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Abstract

The investigations in the present work are intended to contribute to the understanding of the health and
environmental impacts of aerosol pollution, both in remote regions and in strongly polluted megacities.
This was achieved by a combination of different instrumental and methodological approaches. First, in-
situ single-particle analysis and its evaluation, based on multivariate statistical methods, was
methodologically advanced using the example of a comparative measurement of standard samples in
the laboratory and of online measurements on the Jungfraujoch high altitude research station at 3580 m
asl in the Swiss Alps. In order to rationalize single-particle data, weather conditions, wind speed and
wind direction as well as the geographical position during the measurement were taken into account. It
was found that during the field measurements at the Jungfraujoch site, Sahara desert storm events were
a major source for less aged iron- and silicon-rich mineral particles. Between those events the particle
population was dominated by inorganic carbonaceous compounds. Both types of particles increase the
local temperature and accelerate snowmelt, either by reducing snow albedo or by absorbing light over a
broad spectral range. Secondly, in order to be able to address the environmental and health related factors
in greater detail, particles from two heavily polluted megacities in Hangzhou, China and Tehran, Iran
were extensively characterized. Filter samples were collected and measured by high-resolution mass
spectrometry imaging to assign organic hydrocarbons and more complex inorganic compounds. This
enabled analysis of intact organic molecules with high mass resolution and high mass accuracy. The
novel methodological approach, in which the surface of particle quartz filter samples was scanned under
atmospheric pressure using a 343 nm (Yb:YAGQG) laser (lateral resolution about 50 um), enabled spatially
resolved determination of the molecular particle composition. More than 3200 inorganic and organic
compounds were specifically assigned to individual particles based on their exact mass and location on
the filter surface. Particle sources could be easily distinguished from each other by means of
characteristic mass spectrometric patterns using statistical clustering methods. Standard addition
methods were also used to quantify polyaromatic hydrocarbons (PAHSs) on the surface of the filters. By
correlating the quantitative data with the spatially resolved particle measurements, it was possible to
make well-founded statements about the respective particle pollution and its causes on site. Levels of
heavy metals and harmful organic compounds, primarily from anthropogenic sources, were significant
in both cities. However, higher concentrations of PAHs and a greater number of heavy metal compounds
were found in the samples from Tehran. Since total particle pollution in Tehran during sampling was
lower than in Hangzhou, these values are extremely alarming and demonstrate the non-compliance with
and the lack of air pollution control strategies in the eastern Mediterranean region. Finally, it was shown
that both methods require little or no sample preparation and provide excellent results in terms of speed,
accuracy and selectivity.



Zusammenfassung

Die Untersuchungen in der vorliegenden Arbeit sollen dazu beitragen, Auswirkungen der
Aerosolbelastung auf Gesundheit und Umwelt, sowohl in abgelegenen Regionen als auch in stark
belasteten Megastadten, besser zu verstehen. Dazu wurden unterschiedliche instrumentelle und
methodische Ansétze der Aerosolanalytik genutzt und weiterentwickelt. Unter anderem wurden
multivariate statistische Methoden fiir die In-situ-Einzelpartikelanalytik optimiert und dazu verwendet,
die Quellen von Aerosolpartikeln auf der Hohenforschungsstation Jungfraujoch (3580 m ii. M.) in den
Schweizer Alpen zu untersuchen. Dies erfolgte anhand einer vergleichenden Messung von bekannten
Partikelpopulationen im Labor mit Online-Messungen unbekannter Aerosolpartikel auf dem
Jungfraujoch. Zur Einordnung der erzeugten Einzelpartikeldaten wurden sowohl meteorologische
Parameter wie Wetterbedingungen, Windgeschwindigkeit und Windrichtung als auch die geographische
Lage der Messstation berticksichtigt. Die Vergleichsmessungen ermdglichten die Identifizierung von
Saharawustenstiirmen als Hauptquelle fir eisen- und siliziumreiche mineralische Partikel mit geringer
Verweilzeit in der Atmosphére, wéahrend der Messkampagne. Auerdem konnte gezeigt werden, dass
zwischen den Wistensturmepisoden die Partikelpopulation am Jungfraujoch von anorganischen,
kohlenstoffhaltigen Verbindungen dominiert wurde. Beide Partikelarten tragen mafigeblich dazu bei,
die lokale Temperatur zu erhéhen und die Schneeschmelze zu beschleunigen, entweder durch eine
Verringerung der Schneealbedo oder durch die Absorption von Licht in einem breiten Spektralbereich.
Weiterhin wurden im Rahmen der vorliegenden Arbeit Partikel aus zwei stark verschmutzten
Megastéadten, Hangzhou (China) und Teheran (Iran), umfangreich charakterisiert. Ziel dabei war es, die
umwelt- und gesundheitsrelevanten Faktoren der Partikelbelastung genauer zu untersuchen. Auf Filtern
gesammelte Partikel aus beiden Stadten wurden mittels hochauflésender, bildgebender
Massenspektrometrie untersucht, um organische Kohlenwasserstoffe sowie komplexe anorganische
Verbindungen mit hoher Massenaufldsung und hoher Massengenauigkeit zu identifizieren. Das
Abrastern der Filterproben mittels 343-nm-(Yb:YAG)-Laser (laterale Auflésung ca. 50 pum) unter
Atmosphdrendruck, ermdglichte eine rdumlich aufgeldste Bestimmung der molekularen
Partikelzusammensetzung. So konnten im Rahmen der Studie mehr als 3.200 anorganische und
organische Verbindungen anhand ihrer genauen Masse und Position auf der Filteroberflache, spezifisch
einzelnen Partikeln zugeordnet werden. Die Identifikation der Partikelquellen erfolgte zudem anhand
charakteristischer, massenspektrometrischer Muster und unter Zuhilfenahme  statistischer
Clusteranalysen. Des Weiteren wurden polyzyklische aromatische Kohlenwasserstoffe (PAK) auf der
Filteroberflache mittels Standardaddition quantifiziert. Durch die Korrelation der quantitativen Daten
mit den raumlich aufgelésten Partikelmessungen, konnten fundierte Aussagen Uber die jeweilige
Partikelbelastung und deren Ursachen vor Ort getroffen werden. Die Belastung mit Schwermetallen und
organischen Verbindungen, insbesondere solche anthropogenen Ursprungs, war in beiden Stadten
signifikant. Jedoch wiesen die Proben aus Teheran hohere Konzentrationen an PAK sowie eine héhere
Anzahl an Schwermetallverbindungen auf. Da die Gesamtpartikelbelastung in Teheran wahrend der
Probenahme geringer war als in Hangzhou, sind diese Werte dufRerst alarmierend und deuten auf die
Nichteinhaltung oder das Fehlen von Strategien zur Luftreinhaltung in der dstlichen Mittelmeerregion
hin. Zusammenfassend konnte gezeigt werden, dass beide Methoden wenig oder gar keine
Probenvorbereitung erfordern und exzellente Ergebnisse in Bezug auf Geschwindigkeit, Genauigkeit
und Selektivitat liefern.



1 Synopsis

1.1 Introduction and Motivation

Aerosols are ubiquitous in our environment. By definition of the International Union of Pure and
Applied Chemistry (IUPAC), an aerosol consists of finely dispersed solids or liquids or a mixture of
both suspended in air.! Aerosol particles can be few nanometers in diameter only or can grow up to
several micrometers. They are of particular interest with regard to their influence on the global climate,
atmospheric visibility, ozone depletion, toxicity, or, as SARS-CoV-2 made particularly clear, as carriers
of diseases.>’ The main components of aerosol particles are inorganic water-soluble compounds
(sulfates, nitrates, ammonium, sea salt), black carbon (BC), organic carbon (OC), mineral dust and
water.>8 Estimates show that the share of aerosol components associated with negative health effects
(BC, OC, sulfate and nitrate) and global warming (BC) will increase significantly by the year 2030, if
no changes are adopted to current legislations on emissions.® For example BC, and SO, as precursor of
sulfate aerosol will rise by 10 and 29% respectively, while the main emission factor for SO; is industrial
combustion, the major share of BC is emitted by domestic combustion.® Air pollution is considered the
biggest risk factor for human health worldwide. The World Health Organization (WHO) estimates that
about 3 million deaths in 2012 are due to polluted air.!® While elevated concentrations of atmospheric
gases such as NO plus NO; (NOy), ozone, CO and SO- contribute to increased mortality and global
warming, particulate phase pollutants like sulfate, particulate organic matter and mineral dust are more
likely associated with global cooling.

If air quality is assessed based on particulate matter (PM), the most common measure to assess the
concentration of particles in the gas-phase is the PMys value, i.e., number of particles with an
aerodynamic diameter of less than 2.5 pm.!! Particles of this diameter are usually alveolar and are also
known as fine dust. They penetrate deep into the human lung, settle there and may cause ischemic heart
disease (IHD), strokes, lung cancer, chronic obstructive pulmonary disease (COPD) and acute diseases
of the lower respiratory tract (ALRI).1° However, the danger of the particles does not only depend on
their size, but above all on their chemical composition and the associated acute and long-term toxicity,
as well as their pro-inflammatory effect.!? In particular, contamination by heavy metals such as lead,
cadmium and chromium as well as by arsenic and polyaromatic hydrocarbons (PAHSs) is of major
concern.®*® A large number of harmful particles are of anthropogenic origin and therefore occur more
frequently in heavily populated areas.* Often, however, atmospheric transport of such particles leads to
their worldwide distribution, even to the most remote regions of the earth, such as the Arctic or the
primeval forests of the Amazon.*>*® Conversely, it has been shown that rising population, urbanization
and increasing demands on technology and prosperity are accompanied by an increase in exposure to
harmful particles, predominately black carbon, sulfates and nitrates.!” The reduction of visibility can be
observed in this context as well. For example, in India, where in regions with more than 100 persons per
km?, an increase in population of 1.5% per year is accompanied by approximately 2% increase in aerosol
optical thickness.
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Figure 1: Trends of air pollution in different regions of the earth from 2008 to 2019. The figure at the top shows the
proportion of countries in a particular region of the world in which air pollution is either increasing (red), barely
changing (light blue) or decreasing (light green). Trends for each region show that drastic increase in air pollution was
observed particularly for eastern Mediterranean and Asian countries.

In this respect the situation has changed considerably since the 1950s.'® Whereas Central Europe and
the Americas were the main sources of these emissions at that time, the balance has shifted toward the
rapidly growing industrialized nations in Southeast Asia and some eastern Mediterranean countries.*° In
both regions, strong growth, driven by industrial upturn, is contributing to a tendency for increased air
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pollution, while in Europe, America and the Western Pacific countries a decrease in air pollution can be
observed, as shown in Figure 1. Particularly in the eastern Mediterranean area and East Asia, a lack of
governmental regulations to reduce air pollution or their non-compliance, is typically the cause.

In addition to understanding the composition of particles in heavily polluted regions of the earth and
their mostly anthropogenic sources, it is important to understand how particles are distributed globally
and which changes they undergo in the atmosphere. Both factors influence local climate conditions and
serve as a basis for global climate modelling. For this purpose, studies in remote regions are of particular
relevance, since the smaller number of particles and greater distance to anthropogenic sources allow
more differentiated and detailed information about transport routes and atmospheric factors. In both
cases, however, regarding particle pollution in remote regions as well as in densely populated
metropolitan areas, the origin of the particles, their chemical composition and the changes they undergo
during transport in the atmosphere have not yet been sufficiently clarified. This, however, is
indispensable for assessing the influence of aerosol particles on climate and health.

The aim of this work was to develop mass spectrometric workflows that facilitate extensive
characterization of particulate-matter pollution by uncomplicated and broadband methods. With the help
of these methods, the chemical properties of aerosols, especially of single particles, were investigated
to the greatest-possible detail. This included both the quantitative elemental and molecular, as well as
the qualitative composition of the particles. Based on this information, details of formation and
distribution, as well as atmospheric aging and the resulting effects on climate, environment and health,
were inferred employing meteorological data and authentic standard particles. The obtained data will
serve as a starting point for the calculation of climate models, whose initial parameters are mainly based
on the knowledge of light absorption, light scattering, volume concentration, and size distribution of
particles. Furthermore, hygroscopic properties of particles are important, as they have a major influence
on cloud formation and thus have a secondary impact on the climate. A variety of analytical
measurements are used to fill these gaps in our knowledge about the origin and chemical aging of
particles under the influence of oxidative substances such as ozone or OH radicals, gaseous reactants
such as CO, NO- or SO,, or semi-volatile organic compounds.

Some highly relevant questions, however, have so far remained mostly unanswered in this context, for
example regarding the influence of distant and regional natural particle sources, particularly of mineral
particles in remote regions. This includes in particular the classification of atmospheric particles into
fresh and aged, and the influence of this chemical processing on local climatic conditions. This is highly
significant, especially regarding the reduction of backscattering of sunlight in snow-covered regions,
such as the peaks of the Alps by insoluble mineral compounds, which is known to accelerate snow-melt
dramatically. Beyond this, the pollution of megacities by harmful particles continues to be in the focus
of public attention. In many of the world's fast-growing industrialized nations, immense efforts have
already been made to reduce emissions of harmful particulate matter. Nevertheless, these positive
changes are not universally applicable, nor are they occurring to the same degree in all regions. This is
especially evident in the eastern Mediterranean region. Comparisons of densely populated areas in this
region with highly polluted megacities in China, for example, are lacking. Detailed knowledge about
the composition of very complex inorganic and organic aerosol particles in such highly populated areas
is needed on the molecular level. Until now, only few efforts were made to unravel the risk of these
particles, with minimal sample preparation and measurement effort at the same time. Both questions are
of great scientific interest and are addressed in this thesis. By combining instrumental and
methodological developments, the aim was to simplify the measurement, evaluation and interpretation
of the data and to extend their information content.
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1.2 Thematic and instrumental background

1.2.1 Mass spectrometry

Mass spectrometry (MS) is a method to determine the mass or more accurately the mass-to-charge-
number ratio (m/z) of an ion. After the fundamental discovery of canal rays and investigation of their
properties by Wilhelm Wien, the principle of MS was developed by J. J. Thomson in the early 20th
century.’®2! In this early days it was primary used in physics to study the fundamentals of small
positively charged ions and to separate isotopes of certain elements.?>?® MS became commercially
available in the 1940s, where it was mainly used for analyzing complex oil mixtures.?* MS has been
developed in great strides since the 1950s and thanks to the work of Fred McLafferty, Klaus Biemann,
and Carl Djerassi, the technique attracted the attention of the chemical community for the elucidation of
structures of complex organic molecules.?>-?° This laid the foundations for modern MS, especially in the
fields of environmental analysis, biochemical analysis and medical analysis.®® Already in the 1950s, the
detection of analyte quantities in the range of a few micrograms or significantly less was common.3+33

The instrumental procedure of such a measurement is always similar. First, the components of the
analyte to be measured, whether organic or inorganic, must be converted into ions and transferred into
the gas phase. This can either be done under atmospheric pressure (AP), after which the ions are
transferred into vacuum via a suitable interface, or they can be generated in vacuum directly.3¢ The
most common methods to generate ions are based on the use of electrons, ions, photons, energetically
excited atoms or even electrostatically charged droplets.?3%3-%° The latter one, better known as
electrospray ionization (ESI), has had such a major impact on the analysis of intact, large biomolecules
since its invention in 1989 that its inventor John B. Fenn was awarded the Nobel Prize in 2002.%
lonization of gas phase molecules using photons, referred to as photoionization (PI) and of solid and
liquid substances by laser desorption/ionization (LDI) is also widely used and paved the way for the
invention of another method found to be highly suitable for the analysis of large, intact biomolecules
using organic matrices. This ionization method is now known as matrix-assisted laser
desorption/ionization (MALDI).*® After ion generation, transfer of ions into the mass analyzer occurs in
which m/z values are determined.

Determining m/z values is realized by separating the ions from each other, typically by means of static
or dynamic electric or magnetic fields as with magnetic sector analyzers, quadrupole mass analyzers or
ion traps (IT). An exception is time-of-flight (ToF) mass spectrometry, in which the ions are accelerated
in an electric field and then separated from each other while crossing a field-free flight path.*
Historically, the first mass spectrometers were based on sector field analyzers. These accelerate the ions
in an electric field, whereupon they enter a magnetic field arranged perpendicular to their direction of
motion, all with the same Kinetic energy. In accordance with the Lorentz force, the ions are deflected
and, based on their m/z-ratio, are steered onto circular paths of different size (high mass = large radius).
Thomson already used this geometry to investigate his cathode rays, which was then further improved
by Dempster in 1918 leading to the invention of the first modern mass spectrometer.?® Magnetic sector
instruments are still used today, usually as double-focusing instruments and are valued for their high
dynamic range and good resolution, especially in the field of isotope analysis.??424 Linear quadrupole
analyzers operate as mass filters, meaning that only selected m/z-ratios can travel on stable trajectories
through the device. For this purpose, the accelerated ions pass through an arrangement of four parallel
rod electrodes in which the opposite electrodes are always at the same potential. A high-frequency
alternating field is applied between neighboring electrodes, superimposed by a DC offset. By varying
the voltage amplitude, only ions of certain m/z-values are on stable paths through the electrodes, which
are described by Mathieu's differential equation, while the remainder are lost through collisions with the
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rods.** Trapping of ions within coaxial cylinders by electric or magnetic fields was theoretically
proposed by F. M. Penning in 1936 and implemented by Wolfgang Paul in 1953.44¢ |on separation
occurs through excitation of the trapped ions via changes in the electric fields, which can either be used
to force them onto circular trajectories whose frequency depends on their m/z-ratios, or selectively eject
them from the trap.

Finally, the separated ions are quantitatively detected (signal intensity ~ number of ions), either by direct
impact on a detector, for example on electron multipliers or indirectly by measuring the amplitude and
frequency of oscillating ions.*”° The detection method used strongly depends on the analyzer for mass
separation. Finally, the signal is transmitted to a data acquisition system and plotted as a two-
dimensional diagram. The ordinate corresponds to the intensity of the recorded signal and is proportional
to the number of detected ions, whereas the abscissa is represented by m/z, where z is equivalent to the
charge state (or charge number) of an ion. The generated ions may well assume charge states > 1,
depending on the ionization method used, but singly charged ions are common. The mass m can be
defined as a multiple of the unified atomic mass unit u, which is 1712 of the mass of an atom of the
carbon isotope *2C.50

An important requirement for the detection and separation of ions in a mass spectrometer is the presence
of a vacuum to increase the mean free path, which can be described as the average distance that a particle
can travel between two successive collisions with other particles.®® In case of MS, this avoids collisions
between the ions to be measured and neutral particles, which conversely increases the mass resolution
(R) of a mass spectrometer and its limit of detection, since less ions get lost during analysis. Mass
resolution is a dimensionless value, which describes, at a given m/z value, the smallest difference in m/z
(A (m/z)) that can still be resolved. This definition is often extended to so-called mass resolving power
at different criteria, for example to separate two neighboring signals at 10% or 50% of their maximum
height (10% or 50% valley definition).5? The two signals are separated, if the valley between both is
maximum 10% or 50% of the intensity of the smallest signal as shown by

R B m/z
% T A(my gy, /2)
The so-called full width at half maximum (FWHM) criterion is often used for ToF or linear quadrupole

mass analyzers to describe the peak width at a given m/z value, which does not necessarily mean that
two signals can be separated at this value.

1)

In addition to R, which relies mainly on the performance of the mass analyzer, lower limit of detection
(often wrongly referred to as ,,sensitivity“) and mass accuracy are also important for the characterization
of a mass spectrometer. The lower limit of detection provides information about the minimum quantity
of a substance that can be detected by the system. The lower limit of detection is influenced particularly
by the ionization efficiency, the extraction of ions from the ion source (ion transmission), the sensitivity
of the detector and the mass range to be measured.>*>> When it comes to the identification of the
measured ion, the most important factor is mass accuracy, which in the case of high mass accuracy, can
deliver the molecular formula for a certain m/z signal up to a certain m/z limit. This absolute mass
accuracy A(m/z) is defined as the difference between the measured mass (accurate mass) and the
calculated exact mass (theoretical mass) and has the unit u.>® Typically, the mass accuracy is given as a
relative value in parts-per-million (ppm), which can be derived by dividing the absolute mass accuracy
A(m/z) by m/z of the exact mass.

Due to the intrinsic mass defect of each atom, m/z values for each molecular formula are well defined.
They can be calculated and given in the form of the exact mass of a molecule. The higher the mass
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accuracy of a mass spectrometer, the higher is the confidence with which the atomic composition of an
ion can be determined from the measured value.5” However, with increasing m/z, the number of atoms
in an ion also increases, and thus the number of different possible compositions within the measured
mass accuracy. This makes it very difficult to confidently assign molecular formulas for larger m/z (>
500), even if the mass accuracy is in the range of £1 ppm or lower, which is a typical value for modern
ultra-high resolution instruments.®

Modern mass spectrometers benefit from a whole range of different mass analyzers, each of them with
their own advantages and disadvantages. For example, orbital trapping and Fourier-transform ion
cyclotron resonance (FT-ICR) analyzers allow the measurement of high molecular weight and very
complex molecules with ultra-high resolutions (R > 500,000 at m/z 200), and therefore the identification
of intact proteins and their fragments on the basis of their calculated exact masses.*”*® These instruments
are usually very expensive and the time of measurement scales with performance, leading to poorly
resolved mass spectra at high measurement frequencies. Commonly used systems for routine
applications are ion trap and (triple-)quadrupole (QqQ) devices due to their good price-performance
ratio, but they typically suffer from limited mass resolution and medium scan rates.*>%° One of the most
widely used types of mass analyzers are ToF systems, either in linear arrangement, with ion reflector
design, or as a combination of quadrupole mass filter and ToF analyzer (Q-ToF).* ToF analyzers offer
resolutions up to R = 50000 at acceptable costs. Other, even more important advantages are the rather
simple construction, high scan rates, their high ion transmission and a theoretically unlimited mass
range.552 Due to the simple design, this analyzer type is especially suitable for use in self-built systems,
particularly when only low amounts of sample are available and the measurements should be fast.5

ToF mass spectrometry

The principle of ToF mass spectrometry as shown in Figure 2 is based on the fact that ions are
accelerated within a homogenous electric field E,, typically applied between a backing plate and an
acceleration grid and acquire a defined amount of electrical energy E=qU.%* As E. depends on the
distance and the voltage between two electric charges in the electric field, which is the distance X,
between the ions and the charged grid, it can be written as U= x.Ea. In theory each ion acquires the same
kinetic energy, based on the electric field strength in the acceleration region and starts at the same
position in space (x = 0).
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Figure 2: Principle of ToF mass spectrometry for two timepoints t = 0 and t > 0. Example shows ions with three different
m/z values (green < red < violet).

While entering the field-free drift region, discrete packages of ions are separated from each other based
on their m/z-ratio as the velocity v of each ion is constant during its movement along the drift path s (t
> 0). The kinetic energy Exin of an ion is

1
Epin = Emvz = qU = qxgE,, (2

and with drift time taiz = /v, an m/z-dependent expression is deduced:

’ m
tdrift =S ZZeU' (3)

To determine the total flight time t of an ion, an additional factor must be included, which results from
the residence time of the ion in the acceleration field ta...®* The acceleration b is constant here, with b =
gEa/m, while velocity increases until t,cc. Integrating velocity over time for distance X, results in

1 1zeE,t2
Xq = Ebtgtcc = E%. (4)
Rearranging Eq. (4) gives
2x,m
= 5
tacc ZeEa ) ( )
and finally the total flight time
t =tacect+ Larift- (6)

The maximum time spread At between the first and last ion within a package of ions with identical m/z
values defines the resolving power of the ToF mass spectrometer, which can be expressed by®®
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Final goal of ion acceleration and drift time is to produce ion packages as narrow in time as possible,
which are well separated from each other. Optimizing mass spectrometric conditions to achieve high
resolving powers for ToF instruments typically include space- and energy-focusing which can be
achieved by two-stage ion acceleration, orthogonal acceleration, reflector geometry and time-lag
focusing (delayed ion extraction).®>-% As energy and space focusing need opposite requirements on the
design of a ToF MS, making it hard to reconcile both, a compromise between different techniques seems
to offer optimal conditions for high resolving power. The concept of such an improved ToF MS,
introducing two of the above mentioned technigues, was invented by W. C. Wiley and I. H. McLaren in
1955.% They used two-stage acceleration to reduce spatial ion spread At within a package of isobaric
ions and therefore increases space resolution, while a time-lag between ionization and extraction causes
a relaxation of the initial kinetic energy.

Two-stage acceleration is particularly important in dual-polarity ToF mass spectrometry (described in
detail in section 1.2.4), as the ions are formed from a single particle in free space, allowing them to fly
into opposite directions, resulting in dramatically different starting points and thus space distribution so.
The use of single-stage ion acceleration instead means that ions located close to the first accelerating
grid experience a weaker force than those located further away. The reason for this is the change in the
potential energy of an ion with the change in the distance to the charged grid, which increases with
increasing distance. lons further away from the field-free drift region are thus accelerated to a higher
kinetic energy and overtake the slower ions shortly after entering the field-free drift region. Typically,
the detector is positioned in such a way that it is in the plane (first order space focus) where the two ions
just overtake each other and thus have the smallest spatial distance to each other (low At). There are two
possibilities to achive space focusing, either by reducing the initial distance between the ions As, which
is very difficult to control, or by generating an ion velocity that is dependent on s. The latter is achieved
by the two-stage design. An extraction field Es at the beginning brings the ions closer to each other, after
which they are brought to their final energy in the second stage with electric field Eq, the actual
acceleration region. This greatly extends the distance until the rear ion overtakes the front one (second
order space focus), the time-of-flight is increased, as well as the compactness of the ion package and
thus the mass resolution. The final energy of the ions is reached typically within 5 % of their flight-time
compared to about 50 % for single-stage sources.®® The space resolution Rs can be obtained from:

Rg ~ 16ky(so/As)?, (8)

with ko depending on the electric fields in the first and second stage of the ion source and distance d
between the first and second acceleration grid

ko = (soEs + dE4)/soEs. 9)

The initial kinetic energy (Exino) Spread of ions is best illustrated by two ions with the same starting
point but moving in opposite directions. Both acquire the same acceleration energy in the ionization
region due to the applied fields, but the second ion, which is not moving towards the detector must first
be decelerated, turned around and accelerated again until it has the same direction and energy as the first
ion. This so-called turn-around time is a representative for the spread of initial velocities of the ions and
can be compensated by a short time lag between ion formation and ion extraction. This time lag (field
free time), typically in the range of 100 ns, allows the second ion to travel in the direction of a higher
potential energy surface, while the first ion increases the distance to this surface. After switching on the
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acceleration voltage both ions are accelerated towards the detector at the same time. The ion that traveled
in direction of the surface with higher potential energy will gain more energy than the one traveling in
the direction of the detector, thus allowing to compensate the turn-around time.% The energy resolution
Re is given by

e 1 (Ekm,t><ko+1_ Jk—o—lg> (10)
T4 Ekin,o \/k_o k0+\/k_050

with ion kinetic energy Exint defined as
Ekin,t = qSoEs + qud- (11)
The total time spread Ry resulting from energy and space distribution is therefore
1 1 1

= —+— (12)
Rtot Rs RE

As the resolution R in a ToF instrument is directly proportional to the flight time t of an ion by Eq. (7),
it is a mandatory requirement to increase the field-free flight path for high R. In order to keep the
dimensions of such devices as small as possible, ion reflectors are used for each polarity, which
approximately doubles the distance of field free movement of ion packages. Additionally, the ion
reflectors compensate for initial kinetic energy spread within isobaric ions. The electric field of the
reflector is opposite to the acceleration field, which slows down and reverses the movement of the ions.
lons with higher kinetic energy penetrate deeper into the reflector, thus covering a longer distance to the
detector. Finally, all ions of the same m/z arrive at the detector with a very small time spread.

By combining orthogonal and two-stage acceleration with multi-reflector geometries, instruments can
reach mass resolving powers up to 80,000 FWHM (at m/z > 800).%° Short duty cycles and short
measurement times, mainly depending on mass range and ion mass allow data acquisition rates of up to
2 kHz.%!

Orbital trapping mass spectrometry

While ToF MS is well suited for fast and sensitive measurements but suffers from low mass resolution,
orbital trapping devices show their particular strength in this context. The principle of orbital trapping
mass spectrometry was reported in the early 1920°s by K. H. Kingdon. The so called Kingdon trap was
based on ions that circle around a thin central filament.”® This idea was adopted by A. Makarov, who
published the first working prototype of an orbitrap mass analyzer in 2000.%° Apart from the first idea
of Kingdon using a filament, Makarov developed a cylindrical design of inner and outer electrode with
a static voltage between both, resulting in a quadrologarithmic electrostatic field. lons are injected into
the trap perpendicular to the axis of the inner spindle-like electrode and slightly off-center as shown in
Figure 3.

The potential distribution in the trap leads to a combination of ion movement around and along this axis,
which can be described as a spiral trajectory. The ion motion along the z-axis is independent of
perpendicular motions along the plane, which strongly depends on initial spatial and kinetic energy
spread of the ions. In Makarovs design the mass-to-charge ratio m/q is obtained via Fourier
transformation of time-resolved image currents on split outer electrodes, induced by harmonic
oscillation of ions.™
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Figure 3: Schematic of an orbital trapping mass analyzer, with ion injection through C-trap and signal processing.®

The axial oscillation frequency w (rad/s) of an ion, as shown in Eq. (13) only depends on the axial
restoring force k, which describes the exact form of the electrodes and applied potentials.>®

0= |% (13)
m

Calibration of measured frequencies with ions of known m/z-ratios translates the frequency values into
m/z values. With orbitrap mass analyzers, high mass resolving power (> 100,000 at m/z 200), high mass
accuracy (< 1 ppm) and a wide dynamic range is realized, without the need for high magnetic fields.
In 2005, Thermo Fisher Scientific commercially introduced the orbitrap mass analyzer with their hybrid
LTQ Orbitrap™ instrument.”® Mass resolving power exceeding 1,000,000 has been shown for a
minimized high-electric field orbitrap at a transient detection time of 3 seconds.” Mass resolving power
is mainly limited by the number of passages of ions close to the detector electrodes and thus the length
of the transient or the oscillation frequency. A prerequisite for stable trajectories, and a major hurdle at
the beginning of the development was the controlled injection of ions into the trap. By developing a
curved, linear quadrupole ion trap outside the orbitrap, the so-called C-trap, the ions can be injected as
small packets with low space-charge effects and minimized axial location distribution.”™ After collecting
a certain number of ions in the C-trap, they are tangentially fed into the orbitrap by switching off the
trapping RF followed by a DC gradient across the C-trap. This allowed the use of discontinuous ion
sources, and led to increased mass resolution, mass accuracy and limit of detection. Real time lock mass
calibration of background ions in the C-trap further increased mass accuracy to less than 1 ppm.®

For the work presented here, two major mass spectrometric setups were employed. One is based on LDI,
which was used for the ionization of small atmospheric particles in bipolar ToF MS. This method and
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the instrument used are further described in section 1.2.4. A second approach relied on rasterizing a
nearly flat surface, covered with small atmospheric particles by LDI under atmospheric pressure and
subsequent measurement of the generated ions by a high-resolution orbital trapping mass spectrometer,
which is shown in detail in section 1.2.5.

1.2.2 Chemical properties of aerosol particles and their sources

The overall subject of this work and thus the samples to be studied are aerosol particles, whether of
natural origin or anthropogenic. Aerosol particles typically consist of a wide variety of components,
either inorganic or organic, from natural origin or anthropogenic sources. Any object can be classified
as an aerosol particle, assuming it is pulverized or dispersed finely enough and fits in the size range
between few nanometers up to 100 um. Typically, the quantity of particles is classified by the particle
number concentration or particle density, meaning their number per volume of air in 1/cm?®. In global
scales, the particle number concentrations vary strongly between rural and urban areas as well as
between different layers of air. Mean concentrations are 300 — 3,000 particles/cm® in the marine
boundary layer and free troposphere, while they can easily reach 1,000 — 10,000 particles/cm?® in the
continental boundary layer.”” This variety complicates classification and description of aerosol particles,
hence only the most important constituents and sources are considered in this chapter. Particle classes
such as animal tissue and excrements’, polysaccharides and proteins™, cement® and metal particles
from industrial processes or abrasion® are important as well but are not described here. Particles are
typically grouped based on the origin of particle production. Primary particles are emitted directly from
natural or anthropogenic sources, whereas secondary particles are formed from gaseous precursors in
the atmosphere.

Large aerosol particles above 2.5 um (coarse-mode particles) are primary particles, which are usually
created by mechanical processes, i.e., erosion, abrasion, volcanic eruptions, wind turbulences and
biomass burning.828 Well-known types of particles in this category include mineral dust, sea salt,
pollen, tire abrasion and coarse fly ash. Herein, sea salt aerosols and eroded dust particles are the
guantitatively most important representatives on a global scale. They account to the total particle
emissions with 6273 Tg/yr (2002/2003) and 1678 Tg/yr (2000), respectively.38 The coarse mode
particles also include purely biological material, such as bacteria, viruses, and fungal spores. Often,
fungal spores receive little attention, but account for up to 23% of the primary organic aerosol.® The
guantitatively most important sources of anthropogenic primary aerosol particles are traffic, combustion
plants for energy production, heavy industry and combustion of biogenic material in the household
sector (cooking and heating).8”# The residence time of these particles in the atmosphere is short
(minutes to few hours) compared to particles below 2.5 um size, as their sedimentation to the ground
occurs quickly due to their high mass density.

Smaller particles below 2.5 um (fine-mode particles) emerge mainly from gas-to-particle conversion
processes. The most important precursors are inorganic trace gases such as NOx, NHz and SO, volatile
organic compounds (VOC) and semi-volatile organic compounds (SVOC).%-%2 While the reactive
inorganic trace gases are mainly of anthropogenic origin, e.g., industrial combustion plants for energy
production, large-scale chemical industry, as well as shipping, aviation and road traffic, the majority of
VOCs, such as terpenes and isoprenes, originate from natural sources. These biogenic volatile organic
compounds (BVOC) are mainly emitted by coniferous forests and, at about 1007 Tg/yr in 2000, are
significantly above the global emission of anthropogenic SO, with 103.3 Tg/yr in 2014.99 Particles
between 0.1 and 2.5 pm primarily result from condensation of the gaseous precursors on already existing
particles, such as nanometer-sized carbon particles from combustion processes (black carbon), or from
coagulation of ultrafine precursors. They have a much longer half-life compared to particle fractions
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below and above this size range. Residence times of several weeks in the atmosphere enable them to
travel several thousands of kilometers, hence they are called accumulation mode particles. Such particles
are usually washed out of the atmosphere by rain or snow, or eliminated by impaction and
sedimentation.®®

Ultrafine particles are smaller than 0.1 pm in diameter. Due to their appearance during the initial
formation of new particles (NPF), they received a lot of attention and are often the subject of current
research.®-°" This size range is also known as nucleation mode, since the particles are formed by
nucleation of single molecules, clusters and macromolecules, rather than condensation of fine droplets.
One well-known example of this process is the oxidation of SO, to H.SO. and reaction with ammonia
to form very small precursor particles by nucleation, which is followed by coagulation of the tiny
clusters to larger particles.®®® The lifetime of these particles is typically short compared to particles in
the size range between 0.1 and 2.5 pum as they quickly coagulate to bigger particles or condensate on
existing ones. Nucleation mode particles emerge mainly at higher altitude in the planetary boundary
layer (lower troposphere) and are also the most relevant factor for cloud formation and thus influence
the earth’s climate and energy balance.®% Model calculations assume that secondary ultrafine particles
account for about 45% of the global cloud condensation nuclei (CCN), indirectly contributing to global
cooling, while the remaining 55% contain primary particles.'°*1% It is now known that particles in the
nucleation mode are formed not only by inorganic acid clusters, but also by organic acids resulting from
the photooxidation and hydroxyl radical oxidation of terpenes and isoprenes. These organic acids can
either increase the formation rates of inorganic acid clusters or generate particles on their own,%:103-105
Chemically modified organic precursors are referred to as secondary organic aerosols (SOA).
Observations of nucleation mode particles in the size range of few nanometers was mainly limited to
existing technologies, which can precisely detect such small particles, as well as measure their size and
number concentration.®®1% A large partition of ultrafine particles also arises from combustion processes,
whether anthropogenic or natural. Interestingly, the major sources of anthropogenic primary particles,
which are dominated by ultrafine particle emissions by about 80%, differ between countries and
continents. For example, road traffic is the most important factor in Europe, while emissions in China
and India are dominated by industrial combustion processes.*”’
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Figure 4: Mixing states of aerosol particles based on the most common components. The layered structure of an
atmospherically aged particle is shown, with typical reaction and diffusion processes between the respective layers.

Physicochemical properties of aerosol particles are strongly correlated with their internal and external
mixing state as shown in Figure 4.1 While internally mixed particles are self-contained units (single
particles), including different compounds, structures and related reactions, externally mixed particles
are populations of multiple single particles separated within a certain volume of air.1?® Among the most
important chemical properties of aerosol particles larger than 0.1 pm are their inhomogeneity and
composition. Although the composition of particles is less relevant for cloud formation and thus the
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indirect aerosol effect, as about 80 % of the cloud condensation properties of particles can be explained
by their size distribution rather than their chemical composition, they are major factors determining
extinction and scattering of light by particles.’%!! Nevertheless, the chemical composition of the
particles affects their hygroscopicity and in turn their CCN activity. Highly hygroscopic nitrate particles
like Ca(NOs). and NaNO3 are formed from CaCOs mineral dust at the presence of nitric acid within a
few hours due to their high CCN activity.!*? The immediate feedback of the earth’s climate and
temperature to intrinsic features of aerosol particles is called direct aerosol effect. Both, direct and
indirect aerosol effects are found to decrease the overall earth temperature, with the direct contribution
of anthropogenic aerosol of —0.35 W/m2.113 Even small fluctuations in the optical properties of particles
therefore have a drastic effect on the global radiation balance. The optical properties of particles are
usually described by the wavelength-dependent "single-scattering albedo" wo (A). The internal mixing
ratio of the particles is highly complex and decisive for this physical measure. Internally mixed particles
consist of a multitude of different chemical components. The degree of internal mixing usually increases
due to aging of the particles in the atmosphere. For example, chemical substances can be adsorbed on
the wet surface of particles, react with particle constituents or can be oxidized by the influence of
sunlight, thereby forming new compounds and leading to particle growth.

The main components of atmospheric aerosols, whether of anthropogenic or natural origin, are inorganic
ionic species as well as elemental and organic carbon (EC and OC). The cations of the particles are
clearly dominated by ammonia, while alkali, alkaline earth metals and silicon also play an important
role as main components in mineral dust and sea salt.!* Among the trace elements, heavy metals such
as zinc, iron, chromium, nickel, lead, cadmium or vanadium are of particular relevance, as they allow
statements to be made about the harmful properties of a particle.!*® lons such as sulphates, nitrates or
ammonium allow conclusions to be drawn about the degree of atmospheric alteration and the influence
of secondary anthropogenic sources on the particles.''® Apart from the inorganic constituents, organic
substances and black carbon are frequently found in aerosol particles and are dominant in aerosols from
urban and industrialized areas.'!’ Particular attention is paid to organic, polyaromatic hydrocarbons, so-
called PAHSs, with regard to long-term health hazards. Especially lung, skin and bladder cancer but also
DNA, kidney and liver damage are reported.® It has been shown that the degradation products of PAHSs,
such as oxygenated or nitrated PAHSs, are even more harmful and mobile in the environment than their
parent compounds.!*8% The main sources for PAHs are road traffic as well as energy and heat
generation by burning of fossil fuels and biomass.*?° PAHs are mostly components of black carbon and
ash particles and make a particularly significant contribution to air pollution. Their formation is based
on the incomplete combustion of aliphatic and aromatic hydrocarbons. While the emission of PAHs and
other persistent hydrocarbons in Europe has decreased continuously in recent years, by 47% between
1990 and 2003 according to Breivik et al.,*? the opposite trend is observed in emerging industrial nations
such as China and India. Particularly high concentrations have been measured so far, especially in some
regions of China such as Sichuan and Fujian, due to the heavy use of fossil fuels and biomass.*??

A detailed determination of the chemical constituents of aerosol particles and their internal mixing
degree is required to identify particle sources and to understand the aging behavior of particles in the
atmosphere. Only in this way is it possible to create meaningful climate models and to estimate the
impact of particle pollution in the atmosphere on humans and the environment. Internally and externally
mixed particles can be analyzed by a wide variety of different methods. Some of them are quantitative
with a high sensitivity but restricted to the laboratory, others are very selective and can even measure
single particles in field. The next chapter will provide an overview of the most important analytical
methods, their field of application, and their respective advantages and disadvantages.
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1.2.3 Techniques used for aerosol measurements

Analytical techniques for the measurement of particles smaller than 10 pm can be distinguished based
on the physical and chemical parameters investigated. For example, the particle size, particle number
concentration or particle surface are typical representatives of physical measurement parameters. The
particle size distribution is a decisive factor for cloud formation from condensation nuclei and also
determines cloud properties, i.e., density, size and persistence. A readily accessible parameter to
characterize an aerosol population is the particle number concentration, which can be calculated from
the volume of air that was sucked in for collection of a bunch of particles — typically on filter papers or
by means of impactors - and by the weight of those particles which is determined gravimetrically.
Impactors additionally allow for a size-selected particle number concentration.?® Apart from physical
properties, the chemical components and optical appearance of aerosol particles are of major interest, as
they allow to make conclusion about particle sources and aging.8%!® From such receptor-oriented
approaches, typically divided into microscopic and chemical analysis techniques, the latter are described
in more detail in the following.

The chemical composition of fine dust particles is commonly determined by quantitative analytical
methods like atomic absorption spectroscopy (AAS), inductively coupled plasma mass spectrometry
(ICP-MS), ion chromatography (IC), proton-induced X-ray emission spectroscopy (PIXE) or X-ray
fluorescence (XRF).117124-121 AJ| of these methods are suitable for the quantitative analysis of either
water-soluble or total inorganic aerosol components, but are, in case of AAS and ICP-MS particularly
used for determination of trace metal components.'?812° The organic components of the aerosol particles
are often of greater importance, both in terms of their absorption properties of light and from a health
point of view. Elemental analysis is used to quantify inorganic, elemental and organic carbon, but is
very time and labor intense.*® An exact characterization of all organic components is hardly possible
by a single technique and rather requires multiple analytical tools. Prominent combinations are, for
example, gas chromatography mass spectrometry (GC-MS) and liquid chromatography mass
spectrometry (LC-MS).2¥! The large number of methods, each very selective to a certain group of
analytes, impressively demonstrates how complex the determination of all components within an aerosol
sample can become. Hildemann et al., for example, used gravimetric analysis to determine aerosol mass,
XRF to quantify heavy metals, IC and AAS for ionic components, GC-MS for organic species and a
thermal evolution and combustion technique for determination of elemental carbon to finally achieve an
almost complete material balance on the bulk chemical content.®3? All of the above mentioned methods
are based on collecting the particles on filters and then, except for PIXE and XRF, this is followed by
laborious extraction, clean-up and concentration procedures and final analysis in the laboratory. Such
techniques are called offline analysis methods. Reactivity, volatility and sorption behavior of the
substances sampled for lab measurements often lead to artifacts, as well as changes in substance
properties and quantities, even before the actual analysis.’*® Early attempts with laser microprobe MS
(LAMMS) instruments based on LDI, allowed to unravel the molecular composition of aerosol particles
on filter samples at the single-particle level, without the necessity of analyte extraction procedures.'®*

In contrast to offline methods, the online techniques such as online mass spectrometry and online particle
counters allow the direct measurement of particles in the environment.?® This effectively prevents
contamination or chemical changes of the particles due to storage and transport. The online mass
spectrometers differ mainly in the number of particles used for the measurement. If the mass spectra are
generated from the measurement of several particles, the spectra reflect the sum of the chemical
information of these particles (so-called "multi-particle mass spectrometry” - MPMS). MPMS, also
referred to as aerosol mass spectrometry (AMS) offers the advantage that the evaporation and ionization
of the particles are two separate processes within one instrument, which allows a quantification of
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particle components. Typical setups include an aerodynamic lens inlet, a chopper to separate the
particles into defined packages followed by flash vaporization, ionization and the final measurement in
a quadrupole analyzer.*® Although positive matrix factorization in MPMS allows the assignment of
particle classes within a bulk particle population, this method is highly dependent on large datasets and
initial parameters for the calculation. This can lead to significant errors in the assignment.¥” However,
statements about the internal mixing degree of a single particle directly from the measurement data
cannot be made with this method. In contrast to MPMS, single-particle mass spectrometry (SPMS) can
be used to obtain information about the composition of individual aerosol particles and thus can provide
access to their internal mixing state.®® The ionization method can also be adapted to the requirements
for the analysis. For example, the chemical ionization or single-photon ionization by means of vacuum
UV (VUV) allows for an almost fragmentation-free ionization of organic molecules.**3® While LDI is
thought to be selective towards inorganic compounds, the so-called resonance-enhanced multiphoton
ionization (REMPI) process leads to selective formation of intact organic radical ions.!*® By using
different lasers for desorption (IR laser) and ionization (UV or VUV), it is even possible to obtain
information about the makeup of the individual particles.** A much more precise classification of a
single particle, compared to the abovementioned methods can be achieved by bipolar single-particle
aerosol mass spectrometry, which was developed by Hinz et al in 1996.142 While the measurement of
only positive or negative ions gives hints about the composition of the original particle, bipolar
measurements provide reliable statements about the correlation of positive and negative ions. Using ToF
MS enables a high temporal resolution up to several hundreds of particles per second, depending on
laser shot frequency, particle transmission of the inlet system and data recording rather than ToF
measurement speed. More recently, the separation of desorption and a two-step ionization process,
involving the combination of REMPI and LDI, allowed for very sensitive bipolar detection of organic
and inorganic compounds from the same particle.1*3

1.2.4 Laser mass analyzer for particles in the airborne state (LAMPAS)

The LAMPAS 3 instrument is a highly integrated mass spectrometric device, combining particle
aerodynamic size determination with bipolar mass spectrometry and respective data acquisition and data
evaluation unit. The system offers excellent conditions for autarkic single-particle measurements
especially under field conditions.* Due to its compact dimensions 1.52 x 0.64 x 0.57 m (H x L x W)
and easy transportability (weight: 150 kg), the LAMPAS 3 instrument enables determination of the
chemical composition of single aerosol particles in the size range from 200 nm to 10 pm even at remote
places. The bipolar configuration allows for a simultaneous detection of positively and negatively
charged ions from the same particle. It consists of three main instrumental parts, an atmospheric pressure
interface (inlet system), the LDI ion source and two ToF mass analyzers with reflector geometry as
shown in Figure 5.

The particles are transferred from the surrounding air through the suction of the inlet system into the
mass spectrometer. The differentially pumped inlet system is divided into three vacuum stages,
separated by a nozzle, a skimmer and an orifice with decreasing opening sizes of 500, 400 and 300 pum,
respectively. The same inlet system was tested and used before in the LAMPAS 2 instrument and
provides an acceptable detection efficiency of 107 for particles with 800 nm aerodynamic diameter.4
The task of the inlet system is not only the transfer of the particles, but also their size selection and
focusing of the particle beam to reduce its divergence in the ionization region. The pressures in the
different stages during operation are about 10 mbar behind the nozzle, 102 mbar behind the skimmer
and 2 x 10 in the main chamber behind the orifice plate. These pressures are achieved by means of two
turbomolecular pumps (70 and 250 L/s) for stage 2 and 3 respectively and a rotary vane oil pump for
the first stage. A diaphragm pump provides the backing vacuum for the two turbomolecular pumps.
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Figure 5: Schematic of the LAMPAS 3 instrument consisting of inlet system, ion source and ToF mass analyzers for
positively and negatively charged ions, respectively. The three vacuum stages, divided by a nozzle, a skimmer and an
orifice are shown in different colors.

After passing the small orifice, the particle velocity is detected by two continuous laser beams of a diode-
pumped frequency doubled Nd:YVO;, laser (A = 532 nm) at a constant distance of 3.3 mm. The
accelerated particles pass both beams of the diode laser while the scattered light is transmitted by several
optical fiber cables to two photomultiplier tubes (PMT). The electric signal produced by the scattered
light is then processed by two discriminator units, one for each PMT channel, to filter signal intensities
from incident light of particles > 200 nm from smaller particles, electric noise and background photons.
If the signal-to-noise ratio of the scattered light is high enough, a coincidence unit checks whether the
signals of both PMTs are within a predefined time window, which means that they come from the same
particle. The rectangular output pulses of the coincidence unit, one for each time the particle passes
through the laser beam, are then evaluated by an active triggering unit. Via the time interval between
the signals, the active triggering unit calculates the time delay in which the ionization laser (N laser, A
= 337 nm, 250 mJ per pulse, 3 ns pulse width) must be triggered to hit the particle exactly in its laser
focus (@ ~ 30 um). Due to the known distance between both detection laser beams, the aerodynamic
diameter can be determined for unknown particles by prior calibration of the system with polystyrene
latex spheres of different sizes. By measuring the velocities of the spheres, which depends on their
aerodynamic diameter, the delay time for unknown particles can be determined from their calculated
velocities.

After the particles were hit by the focused 337 nm ionization laser beam at a typical power density of
10° W/cm?, a certain amount of material from the particles, depending on the pulse energy (can be varied
by means of an attenuator) and on the particles size and composition, is then desorbed and ionized. The
range of laser irradiance used for the LAMPAS 3 is above the ionization threshold of ~ 2 « 10° W/cm?
reported for LDI, thus creating a dense plasma containing neutrals, positively and negatively charged
ions as well as electrons at the ionization region.'*®4” The ions are extracted by two electrode grids per
flight time tube (two-stage acceleration) for each positively and negatively charged ions, in opposite
directions. Typical voltage settings are 0 and 0.3 kV at grid 1 and 2 and 5.8 and 6.8 kV at grid 3 and 4,
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respectively. Anion lens is used to focus the ion beam and a deflector to guide the ion packages through
static ion reflectors at the end of each flight tube. After passing the field-free region a second time, which
results in a total length of 630 mm for both polarities, they are detected by microchannel plates (MCPs)
producing a voltage pulse for each ion package, whose area is proportional to the number of ions
measured over the time-of-flight. An oscilloscope covert these pulses into digital signals which can be
recorded and processed by a PC. Typical mass resolutions of R = 300 can be achieved in positive- and
negative-ion mode.

A major disadvantage of single-particle time-of-flight mass spectrometry and ionization using LDI is
the strong fragmentation of ions and molecules in the resulting plasma. It can be reduced by attenuating
the laser energy at the expense of the amount of ions generated, which is of decisive importance
especially when measuring the smallest particles. The major advantage of the instrument is the bipolar
arrangement of the flight tubes which allows the simultaneous determination of two oppositely charged
ion types of one and the same particle and thus drastically increases the number of identified
compounds.'*? Correlations between ions of different polarities likewise simplify the assignments of
mass spectra with unit resolution.

1.2.5 Ultra-high-resolution mass spectrometry imaging (MSI)

Mass spectrometry imaging (MSI) has first been described for secondary ion mass spectrometry (SIMS)
in 1962 by Castaing and Slodzian for the analysis of semiconductors.'*® Based on this idea and
encouraged by the search for the spatial distribution of inorganic ions in biological samples, the
technique of laser microprobing mass analysis (LAMMA) was invented in the 1970°s by Franz
Hillenkamp and Raimund Kaufmann.®” The idea was to develop a combination of an optical microscope
with a laser mass analyzer to unravel information on the location of inorganic ions within a sample. The
technique allowed for the correlation of m/z-ratios and signal intensities, corresponding to qualitative
and quantitative analyte information, with location-based data from a sample surface. lonization by LDI
and subsequent measurement of ions with mass spectrometry limited the approach to small inorganic
substances, due to high fragmentation. The latter has been overcome by the invention of matrix-assisted
laser desorption/ionization (MALDI) in 1985, providing the analysis of larger unfragmented
biomolecules.*014°

In 1994, Spengler et al. reported the combination of the laser microprobe principle and the MALDI
method with coaxial geometry and two-dimensional scanning of a sample under high laser focusing
conditions.*® MALDI mass spectrometry imaging is nowadays the most important mass spectrometric
imaging technique for biological tissue samples.5!%2

In contrast to many classical biochemical identification methods, MALDI does not require complicated
labelling of target molecules or extensive sample preparation. In contrast to secondary ion mass
spectrometry (SIMS), MALDI MSI can be used without the need for ionization under high vacuum
conditions, which is why it is regarded as an ambient ionization method.!**!** Lateral resolution of
typical MALDI imaging sources is in the range of 5 — 50 um, when using highly focused UV-laser
beams.>® More recently, subcellular spatial resolution < 2 um was reported.'>® Operating MSI sources
on ultra-high resolution mass spectrometers like FT-ICR or orbital trapping devices with R > 30000 and
mass accuracies better than 1 ppm allows for highly reliable assignments of m/z-values to molecular
formulas.
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Figure 6: Principle of LDI imaging by the example of a filter paper covered with tiny aerosol particles. The filter paper
is mounted on an x-, y-, z-stage and high voltage is applied, while a highly focused UV-laser beam desorbs and ionizes
material from the surface spot by spot. The ions are measured by an ultra-high resolution orbital trapping mass
spectrometer, allowing to create images with compound specific intensity distributions.5®

For LDI imaging, thin surfaces containing the analytes of interest are scanned by a desorption laser to
determine their molecular compositions. Particularly for MALDI, which is highly suitable for
examination of large organic molecules, tissue sections are additionally covered with a thin layer of
organic matrix prior to measurement, supporting desorption and ionization by strong optical absorption
and preventing molecules from fragmentation by distribution of excess energy. A schematic of an LDI
imaging measurement procedure applied to atmospheric particles on a filter paper is shown in Figure 6.
The prepared sample is fixed on a sample holder, which is mounted on a precisely moveable x-, y-, z-
stage. Observation of the sample surface is possible by a microscope camera, allowing to position the
fixed laser beam on a certain point of interest. While illuminating the selected focus spot with highly
intense UV-light pulses, a certain amount of sample, strongly depending on pulse energy and focus
diameter, is desorbed and ionized. The ionized material is transferred via an atmospheric pressure
interface into the mass spectrometer and a mass spectrum is acquired, representing the composition of
the ionized material in the ablated area. Subsequently, the stage is moved to the next spot, which is
treated the same way, until the whole area of interest is measured. Later on, the software assigns each
location on the sample to the corresponding mass spectrum, often exceeding several thousand in number,
depending on the pixel size (distance between two spot centers) and measurement area.'® From this
information, MS images can be created by selecting a small m/z-window and plotting the contained
signal intensities, converted to gray scale values or color gradients on a grid with x- and y-coordinates.
As a result, compound specific intensity distributions (selected ion images) are obtained.'>® Demanding
surface topographies have so far been a major obstacle for MSI as well, as the samples had to be as flat
as possible in order to avoid variations of the laser spot size and thus fluctuations of the laser intensity.
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This has been overcome recently by the invention of a triangulation-based autofocusing system, capable
of measuring even samples with strong variations in their height profile.!%® Earlier attempts to measure
for example biological specimens suffered from additional sample prerequisites and preparation steps,
such as cutting and embedding to create very thin and flat surfaces.’ Due to their extreme surface
roughness, particle measurements on glass fiber or quartz filters were also not possible until now and
were limited to very flat surfaces or the collection of particles on transmission electron microscope
(TEM) grids.*°

Reaching high lateral resolutions with MALDI MSI is a very challenging task, as it does not only depend
on the focal size of the laser and thus the physical properties, but also on matrix application and
composition.®® Sample handling and preparation are crucial to minimize matrix crystal size, enhance
co-crystallization and prevent analyte spreading by dissolution. These effects have often been observed
with organic dissolved matrices, leading to distorted compound mapping and reduced resolution.6!
More recently, inorganic alternatives emerged, including graphite, graphene, carbon nanotubes, gold
and silver nanoparticles as well as nanophotonic surfaces.'®>1%” Many of these compounds have been
proven to be very effective in ionization and fragmentation-free measurements of small, often nonpolar
molecular compounds, successfully preventing interferences with matrix ions below m/z 700.168169
Matrices that are not reliant on liquid solvents are of particular interest. Graphite particles, for example,
served as matrix for the measurement of filter extracts to detect oligomeric species of isoprene
photooxidation.t”® Direct measurements of particles generated by smog chamber experiments without
further treatment were carried out by Kalberer et al.1™* They used graphite and crystalline titanium nitride
(TiN) particles deposited on impactor plates before sampling the aerosol on these targets. However,
using the abilities of already existing black carbon aerosol particles on filter samples, acting as matrix,
does not need sample preparation and has been shown to be well suited for the determination of inorganic
and organic particle components.t’? Jaoui et al. claimed that filter extracts mixed with graphite particles
and particles measured directly from impactor stages provided similar results.'”® Measurements of
particles on filter samples by LDI successfully demonstrated the utility of this approach for sensitive
detection of organic compounds in low concentrations, particularly PAHs and nitro-PAHs.*!
Quantification of analytes on surfaces has been shown to exhibit high accuracy due to higher ionization
yields and increased limit of detection by graphite-assisted ionization.'’ Fragmentation can be reduced,
artifacts are successfully prevented and the limit of detection for organic compounds compared to
inorganic ions is increased. Additionally, the use of atmospheric-pressure MSI effectively prevents
evaporation of volatile and semi-volatile compounds from sample surfaces, which has been a major
obstacle until now.1"?

Assignment of signals within high-mass-resolution imaging mass spectra to atomic compositions of
molecules typically relies on their exact mass and fragmentation spectra from tandem mass spectrometry
(MS?) experiments. Combination of both measures in combination with database search engines have
been proven to be highly suited for a reliable identification of compounds in untargeted experiments.*’
Identification is made significantly more difficult if MS? is not available, either technically or due to
inhomogeneous and thus unpredictable analyte distribution within a sample. Furthermore, the number
of possible atomic combinations (sum formulas) for a given signal, even under high mass accuracy and
at high resolution, increases significantly when the number of possible elements increases. This applies
especially for atmospheric particles, as these mixtures of inorganic and organic compounds can contain
almost any element found on earth. This means that even database-assisted search engines cannot be
used for the majority of compounds, since molecules in atmospheric particles are often very unspecific
or insufficiently documented in databases. However, there are a number of options to simplify the
assignment, including isotope distributions, isotope ratio analysis, elemental probability restriction and
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Kendrick mass defect plots.>”17® Issues can arise from interpretation of isotopic distributions and
intensities for orbital trapping mass analyzers, as very low-abundant signals can be underrepresented by
a factor of up to 10 % due to cut-off values, influencing isotopic beat patterns during data acquisition.*’”
However, if MSI is coupled to an ultra-high-resolution orbital trapping mass spectrometer, highly
reliable compound annotations and their accurate presentation in space are possible. Location-based
compositions of inorganic and organic substances in positive- and negative-ion mode can be unraveled,
while carbon particles serve as “in-situ” matrix on aerosol filter samples as shown in publication 2 of
this work.

1.2.6 Statistical methods for the identification of particle sources

Not only is data generation important to achieve a desired result, but data handling and evaluation is
even more critical, especially for MSI applications and single-particle MS, as both are non-targeted and
deal with a variety of possible organic and inorganic molecular compounds. Furthermore, the occurrence
of possible elements for molecular formula assignments in atmospheric particle populations is
theoretically not restricted and predictions can only be made based on their abundance in, for example,
the earth's crust. However, assumptions made for naturally occurring particles are of limited value when
anthropogenic sources are involved, some of which are characterized by rare earths or heavy metals,
leading to non-trivial spectra, complicating the assignment of ions to m/z-ratios. For all these reasons,
manual evaluation of several thousands of spectra and their source apportionment becomes extremely
complicated and inefficient. For single-particle laser MS, due to nominal mass resolution and high
fragmentation, this becomes particularly clear. Therefore, particles can only be traced back to their
sources by statistical methods, as small differences in the spectra are revealed that would not be noticed
by manual inspection. Structuring and organizing large heterogeneous datasets in order to find similar
mass spectral patterns is provided by a variety of mathematical functions.

The aim of these methods is to reduce huge datasets by harvesting significant information from the
gathered spectra. In search for similar characteristics in the spectra, statistical algorithms cluster them,
based on different variables like m/z-values or signal intensities. Each cluster is then considered as a
class of similar internally mixed particles and can be assigned to a particle source according to its
characteristic signal intensities and distributions.’®> However, the dependence of the ionization
probability of individual molecules or atoms on the ionization potential, the particle matrix and the
existing chemical bonds complicate intercomparability between spectra.l’® Therefore, the spectra have
to be appropriately prepared before evaluation in order to achieve better comparability, reproducibility
and reliability. This includes, among others, an accurate calibration, the normalization of signal
intensities to reference values (total ion count, largest signal, average signal intensity, etc.) and scaling
of the signal intensities by mathematical functions like logarithmic and square root to avoid strong
intensity variations.1’®-%8! The required variables are then extracted from the pre-processed spectra and
combined in a multidimensional matrix, including as many dimensions as variables.

The most widely used multivariate statistical methods are principal component analysis (PCA), k-means
or fuzzy-c-means clustering, hierarchical cluster analysis (HCA) and artificial neural networks (ART-
2a).142179.182183 The goal of a PCA analysis is to reduce the number of dimensions in a multidimensional
input matrix, while trying to keep the loss of information as low as possible. The illustration of the data
is thus significantly improved and the coherence emphasized. K-means and fuzzy-c-means are so-called
partitioning clustering methods, meaning that the number of clusters must be defined prior to clustering
evaluation, while spectra with high similarities are grouped to this clusters.’® They are frequently used
in source identification and determination of aerosol properties from single-particle measurements, 3184
Preselection of cluster number can be considered as a disadvantage, since there is usually an optimal
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number of clusters to which the spectra can be assigned to. Both methods tend to get stuck in local
minima during calculation, leading to wrong optimal cluster numbers, but nevertheless are appreciated
for their efficiency and simplicity.'® Fuzzy-c-means is denoted as “soft” algorithm, assigning spectra to
clusters based on a membership degree, ranging from 0 (no membership) to 1 (full membership).*
Especially for strongly internally mixed atmospheric particles, this is meant to be closer to reality than
assigning spectra to a cluster by a “hard” algorithm using a yes/no criterion as for example k-means
does. However, comparative evaluation of the same dataset with both algorithms barely showed any
differences.’® Furthermore, k-means outperforms fuzzy-c-means in terms of speed and computing
power.t®" In contrast to k-means and fuzzy-c-means, hierarchical clustering starts with as many clusters
as there are spectra. As the analysis progresses, the spectra (clusters) with high similarity are merged
together in a joining-tree (dendrogram) finally forming a single cluster, containing all spectra.’® The
similarity between the spectra in the dendrogram is illustrated by the length of each branch of the tree
until they are merged. This method is very time consuming and computationally intensive.'® Recently,
the Art-2a algorithm has been increasingly used, as it can be trained based on preexisting clusters and is
therefore particularly suitable for real time online classification.’® However, for single-particle
measurements it has been shown, that best clustering results are achieved by using dual polarity spectra
from a particle.*® Each algorithm uses different types of distance functions to establish the relationship
between variables and cluster centers. The choice of the distance calculation is critical and strongly
depends on the chosen dataset.’® Some well-known methods are Euclidean, Manhattan and Pearson
correlation-based distance metrics.'®1%2 Since the signal areas of two ions of different polarity from the
same compound usually have a high correlation and are therefore linearly dependent on each other, the
Pearson correlation method is well suited.’® This is especially true for bipolar MS as long as no
mathematical scaling functions are applied, typically disturbing such linear relationships. In contrast,
the Euclidean distance calculation, which uses the direct distance between two variables in space, offers
advantages as soon as highly intense signals should be separated from lower ones.

Often, combinations of the different statistical algorithms are the best option. The intrinsic problem of
partitioning cluster algorithms to get lost in local minima, for example, has recently been circumvented
by combining them with particle swarm optimization (PSO) methods.'#19 PSO uses global stochastic
variation in order to optimize multivariate functions. The advantages of computationally intensive HCA
and fast partitioning clustering algorithms can also be combined. A limited number of start clusters at
hierarchical clustering can be achieved by preprocessing large datasets with fuzzy-c-means or k-means
calculations.?* Choosing, for example, 50 start clusters from 2000 spectra, will reduce the start value
for the HCA by a factor of 40, but at the same time it can be assumed that with 50 clusters the largest
part of the variability of the internally mixed particles is covered. Instead of using completely
unsupervised statistical methods, a promising approach relies on preselection of characteristic signals
upfront of classification. In such a way, the influence of large but insignificant signals on the resulting
clusters can be prevented. Schmidt et al. showed the efficiency of this approach by comparing
representative lab-measured particle populations with online-derived data of ice particles for source
apportionment.®  Choosing selective characteristic signals from lab-measured single-particle
populations of reference materials and aging-related features from online-measured populations, enables
to visualize time-dependent aging of atmospheric particles according to predefined sources, as shown in
publication 1 in this work. Not only single-particle spectra are optimally suited for multivariate statistical
evaluation. Numerous examples show the application of PCA and clustering methods for MSI
measurements.'%1% This idea was therefore likewise adapted for source apportionment of particles on
filter samples in publication 2.
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Regardless of the clustering method used, spectra patterns are finally calculated for each generated
cluster, representing the mean signal intensity of the associated spectra. Evaluation and sorting of the
spectra patterns is typically done manually, based on chemical knowledge, particle mixing
characteristics and expected particle sources. Reliability and accuracy of multivariate statistical analysis
approaches therefore often rely on starting criteria and manual interpretation of results. Therefore, the
quality of results often depends less on the algorithm used than on the user and his knowledge about the
classified data.

30



1.3 Influence of regional and remote factors on the particle population in
remote regions (Publication 1)

Climate strongly depends on aerosol particles, whether by direct influence due to scattering and
absorption of sunlight and earth radiation, or indirectly as cloud condensation nuclei.l%1921%° The first
two factors become more relevant when the particle size exceeds the critical diameter of about 200 nm,
while at the same time these particles become less important for cloud formation.?® Light scattering and
absorption behavior mainly depend on the particle size and shape, but as well on the chemical
composition, 18113201 110 Stronely hydrophilic particles containing easily soluble sulfates, nitrates and
sea salt, are considered as generally cooling, due to enhanced light scattering.>2°> Soot or BC in contrast
absorbs sunlight in a broad spectral range, and is therefore associated with climate warming.®® In
general, the contribution of anthropogenic aerosol to the global radiation balance is negative, and thus
cooling.’® However, more realistic observations and models include mixtures of different particle types
and high fractions of mineral dust.!° Strong scattering is attributed to these particles, which decreases
due to agglomeration or even increases by aging reactions with acidic gaseous components in the
atmosphere.2%%-2% Besides that, most mineral particles (quartz, calcite and gypsum) are highly reflective,
in contrast to, for example, hematite that exhibits high absorption.?* From this, it is of particular
importance to differentiate between fresh and aged mineral particles and different mineral particle types.
Furthermore, the net effects of scattering and absorption is drastically increased if the underlying surface
is particularly reflective. This is the case in snow-covered alpine regions, where even the relatively
strong scattering of the mineral aerosol particles reduces the reflectivity of the snow cover (snow
albedo). The increased melting of snow and ice as a side effect, induced by particle coverage, is gaining
more and more attention in the last years, but it is, however, only little proven empirically.?072% |t was
found that this effect plays a significant role when the amount of mineral particles in the atmosphere
and their deposition on the snow increases above average, for example during volcanic eruptions or
sandstorm events.?%>210 |n addition, the increased solubility of aged mineral particles, in particular calcite
and dolomite particles, is leading to higher precipitation during transport and reduced stability at snow
contact.?!

However, such effects could be well studied in remote locations like the Jungfraujoch high altitude
research station at 3580 m asl, in the Swiss Alps as shown by several published multiple-measurement
campaigns.'’8212214 Schmidt et al. furthermore demonstrated, that characteristic features of aerosol
particles could be derived from laboratory measurements and applied to online-measured populations.'®°
Particularly at the Jungfraujoch site, regional influences are still only poorly understood, and applied
measurement techniques and evaluation procedures do not allow for a comprehensive differentiation of
mineral particle sources and transportation pathways. Combination of bipolar single-particle mass
spectrometry and reference-particle-supported multivariate statistical classification offers an excellent

solution to address this issue.?!?

1.3.1 Laboratory and on-line single-particle measurements?'®

To assess these effects and to gain a deeper insight into which particle sources, regional or remote, are
of particular importance in the free troposphere at the Jungfraujoch measurement site, atmospheric and
laboratory-derived bipolar single-particle mass spectra served as basis for a refined evaluation method.
Supplementary data to prove signal intensities and plausibility was taken from ICP-MS measurements.
For the allocation of mineral particles, reference spectra from Alpine rock stone, Morocco desert sand
and Rhine river sediment were measured in the laboratory as model systems. Artificial aging of these
spectra should allow to identify aged mineral particles as well. These results were compared with
atmospheric particle spectra measured at the “Cloud and Aerosol Characterization Experiment”
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CLACE-1 campaign between March 17, 2000 and March 24, 2000 at the Jungfraujoch research station
in the Swiss alps, which was influenced by periods of intense sandstorm events.
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Figure 7: Atmospheric particle composition during three measurement episodes at CLACE-1, derived from model
system comparisons in two-hour intervals a) and the respective number and mean size of these particles as derived from
the LAMPAS 2 particle detection system b). HYSPLIT back trajectories of air masses arriving at the measurement
station within these time slots for 180 h c¢) and 72 hours d) and e) are shown likewise.

Particle sources, apart from typical particle compositions on the measurement site, could be addressed
on basis of sedimented and accumulated particles in dried-up snow water samples from the Jungfraujoch
top region, representing an average particle population over a longer period of time. The size range of
mineral aerosol particles from the model populations and the sandstorm events between 200 nm and 10
pm was ideally suited for single-particle measurements with the LAMPAS instruments. For all 3432
measured spectra, intensity scaling to the total ion count was used to normalize the signal intensities in
an interval between 0 and 1. In order to distinguish individual sources and their share in the total
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composition of atmospheric, river sediment and dried-up snow-water particles, they were classified by
a hierarchical clustering algorithm preprocessed by k-means, as these are expected to be external
mixtures of different mineral components. Characteristic compound features of Alpine rock stone,
Morocco desert sand and Rhine river sediment were identified prior to the clustering approach through
a systematic comparison of the model populations and was later used as sorting criteria. A correlation-
coefficient-based distance metric was used for classification, as in-depth characterizations of model
system spectra showed excellent correlations between positive and negative ions, expected to result from
the same compounds. Finally, the classes derived from the atmospheric particles were compared to aged
and non-aged model system spectra to differentiate between different particle sources and their
atmospheric processing during transportation in high altitude. HYSPLIT back trajectories were
simulated for the measurement episodes for 180 and 72 hours to back up the composition data and
support source-based hypothesis.

The particle composition at the Jungfraujoch high altitude research station for three episodes in the year
2000 (March 17 at 9 am to March 18 at 10 pm, March 21 at 11 pm to March 23 at 12 am and March 24
at 5 am to March 24 at 7 pm) could be resolved in two-hour intervals as shown in Figure 7 a). The huge
variety of differently aged and non-aged particles could be allocated to a total of 8 particle classes,
whereas 6 out of these classes were assigned to mineral sources and precursors like aged sand particles
(calciumrich iron), aged rock particles (calcium poor iron), river sediment particles (calcium sediment),
titanium oxide particles (TiO-rich), less-aged sand (less-aged calcium rich) and less aged rock particle
(less-aged igneous rock). Carbonaceous (Carbonaceous) and organic particles (organic NOx/SOA +
CN-rich organic + HOA/SOA) provide additional information about the typical composition of mostly
anthropogenic influences like local traffic and industrial emissions at the remote location, which was of
particular relevance on March 22nd and March 24th. Back trajectories showed that these particles are
dominated by continental air from the east on March 22 and from the Iberian Peninsula on March 24th.
However, the focus was on the composition of atmospheric particles during the sandstorm, which were
clearly visible in the dramatically increased particle numbers (Figure 7 b) on all other measurement
days, particularly on March 17th in the evening and March 23rd. Both days showed similar trends for
the different particle classes, but strongly differed in the number of incoming and detected particles. The
number of particles on March 23rd was about twice as high as on March 17th and 18th, which can be
attributed to the differences in transport paths and residence times of the particles in the atmosphere. On
March 17th and 18th the transport took about 180 hours as shown in Figure 7 c), due to indirect transport
over the Atlantic Ocean while on March 23rd the particles were transported directly over the
Mediterranean Sea from the southwest direction within 70 hours (Figure 7 d)). The composition of the
first incoming particles at each event started with a majority of less-aged calcium-poor iron particles,
most likely silicates. Very soon, typically after 2 to 4 hours, the composition changed to more aged
calcium-poor iron particles, showing a typical conversion of carbonate to nitrate, as expected from
reactions of primarily calcium carbonate with gaseous nitric acid. The first aged calcium-rich iron
particles were detected on March 17th at 5 pmand 11 pm and on March 23rd at 7 am, which was another
two to four hours later. At the same time the proportion of aged and less-aged rock particles decreased
constantly (March 23rd between 1 and 9 pm). Calcium sediment and TiO--rich particles were found on
all measurement days in different ratios and can therefore be attributed to local sources (Alpine calcium
basement rock and dolomite) and intensely aged remote mineral particles, which can hardly be assigned
to a distinct source.

The observed effects can be explained by the initial particle composition and their transformation during
atmospheric transport. The initial particles from the Sahara Desert outbursts are expected to consist of
a mixture of calcium carbonate and calcium-poor silicon-rich particles. Especially the calcium-poor
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particle types react to a lesser extent with nitric acid, and conversion to nitrate takes longer.
Predominately, the first arriving particles were able to react with the atmospheric acids and neutralized
them to a large extent due to their high number concentration. In this process, the calcium-rich particles
in particular were converted into nitrates, and their increased hygroscopicity leads to greater
precipitation during long range transport, as a result of which the poorly aged particles survived and
were measured at the beginning of each event. High numbers of insoluble mineral particles sedimenting
on the reflective snow cover will induce local temperature increase and enhanced snow smelt,
particularly during late winter and early spring when less fresh snowfall is expected. It was shown that
this effect is increasingly important during the frequently occurring dust storm events and with high
probability also exceeds the effect of deposited and strongly absorbing black carbon from anthropogenic
sources.

1.4 Particle characterization and quantification of organic and inorganic
compounds from Chinese and lranian aerosol filter samples using
scanning laser desorption/ionization mass spectrometry (Publication 2)

Air pollution in many heavily populated regions of the world is a major issue, with 3.3 million premature
deaths attributed to outdoor air pollution worldwide.?® The emission of urban aerosols, a mixture of
organic and inorganic substances, is of particular concern due to its detrimental impacts on human
health. 82 % of the world’s population is exposed to mean levels of PM2s0r PMyo that exceed the WHO's
air quality guidelines (20 pg/m® for PMyo and 10 ug/m?® for PM.s). 127 Particulate matter in highly
polluted regions usually originates from the same sources, such as heavy industry, coal combustion for
power generation, traffic, and the burning of organic material in private households.?821® An additional
complicating factor for certain cities is their location in valley depressions, enclosed by mountain ranges,
surrounded by deserts or exposed to marine winds. The associated weather conditions, frequent calm
winds, and seasonal events such as sandstorms significantly exacerbate particle pollution.?20221
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Figure 8: Overview of regions exceeding WHO's mean PM:s levels in 2016.2%2 The two regions covered in this study
(Tehran and Hangzhou) are marked by arrows.

The map in Figure 8 shows particularly heavily polluted regions in Asia, Europe and the Arabian
Peninsula from 2016.222 The accumulation of limit violations in eastern China and Iran is striking. This
is particularly relevant for Iran because no new data were recorded in this country after 2016 and
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therefore no air monitoring by the WHO has taken place since then.?!” Hence, the focus of this work
was on the two heavily polluted megacities Hangzhou in China and Tehran in Iran marked by green
arrows in Figure 8. In both cities, particles were collected on quartz filters in 2018 and later on analyzed
in the laboratory.??®

The majority of the methods used for characterizing air quality as described in section 1.2.3 are limited
by their ability to gain enough selective molecular insight into the sampled particles to allow conclusions
about their chemical and physical properties as well as sources and atmospheric alterations. Mass
spectrometric measurements coupled with chromatographic separation techniques would allow
comprehensive chemical characterization of the collected particles, but require extensive sample
preparation steps and prevent assignment of the measured compounds to individual particle
assemblies.??4?% Thus, in the present study, the advantages of high-resolution atmospheric-pressure
laser desorption/ionization mass spectrometry imaging and statistical evaluation of imaging data were
combined to identify as many substances as possible in the sample, even close to the single-particle
level 22 A standard-addition calibration approach requiring very little sample preparation was used to
allow quantification of PAHSs that are considered to have carcinogenic and mutagenic properties.®

1.4.1 Extensive chemical characterization of particles on filter samples??®

The comprehensive evaluation of filter samples collected on two days in Hangzhou (China) and Tehran
(Iran) led to the assignment of around 3258 mass signals, excluding isotopic features. Mass
concentrations in Hangzhou were found to be significantly higher than those in Tehran, as well as
respective numbers of assigned sum formulae. The samples from Tehran contained higher amounts of
sulphur-containing organic compounds and heavy-metal species, while the samples from Hangzhou
showed higher amounts of CHO-containing compounds and PAHs as shown in Figure 9. This difference
is likely due to the SO air pollution control policy in China on the one hand and traffic-related sources
in Tehran on the other. It was also observed that the relative number of CHO-containing compounds
was reduced compared to other studies, due to the parallel detection of inorganic compounds and PAHSs.
Oxy-PAHSs were only found in the samples from Hangzhou, suggesting that these particles were exposed
to oxidizing compounds in the atmosphere for a longer period of time compared to the particles in
Tehran. This observation was verified by evaluation of the double-bond equivalents (DBE) of organic
molecules, which, as a structural descriptor, can be used to separate compounds into functional groups.
The results showed that the Hangzhou samples had higher DBEs for all compounds, especially in the
PAH class, indicating that the PAHs were from more distant sources, such as coal combustion and
remote traffic. The Tehran samples on the other hand showed higher oxidation of nitrogenous
compounds, suggesting that these originate from car exhaust. Statistical evaluation of the high-
resolution atmospheric-pressure laser desorption/ionization mass spectrometry data revealed a number
of 168 significant compounds in negative-ion mode and 186 significant compounds in positive-ion mode
for both cities. A recurring motif here was the high proportion of sulfur-containing compounds in the
samples from Tehran while for Hangzhou mainly highly molecular PAHs and oxy-PAHSs, some CHN
species and inorganic calcium were found to be characteristic. Tehran samples in general were
dominated by lower-molecular-weight PAHs, CHON species and inorganic chromium compounds.
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Furthermore, the samples were subjected to a statistical clustering approach, in which the generated
mass spectra were correlated with their respective measurement location on the sample surface.
Structurally similar compounds could thus be assigned to specific particle classes. Inorganic and organic
compounds could both be detected and occurred in the same data cluster, allowing to draw conclusions
about mixing of different chemical components and ageing or the composition of primary particles.
Prominent data clusters include black carbon, mineral clusters, PAHSs, plant materials, SOA, calcium
compounds, caprolactam, methyl methacrylate and inorganic iron. The presence of heavy metals mixed
with PAHs and SOA in the samples from Tehran is concerning and may lead to negative consequences
for human health. Even quantification of 13 selected PAH species was possible on the same samples by
using a dried droplet method. It was found that the PAH concentrations in samples from Tehran were
twice as high as in those from Hangzhou. The higher concentrations of PAHSs in Tehran samples were
primarily caused by small organic and soot particles.

For the first time, ambient LDI MSI was used to analytically characterize the chemical composition of
aerosol particles sampled with/on quartz fiber filters. The technique has been proven to be particularly
useful for untargeted analysis of particles, allowing for the characterization of small communities of
particles and the identification of different particle classes (data clusters). Using an autofocusing
MALDI MSI source enabled to compensate for the extensive surface roughness of the filter and allowed
for constant and high ion signals throughout the whole ablated area. An ultrahigh-resolution orbital
trapping mass analyzer was used to differentiate very small differences in m/z values and to identify
more than 3200 sum formulae in positive- and negative-ion mode with quite a number of them as intact
molecular compounds instead of fragments. The method easily accesses a variety of organic or inorganic
molecular information in aerosol particles. Results showed a reduction in the number of sulphur
compounds and nitric oxide compounds in particles from Hangzhou, China, compared to the samples
from Tehran which may indicate a successful Chinese sulphur dioxide emission policy. Despite lower
mass loadings of the filters from Tehran, Iran, the relative number of heavy-metal-containing
compounds and polycyclic aromatic hydrocarbons (PAHs) were higher, raising concerns about the
exposure of the population in Tehran to toxic pollutants.
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1.5 Conclusion and perspective

Subordinate to the topic of chemical characterization of aerosol particles, the present work highlights
two sides of a coin. On the one hand, the in-situ single-particle analysis in a remote region in the Swiss
Alps and, on the other hand, the laboratory analysis of particle samples from heavily polluted megacities.

The combination of ToF MS and aerosol single-particle ionization in the field allowed for the
determination of the composition of numerous individual aerosol particles. Changes to the particles that
might occur during collection, transport and storage have been effectively eliminated. This method is
particularly effective when combined with multivariate statistical evaluation methods, such as PCA,
clustering or neuronal networks.}’®2> A large proportion of the particles at the Jungfraujoch site
developed chemically over long distances, often several thousand kilometers away from the actual
measurement location, and under the influence of different urban and natural factors. Only few methods
in the field provide information comparable to in-situ SPMS. However, also the limitations of the
instrument regarding the quality of the generated mass spectra and the resulting data used for further
statistical evaluation became apparent. Instrumental limitations with regard to mass accuracy, mass
resolution, ionization process and dynamic range necessitate extensive processing of the measured
spectra, such as manual calibration, normalization, peak selection and filtering.*® The detection of
primarily mineral particle components, due to plasma ionization in a high vacuum and the associated
strong fragmentation, further limits the system's range of application with regard to biological and
organic aerosols.

In contrast, the use of a high-resolution mass detector and a softer AP-LDI process was proven to be
beneficial for the untargeted detection of a huge variety of different organic as well as inorganic aerosol
compounds. The measurement of particle filter samples using MALDI-Orbitrap MS provided a
comprehensive overview of even secondary organic aerosols, polyaromatic hydrocarbons, fatty acids
and sugars due to its high mass resolution, high accuracy and low fragmentation. Statistical cluster
analysis of the data allowed for the assignment of complex combinations of particle components to
particle classes, revealing their origin and source more clearly than in-situ SPMS. Even quantification
of PAHSs was possible although with significant errors. However, due to the rather large laser focus with
a diameter of approximately 50 um, a clear assignment of the mass spectra to a single particle was
limited and a risk of chemical alteration of the particles after collection and during storage cannot be
excluded.

As demonstrated, high-resolution AP-LDI MS compensates for many of the disadvantages of single-
particle in-situ ToF MS but lacks on the crucial portability and provides a lower measurement frequency
and limit of detection.??622¢ While some instrumental adjustments of ToF SPMS, like for example
delayed ion extraction, orthogonal acceleration and multiple ion reflection can improve the mass
resolving power (up to 100,000) and increase the mass accuracy, they are often incompatible with the
requirements of a mobile system.??® Moreover, the quantification aspect and high fragmentation of
particles caused by laser bombardment under low pressure conditions remains challenging.82

Finally, an ideal single-particle aerosol mass spectrometer, capable of measuring inorganic and organic
compounds with high mass resolution, which is fast, compact and sensitive at the same time, combined
with acceptable electronic requirements would be extremely difficult to develop. Nevertheless, an
approximation to the ideal properties is certainly conceivable. Experiences made in this work with in-
situ TOF SPMS, offering a comparably low mass resolution (~300) and laboratory measurements with
ionization at ambient pressure using ultra-high-resolution MS provide the path for further developments.
There is a great interest for accurate source apportionment of organic as well as inorganic pollutants
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resulting from biomass burning, coal combustion and heavy traffic and their reliable identification that
creates special instrumental and methodological demands.?® The results of this work indicate that a
combination of orbital trapping mass analyzers and ambient pressure single-particle laser ionization
combined into a portable instrument would be a promising approach to meet the majority of those
requirements. Technological aspects for dual polarity ion measurements and miniaturization of Orbitrap
instruments are already available. #1232 However, transfer of ions generated from single particles into
vacuum conditions which is necessary to operate an orbitrap mass analyzer is challenging and will
therefore remain part of future research. Such a system would not only be ideally suited for
measurements in heavily polluted regions worldwide in order to specify source of particles responsible
for adverse health effects. But it also has the potential to enhance the differentiation between local
particles sources and particles that travelled over long distance at remote measurement locations, like
deserts or the arctic regions.
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ABSTRACT

The chemical composition of aerosol particles strongly influences the earth’s climate, includ-
ing their effects as sediments reducing the reflectivity of snow surfaces. Source apportion-
ment and transportation pathways of such particles help to assess their contribution to
regional surface-radiative heating. The chemical composition of particles in the free tropo-
sphere was studied at the Jungfraujoch (3580 m asl) in the Swiss Alps, using the laser mass
spectrometer LAMPAS 2 during the CLACE-1 campaign. Statistical methods and lab meas-
urements of reference particles were used to investigate the source and aging of field-meas-
ured particles. Desert sand, igneous rock and river sediment were used as model systems to
differentiate between aged and non-aged atmospheric particles. Dried-up snow-water par-
ticles showed a particle composition typically found at the measurement site, largely influ-
enced by carbonaceous and organic particles from local sources. During on-line
measurements between 17 and 24 March 2000, sand particles from two sandstorm events
were a significant source for less-aged mineral particles. Cur results show that desert-sand
particles can be transperted over long distances and that silicate-rich particles in particular
are only slightly altered in the atmosphere. We assume that both, the carbonaceous fraction
as well as the fresh mineral particles lead to a warming effect at the measurement site due
to their intrinsic properties of low solubility and strong light absorption, decreasing the sur-
face reflectivity of the Alpine snow layer. The results allow for a better assessment of envir-
onmental influences and particles’ impact on the local climate in the Alpine region at the
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Jungfraujoch.

1. Introduction

The influence of different kinds of aerosol on the
earths climate was studied extensively in a large num-
ber of publications in recent years (Allen, Landuyt,
and Rumbold 2016; Isaksen et al. 2009; Koch et al.
2009; Nabat et al. 2015; Shindell et al. 2009) and in
the past (Albrecht 1989; Charlson et al. 1991;
Haywood and Shine 1995; Twomey 1977). Correct
interpretation of light scattering versus absorption of
certain types of acrosols will lead to a better under-
standing and prediction of the future climate evolu-
lion. Whether a cerlain aerosol has a warming or a
cooling effect on the atmosphere, depends on various
physical and chemical parameters as for example par-
ticle size, chemical composition, site of action and
water content (Kandler el al. 2009; Tegen, Lacis, and
Fung 1996). Usually a distinction is made between

strongly hydrophilic particles consisting of easily sol-
uble components (sulfates, nitrates, salts) and hydro-
phobic particles like black carbon (BC) or organic
matter (Andreae and Gelencser 2006). The former
ones are associated with climate cooling due to their
light scattering abilities (Charlson et al. 1991), BC
with warming by absorption of radiation in a broad
spectral range (Hansen and Nazarenko 2004;
Ramanathan and Carmichael 2008). Aggregated min-
eral-dust particles are associated with light-absorbing
abilities as well (Sokolik and Toon 1999).

The strong light-absorbing properties of aerosol par-
ticles were found to play an important role in places
where the reflectivity of the earth’s surface is very high
(Gautam et al. 2013). In the alpine region, for example,
the white snow with its high albedo is partly covered by
aggregated mineral dust particles as well as BC, further
enhancing the warming effect of those particles by
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reduction of snow surface refleclivity. This elfect is well
known for BC, but in case of mineral dust strongly
depends on the solubility and hence chemical processing
of these particles before deposition (Ming et al. 2008).
The differentiation between fresh and aged mineral par-
ticles is therefore essential for assessing the influence of
the particles on the regional snow albedo. In this context,
the role of mineral dust is often neglected, but it has
been shown to be an important contributor to the
reduced surface reflectivity (Gautam et al. 2013; Liou
et al. 2014), The lower absorption of the mineral dust
compared to BC is thereby compensated by its larger
deposition volumes, which play a particularly important
role in the vicinity of large mineral dust sources.
Especially the influence of regional particle sources and
less-aged particles that were fast transported from a
greater distance is very important and has still not been
fully clarified (Henning et al. 2003). Such effects can be
studied notably well in remote places where low particle
concentrations are expected and where urban and rural
influences can be well assessed. Many measurements on
the Jungfraujoch in the Swiss Alps in recent years show
that this site is particularly suitable for this purpose
(Cozic et al. 2008; Henning et al. 2003; Hinz et al. 2005).

Various off-line analylical methods have been used
for determination of the chemical composition of
aerosol particles. Such methods are, for example,
atomic absorption spectroscopy (AAS), proton-
induced x-ray emission (PIXE) (Matschullat et al.
2000), jon chromatography (Henning et al. 2003) and
gas-chromatography coupled with mass spectrometry
(GC-MS) (Zheng et al. 2005). A prerequisite for all
these methods is the collection of particles on filters
or by means of impactors. The analysis of the filter
samples often allows a quantitative statement about
the overall chemical composilion of the particle popu-
lation at the sampling location. However, differentiat-
ing between the individual particle sources using these
methods is very challenging, and it is still not possible
to prevent changes in the particles during sampling
and storage. In order to avoid these disadvantages, it
is necessary lo measure the particles at the place of
their origin. On-line mass spectrometric methods are
particularly suitable for this. There is only a small
number of such techniques available, including mul-
tiple- and single-particle aerosol mass spectrometry
(MPMS and SPMS) (Hinz and Spengler 2007).

It is particularly difficult to differentiate between
externally and internally mixed particles when particle
ensemble measurements are used, as in the case of
MPMS. Although MPMS allows to quantitatively
determine the chemical composition of particles and
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lo idenlify cerlain parlicle sources by Posilive Matrix
Factorization (PMF), the results are based on many
parameters and vary depending on the intlerpretation
of the initially determined factors (Ulbrich et al.
2009). Another prerequisite for a reliable determin-
ation of particle sources using PMF is the availability
of a sufficiently large data set. It is therefore import-
ant to be able to measure individual particles separ-
ately. Single-particle aerosol mass spectrometry offers
optimal conditions for this, as individual particles are
vaporized, ionized and detected one after another.
Even a small number of measured particles makes it
possible to draw conclusions about the origin of the
particles and environment to which these particles
were exposed (Hinz et al. 1999).

The analysis of single particles is often ambiguous, if
only one ion polarity is monitored. A low mass reso-
lution, which is typical for such devices, can lead to
overlapping signals, making it difficult to correctly
assign the detected ions. Bipolar time-of-flight mass
spectrometry, detecting ions of both polarities from the
same particle, therefore has been found to be crucial for
correct assignment of signals. (Hinz, Kaufmann, and
Spengler 1996). On-line measurement in bipolar single-
particle mass spectrometry is a powerful tool for
describing the nalive stale of atmospheric particles. We
report on the differentiation of fresh and aged internally
mixed particles, based on comparing ion-abundance
ratios in mass spectra of online-measured airborne par-
ticles at the Jungfraujoch with those in mass spectra of
representative particles collected from locations that are
expected to be important particle sources at the meas-
urement site. Their chemical composition, origin and
aging behavior are important parameters in this context
and were therefore investigated for the isolated place of
the Jungfraujoch. The results of this study should pro-
vide a deeper insight into the influence of regional and
less-aged mineral particles on the surface reflectivity of
snow layers in such remote regions.

2. Methodology
2.1. Samples collection and handling

Three different types of particles where chosen as
model systems in laboratory measurements: Alpine
rock stone, Morocco desert sand and Rhine river sedi-
ment. Each of these populations represents a possible
class of mineral atmospheric aerosol particles, fresh
mineral dust in case of the sand or eroded rock in case
of Aarmassif granite. The sediment particles demon-
slrate a certain evolution of eroded mineral particles
processed by anthropogenic and natural influences.



554 (&) C BARTH ET AL

A fourth type of parlicles was also invesligated. Those
particles were retrieved from dried-up snow water, and it
is expected that they reflect the particle composition in
the surrounding atmosphere over a longer period of
time. These particles precipitate during snowfall and
accumulate in different snow layers. It is expected that
most mineral atmospheric particle populations measured
at the Jungfraujoch site are to some extent affected by
these mineral particle classes or in the case of snow
water residues reflect similar chemical features.

Snow and rock stone samples were collected at the
top region of the high-alpine site Jungfraujoch in the
Swiss Alps (3580m asl) on 27 March 2000, during the
field campaign “Cloud and Aecrosol Characterization
Experiment (CLACE-1).” Sampling spots for the snow
samples were located at the exit area of the station facing
the glacier while rock was sampled at the Jochplateau.
Fresh snow was obtained from the top (0-30cm) and
pressed snow (30-45cm) from deeper snow layers and
molten to yield a total volume of more than 4 liters of
water. The water was stored in plastic bottles at 4°Cin a
refrigerator. For aerosol measurements, about 1.5 liters
of snow water were slowly evaporated to dryness, and
the remaining residues were ground with an agate mor-
tar, The rock stone samples were stored in the refriger-
ator at 4°C. For measurement, small pieces (<1 cm®)
were dried in a desiccator overnight and ground with a
mortar to yield a fine powder.

Rhine sediment was sampled in 2011 near Lorrach
in Germany, dried and size selected. The inhomogen-
eous powder with particle sizes smaller than 2mm
was then ground with a ball mill to obtain particle
sizes below 10 pum, which is in the measurement range
of the LAMPAS 2 (Laser Mass Analyzer for Particles
in the Airborne State) instrument {Trimborn, Hinz,
and Spengler 2000).

Morocco sand was sampled in February 2005 near
Laayoune in Morocco and treated the same way as the
rock samples. Measurement of the finely dispersed pow-
ders from rock, sand and snow water residues was carried
out with the LAMPAS 3 mass spectrometer (Hinz et al.
2011) in the laboratory. The powders from rock, sand and
river sediment were additionally microwave digested with
aqua regia and measured by inductively coupled plasma -
optical emission spectrometry (ICP-OES).

2.2. Instrumentation

Direct analysis of single tropospheric aerosol particles
was carried out during the field campaign CLACE-1
on ten days in March 2000 at the Jungfraujoch with
the LAMPAS 2 instrument. A detailed description of

the instrumenl can be found elsewhere (Trimborn,
Hinz, and Spengler 2000). An overview of the whole
dataset was published earlier (Hinz et al. 2005). The
measured spectra were revised, partly recalibrated in
greater detail, and crowded spectra containing satu-
rated fon signals were filtered out. Only for 17, 18
and 22 till 24 March, the quality and number of spec-
tra were sufficiently high for statistically reliable evalu-
ation. Vacuum aerodynamic particle size was
determined by calibrating the instrument with poly-
styrene latex spheres with diameters between 0.2 pum
and 5.7 pm. Single-particle analyses of rock, sand and
dried water samples were performed in the laboratory
with an improved version of the previously described
instrument, The LAMPAS 3 instrument was devel-
oped with reduced instrumental size and optimized
for user-friendly long-term operation. A sketch of the
instrument is shown in Figure S1. The dry powders
were dispersed and transferred into the LAMPAS 3
instrument through a differentially pumped inlet sys-
tem, consisting of a nozzle, a skimmer and an orifice.
Particles in the size range belween 0.2 and 10pm
were optically detected by two continuous cw-laser
beams (A—3532nm) inside the main chamber of the
mass spectrometer. Particle sizes were determined
based on their size-dependent velocities. Afterwards,
an actively triggered 337 nm pulsed UV laser evapo-
rated and ionized the detected particles. The positively
and negatively charged ions were then simultaneously
analyzed using a bipolar time-of-flight mass spectrom-
eter at a mass resolution (M/AM) of about 300 for
both polarities. LAMPAS 2 and 3 are comparable in
terms of particle detection, ionization and ion separ-
ation and show the same spectral quality and inten-
sities. The main difference is the more compact
design of LAMPAS 3,

An ICP-OES instrument (Varian 720ES) was used
for the quantification of aqua-regia-soluble compo-
nents in rock, sand and river sediment. The amount
of snow water residue was too small for an ICP-OES
analysis. Microwave digestion was carried out twice
for each sample (0.3 g/50 ml). Three repeated measure-
ments (technical replicates) per sample were per-
formed and the mean values were calculated. The
values of both digestions were also averaged.
Reference samples were measured at the beginning
and end of each run, 18 samples were measured in
total. Calibration was performed using several dilu-
tions of an ICP multi-element standard (Carl Roth,
Karlsruhe), with the following concentrations: As, Cd,
Co, Cr, Cu, Na, Ni, Pb, S, Zn = 0.1, 0.5, 1.0 and
5mg/l; K, Ca = 51.1, 60.5, 101 and 155 mg/l; Fe, Al —



101, 110.5, 151 and 205 mg/l; Mg, Mn = 1, 5, 11 and
55mg/l; P=1, 5, 10 and 100 mg/l.

2.3. Data evaluation

For data evaluation and classification of particles, a
hierarchical clustering algorithm (HCA) was used
(Ward 1963). This algorithm is part of the software
package Perseus (Version 1.5.3.0) from the Max
Planck Institute of Biochemistry (MPIB, Martinsried,
Germany) (Tyanova et al. 2016). For HCA, predefined
clusters are gradually combined into larger and larger
clusters based on their similarity. This merging is
visualized by a dendrogram (tree diagram), where the
length of the branches until the merging reflects the
similarity of the clusters. Pre-processing of data for
finding initial cluster centers was done by a k-means
algorithm. The iterative clustering process sorts mass
spectra with similar composition into classes. 50 start
clusters were created by the k-means algorithm to
accounl for even rare clusters. We used a Pearson cor-
relation distance metric for the HCA clustering,
Euclidean distance was tested likewise but was found
to join similar clusters only in a very late stage of the
HCA (see Figure $3). Fuzzy clustering as an alterna-
tive clustering approach allows to assign a member-
ship degree to each spectrum and is therefore more
robust against false assignments, but due to its non-
discrete nature it builds up artificial spectra patterns
to which each spectrum participates according to its
membership degree. To build up a joining tree like in
HCA, we rather wanted to use mean spectra patterns,
where each spectrum contributes equally. This allowed
us to distinguish more strictly between the groups.
The clustering quality is comparable between fuzzy
clustering and k-means, while k-means performs bet-
ter in case of speed and computing power (Azar, El-
Said, and Hassanien 2013).

We found that highly intense signals of potassium
and sodium are the dominating factors for the cluster
separation. Both signals show very low dependence on
the actual content of sodium or potassium in the par-
ticles but rather appear as ubiquitous background sig-
nals. Even more, the high intensity {(often not
completely resolved within the dynamic range of the
detector) of both signals deplete and distort the
remaining signals in the spectra. This effect is typical
for laser desorption ionization (LDI) MS of aerosol
particles due to the ionic nature of potassium and
sodium in various compounds (Hinz et al. 2005). We
therefore removed the potassium and sodium signals
from all spectra, followed by normalization to the
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lotal ion count (TIC) of the remaining signals. The
intensity ratios of signals in positive- and negative-ion
spectra, as used for statistical evaluation, remained the
same in our approach since no scaling {logarithmic,
square root) was applied to the spectra.

The approach we present here is different from
common methods, which are, for example, based on
the determination of particle classes using the entire
mass speclrum and leading Lo a large number of clus-
ters and a suppression of less abundant spectra types.
The effort of a manual separation and sorting after
such clustering is high, compared to statistical identi-
fication of particle classes based on significant ion
species (Kamphus et al. 2010; Schmidt et al. 2017).
Most classification approaches rely on the idea that all
particles exhibit signals of marker ions that belong
primarily to one particle class, e.g., Mg, Al', and
Fe’ for mineral particles. These procedures are well
suited for the identification of different kinds of par-
ticles in one dataset. To identify for example mineral
particles only by using such marker signals in an aged
population, based on representative mineral particle
spectra patterns, is considerably more difficult because
of the changes, the freshly emitted particles undergo
in the atmosphere. For comparison of different data-
sets consisting of fresh and aged particles, the above
methods would lead to a sharp separation into two
groups. The prediction of the source for an atmos-
pherically aged particle is not possible by only using
the unmedified patterns of the fresh particles for
a comparison.

The differentiation of aged from non-aged particles
and their assignment Lo different particle sources that
we provide here, involves a multi-step process: first,
the identification of descriptive ions for each model
population and second, the identification of signals
associated with atmospheric aging in the online-meas-
ured single-particle spectra and artificial aging of each
model system by these signals. The sum spectra ol the
model systems were thus recalculated with respect to
the identified aging markers. For this process it was
assumed that all mineral particles age at the same rate
and form the same main chemical components. In
our case, however, the inlensity ratios of the other sig-
nals after simulated aging were of particular import-
ance, as the classification was carried out using only
descriptive ion signals specific to each mineral and
not taking into account those identified as aging
markers. Qur aim was not to generate spectra as close
to reality as possible, but to generate spectra that
allow the classification of atmospherically aged par-
ticles using our model systems.
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Finally, the HCA of aged and unaged parlicle pop-
ulations for classification was carried out. As men-
tioned before, we used only descriptive ion signals for
separation of the aged populations, while for HCA of
unaged populations, additional signals were selected.
A detailed workflow for selecting descriptive ions,
artificial aging and the application of the HCA algo-
rithm is shown in Figure S2.

In our study, we computed 180 and 72h back tra-
jectories for two time periods of interest, using the
Hybrid  Single-Particle  Lagrangian  Integrated
Trajectory (HYSPLIT) model (Rolph, Stein, and
Stunder 2017; Stein et al. 2015). We used the
meteorological data from the National Centers for
Environmental Prediction (NCEP) and the National
Center for Atmospheric Research (NCAR) called
NCEP/NCAR Reanalysis. HYSPLIT generated back
trajectories for air masses arriving at the Jungfranjoch
research station (3580m as.l, 46°33N, 7°59EF) every
two hours from 17 March (0900 UTC) until 18 March
(2100 UTC), from 21 March (2300 UTC) until 23
March (2300 UTC) and from 24 March (0600 UTC)
until 24 March (1800 UTC), which corresponds

roughly o both Sahara-deserl storm events during the
measurement period.

3. Results and discussion

3.1. Chemical signatures of rock, sand, river
sediment, and snow water residues by SPMS
and offline ICP-OES methods

Summed spectra patterns from rock, sand, river sedi-
ment and snow water residues are shown in Figure 1.
A total number of 307, 452, 660, and 265 spectra were
evaluated from rock, sand, river sediment, and snow
water, respectively.

Using sum spectra from a sufficient number of sin-
gle particle spectra is necessary because of the high
inhomogeneity of mineral species. The following
evaluation of our data is based on the assumption that
all individual particles are complelely evaporated/
ablated within the mass spectrometer, which is not
necessarily the case (Cai, Zelenyuk, and Imre 2006).
Typical recurring signal patterns of Nat and K™ (m/z
23 and 39) were found in all particle populations in
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Figure 1. Sum spectra measured with LAMPAS 3 from (a) ground rock stone from the top region of the Jungfraujoch (307 spec-
tra), (b) ground Morocco desert sand (452 spectra), (¢} ground river sediment from Rhine river in Germany (660 spectra), and (d)
dried snow water residues from the top region of the Jungfraujoch (265 spectra).
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Table 1. Comparison between relative intensities (TIC normalized) taken from sum spectra of different mineral particle popula-
tions measured by LAMPAS, and aqua-regia-digested samples measured by ICP-OES. Assignments were made based on typical
ions found for the respective signals (masses in brackets) in SPMS lab and field studies {Hinz et al. 2006; Murphy et al. 2006).

LAMPAS (summed signal intensity) / %

Population
G (36),
Gy (48),
PO, (63), FeO, (88), Siy Ca 0 (16), Cs (72),  NOy™ (48),
PO;™ (79) FeOQ; (104) (76} (40) OH™ (17} I (35) C; (84) NO;™ (62) HS0, (97) K™ {39)
Rock {lab) 517 5.6 2.2 1.6 34 03 2.8 1.5 37 390
Sand (lab) 46.2 17 2.2 2.7 14 0.6 43 1.2 0.3 55.6
Sediment (lab) 199 1.2 0.6 104 25 07 6.4 1.0 0.8 309
Snow (lab) 126 0.6 0.5 1.7 0.6 1.2 25 10.5 1.2 379
Jungfraujoch {field) 47 2.0 37 29 9.5 49 45 173 1.3 23.0
ICP-OES / wit%
P Fe Ca 5 K
Rock = 0.1 36 - 0.3 - - - - 0.4 0.3
Sand = 0.1 0.8 - 216 - - - - < 0.1 0.1
Sediment =01 1.3 - 10.4 - - - - <01 0.4

exceptionally high intensities. The reasons for this
were discussed above (Section 2.3). In case of ground
rock stone, any modification of the particles prior to
the measurement could be excluded. Besides sodium
and potassium ions, positive-ion mass spectra from
rock stone in Figure la were mainly characterized by
signals of aluminum (m/z 27), calcium (m/z 40), iron
(mfz 56 and 112), titanium oxide (m/z 64) and iron
oxide (m/z 72 and 128), Negative-ion mass spectra
showed intense signals of PO,™ at m/z 63 and PO;™ at
mfz 79, common components of mineral crust par-
ticles and attributed to the P,Os structures of apatite
(El Asri et al. 2009). Despite the highly intense signals
of PO, and PO; in the mass spectra, the amount of
phosphorus measured by ICP-OES was lower than
0.1 wit% in all particle populations (see Table 1). The
LDI process obviously supports the generation of
phosphate ions in the plume by charge exchange reac-
tions {Reilly et al. 2000).

This means that the formation of phosphate ions
through the absorption of electrons in the plume is
clearly preferred over the formation of other ions.
Silicon oxide ions SiQ,", $i0;, HSiO;, Si,O», and
Si,05” (mfz 60, 76, 77, 88, and 104) in Figures la-b
are probably suppressed by this effect, resulting in low
signal intensities compared to the expected abundance
of silicate (>70wt%) in the mineral populations
(Abrecht and Schaltegger 1988).

FeO,” (m/z 88) and FeO;™ (m/z 104) signals in the
rock, sand and sediment spectra show the same trend
as the iron content measured by ICP-OES (see Table
1), suggesting iron oxide rather than silicon oxide to
be the major source of both signals (Gallavardin,
Lohmann, and Cziczo 2008). The signal at m/z 56 was
not used for evaluation, because of a possible interfer-
ence with CaO", especially for the sediment particles.
Ti,O" and Ti,O," could be observed at the same m/z

values as Fe,' and Fe,O' (112 and 128). In rock,
both signals most likely represent iron, due to low
Tit (mm/z 48) and TiO™ (m/z 64) signals compared to
intense FeOQ, and FeOj;™ signals. In the river sediment
we expect an influence of titanium and iron, due to
strong Ti* and TiO" signals. Both signals were absent
in the sand spectra and even Ca™ at m/z 40 was lower
than in the river sediment particles, although the mass
fraction of calcium in the sand particles is the highest
within all mineral populations (Table 1) (Schmidt
et al. 2017). The higher Ca" signal in the sediment
particles is supposed to be a result of a better desorp-
tion/ionization yield for calcium in the respective
mineral matrix due to an enrichment of chemically
persistent TiO,, which is known to support desorp-
tion/ionization due to its high UV absorption (Castro
et al. 2008). Reilly et al. showed that the sensitivity for
difficult-to-ionize species in matrices that are even
more difficult to ionize, is greatly increased (Reilly
et al. 2000). Probably this effect also contributes to a
significanl increase of the calcium signal due to a
more complex
ment particles.
Other ion species indicating the influence of
anthropogenic factors are NO,™ (m/z 46), NO;~ (m/z
62) and carbon cluster ions from C,~ (m/z 24) to Cy5
(m/z 180), mainly found in the river sediment and
snow water populations in Figures lc-d, respectively.
The carbon contents of the four populations were

mineral matrix in the sedi-

determined from the sum of all signal intensities at
mfz 36, 48, 72, and 84 in the negative-ion spectra.
Wherever possible, ambiguous m/z values were not
used to determine the carbon content, hence the low
number of signals. The higher carbon content of the
river sediment and snow water populations reflects an
anthropogenic influence that was not found for the
rock and sand populations. The total nitrate content
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Table 2. Comparison between rock, sand, and river sediment population with all ions shown to be descriptive for
the respective population (Hinz et al. 2005; 2006; Schmidt et al. 2017; Shen et al. 2019).

Papulation Positive ions (m/z) Negative ions (m/z)
Rock Al (27), Ti / C4 (48), **Fe (54), Fe (56), *'Fe (57), CNO (42), C:Hs0 / COOH (45), AID, / CH,COOH
FeO (72), Fey / Tiz0 {112), Fe,0 / Tiy0, (128), (59), MnO {71), $O5 / HPO; (80), FeO, / Siy0:
K350, (213) (88), SO, (96), HS0, (97), FeO; / 5i,0; (104)
sand - C3N (50), HSIO; (61), P, (78), HoPO5 / HSO5
(81), CsH;0 (83), C7 (84), NaNO; (85)
Sediment C, (243, CH (25), CN (26), C; (36}, C:OH {41),

Fe;0 / Tiy0» / Cay05 {128)

Mg / C; (24), Al (27), Ca / MgO (40, Ti / G, (48),
**Fe (54), Fe / CaQ (56), 'Fe / CaOH (57), Ti0
1 Cag, (64), FeO (72), Fe, / TiO / Ca,05 (112),

C,H 149), G (50}, AlD, / CH,COOH (59), MnO
(71), H,PO; / H3O, (81), C; (84), NaNO; {85)

was calculated by the sum of the negatively charged
ions at m/z 46 and 62. Significantly higher nitrate
content was found in the snow water particles in
Figure 1d, formed under atmespheric conditions, In
the snow layer, no continuous replacement of the
water-soluble nitrate salts takes place, in contrast to
river sediment particles.

In summary, it is very difficult to differentiate
between different mineral samples based on relative
intensities of the respective ion species on the basis of
LDI MS, as these depend very much on the ionization
mechanism and the mineral matrix. Therefore, a state-
ment about the identity of the mineral particles, espe-
cially on the basis of abundance in combination with
the signal intensities of individual ions, even if they
are very low, is more suitable. During our statistical
evaluation, we focused more on characteristic signals
with high abundance and possibly lower intensity in
each population, than on common ones which are less
abundant but highly intense.

3.2. Identification of descriptive ions and
artificial aging

Statistical evaluation of online-measured single par-
ticles is a common method for the characterization of
different particle populations within a large dataset
(Hinz et al. 2005; Sierau et al. 2014). Here we focus
on mineral particles because this was the main particle
type measured during the field campaign CLACE-1
with the LAMPAS 2 instrument. To discover different
sources of mineral particles in the online data set
from CLACE-1, we first identified signals in the lab-
measured rock, sand and sediment particles that are
descriplive for each population and used only these
signals for classification.

3.2.1. Descriptive ions

Signals that were increased or decreased in a model
population relative to another model population could
be characleristic for the identification of a specific
mineral matrix. Table 2 shows descriptive ions for

each model population. Because of the natural vari-
ability and the ambiguity of a number of m/z values,
there is a high degree of uncertainty even between
mineral particles (Gallavardin, Lohmann, and Cziczo
2008). Signals at m/z 80, 96, and 97 werc attributed to
$057, SO, and HSO,  and were found predomin-
ately in rock particles. Signals at m/z 79, 95, 96 and
97 may also belong to mineral phosphate (PO;7,
PO, , HPO,, H,PO, ) but correlations based on
Pearson’s correlation coefficient p between m/z 79
and 97 as well as 95 and 96 are poor (p = —0.4
and p=10.4).

The high intensity of m/z 97 in the rock stone particles
is very likely caused by the mineral sulfate content as can
be seen from the ICP-OFES results (see Table 1), while the
same signal in the Jungfraujoch sum spectrum may also
be a result of atmospheric aging.

For atmospheric particles it is known that the
uptake of SO, or HySO, in the outer liquid layer of
the particle, which is an irreversible process, leads Lo
an enrichment of SO,> in the particles (Song and
Carmichael 1999). Our results indicate that the min-
eralogical sulfate content in atmospheric particles can
become dominant, if a large proportion of igneous
rock contributes to this population.

There were no characteristic signals found within
the positively charged ions and only very few within
the negatively charged ions for the sand particle popu-
lation. Among some very minor signals, only
NaNO3", C,N°, HSiO,, H,PO,/HSO;, C.H,O,
C;, and P,0 were found to be significant for this
population. This complicates the identification of sand
particles within populations of greater diversity such
as online-measured particles from different natural
and anthropogenic sources.

Rock and river sediment samples shared similar
characteristic positive ions while sand and river sedi-
ment samples shared similar negative ions. The largest
differences between characteristic rock and river sedi-
ment signals were found for sulfur oxides and cal-
cium. As the calcium signal is found Lo be very low in
the rock stone particles, the characteristic signals at
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mfz 56, 57, 112, and 128 should represent iron, iron
oxides or titanium oxides rather than calcium oxides.
A unique feature of the rock stone is the signal at m/z
213 in the positive-ion spectra. The isotopologue pat-
tern of this signal is similar to that of K;80,% or
K HPO, " but the mass resolving power of the mass
spectrometer is not sufficient for an exact determin-
ation. However, correlations between 213 and PQ5™ at
mlz 79 (p = —0.2) as well as 213 and SO4 at m/z 96
{p —0.7) suggest the formation of K;80,". Often it is
claimed that the signal at 213 is an indicator for
atmospheric aging or biomass burning, but here we
found this signal almost exclusively in the unaltered
rock particles with a high share of 24% (Sierau et al.
2014; Zauscher et al. 2013). Due to the high content
of sulfate in the rock samples, the formation of
K380,% in the laser plume, from casily accessible
ionic components, is very likely. The signal is not sig-
nificantly enhanced in our atmospheric mineral sam-
ples. This example shows thal the idenlification of ion
signals, even with only nominal mass resolution, is
possible if both polarities are measured simultaneously
from one particle.

3.2.2, Characteristic signals indicating the aging
of particles

In a second step, signals related to atmospheric aging
were identified. Here the rock and sand particles
served as a reference standard since no direct aging
effects are expected for these populations. Details on
the identification of ions related to atmospheric aging
and consecutive theoretical aging of sand, rock and
sediment spectra can be found in Sect. 2.3 and as
detailed workflow in the SI (Section 2).

Ions that were found to play a significant role in
atmospheric aging were only found within the nega-
tively charged ions, for example H™ and Hy /He™ as a
result of a higher water content and acidity in the
atmospheric particles after uptake of acidic trace gases.
Cl', NO,, or NOs~ are other typical ions found in
aged particles. Nitrogen-containing ions, especially the
higher oxidized species are the quantitatively most
important indicators for aged mineral aerosol particles
in polluted air (Hinz et al. 2005; Laskin el al. 2005).
The growth rate of nitrate compounds, particularly for
particles >2 pm is fast compared to other species such
as chloride (Song and Carmichael 1999). The detected
nitrate can either be formed by the direct uptake of
ammeonium nitrate, formed by neutralization of gas-
eous HNO,; with NH; (Brauer, Koutrakis, and
Spengler 1989), or by the conversion of gaseous pre-
cursors like NO, or N>Os (Russell, Cass, and Seinfeld
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1986). Alkaline oxides such as K,0, Na,O, or CaO,
present in mineral particles, easily form water-soluble
alkaline nitrate species. This reaction can also take
place with lowly soluble CaCQ;. Calcium carbonate
reacts to more soluble Ca(NOs;), at the presence of
HNO; (Laskin et al. 2005). The chloride species in
aged aerosol particles are expected to be formed
mainly at marine boundary layers, where the evapor-
ation of volatile HCI from sea salt particles creates a
high HCI concentration environment. In the case of
our measurements we expect only a small amount of
sea salt particles, but a high amount of mineral dust,
which in turn is able to form hygroscopic CaCl,
under these conditions (Tobo et al. 2010).

The reactions above lead to strong differences in
hygroscopicity, solubility and light scattering as well
as absorption behavior of the reaction products
Ca(NO;), or CaCl, compared to CaCO; Henning
et al. found CaCO; to be the major compound
responsible for high nitrate content in particles >
Tpm after exposure to anthropogenic influences
{(Henning et al. 2003).

Some species are not expected to be formed during
particle transport in the atmosphere but instead are
chemically persistent and insoluble, such as Mg™ from
MgCO;, Ti*, or TiO1 from TiO, and Al" from alu-
mosilicates. These ions are more likely enriched in the
particles while more soluble components like potas-
sium and sodium salts are washed out. Changes in the
signal patterns of these ions were not significant
enough, so they were not identified as products of
atmospheric aging. As a result, the influence of atmos-
pheric processes is mainly reflected in the spectra of
negatively charged ions, particularly by the ratio of
nitrate compared to other compounds like for
example phosphate, while the signal patterns of posi-
tively charged ions differ only slightly between fresh
and aged populations. The signals identified above
were used for recalculation of the signal patterns in
rock and sand spectra in order to prevent those spec-
tra to be classified as distinct groups, statistically sepa-
rated from the Jungfraujoch atmospheric aerosol
spectra. Prior studies with laboratory-aged particles
showed very similar changes in the signal patterns, as
we got after our theoretical aging approach (Hinz
et al. 2006).

3.3. Statistical results from lab and field
measurements

The complete data set {3432 spectra) used for the stat-
istical evaluation consists of 2505 atmospheric single-
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Figure 2. Dendrograms resulting from a HCA clustering method based on a Pearson correlation distance metric for the single par-
ticle spectra from Jungfraujoch atmospheric aerosals, ground and dispersed snow water residues and river sediment. (a} Column
clustering for the descriptive signals from Table 2 and additional carbon cluster ions. (b} The three main cluster that can be further
divided into 11 sub-clusters, and {c) after lowering the row tree threshold from 0.86 to 0.50.

particle spectra from the Jungfravjoch, 660 single-par-
ticle spectra from dispersed, ground river sediment,
265 single-particle spectra from dispersed, ground
snow residue and the artificially aged as well as
unaltered sum spectra of rock and sand populations.

The descriptive signals identified in Table 2 were
used for clustering, together with additional carbon
chain fragments from C,” to C;” and C," to Cj57,
which were included in the signal list to count for
organic and carbonaceous particles in positive- and
negative-ion spectra. The resulting dendrograms are
shown in Figure 2. Dendrograms including heatmap
visualization are shown in Figure $4. Column cluster-
ing of the chosen m/z values in Figure 2a shows
groups of ions, with high correlations. For example,
mfz {+) 56, 54, 112, 128, and m/z (-) 88, 104 were
grouped together.

The respective ions arise from iron and iron oxides
and are well separated from titanium and titanium
oxide at m/z (+) 48 and 64. Correlations between dif-
ferent negative and positive ions, belonging to the
same compound, enabled the separation of spectra
with similar nominal-mass signal patterns, thus mak-
ing the Pearson-based clustering well suited for classi-
fication of low-mass-resolution bipolar mass spectra.

For the generation of spectra patterns and to deter-
mine the quantitative composition of the Jungfraujoch
single-particles, snow residues and sediments (Figure
3), a mean spectrum from all single-particle spectra
contained within a chosen cluster {branch of the join-
ing tree) was calculated. Changing the threshold in
the joining tree of the dendrogram between 0.86
(Figure 2b), 0.50 (Figure 2c), and 0.17 (Figure S5)
allowed to identify 3 main clusters, 11 sub-clusters
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Figure 3. Spectra patterns derived from a HCA-clustering method based on a Pearson correlation distance metric for atmospheric
single-particle spectra frem Jungfraujoch, lab-measured snow water residues and river sediment. The patterns were assigned te dif-
ferent particle classes. The number of single particle spectra used to form the spectra patterns is given in brackets. Three main
patterns were assigned to mineral particles (3177) (a), carbonaceous particles (160} (b), and organic particles (95) (c). Refining those
main clusters allowed to identify 11 sub-spectra patterns (d) to (n). Sub spectra patterns for mineral particles were Mg/Al-rich
(322} (d), iron-rich (1340) {g), TiOyrich {738) (j), phosphate-rich (293) {m), calcium sediment (267) (k), and other (215) (n}. For the
carbonaceous main cluster only one carbon/secondary organic aerosol {(SOA) (92) (e} and one soot sub-cluster (68) (h) were found.
Organic particles were separated in organic NO,/SOA (70) (f), CN-rich organic (20) (i), and hydrocarbon like organic {(HOA)/SOA

(5) ().

and 24 clusters (source apportionment), respectively.
The artificially aged sum spectra were used as refer-
ence spectra in this classification to find online meas-
ured single-particle spectra that are most similar to
aged sand and rock spectra.

A second clustering was carried out by using the
unaltered instead of artificially aged rock and sand
sum spectra. These were used here as a reference to
identify “fresh” Jungfraujoch single-particle spectra
that most closely resemble the rock and sand spectra
patterns. To separate the very similar rock and sand
sum spectra (see Figure S$6), the distance threshold
was lowered to 0.22, which resulted in 21 clusters. To
pay more attention to aging-related features in this
classification, the negatively charged ions with masses
46, 62, 63, and 79 (NO,, NO;~, POy, and PO;)
were additionally used for HCA. It was observed that
fresh mineral particles, besides their metal and metal
oxide signals, were mainly characterized by their PO3~

to NO, signal intensity ratios. Higher values of PO;~
indicate less-aged particles (Hinz et al. 2006). Some
Jungfraujoch spectra appeared in the “fresh” as well as
in the aged clusters, as these could not be clearly
assigned due to slight aging characteristics,. We
decided to count these spectra as “fresh.”

3.3.1. Particle clusters from JFJ, snow, and sedi-
ment samples

In a first step, a rough separation of particles, depend-
ing on the major characteristic ions was conducted.
This resulted in a separation of three well defined
main clusters (Figures 3a-c). These show carbon-
aceous, organic and mineral populations. The mineral
particles make up 92.6% of the total particle popula-
tion of all samples with a vacuum aerodynamic diam-
eter between 400 and 5000nm and an average of
1272 nm. Carbonaceous and organic particles are on
average smaller with 1142 and 1136 nm, respectively.
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From the three main clusters, a more refined classi-
fication into 11 sub-clusters was done. The sub-cluster
patterns are shown in Figures 3d-n). Due to the
removal of the sodium and potassium signals at m/z
23 and 39, the remaining potassium isotopic signal at
mfz 41 is dominant in many spectra (see Figures
3¢-n). The signal at m/z 41 was not removed because
it can be an indicator for hydrocarbons (C;H; ') as
well. All clusters exhibited clearly distinguishable ion
patterns which enabled a separate consideration of
cach individval cluster origin.

The carbonaceous cluster (Figure 3b) is divided
into two sub-clusters, a soot cluster in Figure 3h,
showing only carbon chain fragments from C,” to
Cy,” and from Cst to Cy37 and a carbon/secondary
organic aerosol (SOA) cluster in TFigure 3e with
shorter carbon-chain fragments and additional Al'/
C,H;*, C;H,", C,H;* ions. Especially C,H,™ and
C,H;T are suitable diagnostic fragments for aromatic
rings, The observed ions indicate the presence of poly-
aromalic hydrocarbons, which, due to their high frag-
mentation, mostly cannot be observed as complete
molecular ions (Schmidt et al. 2017; Silva and Prather
2000). Schmidt et al. observed similar ions for a class
of particles, which they assigned to cigaretle smoke
(Schmidt et al. 2017). In our case we found a higher
degree of internal mixing for this particle cluster,
including more and longer carbon-chain fragments.
The negatively charged ion at m/z 187 (CyH,,05) is
referred to as a marker of 2-pinene and indicates the
absorption of SOA on soot or hydrocarbon particles
followed by oxidation, resulting in the formation of 2-
hydroxyterpenylic acid (Kahnt et al. 2014).

The smallest group of particles (Figure 3c), con-
taining only 95 spectra, was assigned to organic
material. The sub-cluster in Figure 3f represents oxi-
dized organic material, mainly characterized by posi-
tively charged C™, Gt CsH/CH oNT, and CiHeNT
(mfz 58} ions. The signal al m/z 43, relerring to
C,H;0", a marker of SOA single parficle spectra, is
elevated likewise {Dall’Osto and Harrison 2012; Qin
et al. 2012; Schmidt et al. 2017). CN, NO; , HSO, ,
and C;N~ {m/z 50) dominated the negatively charged
ions besides less intense signals of carbon-chain frag-
ments. Signals at m/z 125, 97, and 81 may be associ-
ated with the fragmentation of 2-hydroxyterpenylic
acid. The fragment at m/z 125 is likely produced by
loss of CO, and H,O from m/z 187. The fragment at
mfz 97 was caused by loss of CO from m/z 125 and
miz 81 by loss of CO, from m/fz 125. The fragmenta-
tion patterns found are in very good agreement with
results obtained by electrospray ionization tandem MS

(ESI-MS?) of extracted aerosol filter samples (Kahnlt
et al. 2014). The signal at m/z 97 can also arise from
HSO, as described before, while m/z 125 can also be
assigned to HN,O4~ (Silva and Prather 2000). The for-
mation of 2-hydroxyterpenylic acid involves NO as
reactant species and f-pinene is oxidized by NOs,
which explains the higher abundance of NO,", NOy,
and NO' (at m/z 30) signals in this cluster (Kahnt
et al. 2014; Zheng et al. 2005). C;N and in particular
CiHgN' and CsH;oN" indicate a choline-like core
structure, as for example in phosphatidylcholines.
This could be an indication of a plant-based origin of
the particle class. The latter two are known choline
fragments in ESI-MS$* (Chary et al. 2012). The CN-
rich cluster in Figures 3i shows very high abundance
of CN7, which is generally associaled with organic sin-
gle particles (Bi et al. 2011). Besides that, there are
hardly any characteristic signals in this class. SOA-like
particles including hydrocarbon-like organic (HOA)
species without any additional carbon chain fragments
are summarized in Figure 3. Major fragment ions in
this sub-cluster were ni/z 97 and 99, the latler due Lo
a loss of two CO, groups from m/z 187. Positively
charged ions in this cluster refer to hydrocarbon chain
fragments at m/z 29, 43, 57... {C,Hs,-; ) and m/z
27, 41, 55, 69... (CyHz, ™) typically found for those
particle type (Cross et al. 2009).

The numerically largest cluster with 3177 spectra in
Figure 3a containg 6 different mineral sub-clusters
shown in Figures 3d, g j. k, m and n. These vary
mainly in their metal and metal oxide intensities.
Additionally, different degrees of atmospheric aging,
represented by the negatively charged ions at m/z 35
(Cl7), 46 (NO, ), and 62 (NQj3 ), are obvious. While
the mineral sub-clusters (d), (g), and (j) show a mod-
erate amount of calcium, cluster 3 (k) almost exclu-
sively consists of calcium and shows, together with
cluster 3 m), significantly enhanced intensities at m/z
57 within the positively charged ions. This signal is
mainly caused by the presence of CaOH™ rather than
Fe' or C4Hy". The phosphate-rich cluster in Figure
3m is an exception with respect to age-related signals.
This sub-cluster is characterized by low nitrate and
chloride intensities compared to phosphate. Particles
in this cluster cannot be identified as fresh or aged,
either because the phosphate was converted into easily
soluble components which subsequently dissolved in
snow, rain or river water, leaving undissolved phos-
phate in the mineral matrix, or because the particles
were only slightly aged from the beginning (Tobo
et al. 2010). As mentioned before, phosphate signals
are boosted by matrix effects, so only small amounts
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Figure 4, Distribution of particles over different clusters within the populations of dispersed, ground river sediment, dispersed,
ground snow water residues and atmospheric aerosol particles online measured at Jungfraujoch. The categorization is based on
the eleven clusters identified in Figure 3. The top row summarizes the three main groups but counting the “other” cluster to the

mineral main cluster,

of phosphate are needed to produce sufficiently high
signals once compounds that are easier to ionize are
no longer present. As a resull, these parlicles are
mainly found in the river sediment population. Figure
3n summarizes particles which were difficult to assign
to a distinct group. Due to the lack of characteristic
signals in the spectra patterns, this cluster is labeled as
“other.” Particles assigned to this cluster typically
show only very low intensities of ions in general,
excepl for polassium, sodium, phosphale and silicon.
However, these signals were mainly associated with
mineral particles. Therefore, particles in this cluster
were manually assigned to the group of mineral par-
ticles due to a higher consistency of the negatively
charged ions with the mineral cluster patterns. Large
proportions of particles from the snow water residues
(20.8%) and river sediment (10.5%) were classified as
“other” particles (see Figure 4).

The identified particle classes provide a good over-
view of the particle composition and internal mixing
degree of the atmospheric particle population at the
Jungfraujoch site. In this study, the different internally
mixed particle types are clearly dominated by mineral
particles with strong aging-related signals.

3.3.2. Composition of JFJ, snow, and river

sediment samples
The compaosition of the Jungfraujoch, snow water and
sediment populations can be illustrated by the

proportion of spectra in the previously formed clus-
ters. Figure 4 shows the distribution of particles based
on the clusters identified in Figure 3. The first row of
pie charts gives an overview of the distribution for the
three main clusters within one population.
Comparison of the composilion of snow water resi-
dues and Jungfraujoch aerosel particles is difficult,
First, because snow water residues are an accumula-
tion of particles over a longer period of time, whereas
the Jungfravjoch data represent only a snapshot dur-
ing the measurement campaign. On the other hand,
the particles of the snow water residues were subse-
quently altered by dissolution, partitioning and
agglomeration. The effect of accumulation is particu-
larly evident in the high proportion of carbonaceous
particles with a share of over 25% within the snow
water spectra, especially in comparison to the atmos-
pheric particle population on the Jungfraujoch. This
proportion corresponds to the typical composition of
the Jungfraujoch aerosol, which was measured, for
example, during the CLACE-6 using a Single Particle
Laser Ablation Time-of-Flight Mass Speclrometer
(SPLAT), but is significantly lower than the propor-
tion we see in our online measurements (Kamphus
et al. 2010). One reason for this is the nozzle inlet sys-
tem used in the LAMPAS 2, whose lower detection
limit is around 500 nm and which can therefore detect
the smaller carbon particles to a limited extent, com-
pared to the aerodynamic lens used in the SPLAT
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instrument. We assume thal these small carbon par-
ticles will agglomerate in the snow water and thus
enter the measurable size range of the LAMPAS
device. On the other hand, the strong Sahara sand-
storm activity during the measuring period is of
course responsible for the low proportion of carbon
particles measured online.

The iron-rich, Mg/Al-rich, calcium sediment and
organic NO,/SOA clusters exhibit very similar propor-
tions within the Jungfravjoch and snow water popula-
tions, Greater differences exist for TiQ,-rich and
phosphate-rich clusters. The dissolution of nitrate and
other easily soluble compounds in the snow water and
river sediment particles is expected to be the main
cause for the high proportion of “other” particles in
this populations. Due to the lack of further character-
istic signals in this class, the original particle compos-
ition before dissolving in water is no longer accessible.

More than 70% of the river sediment particles were
grouped within the iron-rich and calcium-sediment
clusters. The high proportion of 22% calcium-sedi-
menl suggesls thal softer minerals like calcite accumu-
late within these particle populations due to their
higher erosion. The iron-rich cluster in Figure 3g rep-
resents the largest group of particles within all three
populations. The aged rock and sand particle sum
spectra belong to this large cluster.

Deeper clustering into 24 clusters was able to separate
these very similar particle types, whereas the most import-
ant distinguishing feature was the calcium content, as
already confirmed by the ICP-MS measurements. These
showed that the sand particles consist of 22% calcium,
which corresponds to 45% CaCOs, as long as CaCO; was
the only source of calcium. So, this particle type consisted
of roughly 50% igneous rock and 50% calcite, while the
rock stone from the Jungfraujoch site was poor in calcium
and resembled a more igneous-rock-like composition. The
deeper clustering enables a more accurate identification of
these types of mineral particles within the Jungfraujoch
atmospheric aerosol population. As a result, 18% of the
online-measured particles from the Jungfraujoch site were
more igneous-rock-like while only 3% resembled the
Morocco-sand-like signal pattern. The remaining 16% of
the iron-rich particles in the Jungfravjoch population
showed higher titanium ratios than the rock and sand par-
ticles. More than 23% of the river sediment particles
belonged 1o the Morocco sand-like cluster.

3.3.3. Source apportionment analysis and atmos-
pheric aging of particles

For the source apportionment of the different particle

classes, we divided our complete single-particle

measurement data from CLACE-1 inlo three episodes,
from 17 March at 9 AM to 18 March at 10 PM, from
21 March at 11 PM to 23 March at midnight and
from 24 March at 5 AM to 24 March at 7 PM. The
temperature during the whole measurement campaign
ranged from —24.3 to —7.7°C. Figure 5a shows the
total particle composition based on 8 selected particle
classes in two-hour intervals. The number of particles
was normalized to the respective interval. A total of 8
classes were selected. From the cluster analysis of the
aged particles with 24 classes, 6 classes were used,
which represent aged sand particles (calcium rich
iron}), aged rock particles (calcium poor iron), river
sediment particles (calcium sediment), titanium oxide
particles (TiO,-rich), particles
(Carbonaccous), and organic particles {organic NOx/
SOA + CN-rich organic + HOA/SOA). From a classifi-
cation with unaged sand and rock sum spectra, the
less-aged sand (less-aged calcium rich) and rock par-
ticle (less-aged igneous rock) classes were included.

The presented results show only a small section of
the particles actually present at the measurement loca-
tion. Especially during some intervals, as for example
on 21 March between 11 PM and 3 PM and on 24
March around noon, either the number of particles
measured was too low for a statical evaluation or the
LAMPAS 2 instrument was in a maintenance phase.
The lower number of particles detected on these days
could also be a result of the limited sampling effi-
ciency of the LAMPAS 2 inlet system, which is in the
range of 107" for particles with 800nm diameter
(Trimborn, Hinz, and Spengler 2000). The results for
these periods should therefore be interpreted carefully.
The statistical significance of the remaining measure-
ment days is higher and more reliable, especially for
the mineral particles examined here. The data points
in Figure 5b show the mean particle sizes recorded by
the LAMPAS 2 device for two-hour intervals of data
recording. In addition, the sum of measured particles
in one-hour intervals is shown as red columns. All
findings are supported by either 180-h (Figure 5¢) or
72-h back trajectories (Figures 5d—e).

In our measurement period, two Sahara sandstorm
events were recorded, reaching [rom 16 March in the
evening until 18 March and on 23 March and 24
March. In a previous study by Hinz et al, based on
the same online data set, two episodes were observed
during this period of time in which the number of
super-micron particles (particle diameter >1pm)
measured by an optical particle counter (OPC)
increased significantly (Hinz et al. 2005). Both events
had an above-average influence on the particle

carbonaceous
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Figure 5. Relative number of particles per cluster in 2-h intervals (a}, from 8 out of a 24/21 clusters. Particle groups were created
based on two different classifications. First, the 24 clusters with artificially aged particles and second, a classification into 21 clus-
ters with the unaltered sum spectra from rock and sand particles. The second classification was used for comparison to identify
fresh mineral particles within the populations from Jungfraujoch and snow water. Particle sizes determined by LAMPAS 2 during
the measurement period as mean of two hours of recording (black dots) and numbers of detected particles in one hour intervals
shown as red bars (b). 180h (c) and 72 h back trajectories {d, e), computed by HYSPLIT for the three measurement periods. The
colors correspond to the trajectories simulated every two hours as shown in the time-altitude diagram below.

composition. Their effect on various particle classes is

examined in more detail below.

At times with no or less desert-sand influence,

TiQ,-rich, aged-rock,

carbonaceous, organic,

calcium-sediment particles prevailed. The calcium-

sediment-like and TiO;-rich particles were found on

and

all measurement days, except 22 March until 3 PM,
where the total number of detected particles was the
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lowesl during the complele measurement period. On
22 and 24 March, the carbonaceous and organic par-
ticles contributed most to the total particle count, sug-
gesting the influence of local traffic and industrial
emissions (Hinz et al. 2005). Especially on 22 March,
this was accompanied by a strong reduction in par-
ticle size over the course of the day, as can be seen in
Figure 5b. The increase of the fraction of organic par-
ticles on 24 March is far above all other clusters and
most probably originated from natural organic sour-
ces. On both days, the trajectories mainly showed the
influence of continental particle sources, since the
wind came from the east on 22 March, while on 23
March (Figure 5d) in the evening and 24 March
(Figure 5e), mainly air masses from lower altitudes on
the Spanish mainland reached the measuring station.
Particularly within these periods, on 22 March around
11 PM and 23 March at 7 PM, the proportion of cal-
cium-sediment particles was highest. Typically, the
bottom rock in the alpine region consists of calcium-
sediment mineral which is comparably soft, and ero-
sion due lo wind and weather is more likely than for
other minerals. Such particles are found in atmos-
pheric aerosols more frequently if their source is close
to the measurement site. Those particles make up
4.1% of the total number of particles measured. On 23
March in the evening, the calcium sediment particles
most likely originated from the Helvetic nappes,
which surrounds the Aar Massif from the southwest
to the north on the edges of the Alps, while on 22
March, air masses crossed the Dolomites. Both geo-
logical formations consist of calcareous sedimentary
rocks and are located exactly in the directions of the
air currents on the respective days. Due to the lower
altitude, most of these regions are no longer snow-
covered in spring, which makes it casy to blow up the
eroded sedimenl. It can be assumed thal the particle
populations measured on 22 and 24 March reflect the
typical composition of the aerosol at the Jungfravjoch
site. This is supported by measurements of Cozic
et al,, showing a similar trend with organic matter as
the main component in the fine mode for the meas-
urement period in February, March, July and August
2005 at the Jungfraujoch (Cozic et al. 2008).

On all other measurement days, the effect of min-
eral dust transport from desert storm events prevailed.
In total, higher ratios of sand and rock (aged and less
aged), aged TiO, and calcium sediment particles were
observed during 17/18 March (period 1) and 23
March (period 2) compared to 21/22 March and 24
March, suggesting the strong influence of desert sand
for both periods. Especially the 4 sand and rock

clusters were found Lo correlale reasonably well with
the two Sahara desert storm events in the year 2000.
Their share on the total population was about 25%.
The main differences between the two events were the
direction of the wind that transported the Sahara sand
particles to the measuring station and their residence
time in the atmosphere. When the first particles dur-
ing these events arrived (March 17 at 1PM and 7PM,
March 18 at 7 AM and March 23 at 3 AM), an ele-
vated contribution of less-aged calcium-poor iron par-
ticles (rock} to the total population was observed,
while the percentage of aged calcium-poor iron par-
licles (rock) and less-aged calcium-rich iron particles
(sand) increased with a two- to four-hour delay.
Especially the less-aged particle types occurred exclu-
sively on 17/18 March and 23 March and accounted
for 4.2% of the total number of particles measured.
This indicates that the fresh particles stemmed pre-
dominately from desert sand, transported to the meas-
urement site without undergoing extensive alterations
in the atmosphere. Another two te four hours later,
the first aged sand parlicles {(calcium rich iron) were
detected (17 March at 5 PM and 11 PM and on 23
March at 7 AM), while the proportion of aged and
less-aged rock particles slowly decreased (23 March
between 1 and 9 PM).

For the first event, the back trajectories in Figure
5¢ show the influence of air, reaching the measure-
ment gite from northern directions. For those par-
ticles, an increase in size on 17 March at 7 PM and
18 March from 5 to 9 AM, due to coating effects, was
observed (Figure 5b). This effect is most likely due to
increased air pollution in urban areas north of the
Alps and longer transportation times of up to 180h,
as no such increase in size was observed for the
second Sahara dusl evenl, where lransporlation limes
were in the range of 72h (Figure 5d). Due (o longer
transportation times for the first event, a stronger
removal of particles by sedimentation and scavenging
was obtained, resulting in lower total particle num-
bers, This is especially true for the aged sand particles,
Increased mixing of different particle sources, as some
of the air masses came from high altitudes above the
Atlantic, was also expected.

The development from fresh to aged particles
becomes particularly clear during the second event on
23 March between 3 AM and 19 PM, which was
almost exclusively influenced by Sahara sand, trans-
ported from southwest directions, as can be seen in
Figure 5d. We saw a strong increase of TiO,-rich and
calcium sediment particle proportions when the
source of the trajectories changed from Africa to the
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European mainland during evening of 23 March. The
TiO,-rich particles were most likely exposed to a
higher level of industrial or traffic pollution, which
occurs mainly in lower altitude. They can be hardly
addressed to a certain particle source but are typically
transported in the atmosphere over a longer period of
time, resulting in high nitrate and chloride fractions.
This type of particles can be considered as strongly
aged. The low amount of TiO, in most minerals
(<1 wt%), together with its chemical stability and high
UV absorption, promotes intense Ti™ and TiO" sig-
nals in this particle class. Especially the TiO,-rich and
aged rock particles (calcium-peoor iron) can also ori-
ginate from local sources, where they were eroded and
processed over a longer period of time and then trans-
ported to the measurement site by up winds. These
particles, due to their strong aging features, can no
longer be identified as coming from local sources.

A combination of different phenomena contributed
to the observed effects of the successive mineral clus-
ter appearance during both sandstorm events. The
iron-rich particles of the resuspended Saharan sand
consisted mainly of silicates and calcium carbonate.
Especially the calcium cations react with the inerganic
acids present in the atmosphere and thus significantly
cause the aging of the particles. Model calculations
show that due to the large number of emitted par-
ticles, a complete neutralization of the gaseous acids
in the area of the dust outflow is probable
(Abdelkader et al. 2017). Due to the hygroscopic
properties of the salts formed, the aged particles were
washed out of the atmosphere much more efficiently,
while less-aged particles remained. Especially the sili-
cate-rich particles are very stable, both chemically and
physically, and were the first to arrive at the measur-
ing station. Typically a few hours laler during the
sandstorm events, however, the proportion of aged
sand and rock particles increased, compared to other
particle classes. A similar effect was observed by
Kandler et al. during single-particle measurements of
sand storm events in the Moroccan desert (Kandler
et al. 2009). The proportion of less-aged calcium-rich
particles (sand cluster) was very low due to their fast
conversion to aged particles, followed by scavenging
during atmospheric transport,

In addition to the study by Hinz et al. in 2005, we
were now able to correlate different stages of particle
aging with particle sources and transport times.
Anthropogenic influences were found predominately
for particles transported in higher altitude over longer
distances, as on 17 and 18 March, or for particles
transported at lower altitudes, even if their transport
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is comparably fast. In the laller case il is very likely
that a high amount of CaCOj; in the original particles
is responsible for the high proportion of age-related
signals, even if they were only shortly exposed to
anthropogenic influences (Henning et al. 2003).

4, Conclusion

With the LAMPAS 3 instrument, four different groups
of mineral particles (rock, sand, sediment and snow
water residues) were measured in the lab and com-
pared to data from a measurement campaign at the
Jungfraujoch in the Swiss Alps between 17 March,
2000 and 24 March, 2000. From the laboratory meas-
urements, typical representative bipolar mineral par-
ticle spectra patterns were generated. Patterns from
rock and sand particles provided information about
fresh mineral particles, only slightly influenced by fur-
ther anthropogenic or natural factors. The Rhine river
sediment and snow water residue samples showed
enhanced modifications and allerations due Lo mech-
anical erosion, mixing and solvation. The snow water
residues were directly compared to the field-measured
atmospherically aged particles from the Jungfraujoch.
Source apportionment of mineral particles within the
Jungfraujoch population was realized by using a HCA
clustering approach with fresh as well as artificially
aged sum spectra from sand and rock by only using a
very limited number of descriptive ions, found for
each population. A distinction into different particle
classes as well as different stages of particle aging was
possible. Due to the fast conversion of CaCO; to
Ca(NQj3), in the presence of HNO; in the atmos-
phere, parlicle speclra conlaining low nilrate signals al
m/z 46 and 62 are expected to arise either from local
sources or from remote locations only if they are
chemically persistent or if their transport is fast. A
determination of the percentage of particles arising
from local and remote locations at different time
points during the measurement period was achieved.
It was found that the composition of the Jungfraujoch
particles measured during the investigation period
strongly diverged from the snow-water distribution
due to temporal Sahara sandstorm events. At the
beginning of these events, elevated fractions of fresh
mineral particles were found that correlated nicely
with the lab-measured Sahara-desert sand and rock
particle populations. With increasing duration of the
sandstorm events, a change from fresh to aged par-
ticles was observed, while during the periods between
the sandstorm events only aged mineral and calcium
sediment particles were found.

XVii



568 (&) C. BARTH ET AL

The (resh and lowly soluble mineral particles dur-
ing the sandstorm events as well as the carbonaceous
particles on the snow layer at the top regions of the
Alps enhance the surface warming effect in this
region. For the carbonaceous particles this is particu-
larly important throughout the year, whereas the fresh
particles only play a greater role at the beginning of
the sandstorm events. Although the sandstorm events
are very short, the mass concentrations of mineral
dust are expected to be many times higher than the
continuous  sedimentation of BC particles over the
year. Therefore, the reflectivity of snow, especially in
the visible wavelength range, is much more influenced
by mineral dust than by BC. Yasunari et al. could
show a decrease in albedo of 20 to 40% by mineral
dust versus 15 to 20% by BC (Yasunari et al. 2011).
Especially in spring, where less fresh snowfall is
expected, this results in faster snow melting. After
sedimentation of the fresh particles, the increased
amount of hygroscopic, aged particles in the air add-
itionally supports light scattering and cloud formation.
Titanium oxide and calcium sediment-like particles
were observed during all measurement days in very
similar ratios. While the first ones are thought to
result from remote sources due to their high extent of
atmospheric aging, the latter ones more likely stem
from local sources, like the typical bottom rock of the
Alpine region.
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Abstract

Besides their influence on climate and cloud formation, many organic and inorganic substances in aerosol particles pose a
risk to human health. Namely, polycyclic aromatic hydrocarbons (PAH) and heavy metals are suspected to be carcinogenic
or acutely toxic. The detection and quantification of such compounds is difficult if only small amounts of particulate matter
(PM) are available. In addition, filter samples are often complex and time-consuming to prepare for chromatographic meas-
urements and elemental analysis. Here, we present a method based on high-resolution atmospheric pressure laser desorption
ionization mass spectrometry imaging (AP-LDI-MSI) and statistical analysis which allows the analysis and characterization
of very small sample quantities (< 30 pg) without any sample preparation. The power and simplicity of the method is demon-
strated by two filter samples from heavily polluted mega cities. The samples were collected in Tehran (Iran) and Hangzhou
(China) in February 2018. In the course of the measurement, more than 3200 sum formulae were assigned, which allowed a
statistical evaluation of colocalized substances within the particles on the filter samples. This resulted in a classification of
the different particle types on the filters. Finally, both megacities could be distinguished based on characteristic compounds.
In the samples from Tehran, the number of sulphur-containing organic compounds was up to 6 times as high as the samples
from Hangzhou, possibly due to the increasing efforts of the Chinese government to reduce sulphur emissions in recent years.
Additionally, quantification of 13 PAH species was carried out via standard addition. Especially, the samples from Tehran
showed elevated concentrations of PAHs, which in the case of higher-molecular-weight species (> m/z 228) were mostly
more than twice as high as in Hangzhou. Both cities showed high levels of heavy metals and potentially harmful organic
compounds, although their share of total particulate matter was significantly higher in the samples from Tehran. The pre-
treatment of the samples was reduced to a minimum with this method, and only small amounts of particles were required
to obtain a comprehensive picture for a specific filter sample. The described method provides faster and better control of air
pollution in heavily polluted megacities.

Keywords Aerosol composition - Laser desorption ionization mass spectrometry - Pollution - Inorganic particles - Organic
particles - Megacities

Introduction

Increasing air pollution through the emission of gases and
particles is becoming a major problem in many heavily pop-
ulated regions of the world [1]. Urban aerosols, especially
in heavily polluted megacities, are complex mixtures of

B4 Bernhard Spengler
Bernhard.spengler@anorg.chemie.uni-giessen.de

Institute of Inorganic and Analytical Chemistry, Justus
Liebig University Giessen. 35392 Giessen, Hessen, Germany

organic and inorganic substances which, in addition to their
effect on the climate, are of particular relevance because of
their harmful effects on human health. Their emission leads
to an increase in mortality among the population of many
megacities around the world through lung cancer, chronic
obstructive pulmonary diseases, ischemic heart disease,
stroke and respiratory tract infections [2—4]. Calculations
show that about 3.3 million premature deaths worldwide can
be attributed to outdoor air pollution [5]. Emissions from
industry, traffic and private households dominate the air pol-
lution in larger cities [6]. Some megacities, for example on
the Arabian Peninsula or in China, are an exception, as the
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strong seasonal influence of desert sand transport, and thus
the proportion of mineral dust, can become dominant here.
At times, the proportion of mineral dust can exceed 40% of
the total particle mass with industrial pollutants adding to
mineral components [7, 8].

Globally, about 82% of the population is exposed to
annual mean levels of PM, s or PM,, that exceed World
Health Organization (WHO) guidelines [5, 9]. The most pol-
luted cities worldwide, like for example Varanasi (India),
Shijiazhuang (China) and Peshawar (Pakistan), are located in
East Asia and on the Arabian Peninsula [9]. In many coun-
tries such as China, India, Pakistan and some Arab countries.
the focus is on increasing productivity at low cost rather
than on air pollution control through expensive and complex
filter technologies and low-emission processes [10-12]. The
most important factors affecting an increase in air pollution
and the emission of climate-damaging gases are the coal-
dominated energy sector and traffic emissions [13]. Both are
a direct consequence of population increase, rising urbani-
sation and the desire for more technology and prosperity
[14]. However, while China and India are trying to reduce
emissions of industrial waste, heavy metals in exhaust gases
or sulphates in the flue gas of power plants through emis-
sion control measures, there is a lack of such regulations in
Iran [11].

Commonly used methods for characterizing air quality
are based on measuring particle number concentrations with
condensation nucleus counters (CNC), optical particle coun-
ters (OPC), total particulate mass concentrations by using
particle filter samples or impactors or measurements of black
carbon concentrations by an aethalometer [15-19]. However,
these methods only provide information on how many par-
ticles of a certain type or a certain size are present in the air
and whether they can penetrate deep into the lungs to cause
damage. It is not possible to make statements about the tox-
icity of the particles with these methods. For more detailed
statements on air quality, it is therefore essential to know the
chemical composition of atmospheric particles [20]. This
allows for a better understanding of the danger of the parti-
cles, their origin and possible chemical changes caused by
reactions in the atmosphere. Nowadays, the detection and
identification of various inorganic and organic compounds
is usually carried out using mass spectrometric techniques.
Numerous methods based on mass spectrometry (MS),
typically coupled with chromatographic separation tech-
niques, are available. These allow a comprehensive chemi-
cal characterization of particle samples. Among others,
high-performance liquid chromatography—mass spectrom-
etry (HPLC-MS), gas chromatography—mass spectrometry
(GC-MS), inductively coupled plasma—mass spectrometry
(ICP-MS) and ion chromatography—mass spectrometry (IC-
MS) offer the possibility to analyze aerosol compounds with
high quantitative accuracy [21-24]. However, these methods

@ Springer

go along with comprehensive and time-consuming filter
preparation steps and pre-separation of the substances or
substance classes prior to mass analysis [25, 26]. On the
other hand, it is not possible to attribute the measured chemi-
cal properties to individual particles with these methods.
Furthermore, it is possible that the particles on the filter
surface are modified during sampling, transport, storage
and processing of the sample, effects known as sampling
artifacts [27]. Extraction and digestion of the filter samples
typically takes hours and is associated with a high consump-
tion of chemicals and often low recovery rates, about 20%
for resolvable organic compounds [28].

More meaningful is the measurement of the particle com-
position in its natural environment, preferably at the single-
particle level [29-31]. These real-time measurements allow
particle-based characterization without any particle modi-
fication, but are typically not quantitative and suffer from
poor mass resolution and mass accuracy in the case of mass
spectrometry [32]. Both factors make the exact identifica-
tion of the detected substances difficult and do not allow a
detailed statement about the original amount of the often
highly fragmented compounds.

The aim of this study was to combine the advantages of
both methods, high-resolution atmospheric pressure laser
desorptionfionization mass spectrometry and single-particle
measurement, in order to identify as many substances as pos-
sible in the sample and to correctly assign them nearly on the
level of individual particles. Another aspect was to reduce
sample preparation compared to common analytical methods
or to avoid it completely if possible. This was made pos-
sible by using a high-resolution mass spectrometer with an
autofocusing imaging laser ablation source combined with
a statistical evaluation of the image data. An approach for
quantification of polycyclic aromatic hydrocarbons (PAH)
with very low sample preparation via standard addition cali-
bration is also shown. The samples were taken during winter
at two heavily polluted megacities, Tehran and Hangzhou in
Iran and China. Both cities are among the 500 most polluted
cities in the world in 2018 according to the WHO [9].

Materials and methods
Particle sampling

Particles were sampled in Tehran (Iran) and in Hangzhou
(China) on quartz filters in February 2018 for 2 days. The
four samples were named as follows, FPI17B0807 and
FPI17B0811 for Hangzhou on days 1 and 2, and 287 and 289
for Tehran on days 1 and 2. Sampling in Tehran took place
at the Sharif University which is 500 m away from Sheikh
Fazl-allah Nouri Expressway and 300 m from Yadegar-e-
Emam Expressway, both heavily trafficked main roads in
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downtown. Sampling was done with a low-volume sampling
device at 20 L/min for 24 h each. In Hangzhou, the filters
were also sampled on consecutive days for 23 h at 16.67 L/
min. The location of the sampling was on the rooftop of a
company headquarters in a business park, a few kilometres
south of Hangzhou downtown. The filters were weighed
until a constant mass was obtained (< 0.04 mg). Filters were
stored in a fridge at 5 °C and protected from light until the
measurements took place (January 2019-July 2019).

Filter measurements

Filters were cut into pieces, and particulate matter on the
filters was directly measured with an AP-SMALDIS AF
imaging ion source (TransMIT GmbH, Giessen, Germany)
on a Q Exactive HF mass spectrometer (Thermo Fisher Sci-
entific GmbH, Bremen, Germany) at 50 pm pixel resolution
in a mass range of m/z 50-750. For laser desorption and
ionization, a diode-pumped solid-state laser at a wavelength
of 343 nm with 50 pulses per pixel at 100 Hz was used.
High-resolution MS imaging data of the filter surfaces at a
mass resolution (R) of 240,000 in positive- and negative-ion
mode were employed by using the autofocusing function
of the ion source. The measured sample area for each filter
was 37.5 mm? for each polarity, corresponding to 150 x 100
pixels. Microscopic images of the measured versus unmeas-
ured filter area and height information of the filter surface
are shown in SI Fig. 1. For the quantification of PAHs, a
dilution series of EPA 525 PAH mix A from Sigma-Aldrich
(St. Louis, MO, USA), containing acenaphthylene (AcPy)
at mfz 152.062; fluorene (Flu) at m/z 166.078; phenanthrene
(PA), anthracene (Ant) at m/z 178.078; pyrene (Pyr) at m/z
202.078; benz[a]anthracene (BaA), chrysene (Chr) at m/z
228.094; benzo(b)fluoranthene (BbF), benzo[k]fluoranthene
(BKkF), benzo(a)pyrene (BaP) at m/z 252.094; benzo(g,h.i)
perylene (BghiP), indeno(1,2,3-cd)pyrene (IND) at m/z
276.094 and dibenz(a,h)anthracene (DBA) at m/z 278.109
in dichloromethane, was prepared with concentrations of
43.03, 19.60, 3.90 and 0.37 pg/mL. Dried droplet applica-
tion of 1 pL of each dilution, followed by drying for 1 h and
consecutive mass measurement with the same ion source
in a mass window of m/z 150-500 was carried out for the
complete spotted area and additional area without a spotted
standard for blank measurement.

Data evaluation

For characterization of the filter samples, selection of m/z
signals from the imaging raw data was conducted by our
in-house developed software package MIRION at a bin
size of 0.003 Da with a minimum image coverage of 0.05%
[33]. A list of mass spectrometric features with maximum
intensities for each m/z bin in each sample and for both

polarities was extracted and filtered for signals above a
relative threshold of 0.1% for negative ions and 0.4% for
positive ions. Not all signals detected using the threshold
criteria could be assigned to sum formulae based on mass
deviation, Kendrick mass defect and isotope patterns. The
signals that could not be assigned, mostly had intensities
that were too low to detect corresponding isotope patterns
and thus to use mass defects as criteria for assignment.
Furthermore, the signals with very low intensities often
showed strong variances in their mass deviation. The
proportion of unassignable signals ranged from 1.4% for
positively charged ions in Hangzhou to 6.6% for negatively
charged ions in Tehran. Extraction of pixelwise intensities
for the selected m/z signals was carried out by MSiReader
at a mass window of + 2.5 ppm [34]. Sum formula assign-
ments for each signal were done manually via the XCalibur
software (Thermo Fisher Scientific, San Jose, CA) based on
measured mass, mass error and isotopic patterns (if avail-
able). For validation of mass assignments, additional cri-
teria were used, such as Kendrick mass defect of CH, and
colocalization of sum formulas. A statistical approach was
used to find colocalized signals that help to identify parti-
cles within the ablation area by correlating m/z signals. A
hierarchical clustering (HCA) algorithm with k-means pre-
processing within the Perseus software package (Version
1.6.14.0) allowed us to group signals that are found at the
same positions on the filter surface [35]. Intensities were
z-normalized for each assigned sum formula. The HCA
was run 5 times to give a maximum of 50 data clusters for
each filter and for positive- and negative-ion modes using
complete linkage between the original data clusters. HCA
was also used to find compounds that were statistically
significant for each measurement location and independ-
ent of the sampling date. Therefore. a two-sample test was
applied in positive- and negative-ion mode and the result-
ing compounds with p-values (probability that the means
of two sample sets are significantly different) below 0.05
were used for clustering. Normalized mean intensities were
used in this approach for each signal. To better illustrate
the differences between cities, Z-score values were plotted
based on the median for each significant m/z signal.

For quantification of the PAHs, the raw data was con-
verted into imzml files and a region of interest (ROI) was
selected manually for each deposited PAH concentration
and one additional area was selected to determine the zero
value and identify chemical noise signals. Total ion count
(TIC) normalized intensities were extracted and calibra-
tion curves were calculated and evaluated using the stand-
ard addition technique. Results for each PAH signal were
obtained by using the total particle mass and occupied area
per filter relative to the ROI area. The ROI corresponded to
only fractions of the total particle mass per filter, allowing
quantification with less than 30 pg particle mass.
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Results
Number and composition of compounds

A total of 3258 m/z signals, excluding isotopic features of
assigned signals, were assigned to all four filter samples
collected on 2 days each in Hangzhou (China) and Tehran
(Iran), 1981 in positive- and 1277 in negative-ion mode.
Results are represented by Venn diagrams in Fig. 1. The
particle mass concentrations were 43.1 pg/m® and 37.5 pg/
m? for Tehran on days 1 (287) and 2 (289), respectively.
Significantly higher concentrations were found in the
Chinese samples with 174.7 ug/m® and 106.5 pg/m* on
days 1 (FPI17B0807) and 2 (FPI17B0811). The annual
mean value in Iran has been decreasing since 2012 and
was 72 pg/m® per year according to the WHO database

Fig.1 Total number of assigned sum formulae features represented in
Venn diagrams for positive (a) and negative (b) ion mode

@ Springer

[9]. Thus, the mass concentrations on our sampling days
were significantly below the average. There are several
possibilities why these concentrations might have been
lower than the actual concentrations during sampling in
Tehran. One possible reason is the time lag of several
weeks between sampling and the final weighing in Ger-
many. Another possible reason is the lower relative humid-
ity in February in Tehran (57%) compared to Hangzhou
(66%), which most probably led to a strong loss of volatile
ammonium nitrate during the initial sampling [36, 37].
The significantly higher average humidity in Hangzhou
combined with the direct weighing of the filters after sam-
pling indicate that the measured concentrations were not
subject to major changes during and after sampling and
were thus close to the actual particle concentrations in
the air. Studies show that the highest losses of ammonium
nitrate occur below 60% relative humidity, while no loss
is expected close to 100% [38]. Furthermore, a significant
reduction of NO;~ ions from particulate nitrate in the pres-
ence of acid sulphates and ammonia in the collected parti-
cles can be expected, since the formed nitrate compounds
are volatile. In the later course of this study, it becomes
clear that due to strongly increased sulphate contents in the
Tehran samples, this can lead to significant differences in
nitrate content between the Chinese and Iranian samples.
The annual mean concentration in Hangzhou fluctuated
between 85 and 150 pg/m? between 2013 and 2016, which
is in the range of the concentrations measured in this study
[9]. These particle mass concentrations indicate that parti-
cle pollution was higher in Hangzhou than in Tehran dur-
ing the sampling period. This is also in line with the 27%
higher number of detected signals and assigned sum for-
mulas in the Chinese samples. In particular, 2522 sum for-
mulas were assigned for both Chinese filters and 1987 for
both Iranian filters. The Chinese samples showed a higher
number of signals in the positive-ion mode (918, 1176)
than in the negative-ion mode (690, 600), whereas for both
Iranian samples the number of assigned sum formulae in
the positive-ion mode (826, 568) was lower than in the
negative-ion mode (892, 778). This was somewhat surpris-
ing, because LDI MS typically results in higher yields of
positively charged than negatively charged ions, depending
on the particle composition [39, 40]. The higher number of
negatively charged ions in Tehran may have two reasons,
most likely related to acidity and availability of anions.
Negative charges arise mainly from capturing free elec-
trons of photoionized analyte molecules in the plume or by
the presence of substances with a high gas-phase basicity
acting as a matrix that deprotonates inorganic and organic
acids [41]. The second case is more likely and indicates
that the samples from Tehran contain a higher amount of
acidic compounds which can be easily deprotonated. The
presence of these compounds is expected due to reactions
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of primary aerosols with sulphur dioxide and dimethyl
sulphide, resulting in sulphuric acid—containing particles.

Figure 2 provides an overview of all assigned sum for-
mulae in positive- and negative-ion mode, divided into 11
categories, for both cities on the two sampling days. Here,
we used the number of assigned signals instead of using
intensity or peak abundance due to high uncertainties in ion-
ization yield and behaviour of the different ions and classes
of ions. The categories can be roughly separated into organic
(CHO, CHON, CH, CHN, CHOS, PAH, CHNS, CHS,
CHONS) and inorganic compounds (carbon, inorganic).
Sum formulae containing carbon and hydrogen atoms were
more frequently found in positive-ion mode, whereas nega-
tive-ion mode was more sensitive for heavy-metal-contain-
ing ions and acidic sulphate species. Deprotonation is known
to favour the formation of carboxylate anions; thus, they are
also found more frequently within the negatively charged
ions. Although a similar amount of carbon black is found for
all samples, its content within the negatively charged ions
is much higher. The smallest variations within one polarity
for both sampling locations were found in the carbon black
content with relative numbers between 18 and 25% for the
negatively charged ions (Fig. 2a—d) and significantly lower 3
to 5% (Fig. 2e-h) for the positively charged ions. If one takes
the sum of the shares of these compounds (23 to 29%) for
both polarities, the fluctuations between cities and sampling
times were even smaller.

The most significant difference between the two cities
was found in the amount of sulphur-containing organic com-
pounds in negative-ion mode, which were very prominent
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in Tehran (11 and 11%) and almost absent in the samples
from Hangzhou (3 and 2%). Since more than 90% of SO,
emissions in urban areas are caused by industrial processes,
power generation and transportation, this dramatic differ-
ence can be attributed mainly to the 80, air pollution con-
trol policy in China that strongly regulates sulphur dioxide
emissions since 2000 [42]. After the first implementations of
filter systems in the year 2006, the SO, emissions declined
until the recent years as shown by van der A et al. [43].
Larger differences were also found for CHON and CHN
compounds in positive-ion mode, which seems to be more
sensitive for those nitrogen-containing compound classes.
Here too, the shares in Tehran with 30% and 31% rela-
tive assigned sum formulae number were more than dou-
ble of those in Hangzhou with 13% and 12%. We assume
that mainly traffic-related sources are responsible for these
nitrogenous organic compounds, because the sampling in
Tehran was carried out near a heavily frequented highway
[44, 45].

As Fig. 2 illustrates, the inorganic compounds are respon-
sible for more than 12% of all signals in the respective sam-
ple and polarity. This is the case in both positive- and nega-
tive-ion mode, whereas the proportion in negative-ion mode
is higher with 23 to 38% compared to 12 to 19% in positive-
ion mode. All inorganic species that have been assigned are
characterized by the absence of carbon and hydrogen species
in their respective molecular formulae. The majority of this
ion class consists of alkali and alkaline earth metals, but a
large number of heavy-metal-containing molecular formu-
lae also belong to this group, which includes iron, copper,

i CHOS CHONS d) CHOS CHONS
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1% | . Carbon ol [ 1% Carbon
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%
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PAH
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Fig. 2 Assigned sum formulae grouped into 11 classes in negative- (a—d) and positive-ion mode (e~h). Measurements of the Chinese filters on day
1 (FPI17B0R07, a, e) and day 2 (FPI17B0811, b, f) as well as for the Iranian filters on day 1 (287, ¢, g) and day 2 (289, d, h) exhibit characteristic

features for each sampling location
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manganese, zinc, titanium, lead, chromium, nickel, arsenic,
tin, cadmium, silver and cerium in decreasing order of rela-
tive content. Among them, only tin, silver and cerium have
been detected as positively charged ions, while arsenic and
cadmium in particular have been detected as negatively
charged ions. Despite the overall lower number of assigned
sum formulas in Tehran compared to Hangzhou, the num-
ber of assigned heavy metal species was higher in Iranian
compared to Chinese samples by a factor of 1.2 and 1.7 for
positively and negatively charged ions, respectively.

The total share of CHO-containing sum formulae ranges
from 24 to 44% among the negatively charged ions and from
24 to 57% among the positively charged ions for both cit-
ies. The differences in aerosol composition between both
sampling days, especially concerning CHO and inorganic
species in positive-ion mode, were particularly remarkable
in Hangzhou, whereas only minor differences were found in
both samples from Tehran in all compound groups. In Hang-
zhou, a drastic change in particle composition was observed
between days 1 and 2, especially for the negatively charged
ions, starting from a strongly inorganic aerosol on day 1
(carbon + inorganic = 63%) to an organic-dominated aerosol
on day 2 (carbon +inorganic =41%). The relative number
of CHO-containing species found in our study is in good
agreement with other studies measured in south China and
Singapore [46, 47]. Since we are able to detect and report
other classes of compounds in addition to CHO compounds,
such as large carbon fragments, inorganic compounds and
PAHSs, the relative proportion of CHO compounds is reduced
compared to other studies [48]. If we count only organic
compounds, the relative percentage of CHO-containing
compounds rises to levels between 53 and 75%, as found in
other studies [49].

In positive-ion mode, ion formation involves cationiza-
tion and direct photoionization, leading to the formation of
positively charged metal adduct and radical cations, respec-
tively. It has been shown that PAH detection on carbona-
ceous compounds is supported by the higher UV absorption
of elemental carbon. Due to the laser wavelength of 343 nm,
unselective REMPI processes, in addition to the previously
mentioned ion formation mechanisms, may also be respon-
sible for the high number of PAH compounds detected in the
positive-ion mode [50].

A large proportion of the polycyclic aromatic hydrocarbons
(PAH) was detected in positive-ion mode and values for all
samples ranged from 6 to 16%. Assigned substances belong-
ing to this class included not only carbon- and hydrogen-based
PAHs, but also those containing nitrogen (amino PAHs) and
oxygen atoms (oxy-PAHs). While precursor PAHs from indus-
trial processes, coal combustion and vehicle exhaust are mostly
emitted as primary particles, their oxidation products provide
evidence of aerosol ageing by photochemical processes or
reactions with nitrate radicals, OH radicals and ozone [51].
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Prominent representatives of these oxidation products are oxy-
PAHs. To form oxy-PAHs from precursor PAHs, two condi-
tions must be met: a sufficient time (typically a few hours)
for the reaction to run its course and the presence of ozone
or OH radicals [52, 53]. For fresh particles, the number of
PAHs is expected to be higher than that of oxy-PAHs [54]. As
an example, we chose benzo(a)pyrene (Bla]P, m/z 252.093),
benz[aJanthracene (m/z 228.093) and pentacene (m/z 278.109)
and their oxy-PAHs B[a]P-dione ([M+H]* at m/z 283.075),
benz[a]anthracenedione ([M]"* at m/z 258.068) and pentacen-
edione ([M]** at m/z 308.083). All three PAHs were found in
the Chinese and Iranian samples, but the corresponding oxy-
PAHs could only be detected in the Chinese samples. This
indicates that the Iranian samples were exposed to oxidizing
compounds in the atmosphere for a limited time only, as these
reactions are typically fast and occur within minutes to a few
hours [55]. Reactions during sampling, storage and ionization
can thus also be ruled out. Subdividing the PAHs into precur-
sor and oxy-PAHs shows that the difference between Tehran
and Hangzhou is mainly caused by the number of oxidized
species, which is by a factor of 3.6 higher in the Hangzhou
samples. Many of the detected CHN and CHON compounds
are also potential PAH species, but have not been explicitly
identified as PAHs. Since we found that the total particle con-
centration of the sample FPI17B0807 is 1.6 times higher than
that of the sample FPI17B0811, despite the larger number of
assigned sum formulae in the latter compared to the former,
we assume that the high content of inorganic compounds con-
tributes to the larger mass.

Most studies using ESI or other soft ionization techniques
either for analysis of filter extracts or direct chemical char-
acterization of aerosol particles on filters focus on proto-
nated or deprotonated organic compounds [56, 57]. Here,
we were able to detect inorganic molecules, inorganic carbon
fragments and organic substances, which were either not
detected within measurements using only a single analytical
method in other studies or were not considered, but which
are of great importance for the comprehensive interpreta-
tion of aerosol filter mass spectra. The increased number of
nitrogenous and sulphur compounds in Tehran compared to
Hangzhou is in line with regional particle sources such as
traffic in the first case, and the overall increased pollution
from unfiltered industrial waste gases in the second case.
This shows that, when measuring with only one ion polarity,
an extremely large number of compounds, including PAHs,
certain heavy metal species, sulphates and CHN compounds
can only be determined partially or not at all.

Double-bond equivalents of detected organic
compounds

The double-bond equivalents (DBEs) of organic molecules
is a structural descriptor that helps to separate compounds
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into groups. For example, oxidized compounds or aromat-
ics group together based on DBEs. From this, the ageing
behaviour of particles can be assessed, among other things.
Figure 3 shows DBE:s for each associated molecule catego-
rized as CHO, CHON, CH, CHN, CHOS, PAH, CHNS, CHS
or CHONS. The number of carbon atoms is plotted against
the number of DBEs and the number of matching molecu-
lar formulae is indicated by the area of the data points. In
general, the number of DBE:s of all compounds was higher
in the Hangzhou samples compared to the Tehran samples.

Especially, the samples from Tehran showed very similar
horizontal and vertical distributions for the same ion classes
in the negative-ion mode (Fig. 3c and d). Primarily, sulphur-
containing compounds in the form of CHOS were observed
in the two Tehran samples, but mostly for DBEs below 7.
In the same carbon number and DBE regions, mainly CHO
compounds were detected in the samples from Hangzhou,
but in lower relative quantities than the sulphur compounds
in Tehran. The class of CHO compounds was predominantly
grouped above a DBE of 5 for the negatively charged ions
and below 10 for the positively charged ions. Apart from
this, the patterns of negatively charged molecules were simi-
lar in both cities, except for sample FP117B0807 in Fig. 3a.

a) P Hangzhou filter day 1 b) & Hangzhou filter day 2

°

€) . |Hangzhou filter day 1

Here, we found lower relative numbers of all compounds,
especially in the region between 9 and 13 carbon atoms. The
positively charged ions were somewhat more meaningful,
mainly due to the assigned PAHs. These showed the highest
number of DBEs.

An average DBE was calculated for the different classes,
from which the unsaturation could be estimated and com-
pared between the two megacities. Only the most prominent
classes with more than 10 compounds were used for com-
parison in order to obtain appropriate statistics. The evalu-
ation was performed for positive-ion mode. For CHO com-
pounds, the average DBEs of both cities were similar, with
DBE,,,(Hangzhou)=1.9 and 3.5 and DBE,,(Tehran) =2.1
and 3.5 for days 1 and 2, respectively. Differences were
found for the class of CHON compounds, with increased
unsaturation observed in Tehran (DBE,,,=6.3 and 6.4)
compared to Hangzhou (DBEavg =3.0 and 6.5), indicating
higher oxidation of nitrogenous compounds, implying a con-
tribution from car exhaust gases.

For the more hydrocarbon-based structures such as PAH
and CH compounds, the situation changed due to the higher
unsaturation of both classes in Hangzhou compared to Teh-
ran. Especially, the PAHs from Hangzhou were found to

ko 20
C) |Tehran fiter day 1 d) |[Tehran fitter day 2

g) | Tehran filter day 1

L s 10 15 20 3 % ¥ &
Carbon number

O 5 10 15 20 2% % % &
Carbon number
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Fig.3 Plots showing the number of double-bond equivalents for 9 classes of organic molecules in negative- (a—d) and positive-ion mode (e-h). The
Chinese filters on day 1 (FPI17B0807, a. e) and day 2 (FPI17B0811, b, f) as well as the Iranian filters on day 1 (287, ¢, g) and day 2 (289, d, h) are
shown. The area of each data point corresponds to the number of compounds
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have significantly higher DBEs (DBE,,, (Hangzhou) =16.1
and 16.5, DBEa‘_g(Tehran)z 13.0 and 14.2). This may be
a consequence of a longer transport of the PAHs in the
atmosphere. It has been shown that with the higher molecu-
lar weight of the PAHs and higher unsaturation, stronger
adsorption to the particle phase is associated, which allows
these compounds to remain longer in the atmosphere [58,
59]. This observation is in good agreement with the higher
oxidation observed for the Hangzhou PAH fraction. As a
result, the PAHs found in Hangzhou may come from more
distant sources like coal combustion, remote traffic and other
industry. Sample FPI17B0811 (Fig. 3b and f) also showed
that there is a trend towards higher DBE if the number of
CHO compounds rises. The lower-molecular-weight PAHs
in Tehran may have different sources, but these were con-
fined to the immediate vicinity of the sampling point, and
were thus mainly restricted to car exhaust. The gap between
DBE 5 and 8 of the Chinese sample from day 1 is mainly due
to the lack of CHO and CHON species with corresponding
DBEs.

Distinguishing between Tehran and Hangzhou
on the basis of characteristic compounds

The samples from Tehran and Hangzhou were distinguished
by statistical evaluation of m/z signal identities and intensi-
ties, as shown in SI Fig. 3. For this purpose, 168 and 186
significant compounds were identified for negative- and
positive-ion mode by means of a Student t-test and clustered
using HCA, respectively. SI Fig. 3 shows that by using these
significant compounds, both cities can be easily separated,
due to either very low or zero compound intensities (blue
colour) or high compound intensities (red colour). The indi-
vidual sum formulas are not easily readable due to their large
number and are therefore listed in detail in SI Table 3.

In the case of the negatively charged ions in SI Fig. 3a,
few compounds were found that were characteristic for the
Hangzhou samples. These few compounds included mainly
inorganic nitrate clusters with 3 to 5 nitrogen and 9 to 15
oxygen atoms. These compounds can be associated with
NO, emissions from traffic-related sources, but may also
result from the reduced SO, emissions in China [60, 61].
Low S0, conditions favour the formation of secondary
inorganic aerosols (SIAs) with high nitrate content. This is
typically observed when the gaseous nitrate is converted to
HNO, and neutralized by atmospheric ammonia NH,* [62].
These secondary inorganic nitrate particles are found several
kilometres from their source due to their long atmospheric
lifetime and small size [63]. Furthermore, NH,NO, evapo-
rates significantly (>80% at 35 °C and 18% rel. humidity) by
sampling in a dry and warm environment as in Tehran, and
can additionally react with sulphuric acid to form HNO; (g)
[64, 65]. In both cases, the nitrogen content in the particle
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phase in Tehran will consequently be reduced and signifi-
cantly lower amounts were detected, while the conditions in
China would lead to much lower losses of particulate nitrate.

The characteristic negatively charged ions from Tehran
samples included a large variety of different inorganic and
organic species. From these, 76 out of 159 compounds con-
tained sulphur atoms which makes the sulphur content the
best distinguishing feature between Tehran and Hangzhou.
Some silicates, organic nitrates as well as inorganic copper,
iron and zinc compounds were found as well.

For the positively charged ions in SI Fig. 3b, mainly
high molecular PAHs and oxy-PAHs, some CHN species
and inorganic calcium were found to be characteristic for
Hangzhou, while Tehran samples were dominated by lower-
molecular-weight PAHs, CHON species and inorganic chro-
mium compounds. Until now, the data allows for a differenti-
ation of the two cities based on the bulk particle composition
of the whole filter. However, by looking at a very restricted
area on the filter surface and extracting the chemical infor-
mation for this area, as shown in the following chapter, the
characterization of individual particles can be approached.

Particle-based classification

LDI imaging as a technique for untargeted analysis of aero-
sol filter samples under atmospheric pressure is not only
capable of characterizing filter samples as bulk material but
also allows for the characterization of small communities of
particles. This is necessary to evaluate the composition of
single particles or particle groups in terms of source appor-
tionment and mixing state. For this approach, the location
and composition of each mass spectrum in the imaging data
set is correlated with each other on a statistical basis. Sum
formulae on the filter surface are grouped based on their
location and signal intensity. As a result, different particle
classes (data clusters) within groups of particles were identi-
fied. These identifications of particle classes on filter sam-
ples have so far been possible mainly on the basis of classes
of molecules with structurally similar properties, such as
lipid species with different head groups, carbohydrates,
alkanes and terpene compounds, determined by chromato-
graphic MS techniques. Identification, based on the associa-
tion of structurally very different compounds in the same
particle, such as those occurring in highly internally mixed
aerosol particles, has been rather challenging [66]. A major
advantage of the method is that both inorganic and organic
compounds can be detected and that both can occur in the
same data cluster and, thus, in a small group of particles.
Conclusions about the mixing of different chemical com-
ponents in the particles, their ageing or the composition of
the underlying primary particles (mineral, black carbon or
organic) are thus possible.
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In addition, the distribution of single particles on the fil-
ter surface, agglomeration effects and the shape of larger
particles is also accessible with the method. Since the laser
focus diameter was about 50 pm, there were certainly several
particles assembled within this ablation area, which were
ionized simultaneously and thus produced a mass spectrum
corresponding to a small group of particles and not to a
single particle. If, however, very specific m/z signals repeat-
edly occur together in certain spectra, the probability that
these signals belong to individual particles rather than to
particle agglomerates increases with the number of spectra
measured.

The size and composition of a data cluster was one crite-
rion to explain particle transport, composition and source.
Overall, there was a larger number of small clusters (< 10
compounds) observed in the negative-ion mode compared
to the positive-ion mode. From a chemical point of view, the
smaller data clusters in negative-ion mode mostly consist
of inorganic compounds containing elements such as iron,
titanium, copper, silicon, phosphate and sulphate while in
positive-ion mode, smaller CHO, CHON and CHN clus-
ters were found more frequently. The smaller inorganic data
clusters are mainly due to metal abrasion and mineral frag-
ments, as there is little mixing of different metal species
with organic compounds. The organic components that were
found in such small data clusters are often linked by con-
secutive losses of C, H and/or O from a parent compound.

Larger data clusters indicate internally mixed particle
groups or primary particles consisting of mixtures of differ-
ent substances. For example, PAH particles, which generally
contain a larger number of different low- and high-molecu-
lar-weight PAH species, are more common in positive-ion
mode. It is expected that during the chemical conversion of
compounds and the adsorption of new compounds, larger
data clusters containing a larger number of signals will be
formed. From these larger data clusters, the evolution of the
underlying particles can be traced, so that an assignment of
the particle source, the particle age and its transformation
in the atmosphere is possible. For larger data clusters (> 30
compounds), representative spectral patterns were obtained
for the sample FPI17B0807 from Hangzhou (Fig. 4) and
the sample 287 from Tehran (Fig. 5). Both samples showed
the highest particle concentrations and were selected on this
basis. Shown are averaged intensities of signals that were
assigned to the respective data cluster. The structure of the
clusters was also used to verify the plausibility of individual
sum formulae, for example if they contained the same atoms
or molecular fragments as other ions of the same cluster.
This helped to identify the data clusters and name them
according to the assigned compound classes.

All measured samples had a number of specific data clus-
ters in common. Prominent representatives here are mainly
black carbon, mineral clusters and PAHs. Black carbon,

which is produced by the incomplete combustion of fossil
fuels, biomass and biofuels is largely found in both cities.
The data clusters in Fig. 4i, | and n as well as in Fig. 5e, o
and s show typical patterns of carbon fragments, divided
into data clusters with low-molecular-weight (C,~C,,) and
higher-molecular-weight (C,;-C,,) species. This suggests
that the carbon chains of different lengths are grouped
together in different particles and subsequently may come
from different sources. Mineral clusters in Figs. 4j and
5b, r mostly contain a mixture of the elements Al, Ca, Fe,
Mn, Mg, Si and Ti. Data clusters of PAHs were found in
both the Hangzhou sample and the Tehran sample but pat-
terns of PAHs in the spectra differ. Whereas the clusters
in Figs. 4g and 5d contain only PAHs, the data clusters
in Fig. 5a and f show mixtures of PAHs with amines and
plant compounds. Mainly high-molecular-weight species of
PAHs were found in Hangzhou and low-molecular-weight
species in Tehran. The data cluster with aromatic amines in
Fig. 5a is of particular interest, because these compounds
are very often classified as carcinogens and arise mainly
from coal combustion activities in the respective region, but
can also be attributed to cigarette smoke [67, 68]. There-
fore, low-molecular-weight PAH compounds found in this
data cluster can also be derived from these kinds of sources
but are typically present in traffic emissions as well [69].
Especially, smaller ions like CoH," may also be fragments
of larger PAH species like substituted naphthalenes, which
was shown by Koptyug et al. [70]. Mixed clusters of heavy
metals and sulphate (Fig. 51), as well as zinc and sulphate
(Fig. 5k) are also likely to be due to the combustion of coal.
These observations are in good agreement with the higher
number of heavy-metal-containing clusters (esp. sulphates
and chlorides in negative-ion mode) in Tehran in general
(Fig. 5j, k, 1, m, n and p). None of the larger data clusters in
Hangzhou in Fig. 4 are dominated by heavy metals such as
Zn, Pb, Ni, Cr and As, associated with strong adverse health
effects [71, 72]. These toxic elements only play a minor role
in data clusters 4 d and 5 o. Figure 4d also shows intensive
signals of phthalates, which are ubiquitous and cannot be
assigned to any specific source.

Plant materials such as sugars (Fig. 4a), alkaloids
(Fig. 5i), fatty acids (Figs. 4m and 5p, t) and other bio-
genic volatile organic compounds (Fig. 4k and 5f, j) were
found as components of a variety of data clusters. While
in Hangzhou there were only three data clusters associated
with plant material, which also showed little mixing with
other substances, in Tehran plant material was found in five
data clusters and usually highly internally mixed. Secondary
organic aerosols (SOA) were often part of these data clus-
ters, but in both Hangzhou and Tehran samples, they were
usually mixed with black carbon (Fig. 4i), fatty and other
organic acids (Figs. 4m and 5t) and heavy metals (Fig. 5j.
m, n). SOA were characterized by a number of oxidized
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Fig. 4 Representative mass spectral patterns for larger data clusters (> 30 sum formulas) for the Hangzhou sample FPI1TBO807. A total of 15
data clusters, 10 for positively charged ions (a—j) and 5 for the negatively charged ions (k—o) were found and assigned to different particle types

terpenes and ketoaldehydes like camphoric acid (C, H,,0,).
2.3-dihydroxy-4-oxopentanoic acid (CsHgOs), phthalic
acid (CgHg0y,), 4-methyl-5-nitrocatechol (C;H,NO,), suc-
cinic acid (C4H,0y), cis-pinonic acid (C,H,,0,) and pinic
acid (CgH,,0,), all of them identified as markers of SOA in
numerous in-situ and smog chamber studies, in both ozone
and OH oxidation reactions [73-77]. All these compounds
were found as [M-H]" ions, except pinonic acid, which was
also detected as [M + K]* in the data cluster in Fig. 4i.
Calcium was one of the main components found in the
Hangzhou sample, it occurred in inorganic and organic
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compounds and generally favored the formation of positively
charged ions. Since calcium was also the main component
responsible for the high inorganic content of this sample, we
assume that a large proportion of mineral dust in the form
of calcium carbonate particles specifically contributed to the
formation of this aerosol. Typical sources of calcium car-
bonate are desert sand particles and sea spray aerosols [78,
79]. Two data clusters dominated by calcium compounds
are shown in Fig. 4c¢, consisting of pure inorganic calcium
and Fig. 4f, with a mixture of small organic acids and cal-
cium. One data cluster from Tehran in Fig. 5h was likewise
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composed of inorganic calcium, but the remaining data clus-
ters showed only few calcium-based compounds.

A very interesting feature in both cities were two data
clusters (Figs. 4h and 5c), which contained a number of
compounds whose molecular formulas can be assigned to
caprolactam (CgH;ON) and methyl methacrylate (CsHgO,).
These two prominent compounds are mainly associated with
synthetic fibres, such as nylon and other plastics. Despite
their use as synthetic fibres, caprolactam is used in many
industrial manufacturing activities and has been found in
PM, 5 aerosols in a Canadian study in significant levels as
well [R0].

Some data clusters were found to be specific for the
respective city. Among the calcium-rich clusters in Hang-
zhou and the heavy-metal-containing clusters in Tehran, the
data clusters in Fig. 4b and e are particularly noteworthy
for the Chinese location. While the former consists mainly
of smaller organic compounds such as ethers and alcohols
and has no specific characteristics, the latter is clearly char-
acterized by sum formulas associated with levoglucosan
(C,H,,0;), mannose and mannitol (C,;H,,0,), all markers of
biomass combustion. Levoglucosan was found in the sample
from Tehran as well, but mixed with SOA and heavy met-
als in data cluster m. Levoglucosan ions were detected as
[M+K]*, [M+NaJ* and also [M-H]".

In Tehran, we found two data clusters, one in posi-
tive- (Fig. 5g) and one in negative-ion mode (Fig. 5q). that
included mainly inorganic iron in the form of water clusters
as positive ions and in the form of nitrates, sulphates and
chlorides as negative ions. Both were likely arising from
combustion processes emitting iron oxide particles which
are transformed in the presence of S0,, HCI and NO, to
form the observed compounds. Weber et al. [81] identi-
fied iron emissions from waste incineration and coal power
plants.

Many of the identified data clusters are in good agreement
with organic aerosol classes found for the Chinese megacity
Nanjing [66]. Some studies show that it is possible to differ-
entiate between different stages of oxygenation and carbon
numbers, for example by aerosol mass spectrometers, but
their interpretations are restricted to mainly fragments of
compounds rather than intact parent ions [82, 83]. Rivellini
et al. [47] differentiated less oxidized oxygenated organic
aerosol and more oxidized oxygenated organic aerosol by
ratios of C,H;0" plus CO,* to CO,"* on a quantitative basis.
They also pointed out that by measuring additional refrac-
tory metals, attributing particle sources becomes more reli-
able compared to our approach. Using mixtures of metal
ions and organic parent compounds grouped together in our
data clusters allowed us to differentiate more easily between
different sources. This was particularly meaningful in the
case of terpenes for secondary biogenic organic aerosol,
or levoglucosan mixed with small sodium and potassium

@ Springer

ions in case of biomass burning. Especially, the occurrence
of heavy metals mixed with PAHs and SOA in the sam-
ples from Tehran is of concern. A larger number of signals
containing chromium, lead and arsenic were found in the
majority of data clusters from Tehran. Especially, zinc and
chromium, which were both data clustered together with
the majority of CHOS compounds in Fig. 5k and 1, clearly
show that the emission of organic sulphur compounds is
accompanied by an increased amount of toxic heavy met-
als. Some of the substances alone are already harmful to
health, while a mixture of different sources was found here.
The high quantities of harmful substances found show that
negative health consequences can be expected, especially on
days with very high particle loads. For some of the PAHs,
we implemented a quantification approach, which is shown
in the following section.

Quantification of PAH species

Concentration series of 13 PAH compounds in dichlo-
romethane were prepared and 1 pL of each dilution was spot-
ted on the sample surface using the dried droplet method.
Rasterizing the surface, followed by normalization to TIC
allowed us to retrieve calibration curves with accuracies
R*>0.85 in 63% of all measurements as shown in Fig. 6 and
SIFig. 2. A few assumptions were made for the calculations.
Since a standard solution suitable for LC or GC was used,
containing also several PAHs with identical masses that can
be separated chromatographically but not mass spectro-
metrically, it was assumed that each species with identical
mass contributed equally to the intensity of the mass signal,
meaning that these species have the same ionization and
desorption properties on the filters. Due to this assumption,
we list total concentrations of PAHs per mass and not per
PAH species. Calibrations curves are shown in Fig. 6. Dit-
ferences in ionization yields and signal intensities between
the PAH species are expected due to their different vapour
pressures, since the main reason for the ablation and desorp-
tion process is the explosive thermal decomposition of the
carbon particles due to overheating [84]. However, this is
true for all PAHs to the same extent, since the conditions
and the substrate are homogeneously distributed.

Using the standard addition method, determined con-
centrations of low-molecular-weight PAHs (SI Fig. 2) were
partly above 5000 pg/g and were thus significantly higher
than high-molecular-weight species (181.5 to 1235 pg/g)
(Fig. 6) for the Hangzhou and Tehran samples (Table 1).
This effect is probably due to generally lower ion yields of
low-molecular-weight compounds causing higher inaccura-
cies for the calibration curves but may also be the result
of a calibration artifact, caused by the higher vapour pres-
sure of the low-molecular-weight PAH species combined
with a higher specific surface area of small particles: lowly
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Fig.6 Calibration curves for dried droplet standard addition method on Hangzhou samples FPI17B0807 (a), FPI1TB0811 (b) and Tehran sam-
ples 287 (c) and 289 (d). Calibration curves are shown for high-molecular-weight PAHs

concentrated solutions of low-molecular-weight PAHs will
adsorb on the high specific surface area of the small particles
and only a small fraction will thus evaporate from the filter
surface. With rising concentrations, a higher fraction of the
low-molecular-weight PAHs will escape into the gas phase
as non-surface-bound volatile substances. As a result, the
lowly concentrated solutions of the highly volatile PAHs are
found to have higher levels in the particulate phase than the
higher concentrated solutions, as most of them have already
entered the gas phase. This effect reduces the slope and lin-

as these are present in the gas phase to about 4 to 50%,
while the proportion of PAHs in the gas phase in species
with more than 5 rings is less than 1%. For our study, the
vapour pressures of the measured PAHs rise significantly
between the three PAHs BaA and Chr at m/z 228.094 and
Pyr at m/z 202.078 by one to three orders of magnitude,
as can be seen from literature values (P, , =2.1 % 10~7 mm
Hg. P, =6.23% 10~ mm Hg and Pp,, =4.5x 10~ mm Hg)
[85, 86]. Therefore, it is not surprising that for all PAHs

heavier than m/z 202.078, we obtained values that are very
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Fig.7 Calculated concentrations of 4 selected PAH groups BaA/Chr, BbF/BKF/BaP, BghiP/IND and DBA for each Tehran and Hangzhou sam-

ple compared to values measured in Beijing during winter 2016 [88]

small organic and soot particles that contribute to the signifi-
cantly high pollution of the air with carcinogenic and toxic
substances in Tehran.

Conclusion and discussion

Ambient LDI MSI was used for the first time to unravel
the chemical composition of aerosol particles collected on
quartz fibre filters. An autofocusing MALDI MSI source
was used to compensate for the extensive surface rough-
ness of the filter and allowed for constant and high ion
signals throughout the whole ablated area. An ultrahigh-
resolution orbital trapping mass analyzer was used to dif-
ferentiate very small differences in m/z values and to assign
more than 3200 m/z signals with chemical sum formulas in
positive- and negative-ion mode for two filters from Iran
and China, respectively, quite a number of them as intact
molecular compounds instead of fragments, as would be
expected based on the ionization method. The addition of
a matrix as in MALDI experiments was not necessary, as
particle absorbances were sufficiently high in general and
particularly PAH ionization was supported by the higher
UV absorption of elemental carbon present on the filters
[89]. Since our approach, using scanning laser desorption/
ionization mass spectrometry, is an offline technique where
particles are collected, stored and brought to the laboratory,
particle compositions may change by chemical reactions or
evaporation before analysis.

The lower number of sulphur compounds detected in
Hangzhou may indicate a successful Chinese sulphur diox-
ide emission policy. This led to a significant reduction of
sulphuric acid contents in the particles. As the propor-
tion of nitrogen oxide compounds was also lower in our

measurements, it can be assumed that the exposure to nitric
acid and its reaction products was also reduced. Since it has
been shown that the influence of acidic sulphur compounds
can lead to a reduction in the number and concentration of
nitrate-containing compounds on filter samples, the actual
difference is probably even larger [38]. It is alarming that,
despite the mass loadings of the filters from Tehran were by
a factor of 3 or more lower than in Hangzhou, the number
of heavy-metal-containing compounds was up to 1.7 times
higher and PAHs showed nearly double the concentrations as
in Hangzhou. This raises concerns about the exposure of the
population in Tehran to toxic pollutants, especially during
periods of very high particulate matter concentrations. PAH
concentrations determined by a standard addition method
on the filter surface allowed quantification of these harmful
substances. However, we were able to show that this method
is only suitable for higher-molecular-weight PAHs with low
vapour pressure, as measurement artifacts occur due to the
application of the solutions and delayed measurements. Nev-
ertheless, the total number of assigned sum formulae and
especially of assigned CHO and PAH species was higher in
Hangzhou than in Tehran.

As can be seen from our data, there are realistic concerns
about a major influence of air pollution in both countries on
the environment as well as on the health of the population
[90]. The improvement of efficiency in the energy-produc-
ing sector and the use of modern filter systems are essential
points that can contribute to the reduction of the quantity and
danger of harmful particles. China is leading the way in this
respect with its restrictive measures, resulting in a reduction
of atmospheric pollutants. Our results show a reduced num-
ber of sulphates, nitrogen oxides, heavy metals and PAHs in
the measured particles from China, while in Iran, despite a
significantly lower quantity of particles during our sampling
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period, the risk potential can be estimated to be much higher
due to stronger pollution by heavy metals, PAHs and higher-
oxidized nitrogen-containing compounds.

The presented method ofters the possibility to quickly
and easily access a variety of organic or inorganic molecular
information in aerosol particles collected on filter samples.
Reliable source apportionment enables the identification of
emitters of certain particle populations and can be used as a
tool to reduce the emission of selected pollutants.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-04275-1.
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