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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
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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].
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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



{8y 2LHAA

Development of an analytical methed for the determination of more than 300 pesticides and. .. 3061

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.

@ Springer
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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.

@ Springer

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.

Acknowledgements The authors would like to thank Jonatan Dias
(Wageningen Food Salety Rescarch, Wageningen University &
Research, Wageningen, Netherlands) for the preparation and provision
of standard mixtures within the SPRINT project and Panla Harkes (Soil
Physics and Land Management, Wageningen University & Research,
Wagceningen, Netherlands) for the transport and installation of the

@ Springer



{dy2LlAa

3070

o

Debler F. , J. Gandrass

high-volume aclive air sampler and the communication with the experi-
mental tarm in the Netherlands.

Author contribution Freya Debler: Conceptualization. methodology,
investigation, validation, writing—original draft. Jucrgen Gandrass:
Conceptualization, supervision, writing—review and editing

Funding Open Access [unding enabled and organized by Projekt
DEAL. The research leading to these results has received funding trom
the European Unicon Horizon 2020 programme under grant agreement
n® 862568 (SPRINT project,hups:/sprint-h2020.eu/).

Declarations
Conflict of interest The authors declare no competing interes(s,

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 Tnternational License, which permits use. sharing. adapta-
lion, distribution and reproduction in any medium or format. as long
a8 you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence. and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licenee, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use s not
permitted by statutory regulation or exceeds the permilted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommaons.org/licenses/hy/4.0/.

References

1. OEC. Trend Explorer; Available from: https://oec.world/.

Kohler H-R, Triebskorn R, Wildlife ecotoxicology of pesticides:

can we lrack effects 1o the population level and beyond? Science

(New York, N.Y.) 2013:341(6147):759-65.

3. Hertz-Picciotto T, Sass IB, Engel 5, Bennett DH. Bradman A,
Eskenazi B, el al. Organophosphate exposures during pregnancy
and child neurodevelopment: recommendations for essential pol-
icy reforms. PLoS Medicine. 2018;15(10):e1002671.

4, Jepson PC, Murray K, Bach O, Bonilla MA, Neumeister L. Selec-
tion of pesticides (o reduce human and environmental health risks:
a global guideline and minimum pesticides list. The Lancet. Plan-
etary Health. 2020;4(2):e56-63.

5. Majewski MS (2019} Pesticides in the atmosphere: distribution,
trends, and governing factors. CRC Press. https://doi.org/10.1201/
9780429062780,

6. Gil'Y, Sinfort C. Emission of pesticides to the air during sprayer
application: a bibliographic review. Almospheric Environ.
2005;39(28):5183-93.

7. Dobson R. Scheyer A, Rizet AL, Mirabel P, Millet M. Com-
parison of the efficiencies of different types of adsorbents at
trapping currently used pesticides in the gascous phase using
the technique of high-volume sampling. Anal Bioanaly Chem.
2006:3860(6):1781-9.

8. Yusa V, Coscelld C, Mellouki W, Pastor A, de La Guardia M.
Sampling and analysis of pesticides in ambicent air. J Chromato-
graph. 2009;1216(15):2972-83.

9. Galon 1., Bragagnolo L., Korf EP. et al. Mobility and environ-
mental monitoring of pesticides in the atmosphere — a review.
Environ Sci Pollut Res. 2021;28:32236-55. https://doi.org/10.
1007/511356-021-14258-x.

[

@ Springer

15.

19.

21,

22

23

LiH, MaH, Lydy MI. Youl. Occurrence, seasonal variation and
inhalation exposure of atmospheric organophosphate and pyre-
throid pesticides in an urban community in South China. Chem-
osphere. 2014.95:363-9.

Degrendele C, Okonski K, Melymuk L, Landlova L, Kuku-
cka P, Audy O, ct al. Pesticides in the atmosphere: a compari-
son of gas-particle partitioning and particle size distribution of
legacy and current-use pesticides. Atmospheric Chem Phys.
2016:16(3):1531-44.

Anastassiades M. Lehotay SJ, Stajnbaher D, Schenck FJ. Fast
and easy multiresidue method employing acetonitrile extrac-
tion/partitioning and “dispersive solid-phase extraction” for the
determination of pesticide residues in produce. J AOAC [nt.
2003:86(2):412-31.

Albinet A, Tomaz S, Lestremau F. A really quick easy cheap
eflective rugged and sale (QuEChERS) extraction procedure [or
the analysis of particle-bound PAHs in ambient air and emission
samples. Sci Total Environ. 2013:450-451:31-8.

Kruse-Plalh M, Hofmann F, Wosniok W, Schlechtriemen U, Kohls-
chiitter N. Pesticides and pesticide-related products in ambient air
in Germany. Environ Sci Eur. 2021;33:114.

eurostat. LUCAS survey - Land cover / use statistics - overview.
[July 25, 2023]; Available [rom: hips:/ec.europa.eu/eurostat/web/
lucasfovervicw.

Silva V, Mol HGJ, Zomer P. Tienstra M, Ritsema CI, Geissen V.
Pesticide residues in European agricultural seils - a hidden reality
unlolded. Sci Total Environ. 2019:653:1532-45.

Silva ¥, Alaoui A, Schliinssen V, Vested A, Graumans M, van
Dael M, et al. Collection of human and environmental data on
pesticide use in Europe and Argentina: field study protocol [or
the SPRINT project. PloS One. 2021;16(11):c0259748.
European Commission. SANTE/12682/2019, Analytical qual-
ity control and method validation procedures for pesticide
residues analysis in [ood and [eed. Supersedes Document No.
SANTE/2017/11813, Implemented by 01/01/2020; Available
from: https://www.eurl-pesticides.eu/userfiles/file/BurlALL/
AqeGuidance_SANTE_2019_12682.pd[.

Coscolla C, Yusd V, Beser ML, Pastor A. Multi-residuc analysis
of 30 currently used pesticides in fine airborne particulate mat-
ter (PM 2.5) by microwave-assisted extraction and ligquid chro-
malography-landem mass spectrometry. J Chromalograph A.
2009;1216(51):8817-27.

Degrendele C, Klanova I, Prokes R, Pribylova P, Senk P, Sudoma
M, et al. Current use pesticides in soil and air [rom two agricul-
tural sites in South Africa: implications for cnvironmental fatc and
human exposure. Sci Total Environ. 2022:807:1504535.

Mandal S, Poi R, Bhattacharyya S, Ansary I, Roy SD, Hazra
DK, et al. Multiclass multipesticide residue analysis in [ish
matrix by a modificd QuEChERS mcthod using gas chroma-
tography with mass spectrometric determination. J AQAC Int.
2020:103(1):62-7.

Kostelae D, Anastassiades M. QuEChERS Validation Method for
acidic pesticides. CRL-SRM 2007. hrtps:/www.eurl-pesticides.
ew/library/docs/fv/2ndtr2007_AcidicKostelac.pdf

Muchlwald S. Meyburg N, Rohn S, Buchner N. Comparing a lwo-
dimensional liquid chromatography with a quick, casy, cheap,
effective, rugged, and safe protocol-based liquid chromatography
methed for matrix removal in pesticide analysis using time-of-
Hight mass spectrometry. J Chromatograph A. 2020:1623:461153.
Niessen WMA, Manini P, Andreoli R. Matrix effects in quantita-
tive pesticide analysis using liquid chromatography-mass spec-
trometry. Mass Spectrom Rev. 2006:25(6):881-99.



{8y 2LHAA

Development of an analytical method for the determination of more than 300 pesticides and... 3071

25. Jemal M, Schuster A, Whigan DB. Liquid chromatography/
tandem mass spectrometry methods for quantitation of meva-
lonic acid in human plasma and urine: method validation,
demonstration of using a surrogate analyte, and demonstration
of unacceptable matrix effect in spite of use of a stable isotope
analog internal standard. Rapid Commun Mass Spectrom RCM.

2003;17(15):1723-34,

26. Coscolla C, Ledn N, Pastor A, Yusa V. Combined target and post-
run target strategy for a comprehensive analysis of pesticides in
ambient air using liquid chromatography-Orbitrap high resolution
mass spectrometry, ] Chromatograph A, 2014;1368:132-42,

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



{dy2LlAa nm

pPHhOOdZINNBEY OS YR RAAGNAROdzea2y 2F LIS&aaOARSEA |
Ay (62 9dz2NRPLISIFY | ANAROdzZ (idzNI £ F NB I
¢ KS LINPRdzOea2Y YR dzaS 2F LJSaoaOARSa Aa aoaff AYyON
NBE I A &GS NDRaEENAOYIE I8y R | DSNJ | LILX A0l a2y > LISas OARSaA
YR OFNNASR (2 IINBlIa FIN Fgled FTNRBY OKEANROIULX A Ol
GFNASG 2NBlFIyAavYa |yR SYy@aANRYyYSydGaod 5FGF 2y GKS |
dza SR LISaa OARSa A& asff a0FNDSo 126SOSNE az2Y$8S /|t
L2GSyoelt IGY2ALKSNAO (NEFaE2KNKSHITYZNRS A& D2 YRY dzy
02y OSYyiNlasa2ya 27F QdzNINKSy (i fAeY d2aFS Ri KLASiA «3QiAdER®a 6 & G 2
LISa2a OARSA Ay GUKS GY2aLKSNBE Of2aS (2 LI AOLaz2y

RdzNRA y 3 LIBYNA 21RSa av(KASRSa 6SNB | LILX ASR®

¢t2 RSIBMISNEBOARS 02y 0S
FANJ al YLX Sa 6SNB G 1S
RSOSt 2LISR FyR 2Ll YAIT S
R

iGN} a2ya Ay G(KS nhdi2vizda&K S NB
Fd Go2 FINRKROMZ GdzNF € | NBI
58G8K2 RY @il (KB W0k KIOt 82 ¢
GSNXYAYlFoa2y 2F Y2NB (GKIYy onn LSasaOARSa IyR YSi
OASHIia lAINOX ASR (2 (ieth®d S asfl YHIX §ap AyPdSaoeodl SR L
Ay GKS AN ¢2 RSGSNN¥YAYS (GKS RA&UGNRKOdzal2yII0E5EH SSy
GSNBE | dGLR WBRRSfBIEND Of S LIKI &S NI Qo 2a 1KSNR | VLK Gdr
G t SLIEaaO¥RS YR AY dp 72 2F GKS &l YLX S&32 Frdz o LI
0 KISy RA @A RdzINIF y1ISS3Re GARISABS SY nodnno y3IkYw F2N oF O1 3N
RAINA Y3 1LIS8d2OARS | LILX AOFa2y LISNA2RA®

TS <

< »

C2NJ GKS SOl tdd o2y 2F LRGSYyelf KFIFNR2dza S$GS$00a
RSUSNMMY:SRE®FT (GKS 20aSNIWSR LISaaOARSa 02dz R 6S f A\
KdzYl'y KSIfGK $0S0Gas 6AGK Tn 22 0SAy3 fAY1SR G2

52N | RdzZf a4 OKAf RNBYX yR AyTFlyida 6SNB OF f Od
YAEGGKBE®LwE GKIG 6SNB OFfOdzA I iSR F2NJ 6KS KAIKS:?
61 & IRNIMdzy oYSa KAIKSN KFYy (K KSRAOY LSUINSELIRF 20N &
5Lwa ¢SNB 4G tSrad mTtnn aYSa o0St2g¢ GKS !'5L 2F (K
dzLJi F 1S @Al F22R YR RNAY(1AYy3 4SSN YR R2Sa yz2i
G20kt LS&aa0OARS Ayidl 1Sad@NRBALIITEE O2/RVALE KNIINISE1Gtadz30 2td8
 RRAa2y X RIFiGF 2y LIS&ada0OARS YAEGdZNE G2EAOAGE A& yz
KdzYl'y KB&§ &K

¢KS NBadzZ Ga 2F (GKAAa addzRé LINPOGARS @l fdzad ofS Ayana:
OdzZNNByGfeé dzaSR LISaaOARSa Ay (GKS IGY2aLIKSNBE | ONZ 3



N H {8y 2LHAA

QX

by AyLidzi F2NJ SELRAdINB Y2RSttAy3 (2 o08S§SNI dzy R
FOY2ALKSNE FyR LRGSYalf AYLI OGA 2y Kdz¥ly KS8FfGK
14 | NBadd d 2F GKS 62N] OFNNASR 2dz2i +a LI NI 2F G
A OASYOS 2F (KS ¢KXSGIFytRWHBA NEYNENZY OFy 0SS T2dzg
KGLIBYKKR2APZNEBKMAPMAMCKSPIOAG20SyddounundmTOoT Np

hOOdINNBY OS yR RA&GNKOHzg & F 2 RIFI L2393 o ONRBEO Glay RA Y |
9dZNB LIS Y | IANR Odzf GdzNI € F NBI &

CNB&l 'S8 o SiING2°F t b F I BEND BB WdzNBSYy DI yRNI 44

1St YRESIYUIINEANNE 2 Y yaoslidziS 2F / 21 &l hiNBS W@ ONDOWYIS\YNRIYTY
/| KSY Aadl GENBITY/ ONIP mMZ HmMpnH DSS&GKEFOKGEZ DSNXI yeé

°/9{la g9 S5SLINIYSYyG 2F . A2f2mehD z| yrHJNEAXGE 2F ! O

6f2Af tKeaArda FyYyR [FYR alyl38YSy(d DNRdzZJE 2 3SyAy
bSGKSNI I YRE

RI9{ta 9 5SLINIYSYyl 2F 9YyDBANRYYSY(l InipobEft gNAJAL:

F / 2NNBAEALRYRAY3I | dziK2NY FTNBEe&l dRS6f SNXKSNB2y ®dRS


https://doi.org/10.1016/j.scitotenv.2024.173705

{dy2LlAa n

Science of the Total Environment 940 (2024) 173705

Contents lists available at ScicneeDirecet

Science -
al Environment

Science of the Total Environment

journal hemepage: www.elsevier.com/locate/scitoteny

Occurrence and distribution of pesticides and transformation products in e
ambient air in two European agricultural areas

Freya Debler ™, Nelson Abrantes”, Paula Harkes ©, Isabel Campos “, Juergen Gandrass

* Helmholtz-Zentriem Hereon, Institute for Coasta! Environmental Chemistry, Organic Environmental Chemistry, Max-Planck-Str. 1, 21502 Geesthacht, Germany
" CESAM & Department of Biology, University of Aveiro, Aveiro 3810-193, Portugal

“ Soil Physics and Land Mar Group, Wageningen University & Research, Wageningen 6700, Netherlands

4 CESAM & Department of Environment and Planning, University of Avelro, Aveiro 3810-193, Portugal

HIGHLIGHTS GRAPHICAL ABSTRACT

« 99 pesticides and metabolites detected
(3 to 10,000 pg/m?) in ambient air.
. _— . 96 air s3mples analysed in twa Eurapean countries Netherlands
» Gas-/particle-bound fractions of mam
frequently detected pesticides.
» Multiple pesticides in most air samples.
» 11 pesticides reported for the first time
in ambient air. ‘
# [ntake by inhalation relevant for human
health risk assessment. 2

99 pesticides
detected

S0 surmer 3l sutumn a0z

Portugal

ARTICLE INFO ABSTRACT

Lditor: Dimitra A Lambropaulou Pesticides present a significant risk for both humans and the environment, However, quantitative data for a
broad range of airborne pesticides in agricultural areas are missing. During or after the application, pesticides

Keywords: can reach the atmosphere and partition between the particulate and gaseous phase. As part of the EU project
Plant protection products SPRINT, weekly ambient air samples were collected from two agricultural areas in Portugal (vineyard) and the
SPRINT project

Netherlands (potatoes, onions, and sugarbeet) between April 2021 and June 2022 using high-volume air sam-
Phase distribution plers. The samples were analysed for 329 pesticides, of which 99 were detected. The most frequently detected
Hazardous properties compounds included the fungicides folpet, fenpropidin and mandipropamid, the insecticide chlorpyrifos-methyl,
the herbicide terbuthylazine, and the metabolite prothioconazole-desthio, which were found with detection
frequencies hetween 40 and 57 %. Pesticide concentrations ranged hetween 0.003 ng/m* and 10 ng/m®.
Remarkably, 97 % of the samples contained at least one pesticide and in 95 % of the samples, pesticide mixtures
were present. The calcnlated particle phase fractions correlated with the octanol-air partitioning coefficient for
most of the investigated compounds. Furthermore, caleulated daily inhalation rates for individual pesticides and
pesticide mixtures were far below the Acceplable Daily Intake (ADI) with a margin of exposure (MOE) of =1000
for the highest calculated daily inhalation rate for a child. [owever, as this value only includes pesticide intake
from food and drinking water and considering that 91 % of the detected pesticides are assaciated with potential
adverse human health effects, These findings highlight the broad range of airberne pesticides in agricultural

Atmospheric concentrations
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