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6 Abstract

1. Abstract

Pesticides are a group of chemicals used to prevent crops from pests, diseases, and weeds. They are
widely applied in conventional agriculture. During or after application, they can be emitted into the
atmosphere due to spray drift, volatilization or wind erosion. There, they can be transported by the
wind over long distances and be deposited in regions far away from their sources. Organochlorine
pesticides (OCPs) have been banned or restricted since the 1970s due to their persistence,
bioaccumulation, toxicity, and long-range transport potential. Therefore, so-called currently used
pesticides (CUPs) received more attention and replaced and complemented the restricted OCPs.
However, the environmental occurrence and fate as well as potential adverse effects on human health
or the environment are mostly unknown for these CUPs. In addition, studies on airborne pesticides had
only covered a small number of CUPs and a high number of them is not monitored in the atmosphere.

This raises the question, to what extent CUPs can be distributed and transported in the atmosphere.

This thesis aimed at identifying and quantifying currently used pesticides and transformation products
(TPs) that are of relevance in the atmosphere across agricultural areas in Europe as well as their
potential long-range transport to the marine atmosphere of the Atlantic Ocean. In addition, potential
adverse human health effects were evaluated based on measured concentrations and calculated Daily

Inhalation Rates (DIRs).

To achieve these aims, analytical methods for the determination of 329 OCPs, CUPs and TPs in the
particulate and gaseous air phase were developed, optimized, and validated. The instrumental analysis
was performed on a liquid chromatograph coupled to a time-of-flight mass spectrometer (LC-QTOF)
and a gas chromatograph coupled to a triple quadrupole mass spectrometer (GC-QqQ). Different
extraction methods were compared for the extraction of glass-fibre filters (GFFs, particle-bound
pesticides) and PUF/XAD-2 columns (gaseous pesticides). GFFs were extracted using a Quick, Easy,
Cheap, Effective, Rugged and Safe (QUEChERS) extraction with Milli-Q water/acetonitrile (1:2).
PUF/XAD-2 columns were extracted using a cold-column extraction for air samples from agricultural
areas. For the extraction of air samples from the Atlantic Ocean, the extraction method for the
PUF/XAD-2 columns was further optimized to reduce matrix effects and method detection limits. A
QUEChERS-like extraction was used for these samples. Method detection limits were in the pg/m? range
for both, particle-bound and gaseous pesticides. Therefore, the method was suitable for the
determination of pesticides in higher concentrations across agricultural areas as well as background
concentrations in the marine atmosphere. Samples were collected using high-volume air samplers

(HVAS) equipped with GFFs and PUF/XAD-2 columns at two agricultural areas in Europe (Portugal and
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the Netherlands) within the European Union (EU) funded project SPRINT and on board the research

vessel Polarstern on a cruise between South America and Europe in 2023.

99 different pesticides and transformation products were detected in the air across agricultural areas
in Europe in the pg/m?3 to ng/m3 range. 11 of these were detected in the atmosphere for the first time.
In 95 % of the air samples, multiple pesticides were detected with a maximum number of 34 pesticides
per sample. To investigate potential human health effects, DIRs were calculated for individual pesticides
and pesticide mixtures. DIRs were below the Acceptable Daily Intake (ADI) with a margin of exposure
(MOE) of > 1000 for the highest calculated DIR. However, the ADI only includes the intake by food and
drinking water and does not include the intake by inhalation. As 91 % of the detected pesticides were
associated with potential adverse health effects, the intake via different routes could sum up for

individual pesticides or pesticide mixtures and thereby potentially cause human health effects.

In addition, 22 pesticides were detected in the air across the Atlantic Ocean in the pg/m?3 range. 15
CUPs and 4 TPs were found for the first time in the marine atmosphere across the Atlantic Ocean. Most
of these compounds have calculated atmospheric half-lives below two days, which is why they have
not been expected to be transported over longer distances. However, for 12 CUPs and 4 TPs, first
evidence could be given for a potential long-range transport. For the determination of potential
sources, air mass back trajectories were calculated. For most samples, an influence of marine air
masses was found. Higher pesticide concentrations in the northern hemisphere compared to the
southern hemisphere were found to occur from air masses originating from agricultural areas in

Europe.

The results from the air samples from agricultural areas as well as from the Atlantic Ocean reveal that
CUPs are present in the atmosphere and can potentially undergo long-range transport. This data is
important to feed and validate environmental fate and exposure models to investigate potential
adverse effects of CUPs and their TPs. In addition, the results highlight the need for further atmospheric
pesticide studies that cover a high number of compounds in remote areas to gain more information on
their atmospheric transport potential. For this, future studies should also include suspect or non-target
screening using high-resolution mass spectrometers to identify pesticides of potential concern and to

include the >2000 active substances currently registered for use worldwide.
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2. Zusammenfassung

Pestizide sind Chemikalien, die zum Schutz von Pflanzen vor Schadlingen und Krankheiten eingesetzt
werden. Sie sind in der konventionellen Landwirtschaft weit verbreitet und kdnnen wahrend oder nach
der Anwendung durch Spriihdrift, Verdampfung oder Winderosion in die Atmosphére gelangen. In der
Atmosphare kdnnen sie mit dem Wind transportiert werden und sich in Regionen weit entfernt von
ihrer Quelle ablagern. Organochlorpestizide (OCP) wurden seit den 1970er Jahren aufgrund ihrer
Persistenz, Bioakkumulation, Toxizitdt und ihres Potenzials zum Langstreckentransport verboten oder
eingeschrankt. Dadurch wurden die derzeit verwendeten Pestizide (currently used pesticides, CUPs)
relevanter und ersetzten bzw. erganzten die reglementierten OCPs. Das Vorkommen und der Verbleib
in der Umwelt, sowie die potentiellen schadlichen Auswirkungen auf die menschliche Gesundheit oder
die Umwelt, sind fur die meisten CUPs jedoch weitestgehend unbekannt. Darlber hinaus haben
bisherige Studien zu Pestiziden in der Luft nur eine kleine Anzahl von CUPs abgedeckt. Eine groRe
Anzahl an CUPs wurde in der Atmosphére bisher kaum oder gar nicht untersucht. Dies wirft die Frage
auf, inwieweit CUPs in der Atmosphare verbleiben und Uber langere Strecken transportiert werden

kénnen.

Ziel dieser Arbeit war es, derzeit verwendete Pestizide und Transformationsprodukte (TPs), die in
landwirtschaftlichen Gebieten in Europa von Bedeutung sind, in der Atmosphare zu identifizieren und
zu quantifizieren. Zudem wurde untersucht, ob diese Substanzen in die Meeresatmosphédre des
Atlantischen Ozeans transportiert werden. Dariliber hinaus wurden basierend auf den gemessenen
Konzentrationen und berechneten taglichen Inhalationsraten (DIRs) moégliche negative Auswirkungen

auf die menschliche Gesundheit untersucht.

Um diese Ziele zu erreichen, wurden zunachst Analysemethoden fiir die Bestimmung von 329 OCPs,
CUPs und TPs in der partikuldren und gasformigen Phase der Luft entwickelt, optimiert und validiert.
Die instrumentelle Analyse wurde zum einen mit einem Flissigkeitschromatographen, gekoppelt mit
einem Flugzeit-Massenspektrometer (LC-QTOF) und zum anderen mit einem Gaschromatographen,
gekoppelt an ein Triple-Quadrupol-Massenspektrometer (GC-QqQ), durchgefiihrt. Flr die Extraktion
von Glasfaserfiltern (GFFs, partikelgebundene Pestizide) und PUF/XAD-2-Sdulen (gasférmige Pestizide)
wurden unterschiedliche Extraktionsmethoden verglichen. Die GFFs wurden mittels einer Quick, Easy,
Cheap, Effective, Rugged and Safe (QUEChERS)-Extraktion mit Milli-Q Wasser/Acetonitril (1:2)
extrahiert. Bei den PUF/XAD-2-Siulen wurde eine Kaltextraktion fir die Luftproben, die in
landwirtschaftlichen Gebieten in Europa genommen wurden, verwendet. Fiir die Extraktion von
Luftproben liber dem Atlantischen Ozean wurde die Extraktionsmethode fiir die PUF/XAD-2-S3ulen
weiter optimiert, um Matrixeffekte und die Nachweisgrenzen der Methode zu verringern. Diese Proben

wurden mit einer auf QUEChERS basierenden Methode extrahiert. Die Nachweisgrenzen der Methode
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lagen sowohl fur partikelgebundene als auch fur gasférmige Pestizide im pg/m3-Bereich. Daher ist die
entwickelte Methode sowohl fir die Bestimmung von Pestiziden in hdéheren Konzentrationen in
landwirtschaftlichen Gebieten als auch fiir die Untersuchung von Hintergrundkonzentrationen in der
Meeresatmosphdre geeignet. Die Proben wurden im Rahmen des von der Europaischen Union (EU)
finanzierten Projekts SPRINT an zwei landwirtschaftlichen Standorten in Europa (Portugal und den
Niederlanden), sowie an Bord des Forschungsschiffs Polarstern auf einer Seereise zwischen Stidamerika

und Europa mit Hilfe groBvolumiger Luftsammler genommen.

99 unterschiedliche Pestizide und Transformationsprodukte wurden in der Luft in den untersuchten
landwirtschaftlichen Gebieten in Europa im pg/m3® bis ng/m3-Bereich nachgewiesen. 11 dieser
Substanzen konnten zum ersten Mal in der Luft nachgewiesen werden. In 95 % der Luftproben wurden
mehrere Pestizide nachgewiesen, wobei die maximale Anzahl an Pestiziden pro Probe bei 34 Pestiziden
lag. Um mogliche Auswirkungen auf die menschliche Gesundheit zu untersuchen, wurden die DIRs fir
einzelne Pestizide sowie Pestizidmischungen berechnet. Die DIRs lagen unter der zuldssigen taglichen
Aufnahmemenge (ADI), wobei die héchste berechnete DIR einen Margin of Exposure (MOE) von > 1000
aufwies. Der ADI-Wert umfasst jedoch nur die Aufnahme Uber Lebensmittel und Trinkwasser. Eine
Aufnahme durch Inhalation ist hingegen in diesem Wert nicht bericksichtigt. Da 91 % der
nachgewiesenen Pestizide mit potenziell gesundheitsschadlichen Effekten in Verbindung gebracht
wurden, konnte sich die Aufnahme ({ber verschiedene Wege fiir einzelne Pestizide oder
Pestizidmischungen summieren und sich dadurch potenziell auf die menschliche Gesundheit

auswirken.

Zudem wurden 22 Pestizide in der Luft Gber dem Atlantischen Ozean im pg/m3-Bereich nachgewiesen.
15 CUPs und 4 TPs wurden zum ersten Mal in der Meeresatmosphare iber dem Atlantischen Ozean
gefunden. Die meisten dieser Verbindungen besitzen eine berechnete atmospharische Halbwertszeit
von weniger als 2 Tagen, weshalb ein Langstreckentransport fiir diese Substanzen nicht erwartet
wurde. Flir 12 CUPs und 4 TPs konnten jedoch erste Hinweise auf einen moglichen
Langstreckentransport gefunden werden. Um mogliche Quellen der gefundenen Pestizide zu
bestimmen, wurden Rickwartstrajektorien berechnet. Diese ergaben fiir einen GroRteil der Proben
einen Einfluss durch marine Luftmassen. Zudem wurden héhere Pestizidkonzentrationen auf der
Nordhalbkugel im Vergleich zur Stidhalbkugel gefunden, welche durch einen Einfluss der Luftmassen

aus landwirtschaftlichen Gebieten in Europa stammen konnen.

Die Ergebnisse der Luftproben aus landwirtschaftlichen Gebieten und dem Atlantischen Ozean zeigen,
dass CUPs in der Atmosphare prasent sind und potenziell (iber lange Strecken transportiert werden
konnen. Diese Daten sind wichtig, um Schadstoffausbreitungsmodelle und Expositionsmodelle zu

speisen und zu validieren. Damit kdnnen potenziell schadliche Auswirkungen von CUPs und ihren TPs
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weiter untersucht werden. Zudem zeigen die Ergebnisse, dass weitere Studien zu Pestiziden in der Luft
erforderlich sind, die eine groBBe Anzahl an Pestiziden in abgelegenen Gebieten untersuchen. Dadurch
kdnnen mehr Informationen Uber ihren potenziellen Langstreckentransport erhalten werden. Hierzu
sollten kilnftige Studien auch Suspect oder Non-target Screening mittels hochauflosender
Massenspektrometrie  nutzen. Damit konnten potenziell bedenkliche Pestizide oder
Transformationsprodukte aus den mehr als 2000 weltweit fir die Verwendung registrierten Substanzen

identifiziert werden.
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3. Introduction

Pesticides are substances used to prevent crops from pests or diseases. They have been extensively
used in agriculture with increasing quantities and number of compounds applied on fields over the last
decades, reaching 3.70 million metric tons of global pesticide use in 2022 [1]. Rising temperatures due
to climate change are expected to further increase the application of pesticides in the future due to
increasing volatilization rates, degradation, and an increasing number of different pests [2, 3]. In the
past, adverse effects of pesticides on the environment [4-7] and on human health [8-11] as well as

decreasing biodiversity due to pesticide use [12, 13] have been reported.

Pesticides are classified according to their mode of action and the organisms on which the action is
performed. The main pesticide groups are insecticides, herbicides, and fungicides. Organochlorine
pesticides (OCPs), such as the insecticide dichlorodiphenyltrichloroethane (DDT, Figure 1a) or the
fungicide hexachlorobenzene (HCB, Figure 1b) have been extensively investigated and regulated. They
have been detected in the atmosphere for the first time in the 1960s [14]. Since then, they have been
detected in areas where they never had been used, even in remote areas like the world oceans [15-21]
and polar regions [22-35]. OCPs have been banned and restricted in industrialised countries since the
1970s but have still been used for vector control in developing countries [22]. Due to their persistence
(P), bioaccumulation (B), toxicity (T), and their potential to undergo long-range transport (LRT), they
have been included as part of the twelve initial persistent organic pollutants (POPs) in the Stockholm

Convention on Persistent Organic Pollutants [36].

a) Cl
Cl Cl
Cl Cl

Cl Cl

Cl Cl Cl

Figure 1: Structural formulas of two organochlorines, a) 4,4'-DDT and b) hexachlorobenzene

Subsequently, the production and use of CUPs received more attention. The group of CUPs includes
compounds from a variety of chemical classes, such as carbamate insecticides, organophosphate
insecticides, chloroacetanilide herbicides, phenoxyacid herbicides, neonicotinoid insecticides,

pyrethroid herbicides, triazole fungicides, and other classes that are inspired by natural products. CUPs
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are expected to be less persistent and toxic and to not be prone to long-range atmospheric transport
(LRAT) due to their different physical-chemical properties compared to OCPs. However, some CUPs such
as the organophosphate insecticide chlorpyrifos (Figure 2a) or the pyrethroid insecticide lambda-
cyhalothrin (Figure 2b) have shown to be toxic. Chlorpyrifos affects the nervous system by inhibiting
the acetylcholinesterase (AChE) activity and can persist in water or soil [37]. Lambda-cyhalothrin on
the other hand could be related to neurotoxicity and reproductive toxicity in non-target organisms by
oxidative stress. In addition, some CUPs have been detected in the air at remote areas far away from
their application sites such as alpine regions [38-41], national parks [42, 43], the worlds’ oceans [20,

21, 44-48], and polar regions [23-25, 49, 50].

Cl

a) Cl i b) o
cl
/ N E
| F o)
XN ) F
Cl F|’/O F O N
7 Do Y

Figure 2: Structural formulas of two currently used pesticides, a) chlorpyrifos and b) lambda-cyhalothrin
3.1 Sources and emission pathways of pesticides

Pesticides in the atmosphere occur mainly from agricultural use as large quantities and high numbers
of different compounds are used. Other sources include manufacturing and formulation processes,
waste effluents, urban or industrial weed control, the use at parks, gardens, lawns, or golf courses, and

large-scale arial spraying for vector control [51].

During and after application, pesticides can be emitted to the atmosphere due to spray drift,
volatilization, or wind erosion (see Figure 3). The extent of individual emission pathways depends on
the application technique and formulation type, the texture of the ground, the physicochemical
properties of the pesticide, and the weather conditions during application. Up to 75 % of the applied
pesticides can be emitted to the atmosphere due to spray drift during application [51]. A portion of this
deposits within a short distance from the application site, while some pesticides can be carried by the
wind over longer distances. This process depends on the aerosol size distribution and the pesticide
properties [52]. Another pathway for pesticides to enter the atmosphere is volatilization from soil,

water, or plant surfaces. Volatilization is a continuous process and can be the major route for pesticides
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into the atmosphere. Losses due to volatilization can reach up to 90 % within three days and depend
on the application technique of the pesticide [53, 54]. Pesticides applied on the soil surface are more
likely to volatilize than pesticides that are incorporated into the soil. The volatilization from plant
surfaces is usually larger than from soil as the plants have a lower adsorption capacity [55]. The third
pathway of the emission of pesticides to the atmosphere is the transport of pesticides bound to soil
particles by wind erosion [52]. The erosion of the soil is influenced by the horizontal wind speed,
precipitation rate, temperature, soil weathering, the cultivation practice, and the particle size
distribution of the topsoil [56]. Large particles with particle sizes between 500 to 1,000 um in diameter
tend to roll along the ground. They usually do not become airborne, but they can break down into
smaller particles which can become airborne. Particles with particle sizes between 100 and 500 um
diameter are transported by saltation and are generally deposited near the source as they usually don’t
move vertically above one meter. Particles in the range of 0.002 and 10 pum are the most important
particles for wind erosion as they can be suspended in the atmosphere and be transported over longer
distances [51, 57]. Pesticides that became airborne can be carried by the wind and deposit in non-
target areas due to dry and wet deposition. These compounds can be re-volatilized and re-enter the
atmosphere and can be further transported and deposited downwind. This process can be repeated
until pesticides are transformed or accumulated and can even continue for decades for very persistent

compounds [58].
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Figure 3: Sources, emission pathways and removal processes of pesticides in the atmosphere
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3.2 Fate and distribution of pesticides in the atmosphere

Pesticides in the atmosphere can be distributed between the particulate and gaseous air phase. The
factors that influence this distribution are further described in Section 3.2.1. Depending on the
distribution and the properties of a compound, it can be removed from the atmosphere by different
processes, as described in Section 3.2.2. Chemicals that are not removed from the atmosphere can be
transported further away from their source even over long distances to remote areas. Factors that

influence the atmospheric long-range transport of a chemical are described in Section 3.2.3.

3.2.1 Phase distribution

When pesticides are emitted into the atmosphere, they partition between the particulate and gaseous
air phase. This depends on their physical-chemical properties, such as water solubility, vapor pressure,
air-octanol and air-water partition coefficients, and the degradation or transformation reactions [59].
The distribution between the particulate and gaseous phase influences the residence time of a
compound in the atmosphere as different removal processes are prevalent for the respective phase
and influence the removal from the atmosphere by wet and dry deposition [51]. The partitioning
between the particulate and gaseous air phase is described by the octanol-air partition coefficient Ko,
[60]. Compounds with a higher Ko, are more likely to be bound to particles, whereas compounds with
lower Ko, are more likely to be present in the gaseous phase. In temperate climates, most semi-volatile
pesticides are expected to be transported in the gaseous phase and only a small fraction is adsorbed
to atmospheric particles [59]. At lower temperatures, the equilibrium tends to shift from the gaseous
phase to the particulate phase [60]. The distribution between the particulate and gaseous phase is also
relevant for human risk assessment, as smaller particles (PM 2.5 and PM 10) can penetrate deeper into
the respiratory system and pesticides that are bound to these particles or are present in the gaseous

phase can cause human health issues such as asthma, neurobehavioral disorders, or cancer [9, 61, 62].

3.2.2 Photochemical reactions and deposition

Pesticides can be removed from the atmosphere by different processes. The main removal pathways
are the photochemical degradation, wet deposition, and dry deposition. These processes influence the
atmospheric residence time of a pesticide. Therefore, the atmospheric residence time of a pesticide is

calculated by the following equation [63].

1
kdegr + kwet + kdry

Ta

with 1A = atmospheric residence time / s
kgegr = photochemical degradation rate in air / 1/s

kwet = Wet deposition rate / 1/s
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kary = dry deposition rate / 1/s

The atmospheric residence time determines the time that a compound can reside in the atmosphere
dependent on the removal rates. However, pesticides that have been deposited on the earth’s surface
on soil, vegetation, or water can re-enter the atmosphere and be transported from place to place until
they break down or reach a permanent sink [51]. For the degradation and deposition of a chemical,
the distribution between the particulate and gaseous air phase is important, as the removal processes
vary between the two phases [64]. Further details on the three main removal processes are given in

the following paragraphs.
Photochemical reactions

The photochemical degradation of organic pollutants includes the photolysis and the reaction with
hydroxyl (OH) radicals, nitrate (NOs) radicals, and ozone (Os) [63]. The dominant atmospheric removal
process for pesticides present in the gaseous phase is the reaction with OH radicals [65]. The removal
rates by OH radicals are influenced by the sunlight intensity, the OH radical concentration, and the air
temperature. Highest OH radical concentrations can be detected during noon. They are 4 to 20 times
higher in summer than in winter and are higher at lower latitudes [66]. To calculate the atmospheric
residence time from the reaction with OH radicals, the mean global annual OH radical concentration in
the atmospheric boundary layer of 5 x 10° molecules/cm? is used [67]. The OH radical reactions with
chemicals include (i) a H-atom abstraction from C-H and O-H bonds in saturated organic compounds,
(ii) the OH radical addition to >C=C< and -C=C- unsaturated bonds, (iii) the OH radical addition to
aromatic rings, and (iiii) the OH radical interaction with -NH,, >NH, >N-, -SH, and -S groups [65]. The
removal of a chemical by the reaction with NOs radicals or ozone is only relevant for some specific
compounds, such as unsaturated hydrocarbons and aromatics [68]. This reaction can be relevant in
polluted urban atmosphere during night-time hours when high NOs concentrations are present [69].
Photolysis is an important removal process for pesticides that absorb light at wavelengths between 290
nm and 800 nm. Many pesticide classes, such as triazines, ureas, and some halogenated compounds
carry no chromophore to absorb light above wavelengths of 290 nm [52]. For these compounds the
reaction with OH radicals is assumed to be the main degradation process [70]. The degradation
products of pesticides that result from these reactions in the atmosphere can themselves be of
potential concern and can have very different characteristics than their parent compounds. They can
be more toxic than their parent compound and can have different atmospheric half-lives which
influences their potential atmospheric transport [52, 71]. The different properties of degradation or
transformation products may also result in different removal processes compared to the parent
compound. An example are the degradation products of triazines which have a similar toxicity than

their parent compounds but can be more persistent [52, 72]. Studies also showed that pesticide
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transformation products can have stronger endocrine disrupting effects than their parent compounds
due to changes in gene expression and hormonal secretion [73]. Chemicals that act as endocrine
disruptors can affect the epigenome by e.g. deoxyribonucleic acid (DNA) methylation and histone

modifications which can cause chronic effects that can be passed on to future generations [74].
Wet and dry deposition

Deposition of pesticides from the atmosphere can be classified as wet deposition, including
precipitation, and dry deposition. This depends on the partitioning between the gaseous and
particulate phase of a compound. Wet deposition occurs from the uptake of a pesticides into a cloud
or a rain droplet followed by the removal of the droplets by precipitation (rain, snow, or fog) [71].
Thereby, the main processes are (1) in-cloud scavenging or rain-out, and (2) below-cloud scavenging or
wash-out [63, 68]. During heavy rain events, the pesticide concentration in the gaseous air phase
decreases and can drop to zero for substances that are efficiently washed-out [68]. For the particulate
phase, the scavenging depends on the physical properties of the particles where the particle size is the
most important one. The process of particle removal is dominated by in-cloud processes. In these
processes, pesticides attached to particles are washed out with the particle when precipitation occurs.
Coarse particles can also be washed out by below-cloud scavenging [22]. Pesticides bound to particles
have a higher removal rate compared to gaseous bound compounds as they are more likely be removed
by rain and therefore, their atmospheric residence time is often shorter [68]. The wet deposition rate
also depends on the season, as the intensity and duration of the precipitation usually varies during the

year [71].

The process of dry deposition includes the uptake of a compound at the earth’s surface by water, soil,
and vegetation [63, 68]. It consists of three mechanisms: diffusion, impaction, and sedimentation [71].
For particles, the dry deposition depends on the size distribution and the shape of the particle. For
pesticides present in the gaseous phase, the dry deposition is influenced by the physical-chemical
properties of the compound, the characteristic of the earth’s surface (soil or water) and the
environmental conditions [68]. As described above, chemicals that are deposited to the earth’s surface
can be re-emitted to the atmosphere. This can occur in regions far from the chemical’s emission areas,
like polar regions or the world’s oceans, or during periods when fewer pesticides are applied (e.g.
during winter). During this time, the water surface can act as a source of a chemical to the air [75]. The
knowledge on the deposition and re-emission processes that take place for a compound is crucial to
determine the atmospheric residence time and the resulting transport distance, ambient air

concentrations and potential impacts on humans or ecosystems [71].
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3.2.3 Long-range Atmospheric Transport

Pesticides that are not removed from the atmosphere by photochemical reaction or deposition can
undergo long-range atmospheric transport. The atmospheric transport is expected to be the major
entrance pathway of chemicals into the environment [71]. According to the Stockholm Convention, a
compound has the potential to undergo long-range atmospheric transport if one or more of the
following three criteria are met: (i) the chemical was measured in levels that are of potential concern
in locations distant from the source, (ii) monitoring data of a chemical show that long-range transport
with the potential for transfer to a receiving environment may have occurred via air, water, or migratory
species, or (iii) the atmospheric half-life of a chemical is greater than two days [76]. The atmospheric
half-life of a compound is defined as the time in which the mass of a chemical is reduced by 50 %. For
pesticides, it results mainly from the reaction with OH radicals. The atmospheric residence time is also
influenced by the air temperature and the persistence of the substance [22, 68]. Compounds that are
expected to have a low persistence in temperate climates can be more resistant to breakdown in polar
regions [59]. In addition, chemicals which tend to adsorb more onto atmospheric particles can have
higher removal rates due to wet and dry deposition [77]. CUPs are expected to be removed from the
atmosphere due to lower vapour pressures, higher water solubilities, and lower chemical stability
compared to OCPs. Therefore, shorter atmospheric half-lives are expected for these compounds.
However, CUPs with atmospheric half-lives below two days have been found in remote areas since the
1990s, indicating that long range transport occurs even for these pesticides [20, 22, 42, 49, 78]. A
reason for their long-range transport to polar regions is the grasshopper effect, as substances can travel
longer distances due to repeated volatilization and deposition to and from the atmosphere [77, 79]. In

addition, CUPs can also be transported by water currents and re-volatize into the atmosphere [21, 80].

33 Pesticides in the atmosphere

OCPs have been reported in the atmosphere for the first time in the 1960s [14]. Since then, they have
been intensively investigated in the atmosphere around the globe, including remote areas such as the
world’s oceans [15-18, 81] and polar regions [19, 26, 27, 29-35]. Since their ban and restrictions in
industrial countries in the 1970s [22] and their inclusion in the Stockholm Convention in 2004 [36],
CUPs came more into the focus of atmospheric pollution as their number of different compounds,

production and use highly increased since then.

Data on CUPs and OCPs in the atmosphere from 142 studies that have been conducted since the 1990s
is summarized in Figure 4 and Table A4. Less than 50 % of the reviewed studies on pesticides in the
atmosphere included CUPs in their research and often investigated only a small number of them (<100
CUPs, mostly around 30 to 50 CUPs, see Figure 4a). In addition to the small number of CUPs included,
these studies also mostly cover small geographical areas in one country during a limited period of time.

More than 50 % of the studies that were conducted since the 1990s focused on rural and urban areas,
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where concentrations in the pg/m3 to ng/m?3 range were detected (see Figure 4b). In addition, 20 % of
atmospheric pesticide studies investigated their occurrence in agricultural areas. Here, concentrations
were detected up to a few hundred ng/m3, with higher concentrations during the pesticide application
periods in spring and summer. Some CUPs (up to 16) have also been investigated in remote areas such
as mountain sites [40, 41], in marine areas such as the Bering and Chuckchi Sea [20], the Bohai Sea
[47], and the North Pacific and Arctic Ocean [48], and in polar regions such as the Arctic [23, 25, 49]
and Antarctica [21] and have been detected in concentrations in the low pg/m?3 to low ng/m? range.
Only one study was found, that included all of the research areas, where pesticides have been found
(rural, urban, agricultural, marine, and polar). This data is especially relevant for the knowledge on
potential atmospheric transport of CUPs either by ocean currents or by atmospheric transport.
However, most of the atmospheric pesticide studies only analysed pesticides by gas chromatography
coupled to mass spectrometry (GC-MS) and did not include more polar or thermolabile compounds
(see Figure 4c). Only in recent years, liquid chromatography coupled to mass spectrometry (LC-MS) was
applied more often to gain data on these compounds and therefore, data on polar and thermolabile

CUPs is only available for a small number of compounds yet.

a) Number of CUPs 0-10 CUPs b) Study areas
m Rural
10-30 CUPs m Urban
= 30-50 CUPs = Ruraland Urban
m Agricultural
m 50-100 CUPs
= Remote
= >100 CUPs m Marine
= CUPs included, but Polar
number n.a. All
m No CUPs included Other
c) Instrumental analysis GC-MS d) Sampling techniques
“ GC-HRMS
\ LC-MS m PAS
= LC-HRMS = HVAS
# GC-MS and LC-MS Other
m GC-MS and LC-HRMS
® GC-HRMS and LC-
HRMS

Figure 4: Literature review of 142 studies on pesticides in the atmosphere (for details see Table A4). a) Number of CUPs included
in atmospheric pesticide studies. CUPs = currently used pesticides. b) Study areas covered in atmospheric pesticide studies. c)
Instrumental analysis used in atmospheric pesticide studies. GC = gas chromatography, MS = mass spectrometry, HRMS = high-
resolution mass spectrometry, LC = liquid chromatography. d) Air sampling techniques used in atmospheric pesticide studies.
PAS = passive air sampler, HVAS = high-volume air sampler.

34 Sampling and analysis of pesticides
Pesticides in the air are commonly sampled with two different sampling techniques: passive air

sampling (Section 3.4.1) and active air sampling (Section 3.4.2). For both sampling techniques, different
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adsorbents are used to collect airborne pesticides. The different methods used for extraction and

analysis of pesticides in air are described in Section 3.4.3.

3.4.1 Passive air sampling

Passive air sampling (PAS) is used to identify the presence of chemicals, including pesticides, in the
atmosphere. In general, passive sampling is based on the diffusive uptake of a chemical present in the
air in a sorbent over time (see Figure 5). Sorbents typically used in passive sampling are polyurethane
foam (PUF) disks [29, 31, 40-42, 81-114] or XAD resins [32, 34, 39, 115-120]. The advantages of passive
sampling are that it is inexpensive, easy to implement, noise-free, and it requires no electricity.
Therefore, it can be used for large scale assessments of atmospheric contaminants even in remote
areas where no power supply is available. However, a major challenge is the determination of the exact
air volume interacting with the adsorbent material during the exposure period. The sampling rate is
highly influenced by meteorological conditions such as the wind speed and the temperature as this
affects the diffusion of the molecules as well as their gas-particle partitioning [121, 122]. Some studies
therefore use active air samplers installed close to the passive samplers to calculate the sampling rate
and to determine the pesticide concentrations. Another disadvantage of passive sampling is the
uncertainty if a compound was present in the particulate or gaseous air phase. Different adsorbent
materials are expected to sample only gaseous particles (e.g. XAD resin), while others can also adsorb
particle-bound compounds (e.g. PUF). However, the literature on this is not consistent and differences
in the literature may be associated with the sampling site characteristics, meteorological conditions,
the type of adsorbent (the same material could have different densities, e.g. different PUFs) as well as
different analytical processes [123]. Consequently, the quantitative determination of pesticides using
passive samplers has high uncertainties that have to be considered when concentrations are calculated.
However, passive sampling is an important technique to gain valuable information on the occurrence

of pesticides in remote or inaccessible areas and on long-term trends [124].
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Figure 5: Example of a) a passive air sampler, picture by Vera Silva/Wageningen University & Research and b) a scheme of a
passive air sampler

3.4.2 Active air sampling

Active air samplers are used to determine the concentration of pesticides in ambient air. Air is drawn
through the adsorbent materials by means of a pump. It can be distinguished between high-volume air
samplers (HVAS) and low-volume air samplers (LVAS) with the difference being in the amount of air
that passes the adsorbents. Air volumes typically range between 18 and 90 m¥h for HVAS and between
0.06 and 0.18 m¥h for LVAS. To ensure the higher air volumes, a power supply is required at the
sampling site for HVAS. This can make the method unfeasible for the use in remote areas and in large-
scale sampling. However, active air sampling is highly important for the quantitative determination of
pesticides in air as the exact sampling volume is known. In addition, active air samplers can provide
information on the pesticide distribution between the particulate and gaseous air phase. This data is
important for exposure modelling and risk assessments of pesticides as it can provide information on

the inhalation quantity of pesticides and potential effects on human health.

In general, a filter is installed in front of a glass column filled with an adsorber material (see Figure 6).
As filters, quartz-fibre filters (QFFs) or glass-fibre filters (GFFs) are commonly used to sample the
particulate air phase. For the gaseous air phase, adsorbent materials commonly used are PUF or/and
XAD resins [59]. The total air volume sampled (m3) is measured and used for the calculation of pesticide
concentrations. Typical sampling times range between 24 h and 1 week, depending on the detection
limits of the analytical methods, expected air concentrations, and the purpose of the sampling.
Important to consider for active sampling is the breakthrough volume, i.e. the moment when the

adsorbent material is saturated by a compound and a loss of the compound occurs downstream.
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Therefore, the breakthrough point has to be determined before the sampling and the sampling time

should be selected depending on potential breakthrough of the investigated compounds [125].
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Figure 6: Example of a) a high-volume air sampler and b) a scheme of a high-volume air sampler

3.4.3 Analytical procedures

The analytical procedure for the quantification of pesticides usually consists of the extraction, a clean-
up step, and the instrumental analysis. As depicted in Table A4, extraction methods commonly used
for pesticides in air samples are Soxhlet extraction, accelerated solvent extraction (ASE), microwave-
assisted extraction (MAE), and ultrasonic-assisted extraction (UAE). As extraction solvents, hexane,
mixtures of hexane with other solvents (e.g. hexane-acetone or hexane-dichloromethane), acetone,

dichloromethane, or ethyl-acetate are often used.

A clean-up step is often applied to reduce the interferences caused by co-extracted substances in the
instrumental analysis, especially for GC-MS analyses. Commonly, a solid-phase extraction (SPE) with
normal phase sorbents, such as alumina, silica gel, Florisil, or a combination of these, is used during
this step [126]. This can lead to good cleaning effects for non-polar compounds such as organochlorines

but is less effective for more polar pesticides.

As described in Section 3.3 and depicted in Figure 4c, GC-MS has mostly been used for the instrumental
analysis of pesticides. In recent years, the application of LC-MS largely increased for the determination
of more polar and thermolabile pesticides without prior derivatisation. In addition, high-resolution

mass spectrometry (HRMS) coupled to LC or GC for the analysis of pesticides in the atmosphere became
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more important in recent years, but until now there are still only a few studies available. HRMS is
especially valuable for the investigation of a high number of target compounds as well as for suspect
or non-target screening of emerging contaminants or transformation products. Due to the rising
number of pesticides on the market (>2000 active substances) [127] and missing information on

pesticide transformation products, HRMS is expected to become more relevant in the future.

3.5 Integration in the EU project SPRINT
This thesis was integrated into the European Union Horizon 2020 programme no. 862568 with the title

“Sustainable Plant Protection Transition: A Global Health Approach” (SPRINT) (https://sprint-
h2020.eu/). The aim of the project is to develop a Global Health Risk Assessment Toolbox to determine
the health risks and impacts of pesticide mixtures on humans and the environment. The project
consists of 28 institutions working on ten work packages (WPs) (see Figure 7). WP1, WP8, WP9, and
WP10 included the Stakeholders platform, dissemination and communication activities, the project
coordination, the data management, and the ethics requirements. In WP2, the pesticide distribution
and current health state was investigated at ten case study sites (CSS) in Europe and one CSS in
Argentina (see Figure 8) including the sampling and analysis of pesticides in different environmental
compartments (e.g. soil, water, and air), in animals (e.g. blood and urine) and in humans (e.g. blood,
urine, and wristbands). WP3 investigated the modelling and exposure assessment of pesticides for
human health and the environment. WP4 and WP5 included an ecotoxicological assessment and health
risk assessment of pesticide mixtures in terrestrial and marine organisms as well as on human health.
WP6 and WP7 worked on a cost-benefit analysis and potential transition pathways and policy

recommendations for a sustainable agriculture with the use of less pesticides.

The content of this thesis was involved in WP2 for the sampling and analysis of pesticides in ambient
air at two CSS (Portugal and the Netherlands). In addition, the results from the ambient air samples are

used in WP3 for the exposure modelling of pesticides in air on human health.
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WP2 - PPP distribution and health state il WP4 - (Eco)toxicological assessment
Lead: UBERN & AU Lead: RAM & UAVR
WP3 - Exposure assessment WPS5 - Health risk assessment
Lead: SKU & UCSC Lead: UU & MU

WP6 - Cost-benefit analysis
Lead: FIBL & DTU
WP?7 - Transistion paths and policy recommendations
Lead: ECOLOGIC

Figure 7: The ten work packages (WPs) included in the EU Horizon 2020 SPRINT project [128]

Figure 8: The eleven case study sites included in the EU Horizon 2020 SPRINT project for pesticide analysis [129]
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4. Point of departure and objectives

At the beginning of this doctoral research, data on pesticides in the atmosphere, except for the well-
studied organochlorine pesticides, have been rare, especially for remote areas. Currently used
pesticides which replaced and complemented the banned OCPs had been expected not to be prone to
long-range atmospheric transport due to their short calculated atmospheric half-lives. However, a small
number of CUPs had been investigated and detected at remote areas, indicating that this assumption
must be reconsidered. Studies on CUPs mostly focused on a small number of compounds using passive
samplers. In addition, they had often used GC-MS for the instrumental analysis and had not included
more polar or thermolabile CUPs that can only be determined by LC-MS. This raised the questions,
which CUPs that have not yet been investigated can occur in the atmosphere close to application sites
as well as in more remote areas, and in which concentrations they are present. This could give
important information on the relevance of specific pesticides for human health or environmental

exposure and on the potential long-range transport of CUPs to non-target areas.
Based on this point of departure and questions that have arisen, the aims of this PhD thesis were

(i) to develop an analytical method using liquid chromatography coupled to high-resolution
mass spectrometry and gas chromatography coupled to triple quadrupole mass
spectrometry for the simultaneous determination of organochlorine pesticides, currently
used pesticides, and transformation products in the particulate and gaseous phase of the
air,

(ii) to determine which pesticides are of relevance at European agricultural sites, how they are
distributed in the air and if the concentrations are of concern for humans or the
environment, and

(iii) to identify currently used pesticides that can undergo long-range atmospheric transport to

the marine atmosphere of the Atlantic Ocean.

The aims were addressed by three studies included in the cumulative part of this thesis. The specific

objectives of these studies were as follows:

Chapter 5.1: “Development of an analytical method for the determination of more than 300

pesticides and metabolites in the particulate and gaseous phase of ambient air”

Freya Debler, Juergen Gandrass. Analytical and Bioanalytical Chemistry, 416, 3059-3071,
https://doi.org/10.1007/500216-024-05254-4, 2024.

This study aimed at developing quantitative multi-methods for the analysis of 329 pesticides, including
organochlorine pesticides, currently used pesticides, and transformation products in the particulate

and gaseous phase of the air by using liquid chromatography coupled to HRMS (LC-QTOF) and gas
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chromatography coupled to triple quadrupole mass spectrometry (GC-QgQ). The scope of target
analytes was defined by a literature review and commercially available certified pesticide standards
and was extended by target analytes from the EU SPRINT project. Instrumental methods were
implemented on a LC-QTOF and a GC-QgQ and chromatographic and mass spectrometric parameters
were optimized. The instrumental methods as well as the extraction methods for the particulate and
gaseous air phase were optimized and validated for the quantification of pesticides in the pg/m3 to

ng/m?3 range.

Chapter 5.2: “Occurrence and distribution of pesticides and transformation products in ambient air

in two European agricultural areas”

Freya Debler, Nelson Abrantes, Paula Harkes, Isabel Campos, Juergen Gandrass. Science of the Total

Environment, 940, 173705, https.//doi.org/10.1016/].scitotenv.2024.173705, 2024.

The occurrence and distribution of organochlorine pesticides, currently used pesticides, and
transformation products in the air was investigated at two agricultural areas in Europe (Portugal and
the Netherlands). Particulate (GFFs) and gaseous (PUF/XAD-2 columns) air samples were taken for 14
months using high-volume air samplers next to agricultural fields in both countries. Particle phase
fractions were calculated to determine the partitioning behaviour of CUPs between the particulate and
gaseous air phase. In addition, hazard profiles were determined, and daily inhalation rates were

calculated to evaluate potential risks to human health.

Chapter 5.3: “Currently used and legacy pesticides in the marine atmosphere from Patagonia to

Europe”

Freya Debler, Juergen Gandrass, Martin Otto Paul Ramacher, Alkuin Maximilian Koenig, Simon
Zimmermann, Hanna Joerss. Environmental Pollution, 373C, 126175,

https://doi.org/10.1016/j.envpol.2025.126175, 2025.

This study investigated whether currently used pesticides are of relevance for long-range transport to
the marine atmosphere of the Atlantic Ocean. Particulate and gaseous air samples were taken on a
south-north transect across the Atlantic Ocean with high-volume air samplers to determine the
occurrence and spatial distribution of CUPs. To examine potential sources of currently used pesticides

resulting from atmospheric transport, air-mass back trajectories were computed.
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5. Synopsis

5.1 Development of an analytical method for the determination of more than 300 pesticides
and metabolites in the particulate and gaseous phase of ambient air

Pesticides have been detected in the environment even in remote areas such as the world’s oceans and
polar regions. This indicates that they are transported from their source regions to these areas through
the atmosphere or the water phase. Legacy pesticides as well as some CUPs have been detected in the
atmosphere in these remote areas in the past. However, most of these studies only included a small
number of compounds with a focus on legacy pesticides and the use of GC-MS/MS for the instrumental
analysis. Therefore, there is a high demand for a multimethod for the quantitative analysis of a high
number of pesticides, including legacy pesticides, currently used pesticides, and transformation

products, in ambient air.

The development of this multimethod is especially challenging as it should include pesticide
concentrations in air at trace levels in the sub pg/m3-range that can be influenced by strong matrix
effects due to the air matrix itself as well as matrix constituents from the sampling material. In addition,
such a method should complement the scarce data and deliver missing information on currently used
pesticides and their transformation products in ambient air. Consequently, the primary aim of this work
was to develop a multimethod for the analysis of a broad range of pesticides and their transformation
products in the particulate and gaseous phase of ambient air using an LC-QTOF and a GC-QqQ

instrument.

The first step to develop a multimethod for the extraction of pesticides in ambient air was the
development of the instrumental method on the LC-QTOF and the GC-QgQ. For the extraction of
pesticides from GFFs (particulate air phase) and from PUF/XAD-2 columns (gaseous air phase), different
extraction methods were compared in this work with regards to recovery rates and relative standard
deviations for each of the 329 investigated pesticides. For the GFFs, four different extraction methods
were compared: Soxhlet extraction, UAE, QUEChERS extraction and an extraction by diffusion. For all
extraction methods, dichloromethane (DCM) was used as the extraction solvent. The QUEChERS
extraction resulted in the highest number of compounds with recovery rates between 70 and 120 %
and relative standard deviations (RSD) below 20 % and was therefore defined as the preferred method.
For the PUF/XAD-2 columns, two different extraction methods using DCM as the extraction solvent
were compared: Soxhlet extraction and cold-column extraction (CCE). The CCE showed better recovery
rates (between 70 and 120 %) and better RSD (below 20 %) for the investigated compounds and was

used as the preferred extraction method.

As a final step, the selected extraction methods for both, GFFs and PUF/XAD-2 columns, were validated
according to the method performance acceptability criteria characterized in SANTE/12682/2019 [130]
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using a matrix-matched calibration. Method quantification limits (MQLs) were determined as the
lowest spike level meeting the performance acceptability criteria (recovery rates between 70 and 120
% and RSD < 20 %). The method detection limits (MDLs) were determined by a signal-to-noise ratio
(S/N) of 3. Solvent and method blanks were analysed together with the validation extracts. For the
PUF/XAD-2 columns, breakthrough experiments were performed to determine possible breakthrough
during sampling with a high-volume air sampler. In addition, the precision and linearity of the
instrumental method was determined. To determine the applicability of the method, air samples taken
around agricultural fields in the Netherlands were analysed. The results showed that the method was
able to determine pesticides in high concentrations during the application period as well as background

concentrations when no pesticides were applied.

In conclusion, the two extraction methods developed in this study enable the determination of more
than 300 pesticides in the low pg/m3 to ng/m?3 range in the particulate and gaseous phase of ambient
air, from which 263 pesticides on the GFFs and 75 pesticides on the PUF/XAD-2 columns fulfilled the
strict SANTE criteria. The developed multimethod can be used to analyse a wide range of pesticides in
the atmosphere to gather more information on their potential atmospheric transport and fate in the

environment.

As a result of the work carried out as part of this doctoral thesis, the following paper has been published
in Analytical and Bioanalytical Chemistry. The online version can be found at the following DOI:

https://doi.org/10.1007/s00216-024-05254-4.
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Abstract

Pesticides can enter the atmosphere during spraying or atter application, resulting in environmental or human exposure. The
study describes the optimisation and validation of analytical methods for the determination of more than 300 pesticides in
the particulate and gascous phases of the air. Pesticides were sampled with high-volume air samplers on glass-fibre filters
(GFFs) and glass columns filled with polyurethane foam (PUF) and XAD-2 resin. Comparing different extraction methods,
a QuEChERS extraction with acetonitrile was selected for the GFFs. For the PUF/XAD-2 columns, a cold-column extrac-
tion with dichloromethane was used. Instrumental determination was performed using liquid chromatography/electrospray
ionisation-time-of-flight mass spectrometry (LC/ESI-QTOF) and gas chromatography/electron impact ionisation-tandem
mass spectrometry (GC/EI-MS/MS). Recovery experiments showed recovery rates between 70 and 120% for 263 com-
pounds on the GFFs and 75 compounds on the PUF/XAD-2 columns. Semi-quantitative determination was performed for
39 compounds on the GFFs and 110 compounds on the PUF/XAD-2 columns. Finally, 27 compounds on the GFFs and 138
compounds on the PUF/XAD-2 columns could be determined only qualitatively. For the determination of the PUF/XAD-2
samples, signal suppression (LC) or signal cnhancement (GC) duc to matrix cffcets were determined. Mcthod quantification
limits of the optimised methods ranged from 30 to 240 pg/m?® for the target compounds on the GFFs, and from 8§ to 60 pg/
m* on the PUF/XAD-2 columns. The applicability of the method was demonstrated by means of environmental air samples
from an agricultural area in the Netherlands.

Keywords Pesticides - Ambient air - High-volume air sampling - QUEChERS - High-resolution mass spectrometry

Introduction

The global use of pesticides has experienced unprecedented
growth over the last decades, driven by the demand for food
production and pest management. As a result, in 2021, the
global market for pesticides reached 43.3 billion US dollars,
underscoring the magnitude of their prevalence in modern
agricultural practices [1]. Despite their essential role in crop
protection, the widespread application of pesticides has
raiscd multiple environmental and health concerns [2-4].

< Freya Debler
freya.debler@hereon.de

Helmholtz-Zentrum Hereon, Institute for Coastal
Environmental Chemistry, Organic Environmental
Chemisiry, Max-Planck-Str. 1, 21502 Geesthacht. Germany

During and after pesticide application, spray drift, vola-
tilization, and wind erosion facilitate the transfer of these
chemicals into the air. Depending on the physicochemical
properties of the pesticide, product characteristics, texture
of the ground, type of application, and weather conditions,
pesticides can end up in the atmosphere. There they can par-
tition between the particulate and gaseous phases and impact
distant regions beyond their intended target areas [5-7]. This
emphasizes the necessity for an in-depth understanding of
the distribution of airborne pesticides and their potential
exposure and effects on remote and non-target organisms,
including humans and ecosystems.

To assess the presence and concentrations of airborne
pesticides, appropriate sampling and analytical techniques
are of importance. Adsorbent materials have been widely
employed to capture these chemicals during air sampling.
Most used adsorbents for the analysis of contaminants in
air are polyurethane foams (PUF) and XAD resins for the
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sampling of the gaseous phase, while glass-[ibre [ilters
(GFFs) and quartz-(ibre (ilters (QFFs) are preflerred [or trap-
ping particle-bound pesticides [8, 9]. Sampling techniques
include active and passive air sampling. Most air studies
focus on passive sampling, with which a quantitative deter-
mination of pesticides cannot be determined. Therefore,
this study uses active air sampling with high-volume air
samplers [ 10, 11]. Furthermore, most studics analysc only a
few selected pesticides, via the employment of GC-MS/MS
methods |8, 9]. Consequently, more polar compounds and
some currently used pesticides have often heen overlooked
in air, with emphasis placed on well-known legacy pesti-
cides. such as organochlorines.

To address these limitations and enhance the capability
to detect airborne pesticides, this study compares difterent
extraction methods for the analysis of a broad spectrum of
pesticides in air via GC-MS/MS and LC-QTOF analysis.
Traditional Soxhlet extraction is an effective method for the
extraction of pesticides but is ime-consuming and requires
substantial amounts of solvent. Typical solvent-based extrac-
tion methods of pesticides from air are ultrasonic-assisted
extraction (UAE), accelerated solvent extraction (ASE), or
microwave-assisted extraction (MAE) [8]. In this study, for
the GFFs, also an extraction by diffusion was tested.

Drawing inspiration from the quick, easy, cheap, effec-
tive, rugged and safe “QuEChERS™ approach utilized in
food analysis, the adoption of a more cost-effective and
elflicient extraction method for the extraction of GFFs is
proposed [12]. The QuEChERS method employs reduced
solvent volumes, making it more economical and taster, and
has demonstrated success in the analysis of PAHs in the
particulate phase of air samples [13]. To our best knowledge,
this is the first work applying the QUEChERS approach for
the analysis of airborne particulate pesticides.

The objective of this study is to optimise and validate the
exlraction of a wide range of pesticides from GFFs and PUF/
XAD-2 columns used in high-volume air samplers. The final
extraction methods for both matrices are being applied to
eight air samples taken within the scope of the EU project
SPRINT at a case study site in the Netherlands.

Experimental
Consumables

All standards and reagents used were of the highest purity
commercially available. Standards were obtained from
Restek (Bellefonte, USA) as standard mixtures (LC Mul-
tiresidue Pesticide Kit and GC Multiresidue Pesticide
Kit}. Compounds not included in these mixtures were pur-
chased from Sigma-Aldrich (Darmstadt, Germany) (2.4-
D, clopyralid, dimethenamid-p, fluopicolide. fluroxypyr,
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imazapic, imazapyr, imazaquin, imazethapyr, MCPA,
mecoprop-p, melamitron, napropamide, nicosulluron, pro-
paquizafop, quinmerac, quizalofop-p-ethyl, thifensulfuron-
methyl) and from Dr. Ehrenstorfer (Augsburg, Germany)
(allethrin, bentazone, bixaten, chlorimuron-ethyl, cycloxy-
dim, dicamba, dichlorvos, diclosulam, halauxifen-methyl,
S-metolachlor, metsulfuron-methyl). Isotope-labelled
internal standards of >96% purity were purchased from
Dr. Ehrenstorfer (Augsburg, Germany) (metalaxyl-D3,
tebuconazole-D6, imidacloprid-D4, carbofuran-D4, met-
sulfuron-methyl-D3, thiabendazole-D6, trans-cypermethrin-
D6, gamma-HCH-D®6, chlorpyrifos-D10)., Sigma-Aldrich
(Darmstadt, Germany) (terbuthylazine-D3, bentazone-D7,
dimethomorph-({dimethoxy-D6), MCPA-(methyl-D3)) and
Cambridge [sotope Laboratories (Tewksbury, USA) (4.4'-
DDE ring 13C12). Injection standard 13C3-caffeine (99%)
was purchascd from Sigma-Aldrich (Darmstadt, Germany),
13C8-PFOA (99%) was purchased from LGC Standards
(Teddington, UK), d-TCEP (>98%) was purchased [rom
Wellington Laboratories, and 13C12-PCB-141 (99%) was
purchased from Cambridge Isotope Laboratories (Tewks-
bury, USA). All solvents were purchased in HPLC grade.
Methanol was obtained from Merck (Darmstadt, Germany).
Hexane, dichloromethane and acetone were purchased from
Promochem (Wesel, Germany), and acetenitrile was pur-
chased from VWR (Darmstadt, Germany). Acctic acid was
purchased from Fluka Analytical. For the dispersive SPE,
anhydrous magnesium sulphate (>99.5%, Sigma-Aldrich),
sodium acetate (>99%, Merck), primary secondary amine
(PSA, Agilent Technologies) and Bondesil C18 (Agilent
Technologies) were used. Syringe filter with regenerated
cellulose and a pore size of 0.2 ym (Whatman, Buckingham-
shire, UK} were used for the filtration of sample extracts.

Selection of pesticides

The analyles considered in the present study were selecled
from the following criteria: (i) data from farmers on the
pesticide application on the case study sites covered within
the ongoing H2020 project SPRINT, (ii) known occur-
rence of pesticides from a study on pesticides in air in
Germany [14] and (iii) known occurrence of pesticides in
Europcan agricultural soils [15, 16]. The rcasons for the
criteria above were (1) inclusion of pesticides currently
applied on agricultural fields in Europe, (ii) inclusion of
pesticides recently detected in the air in Europe and (iii)
inclusion of pesticides that could be transported via air
(volatilization or wind erosion) or evaporate from soil due
to previous pesticide applications. From this information,
a preliminary list of pesticides was designed, and standard
mixtures of pesticides available on the market including
these pesticides were bought. The pesticides included in
this list were used for the method optimisation (“Optimised
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instrumental methods™ section). For the method validation
and sample analysis, 65 lurther pesticides were included
from the final scope within the EU project SPRINT [ 17]
(“Validation of the final method” and “Summary of opti-
misation and validation of the final method™ sections), Pes-
ticides only included for method validation are tagged in
the ST (Table 57 and S8). In total, the initial scope included
468 pesticides, including organochlorines, currently used
pesticides, as well as pesticide metabolites, from which
335 substances relevant for the project were included in
the method validation.

Sampling and sample media

Samples for the method validation and breakthrough
experiments were taken at the research centre campus in
Geesthacht, Germany. The campus is located in a forest arca
5 km away from the city centre of Geesthacht and 1 km away
from the next agricultural field. Two high-volume air sam-
plers (sell-constructed) were deployed in parallel. Samples
were taken for seven days with sampled air volumes between
1400 and 2300 m’. For the enrichment of pesticides in the
gaseous phase of the air, glass columns with a glass frit,
a slice of polyurethane foam (PUF, Tisch Environmental,
Ohio, USA) and 55 g of Amberlite XAD-2 resin (Supelco,
Munich, Germany) were used. The PUF/XAD-2 columns
were prepared in a clean lab (class 10.000) and cleaned by
Soxhlel extraction with solvents ol different polarities for
24 h each. The columns were dried using high-purity nitro-
gen at a pressure of ~ 1.5 bar and sealed in alumina-coated
polypropylene (PP) bags. Glass-fibre filters (GFFs) with a
diameter of 15 cm for the analysis of airborne particles were
purchased from Macherey-Nagel (Diiren, Germany). They
were baked out at 450 °C for 6 h, wrapped in aluminium foil
and scaled in alumina-coated PP bags.

A subset of air samples collected at an experimental farm
in the Dutch case study site, included in the EU project
SPRINT campaign [17], was used to determine the applica-
bility of the method. Eight samples were taken between May
2021 and January 2022, Four samples reflected pesticide
concentrations during the pesticide application period (May
to August 2021), and four samples reflected background
concentrations during autumn and winter (October 2021 to
January 2022). Exact sampling times and sample volumes
are in the S1 (Table S6).

Extraction of pesticides from glass-fibre filters

For the extraction of GFFs, four ditferent extraction meth-
ods were compared. These were Soxhlet extraction, ultra-
sound-assisted extraction (UAE), extraction by diffusion and
QuEChERS cxtraction. For all extraction techniques, three

GFEFs were spiked with the native and isotope-labelled inter-
nal standard mix before extraction.

Soxhlet extraction

Soxhlet extraction was performed with 250 mL dichlo-
romethane for 16 h. The resulting extract was divided
equally into two aliquots, and each aliquot was evaporated
to a velume of 300 pL. Te prepare for LC-QTOF analy-
sis, 1 mL of methanol was added to one aliquot, and the
extract was evaporated under a gentle stream of nitrogen Lo
150 pL using a Barkey device (Barkey GmbH & Co. KG,
Leopoldshohe, Germany). During the evaporation step,
the walls of the vials were rinsed twice with methanol to
minimize potential losses of analytes. The extract was then
transferred to an LC vial, and 25 pL of the LC injection
standard mix ('*C,-PFOA and '*C;-caffcine) was added.
The volume was adjusted with Milli-Q water to achicve a
ratio of Milli-Q/methanol of 30:70%, resulting in a total
volume of 583 pL.

For GC analysis, 1 mL of hexane was added to the other
aliquot, and the same evaporation steps were performed as
for the L.C analysis. The resulting extract was transferred to
a GC vial, and 20 pL of the GC injection standard (*C,-
PCB-141) was added. Before analysis, both extracts were
filtered using a syringce filter.

QuEChERS extraction

For the QuEChERS extraction, 7 mL Milli-Q water and 15
mL acetonitrile (ACN) were added to the spiked GFFs, The
mixture was shaken head-to-head for 30 min. Afterwards,
5 g of anhydrous magnesium sulphate (MgSO4) and 1.5 g
of sodium acetate were added. The tube was then vortexed
for 1 min and centrifuged at 3500 rpm for 5 min. For L.C-
QTOF analysis, an aliquot of 125 pL. was transferred to a LC
vial, and 25 pyL of the LC injection standard mix and 350
pL of Milli-Q water were added. The extract was fltered
by a syringe filter (0.2 um, Whatman) prior to analysis, For
the GC-MS/MS analysis, an aliguot of 4.5 mL was trans-
ferred into a 15 mL Eppendort tube, and difterent steps for
the clean-up with a dispersive SPE were tested as described
in the “Clean-up of sample extracts” section. For the final
d-SPE clean-up, MgSO4, primary sccondary amine (PSA)
and C18 were added. The tube was vortexed for 1 min and
centriluged at 3500 rpm for 15 min. An aliquot of 3.5 mL
was transferred into a Barkey vial and evaporated under
nitrogen to 150 pL. A solvent switch was performed by the
addition of 150 pL of hexane, vortexing the mixture for 1
min, and transferring the upper hexane phase into a GC
vial. 20 pL of the GC injection standard was added before
analysis.
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Ultrasound-assisted extraction

For the ultrasound-assisted extraction, the GFF was
transferred into a 50-mL Eppendorf tube, and 30 mL
dichloromethane were added. The tube was placed in
an ultrasonic bath for 15 min. This step was repeated
twice. The three aliquots were combined and divided
equally into two aliquots. Each aliquol was evaporated
to 300 pL.

For LC-QTOF analysis, 1 mL of methanol was added to
one aliquot, and the extract was evaporated to 150 pL. The
LC injection standard mix and Milli-Q water were added
similar to the Soxhlet extraction, and the extract was filtered
with a syringe filter (0.2 pm).

For the GC analysis, | mL of hexanc was added to the
second aliquot and evaporated under nitrogen to 150 plL.
20 pL. of the GC injection standard was added, and the
exlract was fillered with a syringe filter (0.2 pm).

Extraction by diffusion

The fourth extraction method, which was tested for the
GFFs, was the extraction by diffusion. The GFF was
transferred into a round-bottom flask, and 50 mL of
dichloromethane were added. The mixture was shaken
on a horizontal shaker for | min and afterwards soaked
for 1 h. This step was repeated twice with soaking times
of 30 min, The extracts were combined and then sepa-
rated equally into two aliquots. Each aliquot was evapo-
rated to 300 pL.. The subsequent steps were performed as
described for the UAE.

Extraction of pesticides from PUF/XAD-2 columns

For the extraction ol pesticides [tom PUF/XAD-2 col-
umns, two different methods were compared: Soxhlet
extraction and cold-column extraction, both using dichlo-
romethane as extraction solvent. For each extraction tech-
nique, three PUF/XAD-2 columns were spiked with the
native and isotope-labelled internal standard mix prior to
the extraction.

Cold-column extraction

For the cold-column extraction, the PUF/XAD-2 columns
were filled completely with dichloromethane and soaked for
1 h. This soaking step was repeated twice, with each subse-
quent soaking duration set at 30 min. Finally, the columns
were purged with nitrogen for 1 min at a pressure of 1.5 bar.
The resulting extract was divided equally into two aliquots,
and the subsequent steps were performed as described in
the “Soxhlet extraction” section under the “Extraction ol
pesticides from glass-fibre filters” section.
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Soxhlet extraction

Soxhlet extraction of PUF/XAD-2 columns was conducted
using 350 mL of dichloromethane for a total extraction time
of 16 h. The obtained extracts were divided into two equal
aliquots, and cach aliquot was cvaporated to a volume of 300
uL. The subscquent steps were identical to those described
for the Soxhlet extraction of the GFFs (“Soxhlet extraction™
section under the “Extraction of pesticides [rom glass-fibre
filters™ section).

Clean-up of sample extracts

For the final QuEChERS extraction method of the GFFs,
different options of a d-SPE were tested for the GC analysis.
These included a d-SPE using 750 mg MgS04, 114 mg PSA
and 114 mg C18, one with only MgS04 and PSA. one using
MgSO4 and C18 and a clean-up with only using a syringe
filter (0.2 pm). For LC analysis, a d-SPE step was not added,
which is general practice [12], Due to high matrix effects,
for the final CCE extraction method of the PUF/XAD-2 col-
umns, a clean-up step using a d-SPE with 250 mg MgSO4,
38 mg PSA and 38 mg C18 was compared to a clean-up with
a syringe filter for both, GC and LC analysis.

Instrumental analysis

The instrumental analysis was performed using liquid
chromatography (Agilent LC 1290 Infinity II) coupled to
a quadrupole time-of-flight mass spectrometer (Agilent
QTOF mass spectrometer 6546). As ionisation source, an
ESI source (AJS Spray Chamber G1958-65138) was used.
The QTOF was opcrated in All-Tons (AI) mode. For sepa-
ration, an Acquity HSS T3 C18 column (150 x 2.1 mm,
1.8 um, Walters) was applied with the [ollowing optimised
gradient: 5 % B (methanol) for 1 min, rise to 30 % B within
1 min, rise to 100 % B within 25 min, 100 % B for 5 min, 5
% B for 1 min. The flow was set to 0.3 mL/min.

For the GC analysis, two different systems were com-
pared concerning method quantification limits. First, a gas
chromatograph (Agilent 7890 B) coupled to a quadrupole
time-of-flight mass spectrometer {(Agilent 7250) was used.
Due o high method quantification limits, this system was
compared Lo a gas chromatograph coupled to a triple quad-
rupole mass spectrometer (Agilent 7010 GC) for compounds
that were included in the pesticide list of the SPRINT pro-

ject. Both instruments were fitted with a multimode injec-

tor (MMI) in pulsed splitless mode. The sample injection
volume was 1 uL.. The GC was equipped with two HP-5MS
columns (15 m x 0.25 mm, 0.25 pym, Agilent Technelogies)
with mid-point backflush. The MS transfer line and the ion
source (electron impact ionisation, EL) were set to 300 °C
and 250 °C, respectively. The final oven program was initial
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60 °C for 1 min, 10 °C/min to 160 °C and 5 °C/min to 300
?C and held for 5 min.

For the development of the instrumental analysis meth-
ods, different parameters were optimised. For the GC-QTOF,
the temperature gradient for the GC oven was optimised. For
the GC-triple quadrupole instrument, mass transition and
the collision energy were determined and optimised. For
the LC-QTOF, the gradient of methanol/Milli-Q water was
optimiscd, and the source and mass-spectrometer param-
eters, namely nebulizer pressure, sheath gas temperature and
pressure, drying gas temperature and pressure, [ragmentor
voltage, nozzle voltage, capillary voltage, and octopole volt-
age, were optimised.

Analytical method validation
Calibration

For the determination of instrumental detection limits
(LODs), instrumental quantification limits (LOQs), and
linearity, matrix-matched calibrations (extract of clean
PUEB/XAD-2 columns or clean GFFs) were used in con-
centration ranges (rom 0.05 1o 500 pg/uL. Depending on
the instrument, 8—10 calibration points were included. The
LODs and LOQs were determined by the threefold (LOD)
or tenfold (LOQ) signal-to-noise ratio of the calibration
samples. Matrix-matched calibration levels of 100 pg/
ul. were injected ten times to evaluate the instrumental
precision.

Matrix effects

During the ionisation process ol the compounds, matrix
effects were observed, resulting in either signal enhance-
ment or signal suppression of the analytes. Interfering
matrix constituents originated from sampled air as well as
from pre-cleaned GFFs and PUF/XAD-2 columns. Samples
with sufficient low pesticide concentrations could not be
obtained. Thus, it was decided to vse extracts from pre-
cleancd GFFs and PUF/XAD-2 columns to compensate at
least for these matrix interferences. Therefore, a compara-
tive analysis was conducled between a solvent calibration
and a partially matrix-matched calibration for both, LC-MS
and GC-MS,

Blank experiments

Laboratory blanks were evaluated during the extraction
process. Solvent blanks (#=3) were determined using 350
mL DCM for the PUF/XAD-2 columns and a mixture

of 7.5 mL Milli-Q and 15 mL ACN for the GEFs. The
solvents were spiked with the 1S mixture and evaporaled
similarly to the validation samples. Column blanks and
GFF blanks (#=3) were evaluated by spiking clean col-
umns and GFFs with the TS mixture. Extraction, concen-
tration and determination were done as described above
for the respective matrix. During instrumental analysis,
solvent blanks (methanol/Milli-Q water 30%/70% on the
LC-QTOF and hexane on the GC-QQQ) were measured
in between samples.

Recovery experiments

Recovery experiments for the target analytes were car-
ried out using spiked GFF and PUF/XAD-2 samples at
two different spiking levels, with triplicates for each level
and matrix. The GFFs and PUF/XAD-2 columns werc
sampled for 7 days and spiked with the target analytes
and 1S mixlure prior to the extraction. To identily pesti-
cide concentralions present in the air, for each sampling
period of seven days, two GFFs and PUF/XAD-2 columns
were sampled. Recovery rates were determined by the
internal standard method, allocating an isotope-labelled
internal standard to each compound. In total, 14 different
isotope-labelled internal standards were used. For com-
pounds, where no direct internal standard was available,
the allocation of isotope-labelled internal standards was
tested according o the best [it of the {ollowing criteria:
(1) retention time, (ii} mass and (iii) chemical structlure.
As method performance acceptability criteria, those
described in the guideline SANTE/12682/2019 were used
[18]. These included recovery rates between 70 and 120%
with a repeatability (RSD) < 20%. As described in the
guideline, the method L.OQ) was calculated as the lowest
spike level of the validation mecting these criteria [18].

Breakthrough experiments

Breakthrough experiments were conducted for the PUF/
XAD-2 columns to check the quantitative collection of
the analytes in the gaseous phase. Two sampling columns
were operated in series (s = 2). The vpper column was
spiked with the analyte mixture. The same sctup was run
in parallel without the spike of the analytc mixturc. Sub-
sequently, approximately 2000 m* of ambient air on our
campus in Geesthacht were drawn through the columns
within a sampling period of 7 days. Concentrations of
pesticides detected on the second cartridge were deter-
mined as breakthrough after the correction with the
non-spiked samples taken in parallel. The samples were
extracted with the final extraction methed for the PUF/
XAD-2 columns.
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Results and discussion
Optimised instrumental methods

Mecthods for the LC and GC analysis were optimised as
described in the “Instrumental analysis” section.

Optimisation of chromategraphic separation
on the LC-QTOF

To optimise the chromatographic separation on the L.C-
QTOF, several gradient designs (different low rates and
slopes) were tested in both ionisation modes (positive iomni-
sation (PI) and ncgative ionisation (NI)) in order to obtain a
compromise between a good separation of the analytes and
matrix constituents and a practical run time. The tested gra-
dients as well as the final parameters are depicted in the SI
(Section 51.1-81.4). The finul gradient run time was 35 min
with a How rate ot 0.3 mL/min. Compared to other studies
that are performing multi-residue analysis for pesticides on
the LC, the run time of this gradient was slightly longer. This
can be explained with a higher number of compounds that
needed to be separated within the run time [16, 19].

Optimisation of the ESI ion source settings and MS
parameters on the LC-QTOF

The parameters of the electrospray ionisation (EST) source
(nebulizer pressure, sheath gas flow and temperature and
drying gas flow and temperature) and the TOF mass spec-
trometer {capillary voltage, nozzle voltage, fragmentor
voltage and octopole voltage), which affect the ionisa-
tion of the substances, were optimised lor both ionisation
modes. Paramelers and results for each oplimisation step are
depicted in the SI (Section §1.2-81.4).

The fragmentor voltage had the most significant impact
on analyte responses as depicted in Fig. 1. The higher the
voltage was set, the lower was the average pealk area. There-
fore, a low fragmentor voltage of 75 V was chosen for the
instrumental method. Table S1.4 (ST) summarizes the final
parameters of the instrumental method.

Optimisation of chromategraphic separation
on the GC-QTOF

To optimise the chromatographic separation on the GC-
QTOF, ditferent temperature gradients with different start
and end temperatures for the oven temperature were tested.
The tested temperature gradients as well as the final parame-
ters are presented in the SI (Section S1.5). The final gradient
starts at a temperature of 60 °C, runs for 44 min, and ends
with a temperature of 300 °C. The final oven temperature
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Fig. 1 Comparison of different values for the fragmentor voltage in
ESI positive ionisation on the LC-QTOF. The box plots reflect the
response of 249 analytes. The boxes contain 50% of the data, repre-
senting the interquartile range. The upper and the lower end of the
box indicate the 75th and 25th percentile. The ends of the vertical
lings designate the 5th and 95th pereentile. The horizontal bar in the
box indicates the median. A cross indicates outliers

settings are described in the “Instrumental analysis™ section
and the SI (Table S4).

This method was used for the optimisation of the cxtrac-
tion methods. Due to lower sensitivity and high MQLs, the
results for the GC-QTOF were compared o a GC-QQQ
system. The optimisation and method ol the GC-QQQ is
described in the following section.

Optimisation of MS parameters on the GC-QQQ

For the analysis on the GC-QQQ, the temperature gradient
and the temperatures for the ion source and transfer line from
the GC-QTOF were transferred to the instrument. Subse-
quently, mass transitions were determined for 33 compounds
included in the pesticide list determined within the project
SPRINT that are analysed by GC. Retention times were
determined, and collision energies were optimised for these
compounds. The final mass transitions and collision ener-
gies for each compound can be found in the SI (Table 59).
As the GC-QQQ showed better sensitivity and lower MQLs
for the analytes, it was used for the analysis of the validation
samples and further sample analysis.

Extraction experiments

For the extraction of the GFFs and PUF/XAD-2 columns,
different extraction methods were tested.
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Comparison of different extraction methods
for the extraction of GFFs

For the extraction of the GFFs, four different extrac-
tion methods were compared. The extraction using
the QUEChERS approach together with a d-SPE using
MgS0,. C18 and PSA as described in the “QuEChERS
extraction” section led to the best results in recovery
rates and standard deviations. A comparison ol all {our
extraction methods is depicted in Fig. 2. It can be seen
that for the QuEChERS extraction, more than 200 pesti-
cides had recovery rates between 70 and 120%, and for
more than 300 compounds, recovery rates between 30
and 140% were determined. In comparison, for the other
three extraction methods, only about 80 pesticides (dif-
fusion), 90 pesticides (Soxhlet) and 60 pesticides (UAE)
had recovery rates between 70 and 120%. Therelore, the

Fig. 2 Comparison of relative
recovery rates from different
extraction methods for the
extraction of GEFs. The dif-
ferent bars show the number
of compounds detected with

QuEChERS

Diffusion
recovery rates below 30%,
between 30 and 70%, between
70 and 120%, between 120 and
140% and above 140%. UAE = Soxhlet
ultrasound-assisted extraction
UAE

= Recovery <30 %

A\

A\

QuEChERS method was the preferred extraction method
for the GFFs and was used for the method validation and
further sample analysis. This is a new approach for the
analysis of pesticides in the particulate air phase. Previ-
ous studies mostly used Soxhlet extraction with different
solvents, depending on the target analytes and instru-
mental analysis [8, 11]. However, these studies focused
on a smaller number of compounds and the QUEChERS
approach used in this study showed better recoveries for a
high number of analytes compared to Soxhlet extraction.

Comparison of different extraction methods
for the extraction of PUF/XAD-2 columns

For the extraction of PUF/XAD-2 columns, two different
extraction methods were compared. Fig. 3 depicts the results
of the recovery rates for all compounds. For the cold-column

A\ ____

150 200 250 300 350 400 450 500
Mumber of compounds

% Recovery between 30 and 70 % M Recovery between 70 and 120 %

% Recovery between 120 and 140 % # Recovery >140 %

Fig.3 Comparison of differ-
ent extraction methods for
the extraction of PUF/XAD-2
columns. The different bars
show the number of compounds
deteeted with recovery rates
below 30%, between 30 and
70%, between 70 and 120%,
between 120 and 140% and
above 140%. CCE = cold-
column extraction

N Recovery <30 %

200 300 400 500
Number of compounds

- Recovery between 30 and 70 % W Recovery between 70 and 120 %

7. Recovery between 120 and 140 % % Recovery =140 %
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extraction with dichloromethane, more compounds (126)
were detected with recovery rates between 70 and 120%
compared to the Soxhlet extraction (116). Furthermore,
the median recovery rate is closer to 100% (92%) for the
cold-column extraction, compared to the Soxhlet extraction
(69%). In conclusion, more compounds could be quantified
within a range of recovery rates between 70 and 120% with
the CCE extraction, and therefore, this method was used for
the validation of the method and further sample analysis.
Other studies also used dichloromethane as the extraction
solvenl Lo determine pesticides in the gaseous air phase |8,
11, 20]. Although these studies focused on Soxhlet extrac-
tion or ASE. the cold-column extraction used in this study
showed better recoveries and lower matrix effects for the
analysis of a high number of target analytes.

Clean-up of sample extracts
Clean-up of GFF extracts for the GC analysis

The comparison of different clean-up steps for the GFF
extracts for the GC analysis is depicted in Fig. 4. Best recov-
ery rates were determined for the clean-up with a d-SPE
using MgS0,, PSA and C18 with a median value of the
recovery rates at 77%. When the d-SPE was performed
without PSA or C18, the median recovery rates were lower
and were 31% for the d-SPE without C18 and 46% for a
d-SPE without PSA. When only a syringe [ilter without
prior d-SPE was used (or the clean-up, the lowest median

1000

1004

Recovery rate / %

T = L7
T LTI

T
d-SPE

T T
d-SPE without d-SPE without
c18 PSA

T
Syringe filter

Fig.4 Comparison of different clean-up steps for the extraction of
GFFs [or the GC analysis. The boxes contain 50% of the data, rep-
resenting the interquartile range. The upper and the lower end of the
box indicate the 75th and 25th percentile. The ends of the vertical
lines designate the Sth and 95th percentile. The horizontal bar in the
box indicates the median. A cross indicales outliers. d-SPE = disper-
sive solid-phase extraction; PSA = primary secondary amine
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recovery rates of 23% were detected. Therefore, the clean-up
was performed with a d-SPE using MgS0O,, PSA and C18
for the GC analysis of the validation and real GFF samples.
This clean-up step is also in line with other studies using
the QUECKhERS extraction for other matrices like soil or fish
[16, 21].

Clean-up of PUF/XAD-2 extracts for GC and LC analyses

The comparison of a clean-up step using a d-SPE with
MgS0,. PSA and C18 and a clean-up with a syringe filter
without prior d-SPE for the extracts of the PUF/XAD-2
columns is depicted in Fig. 5. When using only a syringe
filter, the median of the recovery rates is higher (86%)
than for the clean-up with a d-SPE (66%). However, values
vary less for a clean-up using the d-SPE compared to the
syringe filter. When a d-SPE was used, some compounds
could not be detected on the LC in PI and NI. For example,
the 1S MCPA-D, could not be detected anymore in LC/
NI. These acidic compounds can be adsorbed o PSA dur-
ing the d-SPE |22]. Therefore, the syringe filter without
prior d-SPE was used for the clean-up during validation
and sample analysis. This step is also comparable to other
studies using syringe filters for the clean-up of pesticide
extracts from the gaseous phase of the air [11]. Especially
for the analysis of a broad number of compounds, losscs
of some compounds during a clean-up step could also be
delermined by other studies [23].

10000

1000

100

Recovery rate / %

T
d-5PE syringe filter

Fig.5 Comparison of diffcrent clean-ups for the PUF/XAD-2 col-
umns. The boxes contain 50% of the data, representing the inter-
quartile range. The upper and the lower end of the box indicate the
75th and 25th percentile. The ends ol the vertical lines designale the
Sth and 95th percentile. The horizontal bar in the box indicates the
median. A cross indicates outliers. d-SPE = dispersive solid-phase
extraction
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Validation of the final method
Precision

To evaluate the instrumental precision, the same calibra-
tion standard at 100 pg/uL. was injected tenfold. The rela-
tive standard deviations for most compounds ranged from
0.7 to 18% on the LC-QTOF and from 6 to 16% an the GC-
QQQ. For the three target analytes Captan (26%), Folpet
(28%), and Triallate (30%), the relative standard deviations
were above 20%.

Instrumental detection and quantification limits

Instrumental limits of detection {LOD) on the LC-QTOF
ranged from 0.05 to 30 pg/pL. in positive ionisation and from
0.05 to 50 pg/uL in negative ionisation mode. The instru-
mental limits of quantification (LOQ) were between 0.05
and 250 pg/uL in LC/PI and 0.1 and 250 pg/pL in LC/NL
For the GC, LODs and LOQs were determined on the GC-
QTOF and the GC-QQQ. For the GC-QTOF, LODs were
between 0.05 and 250 pg/puL. with median values of 5 pg/uL,
and LOQs were between (.03 and 250 pg/uL with median
values of 10 pg/ul.. For the GC-QQQ, LODs between 0.05
and 5 pg/uL with median values of 0.1 pg/uL and LOQs
between 0.05 and 10 pg/pl. with median values of 1 pg/pl.
were determined. Duc to tenfold lower LODs and LOQs on
the GC-QQQ compared to the GC-QTOF, the validation of
the samples was performed with the GC-QQQ instrument.
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Fig. 6 Ratio of signal intensity of a matrix-matched calibration com-
pared to a solvent calibration for the determination of pesticides from
GFFs. The boxes contain 50% of the data, representing the inter-
quartile range. The upper and the lower end of the box indicate the
75th and 25th percentile. The ends of the vertical lines designate the
Sth and 95th percentile, The horizontal bar in the box indicates the
median. The coloured squares represent the recovery rale for cach
compound
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Fig.7 Ratio of signal intensity of a matrix-matched calibration com-
pared to a solvent calibration for the determination of pesticides from
PUE/XAD-2 columns. The boxes conlain 50% of the data, represent-
ing the interquartile range. The upper and the lower end of the box
indicate the 75th and 25th percentile. The ends of the vertical lines
designate the 5th and 95th percentile. The horizontal bar in the box
indicates the median. The coloured squares represent the recovery
rate tor each compound

Matrix effects

The results for the ratios between the partially matrix-
matched calibration and the solvent calibration (see the
“Matrix effects” section) are depicted in Fig. 6 for the GFFs
and in Fig, 7 for the PUF/XAD-2 columns, For GC-MS, the
matrix-matched calibration for the PUF/XAD-2 columns
exhibited a noteworthy signal enhancement compared to
the solvent calibration, with signals showing an increase of
signal ratios ranging from 112 to 509% with median values
of 192%. For the matrix-matched calibration for the GFFs,
signal ratios were between 200 and 1177%, and the median
value was 398%. Conversely, in the case ol LC-MS, a signal
suppression was observed for most analytes for the matrix-
matched calibration in both, positive ionisation and nega-
tive ionisation mode. For positive ionisation, signal ratios
ranged between 0.2 and 149% with median values of 79%
for the PUF/XAD-2 columns and between 5 and 279% with
median values of 96% for the GFFs. For ncgative ionisation,
the signal ratios for the PUF/XAD-2 columns were between
18 and 127% with median values of 88%. For the GFFs,
the ratio between matrix-matched and solvent calibration in
the negative ionisation mode ranged from 59 to 156% with
median ratios of 91%.

These finding highlight the importance of considering
matrix effects and employing matrix-matched calibrations
fo accurately quantify the analytes of interest in both LC-MS
and GC-MS analyscs. Such corrections arc crucial to
obtain reliable and precise results in the presence of matrix
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interferences [24]. As addressed earlier, the matrix effect
occurring from matrix constituents present in sampled air
could only be partially included in this study, as a matrix-
matched calibration from cleaned GFFs and PUF/XAD-2
columns was used to compensate at least for matrix effects
from the sampling material.

Recovery experiments

For the recovery experiments, GFFs and PUF/XAD-2 col-
umns were used, which were sampled [or 7 days. The recov-
ery experiments were conducted in triplicate at two different
concentration levels to assess the accuracy of the analysis.
PUF/XAD-2 columns and GFFs were spiked with native
and internal standard mixtures. To account for losses during
extraction and extract concentration, the analyte areas were
normalized to the corresponding internal standard (IS).

For the GFFs, 263 compounds had recovery rates between
70 and 120%. In the case of the PUF/XAD-2 columms, 75
compounds were validaled with recovery rates belween 70
and 120%. For compounds that did not meet the SANTE cri-
teria (as described in the “Recovery experiments™ section),
their determination was limited te qualitative assessment.
Compounds for which recovery rates between 30 and 140%
and relative standard deviations below 40% were detected
were classified as “scmi-quantitative”. For the GFFs, 39
compounds were determined as semi-quantitative with
recovery rales between 32 and 139% and standard devia-
tions between 1.4 and 25%. In case ol the PUF/XAD-2 col-
umns, 110 compounds were validated as semi-quantitative,
with recovery rates between 32 and 140% and corresponding
standard deviations ranging from 1 to 40%.

The applied extraction methods proved to be highly effec-
tive for the analysis of pesticides present in the particulate
and gascous phases of the air. Nevertheless, the accurate
quantification of compounds, particularly on the PUF/
XAD-2 columns, presented notable challenges due o pro-
nounced matrix effects. Despite the adoption of a matrix-
matched calibration approach, these effects could not be sat-
isfactorily corrected for certain compounds. Consequently,
qualitative analysis emerged as a necessary alternative in
these specific cases. When looking at compounds for which
an isotope analoguc was available as intcrnal standard,
most of thc compounds for the cxtraction of GEFs showed
recovery rates within the SANTE criteria (10 out of 14 com-
pounds). For metalaxyl, gamma-HCH, imidacloprid and 4.4-
DDE, recovery rales for the extraction from GFFs were not
satisfactory, even with the use of their isotope analogues.
For the PUF/XAD-2 columns, 7 out of 14 compounds met
the SANTE criteria. For carboturan, imidacloprid, gamma-
HCH, MCPA, metsulfuron-methyl, tebuconazole and thia-
bendazole, SANTE criteria were not met. Relative standard
deviations between the different validation samples ranged
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between 30 and 90%, obviously, due to different matrix
constituents and effects of PUF/XAD-2 columns cleaned
in identical manner. These deviations in precision are also
described by other authors for the ESI source, when differ-
ent batches of the same matrix were used, e.g. for plasma,
Niessen et al. referred to this as a “relative matrix effect”,
whereas the difference in response between a spiked solvent
sample and a spiked matrix-matched sample was referred
to as an “abselute matrix cffcet™. Jemal ct al. [25] deter-
mined differences in matrix effects for mevalonic acid and
its deuterated internal standard in plasma and urine for dil-
ferent batches and also observed differences between the
analyte and the appropriate internal standard. To mitigate
the impact of matrix effects arising from the PUF/XAD-2
columns, additional clean-up procedures can be explored,
or the implementation of a 2D-L.C approach may offer a
potential solution. Muchlwald ct al. [23] compared a d-SPE
with the fractionation by 2D-LC for the clean-up of differ-
ent vegetable matrices and explored better results for the
2D-LC. This knowledge holds promise lor improving the
accuracy and reliability of quantitative analyses in the pres-
ence of challenging matrix effects.

Method detection and quantification limits

The method quantification limits (MQLs) are determined by
the lowest spiked concentrations for which the compound
could be detected. For the GFFs, this resulted in MQLs
between 30 and 240 pg/m’. For the PUF/XAD-2 columns,
MQLs between 8§ and 60 pg/m> were determined. MQLs for
each compound are depicted in the ST (Table S11 and S12).
Compared to other studies, these values are in the same order
ol magnitude. Coscolla et al. [26] determined 335 pesticides in
air samples with MQLs ranging from 2.6 to 75 pg/m”.

Breakthrough experiments

In the breakthrough experiments with a sampling volume
of 2000 m?, 12 compounds (carbofuran, pyriproxyfen,
chloridazon, cyprodinil metabolite CGA304073, 2.4-DDD,
2.4-DDT, 4.4-DDD, 4.4-DDT, alpha-HCH, delta-HCH,
gamma-HCH and chlorpyrifos-methyl) were detected on the
sccond PUF/XAD-2 column. The recovery rates for these
compounds on the seccond column were below 1%, exeept
for gamma-HCH (2%), chlorpyrifos-methyl (4%), 4.4-DDT
(35%), 4.4-DDD (11%) and 2.4-DDT (21%), due (o their
volatile character. For these compounds, possible break-
through should be considered when analysing real samples.

Analysis of environmental samples

Eight environmental samples were taken with a high-vol-
ume air sampler close to agricultural ficlds on a case study
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site in the Netherlands within the EU project SPRINT. For
the samples taken during the pesticide application period
between May and August 2021, 35 different pesticides
with concentrations ranging from 5 (<MQL) to 670 pg/
m? were detected on the GFFs, and 20 different pesticides
with concentrations between 6 (<MQL) and 1390 pg/m’
were detected on the PUF/XAD-2 columns. In the samples
from the sampling period between October 2021 to Janu-
ary 2022, when no pesticides were applicd in the adjacent
fields, 8 pesticides in concentrations between 12 and 69
pe/m? were detected on the GFFs, and 13 pesticides with
concentrations of 2 (<MQL) to 61 pg/m? were detected
on the PUF/XAD-2 columns. A figure showing the total
concentration of pesticides in each sample is in the SI
(Figure S17). The developed method therefore proved
applicable for the trace analysis of pesticides in the air in
concentrations in the low pg/m® to ng/m* range. Therefore,
the method can be appliced to determine pesticide back-
ground concentrations in air as well as higher pesticide
concentrations that occur during pesticide application.

Summary of optimisation and validation of the final
method

An optimised method for the quantification of airborne
pesticides in the particulate and gascous phase of ambient
air was developed. For the oplimisation of the method,
the instrumental parameters on the LC-QTOF and GC-
QQQ were optimised. These included the gradient, ion
source and MS parameters, A matrix-matched calibration
was used for the determination of pesticide concentrations.
For the extraction of GFFs, four different extraction meth-
ods were compared: Soxhlet extraction, ultrasanic-assisted
extraction, QuEChERS cxtraction and cxtraction by diffu-
sion. For the PUF/XAD-2 columns, a Soxhlet extraction
was compared with a cold-column extraction using dichlo-
romethane. The best results were determined for 4 QuECh-
ERS extraction of the GFFs and a cold-column extraction
with dichloromethane for the PUF/XAD-2 columns. To
further improve the recovery rates of the target analytes,
different compositions of d-SPE constituents were com-
pared for the GC analysis of the GFFs, and a clean-up with
a d-SPE using MgS0O,. C18 and PSA was tested for the
LC and GC analysis of the PUF/XAD-2 columns. For the
GFFs, best resulls were determined when using a d-SPE
according to [16] with Mg8O,, C18 and PSA. However,
for the PUF/XAD-2 columns, a clean-up with a d-SPE did
not improve the determination of the target analytes for
the GC or LC analysis. This shows that the clean-up step
according to QuEChERS is not sufficient for the clean-up
of DCM extracts of the PUF/XAD-2 columns.

Recovery rates and variability of recovery rales were within
the SANTE criteria lor 263 compounds on the GFFs and 75
compounds on the PUF/XAD-2 columns. For the remaining
compounds, matrix effects leading to signal suppression or
signal enhancement influenced recoveries and variability of
recoveries. Thus, these compounds could only be determined
semi-quantitatively or qualitatively. The applicability of the
method was successfully proven by the analysis of ambient air
samples from an agricultural site in the Netherlands.

Conclusions

In this study, a comprehensive method was developed and
validated for the determination of more than 300 pesticides
in ambient air down to background concentrations in the
peg/m*® range. High-volume air samplers with GFFs and
PUF/XAD-2 columns were applicd with sampling volumes
of approximately 2000 m*. GFFs were extracted with a
QuEChERS-based extraction method using acetonitrile,
while a cold-column extraction with dichloromethane was
used for the PUF/XAD-2 columns.

To the best of our knowledge, this is the first time that
the QuEChERS approach was applied for the analysis of
airborne particle-bound pesticides. For the instrumental
determination, LC-QTOF and GC-QQQ instruments were
vsed. Field samples taken at an agricultural area in the
Netherlands demonstrated the applicability of the devel-
oped method lor background pesticide concentrations
down to 2 pg/m® as well as concentrations up to 1390 pg/
m? during periods of pesticide application,

Quantitative determination of selected gaseous pesti-
cides analysed with LC-QTOF was impaired due to signal
suppression (matrix effects) and caused lower and vari-
able recoveries. Thus. further optimisation of the method
should aim at reducing signal suppression by exploration
of alternative adsorbent materials and/or extraction sol-
vents. Alternatively, the interference of matrix constituents
could be reduced by a clean-up step prior to analysis or by
comprehensive (LCxLC) mass spectrometry,

In conclusion, this study serves as a step forward in
the analysis of airborne pesticides. The optimised methed
shows the potential for simultancous detection and quan-
tification of multiple pesticides in both the particulate and
gaseous phase of the air.

Supplementary Information The online version conlains supplemen-
tary material available at https://doi.org/10.1007/500216-024-05254-4.
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5.2 Occurrence and distribution of pesticides and transformation products in ambient air
in two European agricultural areas

The production and use of pesticides is still increasing, and more than 2000 pesticides are currently
registered globally [127]. During and after application, pesticides can be emitted to the atmosphere
and carried to areas far away from their application sites. There, they can deposit and can affect non-
target organisms and environments. Data on the distribution and atmospheric transport of currently
used pesticides is still scarce. However, some CUPs have been detected in remote areas indicating a
potential atmospheric transport of these compounds. To gather more data on the atmospheric
concentrations of currently used pesticides, the aim of this study was to investigate the distribution of
pesticides in the atmosphere close to application sites as well as potential background concentrations

during periods when no pesticides were applied.

To determine the pesticide concentrations in the atmosphere close to application sites, high-volume
air samples were taken at two agricultural areas in Europe between April 2021 and June 2022. The
developed and optimized method of the publication Development of an analytical method for the
determination of more than 300 pesticides and metabolites in the particulate and gaseous phase of
ambient air was applied to these samples. A total of 99 out of 329 investigated pesticides were detected
in the air. To determine the distribution between the particulate and gaseous air phase, both air phases
were analysed separately, and particle phase fractions were calculated. 97 % of the samples contained
at least one pesticide and in 95 % of the samples, multiple pesticides were detected. Concentrations of
the individual pesticides ranged between 0.003 ng/m3 for background concentrations and 10 ng/m?3

during pesticide application periods.

For the evaluation of potential hazardous effects of the detected pesticides, hazard profiles were
determined. 91 % of the observed pesticides could be linked to at least one out of eleven investigated
human health effects, with 74 % being linked to multiple adverse human health effects. In addition,
DIRs for adults, children, and infants were calculated for individual compounds as well as pesticide
mixtures. The DIRs that were calculated for the highest mixture concentration present in one sample
was around 173 times higher than the median DIR for single compounds. When compared to the ADI,
DIRs were at least 1700 times below the ADI of the respective compound. As the ADI only accounts for
uptake via food and drinking water and does not include the intake by inhalation or skin exposure, the
total pesticide intake from all compartments could sum up to a higher value leading to a higher risk. In
addition, data on pesticide mixture toxicity is not available and can therefore also sum up to a higher

human health risk.

The results of this study provide valuable insights into the occurrence and distribution of legacy and

currently used pesticides in the atmosphere across European agricultural areas. The data can be used
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as an input for exposure modelling to better understand the behaviour of these compounds in the

atmosphere and potential impacts on human health or the environment.

As aresult of the work carried out as part of this doctoral thesis, the following paper has been published
in Science of the Total Environment. The online version can be found at the following DOI:

https://doi.org/10.1016/j.scitotenv.2024.173705.
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areas and the need for quantitative data Lo include the intake of mixtures of highly hazardous pesticides by
inhalation in human risk assessment.

1. Introduction

The production and use of synthetic chemicals is increasing more
than any other drivers of global change, such as biodiversity loss or
rising atmospheric COz concentrations (Bernhardt et al, 2017), The
growing world population demands a high and efficient food production
and a high number of pesticides with large application volumes are used
in the global agriculture with further growth being expected over the
next decade (OEC, 2023; OECD, n.d.). In addition, climate change may
lead to higher volatilization rates and degradation of pesticides due to
rising temperatures and an increased number of pests is expected.
Consequently, there could be a heightened necessity for increased
spraying in the future to protect crops against these pests and diseases
(Bernhardt et al., 2017; Delcour et al., 2015).

When pesticides are applied on agricultural fields, they can enter
different environmental compartments, like soil or water, where they
are widely studied. Even the influence of pesticides on biodiversity loss
is discussed (Groh et al., 2022; Sigmund et al., 2023) and studies show a
connection between the widespread application of pesticides and mul-
tiple environmental and human health concerns (Kohler and Triebskorn,
2013; Hertz-Picciotto et al,, 2018; Jepson et al., 2020). During and after
the application, pesticides can become airborne due to spray drift,
volatilization, or wind erosion. This depends on different parameters,
such as the physicochemical properlies of the pesticide, the application
method, field characteristics, and weather conditions {Majewski and
Capel, 1995; Gil and Sinfort, 2005). Studies have shown that the emis-
sions from spray drift can range from a few percent to 30 % and in some
cases can even reach 50 % or more (van den Berg et al., 1999). Pesticides
that reach the atmosphere are distributed between the particulate and
gaseous phase contributing to atmospheric transport, which depends on
the physicochemical properties of the compound, such as the vapour
pressure or the octanol-air partitioning coefficient Koa (Pankow, 1987;
Cousins and Mackay, 2001), The envirenmental fate of these compounds
is a major concern, as they have been detected in the atmosphere in
multiple European countries (Kruse-Plass et al,, 2021; Carratald et al.,
2017; Schummer et al., 2010; Coscolla et al., 2010; Degrendele et al.,
2016; Figueiredo et al., 2021) and even in remote areas such as the
Arctic or Antarctica (Gao et al., 2019; Balmer et al., 2019; Bigoel et al.,
2016; Dickhut et al., 2005). However, most of these studies only focus on
a small number of pesticides (up to 80 compounds) or use passive air
samplers which makes a quantification of the compounds difficult as the
determination of the exact velume is influenced by meteorological
conditions (Galon ct al., 2021; Melymulk et al., 2014). Therefore, high-
volume air samplers are needed to determine pesticide concentrations
in the atmosphere, but studies using these only investigated a small
number of compounds, often focusing on organochlorine pesticides.
Furthermore, studies on seasonal variations of the pesticide concentra-
tions and distribution are only available for organochlorine pesticides
and some currently-used pesticides (CUPs) (Degrendele et al,, 2016; 1i
et al., 2014). In addition, these studies often overlook metabolites and
transformation produets (Galon et al., 2021; Yusa et al., 2009), despite
the fact that these compounds can be toxic or persistent (Kotthoff et al.,
2019; Ji et al., 2020). This is especially important when assessing po-
tential risks, as metabolites or transformation products may result in
higher risks by having e.g. different vapour pressures and can therefore
more likely be emitted into the atmosphere (van den Berg et al., 1999).
Furthermore, pesticides in the air pose a risk to humans by inhalation
(Sanchez-Bayo, 2016; Pathak et al., 2022; Kalyabina et al., 2021), which
depends on the distribution of the pesticide between the gaseous and
particulate phase as smaller particles penetrate deeper into the respi-
ratory system and can cause human health issues (WHO, 2003).

To address these gaps, a comprehensive study was conducted to
analyse 329 pesticides, including 32 transformation products, in
ambient air at two agricultural sites in Europe (Portugal and the
Netherlands) using high-volume air samplers. The aim of this study is to
determine the distribution between the particulate and gaseous phase as
well as particle phase fractions. Additionaly, hazard profiles and daily
inhalation rates were determined for the detected compounds to esti-
mate potential risks to human health.

2. Materials and methods
2.1. Field campaign

96 air samples were collected between April 2021 and June 2022 in
two agricultural areas in Aveiro District, Portugal and Borger-Odoorn,
Drenthe, The Netherlands, The sampling was conducted by Wagenin-
gen University & Research and the University of Aveiro. The samples
were taken at 1.5 m above ground with high-volume air samplers at an
interval of one to two weeks, resulting in sample volumes of about 2000
m® of air. The air was sucked through glass-fibre filters and subsequently
through adsorption cartridges. Particles were collected on glass-fibre
filters (GFFs, 15 c¢cm diameter, pore size of 0.6 pm, Macherey-Nagel,
Diiren, Germany), while glass columns filled with polyurethane foam
(PUF, Tisch Environmental, Ohic, USA) and XAD-2 resin (Supelco,
Munich, Germany) were used for the sampling of the gaseous phase, The
GFFs and PUF/XAD-2 columns were wrapped with aluminium foil and
sealed in polyethylene bags after sampling. They were stored at —20 “C
after sampling and shipped frozen to Helmholtz-Zentrum Hereon for
chemical analysis.

The twe sampling sites cover different crop types (vincyards in
Portugal, potatoes, sugar beets, onions, and cereals in the Netherlands)
and different pesticide regulatory zones within the EU (Central and
South EU) (European Commission, 2009). Meteorological data such as
air temperature (T), wind direction (WD), wind speed (WS), and rainfall
were collected from weather stations next to the sampling device (<100
m). Site characteristics are further described in the supplementary ma-
terial (Figure SI28 and 5129).

2.2. Chemical analysis

In total, 329 pesticides (including 297 active substances and 32
transformation products: 108 insecticides, 91 fungicides, 88 herbicides,
5 acaricides, 3 antiparasitic, 1 synergist, and 1 plant growth regulator)
were analysed in the air samples. The selection of pesticides and the
multi-residue analysis was carried out as described by Debler and
Gandrass (Debler, 2024). Briefly, GFFs were spiked with 500 ng of a
standard mixture containing 15 mass-labelled internal standards (IS, see
Table SI2) and extracted with a QuEChERS extraction method using a
mixture of Milli-Q water/acetonitrile (1:2). The mixture was shaken
head-to-head for 30 min. Anhydrous magnesium sulfate and sodium
acetate were added and the mixture was vortexed and centrifuged (5
min, 3500 rpm). For the LC analysis, an aliquot of 125 pL was transferred
to a 1G vial, 25 pL of the injection standard (13C3-caffeine, 13C8-PFOA,
and dTCEP, see table 8I3) and 350 pL Milli-Q water were added and the
extract was filtered by a syringe filter (0.2 pm, Whatman). For GC
analysis, an aliquot of 4.5 mL was transferred, and a dispersive solid-
phase extraction (d-SPE) was performed using anhydrous magnesium
sulfate, primary secondary amine (PSA) and C18. 3.5 mL of the extract
was transferred into a Barkey vial and evaporated under nitrogen to 150
pL. The solvent was exchanged to hexane and 20 pL of the injection
standard (13C12-PCB-141) was added.
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For the PUF/XAD-2 columns, a cold-column extraction was con-
ducted. The columns were spiked with the IS mix and filled with
dichloromethane. The columns were soaked for 1 h. This step was
repeated twice, with soaking times of 30 min. The columns were purged
with nitrogen at a pressure of 1.5 bar for 1 min. All three extracts were
combined and divided equally into two aliquots, Each aliquot was
evaporated under a gentle stream of nitrogen to a final volume of 150 L.
During this step, the solvent was exchanged to methanol for the LC
analysis and to hexane for the GC analysis. Both extracts were filtered
with a syringe filter (0.2 ym, Whatman) before analysis.

2.3. Instrumental analysis

Instrumental analysis was performed using liquid chromatography
(Agilent LC 1290 Infinity I} coupled to a time-of-flight mass spec-
trometer (Agilent QTOF mass spectrometer 6546), operating in positive
and negative electrospray ionisation. For chromatographic separation,
an Acquity HSS T3 C18 column (150 = 2.1 mm, 1.8 pm, Waters) was
used. The QTOF was operated in All-Ions (Al) mode.

For the gas chromatography, an Agilent 7010 GC was coupled to a
tandem mass spectrometer (Agilent 7010 GC), operating in electron
impact ionisation. Two 15 m HP-5ms columns (0.25 mm diameter, 0.25
pm film) with mid-point backflush were applied for chromatographic
separation. The injector (300 °C) was operated in splitless mode with an
injection volume of 1 pL. Further information on all analytical param-
eters were reported before by Debler and Gandrass (Dehler, 2024).

2.4. Quality assurance

Three field blanks were collected at each sampling site during the
sampling period and extracted in a similar manner as the samples.
Procedural and instrumental blanks were analysed throughout the
analysis to check for cross-contamination and interferences. Most com-
pounds were not deteeted in the blanks. For compounds that were
detected in the field blanks, minor corrections were performed by sub-
tracting the average concentration of the field blanks.

Recovery rates were determined by spile-recovery tests as described
by Debler and Gandrass (Debler, 2024). As method performance
acceptability criteria, the parameters described in SANTE/12682,/2019
were used (Furopean Commission, 2020}, For validated compounds
(263 in the particulate phase and 75 in the gaseous phase), recovery
rates (RR} ranged between 70 % and 120 % and relative standard de-
viations (RSD} helow 20 %. With less stringent acceptability criteria (32
% = RR < 140 %, 1 % = RSD = 40 %), compounds were determined
semi-quantitative (39 compounds in the particulate and 110 compounds
in the gaseous phase). The remaining compounds (calibration curves R?
= 0.97) were determined qualitatively (27 compounds in the particulate
phase and 138 compounds in the gascous phase).

Method quantification limits (MQLs) were determined as the lowest
spike level of the validation meeting the performance acceptability
criteria described above. For the method detection limits (MDLs), the
signal-to-noise ratio (8/N) of 3 was used.

2.5. Statistical evaluation

Daily inhalation rates (DIRs) were calculated using the following
formula;

 C*IR*ED

DIR
BW

where DIR is the daily inhalation rate (ng/kg*day), c is the concentra-
tion of the compound (ng/m:;), 1R is the inhalation rate (m:“/day)1 ED is
the exposure duration and BW the bodyweight (kg). The exposure
duration was set to one day. Applied inhalation rates were 20 mg/day for
adults, 10 m?/day for children and 8 m”/day for infants. For the
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bodyweight, values were set to 70 kg for adults, 15 kg for children, and
10 kg for infants (U.S. Environmental Protection Agency, 2011; U.S.
Environmental Protection Agency and Office of Emergency and Reme-
dial Response Toxics [ntegration Branch, 1991).

Pearson correlations were applied to establish the influence of
weather conditions (temperature, precipitation, and wind direction) on
pesticide concentrations and distribution in the air. Statistical analysis
was performed using the software OriginPro 2023 (10.0.0.154). Statis-
tics were conducted with caleulated concentration values >MDL. For
values <MDL, different substitution techniques (0, MDL, and MDL/2)
were compared (see table SI7-SI9 in the supplemental information).
Statistical analysis was performed for compounds with high detection
frequencies above the MDL, and for which at least ten values were
available,

3. Results and discussion
3.1. Pesticide occurrence and distribution

99 pesticides and transformation products were detected in the air
samples in Portugal and the Netherlands (see Figs. 1 and 2 and table SI5
and 5I6). Among the detected compounds were 31 herbicides, 35 fun-
gicides, 19 insecticides, and 14 transformation products. In Portugal, 29
pesticides were detected in the particulate phase, while 24 pesticides
were detected in the gaseous phase. In comparison, 67 pesticides were
detected in the particulate phase in the Netherlands, whereas 54 pesti-
cides were detected in the gaseous phase. Notably, 93 out of 96 samples
(87 %) contained at least one pesticide. Furthermore, in 95 % of the
samples, more than one pesticide was detected with average and
maximum numbers of pesticides per sample of 12 and 34 compounds,
respectively. To the best of the authors” knowledge, 11 pesticides were
reported for the first time in ambient air: butocarboxim, THPI,
chlorimuron-ethyl, clopyralid, isoprocarb, isoxaflutole, metolachlor
oxanilic acid, nuarimol, oxamyl, rimsulfuron, and sedaxane.

Quantitative determination was performed for 27 pesticides (par-
ticulate phase) and 18 pesticides (gaseous phase) in Portugal, and 62
pesticides (particulate phase) and 39 pesticides (gaseous phase) in the
Netherlands, with concentrations ranging from 0.003 to 10 ng/m>
(median: 33 pg/m™). All other compounds could only be determined
qualitatively as described in 2.5. Concentrations were highest in spring
and summer for both years. This was also the period where the highest
application activity was observed. Pesticide concentrations outside the
application period were lower and episodic (median: 21 pg/m®,
maximum: 744 pg/mg) and probably resulted from emissions from soil
or plants or the erosion of contaminated soils.

In the Netherlands, the most frequently detected pesticides were
prothioconazole desthio (68 %), fenpropidin (56 %), fluopyram benza-
mide (53 %), fluopyram (30 %) and folpet (27 %). In Portugal, the most
frequently detected pesticides are chlorpyrifos-methyl (86 %), chlor-
pyrifos (76 %), folpet (76 %), trans-permethrin (70 %), and terbuthy-
lazine (68 %). All compounds most frequently detected in the
Netherlands were approved by the EU by the time the sampling
occurred. Chlorpyrifos-methyl, chlorpyrifos, and trans-permethrin
frequently detected in Portugal were no longer approved for use in the
EU during the sampling. However, chlorpyrifos and chlorpyrifos-methyl
were approved in the EU until January 16th, 2020, and therefore their
frequent detection could be due to volatilization from contaminated soil
(Watts, 2012; Mulrooney ¢t al., 2006). Considering all compounds, 11
non-approved pesticides including transformation products were
detected in Portugal and 24 in the Netherlands. The maximum con-
centrations were found in Portugal for chlorpyrifos (3,5 ng/m®) and for
cyproconazole in the Netherlands (0.7 ng/m®).

3.2. Phase distribution

The fraction of the particle phase was determined for all pesticides
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Fig. 1. Total concentrations of quantified pesticides in the Netherlands.

detected in both matrices with high detection frequencies and at least
ten available values. This resulted in average particle phase fractions
between 0.3 and 95 % for 3 compounds in Portugal and 9 compounds in
the Netherlands (see table SI7 and SI8). In the Netherlands, fenpropidin
and fluopyram were predominantly found in the particulate phase
(average particle fraction >80 %). On the other hand, cymoxanil and
ethofumesate were predominantly presentin the gaseous phase (average
particle fraction <21 %), Metamitron and prothioconazole-desthio were
distributed between the particulate and gaseous phase with average
particle fraction between 51 % and 65 %.

In Portugal, metalaxyl and terbuthylazine were predominant in the
gaseous phase (average particle fraction <24 %), while trans-
Permethrin was distributed between the particulate and gaseous phase
with an average particle fraction of 48 %.

The observed partitioning behaviour of the analytes was correlated
to the octanol-air coefficient Koa for all pesticides detected in both
matrices. The Koa was significantly (p < 0.05) correlated with the
average particle phase fraction for all investigated pesticides =
0.81-0.89), showing that with higher Koa, the compound is more likely
to be detected in the particulate phase (see Fig. 3).

Further factors, that could have influenced the phase distribution are
environmental and sampling conditions, such as temperature, precipi-
tation and the predeminant wind direction. No or only low significant
correlations between particle phase fractions and the environmental
conditions were observed at both sampling sites. This suggests that other
factors influence the phase distribution of these compounds, such as the
amount, composition or origin of the particle phase,

3.3. Comparison of pesticide application and pesticide detection

For most pesticides, their detection correlated with their application
on adjacent fields. In the Netherlands, 36 different pesticides were
applied on the adjacent fields, including 19 herbicides, 12 fungicides, 3
insecticides and 1 adjuvant. In Portugal, 17 pesticides (16 fungicides and
one insecticide) were applied on the adjacent fields during the sampling
campaign. From all applied pesticides, 12 compounds were not covered
by the applied analytical methods (alcohol ethoxylate, benthiavalicarb,
copper oxychloride, copper sulphur, fosetyl-aluminium, glyphosate,
maleic hydrazide, mancozeb, oxathiapiprolin, pyridat, sulphur, and
trichoderma atroviride 1-1237).

In Figs. 4 and 5, the seasonal variation of concentrations of fluo-
pyram and its transformation product fluopyram benzamide, as well as
fenpropidin, are exemplarily depicted in combination with their appli-
cation on the adjacent fields. The diagrams illustrate that for fluopyram
and fenpropidin, concentrations increase directly during and after ap-
plications and then gradually decrease afterwards. Information about
the seasonal variations and times of application for all other compounds
can be found in the supplementary information (table SI10 and 111 and
figures SI1 to S127).

In total, 8 of the applied pesticides (clethodim, fipronil, florasulam,
fluroxypyr, haloxyfop-p and pyraflufen-ethyl, cymoxanil, and kresoxim-
methyl) were not detected in any sample, despite being applied on the
field. A possible reason for this can be that some of these compounds
(clethodim, fluroxypyr, haloxyfop-p, and pyraflufen-ethyl) could not be
validated for the PUF/XAD-2 columns and had high MQLs for the GFFs
(30-480 pg/m>). In additicn, some of the applied compounds were
detected independently of their application on the adjacent fields,
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Fig. 3. Correlation between the log Koa and the particle phase fractions for frequently detected pesticides. Three different substitution techniques were compared for
values below MDL (0, MDI and MDI/2), See details in table SI7 and SI18 (SI).

indicating that these pesticides could have been used on surrounding commonly used for ornaments or vegetables and can therefore result
farms or been transported through the air from sources further away. from surrounding farms. In Portugal, three of the most frequently
When looking at the five most frequently detected pesticides in the detected pesticides were not approved in the EU when the sampling
Netherlands, four of them {prothioconazele desthio, fenpropidin, fluc- occurred (as described earlier in 3.1). Folpet was applied on the adjacent

pyram benzamide, and fluopyram) were applied on the adjacent fields fields in Portugal during the sampling time. Terbuthylazine was
during the sampling time. Folpet was not applied on the fields but is frequently detected in Portugal but not applied on the adjacent fields.
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Fig. 4. Seasonal variation of fluopyram and its metabolite fluopyram benzamide concentrations in the particulate and gaseous phase in the Netherlands. Arrows

indicate the time of application.

Fig. 5. Seasonal variation of fenpropidin concentrations in the particulate and gasecus phase in the Netherlands. Arrows indicate the time of application.

However, as it is commonly used in viticulture, it could result from the
application on surrounding vineyards.

3.4. Hazard profile of the detected pesticides

Of all pesticides observed, 91 % (90 out of 99) can be linked to at
least one out of the eleven considered adverse human health effects
listed by the PPDB database (see Figs. 6 and 7 and Table 8112) and 42 %
of the detected compounds are listed in the PAN International List of
Highly Hazardous Pesticides with 83 % linked to acute or chronic
toxicity and 62 % linked to environmental toxicity. Data for the human
health effects were taken from the EFSA documents on pesticide risk
assessment (FFSA, 2023). For several compounds, no data was available
from these documents for one or more human health effects. For two of
the nine pesticides not linked to any of the human health effects, no
toxicity data was available at all. 74 % of pesticides could be linked to
multiple adverse health effects with maximum number of effects per
compound being 8 (chlorpyrifos). Fenpropidin, the most frequently
detected pesticide in highest concentrations up to 10 ng/m?® can be
linked to 6 adverse health effects (neurotoxicity, reproductive and
developmental toxicity, respiratory tract irritation, skin and eye

irritation, and skin sensitising). Generally, the environmental or human
risk assessment of pesticides or their transformation products is
currently hampered by the lack of information regarding their modes of
action and effect concentrations.

To determine potential exposure by inhalation, daily inhalation rates
(DIRs) were calculated for median and maximum concentrations for
both, individual compounds and mixtures (see table 8113 and S114). The
calculated DIRs were found to be higher for infants compared to adults,
indicating that infants are more vulnerable to pesticide exposure. The
DIRs reported here were in the same range as those found in South Africa
(Degrendele et al., 2022) and Vietnam (Doan et al., 2021), but were
higher compared to those found in China (Li et al., 2014; Zhou et al.,
2020) and Brazil (Nascimento et al., 2017} and lower compared to DIRs
from Spain (Lopez et al., 2017) and the USA (Morgan et al., 20147 (see
table SI15). In comparison to the Acceptable Daily Intake (ADI), all re-
ported DIRs are more than three orders of magnitude below the
respective values for single compounds. For fenpropidin, the highest DIR
calculated for an infant was still 1700 times below the ADI for this
substance. However, the ADI accounts cnly for uptake via food and
drinking waler and inhalation exposure (similar as skin exposure) could
theoretically and in the worst-case lead to a higher risk. In addition,
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Fig. 7. Hazard profile of the detected compounds that are not approved in the EU (source: EFSA).

ADIs are only available for single compounds and data on mixture tox-
icities generally is not available.

4. Conclusions

The study conducted high-volume air sampling at two agricultural
areas in Europe to determine the concentrations and particle phase
fractions of pesticides in ambient air. The analysis revealed the wide-
spread presence of a diverse range of pesticides and transformation
products in the air, with concentrations between 0.003 and 10 ng/m®.

This indicates the atmosphere as an important pathway for trans-
portation of pesticides, which is often overlooked and not vet included in
monitoring programs across the EU.

Notably, 97 % of samples contained at least one pesticide and 95 %
contained pesticide mixtures, with a maximum of 34 pesticides detected
in a single sample. Moreover, pesticide transformation products were
detected in 90 % of samples. The study found that pesticide concen-
trations were mainly driven by agricultural practices with the highest
concentrations during spring and summer. However, pesticides were
also detected in background concentrations of up to >700 pg/m®,
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indicating other sources or atmospheric transport of these compounds.
Furthermore, differences were observed in phase distribution of pesti-
cides with a significant correlation between the octanol-air partition
coefficients of pesticides and their phase distribution.

The hazard profiles of the detected compounds revealed that 91 % of
pesticides can be linked to at least one adverse human health effect and
42 % are included in the PAN International List of Highly Hazardous
Pesticides, underlining the urgent need for risk assessment and regula-
tions of these compounds. Daily inhalation rates for individual pesti-
cides and pesticide mixtures were far below the Acceptable Daily Intake.
However, these values only include pesticide intake from food and
drinking water and no values are available for the effects of pesticide
mixtures from inhalation. Therefore, further understanding of the po-
tential effects of the reported concentrations is needed and the intake by
inhalation should be included in risk assessment.

A comprehensive human health risk assessment for pesticides should
consider intake by respiration for a wide spectrum of potentially haz-
ardous pesticides, in addition to the uptake through food and drinking
water. Furthermore, there is a vital need for improved knowledge on the
modes of action and effect concentrations of pesticides, including their
mixture toxicities.
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5.3 Currently used and legacy pesticides in the marine atmosphere from Patagonia to
Europe

The previous publication Occurrence and distribution of pesticides and transformation products in
ambient air in two European agricultural areas focused on atmospheric pesticide concentrations across
their source regions. The detection of 99 pesticides in these regions raised the question on how these
compounds are further distributed across the atmosphere and if they can potentially undergo long-
range atmospheric transport to remote areas such as the worlds’ oceans or polar regions and thereby
influence these pristine regions. Legacy pesticides such as organochlorines have been widely studied
and detected in these remote areas, but data on CUPs is scarce and only a small number of them have
been analysed in a few places. This raises concern on how CUPs are distributed across the atmosphere
and if they can be transported over long distances. The aim of this study was to determine the
occurrence and concentrations of pesticides in the atmosphere across the Atlantic Ocean and thereby

identify CUPs that could potentially undergo long-range transport.

For the analysis of air samples from the Atlantic Ocean, the extraction method for the GFFs was applied
as described in the publication Development of an analytical method for the determination of more
than 300 pesticides and metabolites in the particulate and gaseous phase of ambient air. For the
PUF/XAD-2 columns, the extraction method was further optimised to reduce matrix effects and to
increase the number of compounds that can be quantified. Therefore, a QUEChERS-like approach was
applied to the PUF/XAD-2 columns including the extraction with a mixture of Milli-Q
water/acetonitrile + 1% acetic acid (1:2). For the GC-MS/MS analysis, a clean-up of the extracts was
performed using a dispersive solid-phase extraction (d-SPE). The optimized extraction method was re-
validated and applied to the air samples from the Atlantic Ocean. This approach reduced the matrix
effects that were previously determined for the LC-QTOF analysis and increased the number of

pesticides which matched the validation criteria of SANTE/12682/2019 [130].

Twelve particulate and gaseous air samples were taken with a high-volume air sampler between March
and April 2023 on a transect along the Atlantic Ocean between Patagonia and Europe. Twenty-two
pesticides were detected in the air samples, including fifteen CUPs, four transformation products, and
three OCPs. Concentrations ranged between 1.6 and 420 pg/m?3. All CUPs and TPs were detected for
the first time in the atmosphere across the Atlantic Ocean. For twelve CUPs and four TPs, first empirical
evidence was found that they may undergo long-range transport and should therefore be considered

for future risk assessments.

To determine potential sources of the pesticides detected in this study, air mass back trajectories (BTs)
and the mean rainfall rate at the trajectories passage were calculated. Potential sources of the

pesticides included European agricultural areas in Spain and France, as well as the Canary Islands for
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some samples taken along the European and African coastline. As the sampling took place during
European spring, when pesticides are applied in agriculture, this can explain the occurrence of some
of the detected CUPs along the European coastline. Samples taken along the South American coastline
and between South America and Africa were mostly influenced by marine air masses, indicating that
the compounds detected in these samples have been transported over a longer time or volatilized from

seawater.

Consequently, this study identifies potential candidates for long-range transport from the group of
CUPs and their TPs. This adds valuable information on the fate of these compounds in the environment
and input data for future exposure modelling or risk assessments. In addition, the data shows, that
even CUPs that are not expected to be transported over longer distances due to their calculated
atmospheric residence time (< two days) and their physical-chemical properties can be detected in

remote areas far away from their site of application.

As a result of the work carried out as part of this doctoral thesis, the following paper has been published
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Pesticides can enter the atmosphere upon application due to spray drift, volatilization, or wind erosion. Sub-
sequently, certain pesticides undergo atmospheric transport to non-target areas, where they deposit. To inves-
tigate their potential long-range transport, 329 pesticides were analyzed in air samples collected on a south-north
Atlantic Ocean transect between South America and Europe in 2023. In total, twelve currently used pesticides
(CUPs) and one transformation product (TP) were quantified in concentrations ranging from 1.6 to 420 pg/mg.
Additionally, nine pesticides (three CUPs, three TPs and three legacy pesticides) were detected in the air samples
but could not be quantified as the method performance acceptability criteria were not met for these compounds.
All CUPs and TPs were found in the marine atmosphere across the Atlantic Ocean for the first time. Higher
pesticide concentrations were observed in the atmosphere of the northern hemisphere, while the number of
pesticides per sample was comparable between the northern and southern hemisphere. Air mass back trajectories
showed a high marine influence for the majority of samples, indicating a potential long-range transport of the
found pesticides. This research provides the first empirical evidence for the long-range transport potential of 12
CUPs and 4 TPs to the remote atmospheric environment of the Atlantic Ocean. The calculated atmospheric half-
lives of less than two days for these compounds indicate the importance to complement the model predictions
with measurements of airborne pesticides in remote areas to assess their long-range atmospheric transport
potential.

1. Introduction 2012; Pegoraro et al., 2016; Zhang et al., 2022; Li et al., 2020; Cincinelli

etal., 2009; Xie et al., 2022). Due to their persistence, bioaccumulation,

The atmospheric transport of pesticides is a global issue leading to
environmental and health impacts (Rani et al., 2021). During or after
application, pesticides can end up in the atmosphere due to spray drift,
volatilization, or wind erosion (Gil and Sinfort, 2005; Majewski and
Capel, 1995). Consequently, they can be carried away from their
application sites and deposit in regions far away from their intended
source regions and therefore act as transboundary pollutants. Recent
studies in the air in marine areas focus mostly on legacy pesticides
amenable to gas chromatography-mass spectrometry (Lohmann et al.,

* This paper has been recommended for acceptance by Admir Créso Targino.

toxicity and the potential to undergo long-range atmospheric transport
(LRAT), 18 legacy pesticides have been included in the Stockholm
Convention on Persistent Organic Pollutants (POPs) since 2004 and have
been banned or restricted globally (Stockholm Convention, 2024). This
has led to a replacement by so-called currently used pesticides (CUPs). In
addition, further CUPs have been developed, produced, and applied and
more than 2000 pesticides are currently registered globally (British Crop
Production Council, 2022). CUPs were expected to not be prone to LRAT
due to their short atmospheric half-lives (< two days) (European
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Comission, 2009). However, some of them have been detected in the
atmosphere in remote areas such as alpine regions (Feltracco et al.,
2022; Ding et al., 2023a), national parks (Kruse-Plass et al., 2021), or
polar regions (Mayer et al., 2024; Zhang et al., 2022; Zhong et al., 2012;
Jantunen et al., 2015; Muir et al., 2019) indicating that their properties
and environmental fate could make these compounds a concern.

An often overlooked aspect of pesticide contamination is the occur-
rence of transformation products (TPs). Some TPs can be toxic or
persistent and may pose a greater risk than their parent compound
(Kotthoff et al., 2019), such as some TPs of atrazine, which can be more
persistent in soil compared to atrazine (Belfroid et al., 1998). Ji et al.
(2020) also showed that the TPs of pyriproxyfen and malathion can have
stronger endocrine disrupting effects than their parent compounds. Due
to their different properties, some TPs are also more likely emitted into
the atmosphere compared to their parent compounds (Atkinson et al.,
1999; Woodrow et al., 2018). Furthermore, the absence of data on
physical-chemical properties and persistency for numerous TPs impedes
the accurate prediction of potential environmental or human health
effects.

Previous studies on CUPs in the atmosphere mainly focused on
terrestrial environments or coastal regions (Galon et al., 2021), while
open oceans are only explored partly. Studies on airborne pesticides
were conducted for example in the Mediterranean Area (Borras et al.,
2011), the Western Pacific and Southern Ocean (Zhang et al., 2022), the
Bohai Sea (Liu et al., 2018), and the Arctic Ocean (Zhong et al., 2012;
Gao et al,, 2019). Unlike legacy pesticides, CUPs are not included in
regulatory Air Monitoring Programs in Europe, except partly in France
(ATMO FRANCE, 2024) and Sweden (IVL Swedish Environmental
Research Institute, 2021). A small number of CUPs is also included in a
regulatory Air Monitoring Program in California, United States of
America (California Department Of Pesticide Regulation, 2024). Espe-
cially data on the concentrations and distribution of airborne CUPs in
the southern hemisphere are rare. In addition, there is a lack of data on
the spatial distribution and transport pathways of CUPs in the marine
atmosphere, as well as factors driving these patterns.

In this study, 329 pesticides, including 282 CUPs and 36 trans-
formation products, were examined in the atmosphere across a south-
north transect on the Atlantic Ocean. To cover the broad spectrum of
analytes, both, gas chromatography and liquid chromatography coupled
to mass spectrometry, were applied. The overall aim of this research was
to investigate the potential of currently used pesticides to undergo long-
range atmospheric transport. To achieve this, the major objectives of
this research included (1) the determination of pesticide concentrations
in the atmosphere of the Atlantic Ocean, (2) the investigation of the
spatial distribution of pesticides across the Atlantic Ocean, and (3) the
elucidation of potential sources and factors influencing pesticide trans-
port in the investigated area.

2. Materials and methods
2.1. Sample collection

Air samples were collected during expedition PS135/1 and PS135/2
of the research vessel Polarstern between 12 March and April 07, 2023
(Schulze Tenberge and Fiedler, 2023; Alfred-Wegener-Institut
Helmholtz-Zentrum  fiir Polar-und Meeresforschung, 2017). A
high-volume air sampler was installed on the observation deck. Air
samples were taken using glass-fibre filters (GFFs, 15 cm diameter,
Macherey-Nagel, Germany) for the particulate phase. For the gaseous
phase, a slice of polyurethane foam (PUF, 1 inch, Tisch Environmental,
USA) and 55 g of Amberlite XAD-2 resin (Supelco, Germany) were
prepared in a glass column (PUF/XAD-2 column). The samples were
collected along a latitudinal transect from Punta Arenas, Chile to Bre-
merhaven, Germany. In total, twelve air samples were taken with
sampling durations between two and five days, depending on the dis-
tance to land and movement of air masses. This ensured detectable
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pesticide concentrations in each sample. The samples were stored at -
20 °C on board, during transport, and until extraction at
Helmholtz-Zentrum Hereon. An overview of the sampling dates and
volumes is given in Table S1 of the Supporting Information (SI).

2.2. Target analytes and chemicals

329 pesticides were analyzed, including 282 CUPs, 11 legacy pesti-
cides, and 36 transformation products (Table $7). 30 mass-labelled
pesticides were used as internal standards (ISTD, Table $8). 13C8-per-
fluorooctanoic acid (13C8-PFQOA), 13C3-caffeine, deuterated-tris(2-
carboxyethyl)phosphine  (dTCEP), and  13C12-polychlorinated
biphenyl-141 (13C12-PCB-141) served as injection standards (Injs,
Table S9). Detailed information on used chemicals for sample extraction
and analysis is presented in Table S2.

2.3. Sample extraction and instrumental analysis

Multi-residue analysis of 329 pesticides was carried out as described
in Debler and Gandrass (2024) for the glass-fibre filters (GFFs). Briefly,
GFFs were spiked with 50 pL of a 10 ng/pL mass-labelled internal
standard (ISTD) mix containing 30 mass-labelled internal standards (see
Table S8). For the extraction, a Quick, Easy, Cheap, Effective, Rugged
and Safe (QuEChERS) extraction with Milli-Q water/acetonitrile + 1 %
acetic acid (1:2) was performed. The mixture was shaken head-to-head
for 30 min and anhydrous magnesium sulfate and sodium acetate were
added. The mixture was vortexed and centrifuged (5 min, 3500 rpm).
For the analysis of the liquid chromatography coupled to a time-of-flight
mass spectrometer (LC-QTOF), 125 pL of the extract were transferred to
a LC vial. 25 pL of the LC injection standard mix (LC-InjS, see Table 59)
and 350 pL Milli-Q water were added. The extract was filtered by a
syringe filter (0.2 pm, Whatman) prior to analysis. For the gas chro-
matography coupled to a triple-quadrupole mass spectrometer
(GC-MS/MS) analysis, an aliquot of 4.5 mL was transferred to an
Eppendorf tube and a dispersive solid-phase extraction (d-SPE) was
performed using anhydrous magnesium sulfate, primary secondary
amine (PSA) and C18. An aliquot of 3.5 mL was transferred to a Barkey
vial and evaporated under nitrogen to 150 pL. A solvent exchange to
hexane was performed and 20 pL of the GC injection standard (GC-InjS,
see Table 59) were added.

For the PUF/XAD-2 columns, the method was further optimized to
reduce matrix effects and to improve the reproducibility of the method.
After addition of the ISTD mix (500 ng of each compound), PUF/XAD-2
columns were extracted with the QUEChERS approach using a mixture of
Milli-Q water/acetonitrile + 1 % acetic acid (1:2), 30 mL of the extract
were transferred to two Eppendorf tubes containing anhydrous magne-
sium sulfate and sodium acetate. The mixture was vortexed and
centrifuged. For the LC-QTOF analysis, 10 mL were transferred to a
Barkey vial from one of the Eppendorf tubes and evaporated under ni-
trogen to 150 pL. After transfer of the extract to an LC vial, Milli-Q water
and 25 ng of the LC injection standard mix (LC-InjS, see Table 59) were
added. The extracts were filtered by a syringe filter (0.2 pm, Whatman)
prior to analysis. For the GC-MS/MS analysis, 15 mL were transferred
from the other extract into an Eppendorf tube and a dispersive SPE was
performed. 10 mL of the extract were transferred to a Barkey vial and
evaporated to 150 pL under nitrogen. A solvent exchange to hexane was
performed and 20 ng of the GC injection standard (GC-InjS, see Table 59)
were added.

Instrumental analysis of 313 target analytes was performed using
liquid chromatography (Agilent LC 1290 Infinity II) coupled to a time-
of-flight mass spectrometer (Agilent QTOF mass spectrometer 6546).
Both, negative and positive electrospray ionisation (ESI) were
employed. The QTOF was operated in All-Tons (AI) mode. For the
analysis of 33 pesticides, an Agilent 7890 gas chromatograph was
coupled to a tandem mass spectrometer (Agilent 7010), operating in
electron impact ionisation (EI). An overview of parameter settings and
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hardware components for the LC-QTOF analysis is given in Table S3 and
Table S4. Detailed information on the GC-MS/MS analysis is provided in
Tables S5 and Table $6.

2.4. Qudlity assurance and quality control

Procedural and instrumental blanks using clean GFFs and PUF/XAD-
2 columns and solvents were processed together with the samples. Field
blanks (n = 3) were taken during the cruise for both, GFFs and PUF/
XAD-2 columns, and analyzed together with the samples. Pesticide
concentrations in air samples were calculated by using the internal
standard method and were field blank corrected.

Prior to sampling, GFFs were baked out at 450 °C for 6 h, wrapped in
aluminium foil and sealed in alumina-coated polypropylene (PP) bags.
PUF/XAD-2 columns were prepared in a clean lab (class 10.000) and
cleaned by Soxhlet extraction for 24 h each, using methanol and
dichloromethane. The columns were dried under nitrogen (1.5 bar) and
sealed in alumina-coated PP bags until sampling.

Recovery rates were determined by spike-recovery tests as described
by Debler and Gandrass (2024). Triplicates of matrix loaded GFFs and
PUF/XAD-2 columns were spiked at two different spiking levels. As
method performance acceptability criteria, the parameters character-
ized in SANTE/12682/2019 were applied (European Comission). Re-
covery rates ranged from 70 to 120 % for 263 compounds (GFFs) and
119 compounds (PUF/XAD-2 columns) with relative standard de-
viations (RSD) below 20 %. For additional 39 compounds (GFFs) and
108 compounds (PUF/XAD-2 columns), recovery rates ranged between
30 to 70 % and 120-140 %, resulting in semi-quantification. The
remaining compounds with correlation coefficients (R?) of the calibra-
tion curves >>0.97 were qualitatively identified (27 compounds on the
GFFs and 47 compounds on the PUF/XAD-2 columns). The recovery
rates as well as the validation status for each compound are depicted in
Table S10 (GFFs) and 511 (PUF/XAD-2 columns).

Breakthrough experiments were conducted for the PUF/XAD-2 col-
umns by operating two columns in series. The upper columns were
spiked with the analyte mixture. Pesticide concentrations detected on
the second column were determined as breakthrough (n = 3).

Method quantification limits (MQLs) were determined as the lowest
spike level of the validation meeting the performance acceptability
criteria described above. For the method detection limits (MDLs), the
signal-to-noise ratio (S/N) of 3 was used. The individual MDLs and MQLs
can be found in Table 510 (GFFs) and S11 (PUF/XAD-2 columns).

2.5. Calculation of air mass back trajectories

To examine the influence of air mass origin, 96-h air mass back
trajectories were computed for each sampling location using NOAA’s
HYSPLIT model (Stein et al., 2015) and the GDAS1 meteorological input
(NOAA Air Resources Laboratory, 2019). To account for uncertainties
related to the current atmospheric state and back trajectory computa-
tion, an ensemble of 27 back trajectories was launched every 6 h from a
3 x 3 horizontal grid centered on the current position of the ship (cur-
rent latitude and longitude + 0.5°) and three different starting altitudes
(50, 150, and 250 m above sea level). The air mass origin corresponding
to each sample was then evaluated based on 7 to 20 of such ensembles, i.
e. 180 to 540 individual back trajectories, depending on the sampling
time. To assess the possible wet deposition of pesticides during the at-
mospheric transport, the mean rainfall rate at the trajectories passage
was calculated using the 6-h average rainfall field from the GDAS1
dataset.

3. Results and discussion
3.1. Occurrence of pesticides in the air above the Atlantic Ocean

In total, twenty-two pesticides were found in the air above the
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Atlantic Ocean including fifteen CUPs, four transformation products,
and three legacy pesticides. All main pesticide groups were present and
equally represented, namely six insecticides, five herbicides, seven
fungicides, and four transformation products. Seventeen pesticides were
present in the gaseous phase only, two pesticides were found in the
particulate phase only, and three pesticides were found in both phases.

The six most abundant compounds with detection rates >50 % were
flumioxazine (75 %), metalaxyl metabolite CGA 62826 (75 %), hexa-
chlorobenzene (67 %), metamitron (67 %), bifenthrin (50 %), and fen-
propidin (50 %). Concentrations for individual compounds ranged
between 1.6 (flupyradifurone) and 420 pg/m? (clopyralid). Nine of the
detected pesticides could only be qualitatively identified as the method
performance acceptability criteria were not met for these compounds
(see Section 2 4). Chemical properties, the range of concentrations, and
their approval status in Europe, South America and Africa are depicted
in Table 1. For further information on pesticides properties see
Table S12.

In this study, fifteen CUPs and four transformation products were
found for the first time in the atmosphere above the Atlantic Ocean to
the best of the authors’ knowledge. Mayer et al. (2024) detected tebu-
conazole, S-metolachlor, and fenpropidin at the Pallas
Atmosphere-Ecosystem Supersite (PAL) in Finland in concentrations
(0.062-170 pg/ma) similar to the concentrations detected for these
compounds or their transformation products in this study. Similar con-
centrations for tebuconazole were also detected by Zhang et al. (2022) in
the Western Pacific and Southern Ocean.

Except for fenuron, all found CUPs and TPs were approved in at least
one of the continents bordering the Atlantic Ocean during the sampling
period (Table 1). Bifenthrin, cyflufenamid, flonicamid, fluopyram, and
isoxaflutole are all compounds that have at least one carbon-bonded
trifluoromethyl (CF3) group and can therefore be precursors of the
very persistent and very mobile (vPvM) substance trifluoroacetate (TFA;
CF3COQO ). Both the C-CF3-containing pesticides and TFA belong to the
group of per- and polyfluoroalkyl substances (PFAS) according to the
OECD definition (Freeling and Bjornsdotter, 2023). While a restriction
proposal for the entire class of PFAS is discussed under the European
chemicals regulation REACH (FEuropean Chemicals Agency, 2024),
active ingredients in plant protection products have been excluded from
the proposed restriction (European Chemicals Agency, 2023). Under the
European pesticide regulation, the approval periods for cyflufenamid,
flonicamid, and fluopyram have been recently extended (European
Commission, 2024).

3.2. Spatial distribution and potential sources of pesticides between South
America and Europe

Total pesticide concentrations and total number of pesticides per
sample along the transect are depicted in Fig. 1. Sum and individual
pesticide concentrations were generally higher in the northern hemi-
sphere with highest concentrations along the European coastline. In
contrast, the number of pesticides per sample did not vary between the
northern and southern hemisphere (min = 3, max = 10, median = 7).
Tive pesticides or TPs (2.4-DDE, cyflufenamide, dicloran, fluopyram,
and metolachlor oxanilic acid) were only found in the southern hemi-
sphere along the coastline of South America. Dicloran, fluopyram, and
the parent compound of metolachlor oxanilic acid are registered for use
in Argentina and Brazil, which could explain their occurrence due to
possible influence from agricultural activities. Five pesticides or TPs
(4.4"-DDD, carbofuran, flonicamid, flupyradifurone, and tebuconazole)
were only present in the northern hemisphere along the north African
and European coastline, of which flonicamid, flupyradifurone, and
tebuconazole were registered for use in Africa and the EU during the
sampling campaign.

Air mass back trajectories were modelled for each sample to deter-
mine the origin of the air masses and discuss possible sources of the
found pesticides (see Fig. 2 and Figs. S1-58 in the SI). High residence
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Fig. 1. Total A) pesticide concentrations and total B) number of pesticides found in the air above the Atlantic Ocean.
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Fig. 2. Normalized residence times of air masses for samples A) PS135-1, B) PS135-10, C) PS135-11, and D) PS135-12. The air mass back trajectories were
calculated for three different starting altitudes (50, 150, and 250 m above sea level).

times of air masses in the marine atmosphere can explain the low period, and from the marine atmosphere for the second half of the

pesticide concentrations in samples PS135-Air-2 to PS135-Air-4 and sampling period (see Fig. 2). This could explain the low pesticide con-
PS135-Air-6 to PS135-Air-8. For sample PS135-Air-1, air masses were centrations in this sample as southern Patagonia is an area with low
transported from southern Patagonia for the first half of the sampling agricultural influence and is covered largely by ice shields and glaciers.
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Highest pesticide concentrations in the southern hemisphere were found
in sample PS135-Air-5. Although air masses originated from marine
areas, the comparatively high concentration in sample PS135-Air-5 can
be explained by the presence of clopyralid (350 pg/mg), a herbicide with
a high atmospheric half-life (19 days). Highest pesticide concentrations
in the northern hemisphere were quantified in samples PS135-Air-9
(360 pg/m?), PS135-Air-10 (880 ng/m>), and PS135-Air-12 (350 pg/
m?). Back trajectories show that air masses sampled in PS135-Air-10
have passed over the northwest of Spain and air masses sampled in
PS135-Air-12 have passed over the northwest of France (see Fig. 2). In
these areas, agricultural activities include the growing of crops, which
could explain the detection of clopyralid, dimethomorph, flumioxazine,
isoxaflutole, metalaxyl metabolite CGA 62826, metamitron, metola-
chlor ethane sulfonic acid, prothioconazole desthio, and tebuconazole as
these compounds are typically used in maize, potato and cereal culti-
vation. Sample PS135-Air-9 was mainly influenced by marine air masses
from the Atlantic Ocean. However, the back trajectories show an influ-
ence of the Canary Islands as the ship passed through Tenerife and Gran
Canaria (see Fig. S8). Gran Canaria (405,381 t) and Tenerife (264,481 t)
had the highest agricultural production of all Canary Islands in 2023
(Instituto Canario de Estadistica, 2023). Therefore, higher pesticide
concentrations can result from agricultural activities on the islands and
the short distance to the islands during the sampling period. In com-
parison, PS135-Air-11 had only low pesticide concentrations. These can
be explained by a high marine influence, as air masses resulted mainly
from the atmosphere across the Bay of Biscay (see Fig. 2). Higher con-
centrations and a higher number of herbicides found along the European
coastline can also be explained by the fact that the sampling took place
during European spring, when herbicides are typically applied in agri-
culture. In addition, runoff from land during the pesticide application
period could result in higher concentrations in the seawater, leading to a
potential volatilization into the atmosphere. The modelling of the mean
rainfall indicated that wet deposition was not likely to significantly in-
fluence pesticide concentrations in most of the samples (see
Figs. 51-512), Nevertheless, it needs to be considered that brief, but
intense precipitation events might not be represented well in the 6
hourly rainfall data of the GDAS1 meteorological input to calculate back
trajectories. For sample PS135-Air-12, mean rainfall rates between 0.1
and 0.8 mm/h were observed for air masses with high normalized
residence times, which could explain lower pesticide concentrations
compared to sample PS135-Air-10.

Possible sources of legacy pesticides include impurities or by-
products in manufacturing processes. Dicofol formulations can be a
source of DDT (Qiu et al., 2005) and Dicofol has been reported in
agricultural use in Argentina (Gonzalez et al., 2010). In addition, DDT is
still used for public health control in Africa and Asia (Liu et al., 2009;
Chakraborty et al., 2010; van den Berg et al., 2021). Possible sources of
HCB include emissions during the production of aluminum (Westberg
et al, 2011) and magnesium (Deutscher and Cathro, 2001). Atmo-
spheric measurements also indicate that combustion processes and in-
dustry in China (Liu et al., 2009) and India (Chakraborty et al., 2010) are
possible HCB sources. These emissions of legacy pesticides in addition to
their persistence can explain that they are still detected in the atmo-
sphere across the Atlantic Ocean.

3.3. Long-range transport potential

Of the twenty-two pesticides found in this study, three compounds
(fenpropidin, S-metolachlor, and tebuconazole) have been identified
before to be prone to LRAT (Mayer et al., 2024). This study provides the
first empirical evidence for the occurrence of additional twelve CUPs
and four TPs in the atmosphere across the Atlantic Ocean, implying that
these pesticides may undergo long-range transport (LRT). Within the
international Stockholm Convention on Persistent Organic Pollutants
the potential of a compound to undergo LRT is defined by, i) measured
levels in locations distant from source regions that are of potential
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concern, ii) monitoring data showing the potential transport of a com-
pound to a receiving environment via air, water, or migratory species, or
iii) environmental fate properties and/or model results that demonstrate
that the chemical has a potential for long-range environmental transport
through air, water or migratory species (Stockholm Convention, 2020).
The detection of the twelve CUPs and four TPs across the Atlantic Ocean
distant from their source regions therefore indicates a potential trans-
port of these compounds via air or water as defined in the Stockholm
Convention.

National or supranational pesticide risk assessments, such as from
the European Commission, include modelled atmospheric half-lives as a
proxy for the assessment of the long-range atmospheric transport po-
tential of a chemical (European Comission, 2009). Pesticides with at-
mospheric half-lives above two days resulting from the reaction with OH
radicals are considered as prone to LRAT (European Comission, 2009),
For the calculation of these values, annual mean OH concentrations (5 x
108 O]-[/c:1113) are applied (Atkinson, 1986). For three of the found pes-
ticides, atmospheric half-lives based on EPI suite calculations (version
4.11) exceed this value (clopyralid 19 days, dicloran 77 days, and flo-
nicamid 13 days), which can explain their occurrence. For all other
compounds, the calculated atmospheric half-lives based on the reaction
with OH radicals are below two days, indicating that different OH
concentrations, temperatures or other factors may influence their
transport. Pesticides can also be transported through water bodies and
volatilize into the atmosphere which depends on their Henry's law
constants. Most of the found CUPs and TPs have a moderate water sol-
ubility and low Henry's law constant, indicating that a long transport
through water bodies cannot be excluded (see Table S12). Findings of
carbofuran, cyflufenamide, dicloran, metalaxyl, and metolachlor in
surface seawater samples from the Arctic Ocean (Ding et al., 2023b) and
of tebuconazole in surface seawater samples in the Western Pacific and
Southern Ocean (Zhang et al., 2022) underline this assumption.

3.4. Hazard profiles

All of the observed pesticides can be linked to at least one out of
eleven considered adverse human health effects listed by the PPDB
database (University of Hertfordshire, 2025), except for Fenuron for
which no data on adverse human health effects is available. Further
eight pesticides are included in the PAN International List of Highly
Hazardous Pesticides, indicating potential risks for the environment and
human health (Pesticides Action Network International, 2021). Data for
the human health effects were taken from the pesticide risk assessments
conducted by the EFSA (EFSA, 2023). Nine of the found compounds are
carcinogenic (1) or possibly carcinogenic (8), three are genotoxic (1) or
possible genotoxic (2), six compounds are neurotoxic (3) or possibly
neurotoxic (3), six compounds are endocrine disruptors (5) or possible
endocrine disruptors (1), and twelve are reprotoxic (5) or possible
reprotoxic (7) (see Fig. 3 and Table 513). 68 % of the found pesticides
could be linked to multiple human health effects with a maximum
number of effects per compound being 6 (bifenthrin and fenpropidin).
However, for some of the found compounds and observed human health
effects, no data was available at all which impedes the human risk
assessment of pesticides and their transformation products.

Additionally, pesticides in the marine atmosphere may potentially
impact marine organisms, including seabirds and marine mammals.
Upon deposition on the surface of seawater, these substances can also
affect other marine organisms. POPs, such as the found DDT and HCB,
are known to cause adverse effects on marine organisms (Sonne et al.,
2020). DDT has been associated with the thinning of eggshells and
subsequent reproductive effects in seabirds (Helander et al., 2008).
Furthermore, DDT and HCB have been linked to endocrine disrupting
effects in ringed seals (Routti et al., 2010) and harbour porpoises (Das
et al., 2006). CUPs, although generally considered less persistent and
bioaccumulative than legacy pesticides, have demonstrated potential
risks to marine wildlife. Pyrethroids, such as the found bifenthrin, have
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Fig. 3. Pesticides found in this study and their hazard profiles (source of the hazard properties for each found compound: EFSA, 2023. Chemical Hazards Database

(OpenFoodTox)).

been observed to accumulate in marine mammals and can be transferred
from mother to calf (Alonso et al., 2012). Additionally, pyrethroids have
been associated with developmental neurotoxicity in zebrafish embryos
(DeMicco et al.,, 2010), The carbarmate carbofuran, quantified in this
study, has been shown to influence the swimming behavior of the sea
bass (Dicentrarchus labrax) (Hernandez-Moreno et al., 2011). However,
data on the adverse effects of CUPs on marine organisms, particularly on
seabirds and marine mammals, remain limited, and for many CUPs, little
to no data are available.

4, Conclusion

Pesticide concentrations were determined in air samples taken on
board the RV Polarstern along a south-north transect on the Atlantic
Ocean. In total, 22 pesticides (15 CUPs, 4 TPs, and 3 legacy pesticides)
were quantified at concentrations between 1.6 and 420 pg/mg, with up
to 10 individual compounds present in one sample. The first evidence of
the presence of 15 CUPs and 4 TPs in the marine atmosphere across the
Atlantic Ocean was found in this study. For most of the found CUPs and
TPs, the estimated atmospheric half-lives are below two days. Their
detection in the atmosphere of the Atlantic Ocean therefore indicates
that the LRT of these compounds could be underestimated in environ-
mental risk assessments based on model predictions used for regulatory
decisions in Europe. For future studies, we suggest to also include
seawater samples to distinguish between the different long-range
transport routes and to determine the influence of air-sea exchange on
pesticide concentrations in the different compartments. This is also
important to evaluate potential risks on marine organisms from
measured pesticide concentrations in the marine environment.

The results indicate that further criteria apart from the atmospheric
half-life as well as revised methods for the modelling of the atmospheric
half-life (for example the inclusion of different temperatures or OH
concentrations to include more accurate environmental data) should be
considered in models currently used for environmental risk assessment.
In addition, monitoring data on the occurrence and distribution of
pesticides especially in areas far from the application sites is needed to
further identify potential candidates for LRT. This is especially impor-
tant to ensure that only pesticides are authorized globally that do not
influence the environment or pose health risks far away from their
intended application.
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6. Conclusions and future perspectives

The main conclusions from the findings in this PhD thesis can be summarized as follows:

(i) The developed and validated methods are suitable for the ultra-trace analysis of 329
pesticides, including legacy pesticides, currently used pesticides, and transformation
products in the particulate and gaseous phase of ambient air in the low pg/m?3 to ng/m3
range.

(ii) Pesticide mixtures are omnipresent in the air across agricultural areas with up to 34
compounds per sample as well as in the marine atmosphere of the Atlantic Ocean with up
to 10 compounds per sample.

(iii) First empirical evidence was found for the potential long-range transport of twelve
currently used pesticides and four transformation products with calculated atmospheric
half-lives below 2 days. This underlines the importance to investigate airborne pesticides
as well in remote areas and to survey pesticides with low calculated atmospheric half-lives
for which long-range atmospheric transport has not been expected.

(iv) Nine currently used pesticides and two transformation products were reported for the first
time in ambient air and fifteen currently used pesticides and four transformation products

were detected for the first time in the atmosphere across the Atlantic Ocean.

In more detail, the instrumental analysis was developed on an LC-QTOF and a GC-QgQ and included
the optimization of the solvent and temperature gradients, the ion sources’ and the MS parameters.
For the extraction of GFFs and PUF/XAD-2 columns, different extraction techniques were compared.
Highest improvement of recovery rates and relative standard deviations were achieved by a QUEChERS
extraction using Milli-Q water/ACN + 1 % acetic acid for the GFFs and a cold-column extraction with
dichloromethane for the PUF/XAD-2 columns. In addition, a clean-up step was performed for the GC-
MS/MS analysis of GFFs using a dispersive solid-phase extraction with primary secondary amine (PSA),
Cis, and magnesium sulphate (MgS0,). To compensate for matrix constituents from the sampling
material, a matrix-matched calibration of cleaned GFFs and PUF/XAD-2 was used for the instrumental
analysis. Matrix effects from the matrix-matched calibration were found to increase the signal with
median values of 398 % compared to a solvent calibration on the GC-QgQ and to reduce the signal with
a median value of 79 % compared to a solvent calibration on the LC-QTOF. This highlights the
importance of considering matrix effects and employing matrix-matched calibrations for the
quantification of pesticides in ambient air in both GC-MS/MS and LC-HRMS analyses. Validation of the
developed methods showed that they are selective, precise, accurate and robust according to the
method performance acceptability criteria described in the guideline for pesticide analysis

SANTE/12682/2019 for 263 compounds on the GFFs and 75 compounds on the PUF/XAD-2 columns.
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In addition, 39 pesticides (GFFs) and 110 pesticides (PUF/XAD-2 columns) could be determined semi-
quantitatively, and 27 pesticides (GFFs) and 138 pesticides (PUF/XAD-2 columns) could be determined
qualitatively. The challenges for the quantitative determination of pesticides in air were the
determination in the ultra-trace range as well as the compensation for matrix effects from the air and
the sampling material. MDLs for most target analytes ranged from 0.02 to 0.2 ng/m? for the GFFs, and
from 0.0003 to 0.3 ng/m? for the PUF/XAD-2 columns. Therefore, the methods are capable of detecting
pesticides in ambient air in the low pg/m3 to ng/m3 range. For single pesticides, MDLs were higher due
to stronger influences of matrix constituents on these compounds or lower extraction efficiency for

these compounds.

The results from 96 air samples (GFFs and PUF/XAD-2 columns) taken at two agricultural areas in
Portugal and the Netherlands showed that 99 different pesticides were present in the atmosphere,
including 82 CUPs, 12 TPs and 5 OCPs. Concentrations ranged between 0.003 and 10 ng/m3. Prior
studies only investigated legacy pesticides or a small number of CUPs and data on a high number of
pesticides in ambient air was limited at the start of this PhD thesis. The high number of pesticides
detected in this study indicates the importance of including a higher number of target pesticides to
create a full picture of the actual pollution status of pesticides in the air and to not underestimate
potential environmental or human health effects of chemical mixtures. As currently more than 2000
pesticides are registered globally, future studies should also consider performing suspect or non-target
screening using high-resolution mass spectrometry to include compounds that are not currently in the
focus of atmospheric transport or gain information on TPs relevant for atmospheric transport as they
can have different properties than their parent compounds and therefore can for example be more

persistent and more likely to stay airborne.

28 of the detected pesticides were not approved in the EU during the sampling period. Possible reasons
for the detection of these compounds are a high persistence in the environment (e.g. for the OCPs),
volatilization from the soil from applications in previous years when they have been approved in the
EU or a potential long-range transport from other application areas where they are still registered for
use. This data shows that information on pesticide occurrence in the air can not only be concluded
from the approval status and application of a compound, but pesticide analysis should also consider
compounds that are not currently registered for use or could be transported from other countries that

still apply these compounds.

In addition, 95 % of the samples contained pesticide mixtures. This is especially important when
potential human health effects are evaluated, as the presence of different compounds can enhance
potential effects or sum up to a potential hazard to humans or other organisms. Therefore, DIRs were

calculated for single compounds as well as pesticide mixtures for adults, children, and infants and were
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compared to the ADI. Highest DIRs for single compounds were 1700 times below the ADI for this
substance. However, DIRs calculated for the highest mixture concentration detected in one sample was
around 173 times higher than the median DIR for single compounds. The ADI also only includes the
intake by food and drinking water and does not consider the intake by inhalation or skin exposure.
Therefore, when all intake sources are summed up, the total daily intake could be above the ADI. This
highlights the importance to include all potential intake pathways in human health risk assessments
and that threshold values are needed for the exposure by inhalation. Only if such values are available,
a reliable statement can be given on the actual influence of pesticide intake by inhalation on human
health and the question how much it contributes to the total human intake of pesticides. Another
factor, when investigating the potential impact from airborne pesticides on human health is the
distribution of a compound between the gaseous and particulate air phase as pesticides attached to
small particles (PM 2.5) or present in the gaseous phase can penetrate deeper into the respiratory
system. Therefore, particle phase fractions were calculated for pesticides with high detection
frequencies. The calculated particle phase fractions were significantly correlated with the Koa of the
respective compound showing that pesticides with a higher Koa were more likely to be attached to
particles. In total, more pesticides were detected in the particulate phase compared to the gaseous
phase. As no information on the particle size distribution could be given in this study, this information
would be important to be evaluated in future studies to determine the influence of pesticides attached

to small particles (PM 2.5) on human health.

To further investigate the potential long-range transport of pesticides, 12 air samples (GFFs and
PUF/XAD-2 columns) were sampled in the atmosphere across the Atlantic Ocean between South
America and Europe. For the analysis of pesticides in these samples, the extraction method of the
PUF/XAD-2 columns was further optimized to be able to quantify more compounds in lower
concentrations as expected in the marine atmosphere. The optimized method included a QUEChERS
extraction with Milli-Q water/ACN + 1% acetic acid (1:2). For the GC-MS/MS analysis the extracts were
cleaned by a d-SPE similar to the clean-up performed for the GFFs. MDLs of the optimized method
ranged from 0.000005 to 0.29 ng/m?3 for most target analytes. With the optimized method for the
PUF/XAD-2 columns and the previously developed method for the GFFs, 22 different pesticides were
detected in the marine atmosphere of the Atlantic Ocean in concentrations between 0.002 and 0.42
ng/m3. Prior studies only investigated OCPs and a small number of CUPs in the marine atmosphere and
polar regions. The results from this study revealed, that fifteen CUPs and four transformation products
were detected for the first time across the Atlantic Ocean. Most of these compounds had calculated
atmospheric half-lives below two days. Therefore, they would not be expected to undergo long-range
transport based on their atmospheric half-live and would not be expected to occur in a remote

environment such as the Atlantic Ocean. This shows the limitations of previous studies and the
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importance to include a higher number of compounds even with properties that would not expect
them to undergo atmospheric transport. In future studies, the potential transport by water currents
should also be considered to distinguish between the different transport routes. Also, the air-water
exchange is an important factor to determine the potential transport routes and the source of a
compound in the atmosphere as it can also occur from volatilization from the water surface. This is
especially relevant for warmer areas such as the mid-Atlantic region, as higher air and water
temperatures occur that can lead to higher re-emission rates from the surface seawater. Future
research in other marine or polar regions of a high number of CUPs and TPs can therefore help to
elucidate if and in which concentrations these compounds occur and if further pesticides have the

potential to undergo long-range transport.

13 of the CUPs and TPs across agricultural areas as well as in the marine atmosphere detected in this
PhD work have at least one carbon-bonded trifluoromethyl (CFs) group. Therefore, they can be
precursors of the very persistent and very mobile (vPvM) substance trifluoroacetate (TFA; CFsCOO).
According to the Organisation for Economic Co-operation and Development (OECD) definition, TFA as
well as C-CFs-containing pesticides belong to the group of per- and polyfluoroalkyl substances (PFAS)
[131]. Currently, a restriction proposal is discussed under REACH, the European Union chemicals
regulation [132]. However, active ingredients used in plant protection products have been excluded
from the proposed restriction [133]. Except for one of the detected pesticides, all of them are currently
approved in the EU and for 10 of them the approval periods have been recently extended [134]. The
findings of 13 of these PFAS-like pesticides in this PhD work show that C-CF3-containing pesticides could
contribute to the formation and emission of TFA and therefore contribute to PFAS concentrations in
the environment. This highlights the importance to discuss the degradation of C-CFs-containing
pesticides to TFA on a regulatory level and to include C-CFs-containing pesticides in PFAS-related studies

in the environment.

In conclusion, the results from this thesis show, that the atmospheric transport of CUPs has been
neglected in past studies. Therefore, the results from both studies on pesticides in the atmosphere, in
agricultural areas as well as the marine atmosphere of the Atlantic Ocean, are expanding the scarce
data on CUPs in the atmosphere and their potential atmospheric transport. To further fill the gap on
CUPs occurrence and fate in the atmosphere, future studies should include a high number of pesticides
and/or use suspect or non-target screening to further identify potential candidates for atmospheric
transport. In addition, studies on pesticides in the atmosphere across marine areas should also include
the air-sea exchange of CUPs to investigate the influence of pesticides concentrations in the surface
water on atmospheric pesticide concentrations. In addition, the data generated in this thesis can be

used to feed and validate environmental fate or exposure models. This can give further insights into
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the distribution and fate of these compounds in the environment and potential effects on

environmental or human health.
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A.1 Physical-chemical properties and instrumental parameters of the investigated pesticides
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