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A method using ion chromatography coupled to high-resolution Orbitrap mass
spectrometry was developed to quantify highly-polar organic compounds in
aqueous filter extracts of atmospheric particles. In total, 43 compounds, includ-
ing short-chain carboxylic acids, terpene-derived acids, organosulfates, and
inorganic anions were separated within 33 min by a KOH gradient. Ionization by
electrospray wasmaximized by adding 100 µLmin−1 isopropanol as post-column
solvent and optimizing the ion source settings. Detection limits (S/N ≥ 3) were
in the range of 0.075–25 μg L−1 and better than previously reported for 22 com-
pounds. Recoveries of extraction typically range from 85 to 117%. The developed
method was applied to three ambient samples, including two arctic flight sam-
ples, and one sample fromMelpitz, a continental backround research site. A total
of 32 different compounds were identified for all samples. From the arctic flight
samples, organic tracers could be quantified for the first time with concentra-
tions ranging from 0.1 to 17.8 ng m−3. Due to the minimal sample preparation,
the beneficial figures of merit, and the broad range of accessible compounds,
including very polar ones, the new method offers advantages over existing ones
and enables a detailed analysis of organic marker compounds in atmospheric
aerosol particles.
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1 INTRODUCTION

Aerosol particles in the atmosphere consist of inorganic
substances and a large number of organic compounds. In
contrast to thewell-characterized inorganic fraction,much
less is known about concentrations and sources of organic
constituents. A significant fraction of the organic aerosol
consists of small polar compounds, including lowmolecu-
larweightmono- and dicarboxylic acids (MCAs andDCAs,
respectively), terpene-derived acids, and organosulfates [1,
2]. These compounds originate from a variety of primary
and secondary sources and are important tracers for the
source assignment of aerosol particles. Small MCAs are
emitted by the combustion of fossil fuels and biomass [3],
or in a biogenic way by fungi, bacteria, pollen, and algae
[4]. SmallDCAs originate fromcigarette smoke, the pyroly-
sis of vegetation, or fossil fuel combustion [5,6]. In general,
organic acids are mainly formed secondarily from precur-
sor gases. Plant-emitted isoprene is an important precursor
for pyruvic acid, glyoxylic acid and glycolic acid [7], which
can be subsequently oxidized to form oxalic acid [8,9]. In
particular, pinonic, pinic, and norpinonic acid are a result
of the photochemical oxidation of terpenes emitted by
vegetation [10]. Similar to carboxylic acids, organosulfates
are ubiquitously present in aerosol particles [2]. They can
be formed by the reaction of organic precursor compounds
with gaseous SO2 [11] or by acid-catalyzed multiphase
reactions with acid sulfate aerosol [12–15]. Due to the lack
of authentic standards, there are still uncertainties regard-
ing concentrations in the ambient aerosol and the presence
of unknown or unidentified organosulfates. Compared
to ground measurements, relatively little is known about
the composition of aerosol particles from high altitudes,
as flights are expensive and measurements are difficult
to perform. For polar latitudes and particularly the arctic
region, only few flights have been performed until today,
mostly focusing on inorganic tracers such as SO4

2–, NO3
–,

and metals [16–18]. The significance of organic compo-
nents in this environment is still largely unclear. To enable
the determination and quantification of organic tracers fol-
lowing in-flight sampling especially for high altitudes and
polar latitudes, a highly sensitive method is needed that
allows simultaneous determination of a large number of
compounds with low sample consumption. So far in atmo-
spheric aerosol samples, organic markers are determined
with GC/MS [19], LC/MS [20], Ion chromatography-
conductivity detection (IC-CD) [21] and CE [22]. GC/MS
[23, 24] is characterized by high sensitivity and efficient
analyte separation. For its application, carboxylic acids
need to be derivatized to volatile compounds. They are
usually concentrated by volume reduction in a vacuum,
which makes sample preparation time-consuming and

potentially an error-prone working step [25]. IC-CD
allows a simple, reliable, and inexpensive separation and
quantification of water-soluble organic acids. The analysis
is limited to ionic or ionizable and hydrophilic species and
may suffer from peak overlap of individual compounds
[21, 26] when a large number of species is present in the
sample. Alternatively, CE is used for small carboxylic acids
due to its fast separation and good separation efficiency
[27]. The detection is mostly carried out by UV [28, 29], or
via ESI coupled to MS [25, 27, 30]. Organosulfate analysis
is performed by reversed-phase LC [12, 31] or hydrophilic
interaction liquid chromatography (HILIC) coupled to
MS [32, 33]. However, it is often challenging to separate
these small polar compounds using reversed-phase LC
[34], whereby HILIC separations are associated with
reproducibility issues [35, 36]. Coupling advanced ion
chromatography separation techniques to an Orbitrap
mass spectrometer (IC-MS) is a promising alternative
to overcome these separation issues and would allow
for determining organic acids and organosulfates with
a single method. In addition, the sample preparation
could be uniformed to save time and sample volume. At
the same time, MS detection allows a highly sensitive
identification and quantification of low concentrated
tracers from complex substance mixtures. Up until today,
IC-MS has been used for surface-water [37], food samples
[38], forensics samples [39], urine samples [40], and
pesticides [41]. In the field of atmospheric science, only a
few IC-MS applications are known, focusing on inorganic
anions and carboxylic acids [42, 43]. The objective of
the present study was the development of an IC-MS
method, enabling the separation and sensitive detection
of a large number of anionic compounds in aqueous
aerosol particle extracts from arctic flight and continental
ground measurements. Therefore, IC was coupled with an
Orbitrap-MS and a standard mixture containing inorganic
ions, organosulfates, mono-, di-, and tricarboxylic acids,
and terpene-derived acids was used for method devel-
opment. In order to optimize the LODs, various organic
post-column solvents as well as basic and acidic additives
and ESI source parameters were varied and tested. The
final method was validated and used to quantify the ana-
lytes in aqueous extracts of aerosol particles from different
sites.

2 MATERIALS ANDMETHODS

2.1 Chemicals

Standard compounds were obtained from Sigma Aldrich
(St. Louis, USA), and Santa Cruz Biotechnology
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(Huston, USA) in purity >95% or synthesized (Sup-
porting Information Table S1). Stock solutions of all
analytes were prepared by dissolution in ultrapure water
(>18.20 MΩ/cm). From the stock solutions, a standard
mixture was prepared, which included theMCAs glyoxylic
acid, glycolic acid, pyruvic acid, the homologous series of
DCAs from oxalic acid up to azelaic acid, the substituted
DCAs methylsuccinic, methylmalonic, dimethylmalonic,
fumaric, mesaconic, maleic, malic, citraconic, tartaric and
tartronic acid, aswell as the tricarboxylic acid citric acid. In
addition, the terpene-derived acids pinic acid, cis-pinonic
acid, 3-methyl-1,2,3-butanetricarboxylic acid (MBTCA),
diaterpenylic acid acetate (DTAA), norpinonic acid, trans-
norpinic acid, terebic acid, camphoric acid, a series of
organosulfonates and -sulfates including hydroxyacetone
sulfate (HAS), limonaketone organosulfate (limonaketo-
neOS), 2-hydroxy-α-pinene organsoulfate (α-pineneOS),
2-hydroxy-carene organosulfate (careneOS), mannose-
6-sulfate, methylsulfate, methansulfonate (MSA), the
organsoulfate surrogates camphorsulphonate (CSA), and
octylsulfate, and the inorganic ions sulfate, sulfite and
bromide were included. To stabilize sulfite, a small vol-
ume of formaldehyde solution (37 %, Merck, Darmstadt,
Germany) was added as an oxidation inhibitor. The KOH
eluent cartridge for the IC was purchased from Thermo
Fisher Scientific, Waltham, USA. Organic post-column
solvents acetonitrile (ACN) and methanol (MeOH) were
obtained in LC-MS grade from Fisher Scientific (Lough-
borough, UK). LC-MS Chromasolv™ isopropanol (IPA)
was purchased from Honywell. LiChropur R© ammonium
hydroxide solution (25 %), LiChropur R© formic acid
(puriss. ≥ 98 %), and LiChropur R© acetic acid (puriss.
≥ 98%) were purchased from Merck as acidic and basic
additives.

2.2 Setup of the ion chromatography
Orbitrap MS system and used software

For separation, a Dionex Integrion High Pressure Ion
Chromatography (Thermo Fisher Scientific, Waltham,
USA) system consisting of a pump, an eluent genera-
tor, a continuously regenerated anion trap column, an
autosampler, a suppressor, and a conductivity detector
was used. After separation, a defined flow of an organic
post-column solvent was added via T-piece into the aque-
ous eluent stream through an external Vanquish pump
(Thermo Fisher Scientific, Waltham, USA). The flow was
then led into the ESI source of a Q Exactive Plus mass
spectrometer (Thermo Fisher Scientific, Waltham, USA).
For instrument control and data recording, Chromeleon
7.2 and the Xcalibur software bundle (4.0.27.19) were
used.

2.3 Separation and ionization
conditions

For separation, the AS19-4 μm separation- and an AG19-
4 μm guard column, were used at 30◦C. A volume of 5 µL
was injected in partial loop mode. The method runtime
was 42min utilizing amulti-step KOH gradient. The initial
KOH concentration was set to 10 mM, held for 6 min, and
increased linearly with different slopes to 45 mM, 60 mM,
and 100 mM after 21, 23, and 25 min, respectively. After
reaching the maximum KOH-concentration, the mobile
phase composition was held for 6 min and then set back
to 10 mM for 11 min of equilibration. The eluent flow rate
was set to 0.25 mL min−1, while a flow of 0.10 mL min−1
IPA was added post-column. The solvent mixture, includ-
ing the analytes, was led into the ESI source and ionized
according to the following parameter settings: capillary
temperature of 253◦C, spray voltage of 3.25 kV, aux gas flow
rate of 5 arbitrary unit (A.U.), sheath gas flow rate of 46
A.U., and the aux gas heater temperature of 406◦C. The
probe was set to position D while the Orbitrap was oper-
ated in full-MS-negative mode with a resolution of 35 000
in the range of 50–300 m/z.

2.4 Optimization and validation of the
ion chromatography Orbitrap MS coupling

To improve the signal intensity of the method and thus its
LOD, the influence of the flow rate of organic post-column
solvents, the volume fraction of acidic and basic additives,
and the ESI source parameters were investigated in the
order mentioned above. For this purpose, a standard
mixture containing all compounds at a concentration of
50 μg L−1 was used, and the influence of each investigated
parameter on the cumulative peak area was determined.
After each optimization step, the largest cumulative peak
area was selected as starting point for further investiga-
tions. For method validation, the final optimized IC-MS
method LODs (S/N ≥ 3) were determined by analyzing
dilution series of standard mixtures. If an m/z trace
showed no noise, the lowest detectable concentration was
set as the LOD. The calibration function was determined
from a series of 15 standard mixtures ranging from 0.025
to 500 μg L−1. The RSD of peak area (PA) was used to
characterize interday- and intraday repeatability. Intra-
day repeatability was determined by nine and interday
repeatability by three injections of the same standard
mixture on the same and on three different days, respec-
tively. The recoveries of aqueous sample extraction were
determined from spiked filters, as appropriate reference
materials for these analytes in ambient particles are
not available. Therefore, 47 mm polycarbonate filter
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(Whatman, Little Chalfont, UK) and 13 mm quartz fiber
filter (MK 360, 180 Munktell, Sweden) were spiked with
a defined volume of a 1000 μg L−1 standard solution.
The filters were dried and transferred to a pre-cleaned
5 mL syringe (Omnifix, Braun, Melsungen, Germany). To
simulate the different extraction protocols applied for real
samples, either 3 mL or 0.25 mL of ultrapure water was
added to a 47 mm polycarbonate filter, while 0.25 mL was
added to a quartz fiber filter. Afterwards, the solutions
were shaken for 2 h at 420 rpm. The resulting extracts
were filtered through a 0.2 μm syringe filter (Acrodisc
13, Pall, Dreieich, Germany), transferred into a vial, and
measured with the developed method. Mean recoveries
were determined from five replicate experiments. In
parallel, three non-spiked filters were used as a reference.

2.5 Sampling and sample extraction

For testing the method, three ambient samples were ana-
lyzed (I) from a flight of the ACLOUD campaign (Arctic
CLoudObservationsUsing airbornemeasurements during
polarDay) [44], (II) from the rural background stationMel-
pitz inGermany (12◦56′E, 51◦32′N) and (III) from a flight of
the PAMARCMiP 2018 (Polar AirborneMeasurements and
Arctic Regional Climate Model Simulation Project 2018).
During ACLOUD, the research aircraft POLAR 6 started
on June 8th and 9th 2017 from Longyearbyen, Svalbard
(15◦38′E, 78◦13′N) and flew over the arctic ocean towards
the pack ice above 80◦ N and back. By means of a Coun-
terflow Virtual Impactor Inlet [45] which was operated to
sample ambient aerosol particles, 1.12 m3 ambient air was
accumulated on a 13 mm fiber filter (MK 360, Munktell,
Sweden). Furthermore, a sample was taken with the in-
house developed High-Volume Aerosol Sampler (HERA)
on 26th January 2018 at theMelpitz research station in Ger-
many. The HERA sampler was operated in ameasurement
container and connected via stainless steel tubing to an
existing inlet. With a pump, atmospheric particulate mat-
ter with an upper aerodynamic diameter of 10 μm (PM10)
was accumulated with a flow rate of 0.0167 m3min−1 for 24
h on a 47 mm polycarbonate filter (Whatman, Little Chal-
font, UK). After first tests at the ground station of Melpitz,
the prototype of HERA was also used during the PAMAR-
CMiP 2018 campaign at the research aircraft Polar 5. On
2nd April 2018, the aircraft took off from Villum research
station in Greenland (81◦36′ N, 16◦40′ W) into direction of
Svalbard. Halfway along the route, the aircraft turned back
and made targeted flights over the Arctic Ocean and along
the pack ice border. During the flight, the HERA sampler
was connected over a ∼6 m long, horizontal stainless-steel
tube with a shrouded inlet diffuser mounted at the out-
side of the aircraft [46]. Thus, aerosol particles of 2.32 m3

ambient air were accumulated on a 47 mm polycarbonate
filter. After sampling, all filters were stored at a tempera-
ture < 0◦C. For extraction, the ACLOUD filter was shaken
in 0.25 mL ultrapure water at 420 rpm for 2 hours. The fil-
ters of theMelpitz- and PAMARCMiP-campaign were part
of an interdisciplinary analysis protocol, in which in addi-
tion to their chemical composition other sample proper-
ties were investigated. Therefore, their extraction protocol
differed as follows: The filters were shaken in 3 mL ultra-
pure water and 2.9 mL of the resulting extract was diluted
with 3.1 mL ultrapure water. To protect the column from
remaining particles, all extracts were filtered with a pre-
cleaned 5 mL syringe (Omnifix, Braun, Melsungen, Ger-
many) through a 0.2 μm syringe filter (Acrodisc 13, Pall,
Dreieich, Germany), transferred into the vial, and mea-
sured with the developed IC-MS-method.

3 RESULTS AND DISCUSSION

3.1 Method optimization

3.1.1 Separation conditions

Even with an MS detector, the choice of the IC-column
has to be made carefully in order to elute as many com-
pounds as possible with good separation, peak shapes,
and S/N. Although anion exchange is the dominating
separation mechanism, the hydrophobicity of the column
stationary phase also affects the retention of the analytes.
The Virtual Colum Separation software implemented
in Chromeleon 7.2 uses a data set of known retention
times of compounds to suggest appropriate columns.
For bromide, nitrate, sulfite, sulfate, glycolate, pyruvate,
malonate, maleate, glutarate, malate, tartrate, oxalate,
fumarate, and citrate, the software proposed to use the
AS11-HC-4 μm or AS19-4 μm separation column. Due
to its medium-low hydrophobicity, the AS11-HC-4 μm
typically is the column of choice for the separation of
small polar organic acids, but is unsuitable for the sepa-
ration of larger organosulfates. Therefore, the AS19-4 μm
column with low hydrophobicity was chosen for further
investigations. For separation, the standard flow rate of
0.25 mL min−1, the column temperature of 30◦C and the
KOH gradient were adopted from the AS19-4 μm column
manual. Then a last 100 mM step was added to the KOH
gradient to elute highly retained species and free the
column from possible matrices of the sample extracts.
Figure 1 shows the chromatogram for a 50 μg L−1 stan-
dard, where all compounds are separated within 33 min.
Shorter polar MCAs in the form of glycolate, pyruvate,
and glyoxylate, as well as the organosulfonate MSA and
the monoterpene-derived norpinonate, terebate, and
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F IGURE 1 Chromatogram of the multi-standard
(concentration 50 μg L−1) using an AS19-4 μm column. (1) Glycolate,
(2) Norpinonate, (3) Terebate, (4) cis-Pinonate, (5) Pyruvate, (6)
MSA, (7) Glyoxylate, (8) CSA, (9) LimonaketonOS, (10)
Methylsulfate, (11) HAS, (12) α-PineneOS, (13) CareneOS, (14)
Bromide, (15) Nitrate, (16) Dimethylmalonate, (17) Glutarate, (18)
Methylsuccinate, (19) Mannose-6-sulfate, (20) Sulfate, (21) Sulfite,
(22) Methymalonate, (23) Succinate, (24) Citraconate, (25)
Mesaconate, (26) Malonate (27) DTAA, (28) Malate, (29) Maleate,
(30) Fumarate, (31) trans-Norpinate, (32) L-Tartrate, (33) Tartronate,
(34) Pinate, (35) CA, (36) Adipate, (37) Oxalate, (38) Pimelate, (39)
Suberate, (40) Azelate, (41) Citrate, (42) MBTCA, (43) Octysulfate

cis-pinonate elute earliest between 5.62 and 7.51 min.
All inorganic ions and organosulfates, except octylsul-
fate, can be detected between 8.39 and 18.03 min. The
dicarboxylic, the tricarboxylic and the remaining terpene-
derived acids elute in a time window of 17.78-26.66 min.
Octylsulfate elutes last from the column after 32.52 min.
Coelution is observed for (I) methylsulfate and hydroxy-
acetonesulfate at 10.01 min, (II) dimethylmalonate,
sulfate, and mannose-6-sulfate at 17.89 min, (III) methyl-
malonate and citraconate at 18.25 min, (IV) malonate and
DTAA at approximately 18.68 min, (V) maleate, malate,
and glutarate at 18.85 min, (VI) l-tartrate and tartronate at
19.04 min, (VII) methylsuccinate, pinnate, and camphor-
ate at 19.27 min, (VIII) succinate, adipate, and oxalate at
19.40 min, and (IX) mesaconate and azelate at 21.53 min.
However, all isomeric analytes are completely baseline
separated. The organosulfates limonaketonOS, careneOS,
and octysulfate showed peak widths up to 0.7 min because
of peak fronting and tailing. The remaining compounds
elute in excellent peak shapes.

3.1.2 Optimization of the post-column
solvent

To enhance ESI and to optimize sensitivity, organic sol-
vents comprising MeOH, ACN, and IPA were added post-
column to the IC effluent. The influence of this post-
column addition on single analyte peak areas, as well as
their cumulative peak areas, was investigated. For each
organic post-column solvent, the flow rate was varied in
50 µLmin−1 increments from 50 to 450 µLmin−1 (Figure 2).
For MeOH and ACN (Figure 2A and B), the normalized
peak areas of almost all analytes increase with higher flow
rates of up to 250−350 µL min−1 and 300−400 µL min−1,
respectively. Above these ranges, signals mostly remain
constant or start to decrease. For IPA (Figure 2C), a flow
rate of up to 100 µL min−1 led to a small increase in
peak areas for the majority of analytes, whereas higher
flow rates yielded lower signal intensities for most com-
pounds instead. In general, ESI response was increased
when adding organic solvents due to their low surface ten-
sions, low dielectric constants [47], low boiling points [48],
and high gas-phase proton affinities [49]. On the other
hand, since ESI-MS is a concentration-sensitive technique
[50], the addition of post-column solvents dilutes the IC
effluent, leading to a decreasing cumulative peak area at
higher flow rates [48]. Furthermore, excessive flow rates
were previously shown to lower ionization efficiency due
to the formation of larger droplets at the ESI emitter [51,
52]. From the cumulative peak areas in Figure 2D, it can
be seen that on average for flow rates up to 300 µL min−1,
theMS response is strongest for IPAamong the three differ-
ent solvents. At higher flow rates, MeOH exhibits slightly
stronger signal intensities, whereas ACN always gives the
weakest average response. A possible explanation could be
the formation of a more stable spray when using MeOH
and IPA compared to ACN. According to Straub and Voyk-
sner [53], this is due to the higher onset voltage (the lowest
voltage, at which electric discharge takes place) of both sol-
vents, preventing the formation of an electrical discharge
that can interferewith the spray formation. Since the use of
a flow rate of 100 µL min−1 IPA leads to the largest growth
of the cumulative peak area, it is used as post-column sol-
vent for further optimization steps.

3.1.3 Influence of post-column solvent
additives

To test for possible further increases of detection sensitiv-
ity, acidic and basic additives, i.e., formic acid (FA), acetic
acid (AA), and ammonium hydroxide (NH4OH), were
added to the post-column injection of IPA in volumetric
proportions of 0.1−0.5 vol%. As can be seen from Figure 3,
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F IGURE 2 Dependence of the normalized peak area on the flow rate of added (A) ACN (green), (B) MeOH (blue), and (C) IPA (red).
Black lines indicate individual analytes, and colored lines correspond to the mean values determined from all compounds. Panel (D) shows
cumulative peak areas of all components

all additives led to a decrease in signal intensities, thus
giving the highest cumulative peak areas for pure IPA.
For NH4OH, a continuous decrease in the cumulative
peak area was observed with increasing additive fractions.
For both acids, the determined cumulative peak areas
remain at approximately the same level, which was lower
for FA than for AA. Additional protons from the acids
could lead to a neutralization of the analyte ions and thus
to a decrease of the cumulative peak areas. Considering
the lower pKa value of FA (3.75) compared to AA (pKa
4.75), more protons are formed when using FA, explaining
the lower cumulative peak area. Also, signals of formate
dimers (m/z = 91.00) and acetate (m/z = 59.01) were
observed in the mass spectra and could cause suppression
effects in the ESI [54] that decrease the signal intensity.
Suppression effects could also explain the continuous
decrease in signal intensity for the use of NH4OH, since
in the mass spectra the formation of intensive background
signals at m/z 57.03 and 60.01 are detectable. Overall,
regardless of the nature and quantity of additive added, no
increase in the cumulative peak area could be achieved.

Therefore, the optimization was continued with pure IPA
at a flow rate of 100 µL min−1.

3.1.4 Optimization of the ESI source
parameters

In the last step, the ESI source parameters were optimized.
Starting points were suggested by the Tune software
(Thermo Fisher Scientific, Waltham, USA) for a flow
rate of 250 µL min−1 as follows: capillary temperature of
253◦C, spray voltage of 2.5 kV, auxiliary gas flow rate of 11
A.U., sheath gas flow rate of 46 A.U., auxiliary gas heater
temperature of 406◦C. For the optimization, the parame-
ters were systematically changed in the order mentioned
above, keeping all other settings constant at the value
leading to maximum cumulative peak areas. If no change
in response could be observed, the initial value was used.
As shown in Figure 4A, the capillary temperature did not
lead to significant changes in the cumulative peak area,
hence the suggested temperature of 253◦C was used. In
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F IGURE 3 Influence of the post-column solvent additive on
the cumulative peak area from IPA (red) at a flow rate of
100 µL min-1 and added portions of AA (black), FA (orange), or
NH4OH (blue)

contrast, the spray voltage had a strong influence on signal
intensities giving a maximum at 3.25 kV (Figure 4B). The
optimum spray voltages provide a stable Taylor cone at the
tip of the ESI-needle, where ion-containing droplets of a
certain size are formed [55]. At lower and higher voltages,
unfavorable effects on the Tayler cone likely led to the
observed lower signal intensities. The auxiliary gas flow
rate, sheath gas flow rate, and auxiliary gas heater temper-
ature assist the desolvation by adjusting the amount and
temperature of introduced N2-drying gas. In addition to
this, the auxiliary gas flow rate and sheath gas flow rate
focus the spray into the direction of the MS-entrance [56].
Best results were found for an auxiliary gas flow rate of
5 A.U. and a sheath gas flow rate of 46 A.U. The mean
values of the cumulative peak areas of the aux gas heater
temperatures of 356, 406, and 456◦C were within the
uncertainty range of the measurements, with a maximum
of 4.96 × 109 at 406◦C, which was chosen for further mea-
surements. As can be seen in Figure 4F, the spray voltage
and the auxiliary gas flow rate have the greatest influence
on the cumulative peak area. As mentioned above, the
spray voltage determines the stability of the spray and the
size of the ion-carrying droplets and thus significantly
affects the number of formed ions [55]. Similarly, the
auxiliary gas flow rate, sheath gas flow rate, and aux gas
heater temperature influence the efficiency of the ESI
process [56, 57], which explains the observed impact of

these parameters on signal intensities. Since the aux gas
flow rate was optimized first, the corresponding influence
is the greatest. For method validation, the following final
ESI settings were used: capillary temperature of 253◦C,
spray voltage of 3.25 kV, auxiliary gas flow rate of 5 A.U.,
sheath gas flow rate of 46 A.U. and the auxiliary gas heater
temperature of 406◦C.

3.2 Method validation

The optimized method was validated by analyzing a series
of standard mixtures with 43 compounds. The resulting
figures of merit and LODs from other methods are sum-
marized in Table 1. For the 47 mm polycarbonate filters
extracted with 0.25 mL ultrapure water, determined recov-
eries were in the range of 85–117% and are thus considered
sufficiently close to a complete extraction of the analytes
from the filter material. Similar results for the extraction
of the polycarbonate filter with 3.00 mL and the extraction
of the quartz fiber filter with 0.25 mL are listed in Table S2.
With regards to the measured peak area, intraday and
interday repeatability were below 3.0 % for all compounds
except for nitrate, fumarate, and citrate. Both, linear and
quadratic regression lines were applied in the calibration
ranges from 0.25 to 500 μg L−1. To reduce the error of the
calibration function a 1/X or 1/X2 weighting was applied.
The obtained coefficients of determination R2 ranging
from 0.9659 to 0.9996 and can be considered as satisfactory.
The LODs of all analytes are between 0.075 and 25 μg L−1
and are compared to most sensitive reported ones from the
literature. For inorganic anions, best available LODs from
the literature tend to show a factor of 11–3116 higher LODs,
exept for nitrate, where the LOD of the IC-MS method is a
factor of 5 lower than the literature reference. In the case
of MCAs, the LODs are equal or lower by up to a factor
of 16. Among the 18 di- and tri-carboxylic acids, the LODs
of oxalate, glutarate, dimethylmalonate, methylsuccinate
and L-tartrate could be improved by a factor of up to
130. The LODs of methylmalonate, citraconate, malonate,
malate and adipate were about a factor of 2 lower or higher.
Reference studies with lower LODs could be found for
succinate, pimelate, suberate, azelate, fumarate, maleate,
and citrate. For the remaining DCAs, no corresponding
literature reference could be found. The same applies to
the terpene-derived compounds DTAA, terebate, trans-
norpinate, and camphorate, except for pinate with LODs
of the developed IC-MS method being nearly equal or
greater by a factor of 10 than the best available literature
LOD. Among the organosulfates, similar to the literature
references LODs could be found for all compounds except
the surrogate mannose-6-sulfate. For HAS and methylsul-
fate, the LODs of the IC-MS are lower by a factor of 35. For
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F IGURE 4 Influence of the ESI source parameters (A) capillary temperature (CT), (B) spray voltage (SV), (C) aux gas flow rate (AGFR),
(D) sheath gas flow rate (SGFR), (E) aux gas heater temperature (AGHT) on the cumulative peak area of all analytes. (F) All final parameters
in the order of their optimization

the remaining compounds, LODs are nearly equal to the
literature references. Even with low injection volumes of
5 µL, compared to previously published methods the IC-
MS could improve the detection for 22 compounds. Due to
the low LODs, the filtered aqueous sample extraction can
directly be injected. An error-prone and time-consuming
further enrichment of the samples, e.g., with solid-phase
extraction or the evaporation of excess solvent, is avoided.
Accordingly, the method benefits from a minimal sample
preparation before the measurement. Furthermore, the
methods listed in Table 1 focus only on a few numbers
of compounds and have difficulties especially with the
analysis of organosulfates. Since LC-MS is used for the
separation of larger organosulfates like limonaketoneOS,
α-pineneOS, and careneOS as well as the surrogates
octylsulfate and CSA [68, 69], LC cannot properly sepa-
rate small polar compounds. In contrast, organosulfates
contained in samples with m/z > 200 have difficulties
to be baseline-resolved with HILIC-MS [33] and suffer
under poor peak shape. Smaller compounds elute within
the first minute near the dead volume and therefore can
be suppressed by coeluting of a large number of other
compounds. The method presented in this study is able to

baseline separate and detect all organosulfates and avoids
suppression effects by early elution.

3.3 Method application

With the developed IC-MS method three ambient particle
samples from Melpitz and the arctic flight campaigns
ACLOUD and PAMARCMiP 2018 were investigated. The
corresponding chromatograms are shown in Supporting
Information Figures S1–S3. The atmospheric concentra-
tions of the observed analytes are listed in Table 2 andwere
calculated including a correction for field blank values.
Typically, nitrate and sulfate are the main components
of particle mass and showed the highest concentration
in all samples. In addition, the samples from the rural
background station in Melpitz show 2.7 ng m−3 and
the ACLOUD sample 0.2 ng m−3 sulfite. Bromide was
determined in all three samples with an average concen-
tration of 0.9 ng m−3. In previous studies, bromide has
been identified as an important component of sea salt
aerosol [70, 71], arctic snow [72, 73], and cloud and fog
samples of polluted air [74]. Besides the inorganic anions,
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TABLE 2 Results of ambient particle samples from three
different sites. All concentrations are given in ng m−3

Compound ACLOUD Melpitz PAMARCMiP
Inorganic anions

Bromide 0.8 0.8 1.1
Nitrate 15 368 85
Sulfate 318 389 247
Sulfite 0.2 2.7 <blank

Monocarboxylic acids
Glycolate 0.8 23.1 <blank
Pyruvate 4.5 12.0 <blank
Glyoxylate n.d. 10.5 n.d.

Dicarboxylic acids
Dimethylmalonate n.d. 0.4 n.d.
Methylmalonate n.d. 0.7 n.d.
Citraconate n.d. 1.1 n.d.
Malonate <blank 4.1 n.d.
Maleate n.d. 3.8 n.d.
Glutarate 0.2 2.3 n.d.
Malate 0.6 <blank n.d.
L-Tartrate 0.1 1.6 n.d.
Tartronate 0.7 5.0 n.d.
Methylsuccinate n.d. 0.4 n.d.
Succinate 2.6 1.6 n.d.
Adipate n.d. 0.3 5.3
Oxalate 1.5 98.2 <blank
Pimelate <blank <blank 6.9
Suberate 2.7 0.1 n.d.
Mesaconate n.d. n.d. n.d.
Azelate 2.7 1.7 3.00
Fumarate n.d. 0.8 n.d.

Tricarboxylic acids
Citrate n.d. 1.8 n.d.

Terpene-derived acids
Norpinonate n.d. n.d. n.d.
Terebate 1.6 3.0 n.d.
cis-Pinonate 1.0 n.d. n.d.
DTAA n.d. 0.2 n.d.
trans-Norpinate n.d. n.d. n.d.
Pinate n.d. 0.3 n.d.
CA n.d. n.d. n.d.
MBTCA 1.5 1.1 n.d.

Organosulfonates and -sulfates
MSA 17.8 4.5 <blank
CSA n.d. n.d. n.d.
LimonaketoneOS n.d. n.d. n.d.
Methylsulfate <blank 0.3 n.d.

(Continues)

TABLE 2 (Continued)

Compound ACLOUD Melpitz PAMARCMiP
HAS n.d. 0.6 n.d.
α-PineneOS n.d. n.d. n.d.
CareneOS n.d. n.d. n.d.
Mannose-6-sulfate n.d. n.d. n.d.
Octylsulfate n.d. n.d. n.d.

n.d.: not detected, <blank: concentrations below the field blank values.

several organic tracers were identified and quantified.
For the MCAs glycolate, pyruvate and glyoxylate, the
concentrations of the Melpitz sample ranged from 10.5
to 23.1 ng m−3. Anthropogenic sources like the combus-
tion of fossil fuels and the burning of biomass could be
relevant sources for these compounds [3]. According
to the authors’ knowledge, MCAs, DCAs, MSA, and
terpene-derived compounds could be determined for the
first time from filter-based flight measurements in the
arctic atmosphere. Pyruvic acid and glycolic acid were also
determined in the sample from the ACLOUD campaign.
Due to the flight path above Svalbard and the arctic
ocean both compounds, as well as the detected DCAs
oxalic, succinic, glutaric, suberic, and azelaic acid could
be of rural and marine origin. Also hydroxylated diacids
tartronic and tartaric acid were found in marine samples
before [75] and might therefore be attributed to oceanic
sources. Longer chain DCAs (C5-C12) are known to result
from the photochemical oxidation of fatty acids found in
the sea surface and can be oxidized to short chain DCAs
(C2-C4) [76, 77]. Marine emission would also explain the
determination of adipic acid, pimelic acid, and azelaic
acid in the sample from the PAMARCMiP 2018 campaign.
Besides, for the research station in Melpitz anthropogenic
emissions and subsequent photochemical oxidations
seem to be a possible explanation for the high variety of
detected diacids [1], including lowmolecular weight DCAs
(C2-C4), hydroxylated DCAs such as tartronic, tartaric and
malic acid, as well as the unsaturated DCAs maleic and
fumaric acid and branched DCAs such as methylmalonic,
dimethylmalonic, and methylsuccinic acid, which are
known to be formed by the oxidation of aromatic hydro-
carbons [6, 42, 76] andmethylcycloalkenes [78]. Citraconic
acid has, to the best of the author‘s knowledge not yet been
detected in atmospheric particles. The detection of the
terpene derived acidsMBTCA, terebic acid, pinic acid, and
DTAA indicates a certain vegetative activity [10] and the
emission of terpenes also during wintertime. Terebic acid,
MBTCA, and cis-pinonic acid were also determined from
the filter of the ACLOUD campaign. According to the liter-
ature [79], terpenoid compounds can correlate moderately
with other tracers of biological activity in the ocean like
MSA, that could also be quantified with 17.8 ng m−3. In
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lower concentrations of 4.6 ng m−3 MSAwas also found in
the Melpitz sample. Further organosulfates were detected
in the form of 0.6 ng m−3 HAS and 0.3 ng m−3 methylsul-
fate, which were both reported in urban areas before [33,
80]. Further organosulfates could not be detected or were
below the field blank values of the samples.

4 CONCLUSIONS

An IC-MS method was developed to determine organic
acids, organosulfates, and inorganic anions in aqueous
extracts of aerosol particles with high sensitivity. All com-
pounds were separated within 33 min using an AS19‑4 μm
column with a multi-step KOH gradient. To optimize
sensitivity, the influence of organic post-column solvents,
acidic as well as basic additives, and the ESI source
parameters were investigated. The resulting method is
characterized by a good inter- and intraday reproducibility
below 3 %, recoveries in the range of 85–117 %, minimal
sample preparation and was successfully applied to real
samples. Compared to othermethods that focus on specific
tracers, a broad range of 43 compounds can be determined
in a single run. LODs were improved for 22 compounds.
In all samples both inorganic anions and MCAs could be
detected. The sample from the ground station in Melpitz
showed signals for all compound classes. In addition, it
was also possible to identify aliphatic long-chain DCAs
in the pure arctic air of the PAMARCMiP flight sample.
Also, short-chain aliphatic and hydroxylated DCAs as well
as terpene-derived acids and MSA could be observed in
the sample from the ACLOUD campaign. Thus, for the
first time, a variety of organic tracers could be determined
on arctic flight filters. In future studies, the new method
will be applied to a larger set of ambient field samples to
quantify concentrations of the described organic tracers
and possibly also identify new compounds based on the
high-resolution orbitrap MS capabilities.
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