1.3 (Kroll and Seinfeld, 2008).
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Figure 1.3: Simplified reaction diagram of the gas phase oxidation of a VOC by the atmospheric
oxidants OH-, NO3- and Os. The black arrows indicate a potential decrease in vapor pressure,
while the dashed black arrows indicate a potential increase in vapor pressure due to the
reaction. After Kroll and Seinfeld (2008).

The addition of either OH or NO3 to an unsaturated system, or the abstraction of a hydrogen
by, for example, OH, can initiate the reaction scheme with the formation of an alkyl radical (R)
as the initial step. This alkyl radical can then undergo oxidation in the presence of oxygen,
forming an alkylperoxy radical (RO;). A multitude of diverse chemical classes can be
generated from the alkylperoxy radical. This is often associated with a reduction in vapor
pressure. The reaction with NO, results in the formation of peroxynitrates, whereas the
reaction with NO leads to the production of organic nitrates. Moreover, the reaction with HO,
and RO, can yield hydroperoxides and alcohols or carbonyls. Additionally, the alkyl radical can
undergo reversible isomerization to form an alkoxy radical, which can then undergo oxidation
with oxygen to result in the formation of a carbonyl. In addition to the previously mentioned
reactions, the formation of compounds with a higher vapor pressure than that of the original
VOC is also a possibility. These include, for example, carbon dioxide (CO;) and formaldehyde
(CH20). (Kroll and Seinfeld, 2008; Atkinson and Arey, 2003).

An example of a radical oxidation mechanism is what is known as autoxidation. In this process,
alkylperoxy radicals (RO,) undergo an intramolecular hydrogen shift, forming a compound
with a hydroperoxide functionality and an alkyl radical. This can then react rapidly with
oxygen, resulting in the formation of a new, more highly oxidized alkylperoxy radical. The
hydroperoxyl group may undergo decomposition, resulting in the generation of an OH, which

was only required for catalytic purposes. The resulting highly oxidized compounds are
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classified as highly oxygenated organic molecules (HOM) (Bianchi et al., 2019; Crounse et al,,
2013). This is exemplarily shown in Figure 1.4.

0]
1 + 0O,
R R +OH — R
-Hy0

H- Shlft
0
1 - OH
R R
H- shlft/
decomp.
¢} OOH

Figure 1.4: Reaction mechanism of OH-initiated autoxidation with a ketone as the example.
Adapted from Crounse et al. (2013).

In addition to the radical oxidations described above, the oxidation with ozone also occurs on
double bonds, which follows a different mechanism. The first step in the process is the
addition of ozone to the double bond (see Figure 1.5), which results in the formation of a
primary ozonide. This compound rapidly decomposes into an excited Criegee intermediate
(CI*) and a carbonyl compound. The activated Criegee intermediate can undergo two distinct
reactions. One possibility is that it can be stabilized by collisions, resulting in a stabilized
Criegee intermediate (SCI). This SCI can form an a-hydroxyhydroperoxide by the addition of
water or a secondary ozonide by reaction with a carbonyl. This reaction pathway is known as
the “SCI channel”. Alternatively, the intermediate can undergo a unimolecular reaction,
resulting in the “hydroperoxide channel”. The CI* decomposes, releasing an OH radical and an
alkyl radical, which can then undergo the reactions shown in Figure 1.3. Which of the two
reaction pathways is preferred depends on the molecular structure (Kroll and Seinfeld, 2008;
Chuong et al., 2004; Atkinson and Arey, 2003).
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Figure 1.5: Simplified mechanism of ozonolysis of an alkene via the SCI channel or the
hydroperoxide channel. Modified after Kroll and Seinfeld (2008).

Aqueous phase oxidation in clouds represents a significant process in the formation of SOA
(Lim etal.,, 2010). This reaction pathway provides an explanation for the discrepancy between
the higher oxygen-to-carbon ratio observed in atmospheric samples compared to the ratio
measured in smog chamber experiments (Aiken et al, 2008). SOA formation via vapor
pressure reduction through oxidation processes requires large precursors with six or more
carbon atoms to achieve high yields (Seinfeld and Pankow, 2003). In contrast, aqueous SOA
precursors are most often small molecules with two to three carbon atoms, as they have to be
water-soluble. This makes it easier to achieve a high oxygen to carbon ratio (Volkamer et al.,
2007). The oxidation of volatile but water-soluble organics is enabled by the presence of fog,
cloud droplets, and wet aerosols. The oxidation of organic compounds in aqueous droplets
can be initiated by a variety of compounds, including radicals (OH, NOs, HO;), radical anions
(03,Cl;, Bry, S0y ) and non-radical compounds (03, H202). The OH radical is the most relevant
oxidation reagent in atmospheric water droplets. (Hallquist et al.,, 2009; Faust and Allen,
1993). The sources of the OH radicals are dependent on the conditions. Nitrite (NO3)
photolysis in the aqueous phase is the major source of OH radicals in the boundary layer. This
is a consequence of the anthropogenic influence on the boundary layer, which results in the
presence of HONO in the atmosphere (Anastasio and McGregor, 2001). The photolysis of
nitrite is shown in Equation (1.1) (Hallquist et al., 2009).

hv (1<400 nm)
NO; + H,0 ————— OH + NO + OH~ (1.1)
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In the case of clouds in the free troposphere, the formation pathway of OH radicals occurs via
the aqueous-phase photolysis of nitrate, as illustrated in Equation (1.2). Alternatively, at pH
values less than or equal to 4, the photo-Fenton reaction, which is a photochemical cycle, can
occur (see Equation (1.3) and (1.4)) (Hallquist et al., 2009; Arakaki et al., 2006). Finally, the
photolysis of H20; contributes to this process to a lesser extent (Equation (1.5)) (Arakaki and
Faust, 1998).

hv (1<355 nm)

NO; + H,0 ——"", OH + NO, + OH" (1.2)
hv (<370 nm)

FeOH?* ———" "™, OH + Fe?* (1.3)

Fe?* + H,0, ——— OH + FeOH?* (1.4)

hv (1<320 nm)
H,0, ————5 20H (1.5)

During the oxidation process, low-volatile products are formed. For instance, glyoxal is
generated in the atmosphere as a result of photochemical processes. Subsequently, it can be
dissolved in aqueous droplets. Under the influence of light, glyoxal can react with OH radicals
to form oxalic acid within cloud or fog droplets. During the evaporation of the droplet, oxalic
acid is introduced to the atmosphere, and unreacted glyoxal can reversibly form oligomers
(Lim et al.,, 2010). The oxalic acid released into the atmosphere through droplet evaporation
largely remains in the particle phase (Carlton etal., 2006). Additionally, the reaction of organic
compounds with other water-soluble substances, such as sulfate,ammonium, or amides, leads

to the formation of sulfur- or nitrogen-containing species (Lim et al., 2010).

1.2.2 Gas-particle partitioning

The reactions described above can result in a reduction in the vapor pressure of the
compounds. If the vapor pressure decreases to a point where condensation occurs, this can
result in the formation of new particles or, in the case of condensation on existing particles,
particle growth (Ng et al., 2007; Pankow et al., 2001). It is important to note that SOA can be
composed of semi-volatile compounds that are distributed between the gas and particle
phases. The theoretical foundations of gas-particle partitioning were initially developed by
Pankow in the 1990s, with later extensions being made by Odum (Odum et al., 1996; Pankow,
1994). The partitioning of each compound is described by its partitioning coefficient K ;
[m3 ug~1], which is equivalent to the inverse saturation vapor pressure concentration C;'
[ug m™3] (Hallquist et al,, 2009; Donahue et al., 2006). This correlation is illustrated in
Equation (1.6).
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¢ _ _ Coa
-2 = Kpi*Coa =+ (1.6)

1 1

In this equation Cig is the mass concentration of a species i per unit volume of air in the gas
phase, Cip is the mass concentration per unit volume of air in the particulate phase, and Cg, is
the mass concentration per unit volume of air of the total absorbing particle phase (all in
[ug m~3]). Equation (1.6) shows that as the amount of aerosol that allows partitioning into
the particle phase increases, the proportion of a semi-volatile compound present in the
particle phase also increases, even if the gas phase concentration of this compound is still
below the saturation concentration (C;). The proportion of the semi-volatile compound

present in the particle phase (F;) can be calculated using Equation (1.7) (Hallquist et al,,
2009).

Cip _ CoaKpi 1

L7 cPrct ™ 1+ConKpi  1+C/Coa

(1.7)

This demonstrates that an increase in the quantity of absorbing particulate material results
in the partitioning of compounds with higher volatility into the particle phase. If C{" is equal
to Coa, 50% of the mass of the semi-volatile compound i is present in the particle phase.
Consequently, if Coy > Cj, the entire semi-volatile compound i is present in the particle
phase (Hallquist et al., 2009).

Additionally, the saturation concentration can be used to categorize compounds into different
volatility classes (Donahue et al., 2012). The categories are (Simon et al., 2020):

- Intermediate-volatility organic compound (IVOC): 300 < C*(T) < 3-10° uygm™3

- Semi-volatile organic compound (SVOC): 0.3 < C*(T) < 300 uygm™3

- Low-volatility organic compound (LVOC): 3+ 107° < C*(T) < 0.3 pgm™3

- Extremely low volatility organic compound (ELVOC): 3-107° < C*(T) <

3-107% pgm™3

- Ultralow-volatility organic compound (ULVOC): C*(T) < 3-107% uygm™3
IVOCs are typically present in the gas phase. In contrast, a significant proportion of semi-
volatile compounds are found both in the particle phase and in the gas phase. LVOCs and
ELVOCs are predominantly present in the condensed phase and play a role in the growth of
particles in the atmosphere. ULVOCs have a saturation vapor pressure that is so low that they
can reach supersaturation, which can result in nucleation and, consequently, the formation of

new particles (Bianchi et al., 2019; Donahue et al.,, 2012; Donahue et al., 2009; Simon et al,,
2020).
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The sampling of aerosol particles is a challenging process because semi-volatile compounds
are known to undergo phase transitions between the gas and particle phases depending on

the temperature and relative humidity conditions (van Dingenen et al., 2004).

1.2.3 Isoprene SOA

Biogenic emissions play a significant role in the formation of SOA. Isoprene is primarily
emitted by terrestrial ecosystems (Hallquist et al., 2009). Model calculations indicate that
isoprene emissions, which exceed 500 Tg per year, account for approximately half of the
biogenic VOC emission and about one-third of the annual global VOC emission (Guenther et
al, 2012; Guenther et al.,, 2006). At the beginning of the 1990s, it was hypothesized that
isoprene did not play a substantial role in the formation of SOA (Pandis et al., 1991). However,
polar compounds, including 2-methyltetrols and 2,3-dihydromethacrylic acid, were detected
in significant amounts in both natural forest aerosol samples and chamber experiments and
were identified as isoprene SOA (Kroll et al,, 2006; Edney et al., 2005; Claeys et al., 2004a;
Claeys et al., 2004b).

Oxidation of isoprene in the atmosphere results in a multitude of compounds (Figure 1.6).
The photochemical reaction between isoprene, OH radicals, and NOx (NOx =NO + NOy) leads
to the formation of methacrylic acid epoxide through the intermediate formation of
methacrolein. Subsequent reactions involving the epoxide, sulfate ions, nitrate ions, or water
result in the production of organosulfates, organic nitrates, or 2-methylglyceric acid, which
may also form a dimer. These chemical reactions lead to a reduction in vapor pressure, with
the resulting compounds being present in the particle phase (Lin et al., 2013b). In low-NOx
conditions higher SOA yields are observed. Under these conditions the isoprene epoxy diol
(IEPOX) is initially formed through gas phase photooxidation reactions. This subsequently
undergoes acid-catalyzed ring opening with water or sulfate, resulting in the formation of
alkene triols, 2-methyltetrol, or hydroxy sulfate ester. As is the case with high NO conditions,
the formation of dimers or oligomers might also occur. This generates a multitude of
compounds with low volatility that contribute to the composition of SOA (Lin et al., 2013a;
Surratt et al.,, 2010).
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Figure 1.6: Different reaction pathways of isoprene that lead to isoprene SOA. The upper
reaction pathway takes place under high-NOx conditions, the one below under low-NOx
conditions. The compounds shaded in blue are in the particle phase. Adapted after Lin et al.
(2013a) and Surratt et al. (2010).

1.2.4 «a-Pinene SOA

In addition to isoprene (CsHg), monoterpenes (CioHis) represent a significant source of
biogenic VOCs. Terrestrial vegetation emits many different monoterpenes (MT), with the most
important MT a-pinene contributing around one third of global MT emissions (Sindelarova et
al, 2014). Despite their lower emissions in comparison to isoprene, the oxidation of
monoterpenes may contribute up to 50% of the fine organic aerosol in specific regions (Zhang
et al, 2018; Guenther et al., 1995). Figure 1.7 shows the atmospheric oxidation of a-pinene

by OH radicals during the day, NO3 radicals at night, and ozone, resulting in the formation of
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various functional groups, including ketones, alcohols, aldehydes, and carboxylic acids, which

are added to the a-pinene skeleton (Kotodziejczyk et al., 2019).

Important first generation oxidation products are, among others, cis-pinic acid, cis-pinonic
acid, and cis-norpinic acid (Lignell et al., 2013; Jenkin et al, 2000). In addition to the

previously mentioned oxidation products, higher-generation oxidation products, including 3-

methyl-1,2,3-butanetricarboxylic acid (MBTCA) and 3-hydroxyglutaric acid, are also formed.

These findings were confirmed through laboratory and field measurements (Kourtchev et al.,

2008).
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Figure 1.7: Simplified reaction scheme for the oxidation of a-pinene with NOs radicals, OH
radicals and ozone. Modified after Jenkin (2004) and Hoffmann and Klockow (1998).

In addition to the 6- and 4-ring compounds shown above, y-lactones such as terpenylic acid

or terebic acid are also formed during ozonolysis. This is illustrated in Figure 1.8. The

formation of terpenylic acid and terebic acid is primarily the result of the oxidation of

myrtenal, which is derived from the oxidation of @-pinene.
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Figure 1.8: Simplified reaction scheme for the oxidation of a-pinene forming gamma lactones.
After Florou et al.(2024).

The aldehyde function of myrtenal is highly reactive with OH or NOj radicals, resulting in the
formation of terpenylic acid and terebic acid through subsequent oxidation with OH radicals
(Florou et al.,, 2024). Terebic acid was identified as a significant constituent of SOA, which is
generated from a-pinene, in field measurements (Kourtchev et al., 2013; Gémez-Gonzalez et
al.,, 2012).

It is commonly assumed that biogenic SOA cannot be controlled because the emission of
biogenic VOCs cannot be prevented. However, model simulations indicate that the formation
of biogenic SOA is significantly influenced by the concentration of NOx and the presence of
primary carbonaceous particulate matter. Removal of controllable anthropogenic emissions
could result in a decrease of greater than 50% in biogenic SOA in the eastern United States
(Carlton etal,, 2010).

1.2.5 Marine aerosol

Marine aerosols are a significant contributor to the global aerosol budget. The focus has long
been on aerosols formed by sea salt and non-sea salt sulfates (O'Dowd et al., 1997; Charlson
et al,, 1987; Shaw, 1983). However, a study shows that during plankton blooms, the fraction
of organic matter in submicron particles dominates (O'Dowd et al., 2004). The composition
of the organic components of marine aerosol is dependent upon both the primary emission
and the transformation to SOA (Facchini et al., 2008a; Facchini et al., 2008b). One source of
marine aerosol is the so-called bubble bursting. The action of wind above the water's surface
results in the formation of air bubbles within the water column, caused by the breaking of
waves. Following a period of residence in the water, the air bubbles return to the surface and
cause a break in the surface layer of the water, resulting in the formation of aerosol particles
(Resch etal,, 1986). The presence of phytoplankton has the potential to affect the composition
of the aerosol generated by bubble bursting (Kuznetsova et al., 2005). The resulting aerosols
contain a variety of compounds, including organic acids, amines, carbonyls, and amino acids
(Saxena and Hildemann, 1996). This compounds may be further oxidized in the atmosphere
to form SOA (Schmitt-Kopplin et al.,, 2012).

In addition to the primary aerosols, marine SOA can also form in the atmosphere through the

processing of VOCs present in marine environments. The process of marine SOA formation

13



Secondary organic aerosols

remains poorly understood. Seawater contains a highly complex mixture of VOCs, the
distribution and emission of which is still poorly understood. Additionally, the global
contribution of the oceans to the Earth's VOC budget is not yet fully elucidated (Yu and Li,
2021). Dimethyl sulfide (DMS) is a biogenic sulfur-containing VOC that is responsible for the
majority of organic sulfur in the atmosphere (Andreae et al, 1985). DMS, produced by
phytoplankton, is often the dominant source of sulfur in the marine environment (Yang et al,,
2011). Following its release into the atmosphere, DMS is oxidized to a number of volatile and
semi volatile compounds. Additionally, it is oxidized to compounds with such low volatility
that they contribute to particle growth or even new particle formation (NPF) (Beck et al,,
2021; Barnes et al., 2006). Oxidation may occur through two principal pathways (see Figure
1.9).
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Figure 1.9: Simplified oxidation mechanism of DMS in the atmosphere. The green arrows
indicate the reaction pathway via hydrogen abstraction, forming MSA, hydroperoxymethyl
thioformate (HPMTF), and sulfuric acid via SO, and SOs;. The blue arrows represent the
addition of hydroxyl radicals, resulting in the formation of DMSO, MSIA, MSA, and SA via SO,
and SOz or via methanesulfonate. Adapted after Siegel et al. (2023).

One reaction pathway includes the addition of OH, NOs, or halogen radicals, whereas the
second reaction pathway involves the abstraction of an H atom (Siegel et al., 2023). In the
addition reaction pathway, the earliest stable oxidation product is dimethyl sulfoxide (DMSO),
which is subsequently oxidized to methanesulfinic acid (MSIA) (Barnes et al., 2006). MSIA is
now able to undergo a reactive uptake in particle phase or to be oxidized to form either
methanesulfonic acid (MSA), sulfuric acid (SA), or sulfur dioxide. In the abstraction pathway,
the predominant products are sulfuric acid, which is primarily generated through the
oxidation of SO, and SO3, and MSA (Siegel et al.,, 2023).

14



Introduction

In addition to organic sulfur compounds, water-soluble organic nitrogen compounds also play
a significant role in marine aerosol particles. Many of these compounds originate from gas-to-
particle conversion in the atmosphere. Additionally, nitrogen containing compounds
introduced to the atmosphere through mechanical processes, such as sea spray, and
subsequently oxidized, also significantly contribute to marine submicron aerosol (Cornell et
al,, 2003). An important fraction of the organic nitrogen compounds are amines and amino
acids (Barbaro et al., 2015; Facchini et al., 2008b).

Isoprene and monoterpenes are produced not only by terrestrial vegetation, but also by
bacteria, macroalgae (seaweed), or marine phytoplankton, and consequently may contribute
to marine SOA (Yassaa et al., 2008; Broadgate et al.,, 2004). In addition to the monoterpenes
that have been identified in terrestrial vegetation, halogenated monoterpenes have also been
found in algae. This can be attributed to the presence of halogenides in seawater, which allows
for the formation of these compounds (O'Dowd et al., 2004). However, these emissions are
not a significant contributor to the formation of marine aerosol. A model study indicates that
the marine SOA has an origin that can be attributed to approximately 78% from the oxidation
of DMS, approximately 21% from dialkylamine salts, and a minor fraction of 0.1% from
marine hydrocarbon oxidation (Myriokefalitakis et al., 2010).

1.2.6 Biomass burning

Biomass burning is also a significant contributor to the formation of primary aerosols, as well
as a source of VOCs (Hodshire et al,, 2019; Gilman et al.,, 2015; Yokelson et al., 2011). Biomass
burning emissions originate from both natural and anthropogenic sources. On a global scale,
the combustion of vegetation represents the most significant biomass burned (Simoneit et al.,
1999).

Lignocellulose, representing the most abundant biomass resource on Earth, is composed of
cellulose, hemicellulose, and lignin (Malherbe and Cloete, 2002). Cellulose decomposes at
temperatures exceeding 300 °C, resulting in the cleavage of bonds into anhydrous sugars and
volatile products. Among these products, the 1,6-anhydride of glucose, or levoglucosan, is
observed to be a prominent constituent (Simoneit et al., 1999). Levoglucosan is well suited to
act as a biomass combustion marker due to its high abundance and long stability in different
environmental conditions (Bhattarai et al., 2019). Lignin, when subjected to combustion,
gives rise to the production of phenolic compounds with aldehyde functionalities. These
include 4-hydroxybenzaldehyde, vanillin, and syringaldehyde, among others. Phenolic
aldehydes are known to undergo oxidation in the atmosphere by OH radicals, NO3 radicals, or
ozone, resulting in the production of carboxylic acids (Cao et al., 2022; Rana and Guzman,
2022; Netetal., 2011).
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Another group of marker compounds are nitro-aromatic compounds. The formation of these
compounds can occur as a direct result of the combustion of coal or wood or the emission of
vehicle exhaust gases. Additionally, they can be generated as a result of the reaction between
phenols or cresols and NOx. (Wang et al., 2020; Harrison et al.,, 2005; Lu et al,, 2019).

1.3 Cloud condensation nuclei

Aerosols play a significant role in the formation of clouds. The activation of aerosols,
dependent on their size, concentration, composition and hygroscopicity, can result in the
formation of fog or cloud droplets when there is a supersaturation of water. (Andreae and
Rosenfeld, 2008; Gunthe et al., 2009). The number of particles that can act as CCN is
dependent on the level of supersaturation (Seinfeld and Pandis, 2006). An increase in CCN
results in an elevated number of cloud droplets, accompanied by a reduction in droplet size.
This phenomenon may potentially suppress precipitation in shallow and short-lived clouds.
Conversely, it may also lead to an increase in precipitation in convective clouds (Rosenfeld et
al,, 2008; Gunthe et al,, 2009).

The formation of cloud droplets can be described using the Kohler theory (Andreae and
Rosenfeld, 2008; Kohler, 1936). This is based on the existence of two effects: the Kelvin effect
and the Raoult effect. The Kelvin effect describes the fact that the equilibrium vapor pressure
is significantly higher for small particles than it is for a flat surface, due to the strong curvature
of the surface of the small particles (Lin et al., 2020). In the absence of CCN, this effect would
require that a supersaturation, corresponding to a relative humidity of 800%, is reached
before cloud droplets can form (Pruppacher and Klett, 2010). This is counteracted by the
Raoult effect. It describes that the equilibrium water vapor pressure above a solution is lower
than that which would be observed above pure water. The greater influence of the Raoult
effect over the Kelvin effect allows for the condensation of water vapor on water-soluble
aerosol particles. The Koéhler theory states that for each dry water-soluble particle, there is a
"critical supersaturation” at which the difference between the Raoult effect and the Kelvin
effect is at its maximum. At this point, an infinitesimal growth of the droplet ensures that the
droplet grows to a cloud droplet, as the Kelvin effect decreases with increasing particle size.
The Kohler theory predicts that the required "critical supersaturation” decreases with
increasing particle size (Pruppacher and Klett, 2010; Andreae and Rosenfeld, 2008; Seinfeld
and Pandis, 2006).
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1.4 Aerosol cloud interactions

In addition to aerosols, clouds also exert a significant influence on the Earth's climate. Clouds
can exert a cooling or a warming effect on the climate. This is due to their capacity to reflect
radiation back into space, thereby reducing the amount of heat absorbed by the Earth, or to
trap energy near the surface, which increases the temperature of the atmosphere. In total, the
effect of clouds on the Earth's climate is cooling (Seinfeld and Pandis, 2006). Low, bright
clouds exert a significant cooling effect due to their capacity to effectively reflect radiation
back into space. In contrast, semi-transparent clouds have a net warming effect, as the
reflection of radiation into space is relatively low. However, they also have the potential to
absorb heat, which is redirected back into space by the Earth (Rosenfeld et al., 2014).

Aerosols can directly impact the characteristics of clouds, thereby influencing their overall
climate impact. An increase in the concentration of CCN results in the formation of a greater
number of smaller cloud droplets. This results in an increase in the albedo of the cloud. This
phenomenon is known as the first indirect aerosol effect, or the Twomey effect (Werner et al,,
2014; Twomey, 1977).

In addition to the sink for aerosols through precipitation, deep convective clouds can also be
a source of aerosols in the upper troposphere. These clouds may play a significant role in the
transport of trace substances and aerosols into the upper troposphere. In this region, these
substances have a longer atmospheric lifetime, increasing the probability of long-range
transport. It is also possible that they contribute to the NPFE. (Bardakov et al., 2022; Barth et
al,, 2007a; Barth et al,, 2007b). Figure 1.10 shows the evolution of deep convective clouds in
a pristine and a polluted atmosphere. In the pristine atmosphere, cloud droplets grow by
coalescence into raindrops, which are removed from the lower levels of the cloud by
precipitation. Additionally, the early precipitation initiates an early downdraft, which
subsequently replaces the updrafts. This results in the early maturation and dissipation of the
cloud. In regions with higher levels of pollution, cloud droplets are smaller, which allows them
to reach supercooled levels before precipitation can occur. The supercooled droplets have the
potential to freeze on existing graupel or hail, releasing latent heat, which can result in the
formation of higher and more extensive clouds. The melting of ice hydrometeors during
precipitation at lower levels results in a reduction in temperature, which in turn gives rise to
more intense downdrafts and a higher precipitation amount (Rosenfeld et al., 2008;
Rosenfeld, 2007).
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Figure 1.10: Evolution of deep convective clouds in (top) pristine and (bottom) polluted
regions. After (Korolev et al.,, 2017; Rosenfeld et al., 2008).

1.4.1 Retention

In addition to the updrafts illustrated in Figure 1.10, riming in the mixed-phase zones of
clouds can also facilitate the transport of intermediate and semi volatile compounds to higher
altitudes (Jost et al,, 2017). Water-soluble compounds, such as those resulting from the
oxidation of biogenic or anthropogenic VOCs, can dissolve in cloud droplets. Such compounds
may then be transported upwards, for instance via deep convection, to regions of lower
temperature. Upon reaching the mixed-phase zone of the cloud, supercooled water droplets
can undergo a freezing process upon contact with graupel or hail. This process is known as
riming (Pruppacher and Klett, 2010). During the freezing process, the dissolved substances
can either remain in the ice or return to the gas phase. The re-release of these substances
during freezing can lead to vertical redistribution, which can explain the presence of, for

example, semi-volatile compounds at high altitudes. However, if the organic compounds
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remain in the ice phase during freezing, they may continue to be transported upward and
released into the gas phase through the sublimation of the ice particles at even higher levels
(Pruppacher and Klett, 2010; Snider and Huang, 1998).

The release of latent heat during the freezing process results in the warming of the surface of
the rime collectors. In conditions of dry growth, the rime collector surface temperature
consistently remains well below 0°C. The accreted cloud water freezes within milliseconds
upon contact with the collector, preserving a close to spherical shape. With increasing droplet
size, liquid water content and collision frequency, the surface temperature of the hydrometeor
rises until it reaches a maximum of 0°C. At this point, the conditions for wet growth are
achieved. Under these conditions, the colliding water droplets freeze more slowly, allowing
for the formation of a dense ice structure (Pruppacher and Klett, 2010; Macklin, 1961; List,
1960).

The proportion of the compound that is retained within the ice during the riming process can
be quantified by the retention coefficient R, which provides a relative amount of the
compound remaining in the ice within the range of 0 to 1 (Bela et al,, 2018; Stuart and
Jacobson, 2003; Snider etal., 1992; Iribarne and Pyshnov, 1990). The retention of a compound
is influenced by a number of factors, including its chemical properties, such as the
dimensionless effective Henry's law solubility constant (H*), as well as physical factors,
including temperature, ventilation, cloud liquid water content, droplet size, and potentially
the pH of the droplet. The volatilization of compounds with lower H* during riming results in
a reduction in the retention coefficient. Moreover, external conditions exert a more
pronounced influence on the retention of these compounds, in contrast to those with higher
H*(Cuchiara et al.,, 2023; Jost et al., 2017; Stuart and Jacobson, 2004, 2003).

1.4.2 Henry's law constant

Henry's law constant H describes the solubility behavior of an ideal gas in an ideal solution.
Itis observed that the quantity of a dissolved gas is proportional to the partial pressure of that
gas above the liquid. The proportionality factor is defined as Henry's constant, and this
relationship is expressed in equation 1.8 (Sander, 2023; Kish et al., 2013; Kiihne et al., 2005;
Mackay and Shiu, 1981; Henry, 1803).

H==L (1.8)

c

There are numerous methodologies for determining Henry’s law constant. The definition
presented in equation 1.8 represents the Henry’s law solubility constant. Conversely, if the
reciprocal value is calculated, it would correspond to the Henry’s law volatility constant
(Sander, 2023). An alternative definition of Henry's constant is provided by the ratio of the
concentration of a substance in air (cu) to that in water (cyater)- This is known as the
air/water partition coefficient K, or dimensionless Henry's law constant (see Equation 1.9)
(Kiithne et al., 2005).
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Kow = ﬁ (1.9)

The Henry's constants described above refer to substances that exhibit identical physical and
chemical properties in both the aqueous and gaseous phases. These are referred to as intrinsic
Henry's law constants. However, if the substance in question undergoes an irreversible
reaction with water, the Henry's law constant is no longer applicable. In the case of a rapid
equilibrium reaction in an aqueous solution, a so-called effective Henry's law constant (H*)
can be determined. This refers to the "total concentration" of the substance in the water, which
depends, for example, on the dissociation constant or the pH value of the solution (Sander,
2023; Jostetal,, 2017).

1.5 Analytical methods

1.5.1 High performance liquid chromatography (HPLC)

Chromatography is a separation method based on the constant distribution of the analyte
between two phases. A schematic setup of a HPLC system is provided in Figure 1.11. The
system consists of two eluent reservoirs, which allow the solvent mixture to be changed
during a measurement. This is known as a gradient. It also contains a degasser, which removes
gases dissolved in the solvent, such as nitrogen, to minimize fluctuations in the flow. It also
contains a pump to enable a stable flow, a mixing chamber, an injector, a column with an
optional column oven, and a detector. The detector can be a UV /Vis, fluorescence detector, or
mass spectrometer (see 1.5.2) (Gey, 2021; Ritgen, 2019).

Detector

| e A B §

Degasser Pump

Injector

. Column oven
Mixing chamber

Eluent reservoirs

Figure 1.11: Schematic of a HPLC system including eluent reservoirs, a degasser, a pump, a

mixing chamber, the injector, a column with optional column oven, and a detector.

In liquid chromatography (LC), a liquid mobile phase is used whose polarity can be adapted
to the separation problem. Modified silica gel particles are used as the stationary phase.
Reversed phase LC uses silica gel particles modified with non-polar groups such as Cs chains,
alkyl nitrile, C1s chains, or fluorophenyl. The non-polar stationary phase requires the use of
polar solvents such as methanol or acetonitrile/water mixtures as the mobile phase. Since not

all silanol groups are occupied by non-polar residues for steric reasons, these are derivatized,
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for example, with trimethylchlorosilane. This modification is called "endcapping" (Harris et
al.,, 2014).

The efficiency of the separation process is dependent upon the particle size used. In classical
HPLC, particles with a diameter of 5-10 um are typically selected. To enhance the efficiency of
the separation process, smaller particles are employed. Ultra high performance LC (UHPLC)
systems utilize columns with a particle diameter of less than 2 um. The use of smaller particles
requires the application of a higher pressure of up to 1000 bar to ensure a sufficient flow
through the column (Gey, 2021).

1.5.2 Mass spectrometry

The determination of the chemical composition of OA provides information on the sources
and processing of organic aerosol constituents. This includes the contribution of biogenic
sources in terrestrial environments and the role of anthropogenic contributions to
atmospheric aerosols. Mass spectrometry (MS) offers the possibility of this chemical
composition determination and therefore plays an important role in this research field (Li et
al,, 2024; Laskin et al.,, 2012).

The configuration of a mass spectrometer is presented in Figure 1.12. The analyte is first
converted into positively or negatively charged gaseous ions in the ion source. Subsequently,
the ions are separated in the mass analyzer based on their mass-to-charge ratio (m,/2) and
thereafter detected. The m/z ratio can then be utilized to draw conclusions about the
substance analyzed. To prevent collisions between the ions, the mass analyzer and the
detector are situated within a high vacuum. Depending on the type of ionization, the ion

source can be employed in a vacuum or under atmospheric pressure (Gey, 2021).

............. Data system
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Figure 1.12: Boxplot of a mass spectrometer,, including the inlet, ion source, mass analyzer
and detector. Modified after Gross (2013).

The selection of an appropriate ion source is dependent on the specific substances to be
analyzed. Figure 1.13 provides an overview of the various ion sources that are commonly used
in combination with gas or liquid chromatography (Li et al.,, 2015). In gas chromatography,

electron ionization (EI) is an appropriate ionization method for less polar and low molecular
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compounds, which is a compatible approach with GC. In liquid chromatography, ionization
methods are often used that are conducted under atmospheric pressure. The most commonly
applied techniques are electrospray ionization (ESI) and atmospheric pressure chemical
ionization (APCI). These two types of ionization are referred to as soft ionization techniques,

resulting in the formation of protonated or deprotonated "quasi molecular ions" (Gross,
2013).
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Figure 1.13: Schematic the dependence of the ionization techniques EI, APCI, and ESI on the
polarity and molecular weight of the compounds. Adapted after (Li et al., 2015).

1.5.21 Electrospray ionization

A schematic setup of an ESI source is shown in Figure 1.14 (a). The solution containing the
analyte is introduced into the ion source via a stainless steel capillary. A voltage of 2-4 kV is
applied between the tip of the capillary and the inlet of the mass spectrometer, resulting in
the formation of a high electric field at the tip of the capillary. This causes charge separation
in the solution, leading to the formation of a Taylor cone. Once the electric field strength
exceeds the surface tension, a liquid jet is generated in the direction of the counter electrode.
This jet subsequently breaks up into numerous small droplets, which are dispersed due to
their charge and the resulting Coulomb repulsion, leading to the formation of a spray. The
formation of the spray is supported by a nebulizing gas (typically N2), which concentrically
encloses the spray. (Gross, 2013; Konermann et al., 2013; Kebarle and Verkerk, 2009; Wilm
and Mann, 1994; Kebarle and Tang, 1993; Taylor, 1964).

The formation of ions from charged droplets is a process that can be described by a number
of different theories. Initially, the droplets, which have a significant excess charge, undergo a
reduction in size as the solvent evaporates. This results in an increase in the charge density
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on the surface. Once the electrostatic repulsion reaches a point where it is greater than the

surface tension (Rayleigh limit), the droplets break up into smaller droplets (Rayleigh, 1882).

Figure 1.14 (b) illustrates two different ion release models. The ion evaporation model (IEM)
describes the formation of ions through the direct evaporation of desolvated ions from the
droplet. To achieve the necessary electric field for desolvation, droplets with a diameter of
approx. 10 nm are required (Thomson and Iribarne, 1979). The charged residue model (CRM)
describes the formation of ions through the continuous evaporation of the solvent, which
causes the droplets to break up into smaller droplets until only a single ion remains in the
droplet at the end. The evaporation of the remaining solvent produces a gaseous ion (Gross,
2013; Konermann et al., 2013).

(a) Initial (um) Final (nm)
droplets droplets
A A
4 AY4 \
ESI capillary
@ o .,°
Analyte @@ © ® ® - Mass
solution @ ® @ spectrometer
® @ + +

(b)

IEM

Figure 1.14: (a) Schematic representation of an electrospray ionization (ESI) source in
positive ion mode. Modified after Konermann et al. (2013) and Kebarle and Tang (1993). (b)
Ionization models of ESI: the ion evaporation model (IEM) and the charge residue model
(CRM). After (Konermann et al., 2013) and (Banerjee and Mazumdar, 2012).
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When using an ESI source, the production of ions depends on the polarity of the analyte, the
properties of the solvent, and the presence of impurities. In positive mode, the protonated
[M+H]* (M: molecule) quasi-molecular ions are typically detected. However, other ions,
including alkali metal ions and ammonium ions, may also participate in the process, forming
species such as [M+alkali]* and [M+NH,]*, respectively. In negative mode, it is the
deprotonated compounds [M—H]~ that represent the most important species (Gross, 2013;

Konermann et al,, 2013).

1.5.2.2 Atmospheric pressure chemical ionization

Another important ionization technique that is commonly used in conjunction with HPLC is
atmospheric pressure chemical ionization (APCI). The setup of the ion source is illustrated
schematically in Figure 1.15. The solution containing the analyte is atomized via a pneumatic
nebulizer. Subsequent to this, the aerosol is vaporized in a heater, thus resulting in the analytes
being presentin the gas phase. lons are generated by ion-molecule reactions. For this purpose,
a voltage of 4-6 kV is applied to a corona needle, resulting in a corona discharge between the
needle tip and the spray chamber, which serves as a counter electrode. This initiates a reaction
cascade (Equation 1.10-1.15), which starts with nitrogen and ultimately leads to the
formation of an [M + H]™ ion in positive mode via protonated water clusters. (Gross, 2013).
One of the most significant benefits of APCI over ESI is that the ions are generated actively
from neutral molecules, which allows for the analysis of less polar analytes (Hayen and Karst,
2003).

Inlet opening

at the interface
Nebulizer gas

heater

Pneumatic
nebulizer

Analyte Atmospheric pressure Vacuum

solution

corona needle
(4-6 kV)

Figure 1.15: Schematic illustration of an atmospheric pressure chemical ionization (APCI)
source. After (Gross, 2013).
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N,+e - NI +2e (1.10)

NI +2N, > Nf +N, (1.11)

N} + H,0 - H,0%" + 2N, (1.12)

H,0% + H,0 -» H;0" + OH’ (1.13)
H;0* + H,0 + N, - [(H,0), + H]* + N, (1.14)
[(H,0), + H]* + M - [M + H]* + n H,0 (1.15)

In the negative mode (equations 1.16-1.18), the reaction cascade starts with oxygen and ends
with the formation of [M-H]™ ions (Osaka et al.,, 2009).

0,+e =05 (1.16)
0; +nH,0 - 0; - (H,0), (1.17)

03 - (H,0), + M - [M — H]™ + HO}, + n H,0 (1.18)

1.5.2.3 Orbitrap mass analyzer

A crucial parameter of mass spectrometry is the resolution R’, which is defined as the ratio of
the mass (m;) of an ion to the mass difference (Am) of a neighboring ion (m,). This is
illustrated in equation 1.19 (Gey, 2021; Murray et al., 2013).

R =2 (1.19)

Am
The resolution achieved determines whether the analyzers are classified as low resolution
(R'=500-2000), high resolution (R'>5000) or ultrahigh resolution (R’ > 100 000) (Hawkes
etal., 2016; Gross, 2013). The Orbitrap mass analyzer, which can achieve ultrahigh resolution

(e.g, R = 140000 at m/z 200), was first described in 2000 and became commercially
available in 2005 (Michalski et al., 2011; Scigelova and Makarov, 2006; Makarov, 2000).

The Orbitrap mass analyzer is an ion trap comprising an inner, spindle-shaped electrode and
an outer barrel-like electrode, which is partitioned into two sections (see Figure 1.16). A
voltage is applied between the two electrodes. Upon entering the Orbitrap, the ions are
directed into a circular trajectory around the inner electrode, which is determined by the
equilibrium between the centrifugal force and the electrostatic force. In addition to the
movement in the r-direction, the ions also oscillate harmonically along the z-axis, creating an
image current. The frequency of this oscillation is proportional to the square root of the

reciprocal m/zratio (see equation 1.20) (Makarov and Scigelova, 2010; Makarov, 2000).
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Figure 1.16: Schematic of an Orbitrap analyzer with an outer barrel-like electrode (grey); an

__—
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inner, spindle-shaped electrode (blue), and an ion trajectory (red). Modified after Makarov
and Scigelova (2010).

(1.20)

e

1
ﬁ’

w‘

In this equation, w is defined as the frequency of oscillation along the z-axis, m/zrepresents
the mass-to-charge ratio of the ion of interest, and k is a constant. k is understood as the axial
restoring force and is dependent on the precise shape of the electrodes and the applied
potential. The m/z can be determined using image current detection and a Fourier
transformation. It is important to note that the frequency being considered is independent of
the initial properties of the ions, which allows for particularly high resolution. (Perry et al.,
2008; Makarov, 2000).
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2. Retention measurements

This chapter has been published in A¢tmospheric Chemistry and Physics (Borchers et al,
2024):

Retention of a-pinene oxidation products and nitro-
aromatic compounds during riming

Christine Borchers, Jackson Seymore, Martanda Gautam, Konstantin Dorholt, Yannik
Miiller, Andreas Arndt, Laura Gommer, Florian Ungeheuer, Miklds Szakall, Stephan
Borrmann, Alexander Theis, Alexander L. Vogel, Thorsten Hoffmann

2.1 Abstract

Riming is an important growth process of graupel and hailstones in the mixed-phase zones of
clouds, during which supercooled liquid droplets freeze on the surface of ice particles by
contact. Compounds dissolved in the supercooled cloud droplets can remain in the ice or be
released to the gas phase during freezing, which might play an important role in the vertical
redistribution of these compounds in the atmosphere by convective cloud processes. This is
important for estimating the availability of these compounds in the upper troposphere, where
organic matter can promote new particle formation and growth. The amount of organic
material remaining in the ice phase can be described by the retention coefficient. Experiments
were performed in the Mainz vertical wind tunnel under dry and wet growth conditions
(temperature from —12 to —3 °C and a liquid water content (LWC) of 0.9 + 0.2 gm~3 and
2.240.2gm™3) as well as with different pH values (4 and 5.6) to obtain the retention
coefficients of a-pinene oxidation products and nitro-aromatic compounds. For cis-pinic acid,
cis-pinonic acid, and (—)-pinanediol, mean retention coefficients of 0.96 + 0.07, 0.92 + 0.11,
and 0.98 £+ 0.08 were obtained. 4-Nitrophenol, 4-nitrocatechol, 2-nitrobenzoic acid, and
2-nitrophenol showed mean retention coefficients of 1.01 + 0.07, 1.01 + 0.14, 0.99 + 0.04,
and 0.21 £ 0.12. Only the retention coefficient of 2-nitrophenol showed a dependence on
temperature, growth regime, and pH. This is in accordance with previous studies, which
showed a dependence between the dimensionless effective Henry's law constant /* and the
retention coefficient for inorganic and small organic molecules. Our results reveal that this
correlation can also be applied to more complex organic molecules, and that retention under
these conditions is not a significant factor for molecules with /#* below 103, while retention

close to 1 can be expected for compounds with /* above 108.
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2.2 Introduction

The observation of a large number of small particles at high altitudes, which has already been
made several times, is attributed to the formation of new particles (new particle formation,
NPF) through the process of homogeneous nucleation and early growth. The rate of NPF is
strongly dependent on the concentration of low-volatility vapors, the temperature, and the
number of particles that are present. Low-volatility vapors are for example sulfuric acid,
which is formed from the reaction of sulfur dioxide and hydroxyl radicals or via oxidation of
dimethyl sulfide, as well as highly oxidized organic compounds (Xiao et al., 2023; Williamson
et al, 2019; Andreae et al., 2018; Kerminen et al., 2018; Twohy et al., 2002). A common
explanation for the presence of this high number of small particles at high altitudes is the
uplift of condensable vapors with simultaneous removal of existing aerosol particles in deep
convective clouds. This removal of larger particles reduces the sinks for small particles and
condensable vapors, supporting NPF (Clarke et al., 1998). However, Williamson et al. (2019)
showed that tropical convection does not lead to uniquely low particle numbers for larger
particles. They then argue that there must be a stronger source of condensable vapors at high
altitudes in the marine tropics than in other regions and that most of the models used
underestimated available organic matter at high altitudes and predict less NPF in these
regions. It is therefore important to investigate the possible transport mechanism of organic

precursor components that could lead to NPF at high altitudes (Bardakov et al,, 2022).

Among other mechanisms, deep convection plays an important role in the transport of trace
substances and aerosols into the upper troposphere. In this region, these substances have a
longer atmospheric lifetime, thereby increasing the likelihood of long-range transport.
Additionally, they can contribute to NPF (Bardakov et al., 2022; Barth et al., 2007a; Barth et
al.,, 2007b). The fraction that arrives in the upper troposphere is influenced by the liquid-
phase and mixed-phase scavenging of the substances. Aircraft measurements from the USA in
thunderstorm inflow and outflow regions demonstrate that water-soluble trace gases, such
as H»0,, are removed with efficiencies between 79% and 97%, which are also influenced by
the process of retention (Bela et al,, 2018; Barth et al,, 2016).
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Figure 2.1 : Water-soluble intermediate-volatile and semi-volatile organic compounds (IVOCs
and SVOCs) can be dissolved in water droplets (dark blue circles), which can be transported
upwards by deep convection. In the mixed-phase zone of the clouds, the water droplets can

collide with ice particles (light blue hexagons), resulting in riming.

Figure 2.1 shows vertical transport mechanisms of intermediate-volatile and semi-volatile
organic compounds (IVOCs and SVOCs). Organic compounds in the atmosphere can be
categorized into different groups depending on their source, such as biogenic, anthropogenic,
or compounds originating from the combustion of biomass (Gouw and Jimenez, 2009). Nitro-
aromatic compounds can be formed directly from the combustion of coal or wood but can also
be formed as secondary products from the reaction of phenols or cresols with NOx (Wang et
al, 2020; Harrison et al, 2005). Terrestrial vegetation emits large quantities of volatile
organic compounds (VOCs) such as isoprene and various monoterpenes (MTs), with the most
important MT, a-pinene contributing around one-third of global MT emissions (Sindelarova
et al, 2014). In the atmosphere, oxidation by OH radicals, ozone, or NO3 radicals results in
various products spanning orders of magnitude in volatility. Products such as 2-methyl tetrols,
pinanediol, terpenylic acid, pinonic acid, and pinic acid, have been described as major
oxidation products (Kotodziejczyk et al., 2020; Bianchi et al,, 2019; Noziere et al., 2015; Miiller
etal,, 2012; Kroll and Seinfeld, 2008; Claeys et al., 2004b; Hoffmann et al.,, 1997). At standard
conditions, the saturation vapor pressure of these oxidation products is too large to be
relevant for new particle formation. Highly oxygenated organic molecules (HOMs) exhibit a
sufficient low vapor pressure for NPF (Bianchi et al., 2019); however, their formation via
autoxidation, a rapid OH-radical-induced oxidation process in the atmosphere, is suppressed
at low temperatures (Stolzenburg et al., 2018). Hence, the higher-volatility major oxidation
products of isoprene and monoterpenes might be relevant for NPF in the upper troposphere,
where HOM formation is suppressed and the colder temperatures cause saturation of the

major oxidation products, which are classified as SVOCs at standard conditions. Both classes
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of compounds focused on in this study, i.e., pinene oxidation products and nitro-aromatic
compounds, are IVOCs (saturation mass concentration €* 300 < C* < 3-10° ugm™3) or
SVOCs (0.3 < C* < 300 ug m~3) (Simon et al., 2020; Andreae et al., 2018).

Water-soluble IVOCs and SVOCs can be dissolved in water droplets (dark blue circles in Figure
2.1), which can be transported upwards via deep convection. In the mixed-phase zone of
clouds, retention or release of IVOCs and SVOCs during riming can occur. Riming describes the
collision and freezing of supercooled water droplets on the surface of hydrometeors such as
a graupel or snowflakes (light blue hexagon in Figure 2.1) which leads to their growth. The
organic compounds can be trapped in the ice phase and then washed out by precipitation, or
they can return to the gas phase by volatilization during freezing. This revolatilization leads
to a vertical redistribution in the atmosphere and could explain the occurrence of semi-
volatile organic compounds at high altitudes in regions with deep convection. However, if the
organic substances remain in the ice phase during freezing, they could also be transported
further upwards and released into the gas phase by sublimation of the ice particles there
(Pruppacher and Klett, 2010; Snider and Huang, 1998).

The proportion of the compound that remains in the ice can be described by the retention
coefficient R, which indicates the relative fraction of the trapped compound with a value
between 0 and 1 (Bela etal., 2018; Stuart and Jacobson, 2003; Snider et al., 1992; Iribarne and
Pyshnov, 1990). The retention of a compound is influenced by its chemical properties, such as
the dimensionless effective Henry’s law solubility constant /#*, as well as physical parameters
such as temperature, droplet size, liquid water content in the cloud, ventilation, and
potentially the pH of the droplet, which also influences #*. Compounds with a small /#* are
more likely to return to the gas phase during riming, which results in a lower retention
coefficient. In addition, external conditions have a greater influence on retention for these
kind of compounds, which is in contrast to compounds with high #* (Cuchiara et al., 2023;
Jostetal, 2017; Stuart and Jacobson, 2004, 2003).

Previous measurements of inorganic and small organic species in the wind tunnel in Mainz
confirm the correlation between A* and Ras well as the stronger dependence of retention on
external factors such as temperature for lower A*. Hydrochloric acid, nitric acid, malonic acid,
and oxalic acid are characterized by a high #* value and remain completely in the ice phase
during freezing. Compounds with more moderate #* values such as ammonia, hydrogen
peroxide, formic acid, and acetic acid have retention factors of 0.92 + 0.21, 0.64 £+ 0.11,
0.68 £ 0.09, and 0.72 + 0.16. Retention of the organic compounds shows a dependence on
temperature and ventilation. Additionally, sulfur dioxide shows both the lowest /#* value and
retention coefficient (0.46 + 0.16) of the compounds discussed, with a dependence on
external conditions as well (Jost etal., 2017; v. Blohn et al,, 2013; 2011).

Up to now, only inorganic and small organic molecules have been investigated with regard to
their retention during the freezing process. Measurements of rain, hail and cloud water have
already shown that they contain a-pinene oxidation products and nitrophenols (Spolnik et al.,
2020; Desyaterik et al, 2013; Ganranoo et al, 2010). It is therefore likely that these
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compounds are also present in the supercooled droplets within the mixed-phase zones of
clouds. In contrast to the smaller organic molecules and inorganic compounds, the retention
coefficients for a-pinene oxidation products and nitrophenols are unknown. In this study,
therefore, the retention coefficients of three a-pinene oxidation products (pinonic acid, pinic
acid, and pinanediol) and four nitro-aromatic compounds (2-nitrobenzoic acid,
4-nitrocatechol, 4-nitrophenol, and 2-nitrophenol) are investigated in a series of wind

tunnel experiments under simulated atmospheric conditions.

2.3  Experimental procedures

2.3.1 Mainz vertical wind tunnel
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Figure 2.2: Schematic of the wind tunnel. Cooled air transported the generated water droplets

containing the compounds into the experimental region (red circle). Red rectangle - the
enlarged experimental area shows the three surfaces on which the riming took place: graupel,

the liquid nitrogen finger and Teflon-coated bars.

The experiments were carried out in the vertical wind tunnel of Johannes Gutenberg
University of Mainz, shown schematically in Figure 2.2. Here, hydrometeors ranging from a
few tens of micrometers to centimeters can float freely in a vertical airstream at their terminal
fall velocity. The prevailing conditions such as ventilation, mass, and heat transfer are very
similar to those in the atmosphere (Pruppacher and Klett, 2010). A vacuum pump
continuously sucked dried ambient air through the system to produce an airflow in the wind
tunnel. For riming experiments the tunnel was cooled down to —18 °C, and water droplets
were produced using up to four spray nozzles. These droplets were transported via the airflow

to the experimental region (red circle, zoomed-in: red rectangle in Figure 2.2). In the
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experimental region the supercooled droplets collided with three different surfaces—a
simulated graupel, a liquid nitrogen finger, and Teflon-coated bars— and froze on the
substrate. A detailed description of the experiments is provided in Sect. 2.3.3
Retention measurements. Further details on the wind tunnel can be found in two reviews by
Diehl et al. (2011) and Szakall et al. (2010).

2.3.2 Growth regimes

For riming, a distinction is made between dry and wet growth conditions, which are
determined by the combination of temperature, liquid water content and ventilation. During
freezing latent heat is released, which warms the surface of the rime collectors. Under dry
growth conditions the surface temperature of the rime collector remains well below 0 °C and
all the accreted cloud water freezes within some milliseconds on the rime collector,
preserving a close-to-spherical shape. The surface temperature increases with increasing
liquid water content, droplet size, and collision frequency of the droplets with the
hydrometeor. If the temperature rises to a maximum value of 0 °C, wet growth conditions are
reached. At this point, not all the water that has collided with the rime collector freezes
immediately. During wet growth, the freezing rate of an element of liquid input is rather low
in comparison to dry growth conditions, resulting in a dense ice structure (Pruppacher and
Klett, 2010; Macklin, 1961; List, 1960).

The earlier wind tunnel measurements on retention coefficients (Jost etal.,, 2017; v. Blohn et
al,, 2013; 2011) focused solely on retention during dry growth conditions. Thus, the question
of to what extent wet growth conditions affect retention remained. For example, Michael and
Stuart (2009) found in their theoretical study that during wet growth conditions, #* is an
important but not a dominant factor. They observed that retention increased with increasing
H* (from 300 to 3-10°%) and then leveled off with further increasing £*, resulting in low
retention values for compounds with high A* such as HCI. Here other factors like the ice-liquid
interface supercooling and the liquid water content are major determiners of the extent of
retention. In the present study, the measurements were carried out under dry and wet growth
conditions. However, unlike the study of Michael and Stuart (2009), we did not observe the
droplets shedding off during these experiments. Calculations of the surface temperature
during the growth of graupel reveals that under our wet growth conditions the surface
temperature varied between —0.8 and —2.2 °C for —3 and —5 °C ambient temperature,
respectively, and had a measured LWC of 2.2 g m-3 (Theis et al,, 2022; v. Blohn et al.,, 2009;
Pflaum and Pruppacher, 1979). For temperatures higher than —3 °C, no freezing was observed
on the Teflon-coated bars and little freezing could be observed on the graupel. During wet
growth experiments small cloud droplets coalesced and formed larger millimeter-sized drops
before freezing. A photo of an example ice sample is provided in the Supplement (Figure 7.1).
This coalescence of droplets during our experiments is representative of the wet growth of
graupel rather than the wet growth of hail—where the accreted liquid water is shed off from

the surface due to the faster fall speeds.
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2.3.3 Retention measurements

Dilute aqueous solutions with different compositions were used for the experiments. Single-
component measurements were carried out for the a-pinene oxidation products and
2-nitrophenol. The aqueous solution to be analyzed contained one of the compounds of
interest (pinonic acid, pinic acid, pinanediol, or 2-nitrophenol) and sodium bromide (NaBr;
Sigma-Aldrich, =299 %). For the other nitro-aromatic compounds (2-nitrobenzoic acid,
4-nitrocatechol, and 4-nitrophenol), a mixture of all organics and NaBr was used, an
experimental setup that comes closer to the complex conditions in the atmosphere. All
samples contained NaBr as an internal standard (IS) to account for dilution and evaporation
effects. The retention of NaBr is assumed to be 1; i.e.,, NaBr remains completely in the droplets
during freezing. HCI (30 %) was added if the measurements were carried out at a pH value of

4. The concentrations of the chemicals used are shown in Table 2.1.

Table 2.1: Concentrations of the investigated solutions.

Concentration ] IS concentration
Compound Label, purity
(umol L) NaBr (umol L)
cis-Pinonic acid 10 Sigma Aldrich, 98 % 10
cis-Pinic acid 10 Synthesized, N/A 10
(1R,2R,35,5R)-(—)-
) ] 15 Merck, 99 % 10
Pinanediol
2-Nitrophenol 30 Thermo Scientific, 99 % 10
2-Nitrobenzoic acid 10 Thermo Scientific, 95 % 10
Thermo Scientific,
4-Nitrocatechol 10 10
>98 %
4-Nitrophenol 10 Alfa Aesar, 99 % 10

To generate the supercooled droplets, the solution containing the analyte and the IS was
nebulized with a gas stream of nitrogen (>99.8 %) and either two or four spray nozzles
depending on the experiment. Two spray nozzles and a nitrogen flow of 20 L min-! were used
for dry growth and four spray nozzles and a flow of 24 L min! for wet growth conditions. The
number of spray nozzles influences the liquid water content (LWC) and thus the growth

regime.
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For dry growth conditions a lower LWC is required, therefore only two spray nozzles were
used. The resulting droplet size distribution in the wind tunnel was measured using a custom
in-line digital holographic instrument, similar to the “holographic imaging and velocimetry
instrument for small cloud ice” (HIVIS) described by Weitzel et al. (2020). The measurements
were not taken simultaneously to each retention experiment but measured independently
under the same conditions during the retention experiments. After the cloud of droplets was
produced, a camera (Basler acA2040) captured the holograms containing the images of the
droplets at 90 fps (frames per second). Typical measurement time was 1 minute.
Approximately 5400 holograms were reconstructed and analyzed for each measurement with
two and four nozzles. Using a telecentric lens with a 0.5 magnification, the pixel size of the
holograms was 2.72pum x 2.72 uym, which yielded a sample area and volume of
5.57 x5.57 mm? and 2.48 cm3, respectively. For the reconstruction of the holograms, a depth
of 8 cm was chosen as this represents the central part of the measurement section where the
collectors were exposed to the cloud of supercooled droplets during the experiments. The
holograms were reconstructed at each Az= 100 um distance along the optical axis using the
method of Fugal et al.(2004). This produced an in-focus image of the droplets independent
of their location within the sample volume. The particle sizes were obtained from the particle
detection algorithm of Fugal et al. (2009), which determined the normalized number and
volume distributions. Figure 2.3 (a) shows the number distribution of the supercooled
droplets in the measurement section of the tunnel when two spray nozzles were used. Figure
2.3 (b) shows the volume distribution of the droplets, which represents the normalized cloud
liquid water content (LWC) per size interval. We observed no difference in the distribution
when using four nozzles (see SI Figure 7.2). The LWC was measured using a dew-point meter
(DP3-D/SH, MBW Calibration Ltd., Wettingen, Switzerland) in conjunction with a 5 m long
heated pipe. Wind tunnel air was sampled isokinetically through the heated pipe to evaporate
the droplets. The absolute humidity was then obtained from the dew point measurement. In
a second step, a droplet separator was installed at the inlet to the heated tube to measure the
dew point of the wind tunnel air without droplets. The difference between the two absolute
humidities gives an LWC of 0.9 + 0.2 g m~3 for dry growth and 2.2 + 0.2 g m™~3 for wet growth

conditions.
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Figure 2.3: Normalized droplet number (a) and volume distribution (b) of the supercooled

droplets generated using two spraying nozzles. The lines represent log-normal fit functions.

During retention measurements, the droplets were transported downstream of the sprayer
into the experimental section. The distance between the sprayer and the experimental region
is approx. 3 m (Jost, 2012). In the experimental section, the supercooled droplets collided
with three different surfaces, that were used as rime ice collectors and froze on them. The first
surface was a Teflon-coated bar (FEP; outer diameter 6 mm) and the second was an ice sphere
(graupel) with a diameter of 7 mm, which comes closer to real atmospheric sizes for graupel.
According to the American Meteorological Society glossary of meteorology, graupel is defined
as rimed particles with diameters less than 5 mm; larger ones are called hailstones. However,
we refer to the particle investigated as graupel according to the flow conditions present rather
than the of particle size. The larger diameter was necessary to obtain a sufficient sample
volume for analysis. The last surface was a cold tube made of Teflon (PFA) that was constantly
filled with liquid nitrogen (LN finger tube). This sample determined the liquid-phase
concentration of the droplets immediately before riming occurs. At the surface of the LN finger
tube, freezing is so fast that the retention can be assumed to be 1, and the concentration of the
droplets can be determined before riming.

To produce the simulated graupel, a silicon mold was filled with ultra-pure water and frozen.
The graupel were “captively floated” to avoid the loss of graupel and any contamination on
contact with the wind tunnel walls. For this purpose, they were attached to a nylon fiber with

a diameter of 80 um. Under these conditions, the rime collectors were exposed to the airflow
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containing the supercooled droplets at 3 m s'1, which corresponds to a typical fall velocity of
graupel. (Wang and Kubicek, 2013; Pruppacher and Klett, 2010). The ice samples were
collected after each experimental run and stored at -25 °C until they were melted for the

chemical analysis.

2.3.4 UHPLC-HRMS analysis

For analysis, the ice samples were melted and filtered through polyamide (PA) membranes
(pore size - 0.20 um; Altmann Analytik) to remove potential particles, without affecting the
concentration of the analytes. Analysis was performed in triplicate using a Dionex UltiMate
3000 ultra-high-performance liquid chromatography (UHPLC) system coupled to a heated
electrospray ionization source (HESI) or atmospheric pressure chemical ionization (APCI)
and with a high-resolution Q-Exactive Orbitrap mass spectrometer (HRMS) (all Thermo
Fisher Scientific). A Hypersil GOLD, C18, 50 x 2.0 mm column with 1.9 um particle size
(Thermo Fisher Scientific) was used for the chromatography. Eluent A consisted of 98 %
liquid chromatography-mass spectrometry (LC-MS) grade water (Thermo Fisher Scientific)
with 0.04 % formic acid and acetonitrile (VWR Chemicals); eluent B consisted of 98 %
acetonitrile (ACN) and water, and the injection volume was 5 pL. Different H,0/ACN gradients
were used for the different compounds. For pinonic acid, pinic acid, pinanediol, 2-nitrobenzoic
acid, 4-nitrocatechol, and 4-nitrophenol, a flow rate of 0.5 mL min! and a gradient as
described in the following were used: starting with 2 % eluent B isocratically for 1 min,
increasing to 20 % B over 2.5 min, then further increasing to 90 % over 1.5 min, after which
B was held at 90 % for 4 min, decreased to 2 % over 0.5 min, and held again for 1.5 min. For
pinanediol, a post-column flow of 50 mmol L-! NH4OH in MeOH was added after 1 min at a
flow rate of 0.1 mL min-! to enhance ionization. The HESI source was used in negative mode,
resulting in the formation of deprotonated molecular ions. Sheath gas and auxiliary gas flow
were 40 and 20 a. u.(arbitrary unit), respectively. The temperature of the auxiliary gas heater

was 150 °C, and the capillary temperature was 350 °C. The sprayer voltage was set to -4.00 kV.

A different gradient with a flow rate of 0.3 mL min-! was used for 2-nitrophenol. Starting with
2 % eluent B isocratically for 1 min, increasing to 20 % B over 2.5 min, then further increasing
to 90 % over 1.5 min, after which B was again held at 90 % for 0.3 min, decreased to 2 % over
0.2 min, and held again for 0.5 min. To further enhance ionization, a post-column flow of
50 mmol L-* NH4OH in MeOH was added after 1 min at a flow rate of 0.1 mL min-l. The APCI
source was used in negative mode, resulting in the formation of deprotonated molecular ions.
Sheath gas and auxiliary gas flow were 23 and 5 a. u,, respectively. The vaporizer temperature

was 375 °C, and the capillary temperature was 350 °C.
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2.3.5 Calculation of the retention coefficient

Eg. (2.1) was used for compounds with a retention coefficient R close to 1:

sample LN
R = Ccompound/ccompound 21
- sample LN ( . )
‘s /s

The numerator describes the ratio between the concentration of the compound of interest in

sample

the ice sample (ccompoun

4) (Teflon coated bars or graupel) and in the LN finger sample

(cé“(l,\lmpound). The denominator describes the same ratio but for the IS (cISS""mple / ). Thus, it

is not necessary to consider a dilution, evaporation, and desorption correction as these effects
change both the compound and IS concentrations in the nitrogen finger sample accordingly.
Therefore, a change in this ratio is solely an effect of the retention of the compound during the

riming process.

The calculation is different for compounds with a lower effective Henry’s law constant (below
10%), which leads to higher desorption. These compounds are transferred to the gas-phase in
larger amounts before and during the freezing process, resulting in a higher gas phase
concentration in the tunnel. Therefore, it cannot be ruled out that the measured
concentrations of the LN finger tube samples could be influenced by additional adsorption
out of gas-phase components. This would no longer provide a suitable correction for

determining the retention coefficient.

As the LN finger sample is not available, the sprayer sample (the solution from which the
droplets are produced) is used instead. As the distance between the two sampling points
(sprayer and graupel/bar) is large, it is necessary to determine the amount of compound that
is transferred to the gas phase before freezing. The desorption correction coefficient D (see
Supplement Eq. (7.1)) will be utilized. A detailed description of the desorption correction

coefficient can be found in the Supplement.

To calculate the retention coefficient R for compounds with a lower retention coefficient, Eq.
(2.1) was extended to include the desorption correction coefficient using the sprayer solution
sample instead of the LN finger (see Eq. (2.2)):

sample sprayer
R = Ccompound/ Ccompound 2.2
— _sample sprayer ( . )
‘s / G D

Equation 2.1 and 2.2 yield identical results for compounds with a desorption correction
coefficient of approximately 1. This is illustrated using pinic acid as a representative example

in the Supplement (Figure 7.3).
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2.4 Results and discussion

2.4.1 Retention measurements

The results of the retention measurements for the a-pinene oxidation products are shown in
Figure 2.4; those for 4-nitrocatechol, nitrobenzoic acid, and 4-nitrophenol are shown in Figure

2.5; and the desorption-corrected R for 2-nitrophenol in Figure 2.6.
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Figure 2.4: Experimentally determined retention coefficients of (a) pinic acid, (b) pinonic
acid, and (c) pinanediol as a function of the temperature during the experiment for different
rime collectors. The circles represent the graupel samples and the triangles the Teflon-coated
bars. For the blue symbols, the pH was adjusted to 4 by adding HCI (30 %), the red symbols
are without adding HCIl. The solid black line represents the mean of all measurements, and

the gray area represents 1 standard deviation.

24.1.1 Pinic acid and pinonic acid

Figure 2.4 shows the results for (panel a) pinic and (panel b) pinonic acids. Pinic acid and
pinonic acid both show no pH dependence, temperature dependence, or influence from the
rime regime. This agrees with the earlier findings for compounds with high /#*. The retention
coefficients for pinic acid vary between 0.70 and 1.14 with a mean value of 0.96 + 0.07. For
pinonic acid, a mean retention coefficient of 0.92 + 0.11 was determined. The variation in the
measured values of Ris greater than that for pinic acid and lies between 0.66 and 1.18. This
is probably due to the lower /*, which makes pinonic acid more sensitive to slight changes in
the experimental conditions. The scatter of the values is comparable to that observed in other
studies on retention. Theoretical and experimental studies have demonstrated that the
retention of compounds with a low A* is dependent on the freezing conditions (Jost et al,,
2017; v. Blohn et al., 2013; 2011; Stuart and Jacobson, 2004, 2003). The results shown here
indicate that slight differences in freezing conditions across the experiments may exert an

influence on the retention of compounds despite their high /#* values.
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2.4.1.2 Pinanediol

The results for pinanediol are depicted in Figure 2.4 (c). No effect on the investigated
parameters could be found for this diol. The mean retention coefficient was 0.98 + 0.08 with
a minimum value of 0.83 and a maximum value of 1.18, which is an exception to previous
findings (Jostetal., 2017). In comparison to pinic and pinonic acid, pinanediol showed a lower
H* (see Table 2.3). A lower retention coefficient is expected for compounds in this range as
well as a dependence on temperature. However, no temperature, pH, or growth regime
dependence was seen. This deviation from the expected behavior could be because the
Henry’s law constant for pinanediol is estimated using the bond method implemented in the
HENRYWINT™ software as part of EPI Suite™. The bond method breaks down the molecule
into a sum of the individual bonds that make up the compound. The exact structure and spatial
orientation of the molecule is not considered. Due to the large deviations of the polyols in the
original method by Hine and Mookerjee (1975), further correction factors were included in
the method. However, the predictions are less accurate for molecules with a more complex
structure (Meylan and Howard, 1991; Hine and Mookerjee, 1975). Pinanediol is a cyclic diol.
Due to its capped ring form, it is sterically hindered, and thus the potential interactions
between the OH groups are not considered by the model. Since there are no experimental data

for the Henry's law constant, there is no current alternative to the estimation.

24.13 4-Nitrocatechol and 4-nitrophenol

The results for 4-nitrocatechol and 4-nitrophenol are shown in Figure 2.5 (a) and Figure
2.5 (b). Overall, no pH or temperature dependence is recognizable. Furthermore, no
difference between wet and dry growth conditions can be observed. This agrees with the
current literature. As Stuart and Jacobson (2004, 2003) have shown, a temperature or pH
dependence is not expected for compounds with high effective Henry’s law constants, such as
4-nitrocatechol or 4-nitrophenol. Mean retention coefficients of 1.01 + 0.14 and 1.01 + 0.07
were determined for 4-nitrocatechol and 4-nitrophenol, respectively. For 4-nitrocatechol, the
derived retention coefficients showed a large scatter that has no current explanation. A
minimum value of 0.63 and a maximum value of 1.41 was obtained. 4-Nitrophenol showed a
smaller scatter with values between 0.79 and 1.28.
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Figure 2.5: Experimentally determined retention coefficients of (a) 4-nitrocatechol, (b)
4-nitrophenol, and (c) nitrobenzoic acid as a function of the temperature during the
experiment for different riming collectors. The circles represent the graupel samples and the
triangles the bars. For the blue symbols, the pH was adjusted to 4 by adding HCI (30 %), the
red symbols are without adding HCI. The black line represents the mean of all measurements,

and the gray area represents 1 standard deviation.

2.4.1.4 2-Nitrobenzoic acid

For 2-nitrobenzoic acid in Figure 2.5 (c), no dependence on the investigated parameters was
found. The average retention coefficient is 0.99 + 0.04, with the lowest scatter among the
measured compounds. The smallest value measured was 0.87 and the largest 1.12. This
is probably because 2-nitrobenzoic acid has the lowest pK, value of all the compounds
studied. In the pH range investigated, most of the 2-nitrobenzoic acid molecules are
deprotonated, unlike the other components studied. This makes a transition into the gas
phase less likely, and therefore small differences in the measurement conditions have

less influence on the results.

2.4.1.5 2-Nitrophenol

2-Nitrophenol (Figure 2.6) showed significantly lower retention coefficients than the other
compounds presented above. The retention coefficients shown here are desorption corrected
according to Eq. 2.2. At pH 4, the different rime collectors (Teflon-coated bar, graupel) showed
a statistically significant (significance level « = 0.05) negative temperature dependence
(lines and equations in Figure 2.6; Table 2.2). The bar samples show a slightly stronger
temperature dependence than the graupel samples. This is probably due to the metal rod
inside the Teflon-coated bar and the resulting faster heat transfer. It is also noticeable in these
measurements that the graupel samples (light red and light blue circles in Figure 2.6 (b)) have
an overall lower retention coefficient than the bar samples (red and blue triangles in Figure

2.6 (a)). This might also be explained by the metal rod inside the Teflon-coated bar. The faster
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heat transfer leads to a shorter freezing time and thus to a higher retention coefficient. At a
pH value of 5.6, no statistically significant negative temperature trend could be determined.
This could be attributed to the greater scattering of the values, which is presumably caused
by fluctuations in the conditions in the wind tunnel and slight variations in the pH value of the

solution utilized. The fluctuation in the values could conceal an existing temperature trend.
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Figure 2.6: Experimentally determined desorption-corrected retention coefficients of 2-
nitrophenol as function of the temperature during the experiment for different rime
collectors. The triangles represent the Teflon-coated bar samples (a) and the circles the
graupel (b). For the blue symbols, the pH was adjusted to 4 by adding HCI (30 %); the red

symbols are without adding HCI. The line represents a linear fit.

The data points (Figure 2.6) below —6 °C were obtained from dry growth conditions, while
the ones higher than that represent wet growth conditions. A closer inspection of the data
reveals that the temperature dependency might also be a result of the riming regimes. When
separating the data between the two regimes, the temperature dependency vanishes.
Therefore, the difference in retention values between wet and dry growth conditions might
be due to the longer freezing times of the accreted and coalesced droplets. The droplets
accreted during the wet growth regime remained liquid for some time and formed a larger
millimeter-sized drop before they froze. This means that dissolved 2-nitrophenol was able to
further desorb from the drops before ice shell formation occurred, which reduces further
expulsion from the freezing droplet. This resulted in slightly lower retention values for the
rime collectors grown during wet growth. Considering the absolute retention values for wet
growth, it becomes apparent that 2-nitrophenol will not be retained in atmospherically
significant amounts during wet growth conditions. However, as the values between dry and
wet growth overlap within the experimental uncertainty, a temperature dependency is
provided here, which is applicable within the investigated temperature and growth condition

range simulated in the present study. As the temperature dependence in the analyzed range
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has only a minor influence on the retention compared to the data scattering, the mean values
were determined for all sets of measurements. The mean retention coefficients for the various
riming conditions are shown in Table 2.2. The overall mean retention coefficient was
determined to be 0.21 + 0.12. The measured values of R were between a minimum of 0.01

and a maximum of 0.60.

In addition to the dependence on temperature, growth regime, and the riming collectors
already discussed, the pH dependence was also analyzed as retention is also strongly
dependent on the dissociation of the molecules. As the retention for the rime collectors is
different, the comparisons are only carried out within the same collectors. The mean retention
coefficients for the graupel samples at pH 5.6 and pH 4 were 0.19 + 0.05 and 0.08 + 0.04,
respectively. At pH 5.6 it is more likely that 2-nitrophenol is dissociated in comparison to at
pH 4. A dissociated molecule needs to be neutralized by a proton before leaving the droplet
during riming. At pH 5.6, more molecules are available that do not evaporate without

recombination, which might explain the higher retention coefficient.

Table 2.2: Measured retention coefficients of 2-nitrophenol and their temperature

dependencies.

. Mean retention
Conditions o Temperature dependency of R
coefficient R

Bar pH 5.6 0.34 +£0.11 -

Graupel pH 5.6 0.19 £+ 0.05 -

Bar pH 4 0.16 £ 0.07 Rg, = (—0.016 + 0.005) T + (0.041 £+ 0.037)

Graupel pH 4 0.08 + 0.04 Rg, = (=0.010 + 0.002) T + (—0.002 + 0.019)

2.4.2 Relationship between the Henry's law constant and retention

Jost et al. (2017) have shown a correlation between the retention coefficient R and the
dimensionless effective Henry’s law constant /#* (/#* = Ky - RT, with Ky — effective Henry’s
law constant; R — gas constant; and 7 — temperature) for inorganic and small organic

molecules, which can be described by Eq (2.3).

R(H) = (1+ (a/H)P) ", (2.3)

where R is the retention coefficient, /#*is the dimensionless effective Henry’s law constant,
and a and b are constants that are determined by a fit. To test whether this relationship is also
applicable to the larger organic molecules investigated here, the mean values of retention
coefficients of the compounds were plotted against their dimensionless effective Henry’s law

constants (Figure 2.7). H*was determined for the investigated pH values and at 298 K. Since
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most of the compounds analyzed in this study did not show any pH dependence within the pH
range of 4-5.6, a pH value of 4 was used for the calculation of #*for these compounds. This is
a typical value found in cloud water samples (Pye et al., 2020; Loflund et al.,, 2002). For
2-nitrophenol, the mean retention coefficient for each of the pH values (pH 4 and 5.6) was
calculated and plotted (Figure 2.7). The fact that a pH dependence was only found for 2-
nitrophenol is consistent with the literature. A pH dependence is only to be expected for
compounds with low A*. Additionally, a dependence is expected primarily in a pH range near
the pKa, value, as the impact on the ratio between dissociated and non-dissociated molecules
is most pronounced in this range (Reijenga et al., 2013; Stuart and Jacobson, 2003). The pK.
values of pinic acid and pinonic acid are the most similar to the investigated pH values.
However, the A* values seem to be too high to detect an influence of pH on the measurements.
The calculated values of AH*are listed in Table 2.3. Since there are no measured Henry's law
constants nor reaction enthalpies for some of the more complex organic compounds, these
were predicted using the bond method of the HENRYWIN™ software which provides the
values for 298 K.

Table 2.3: Retention coefficient of the measured compounds and their pK,values, Henry’s law
constants, and dimensionless effective Henry’s law constants at 298 K and pH 4 for all

compounds except 2-nitrophenol (pH 4 and 5.6).

M tenti Acid Henry’s law Dimensionless
ean retention
Compound ficient R dissociation constantl!l / | effective Henry’s
coefficien
constant pKa M atm! law constant

4-Nitrocatechol 1.01+0.14 7.2312 4.35-10° 1.06- 10!
2-Nitrobenzoic acid 0.99 + 0.04 2.1713] 2.08-10° 3.49-10°
cis-Pinic acid 0.96 + 0.07 4,641 1.02 - 108 3.06-10°
cis-Pinonic acid 0.92 +0.11 5.19[4 1.12-10° 2.93-107
4-Nitrophenol 1.01+0.07 7.158! 4.52-10° 1.11- 107
(-)-Pinanediol 0.98 + 0.08 14.6812! 4.08 - 103 9.97-10*
2-Nitrophenol (pH 5.6) 0.27 +0.11 7.230] 1.43-10? 3.50-103
2-Nitrophenol (pH 4) 0.12 +0.07 7.238 1.43 - 102 3.58 103

[1] Calculated using US EPA. [2012]. Estimation Programs Interface Suite™ for Microsoft® Windows, v 4.11. United
States Environmental Protection Agency, Washington, DC, US; [2] Calculated using Advanced Chemistry
Development (ACD/Labs) Software V11.02 (© 1994-2024 ACD/Labs); [3] (Haynes, 2014); [4] (Kolodziejczyk et
al, 2019).
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The compounds measured in this study are the colored, filled symbols in Figure 2.7; the ones
measured by Jost et al.(2017), v. Blohn et al. (2013; 2011) and in earlier investigations in the
wind tunnel are the gray, half-filled symbols. The dashed gray line represents the fit for the
gray, half-filled symbols, i.e. previous measurements. Since the retention of formaldehyde, as
shown in Jost et al. (2017), depends on not only on A*but also the hydration to the diol, the
value is not taken into account when determining the fit. The resulting parameters are
Agray = (2.41 1 1.06) - 10* and bgray = 0.27 £ 0.04 . The solid red line is the new fit
function in which all compounds are considered. Here again formaldehyde was not included
into the fit. Pinanediol was also excluded from the fit as it appears to be an outlier (see Sect.
2.4.1.2). The values a,oq = (3.34 + 1.61) - 10* and b.oq = 0.36 + 0.06 result for the fit

function.
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Figure 2.7: Measured retention coefficients as a function of H*. Colorful filled symbols —
compounds investigated in the present study. Gray symbols — wind tunnel data from earlier
studies (Jost etal.,, 2017; v. Blohn et al., 2013; v. Blohn et al,, 2011) Solid red line — new fit to
wind tunnel data. Dashed gray line — fit of the gray data points only.
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As Figure 2.7 shows, the retention coefficients of larger organic molecules do also scale with
H* which agrees with the previous measurements. Only pinanediol and formaldehyde do not
fit at first glance. A comparison of the new fit function (solid red line) with the values already
known from the literature (dashed gray line) shows that the inflection in the fit function is
steeper than was previously assumed. Our results show that the retention of compounds with
an A* below 103 is close to 0; i.e., most of the compound dissolved in water is released into the
gas phase during riming. This is also evident from the equilibrium distribution of species
between the liquid and gas phase in a confined system, which is a function of the LWC (see
Supplement Figure 7.9). For species with A* < 104 just a maximum of 10 % is present in the
liquid droplets, even for LWCs of up to 10 g m3, which are only reached within severe storms
(Lohmann et al,, 2020). For /% > 103 the compounds are present in significant amounts. For
compounds with an A* value above 108, a retention of 1 is expected with most of the
compound remaining in the ice phase during freezing. This finding is in accordance with the
literature. Stuart and Jacobson (2004) suggest a threshold value between 106 and 1019 M /atm
for dry growth riming, which is on the same order of magnitude as the values presented here.
For the compounds in-between 103 and 108, the retention coefficient is highly dependent on
H* However, the retention estimation is still afflicted by some degree of uncertainty especially
in this /#* range. A close inspection of the data shows that it is not obvious that pinanediol and
formaldehyde are outliers. It might also be that the transition from low to high retention
values occurs in a smaller range of A*, and retention is 1 already for /#* > 105. We cannot
ultimately clarify the steepness of the curve, and the limiting regimes might be closer than
assumed here. Jost et al. (2017) argued that formaldehyde cannot be explained solely by A,
and aqueous-phase kinetics must be considered. However, such explanations are lacking for
pinanediol. This might indicate that the transition from low to high retention values occurs at
lower A*. Support for that is given from the fit when taking all measurements into account,
i.e,, also formaldehyde and pinanediol (see Supplement Figure 7.10). To finally answer the
question about the transition behavior of the function, further retention measurements in the
range 10* < A* < 106 are needed. However, to our current knowledge, and particularly
because of the lack of reliable measurements of A* for pinanediol, we believe that the
parameterization given above (Eq. (2.3), with apeq = (3.34 + 1.61) - 10*and

breq = 0.36 + 0.06 is most trustworthy to calculate retention in the transition regime.

2.5 Conclusions

Wind tunnel experiments were carried out in the vertical wind tunnel of Johannes Gutenberg
University, Mainz to determine the retention coefficients R of three a-pinene oxidation
products and four nitro-aromatic compounds. The experiments were performed in the

3 and

temperature range from -12 to -3 °C with a liquid water content of 0.9 + 0.2 gm™
2.2 + 0.2 gm™3 to represent dry and wet growth conditions and to simulate mixed-phase
cloud conditions. The wind speed (3 m s™1) was chosen to match the typical fall velocity of

graupel. The temperature and pH dependences (pH 4 and 5.6) of the compounds were
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studied, as well as the dependence on the growth regimes. Two different rime collectors were
also considered: a Teflon-coated metal bar and graupel. Stuart and Jacobson (2004; 2003)
hypothesized a dependence on external influences such as temperature and pH for
compounds with a low dimensionless effective Henry's law constant #*. Of the compounds
investigated, 2-nitrophenol has the lowest #*. In agreement with the current literature, the
retention coefficients of 2-nitrophenol determined show a significant dependence on pH and
on the type of rime collector. The mean retention coefficients for the graupel samples are
Rgse = 0.19 £ 0.05 (pH 5.6) and R, = 0.08 + 0.04 (pH 4). This indicates that changes in
the pH value can influence retention and must be taken into account. At pH 4, 2-nitrophenol
also showed a dependence between dry and wet growth conditions. The temperature
dependence and the dependence on growth conditions seem to overlap, as the growth
conditions differ in not only in liquid water content but also temperature. Since the measured
values between dry and wet growth overlap within the experimental uncertainty, a
temperature dependence is reported in this study. The higher scattering of the values
obtained from the measurements with pH 5.6 could be the reason why the temperature trend

and the difference between the growth regimes found at pH 4 are not visible at pH 5.6.

2-Nitrobenzoic acid, 4-nitrophenol, and 4-nitrocatechol showed retention coefficients of
0.99 + 0.04, 1.01 + 0.07, and 1.01 + 0.14, respectively, with no significant dependence on
temperature, pH, type of rime collector, or growth-regime. For cis-pinic acid and cis-pinonic
acid, retention coefficients of 0.96 + 0.07 and 0.92 + 0.11 were obtained, which also showed
no dependence on the parameters investigated. This study shows that there appears to be no
difference between dry and wet growth conditions for compounds with a high effective
Henry’s law constant and that /* can also be used to estimate retention coefficients for wet
growth conditions, at least for graupel and the ambient conditions used in this study (wet
growth conditions — ambient temperature of —3 and —5 °C, LWC of 2.2 gm-3, surface
temperature of —0.8 and —2.2 °C, and no shedding of water). This is in contrast to a modeling
study by Michael and Stuart (2009), which indicates a lower influence of #* and low retention
coefficients even for compounds with high #* under wet growth conditions for hailstones.
However, it should be noted that in this study, hail was investigated at a surface temperature
of 0°C with a shedding of water. It is therefore possible that the differences in the experimental
conditions are responsible for the discrepancies in the observed outcomes. The retention
coefficient for pinanediol was determined to be 0.98 + 0.08 with no significant temperature
dependence. This was not expected due to the comparably low A*. However, the Henry's law
constant is only predicted and may be subject to errors due to the specific structure of the
molecule. For this reason, it is important to determine Henry's law constants of more and

different molecules to aid in the understanding and modeling of processes in the atmosphere.

The retention coefficients for 4-nitrophenol and 2-nitrophenol differ considerably. Since they
are structural isomers, it is obvious that they have the same molecular formula and the same
functional groups, although they are arranged differently. The different arrangement allows
for the formation of an intramolecular hydrogen bond between the OH and the nitro group in

2-nitrophenol. This can result in the non-dissociated form being stabilized, which may explain
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why 4-nitrophenol exhibits greater solubility than 2-nitrophenol. This could be due to the fact
that 4-nitrophenol undergoes easier solvation and displays the capacity to form
intermolecular hydrogen bonds. This property may also be responsible for the observed
differences in Henry's law constants and retention (Achard et al., 1996; Schwarzenbach et al.,
1988). In contrast to the bond method used in this study, the group method of the
HENRYWINT™ software predicts the same Henry's law constant for both isomers. This clearly
shows the importance of reliable prediction or measurement of #* and the importance of

chemical structure.

We demonstrated here that the retention coefficients of more complex organic molecules
depend mainly on the dimensionless effective Henry's law constant. These experiments have
improved the parameterization of retention coefficients using the dimensionless effective
Henry's law constant. The results show that the retention of compounds with an #* below 103
is not a significant factor, and thus most of the compound dissolved in the supercooled drops
is released into the gas phase during freezing. For compounds with an #* value above 108,
retention close to 1 is expected, and the compound remains completely in the ice phase during
freezing. These compounds can be effectively washed out by precipitation or transported
further upwards and released by sublimation of the ice particles. At high altitudes and low
temperatures, the volatility of these compounds is even lower, and it is possible that
particulate residuals form after sublimation. This probably has an impact on the chemistry of
the upper troposphere and ultimately on the Earth’s radiative budget. In the intermediate
range of A*, the improved fit of R vs H* (Eq. (2.3), with a.eq = (3.34 + 1.61) - 10* and
breq = 0.36 £ 0.06) can be used to estimate the retention coefficient and thus further
improve cloud models that account for transport of organic trace components. However, the
present results show that more retention measurements are needed for compounds with
104 < H* < 106 to clarify the sharpness of the transition between the two boundaries of zero
retention and full retention.

Data availability

Data are available upon request from the corresponding author, Thorsten Hoffmann

(t.hoffmann@uni-mainz.de).

Author contribution

CB, JS, MG, KD, YM, AA, LG, AT, AV, and TH designed and performed the wind tunnel
experiments; FU synthesized pinic acid; CB performed the analytical measurement, analyzed
the data and wrote the manuscript draft; and JS, MG, MS, AT, AV, and TH reviewed and edited
the paper.

47



Conclusions

Competing interests

The authors declare that they have no conflict of interest.

Financial support: This research has been supported by the Deutsche
Forschungsgemeinschaft (grant. no. TRR 301 - project-ID 428312742).

This open-access publication was funded

by Johannes Gutenberg University Mainz.

Review statement. This paper was edited by Anne Perring and reviewed by Jefferson Snider

and Amy L. Stuart.

48



Height-selective drone-based measurements of aerosol particles

3. Height-selective drone-based

measurements of aerosol particles

This chapter has been published as preprint in Atmospheric Measurement Techniques
(Borchers et al, 2025):

Development and use of a lightweight sampling system for
height-selective drone-based measurements of organic
aerosol particles

Christine Borchers, Lasse Moormann, Bastien Geil, Niklas Karbach and Thorsten Hoffmann

3.1 Abstract

Organic aerosols (0OA) are introduced into the atmosphere from a variety of natural or
anthropogenic sources. Especially in the sub micrometer range, the organic fraction
contributes to a large proportion of the particle mass and thus has an impact on climate and
air quality. To gain insights into sources and sinks and the significance of dispersion, mixing
and ageing processes for OA, vertical profiling of the concentration of organic aerosols is
particularly helpful. Therefore, the aim of this study is to present an aerosol particle sampler
that is suitable to be used onboard uncrewed aerial vehicles (UAVs). The sampler consists of
a three-dimensionally printed filter holder connected to a lightweight high-performance
pump that can generate a flow rate of up to 19 L min-! for up to 30 minutes. The sampler was
characterized and applied on a proof-of-concept study during the BISTUM23 campaign in
August 2023 in Southern Germany. Vertical profiles were measured with three samplers
mounted on ground and drones and collected aerosol particles in an altitude of 1.5 m, 120 m
and 500 m above ground level simultaneously. The filters were analyzed with UHPLC-HRMS,
and a targeted approach was used to determine vertical profiles and diurnal trends of
biogenic, anthropogenic and biomass burning marker compounds. A non-targeted analysis
revealed a high number of CHO-containing compounds, which were oxidized to a greater
extent during the course of the day and at increasing altitudes. The system presented here
provides a comparatively simple and cost-effective way to sample OA at different altitudes and
at different locations and thus obtain vertical concentration profiles of the organic aerosol

composition.
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3.2 Introduction

Organic aerosol particles (OA) are accountable for a large proportion (20-90%) of the sub-
micron particle mass in the lower troposphere. They affect air quality, climate and human
health (Benoit et al., 2023; Jimenez et al,, 2009; Kanakidou et al., 2005). Primary organic
aerosols (POA) are emitted directly, for example from biogenic sources such as plant debris
or in the form of spores, bacteria or viruses, or from sources that are mostly anthropogenic
such as combustion processes. Secondary organic aerosols (SOA) are formed by oxidation of
volatile organic precursors and subsequent condensation of the products (gas-to-particle
conversion) (Reddington et al., 2011; Kroll and Seinfeld, 2008; Kerminen et al., 2005). The
chemical composition of OA provides information on the individual sources and source
processes (Gouw and Jimenez, 2009). Nitroaromatic compounds, for example, are released
during the combustion of coal or wood, and are contained in vehicle exhaust gases. They can
also be formed as secondary products from the reaction of phenols or cresols with NOx (Wang
etal,, 2020; Harrison et al., 2005; Lu et al,, 2019). The combustion of lignocellulose, the most
abundant biomass resource on Earth, leads to the production of phenolic compounds with
aldehyde functionalities, including 4-hydroxybenzaldehyde, vanillin and syringaldehyde.
Phenol aldehydes can be oxidized in the atmosphere by OH radicals, NOs radicals or ozone,
leading to the production of carboxylic acids (Cao et al., 2022; Rana and Guzman, 2022; Net
etal, 2011). Vegetation on Earth emits large amounts of volatile organic compounds (VOCs)
such as isoprene and various monoterpenes (MTs), with the most important MT, a-pinene,
accounting for about one third of global MT emissions (Sindelarova et al., 2014). In the
atmosphere, oxidation by OH radicals, NOz radicals or ozone leads to various products that
differ in their volatility by several orders of magnitude. Products such as 2-methyl tetrols,
terpenylic acid, terebic acid, and pinonic acid are described as the main oxidation products
(Kotodziejczyk et al., 2020; Bianchi et al., 2019; Noziére et al., 2015; Miiller et al., 2012; Kroll
and Seinfeld, 2008; Claeys et al., 2004b; Hoffmann et al., 1997). It can be concluded that the
elucidation of the chemical composition of OA can provide valuable information about the
sources, source strengths and processing of organic aerosol components, such as the
contribution of biogenic sources in terrestrial ecosystems or the role of anthropogenic

contributions to organic aerosols.

The implementation of atmospheric concentration measurements in the form of vertical
gradient measurements offers several advantages: firstly, measurements at multiple heights
allow the identification of sources and sinks, as they can distinguish between local plumes
and emission sources at ground level and atmospheric background concentrations. The latter
are particularly characterized by aging in the case of OA (Li et al., 2024). Vertical profiling can
also be used to investigate the transport and distribution of OA. Therefore, many monitoring
stations also perform atmosphere-related observations from tall towers, as they enable
measurements at several heights within the planetary boundary layer or even beyond, and
can thus reflect both local processes at lower altitudes and regional influences at higher
altitudes (Li et al., 2024; Mikhailov et al., 2017; Andreae et al., 2015; Williams et al., 2011).
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This is where drones can also be used without the need for a suitable tower infrastructure.
The use of miniaturized sampling systems in conjunction with drones has attracted
considerable attention in recent years (Bohmladnder et al., 2024). Compared to conventional
sampling methods that use towers, balloons or aircraft, these systems offer the advantages of
smaller size, environmental friendliness and the ability to collect samples in remote locations
that are difficult to access (Thivet et al., 2024; Pusfitasari et al., 2022; Lan et al., 2020; Bieber
etal, 2020).

The aim of this proof-of-concept study was therefore to develop a new low-cost and
lightweight aerosol sampling system for drones. To do this, a filter holder was designed and
produced using 3D printing and connected to a lightweight high-performance pump. The
sampled filters were then extracted and analyzed using UHPLC-MS. The system was
characterized and vertical concentration profiles of OA compounds at different times of the
day were determined as part of the BISTUM23 campaign in August in the Swabian Jura,

Southern Germany.

3.3 Experimental procedures

3.3.1 Sampling system

For aerosol sampling, a home-made 3D-printed filter holder was connected to an electric fan
motor with an impeller (CDS-R540-QA012; DC 7.2 V; 70 W; SIP Cinderson Motor CO., LTD),
which enables high gas flow rates. The inlet diameter of the filter holder was 20 mm. The
filters with a diameter of 70 mm were placed on a stainless steel mesh to prevent the filter
from tearing even at high flow rates (see Figure 3.1). The sampling unit was powered by a
lithium polymer battery (LiPO 7.4 V; 5000 mAh; Conrad Energy), which allows an operating
time of about 30 minutes, which is slightly above the approximate maximum flight time of the
drones on which the sampler is mounted on. The total weight of the filter holder and electric

blade motor is 280 grams, which corresponds to the weight of the battery.

To check the stability of the flow rate through the sampling unit, a filter holder (equipped with
PallflexTM EmfabTM filters TX40HI2Z0WW, 70 mm) was connected to a flow meter (model
4148, TSI GmbH, USA) and the flow rate was recorded at 30-second intervals over a total

period of 30 minutes.
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Inlet (20 mm)
Filter (70 mm)

Figure 3.1: Schematic representation of the filter holder. The air containing aerosol particles

is sucked through the filter, which is positioned on a stainless steel mesh.

3.3.2 Sampling procedure

The filter holders were attached below the drones with the filter opening facing to the side
(Figure 7.11). During a deployment near the village of Essenheim near Mainz (49° 55N,
8° 10’ E), the drones (model Matrice 200 and Matrice 300, both D]I) and the third filter holder
were operated at the same height, approx. 5 m above the ground, and with a horizontal
distance of approx. 5 m. Borosilicate glass microfibers, reinforced with glass cloth and bonded
with PTFE (PallflexTM EmfabTM Filters TX40HI20WW, 70 mm), were used for aerosol
sampling. Sampling time was between 20 and 30 minutes depending on the battery power of
the drones. To conduct the vertical profile measurements, the system was operated near
the village of Albstadt, in the Swabian Jura (48° 15° N, 8° 59’ E). The two drones
were simultaneously operated at 120 m and 500 m (one above the other with a horizontal
offset of about 10 m), while the third filter holder was attached to a wooden frame at a
height of about 1.5 m above the ground, with again a vertical offset of about 10 m
(Figure 7.12). A third measurement drone, FLab (Moormann et al., 2024), was used to
simultaneously quantify gas tracers and meteorological data in hourly vertical profiles over

the course of a day at the same measurement location.

3.3.3 Analysis

The filters were stored at -25 °C until analysis. The filters were extracted according to the
following protocol. They were cut into small pieces and placed in a vial that had been
previously baked at 450 °C for at least 8 hours. They were then extracted with 3 mL and twice
1.5 mL of a 9:1 (v/v) mixture of LC/MS grade methanol (Carl Roth) and LC/MS grade water
(Thermo Fisher Scientific) for 30 minutes on a shaking plate. The supernatant was transferred
to a 1.5 mL HPLC vial and concentrated at 30 °C under a gentle N, stream. The residue was
then filtered with a PTFE filter (pore size: 0.20 pm; Altmann Analytik) and filled up to about

50 pL with water. Since the volume of the solution is not known, a camphor sulfonic acid
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standard was added to obtain a correction factor for potential volume discrepancies (See

Supplement: Determination of the concentration).

Analysis was performed in triplicate using a Dionex UltiMate 3000 ultra-high-performance
liquid chromatography system coupled to a heated electrospray ionization source (HESI) and
a high-resolution Q-Exactive Orbitrap mass spectrometer (HRMS) (all Thermo Fisher
Scientific). An Acquity UPLC CSH Fluoro Phenyl (PFP) column, 100 mmX2.1 mm with 1.7 ym
particle size (Waters) was used for chromatography. The eluent A was 98% LC/MS grade
water (Thermo Fisher Scientific) with 0.04% formic acid and acetonitrile (VWR Chemicals),
the eluent B was 98% acetonitrile and water, and the injection volume was 5 pL. An H;0/ACN
gradient was used for the analysis. A flow rate of 0.5 mL min! and a gradient as described
below was used: Starting with 10% B, increasing to 99% B in 11 min, after which B was held
at 99% for 1 min, decreased to 10% in 0.5 min, and held again for 0.5 min. The HESI source
was used in negative mode, resulting in the formation of deprotonated molecular ions. The
sheath gas and auxiliary gas pressures were 40 and 20 a. u. (arbitrary unit) respectively. The
auxiliary gas heater temperature was 150 °C and the capillary temperature was 350 °C. The
sprayer voltage was set to -4.00 kV. Further details on the additional chemicals used, including

their respective purities, can be found in Supplement.

3.4 Results and discussion

3.4.1 Sampler characteristics

Figure 3.2 shows the airflow through the filter holder as a function of time. During the
measurement, the recorded airflow decreases from 19.0 L min-! to 17.8 L min-L. This may be
due to the fact that no voltage regulator was installed between the battery and the motor, so
the voltage in the battery decreases over time, and thus the power of the motor also decreases.
A statistically significant (significance level @ = 0.05) linear relationship was obtained
between flow rate and time. A linear fit (y = mx + b) was performed, with
m = (—0.027 + 0.002) Lmin™2 and b = (18.97 + 0.04) L min~?! as fit parameters. This
function can then be used to determine the volume of air collected within the sampling time

(see Supplement: Determination of the concentration).
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Figure 3.2: Flow through the filter holder as a function of time (blue dots), the dashed line
represents a linear fit of the data. The errors correspond to 2% of the measured value, which

represents the measurement uncertainty of the flow meter.

Most aerosol particle collectors operate at flow rates between 10 and 500 L min! to collect
aerosol particles over periods of several hours or days (Ma et al., 2022; Leppla et al., 2023).
Since the presented system is designed for use onboard drones, a lightweight configuration is
crucial. These constraints result in an operational time of 20 to 30 minutes and a flow rate of
approximately 18 L minl. However, sample preparation is essential to be able to detect
individual components despite these restrictions. Due to the extraction method and the
reduction of the sample volume to only 50 pL of liquid, it is possible to detect a wide range of
biogenic and anthropogenic substances. Figure 3.3 shows an excerpt of an extracted ion
chromatogram (EIC) of a LC-MS run for m/z 185.0819 (red line) and m/z 157.0506 (blue
line), which originate from a loaded and a blank filter (red and blue dashed lines). The mass
traces refer to biogenic maker substances. As the mass spectrometer was operated with a
HESI ion source in negative mode, the EICs demonstrate the deprotonated compounds. The
signal observed at a retention time of approximately 2 min in the EIC at m/2157.0506 can be
attributed to terebic acid, which is an oxidation product of a-pinene (Kotodziejczyk et al,,
2020). The second mass trace (m1,/2185.0819) shows several signals. The occurrence of these
signals can be attributed to several constitutional isomers of pinic acid, an oxidation product
of a-pinene, which exhibit identical mass-to-charge ratios. However, not only a-pinene is
emitted in the atmosphere, but also various other terpenes such as 3-carene, sabinene or
limonene. These terpenes oxidize and form compounds such as 3-caric acid, sabinic acid, or
limonic acid, which have the same sum formula as pinic acid. This results in the occurrence of

different compounds at a single mass trace (Glasius et al., 2000).
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It is evident that the signals of the loaded filters differ by an order of magnitude from those of
the blank filter and that a high signal-to-noise ratio is achieved for both mass traces. This
demonstrates that with the light aerosol sampling system presented here, in conjunction with
the extraction method described, it is possible to detect and quantify various marker
substances despite the relatively short sampling time. As a result, the presented system is

ideally suited for use onboard drones.
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—— m/z 157.0506 (filter)
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Figure 3.3: Extracted ion chromatogram for m,/2185.0819 (red line) and m/z157.0506 (blue
line) for a loaded filter and the corresponding EIC for a blank filter (red and blue dashed line).
This EIC is representative of biogenic marker compounds like pinic acid, limonic acid, sabinic

acid, 3-caric acid (red line), or terebic acid (blue line).

3.4.2 Influence of the sampling drone on the measured concentrations

To evaluate whether differences in the drone models or sample device mounting positions
(see Figure 7.11) impact analysis results (e.g., due to aspiration flow variations), two sampler
onboard drones and one at a metal framework were operated simultaneously at ~5 m height
near Essenheim during a test flight. Figure 3.4 compares the concentrations of a few selected
exemplary compounds (pinic acid, 4-nitrophenol, terebic acid and 2,6-dimethyl-4-
nitrophenol) at different sampling times for the respective systems. The results of these
replicate measurements at the three different sampling periods are shown in brown, blue and
green. According to these results, the concentrations of the individual compounds fluctuate
noticeably between the different sampling periods, which is plausible due to the
approximately one-hour delay between the three sampling periods. The differences between
these measurement flights can be attributed to the different time of the flights and the
resulting changes in the composition of the collected aerosol particles. The discrepancy

between the second and third measurements is particularly evident for the anthropogenic

55



Results and discussion

markers 4-nitrophenol and 2,6-dimethyl-4-nitrophenol. Such fluctuations can be attributed,
for example, to a change in wind direction and thus to a different origin of the sampled air
mass. However, itis crucial that the differences between the different sampling systems within
a measurement flight are comparatively low for the analytes. It can be concluded that the type
of drone used, or minor differences in the mounting position of the sampler on the drone and
the resulting differences in air turbulence around the filter holder, have no significant
influence on the analytical results.
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Figure 3.4: Mean concentration of pinic acid, 4-nitrophenol, terebic acid and 2,6-dimethyl-4-
nitrophenol, for the three measurement setups (no drone; dji m300; dji m200) during three
measurement flights (brown, blue and green). The error bar is the result of two error sources:
the standard deviation derived from the triple determination made by the LC-MS

measurement; and the error associated with the flow measurement of the filter holder.
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3.4.3 Vertical profiles of biogenic, biomass burning and anthropogenic

marker compounds

The characterized filter sampler was used to sample aerosol particles simultaneously to
measurements of a third measurement drone, FLab (Moormann et al., 2024) during the
BISTUM23 campaign in August 2023 in Albstadt, Germany. This approach allowed for the
acquisition of daily and height trends for OA at a measurement site, which is surrounded in
all directions by a mixture of grassland, forest, agricultural land, and urban infrastructure (see
Figure 7.12).

Figure 3.5 shows three height profiles at 10:35 am, 1:35 pm and 4:30 pm local time (UCT+2)
for concentrations of the three biogenic marker components pinic acid (black square),

terpenylic acid (blue triangle) and terebic acid (green diamond) in 1.5 m, 120 m and 500 m.
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Figure 3.5: Vertical profiles of the biogenic marker compounds pinic acid (black square),
terpenylic acid (blue triangle) and terebic acid (green diamond) at the different times (all
times are in UTC+2). For better clarity, these points are connected by dashed lines The error
bar is the result of two error sources: the standard deviation derived from the triple
determination made by the LC-MS measurement; and the error associated with the flow

measurement of the filter holder.

It can be seen that the concentrations at a height of 120 m are higher than at ground level
(1.5 m). This observation can have multiple causes, for example the different footprint areas
attributable to the various heights or also dry deposition of corresponding aerosol-borne
components on the ground (Spielmann et al,, 2017; Bamberger et al., 2011). Actually, this
trend between 1.5m and 120 m also coincides with the measured ozone concentration
(Figure 7.13). The ozone concentration is slightly lower at ground level than in the higher
region. However, the concentrations of the selected oxidation products decrease up to a height

of 500 m. This finding could be attributed to the higher average residence time of the
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corresponding aerosol populations. One potential explanation for the concentration decrease
is, among others, the further oxidation of the compounds measured here, which could lead to
the formation of more highly oxidized compounds. In addition to the altitude trend, a distinct
daytime trend can also be seen. From morning to afternoon, the concentrations of all three
compounds increase at all altitude levels, although the relative increase depends on the
individual compound. This is also in good agreement with the measured ozone concentration.

The ozone concentration increases during the day at all altitudes.

Figure 3.6 shows the altitude profile of some marker compounds for anthropogenic sources
of OA and biomass burning, salicylic acid (purple circle), 4-hydroxybenzaldehyde (pink
hexagon), 4-nitrophenol (turquoise pentagon), 2,6-dimethyl-4-nitrophenol (light blue half-
filled circle), and 2,4-dinitrophenol (brown star). The actually measured concentrations are
shown as symbols. For these marker substances, no clear trend can be seen in terms of
altitude or time of day. It can be observed that the trend in terms of altitude or time of day is
comparable for salicylic acid and 4-hydroxybenzaldehyde, as well as for 4-nitrophenol and
2,4-dinitrophenol. The differences between the trends are probably due to different sources
of the marker substances. For example, salicylic acid and 4-hydroxybenzaldehyde are formed
during the combustion of lignin (Cao et al,, 2022; Rana and Guzman, 2022; Fleming et al,,
2020). In addition, salicylic acid has been detected in vehicle exhausts, making it both an
anthropogenic and a biomass-burning marker compound (Li et al., 2020). The nitroaromatic
compounds may originate from the combustion of biomass and the nitration of phenols or
vehicle exhaust gases (Zhang et al.,, 2022; Kulakova et al,, 2020; Lu et al., 2019). Consequently,
they can also be considered as marker substances for biomass burning and anthropogenic
substances. The highest concentrations of salicylic acid, 4-nitrophenol, 2,6-dimethyl-4-
nitrophenol and 2,4-dinitrophenol were observed in the morning at a height of 120 m. This
indicates that the air mass sampled at 10:35 am had crossed an area where biomass had been
burned or where there was heavy traffic. The wind direction determined by FLab is southwest
with a wind speed of 2 to 3 m s (Figure 7.14 and Figure 7.15). A federal highway is also
located in this direction. The backward trajectory for the 120 m sample created with the
NOAA HYSPLIT model (Rolph etal., 2017; Stein et al.,, 2015; Draxler and Hess, 1998) indicates
that the sampled air masses crossed the federal highway at around 8 am (Figure 7.16). Higher
concentrations of anthropogenic markers can be attributed to rush-hour traffic. At ground
level, the plume is less extended due to the surface layer (Stull, 2017), while at 500 m, it is
diluted by dynamic air mixing or different origin of the air masses (Figure 7.16). Thus,
compound concentrations from the federal road, especially in the morning, are lower at 1.5 m
and 500 m.

The measured concentrations of the anthropogenic markers are lower than those of the
biogenic ones. The lower concentrations can be explained by the fact that the sampling site
was in a rural area where anthropogenic influences are possibly less significant than biogenic

ones.
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Figure 3.6: Vertical profiles of the anthropogenic marker compounds salicylic acid (purple
circle), 4-hydroxybenzaldehyde (pink hexagon), 4-nitrophenol (turquoise pentagon),
2,6-dimethyl-4-nitrophenol (light blue half-filled circle), and 2,4-dinitrophenol (brown star).
The actually measured concentrations are shown as symbols. For better clarity, these are
connected with dashed lines. The error bar is the result of two error sources: the standard
deviation derived from the triple determination made by the LC-MS measurement; and the

error associated with the flow measurement of the filter holder.

3.4.4 Height dependent Van Krevelen diagrams

In addition to the targeted analysis of individual marker compounds described above, a non-
target analysis was also carried out. The results are shown in a series of
Van Krevelen diagrams in Figure 3.7. The underlying molecular formulas of the compounds
shown can be unambiguously assigned due to the use of a high-resolution mass spectrometer
with accurate mass determination and were determined using MZmine 2.53 software (Pluskal
etal, 2010). These were used to determine the H/C and O/C ratios, which were then plotted
against each other. The compounds were assigned to the four substance classes CHO (blue),
CHON (green), CHOS (orange) and CHONS (pink), with CHO being the most abundant class.
The size of the dots is defined by the measured peak intensity of the respective LC-MS
measurement. All signals were normalized to the duration of the sampling. Since a HESI
source was used as the ion source, it is important to consider the potentially different
ionization efficiencies of the compounds. The ionization efficiency can differ by several orders
of magnitude for differently functionalized compounds (Liigand et al., 2021; Oss et al., 2010).
Therefore, the dot size essentially provides an overview of the concentration changes of the
respective compounds as a function of time or height. However, it does not provide any
information about the relative amounts between different compounds. The Van Krevelen
diagrams are divided into five sections for better clarity. These are based on the maximum
carbonyl ratio (MCR) of the compounds. This describes the maximum contribution of the
carbonyl/epoxy functionalities of the components and thus provides an indication of their
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degree of oxidation. The five groups are I% highly unsaturated (combustion related), /V:
oxidized unsaturated (primary organic carbon, oxidation products from aromatic VOC), //I:
intermediately oxidized (monoterpene first generation oxidation products), // highly
oxidized (monoterpene oxidation products, oxidative aging), and /: very highly oxidized

(isoprene oxidation products) (Zhang et al., 2021).

The composition of the aerosols should not differ significantly regardless of the origin of the
air mass due to the remote location. At first glance, however, it can be seen that the Van
Krevelen diagram at a height of 120 m in the morning (Figure 3.7 (d)) differs significantly
from all the others. This sample shows a strikingly high number of CHO-containing
compounds with high peak areas in the region between areas ///and /Vand in area I, likely
originating from combustion processes. Studies link these regions of the Van Krevelen
diagram to biomass combustion (Tang et al., 2020). Compounds in this area (C2oH2603,
C20H2802, C20H2803, C20H3002, C20H3004) are identified as biomass combustion markers in
previous research (Ramteke et al., 2024; Smith et al,, 2009). The intense biomass burning and
anthropogenic tracers in the 120 m morning sample (section 3.4.3) may result from vehicle
exhaust and biomass burning, as discussed for the vertical profiles of anthropogenic
substances in Figure 3.6 and Section 3.4.3. However, the change in the surface layer and
atmospheric boundary layer heights in the morning hours is likely related to these
observations. To examine general trends over height and time of day, the
Van Krevelen diagram for a height of 120 m in the morning is not considered in the discussion

below.

The vertical profiles at 1:35 pm and 4:30 pm are very similar. At a height of 1.5 m, there are
several substances in area /Vthat are no longer present at heights of 120 m and 500 m, or are
present in significantly lower concentrations. This can be attributed to the oxidation of the
substances to more highly oxidized compounds. In addition, a shift of the points to higher O/C
and H/C ratios is observed between 120 m and 500 m, which leads to an increased number of
substances in section // This also indicates that the observed compounds at higher altitudes
are evolving into more highly oxidized substances. The observed tendency towards higher
concentrations of higher-oxidized compounds at higher altitudes can be explained by the
longer residence time in the atmosphere before reaching these altitudes. Consequently,
terpenes, isoprene and their oxidation products are exposed to oxidizing species for a longer

period of time, resulting in the formation of more highly oxidized compounds.

For the variation during the day, the diagrams at the same altitudes can be compared with
each other. It is noticeable that the size of the points and thus the associated measured
concentration increases during the course of the day, particularly for the CHO-containing
compounds. This finding is also consistent with the targeted approach, which detects an
increase in the concentrations of biogenic SOA compounds (in this case CHO compounds)
during the course of the day. The higher concentration of CHO-containing compounds can be
attributed to the rising temperature and the accumulating oxidation product concentrations

over the course of the day. As the temperature rises, more biogenic substances such as
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terpenes are emitted by the trees, which are then oxidized to CHO-containing compounds over
the course of the day (Vettikkat et al., 2023; Niinemets et al., 2004).
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Figure 3.7: Van Krevelen diagrams in the morning (left), at noon (middle) and in the afternoon
(right). The different substance classes are represented by different colors (CHO blue; CHON
green; CHOS orange; CHONS pink) The size of the dots correlate with the measured peak area
of the compounds. The Van Krevelen diagrams are divided into 5 areas depending on the MCR,

which are separated by dashed lines (Zhang et al., 2021).

3.5 Conclusions

This study demonstrates that drones can also be used as a sampling platform for detailed
chemical characterization of organic aerosol components using UHPLC-MS. The developed
aerosol sampling unit allows the collection of sufficient aerosol mass for both targeted and
non-targeted analysis of primary and secondary organic aerosol components within the

maximum flight time of the drones used. The newly developed, very light aerosol sampling
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system with a weight of approx. 560 g was successfully tested at two locations in Germany.
Comparative measurements with three identical aerosol samplers on different drones
(Matrice 200 and Matrice 300 models, both D]I) showed that the drones themselves and slight
differences of the mounting position on the drones had no significant influence on the results.
During a measurement campaign (BISTUM23), a series of filters were sampled in parallel
using two drones and a ground-based framework, supported by another measurement UAV
that measured the gas phase and meteorological conditions throughout the day. The aim was
to perform vertical concentration measurements to investigate the variations in aerosol
composition during the course of a day. For this purpose, aerosol samples were collected

simultaneously at ground level, 120 m above ground and 500 m above ground.

The primary aim of the measurements shown above is a proof-of-concept, as the amount of
data alone is of course not sufficient to make general statements about vertical concentration
profiles of organic aerosol components. Nevertheless, some initial conclusions can be drawn
about the measured analytes. The biogenic SOA markers pinic acid, terebic acid, and
terpenylic acid show increasing concentrations from the morning hours to the afternoon
hours. This result is consistent with the observed increase in ozone concentrations during the
day. Both the rising temperatures during the day and thus the increasing release of precursor
VOCs during the day and the increasing importance of oxidation reactions can explain this
concentration trend (Vettikkat et al., 2023; Niinemets et al., 2004). Interestingly, the vertical
concentration measurement showed that the maximum concentration of these compounds
was often observed at a height of 120 m, an observation that may be attributed to different
footprint regions, dry deposition and chemical ageing (Spielmann et al.,, 2017; Bamberger et
al, 2011). The highest concentrations of anthropogenic markers were observed in the
morning hours. The wind data (Figure 7.14and Figure 7.15) and HYSPLIT back trajectories
(Figure 7.16) indicate that this phenomenon may be due to the main road during rush hour.
In general, the concentration of anthropogenic marker compounds is lower than that of
biogenic compounds, which can be explained by the remote location of the sampling site,
where biogenic processes can have a greater influence than anthropogenic activities.

The results of the non-targeted analysis of the filter samples are consistent with the trends
identified in the targeted analysis and show an increase of oxidized compounds throughout
the day and with increasing altitude. Consistent with the targeted approach, compounds
associated with automobile exhaust and biomass combustion products are particularly
present in the morning samples. In summary, this study highlights the use of drones as an
innovative platform for the sampling and chemical characterization of organic aerosols using
UHPLC-MS. The developed sampling unit collects sufficient aerosol mass within the drones'
flight time, enabling both targeted and non-targeted analysis of primary and secondary
organic aerosols. This approach facilitates cost-effective, height-selective sampling, allowing
the measurement of vertical concentration profiles and access to otherwise challenging or

inaccessible locations for aerosol sampling.
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4, Characterization of marine aerosol

particles

Investigation of organic aerosol particles collected on board
the research vessel Eugen Seibold between Iceland and the
equator

4.1 Abstract

Organic aerosols (OA) are a significant component of particulate matter in the atmosphere,
thereby influencing climate and public health. These particles have the capacity to absorb or
scatter radiation, consequently exerting a direct influence on temperature. Functioning as
cloud condensation nuclei, they play a crucial role in the process of cloud and precipitation
formation. The chemical composition of OA offers insights into their sources and processing,
including contributions from biogenic sources in largely undisturbed marine or terrestrial
ecosystems, as well as the role of anthropogenic activities in organic aerosol formation. High-
resolution mass spectrometry (HRMS) is currently regarded as one of the most significant
analytical techniques, including for the analysis of atmospheric aerosols. The combination of
high mass resolution and accurate mass determination allows for the elucidation of the
elemental composition of numerous compounds and ultimately facilitates a more profound
understanding of biosphere-atmosphere cycles. In this study, we present findings on the
chemical composition of 18 aerosol partilce samples collected aboard the sailing research
vessel S/Y Eugen Seiboldin various marine regions between the northern polar circle and the
equator. A variety of biogenic marker compounds were observed, along with the presence of
novel potential marine compounds that contained carbon, hydrogen, oxygen, nitrogen, and
sulfur atoms. Additionally, a possible organic iodine compound was postulated as a potential

new marine marker compound.

65



Introduction

4.2 Introduction

Marine aerosols are crucial for the global aerosol budget. Historically, research has focused on
aerosols originating from sea salt and non-sea salt sulfates (0'Dowd et al., 1997; Charlson et
al,, 1987; Shaw, 1983). However, a recent study highlights the importance of organic matter,
particularly during plankton blooms, where submicron organic particles dominate (O'Dowd
et al,, 2004). The organic components of marine aerosols are influenced by both primary
emissions and atmospheric processing, leading to the formation of secondary organic
aerosols (SOA) (Facchini et al., 2008a; Facchini et al., 2008b).

One significant source of marine aerosols is the process known as bubble bursting. This
occurs when wind causes the formation of air bubbles in the water column due to wave
breaking. As these bubbles rise to the surface, they disrupt the water's surface layer and
release particles (Resch et al., 1986). Phytoplankton in the water can influence the
composition of the aerosols produced through this process (Kuznetsova et al.,, 2005). The
resulting aerosols contain a variety of compounds, such as organic acids, amines, carbonyls,
and amino acids (Saxena and Hildemann, 1996), which may undergo further oxidation in the
atmosphere to form SOA (Schmitt-Kopplin et al.,, 2012).

Marine SOA can also form in the atmosphere through the oxidation of volatile organic
compounds (VOCs) from marine environments. Seawater contains a complex mixture of VOCs,
whose distribution and emissions are not fully characterized. Furthermore, the oceans'
contribution to the Earth's VOC budget is not yet fully understood (Yu and Li, 2021). One
major VOC, dimethyl sulfide (DMS), is produced by phytoplankton and is the primary source
of organic sulfur in the atmosphere (Yang et al,, 2011; Andreae et al., 1985). Once released,
DMS undergoes oxidation, forming various gas-phase compounds, some of which are low-
volatility and contribute to particle growth or new particle formation (NPF) (Becketal,, 2021;
Barnes et al., 2006). There are two main pathways for DMS oxidation: one involves the
addition of OH, NO3, or halogen radicals, while the other involves the abstraction of a hydrogen
atom (Siegel et al., 2023). In the addition pathway, DMS is first oxidized to dimethyl sulfoxide
(DMSO0), which then converts to methanesulfinic acid (MSIA) (Barnes et al., 2006). MSIA can
either transition into the particle phase or be further oxidized into methanesulfonic acid
(MSA), sulfuric acid (SA), or sulfur dioxide. In the abstraction pathway, sulfuric acid and MSA
are the primary products (Siegel et al., 2023).

In addition to sulfur compounds, organic nitrogen compounds also play a significant role in
marine aerosols. Many of these compounds are derived from gas-to-particle conversion in the
atmosphere, while others are introduced via mechanical processes such as sea spray and
subsequently oxidized (Cornell et al., 2003). A large proportion of the organic nitrogen
compounds are amines and amino acids (Barbaro et al., 2015; Facchini et al., 2008b).

Marine aerosols can also be influenced by isoprene and monoterpenes, which are produced
not only by terrestrial vegetation but also by bacteria, macroalgae (seaweed), and marine

phytoplankton (Yassaa et al., 2008; Broadgate et al., 2004). The occurrence of halogenated
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monoterpenes in marine algae has been documented, suggesting a potential source of these
compounds in the marine environment. This phenomenon is hypothesized to be a result of
halogenides present in seawater (O'Dowd et al., 2004). However, these emissions play a minor
role in marine aerosol formation. A model study estimates that around 78% of marine SOA
originates from the oxidation of DMS, 21% from dialkylamine salts, and a small fraction of

0.1% from the oxidation of marine hydrocarbons (Myriokefalitakis et al., 2010).

4.3 Experimental procedure

4.3.1 Filter sampling

The filters were collected on board the research vessel S/Y EFugen Seibold. The sample inlet
was located at an approximate height of 13 m above the waterline. A low-volume sampler with
a flow rate of up to 50 L/min was utilized. Further details about the S/Y Eugen Seibold and
the sampling process can be found in the literature (Schiebel et al., 2024). Pallflex™ Emfab™
filters (TX40HI20WW, 47 mm) were utilized for the collection of samples. A summary of the
samples can be found in the supplement (Table 7.20). The samples were collected between
July 2020 and May 2021. The sampling locations spanned a latitudinal range from the
northern polar circle near Iceland to the equator. A total of 26 filters were subjected to
analysis, of which 8 filters were classified as blank filters and were not sampled. The collection

time for each filter ranged from 1:33 h to 24:05 h, with an average duration of 15:03 h.

4.3.2 Filter analysis

The filters were stored at -25 °C until analysis. The filters were extracted according to the
following protocol. They were cut into small pieces and placed in a vial that had been
previously baked at 450 °C for at least 8 hours to remove any remaining organics. They were
then extracted three times with 1.5 mL each of a 9:1 (v/v) mixture of LC/MS grade acetonitrile
(ACN)(Carl Roth) and LC/MS grade water (Thermo Fisher Scientific) for 30 minutes on a
shaking plate (see Figure 4.1). The supernatant was transferred to a 1.5 mL HPLC vial and
concentrated at 30 °C under a gentle N; stream to dryness. The residue was then filled up to
700 pL with 50/50 (v/v) water/acetonitrile mixture and filtered with a PTFE syringe filter
(pore size: 0.20 pm; Altmann Analytik).

Analysis was performed in triplicate using a Dionex UltiMate 3000 ultra-high-performance
liquid chromatography system coupled to a heated electrospray ionization source (HESI) and
a high-resolution Q-Exactive Orbitrap mass spectrometer (HRMS) (all Thermo Fisher
Scientific). A Hypersil Gold, C18, 50 x 2.0 mm column with 1.9 pm particle size (Thermo
Fisher Scientific) was used for the chromatography. Eluent A consisted of 98 % LC/MS grade
water (Thermo Fisher Scientific) with 0.04 % formic acid and acetonitrile (VWR Chemicals),
eluent B consisted of 98 % acetonitrile and water, and the injection volume was 5 pL. An
H>O0/ACN gradient was used for the analysis. A flow rate of 0.5 mL min! and a gradient as

described in the following were used: Starting with 2 % B isocratically for 1 min, increasing
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to 20 % B in 2.5 min, then further increasing to 90 % in 1.5 min, after which B was held at
90 % for 4 min, decreased to 2 % in 0.5 min, and held again for 1.5 min. The HESI source was
used in negative mode, resulting in the formation of deprotonated molecular ions. The sheath
gas and auxiliary gas pressures were 40 and 20 a. u. (arbitrary unit) respectively. The auxiliary
gas heater temperature was 150 °C and the capillary temperature was 350 °C. The sprayer

voltage was set to -4.00 kV.

Q Cut into pieces Q Extract three times
ACN/ H,0: 9/1

Data evaluation

Filtration Measurement ‘

HPLC-high resolution mass spectrometry

Figure 4.1: Schematic of the sample preparation and analytical analysis process. The filters
are initially cut in half, and half of each filter is subsequently cut into small pieces. The filter
pieces are then mixed with solvent for extraction, shaken for approximately 30 minutes,
filtered, and concentrated under a stream of nitrogen. The resulting solution is then taken up

in solvent and analyzed using HPLC-HRMS. The resulting data is subsequently analyzed.
4.4  Results and discussion

4.4.1 Non-target analysis

The filters were subjected to a non-target analysis. The results are presented in a series of
Van Krevelen diagrams, as illustrated in Figure 4.2. Each Van Krevelen diagram represents the
sum of three filters in the corresponding region. The underlying molecular formulas of the
compounds shown can be assigned due to the use of a high-resolution mass spectrometer
with accurate mass determination and were determined using MZmine 2.53 software (Pluskal
etal, 2010). These were used to ascertain the H/C and O/C ratios, which were subsequently
plotted against one another. The compounds were classified into one of four substance
classes: CHO (blue), CHON (green), CHOS (orange), and CHONS (pink). The size of the dots is
proportional to the measured peak intensity of the respective LC-MS measurement. Given that
a HESI source was employed as the ion source, it is essential to take into account the potential

variations in ionization efficiency among the compounds. The ionization efficiency can differ
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by several orders of magnitude for compounds with different functional groups (Liigand et
al, 2021; Oss et al,, 2010). Consequently, the size of the dot provides an overview of the
concentration changes of the respective compounds. However, it does not provide any
information regarding the relative amounts of different compounds. For enhanced clarity, the
Van Krevelen diagrams are divided into five sections. These are based on the maximum
carbonyl ratio (MCR) of the compounds. This ratio describes the maximum contribution of
the carbonyl/epoxy functionalities of the components, thereby providing an indication of
their degree of oxidation. The five groups are as follows: I highly unsaturated (combustion
related), /V: oxidized unsaturated (primary organic carbon, oxidation products from aromatic
VOC), /Il intermediately oxidized (monoterpene first generation oxidation products), /I
highly oxidized (monoterpene oxidation products, oxidative aging), and /: very highly

oxidized (isoprene oxidation products) (Zhang et al,, 2021).

H/C

02 04 06 08 10 12 14 16
O/C

® CHOS @ CHON @ CHONS @ CHO

Figure 4.2: Van Krevelen diagrams for the filter samples from the various regions traversed
by the Eugen Seibold during its 2020 (red to yellow) and 2021 cruises (light to dark green)
(© Google Earth). The Van Krevelen diagram of the corresponding region is indicated by a

colored frame.

The Van Krevelen diagram, which depicts the samples near Iceland (Figure 4.2 (a)),
demonstrates a substantial presence of CHO-containing compounds, particularly in regions //

and /I/ of the diagram. This observation suggests a significant presence of biogenic
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compounds, as monoterpene oxidation products are predominantly found in this region.
Given the coastal vicinity of the sampling site, a combination of terpenes from terrestrial
vegetation and algae may be present (Fu et al,, 2011; Yassaa et al., 2008). The anthropogenic
influence on these samples appears to be minimal, as the presence of relatively few

compounds in areas /VVand Vsuggests a low level of combustion or oxidation of aromatics.

The Van Krevelen diagram representing the samples collected on the cruise from Ireland to
the Azores (Figure 4.2 (b)) shows some intense CHOS compounds in addition to the
potentially biogenic CHO compounds in region //and //I Of notable significance is the CHOS
signal in area /I/ which exhibited the highest peak area among all the samples that were
analyzed. This signal corresponds to the compound C17H2503S. This signal is overlaid on the
signals also present in the sample, which can be attributed to the compounds Ci¢H2603S,
C1sH3003S, and C19H3203S. The presence of these compounds is most likely a consequence of
the combustion of heavy fuel, which is either due to the presence of other ships or to the
engine of the Eugen Seiboldbeing operated (Bai et al., 2020; Riiger et al., 2015; Antipenko and
Melenevskii, 2012; Liu et al., 2010). In addition, the presence of certain CHOS compounds in
area /has been observed, some of which also exhibit high intensity. These include a number
of molecular formulas, such as C12H2604S, C14H3004S and C16H3404S. Laranjeiro et al.(2024)
discovered in a study that these sulfates can be introduced into the water by biodegradable
plastics. This indicates that these compounds have probably been introduced into the ocean
as contaminants and therefore have no biological background. Furthermore, area /contains a
compound with the molecular formula C15sH3203S. This compound was detected in extracts of
seaweed, suggesting a probable biological origin (Mofeed et al., 2022). In addition to this
CHOS (C15H3203S) compound previously described three other CHO compounds (C14H2502,
C17H3402, C20H4002) were identified. These compounds had also been detected in the extract
of the seaweed Corallina officinalis. This finding suggests that this plant may not only contains
the substances, but also emits them (Mofeed et al., 2022).

The Van Krevelen diagram of the samples near the Azores (Figure 4.2 (c)) also shows
combustion markers of heavy oil (C16H2603S, C17H25803S, C18H3003S, and C19H32053S), albeit not
as high as in the previous Van Krevelen diagram. In addition to the CHOS compounds present
in heavy oil, the formation of more saturated and more oxidized organosulfates, such as
C1sH3806S, can also result from reactions in the atmosphere (Zhao et al., 2013; Hatch et al,,
2011). These compounds are identified in area /of the Van Krevelen diagram. Two different
formation mechanisms for CHOS compounds have been described in the literature. Firstly,
ester formation of alcohols with sulfuric acid has been observed. Secondly, acid-catalyzed
reactions of epoxides have been reported (Minerath and Elrod, 2009; Liggio et al,, 2005). It
has been established that both mechanisms are dependent on the presence of sulfuric acid
anions, which are known to be produced in a marine environment through the emission of
DMS and subsequent reactions in the atmosphere (Siegel et al., 2023; Minerath and Elrod,
2009; Liggio et al., 2005). The importance of organosulfates for marine organic aerosol is also
supported by studies that have identified organosulfate functionalities in coastal areas

influenced by maritime and continental sources, as well as in remote areas with exclusively
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biogenic influences (Hawkins et al, 2010; Claeys et al, 2010). Consequently, the CHOS
compounds present in area /may be partly of marine biogenic origin. Another notable finding
in the Van Krevelen diagram is the presence of certain CHONS compounds within area / These
compounds are characterized by their high molecular weight, with a molecular weight greater
than 250 u. The molecular formulas of these compounds are Co.12H22-32N6-1201-5S, with the
compounds C10H26N602S and CoH26N02S exhibiting the highest signal intensity. The H/C ratio
of the molecules indicates an aliphatic character. It is expected that low molecular weight
aliphatic amines are of marine origin(Facchini et al., 2008b; Miiller et al., 2009). A comparison
of the marine samples ((Figure 4.2 (c)) with samples from tropical terrestrial ecosystems
(amazon rainforest (Leppla, 2021)) and industrial regions (Beijing (Ma et al., 2022)) reveals
interesting differences. The CHONS-containing compounds in area /in the samples taken near
the Azores are only found in these marine samples. Therefore, it is very promising that these
substances are of marine origin. Further filter samples need to be investigated to determine

if the increased occurrence of CHONS-containing compounds is a seasonal or a regional effect.

As illustrated in the Van Krevelen diagram (Figure 4.2 (d)), which is based on samples
collected in regions close to the equator, there are comparatively few compounds present.
Once more, as previously observed in Figure 4.2 (a), the largest fraction is comprised of CHO
compounds. These CHO compounds are primarily found in area //7and /V, indicating that they
are monoterpene oxidation products and primary organic compounds. The compound
exhibiting the highest signal intensity of the CHO compounds is C15H3002, which is likely to be
a n-fatty acid. Fatty acids may have terrestrial sources, such as higher plant waxes or soil
microbes. Alternatively, they may have marine sources, such as cellular lipids or
phytoplankton, which are present at the ocean surface. These fatty acids were previously
detected in marine aerosol samples (Bikkina et al., 2019; Tyagi et al., 2017; Mochida et al,,
2002). In addition to the presence of the Cis fatty acid, C12 to Cyo fatty acids were also detected
in the samples. Given the remote nature of the sampling location, it is plausible that the fatty

acids are of marine origin.

4.4.2 semi-target analysis

Furthermore, the filters were subjected to a semi-targeted analysis. This entailed the search
for masses of known biogenic and marine marker compounds in the chromatograms. In Table
4.1, the utilized marker compounds, along with the exact mass of the corresponding ion used
for the analysis and their presence in the filter samples, are presented. Methanesulfonic acid
and sulfuric acid are maritime marker compounds that are formed from the oxidation of
dimethylsulfide and contribute to NPF (Siegel et al., 2023; Katoshevski et al., 1999). Pinic acid
and 3-methyl-1,2,3-butantricarboxylic acid (MBTCA) are oxidation products of a-pinene.
These compounds are typically used as biogenic terrestrial marker compounds; however, they
could also be used as maritime markers since algae also emits a-pinene (Yassaa et al., 2008;
Kourtchev et al,, 2008; Jenkin et al., 2000). The exact masses of the analyzed ions that could

correspond to methanesulfonic acid, sulfuric acid, pinic acid, and MBTCA were detected in all
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the analyzed samples. This finding indicates that all of the samples were influenced by

biogenic emissions.

Decesari et al.(2020) have proposed creatinine as a new biogenic marine marker that they
found in the Weddell Sea. The precise origin of this substance remains to be elucidated;
however, one hypothesis suggests that it might be a byproduct of the excrement of sea lions.
Alternatively, the marker may be the result of an enzymatic conversion process of creatine to
creatinine within the marine environment (Decesari et al., 2020). In contrast to the findings
reported by Decesari et al. (2020), no creatinine was detected in the samples collected on the
Eugen Seibold. Given that the samples were collected at disparate locations and under
differing climatic conditions, it can be hypothesized that creatinine cannot be used as a
universal marine marker. Further studies are necessary to investigate the sources of

creatinine in order to obtain a reliable marker compound.

The ocean plays a significant role in the global iodine cycle, serving as a main source of
atmospheric iodine. The primary mechanism for iodine input into the atmosphere is the
evaporation of organic iodides (Carpenter, 2003; Lovelock et al, 1973). Macroalgae
(seaweeds) and microalgae (phytoplankton) represent the predominant sources of organic
iodine compounds within the oceanic ecosystem (Carpenter, 2003). Consequently, the non-
target analysis was conducted with a specific focus on the identification of organic iodine
compounds. The predicted compound CoH7I03; may potentially serve as a novel marker
compound for biogenic maritime emissions, as it was detected in all of the analyzed samples.
However, it is crucial to conduct additional measurements, including MS/MS experiments, to

verify the molecular formula and potentially suggest structural hypotheses.

Table 4.1: Possible marker substances, including their molecular formula, the exact mass of

the quasi-molecular ion and their presence in the filter samples.

Substance Sum formula Exact mass of the Found in
analyzed ion / u samples
Methanesulfonic acid CH403S 94.9808 Yes
Sulfuric acid H2S0.4 96.9601 Yes
Pinic acid CoH1404 185.0819 Yes
MBTCA CsH1206 203.0561 Yes
creatinine C4H7N30 114.0662 No
Organic iodine compound CoH7103 288.9367 Yes
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Figure 4.3 presents the extracted ion chromatograms (EICs) of the exact masses of the ions
suspected in the semi-target analysis. The solid line corresponds to a loaded filter, while the
dashed line corresponds to a blank filter and can therefore be used to correct for background.
However, it is important to note that direct comparison of the absolute intensities of the
compounds is hindered by the use of HESI as an ion source. This is due to the fact that the

ionization efficiency can vary by several orders of magnitude for compounds with different

functional groups (Liigand et al., 2021; Oss et al.,, 2010).
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Figure 4.3: Extracted ion chromatogram for (a) m/z288.9367 (green line), (b) m/z94.9808
(blue line) and m/z96.9601 (red line), (c) m/z185.0819 and (d) m/z203.0561 for a loaded
filter and the corresponding EIC for a blank filter (green, blue, and red dashed lines). The EIC
in (a) might correspond to the sum formula CoH7IO, the ones in (b) are representative of the
marine marker compounds like MSA (blue line), or sulfuric acid (red line). The EIC in (¢)
might correspond to the pinene oxidation product pinic acid and the EIC in (d) is

representative for the biogenic aging marker MBTCA.
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As illustrated in Figure 4.3, the signals observed for the loaded filters differ significantly from
those of the blank filter, and the EICs exhibit a high signal-to-noise ratio. The mass trace of the
ion with m/z 185.0819 (Figure 4.3 (c)) displays a notable deviation in its peak form when
compared to the other EICs presented. The mass trace in Figure 4.3 (c) appears to be
composed of two overlapping signals, which may be attributed to the presence of other
molecules with identical sum formulas. The mass trace is associated with pinic acid, a product
of a-pinene oxidation. However, it is important to note that a-pinene is not the sole
contributor to atmospheric terpene emissions; various other terpenes, including 3-carene,
sabinene, and limonene, also contribute to these emissions. These terpenes undergo
oxidation, resulting in the formation of compounds such as 3-carboxylic acid, sabinic acid, and
limonic acid, which share the same sum formula as pinic acid. This phenomenon results in the
presence of multiple compounds within a single mass trace (Glasius et al, 2000).
Nevertheless, these mass traces definitively demonstrate that the sampling and extraction

method presented herein enables the analysis of various biogenic marker compounds.

4.5 Conclusions

In this study, samples were collected over the course of a year between the northern polar
circle and the equator and analyzed in a non-target analysis. The most intense signal detected
is assigned to the molecular formula C17H2803S. Studies have shown that this is likely to be a
component of heavy fuel oil and was therefore emitted either from the EFugen Seibolditself or
from surrounding ships (Bai et al., 2020; Riiger et al., 2015; Antipenko and Melenevskii, 2012;
Liu et al., 2010). However, biogenic CHOS compounds, such as C15sH3203S , which has also been
detected in extracts of seaweed, were also detected (Mofeed et al.,, 2022). In addition to this
biogenic CHOS compound, molecular formulas were predicted (C14H25802, C20H4002, C17H3402),
belonging to CHO compounds which were also detected in a study of extracts from Corallina
officinalis (Mofeed et al., 2022). It is also notable that some CHONS compounds within area /
of the Van Krevelen diagram were found in the samples near the Azores. These compounds
are characterized by their high molecular weight of more than 250 u. The molecular formulas
of these compounds are Co.12H22.32N6.1201.5S. Notably, these compounds were not detected in
samples from the Amazon rainforest or in the urban environment of Beijing, suggesting a
probable marine origin (Ma et al., 2022; Leppla, 2021). The H/C ratio indicates aliphatic
characteristics, but further studies are necessary to determine the structures of these
compounds. Obtaining additional samples is also essential to ascertain the source of these
compounds and to determine whether the presence of the compounds is a regional or

seasonal effect, as they have only been detected near the Azores.

In addition to non-target analysis, a semi-targeted approach was employed, focusing on the
detection of mass traces of known biogenic marker compounds. The mass traces that can be
associated with methanesulfonic acid and sulfuric acid, two typical marine marker

compounds, are present in all analyzed samples (Siegel et al., 2023; Katoshevski et al., 1999).
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Additionally, pinic acid and MBTCA were detected in all samples. These compounds have been
observed to originate from both terrestrial and marine sources (Yassaa et al., 2008; Kourtchev
et al, 2008; Jenkin et al., 2000). A marine marker compound (creatinine) proposed by
Decesari et al. (2020) could not be detected in any sample, suggesting that creatinine cannot
be used universally as a marine marker and that its use may be linked to specific conditions,

such as the location of the sampling point.

The ocean is a significant source of atmospheric iodine (Carpenter, 2003). Thus, there was a
focus on the presence of organic iodine compounds. The molecular formula CoH7103 was
proposed for m/z288.9367, which was also detected in all samples. The predicted compound
CoH7103 may potentially serve as a novel marker compound for biogenic maritime emissions.
To verify the molecular formula and potentially suggest structural hypotheses, additional

measurements, including MS/MS experiments, must be conducted.

A total of 26 samples were successfully collected and analyzed between Iceland and the
equator, 8 of which were blank samples. Several biogenic marker compounds were observed,
as well as potentially new marine compounds containing CHONS. In addition, an organic
iodine compound was postulated. Further measurements are necessary to investigate

regional and seasonal effects on the CHONS compounds and their potential sources.
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5.  Summary and outlook

The aim of this work was to investigate the transport mechanisms, sources and sinks, and
aging processes of organic aerosols (OA) in the atmosphere using chromatography with high-
resolution mass spectrometry. For this purpose, the retention coefficients of three a-pinene
oxidation products and four nitroaromatic compounds were determined in the vertical wind
tunnel of the Johannes Gutenberg University under close to atmospheric conditions in mixed-
phased clouds. Additionally, a miniaturized aerosol particle sampler was successfully
developed for application in conjunction with drones to obtain vertical concentration profiles
of secondary organic aerosol (SOA). In a third study, samples from the sailing vessel Eugen
Seibold were utilized to investigate maritime sources in addition to the terrestrial and

anthropogenic SOA.

Wind tunnel experiments were conducted within a temperature range of -12 to -3 °C, under
dry and wet growth conditions. The wind speed was set at 3 m/s to simulate the fall velocity
of graupel. These experiments were designed to elucidate the impact of temperature, pH
(4 and 5.6), and growth regimes on the retention of organic compounds during riming. The
retention coefficient of 2-nitrophenol demonstrated a variation with pH, exhibiting values of
0.19 £+ 0.05 at pH 5.6 and 0.08 + 0.04 at pH 4 for graupel samples. These findings indicate
that pH can influence retention and should be taken into account when developing models of
atmospheric processes involving such compounds. Additionally, a notable negative
temperature trend was observed at pH 4, which aligns with the findings reported in the
literature. Stuart and Jacobson (2004; 2003) had hypothesized that external factors such as
temperature and pH could influence compounds with a low dimensionless effective Henry's
law constant, /% This hypothesis is supported by the experimental observations, which
indicate a dependence on these environmental variables for 2-nitrophenol. The retention
coefficients of 2-nitrobenzoic acid, 4-nitrophenol, and 4-nitrocatechol were found to be close
to1(0.99 +0.04,1.01 £ 0.07,and 1.01 + 0.14, respectively), showing no significant influence
of temperature, pH, or growth regime. A similar observation was made with cis-pinic acid and
cis-pinonic acid, which showed retention coefficients of 0.96 + 0.07 and 0.92 + 0.11,
respectively. These findings indicate that compounds with a higher A*value tend to exhibit
stable retention behavior, independent of environmental factors. Pinanediol's retention
coefficient was determined to be 0.98 + 0.08, which was unexpected given its relatively low
H* However, it should be noted that the Henry's law constant is only predicted and may be
subject to errors due to the specific structure of the molecule. Given the absence of
experimental data for A* for a significant number of atmospherically relevant organic
molecules, it is essential to measure the Henry's law constants of a larger variety of molecules
to enhance understanding and improve modeling of atmospheric processes. The wind tunnel
experiments demonstrated that molecular structure is a significant factor in retention.
2-Nitrophenol and 4-nitrophenol, despite being structural isomers, exhibited substantial

differences in their retention coefficients. The different spatial arrangement of these
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molecules allows for the formation of an intramolecular hydrogen bond between the hydroxyl
group and the nitro group in 2-nitrophenol. This structural modification can potentially
stabilize the non-dissociated form, which might contribute to the observed differences in
solubility between the two isomers (Achard et al., 1996; Schwarzenbach et al, 1988).
Additionally, this property may be a factor in the variation of Henry's law constants and
retention. The wind tunnel measurements indicate that compounds with an A*value below
103 experience minimal retention and are released into the gas phase during the freezing
process. In contrast, compounds with an A*value above 108 remain predominantly in the ice
phase and can be removed from the atmosphere through precipitation. For compounds with
intermediate A*values, an improved fit for the relationship between R and A*is provided,
which could be used to estimate retention coefficients and further refine cloud models that

simulate the transport and fate of organic trace components.

A lightweight aerosol sampling unit was developed to collect aerosol particles for detailed
chemical characterization of organic aerosol components using UHPLC-MS. This unit allows
for the collection of sufficient aerosol mass for both targeted and non-targeted analysis of
primary and secondary organic aerosol components within the maximum flight time of the
drones used. The newly developed system was tested during the BISTUM23 campaign, where
aerosol samples were collected from varying altitudes to study vertical concentration profiles
of organic aerosols. The findings indicated an increase in concentrations of biogenic SOA
markers, such as pinic acid and terebic acid, from morning to afternoon. This observation
correlated with rising ozone levels and increasing temperatures, indicating an increase in the
release of precursor volatile organic compounds (VOCs), during the day (Vettikkat et al., 2023;
Niinemets et al., 2004). The vertical concentration measurements indicated that the highest
concentrations of these compounds were observed at 120 m, likely due to dry deposition and
chemical aging (Spielmann et al., 2017; Bamberger et al., 2011). Non-targeted analysis of filter
samples further supported these findings, showing an increase in oxidized compounds
throughout the day and with increased altitude. The analysis also identified anthropogenic
marKkers, particularly in morning samples, likely due to emissions from nearby road traffic.
This finding highlights the potential of drones for cost-effective, height-selective sampling. To
further extend the drone's flight duration or utilize smaller drones, there is a potential for
miniaturization of the novel lightweight aerosol particle sampler. This reduction in weight
would enable prolonged drone flight times, thereby facilitating extended sampling periods. A
reduction in filter size, from the current 47 mm to 8 mm, has the potential to decrease the
amount of solvent required, thereby reducing or even eliminating evaporation during sample

preparation, thus enhancing the efficiency of the sample preparation process.

In the final section of the presented work, filter samples collected in the region between the
northern polar circles and the equator in the years 2020 and 2021 were analyzed. These
samples were collected with the help of the research sailing vessel Eugen Seibold. In the semi-
targeted analysis, marine and biogenic marker compounds (methanesulfonic acid, sulfuric
acid, pinic acid, and MBTCA) were detected in all samples. In the non-target analysis, certain

biogenic compounds were identified, which have previously been detected in seaweed
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extracts and are therefore likely to have a maritime origin. In addition, CHONS
(Co.12H22:32N6.1201.5S) compounds were detected, which were not detected in samples from
the Amazon rainforest or in the urban environment of Beijing, suggesting a probable marine
origin (Ma et al, 2022; Leppla, 2021). The H/C ratio indicates aliphatic characteristics;
however, further studies are necessary to determine the structures of these compounds.
Obtaining additional samples is also essential to ascertain the source of these compounds and
to determine whether the presence of the compounds is a regional or seasonal effect, as they
have only been detected near the Azores. Moreover, an organic iodine compound was detected
in all samples, for which a molecular formula of CoH710; was postulated. The postulated
compound C9H7103 may potentially serve as a novel marker compound for biogenic maritime
emissions. However, additional measurements, including MS/MS experiments, must be

conducted to verify the molecular formula and suggest structural hypotheses.
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7. Appendix

7.1 Supplementary materials chapter 2

Figure 7.1: Photo of ice grown under dry (a)) and wet (b)) growth conditions.
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Normalized number

Normalized volume

Figure 7.2: Normalized droplet number (a) and volume distribution (b) of the supercooled

droplets generated using four spraying nozzles. The lines represent the log-normal fit
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Figure 7.3: Experimentally determined retention coefficients of pinic acid using (a) the LN
finger and (b) the sprayer solution as a function of the temperature during the experiment for
different rime collectors. The circles represent the graupel samples and the triangles those of
the Teflon-coated bars. For the blue symbols, the pH was adjusted to 4 by adding HCI (30 %),
the red symbols are without adding HCl. The solid black line represents the mean of all

measurements, and the grey area represents one standard deviation.

Desorption correction procedure

2-nitrophenol has the lowest effective Henry’s law constant and therefore possesses the
highest probability of transition from the droplet phase to the gas phase, resulting in a high
gas phase concentration in the wind tunnel. For such a substance the measurement technique
using the liquid nitrogen finger collection is not reliable since the gas molecules might adsorb
on the liquid nitrogen cooled ice and thereby bias the retention value. Also, there is currently
no other reliable measurement technique for measuring the desorption of a highly volatile
substance right at the point where the retention measurements were carried out. Therefore,
the desorption coefficient valid for the retention measurement was estimated based on a two

step temperature and exposure time correction outlined in detail in the following.
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First step: desorption measurements

The same solution (see Table 2.1) used for the retention measurements, containing
2-nitrophenol and NaBr as internal standard (IS), was nebulized and the droplets were
transported downstream in the wind tunnel. The droplets were sampled in a vial in the lower
horizontal part of the tunnel after a residence time of approximately 1 s (point A in Figure
7.4). The solution was then collected and measured by UHPLC-HRMS. Desorption
measurements were carried out at different temperatures (between 0 °C and 19 °C) to obtain

a temperature dependency.

Liquid Nitrogen finger (LN)

| Vacuum pumps

| Thermometer

Droplets containing \

organic substances
and tracer @ I 9 Graupel

i

Teflon coated bars
—

Figure 7.4: Schematic of the wind tunnel. Cooled air transported the generated water droplets

containing the compounds into the experimental region (red circle). Red rectangle: The
enlarged experimental area shows the three surfaces on which the riming took place: Graupel,
liquid nitrogen finger and Teflon-coated bars. Desorption measurements were performed at

point A and retention measurements were performed at point B.

The definition of the desorption coefficient is shown in Eq. (7.1). The numerator describes the
ratio of the compound remaining in the sample (droplets sampled in a vial) to a reference
sample, which is in this case the sprayer solution, which is the solution immediately before

. vial sprayer
droplet formation, takes place (¢compound / Ccompound

ratio but for the IS (% lal/CSPrayer)_

)- The denominator describes the same

v1al d/ sprayer
ComPOUn compound
Dcompound v1a1/csprayer (71)
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Figure 7.5 shows the desorption coefficient as a function of the temperature as measured in
the lower part of the wind tunnel. Obvious from Figure 7.5 is a strong dependence of the
desorption coefficient of 2-nitrophenol on temperature, indicating less desorption at lower
temperatures. This is expected since the mass transfer rate of a dissolved compound to the
environment decreases for decreasing temperatures. The reason for this is that the mass
transfer depends, among others on the temperature-dependent parameters like gas- and
aqueous-phase diffusivities and the effective Henry’s law constant. The observed variations
in the values are greater than those expected due to analytical measurement error. These
variations are likely attributable to fluctuations in the conditions within the wind tunnel,

which were expected to be also present during the retention measurements.
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Figure 7.5: Desorption coefficient for 2-nitrophenol. The errors correspond to the error of the
analytical measurement (y-axis) or the standard deviation of the temperature measurement

during the collection time of each sample (x-axis). The dashed line represents a linear
regression.
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A statistically significant linear trend is visible in the measurement series. A linear regression
with the equation D¢ompound = @p * X * [°C17' + bp was performed to extrapolate the
desorption to the temperatures present during the experiments. This leads to the following

equation, 7.2, for the fit function.
Dcompound = (—0.020 + 0.002) - x - [°C]~1 + (0.606 + 0.015) (7.2)

Extrapolating the results to the experimental conditions (e.g. -10°C and -4 °C) yields
Dcompound = 0.81 and Dcompounda = 0.67 for typical dry and wet growth conditions

respectively.
Second step: semi-empirical exposure time correction

The exposure time in the tunnel from the point of the desorption (point A in Figure 7.4) to the
retention measurements (point B in Figure 7.4) is another 3 s (overall 4 s) which introduced
another source of uncertainty. Thus, the measured D after one second of exposure had to be
corrected for this time effect. This was done by a semi-empirical approach using theory and
the results of the first step introduced above. From the convective diffusion equation
assuming a well-mixed droplet, Pruppacher and Klett (2010, p. 775, Eq. 17-144) showed that
the desorption of a dissociating gas with the initial condition of zero gas phase concentration
follows a 1/ tlaw. This functional relationship was used to fit the data from the first step to get
atime dependence correction of the desorption coefficient. More specifically the following fit

function was utilized:

_ a(T,L)
DT, Lty =c(T,L)+ (1+a(T,L)b(T,L)t) (7.3)

Here D(T,L,t) is the temperature (7), liquid water content (L), and time ({) dependent
desorption correction coefficient which asymptotically approaches the equilibrium value at a
given temperature and liquid water content c¢(T, L). That is, when ttends towards infinity Eq.
(7.3) approaches c¢(T, L). This coefficient describes the fraction of 2-nitrophenol in the liquid
phase in equilibrium with its gas phase. It was derived from the assumption of the equilibrium
gas/liquid partitioning in a confined system consisting of a single gas (2-nitrophenol) and a
given amount of liquid water (1 and 2 g/m3) (Seinfeld and Pandis 2006, p.290, Eq. 7.9). In the
referenced Eq. 7.9 from Seinfeld and Pandis (2006) the temperature dependent Henry’s law
constant was calculated according to Guo and Brimblecombe (2007) for the temperatures

used during the retention measurements. The results are shown in Figure 7.6.

112



Appendix

3
100 x10 '
— LWC =1 g/m*3

-y Coefficient values = one standard deviation| — LWC=2g/m"3
b a =0.028873 +0.000891

(& b =-0.004189 +0.000122

§ 80 — L
©

=

=

[}

o

p 60 — L
a

o

=

<

o

©

o 40 — L
0

15

©

S

= 20 — Coefficient values = one standard deviation —
2 a =0.014428 +0.0005

g_ b =-0.0022231 + 6.87e-05

i}

0 [ [ [ [ [
-10 -9 -8 -7 -6 -5 -4

Temperature [°C]

Figure 7.6: Equilibrium fraction of 2-nitrophenol in water as a function of temperature and
liquid water content. Coefficients a and b represent the fit values of the intercept and slope of
the linear regressions. Black: LWC = 1 g/m3. Red: LWC = 2 g/m3.

When tapproaches zero Eq. (7.3) yields ¢(T, L) + a(T, L)= 1, which yields a(T, L)=1—c(T, L).
Hence, the only unknown in Eq. (7.3) is coefficient b(T, L)which was used as a fit parameter
and thereby parameterized as a function of 7and L. Accordingly Eq. (7.3) was used along with
the extrapolated desorption values to the temperatures prevailed during the retention and
the equilibrium fractions (Figure 7.6) to derive a parameterization of D which depends on

temperature, liquid water content and time.
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Figure 7.7: Desorption correction coefficient as a function of time for different temperatures
and liquid water contents obtained from Eq. (7.3). Solid lines: LWC = 1 g/m3. Dashed lines
LWC = 2 g/m3. The data points were calculated from Eq. (7.2).

From the results shown in Figure 7.7 it is obvious that a significant part (37 %) of
2-nitrophenol desorb from the droplets from the point between the desorption and retention
measurements (Point A and B in Figure 7.4). For example at -10 °C the desorption between
Point A and B decreases from 0.81 to 0.51. For each curve in Figure 7.7 a fit coefficient (7 L)
was obtained corresponding to a certain temperature and liquid water content. By plotting
these as a function of temperature (Figure 7.8) a linear relationship of 5(7 L) on the

temperature and liquid water content was derived.
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Figure 7.8: Dependency of the fit parameter b(7L) on the temperature and liquid water
content as derived from Figure 7.7. Red and black points: values for LWC’s of 1 and 2. Red and
black lines: fit to the data. Coefficients a and b represent the intercepts and the slopes of the
linear regressions.

A close glance at Fig. 7.7 reveals that the difference between 1 and 2 g/m3 is below 1 %.
Thus, the final desorption correction function that was used to correct the retention values
for 2-nitrophenol at a given temperature and at the location of the retention measurements

is given by Eq. (7.3) which was evaluated at t = 4 s and LWC=L= 1 g/m3. The used
parameters were:

¢(T,L =1) = 0.0144 — 0.0022 T [°C] (7.4)
a(T,L=1)=1-c¢(T,L) (7.5)
b(T,L = 1) = 0.6330 + 0.0368 T [°C] (7.6)
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Figure 7.9: Equilibrium distribution of species between the liquid and gas phase in a confined

system as function of the LWC. Figure according to Seinfeld and Pandis (2006).
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Additional material which is not included in the paper

Table 7.1: Retention coefficients for pinic acid of the measurements at pH 5.6.

T /°C AT /°C Rg,, ARg,, Rg,_, ARg,,
-3.51 0.37 0.97 0.03 1.04 0.03
-3.60 0.49 0.95 0.03 1.02 0.03
-3.64 0.35 0.88 0.02 1.00 0.03
-3.74 0.49 0.93 0.03 0.99 0.02
-4.01 0.56 0.91 0.03 1.02 0.03
-4.03 0.51 1.00 0.03 1.01 0.03
-4.06 0.60 0.70 0.02 0.78 0.02
-4.21 0.51 0.91 0.03 0.99 0.02
-4.29 0.51 0.91 0.02 0.98 0.02
-4.39 0.46 1.06 0.03 1.05 0.03
-4.63 0.39 0.90 0.03 1.03 0.03
-4.79 0.48 0.90 0.03 1.01 0.03
-6.51 0.46 0.96 0.05 0.98 0.03
-6.65 0.48 0.93 0.04 0.95 0.03
-6.81 0.22 0.95 0.05 1.00 0.03
-7.06 0.28 0.98 0.04 0.97 0.03
-7.69 0.21 0.96 0.04 1.01 0.03
-7.69 0.39 1.04 0.04 0.98 0.03
-7.81 0.13 0.96 0.04 0.97 0.03
-7.87 0.33 1.08 0.05 0.97 0.03
-7.92 0.49 0.96 0.05 0.97 0.03
-7.98 0.18 0.99 0.04 0.99 0.03
-7.99 0.49 0.97 0.05 0.92 0.03
-8.13 0.37 0.96 0.04 0.93 0.03
-8.41 0.34 0.98 0.04 0.95 0.03
-8.42 0.38 1.04 0.06 0.98 0.03
-8.74 0.38 1.14 0.05 0.97 0.03
-8.87 0.38 1.00 0.04 0.98 0.03
-9.19 0.38 0.98 0.04 1.01 0.03
-9.20 0.42 0.95 0.04 0.99 0.03
-9.28 0.28 1.01 0.04 0.96 0.03
-9.42 0.24 1.00 0.04 0.94 0.03
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Table 7.2: Retention coefficients for pinic acid of the measurements at pH 4.

T /°C AT /°C Rg, ARg, Rg, ARg,
-4.38 0.78 0.97 0.03 1.03 0.03
-4.40 0.67 0.91 0.03 1.00 0.03
-4.74 0.45 0.95 0.03 0.99 0.03
-4.76 0.29 0.89 0.02 0.94 0.02
-4.79 0.51 0.93 0.03 1.00 0.02
-4.84 0.78 1.08 0.03 1.00 0.03
-4.86 0.34 0.99 0.03 1.00 0.03
-4.86 0.47 0.99 0.03 0.99 0.03
-5.04 0.49 1.01 0.03 1.11 0.03
-5.12 0.42 0.96 0.03 0.96 0.03
-5.33 0.36 0.95 0.03 1.07 0.03
-5.41 0.39 0.95 0.04 0.98 0.03
-7.54 0.73 0.91 0.03 0.93 0.03
-7.86 0.56 0.90 0.03 0.90 0.03
-7.92 0.79 0.87 0.03 0.97 0.03
-8.05 0.31 0.97 0.03 1.00 0.03
-8.07 0.84 0.96 0.03 0.98 0.03
-8.11 0.64 0.94 0.03 0.95 0.03
-8.23 0.65 0.94 0.03 1.04 0.03
-8.66 0.22 0.79 0.04 0.89 0.02
-8.79 0.40 0.97 0.04 1.08 0.03
-8.79 0.41 0.78 0.05 0.87 0.02
-8.91 0.39 0.70 0.04 0.94 0.03
-8.97 0.36 0.89 0.04 1.00 0.03
-9.01 0.38 0.77 0.05 0.86 0.02
-9.06 0.29 0.86 0.03 0.89 0.02
-9.10 0.20 0.94 0.03 0.99 0.02
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Table 7.3: Retention coefficients for pinonic acid of the measurements at pH 5.6.
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T /°C AT /°C Rg,, ARg,, Rg,_, ARg,,
-4.12 0.46 0.98 0.32 0.98 0.29
-4.48 0.49 0.88 0.25 0.99 0.26
-4.60 0.35 0.90 0.11 0.95 0.11
-4.68 0.32 0.84 0.28 0.98 0.30
-4.68 0.48 0.82 0.31 0.90 0.31
-4.80 0.20 1.08 0.21 0.95 0.16
-4.85 0.38 0.86 0.30 0.96 0.31
-4.99 0.24 0.87 0.24 0.95 0.24
-5.08 0.29 0.87 0.22 0.96 0.22
-5.15 0.64 1.02 0.37 0.92 0.30
-5.20 0.24 - - 0.98 0.31
-5.38 0.61 0.93 0.23 0.98 0.22
-5.40 0.50 0.81 0.39 0.73 0.35
-5.48 0.41 0.91 0.10 1.05 0.09
-5.52 0.31 - - 0.97 0.21
-5.72 0.27 1.12 0.26 0.97 0.20
-5.80 0.39 1.11 0.04 1.05 0.04
-6.46 0.39 - - 0.89 0.11
-6.48 1.50 1.12 0.04 1.02 0.04
-6.54 0.55 0.96 0.03 0.98 0.04
-6.92 0.60 1.18 0.04 1.01 0.04
-7.14 0.19 1.08 0.04 1.04 0.03
-7.14 0.29 1.03 0.04 1.01 0.04
-7.23 0.41 1.07 0.03 1.03 0.03
-7.54 0.37 1.04 0.03 1.02 0.04
-7.82 1.74 1.05 0.04 1.04 0.04
-7.95 0.31 1.02 0.04 0.99 0.03
-8.70 0.46 0.78 0.11 0.76 0.11
-9.06 0.63 0.95 0.12 0.98 0.11
-9.71 0.47 1.03 0.19 0.84 0.15
-9.81 0.15 0.66 0.10 0.78 0.12
-10.67 0.56 0.95 0.15 0.92 0.14
-11.03 0.44 0.71 0.13 0.71 0.13
-11.52 0.48 0.92 0.15 0.95 0.15
-11.57 0.63 1.04 0.17 1.15 0.19
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Table 7.4: Retention coefficients for pinonic acid of the measurements at pH 4.

T /°C AT /°C Rg, ARg, Rg, ARg,
-3.68 0.35 0.89 0.11 0.93 0.08
-3.79 0.43 0.82 0.09 0.88 0.09
-4.29 0.39 0.81 0.09 0.88 0.08
-4.62 0.40 0.84 0.08 0.87 0.10
-4.95 0.45 0.89 0.06 0.92 0.07
-4.99 0.49 0.90 0.03 0.94 0.02
-5.01 0.44 0.79 0.09 0.82 0.09
-5.04 0.48 0.91 0.06 0.96 0.04
-5.07 0.46 0.89 0.08 0.98 0.07
-5.15 0.52 0.87 0.03 0.93 0.02
-5.38 0.49 0.71 0.04 0.77 0.04
-5.46 0.58 0.73 0.04 0.78 0.04
-5.47 0.48 0.87 0.05 0.94 0.06
-5.79 0.55 0.87 0.06 0.95 0.06
-8.32 0.48 1.06 0.24 0.93 0.20
-8.67 0.24 0.87 0.05 0.90 0.05
-8.75 0.23 0.90 0.06 0.99 0.04
-8.87 0.22 0.97 0.19 0.84 0.16
-8.92 0.21 0.95 0.06 0.87 0.03
-9.02 0.21 0.89 0.06 0.84 0.03
-9.35 0.17 0.94 0.05 0.90 0.03
-9.40 0.30 0.89 0.06 0.82 0.03
-9.72 0.43 0.92 0.21 0.84 0.19
-10.42 0.71 0.94 0.21 0.87 0.19
-11.01 0.64 0.83 0.17 0.86 0.18
-11.07 0.52 0.78 0.15 0.77 0.14
-11.23 0.69 1.05 0.23 0.92 0.20
-11.25 0.71 0.84 0.20 0.76 0.17
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Table 7.5: Retention coefficients for pinanediol of the measurements at pH 5.6.

T /°C AT /°C Reg ARg,, R, AR,
-2.67 0.49 1.02 0.04 0.99 0.04
-2.75 0.62 0.96 0.04 1.02 0.04
-3.07 0.45 1.08 0.04 1.01 0.04
-3.16 0.36 0.99 0.04 0.97 0.04
-3.31 0.49 0.89 0.04 0.99 0.04
-3.68 0.42 1.10 0.05 1.03 0.04
-3.72 0.46 0.93 0.04 1.00 0.04
-3.73 0.63 0.95 0.04 0.99 0.04
-3.85 0.56 1.08 0.05 1.02 0.04
-4.10 0.67 0.95 0.04 1.10 0.04
-4.26 0.88 0.91 0.04 1.00 0.04
-4.39 0.50 0.91 0.04 1.02 0.04
-4.65 0.43 0.97 0.05 1.07 0.04
-5.05 0.19 1.04 0.05 1.18 0.05
-5.92 0.42 0.93 0.05 1.11 0.05
-7.51 0.56 1.17 0.07 1.02 0.06
-7.62 0.76 0.92 0.05 0.97 0.05
-7.95 0.33 1.04 0.05 1.07 0.05
-8.33 0.65 - - 1.01 0.06
-8.66 0.33 0.98 0.05 1.03 0.05
-8.85 0.20 1.06 0.05 1.06 0.05
-8.87 0.97 - - 0.97 0.06
-9.05 0.22 1.16 0.06 1.03 0.05
-9.31 0.21 1.07 0.06 1.03 0.05
-9.45 0.24 1.00 0.05 1.06 0.05
-9.56 0.16 - - 1.06 0.05
-9.57 0.58 0.89 0.05 0.99 0.05
-9.59 0.43 0.97 0.05 1.00 0.05
-9.60 0.30 0.95 0.05 1.02 0.05
-9.81 0.33 0.97 0.05 0.98 0.05
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Table 7.6: Retention coefficients for pinanediol of the measurements at pH 4.

T /°C AT /°C Rg, ARg, Rg, ARg,
-2.92 0.50 0.91 0.08 1.00 0.09
-3.13 0.50 0.85 0.08 0.88 0.08
-3.18 0.41 0.84 0.08 0.99 0.09
-3.32 0.42 1.00 0.09 0.95 0.08
-3.54 0.45 0.96 0.09 0.95 0.09
-3.60 0.44 0.86 0.08 0.96 0.09
-3.61 0.35 0.96 0.09 0.90 0.09
-3.62 0.43 0.98 0.09 0.91 0.08
-3.68 0.40 1.04 0.10 1.04 0.10
-3.80 0.51 0.98 0.09 0.91 0.09
-4.06 0.33 1.17 0.11 0.99 0.09
-4.76 1.85 1.04 0.10 1.06 0.10
-7.10 0.44 0.97 0.07 0.97 0.07
-8.18 0.39 0.83 0.06 1.05 0.07
-8.34 0.50 0.94 0.06 1.07 0.07
-8.34 0.50 0.95 0.07 0.98 0.07
-8.39 0.29 0.94 0.06 1.04 0.07
-8.57 0.39 0.88 0.06 0.97 0.07
-8.57 0.39 1.14 0.06 1.03 0.05
-8.77 0.28 1.11 0.07 1.00 0.06
-8.95 0.47 0.88 0.06 1.01 0.07
-8.95 0.47 1.01 0.06 1.01 0.06
-9.15 0.28 0.94 0.07 0.97 0.07
-9.15 0.28 1.02 0.06 0.99 0.06
-9.33 0.27 1.03 0.06 0.99 0.06
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Table 7.7: Retention coefficients for 4-nitrocatechol of the measurements at pH 5.6.
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T /°C AT /°C Rg,, ARg,, Rg,, ARg,
-4.00 0.36 1.05 0.13 0.97 0.14
-4.14 0.36 1.06 0.13 0.86 0.14
-4.16 0.43 0.98 0.12 0.98 0.14
-4.28 0.30 0.85 0.11 0.84 0.13
-4.38 0.43 1.22 0.16 0.98 0.15
-4.40 0.42 1.41 0.19 0.93 0.15
-4.41 0.35 1.12 0.15 0.88 0.15
-4.46 0.51 1.10 0.14 1.01 0.14
-4.54 0.24 1.06 0.14 0.89 0.14
-4.68 0.36 0.90 0.12 0.95 0.15
-4.84 0.35 1.07 0.14 0.97 0.14
-4.94 0.34 1.12 0.16 0.96 0.16
-5.05 0.46 0.92 0.12 0.88 0.14
-5.05 0.67 0.79 0.10 0.92 0.15
-5.18 0.46 1.02 0.15 0.96 0.16
-5.59 0.50 1.13 0.13 1.00 0.14
-6.24 0.42 1.11 0.13 0.96 0.13
-6.51 0.36 1.03 0.12 0.94 0.13
-7.04 0.70 1.05 0.15 1.08 0.18
-7.04 0.34 1.13 0.16 1.05 0.18
-7.08 0.24 1.21 0.14 0.95 0.13
-7.22 0.10 1.06 0.13 0.92 0.14
-7.39 0.26 1.09 0.12 0.67 0.10
-7.49 0.44 1.06 0.15 0.98 0.15
-7.52 0.41 0.97 0.11 0.94 0.13
-7.53 0.22 1.11 0.15 0.99 0.16
-7.78 0.27 1.02 0.11 0.91 0.13
-7.79 0.26 1.16 0.15 0.96 0.15
-7.83 0.43 1.05 0.12 0.98 0.14
-7.96 0.25 1.32 0.18 1.07 0.16
-7.98 0.22 1.18 0.15 0.96 0.15
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Table 7.8: Retention coefficients for 4-nitrocatechol of the measurements at pH 4.

T /°C AT /°C Rg, ARg, Rg, ARg,
-3.69 0.78 0.98 0.11 0.97 0.14
-4.55 0.41 0.72 0.08 0.63 0.09
-5.03 0.42 0.96 0.12 1.06 0.17
-5.08 0.40 1.09 0.13 1.10 0.17
-5.13 0.43 1.11 0.05 1.15 0.16
-5.14 0.40 1.02 0.13 0.98 0.15
-5.36 0.48 1.11 0.13 1.00 0.15
-5.37 0.38 0.97 0.12 1.01 0.15
-5.38 0.38 1.07 0.14 1.12 0.18
-5.53 0.44 1.23 0.16 1.14 0.18
-5.67 0.41 0.98 0.12 1.09 0.17
-5.71 0.38 0.97 0.12 1.09 0.17
-5.74 0.45 1.06 0.13 0.93 0.14
-5.91 0.35 1.04 0.13 1.15 0.18
-6.32 0.38 1.07 0.17 0.93 0.18
-6.45 0.57 0.83 0.12 0.88 0.16
-6.58 0.45 0.80 0.13 0.96 0.15
-6.77 0.34 0.87 0.12 0.91 0.15
-6.95 0.55 0.85 0.16 1.12 0.20
-6.99 0.94 1.22 0.21 1.16 0.20
-7.19 0.49 0.78 0.14 1.05 0.17
-7.33 0.31 1.25 0.25 1.36 0.27
-7.53 0.38 0.91 0.15 1.04 0.17
-7.55 0.23 0.92 0.15 1.08 0.17
-7.81 0.37 0.82 0.13 1.00 0.16
-7.82 0.21 0.95 0.20 1.19 0.24
-7.90 0.20 0.84 0.17 1.40 0.24
-8.29 0.37 0.67 0.15 1.05 0.19
-8.58 0.39 0.79 0.12 1.05 0.16
-8.80 0.38 0.86 0.15 1.07 0.18
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Table 7.9: Retention coefficients for 4-nitrophenol of the measurements at pH 5.6.
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T /°C AT /°C Rg,, ARg,, Rg,, ARg,
-4.00 0.36 1.04 0.07 0.97 0.06
-4.14 0.36 1.12 0.06 0.96 0.05
-4.16 0.43 1.07 0.07 1.00 0.07
-4.28 0.30 0.97 0.05 0.96 0.05
-4.38 0.43 1.01 0.07 0.98 0.07
-4.40 0.42 1.12 0.06 0.97 0.05
-4.41 0.35 1.04 0.06 0.93 0.05
-4.46 0.51 1.00 0.06 0.99 0.06
-4.54 0.24 1.04 0.05 0.96 0.05
-4.68 0.36 1.07 0.06 0.94 0.05
-4.84 0.35 1.05 0.07 0.97 0.06
-4.94 0.34 1.07 0.06 1.00 0.06
-5.05 0.46 1.05 0.05 0.98 0.05
-5.05 0.67 0.97 0.05 0.95 0.05
-5.18 0.46 1.05 0.06 0.95 0.05
-5.59 0.50 1.12 0.06 1.02 0.06
-6.24 0.42 1.08 0.05 0.95 0.06
-6.51 0.36 1.01 0.05 0.95 0.06
-7.04 0.70 1.04 0.06 0.95 0.06
-7.04 0.34 1.00 0.06 0.93 0.07
-7.08 0.24 1.09 0.05 0.95 0.06
-7.22 0.10 1.06 0.06 0.94 0.06
-7.39 0.26 1.02 0.05 0.80 0.05
-7.49 0.44 1.10 0.09 1.10 0.08
-7.52 0.41 1.00 0.05 0.97 0.06
-7.53 0.22 1.04 0.06 0.96 0.07
-7.78 0.27 1.01 0.05 0.92 0.06
-7.79 0.26 1.07 0.06 0.96 0.07
-7.83 0.43 0.99 0.05 0.93 0.05
-7.96 0.25 1.28 0.10 1.13 0.08
-7.98 0.22 1.10 0.06 0.98 0.06
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Table 7.10: Retention coefficients for 4-nitrophenol of the measurements at pH 4.

T /°C AT /°C Rg, ARg, Rg, ARg,
-3.69 0.78 1.04 0.08 1.03 0.08
-4.55 0.41 0.86 0.06 0.87 0.07
-5.03 0.42 1.07 0.09 1.03 0.09
-5.08 0.40 0.99 0.08 0.97 0.08
-5.13 0.43 1.05 0.04 0.96 0.04
-5.14 0.40 1.11 0.10 1.01 0.10
-5.36 0.48 1.09 0.09 1.06 0.09
-5.37 0.38 1.01 0.08 0.98 0.08
-5.38 0.38 1.07 0.09 1.06 0.09
-5.53 0.44 1.04 0.09 1.00 0.08
-5.67 0.41 1.03 0.09 1.02 0.09
-5.71 0.38 0.90 0.08 0.98 0.08
-5.74 0.45 1.03 0.08 1.01 0.09
-5.91 0.35 1.02 0.09 1.02 0.09
-6.32 0.38 1.02 0.07 - -

-6.45 0.57 0.96 0.06 - -

-6.58 0.45 0.97 0.17 0.95 0.18
-6.77 0.34 0.96 0.06 - -

-6.95 0.55 0.95 0.20 0.99 0.22
-6.99 0.94 1.25 0.24 1.06 0.23
-7.19 0.49 0.87 0.16 1.01 0.20
-7.33 0.31 1.05 0.21 0.97 0.21
-7.53 0.38 1.01 0.19 1.05 0.21
-7.55 0.23 1.00 0.17 1.06 0.20
-7.81 0.37 0.98 0.17 1.00 0.19
-7.82 0.21 0.99 0.22 1.02 0.23
-7.90 0.20 0.80 0.15 1.02 0.20
-8.29 0.37 0.79 0.16 1.00 0.21
-8.58 0.39 1.00 0.17 1.08 0.21
-8.80 0.38 0.97 0.19 1.04 0.22
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Table 7.11: Retention coefficients for nitrobenzoic acid of the measurements at pH 5.6.
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T/°C AT /°C R, ARg,, Rs,, ARg,,
-4.00 0.36 1.01 0.04 1.00 0.04
-4.14 0.36 1.02 0.05 0.98 0.05
-4.16 0.43 1.02 0.04 1.02 0.04
-4.28 0.30 0.99 0.05 0.97 0.05
-4.38 0.43 1.00 0.04 0.99 0.04
-4.40 0.42 1.05 0.05 1.00 0.05
-4.41 0.35 0.97 0.05 0.99 0.06
-4.46 0.51 1.09 0.04 1.04 0.04
-4.54 0.24 1.07 0.05 1.00 0.05
-4.68 0.36 1.04 0.05 0.98 0.05
-4.84 0.35 1.02 0.04 0.97 0.04
-4.94 0.34 1.00 0.05 0.98 0.05
-5.05 0.46 1.01 0.07 0.98 0.07
-5.05 0.67 0.96 0.05 0.98 0.06
-5.18 0.46 1.05 0.06 0.99 0.05
-5.59 0.50 0.98 0.08 1.00 0.09
-6.24 0.42 0.99 0.08 1.01 0.09
-6.51 0.36 0.98 0.08 1.02 0.10
-7.04 0.70 1.01 0.08 1.04 0.09
-7.04 0.34 0.92 0.08 0.97 0.09
-7.08 0.24 1.02 0.08 1.02 0.09
-7.22 0.10 1.02 0.08 1.03 0.09
-7.39 0.26 0.99 0.08 0.99 0.09
-7.49 0.44 1.07 0.05 1.02 0.04
-7.52 0.41 0.94 0.07 1.00 0.09
-7.53 0.22 0.95 0.08 1.01 0.09
-7.78 0.27 0.98 0.08 1.02 0.10
-7.79 0.26 0.94 0.07 1.01 0.09
-7.83 0.43 0.93 0.07 0.96 0.09
-7.96 0.25 : - 1.06 0.04
-7.98 0.22 0.98 0.07 1.03 0.09
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Table 7.12: Retention coefficients for nitrobenzoic acid of the measurements at pH 4.

T /°C AT /°C Rg, ARg, Rg, ARg,
-3.69 0.78 0.97 0.03 0.95 0.03
-4.55 0.41 0.96 0.03 0.92 0.04
-5.03 0.42 0.97 0.03 0.97 0.04
-5.08 0.40 0.96 0.03 0.95 0.04
-5.13 0.43 1.11 0.02 0.98 0.01
-5.14 0.40 1.01 0.03 0.98 0.04
-5.36 0.48 1.01 0.03 0.99 0.03
-5.37 0.38 0.94 0.03 0.93 0.03
-5.38 0.38 1.00 0.04 0.98 0.04
-5.53 0.44 1.12 0.03 0.95 0.03
-5.67 0.41 1.00 0.03 1.00 0.03
-5.71 0.38 0.95 0.03 0.98 0.03
-5.74 0.45 0.96 0.03 0.98 0.03
-5.91 0.35 0.95 0.03 0.96 0.03
-6.32 0.38 1.08 0.07 0.97 0.07
-6.45 0.57 1.00 0.07 0.97 0.08
-6.58 0.45 0.99 0.11 0.99 0.13
-6.77 0.34 1.03 0.07 0.99 0.07
-6.95 0.55 1.02 0.12 0.96 0.13
-6.99 0.94 1.06 0.14 0.97 0.15
-7.19 0.49 1.03 0.12 0.97 0.12
-7.33 0.31 1.01 0.12 0.91 0.12
-7.53 0.38 0.99 0.11 1.00 0.13
-7.55 0.23 1.01 0.12 0.97 0.12
-7.81 0.37 1.00 0.15 1.01 0.17
-7.82 0.21 0.95 0.13 0.91 0.13
-7.90 0.20 0.87 0.11 0.97 0.13
-8.29 0.37 0.98 0.14 0.95 0.14
-8.58 0.39 0.99 0.10 1.01 0.13
-8.80 0.38 0.98 0.11 0.98 0.13
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Table 7.13: Retention coefficients for 2-nitrophenol of the measurements at pH 5.6.
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T /°C AT /°C Rg,, ARg,, Rg,_, ARg,
-3.06 0.45 0.10 0.01 0.24 0.02
-3.36 0.50 0.11 0.01 0.24 0.01
-3.89 0.33 0.22 0.01 0.22 0.01
-3.89 0.56 0.20 0.01 0.34 0.02
-3.97 0.68 0.24 0.01 0.40 0.01
-3.98 0.33 0.20 0.01 0.21 0.01
-3.99 0.36 0.18 0.01 0.25 0.01
-4.04 0.32 0.15 0.01 0.24 0.01
-4.19 0.32 0.29 0.01 0.51 0.01
-4.25 0.27 0.25 0.00 0.55 0.01
-4.51 0.33 0.13 0.01 0.17 0.01
-4.55 0.43 0.31 0.02 0.44 0.02
-4.62 0.72 0.14 0.01 0.21 0.02
-4.85 0.25 0.15 0.01 0.24 0.02
-6.09 0.32 0.16 0.02 0.32 0.03
-6.18 0.53 0.16 0.03 0.44 0.09
-6.25 1.16 0.32 0.01 0.29 0.02
-6.44 0.61 0.25 0.01 0.54 0.03
-6.45 0.31 0.18 0.00 0.15 0.01
-7.06 0.81 0.10 0.03 0.51 0.16
-7.07 0.47 - - 0.58 0.07
-7.08 0.28 0.17 0.03 0.32 0.06
-7.49 0.35 0.17 0.01 0.25 0.04
-7.62 0.32 0.19 0.02 0.39 0.05
-7.64 0.23 0.16 0.02 0.35 0.05
-7.64 0.28 0.19 0.03 0.36 0.04
-7.64 0.18 0.16 0.02 0.41 0.07
-7.83 0.59 0.26 0.01 0.22 0.02
-7.92 0.22 0.27 0.03 0.42 0.05
-7,94 0,51 - - 0.60 0.08
-8.00 0.17 0.27 0.04 0.39 0.07
-8.02 0.80 0.12 0.01 0.18 0.01
-8.05 0.51 0.19 0.06 0.35 0.11
-8.06 0.61 0.23 0.07 0.45 0.14
-8.29 0.13 0.20 0.04 0.36 0.05
-8.33 0.31 0.17 0.05 0.38 0.13
-8.34 0.25 0.21 0.02 0.26 0.01
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T /°C AT /°C Rg, . ARg, Rg,_, ARg,,
-8.36 0.21 0.13 0.03 0.26 0.05
-8.42 0.98 0.14 0.04 0.36 0.13
-8.46 0.57 0.19 0.01 0.25 0.01
-8.51 0.00 0.16 0.03 0.29 0.07
-8.76 0.48 0.13 0.02 0.34 0.06
-8.85 0.36 0.22 0.02 0.27 0.03
-9.07 0.35 0.16 0.03 0.30 0.07
-9.07 0.20 0.15 0.03 0.23 0.01
-9.13 0.14 0.16 0.01 0.18 0.02
-9.17 0.18 0.22 0.01 0.24 0.03
-9.21 0.59 0.22 0.02 0.45 0.04
-9.26 1.05 0.17 0.05 0.16 0.05
-9.42 0.78 0.19 0.01 0.23 0.01
-9.69 0.35 0.26 0.01 0.46 0.02
-9.73 0.42 0.24 0.02 0.33 0.05
-9.74 1.47 0.11 0.02 0.26 0.06
-10.24 0.40 0.15 0.01 0.43 0.02
-10.60 0.46 0.17 0.03 0.38 0.03
-10.72 0.43 0.22 0.01 0.45 0.02
-10.80 0.75 0.22 0.01 0.41 0.04
-10.83 0.37 0.20 0.02 0.39 0.03
-10.97 0.28 0.15 0.03 0.28 0.06
-11.17 0.28 0.22 0.02 0.41 0.04
-11.20 0.41 0.21 0.01 0.51 0.03
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Table 7.14: Retention coefficients for 2-nitrophenol of the measurements at pH 4.
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T /°C AT /°C Rg, ARg, Rg, ARg,
-3.88 0.50 0.03 0.01 0.18 0.03
-4.08 0.63 0.01 0.002 0.06 0.01
-4.41 0.36 0.01 0.002 0.05 0.01
-4.54 0.40 0.01 0.002 0.06 0.01
-4.56 0.59 0.01 0.002 0.05 0.01
-4.69 0.19 0.01 0.002 0.04 0.01
-4.90 0.43 0.05 0.01 0.15 0.03
-491 0.47 0.05 0.01 0.10 0.01
-4.94 0.55 0.06 0.01 0.13 0.03
-4.96 0.37 0.04 0.01 0.10 0.01
-5.02 0.40 0.05 0.01 0.13 0.02
-5.07 0.45 0.05 0.01 0.08 0.02
-7.05 0.15 0.12 0.01 0.18 0.01
-7.21 0.68 0.12 0.01 0.23 0.02
-7.45 0.42 0.10 0.01 0.17 0.01
-7.80 0.31 0.12 0.01 0.22 0.03
-7.83 0.87 0.15 0.01 0.34 0.04
-8.11 0.28 0.11 0.01 0.20 0.02
-8.36 0.56 0.06 0.005 0.15 0.01
-8.89 0.34 0.08 0.003 0.15 0.01
-8.96 1.14 0.14 0.004 0.27 0.01
-9.00 0.34 0.08 0.003 0.21 0.01
-9.12 0.32 0.07 0.005 0.14 0.01
-9.54 0.30 0.13 0.004 0.25 0.01
-9.55 0.26 0.06 0.002 0.12 0.00
-9.96 0.25 0.11 0.01 0.25 0.03
-10.00 0.39 0.13 0.02 0.19 0.02
-10.38 0.53 0.13 0.01 0.27 0.03
-10.65 0.39 0.09 0.003 0.21 0.01
-10.93 1.07 0.13 0.02 0.27 0.04
-11.18 0.24 0.07 0.002 0.16 0.01
-11.36 0.38 0.06 0.002 0.09 0.002
-11.41 0.26 0.05 0.003 0.10 0.002
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R

Figure 7.11: Photo of the filter holder attached to the landing gear at the drone dji m300 (a)
and at plate between the landing gear of the dji m200 (b).
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Figure 7.12: Map (© OpenStreetMap contributors) showing the measurement site (close to
Albstadt, southern Germany), which is surrounded in all directions by a mixture of forest,
agricultural land, and urban infrastructure. The black circle represents the measurement site,
which is shown in greater detail within the black box. The symbols indicate the approximate
locations for the drone measurements: a blue star (dji m300), a purple triangle (dji m200),
and a black dot (FLab).
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Determination of the concentration

The extraction solution was not concentrated to dryness to prevent loss of semi-volatile
compounds, so the volume prior to HPLC-MS analysis is unknown. To overcome this issue, a
known amount of camphor sulfonic acid was added to both the calibration solutions and the
samples as internal standard. This ensured that the concentration of all solutions would
correspond to 35 ng/mL of the internal standard if the samples had the targeted 50 pL
volume. In order to perform the volume correction, the mean value of the signal area of the
camphor sulfonic acid of all calibration solutions is calculated. Following this, the ratio of the
signal area for the respective sample to this mean value is multiplied by the concentration of
the analytes determined by the calibration. This allows the concentration of the analytes to be

obtained as if they were dissolved in 50 pL.

As the HPLC-MS analysis only determines the concentration of the sample in the extraction
solution it is necessary to determine the concentration in the aerosol (c(compound). This is
achieved by first calculating the mass m(compound) on the filter according to the following
equation 7.7, with Vygution TeEpPresenting the Volume and cggpution (compound) symbolizing the
blank-corrected concentration of the compound in the extraction solution prior to the HPLC-

MS measurement.
m(compound) = Csolution (Compound) ) Vsolution (77)

The collected air volume (V,;;) is then determined by integrating the linear equation of the fit
for the flow (Q) (Equation 7.8) through the filter holder, which leads to Equation 7.9. In the

following equations t is the sampling time.

Q = (—0.027 + 0.002) Lmin~2 -t + (18.97 4+ 0.04) L. min~! (7.8)

Vair = 22222000 | min™2 - 2 + (18.97 4 0.04) L min™" - ¢ (7.9)

The concentration of the compound of interest can then be calculated as shown in Equation
7.10.

c(compound) = w (7.10)
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Chemicals

Table 7.15: Chemical compounds used in this study, including their respective purities.

Compound Label purity
cis-pinic acid Synthesized N/A
terpenylic acid Synthesized N/A
terebic acid Sigma Aldrich N/A
salicylic acid Sigma Aldrich 99%

4-hydroxybenzaldehyde Sigma Aldrich >97.5%

4-nitrophenol Alfa Aesar 99%
2,6-dimethyl-4-nitrophenol Merck KGaA N/A

2,4-dinitrophenol Sigma Aldrich >98%
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Table 7.16: Measured concentration of pinic acid, 4-nitrophenol, terebic acid and 2,6-
dimethyl-4-nitrophenol, of the three measurement setups (no drone; dji m300; dji m200)

during three measurement flights.

o . ) . . 2,6-Dimethyl-4-
Pinic acid Terebic acid 4-Nitrophenol )
nitrophenol
i 9
o o
=5 =
- o Concentration Error | Concentration Error | Concentration Error | Concentration Error
/ngm? /ngm?s /ngm?s /ngm?s
- 10.02 0.28 2.76 0.14 8.76 0.32 1.08 0.02
Dji
7.46 0.31 2.04 0.10 6.29 0.16 0.90 0.02
1 m300
Dji
8.45 0.36 2.32 0.10 7.65 0.19 0.88 0.02
m200
- 8.98 0.25 2.86 0.13 7.49 0.26 1.22 0.05
Dji
8.96 0.35 2.71 0.13 7.45 0.20 1.25 0.03
2 m300
Dji
9.02 0.42 2.82 0.13 7.97 0.40 1.32 0.06
m200
- 9.84 0.49 2.62 0.16 13.84 0.54 3.60 0.12
Dji 10.37 0.41 3.07 0.11 14.35 0.31 3.62 0.08
3 m300
Dji 10.97 0.33 2.98 0.11 15.22 0.32 4.08 0.11
m200
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Table 7.17: Measured concentration of the biogenic marker compounds pinic acid, terpenylic
acid and terebic acid at the different heights and times (all times are in UTC+2).

Pinic acid Terpenylic acid Terebic acid
_ Height
Time . . .
/m | Concentration Concentration Concentration
Error Error Error
/ ngm’3 /ngm3 / ngm’3
1.5 9.35 0.25 3.75 0.23 5.44 0.16
10:35
120 13.71 0.44 5.18 0.34 8.61 0.28
am
500 11.42 0.32 3.95 0.26 6.60 0.19
1.5 17.48 0.40 6.10 0.25 10.56 0.25
1:35
120 21.32 0.59 7.42 0.34 12.42 0.35
pm
500 17.87 0.42 6.97 0.27 12.31 0.29
1.5 22.36 0.50 9.36 0.29 15.81 0.35
4:30
120 25.44 0.67 11.11 0.39 19.26 0.50
pm
500 16.61 0.39 6.76 0.26 13.59 0.31
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Table 7.18: Measured concentration of the biomass burning and anthropogenic marker
compounds salicylic acid and 4-hydroxybenzaledhyde at different heights and times (all times
are in UTC+2).

Salicylic acid 4-Hydroxy-benzaldehyde
Time Height /m Concentration / ng Concentration / ng

e Error s Error

1.5 0.09 0.43 0.50 0.30

10:35 am 120 2.78 0.62 1.71 0.43
500 0.52 0.49 0.65 0.34

1.5 1.05 0.43 1.64 0.30

1:35 pm 120 0.00 0.58 1.12 0.40
500 0.68 0.45 1.15 0.32

1.5 1.41 0.44 1.60 0.30

4:30 pm 120 0.98 0.55 2.38 0.39
500 0.32 0.43 1.18 0.30
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Table 7.19: Measured concentration of the biomass burning and anthropogenic marker
compounds 4-nitrophenol, 2,6-dimethyl-4- nitrophenol, and 2,4-dinitrophenol at different
heights and times (all times are in UTC+2).

) 2,6-Dimethyl-4- o
4-Nitrophenol ) 2,4-Dinitrophenol
. nitrophenol
) Height
Time
/m Concentration Concentration Concentration
Error Error Error
/ngm3 /ngm3 /ngm3
1.5 5.49 0.43 0.14 0.18 0.80 0.39
10:35
120 8.62 0.64 0.22 0.26 1.82 0.57
am
500 6.13 0.48 0.15 0.21 1.22 0.44
1.5 2.58 0.41 0.13 0.18 0.38 0.39
1:35
120 2.96 0.56 0.13 0.24 0.78 0.53
pm
500 2.42 0.43 0.14 0.19 0.42 0.41
1.5 2.03 0.42 0.09 0.18 0.32 0.40
4:30
120 2.51 0.53 0.12 0.23 0.42 0.50
pm
500 1.19 0.42 0.08 0.18 0.25 0.40
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FLab
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Figure 7.13: Measured ozone concentration versus time of day. The measurements were
carried out hourly in an altitude range from 0 to 500 m above ground level (AGL). The

black boxes indicate the time intervals during when the parallel drone flights were

conducted.
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Figure 7.14: Measured wind direction versus time of day. The measurements were carried
out hourly in an altitude range from 0 to 500 m. The black boxes indicate the time intervals

during when the parallel drone flights were conducted.
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Figure 7.15: Measured wind speed versus time of day. The measurements were carried out
hourly in an altitude range from 0 to 500 m. The black boxes indicate the time intervals during
when the parallel drone flights were conducted.
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NOAA HYSPLIT MODEL
Backward trajectories ending at 0900 UTC 10 Aug 23
GFSQ Meteorological Data
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Figure 7.16: Calculated 6 hour back trajectories with HYSPLIT (Rolph et al,, 2017; Stein et al,,
2015; Draxler and Hess, 1998) for 1 m (green line), 120 m (blue line) and 500 m (red line)
for the sampling on 10.08.2023 in the morning. The dots on the map (© OpenStreetMap
contributors) indicate the time (8 am local time) at which the air mass at 120 m altitude
crosses the main traffic road.

NOAA HYSPLIT MODEL
Backward trajectories ending at 1200 UTC 10 Aug 23
GFSQ Meteorological Data
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Figure 7.17: Calculated 6 hour back trajectories with HYSPLIT (Rolph et al., 2017; Stein et al,,
2015; Draxler and Hess, 1998) for 1 m (green line), 120 m (blue line) and 500 m (red line)
for the sampling on 10.08.2023 at noon (© OpenStreetMap contributors).
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NOAA HYSPLIT MODEL
Backward trajectories ending at 1500 UTC 10 Aug 23
GFSQ Meteorological Data
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Job ID: 182334, Job Start: Wed Oct 16 13:42:23 UTC 2024
Source 1at: 48.257027 lon.: 8983662 hgts: 500, 120, 1 m AGL

j irection: Backward  Duration: 6 hrs.
Vertical Motion Calculation Method: __Model Vertical Velocity
Meteorology: 0000Z 10 Aug 2023 - GFS0p25

Figure 7.18: Calculated 6 hour back trajectories with HYSPLIT (Rolph et al,, 2017; Stein et al,,
2015; Draxler and Hess, 1998) for 1 m (green line), 120 m (blue line) and 500 m (red line)
for the sampling on 10.08.2023 in the afternoon (© OpenStreetMap contributors).
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7.3  Supplementary materials chapter 4

Table 7.20: List of samples with date, collection time, location, sampling flow rate and

collection conditions.

Sampling Approx. Flow /
Sample Date . } . Comments
time / h:min | location L min~!
no cooking but
10.07.20- Close to possible
ES20C04_LowVol1 5:50 50 influence by
11.07.20 Iceland ,
engine
exhausts
Close to
ES20C04_LowVol2 12.07.20 Blank 0 Blank
Iceland
no cooking but
12.07.20- Close to possible
ES20C04_LowVol3 22:58 50 influence by
13.07.20 Iceland .
engine
exhausts
no cooking but
13.07.20- Close to influence by
ES20C04_LowVol4 21:28 50 engine very
14.07.20 Iceland ) .
likely (wind
from back)
20.07.20- Close to
ES20C05_LowVol2 21:54 50
21.07.20 Iceland
Close to
ES20C05_LowVol4 22.07.20 1:33 50
Ireland
22.07.20- Close to
ES20C05_LowVol7 20:31 40
23.07.20 Ireland
Close to
ES20C05_LowVol9 24.07.20 Blank 0 Blank
Ireland
07.08.20- Close to
ES20C06_LowVol1 21:55 50
08.08.20 Ireland
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Sampling Approx. Flow /
Sample Date . ] . Comments
time / h:min | location L min~!
09.08.20- Close to No cooking,
ES20C06_LowVol7 9:46 50
10.08.20 Ireland no engine
Close to
ES20C06_LowVol8 11.08.20 Blank 0 Blank
Ireland
11.08.20- Close to
ES20C06_LowVol10 19:56 50
12.08.20 Ireland
Close to
ES20C06_LowVol12 13.08.20 10:56 50
Azores
21.08.20- Close to
ES20C07_LowVol2 24:05 50
22.08.20 Azores
Close to
ES20C07_LowVol8 24.08.20 11:33 50
Azores
Close to
ES20C08_LowVol9 20.09.20 Blank 0 Blank
Azores
Close to No cooking,
ES20C08_LowVol10 20.09.20 4:15 50 )
Azores no engine
08.11.20- Close to
ES20C09_LowVol3 14:07 50
9.11.20 Azores
Close to
ES21C03_Emfab_blank | 22.02.21 Blank 0 Blank
Equator
Close to No cooking,
ES21C03_Emfab 22.02.21 10:00 45 )
Equator no engine
Close to
ES21C06#1 17.04.21 Blank 0 Blank
Equator
17.04.21- Close to
ES21C06#2 19:26 50
19.04.21 Equator
13.05.21- Close to No cooking,
ES21C08_LowVol4 7:21 50
14.05.21 Equator no engine
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Sampling Approx. Flow /
Sample Date . } . Comments
time / h:min | location L min~!
Close to
ES21C08_LowVol8 16.05.21 Blank 0 Blank
Equator
19.05.21- Close to Exhaust ok,
ES21C08_LowVol12 23:24 50
20.05.21 Equator no cooking
Close to
ES21C08_LowVol16 22.05.21 Blank 0 Blank
Equator
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7.4 Data processing by MZmine 2.53

The software MZmine 2.53 was used for the non-targeted analysis (Pluskal et al.,, 2010). The

following parameters were selected:

1.

Mass detection: The noise level for each scan is 10,000. This means that only signals
with a signal intensity of more than 10,000 are taken into account in the following
steps.

FTMS shoulder peak filter: A Gaussian peak model function with a mass resolution of
140,000 at m/z200 was used.

ADAP chromatogram builder: A chromatogram is created for each mass. The
minimum scan number is 5, the minimum signal intensity is 50,000, and the mass
tolerance is 3 ppm.

Chromatogram deconvolution: The chromatograms were deconvoluted using the
ADAP Wavelet algorithm (S/N threshold 10, coefficient/area threshold 80, peak
duration 0.01-1.00, retention time wavelet range 0.00-0.10).

I[sotopic peak grouper: Removing isotopic peaks (mass tolerance 5 ppm, retention
time tolerance 0.2 min, maximum charge of 1).

Complex search: Removing complexes (Ionization method [M — H]~, retention time
tolerance 0.1 min, mass tolerance 5 ppm, maximum complex peak height 100%.
Formula prediction: The formula prediction used [M — H]™ ions. Sum formulas
containing C, H, N, O, S, and I were allowed (Co-35; Ho-80; O0-19; No-15; So-g; lo-5). Elements
Counts heuristic (H/C ratio, NOPS/C ratios and multiple element counts) after Kind
and Fiehn (2007). The double bond equivalents (DBE) must be an integer between 0
and 30. For the isotope pattern filter, the isotope mass tolerance was set to 5 ppm. A
minimum intensity of 1,000 and a score starting at 100% and ending at 70% was used.
Join aligner: The peaks detected in different samples were aligned according to the
mass tolerance (5 ppm) and retention time tolerance (0.2 min) (weight for m/z 10;
weight for RT: 10; minimum score if isotope pattern 70%).

Export to csv file: The aligned feature list was exported to a csv file, including the m/z
retention time, sum formula, peak height, and peak area. This file can be used for

further analysis.
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