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Abstract

Air pollution is an inevitable problem that modern society has to face today, with
particulate matter (PM) being the most dangerous part of it, threatening human health
and the environment. Not all PM particles, however, are equally harmful, since the
dangerous potential depends on their size and chemical composition, which can vary
significantly based on its sources. Anthropogenic emissions, such as traffic, burning of
biomass and fossil fuels, and industry are the most problematic sources of atmospheric PM
pollution.

To limit PM pollution efficiently, the first step is to identify the most problematic PM
constituents and monitor their abundance in the air, which requires accurate and precise
analytical methods for their determination. Since PM is a complex mixture of various
compounds, research of its whole composition is too extensive to be completed in one
project. Therefore, in my dissertation, I focused on the development of two new methods
for the determination of important PM constituents: trace elements and simple phenols.

In Europe, four airborne trace elements (As, Cd, Ni, Pb) are regulated (Directives
2004/107/EC and 2008/50/EC) and regularly monitored by a provided standard method
(EN14902:2005). This standard method, however, has many drawbacks, mostly originating
from the required microwave digestion (MW) pre-treatment. Two of the most important
limitations are incomplete PM digestion and production of toxic waste. Therefore, we
developed a new method using laser ablation inductively coupled plasma mass spectrometry
(LA-ICPMS), which circumvents the MW digestion step. The developed method is multi-
element, accurate, sensitive, fast, and green. Special attention was paid to the examination
of sample homogeneity and the related LA sampling protocol, and to the calibration
procedure. Apart from a 193 nm LA system used for the method development, a 213 nm
LA system was also examined and proposed as a more affordable alternative that could
ease the transition to waste-free analytics in air-quality monitoring laboratories. In general,
LA-ICPMS was recognized to have the potential of replacing the current standard method
in the future, since it is a sustainable method capable of directly analyzing PM collected
on the most widely used quartz fiber filters, which is not possible with other surface-based
techniques due to the filter thickness or uneven surface.

Airborne simple phenols (i.e. phenol, catechol, guaiacol, cresols) are considered toxic,
but are not well investigated in PM. Moreover, they can act as precursors to even more
harmful nitrophenols. Due to trace concentrations and low ionization efficiency, their
determination in PM is difficult, especially without using any sample pre-concentration
step, which is commonly accompanied by loss of analytes due to their semi-volatile
characteristics. We show that derivatization with dansyl chloride (DnsCl) enables
particulate phenols determination with liquid chromatography-tandem mass spectrometry
(LC-MS/MS) without the use of a pre-concentration step. Dansylation improved ionization
efficiency and the optimized method exhibits good analytical performance, low LODs, and
high precision.

Application of the developed methods to ambient PM samples further revealed seasonal
trends of target pollutants in Ljubljana, where both trace elements and simple phenols
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exhibited higher concentrations in colder months compared to the warmer part of the year.
This is consistent with the combination of the prevalence of their emission sources and
specific meteorological conditions in winter, as are biomass burning for heating purposes
and the presence of temperature inversions.

This dissertation provides two analytical methods for trace elements and simple phenols
in PM, which show good performance and are consistent with good analytical practices.
The atmospheric science community will thus benefit from the alternative multi-element
PM determination without concomitant burdening of the environment and by facilitating
studies involving particulate phenols, which have been restricted to date.
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Povzetek

Onesnazenje zraka je neizogiben problem, s katerim se sooca sodobna druzba, saj so lebdeci
delci v ozrac¢ju (PM) najnevarnejsa komponenta onesnazevanja, ki ogroza zdravje ljudi in
okolje. Antropogene emisije, kot so promet, izgorevanje biomase in fosilnih goriv ter
industrija, so e vedno najbolj problematicni viri onesnazevanja okolja z lebdec¢imi delci.

Nevarni vpliv, ki ga imajo lebdeci delci na zdravje in okolje, je odvisen od njihove
velikosti in kemicne sestave, ki se lahko znatno razlikuje glede na vire emisij. Da bi
uc¢inkovito omejili onesnazevanje z delci, je treba najprej opredeliti sestavo delcev in
spremljati njihovo pojavnost v zraku, za kar potrebujemo to¢ne in natancne analizne
metode. Ker je PM kompleksna mesanica razlicnih spojin, je raziskava celotne sestave
preobsezna, da bi jo lahko dokoncali v enem projektu, zato sem se v svoji disertaciji
osredotocila na razvoj dveh novih metod za dolocanje pomembnih komponent v PM:
elementov v sledovih in enostavnih fenolov.

V Evropi so regulirani Stirje problematicni elementi v sledovih (As, Cd, Ni, Pb)
(direktivi 2004/107/ES in 2008/50/ES), ki jih redno spremljamo z zagotovljeno standardno
metodo (EN14902:2005). Ta standardna metoda ima stevilne pomanjkljivosti, ki ve¢inoma
izvirajo iz predpisane predobdelave vzorcev z mikrovalovnim razklopom (MW). Dve glavni
pomanjkljivosti sta nepopoln razklop PM razlicnih sestav in proizvajanje nevarnih
odpadkov. Zato smo razvili novo metodo z uporabo laserske ablacije in masne
spektrometrije z induktivno sklopljeno plazmo (LA-ICPMS), ki zaobide vse
pomanjkljivosti, ki izvirajo iz MW. Med razvojem metode smo posebno pozornost namenili
homogenosti vzorca in protokolu vzorcenja z LA ter postopku kalibracije. Razvita metoda
je obcutljiva, hitra, omogoca vecelementno analizo in je prijazna okolju. Za razvoj metode
smo uporabili LA 193 nm sistem, kasneje pa smo testirali tudi LA 213 nm sistem kot
cenovno ugodnejSo razlicico, ki bi lahko olajsala prehod na zelene analitske metode,
predvsem v laboratorijih, ki redno spremljajo onesnazenost zraka. Ugotovili smo, da bi v
bodo¢e LA-ICPMS metoda (za oba LA sistema) lahko nadomestila trenutno standardno
metodo, saj je edina zelena metoda, ki omogoca analizo PM vzoréenega na najsirse
uporabljenih kvarcnih filtrih, kar je pri drugih povrsinskih tehnikah problemati¢no zaradi
debeline in neravne povrsine filtra.

Enostavni fenoli (tj. fenol, katehol, gvajakol, kresoli) v ozracju so skodljivi, a v PM niso
dobro raziskani, saj je zaradi nizkih koncentracij in odsotnosti funkcionalnih skupin, ki
dobro ionizirajo, njihovo dolo¢anje tezavno, zlasti brez predkoncentriranja. Poleg tega so
fenoli v zraku lahko tudi predhodniki mnogo bolj skodljivih nitrofenolov. Dodatni koraki
predkoncentriranja lahko povzroéijo izgubo analitov, posebno teh s pol-hlapnimi
lastnostmi. Pokazali smo, da derivatizacija z danzil kloridom (DnsCl) omogoca dolocanje
fenolov s tekocinsko kromatografijo-masno spektrometrijo (LA-MS) brez predhodnega
koncentriranja ekstrakta. Derivatizacija izboljsa ucinkovitost ionizacije in z optimizacijo
instrumentalnih parametrov dosega zelo nizke LODs, zaradi ¢esar smo lahko dolocili fenole
v realnih vzorcih. Razvita metoda je analiti¢no uc¢inkovita, natanc¢na in jo odlikujejo nizke
meje zaznave.
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Meritve realnih vzorcev so razkrile sezonske trende, pri ¢emer so bile koncentracije
elementov v sledovih in enostavnih fenolov v Ljubljani visje v hladnejsih mesecih v
primerjavi s toplejsim delom leta, kar je skladno s prevalenco virov emisij, kot je
izgorevanje biomase za ogrevanje pozimi, in znacilnih meteoroloskih pojavov, npr.
prisotnost temperaturnih inverzij pozimi.

Ta disertacija ponuja dve novi metodi za dolocanje elementov v sledovih in enostavnih
fenolov v PM, ki ju odlikuje dobra zmogljivost in sta skladni z dobro analiti¢no prakso.
Skupnost za raziskave atmosfere je z njima pridobila alternativno ve¢elementno metodo za
analizo PM brez dodatnega obremenjevanja okolja in moznost bolj poglobljenih raziskav
fenolov v lebdecih delcih ozracja, ki so bile do danes omejene.
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Glossary

Aerosol is a multi-phase system of a stable dispersion of solid and/or liquid particles in
the gaseous phase (7.e. in the air in the context of atmospheric chemistry).

Particulate matter (PM) is a part of atmospheric aerosol, denoting only solid, often
deliquesced particles from the air.

Primary organic aerosol (POA) is atmospheric aerosol consisting of organic particles
and gasses, which were directly emitted from a source.

Secondary organic aerosol (SOA) is aerosol consisting of organic particles that formed
via secondary reactions in the atmosphere (i.e. usually particles formed from the oxidation
of VOCs).

Volatile organic compounds (VOC) are organic compounds in the gaseous state under
atmospheric conditions.

Phenol — a compound with only single hydroxyl group on a benzene ring.
Phenols — a group of compounds containing the phenolic moiety.

Simple phenols — for the purpose of the dissertation, simple phenols are defined as phenol
and its derivatives containing one other functional group; we focus on those, which could
be precursors to SOA (i.e. phenol, catechol, guaiacol, cresols).

Brown carbon (BrC) is an organic fraction of PM that absorbs solar radiation over a
wide range of wavelengths, including in the near-uv and visible regions, typically giving
particles brown color. Most commonly, BrC is emitted during biomass and coal burning,
or produced in the atmosphere in a form of SOA.

Acquisition time is the total amount of time needed for the acquisition of one data point.

Dwell time is the amount of time ICPMS uses within acquisition time to measure a
specific element.

Washout time/Single pulse response time is the time needed to transfer every ablated
particle produced by a single shot out of the ablation chamber.

Fluence is the energy of laser expressed in J cm™.

Dosage is the number of overlapping laser pulses per pixel. In this dissertation, mapping
was achieved by measuring lines with continuous movement of the stage, meaning the
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dosage refers to laser pulses that are partially overlapped. The smear that is produced in
this measurement mode is compensated with the drastic improvement in time required for
the analysis.



Chapter 1

Introduction

Air pollution is an imminent problem that the current society faces today. However, air
pollution is not an arising modern issue, since the connection between bad air quality and
health was already insinuated in ancient Greece [1]. In later centuries, highly populated
areas suffered from the smoke caused mostly due to coal burning facilities. The impaired
visibility, depositing soot on buildings and clothing, and damage caused by acid rain were
the clear signs of bad air quality, especially after the industrial revolution. The conditions
escalated and led to increased mortality during the events with special climate conditions
(e.g. inversions), trapping air pollutants close to the ground surface (e.g. 1930 Meuse
Valley, Belgium; 1948 Donora, Pennsylvania; 1952 London, England) [1-3]. These events
raised awareness on the importance of good air quality and led to attempts to limit air
pollution and regulate toxic emissions by law (e.g. Clean Air Act in 1956 was a direct
response on the big London smoke in 1952), which eventually improved air quality in big
cities of Europe and the United States.

Until nowadays, some major air pollutants have been limited (e.g. SO, from coal
burning, lead from petrol) or are decreasing (e.g. particle emissions from traffic) [4, 5].
However, 99 % of the world population still lives in places where air quality exceeds World
Health Organization’s (WHO) guideline limits, which threatens their health and also the
environment. The anthropogenic release of gases and particles is still the main cause of
excessive amounts of pollutants in the air and is responsible for huge environmental and
health problems.

In the European Union (EU), pollutants of major public concern, as are particulate
matter (PM), carbon monoxide (CO), ozone (O3), nitrogen dioxide (NO;), nitrogen oxide
(NO), sulfur dioxide (SOz), and benzene are regulated and constantly monitored by
national environment agencies (EU Directive 2008/50/EC). Among those, PM is classified
as the most dangerous air pollutant, which affects more people than any other pollutant,
and is often an indicator of air pollution (WHO, 2022). Moreover, due to the complex and
variable composition of PM, some of its dangerous components are also regulated and
constantly monitored, i.e. trace elements: arsenic (As), cadmium (Cd), nickel (Ni) and lead
(Pb), and benzo(a)pyrene as a marker for polycyclic aromatic hydrocarbons (PAHs) (EU
Directives 2004/107/EC and 2008/50/EC).

The constant monitoring of problematic pollutants is necessary to evaluate the success
of regulation and new attempts to mitigate air pollution. However, to control and limit air
pollution most successfully, governmental regulations and restrictions need to be supported
by scientific research and evolve with the advancement in the field. Here analytical
chemistry plays an important part in identifying the pollutants and developing new
methods for their quantification. For air-quality monitoring purposes, the analytical
methods needed for the determination of regulated air pollutants are usually specified by
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authorities together with the targeted limit values. As the awareness of the dangerous
effects of air pollutants increases or their negative effects are identified even at lower
concentration levels, stricter regulation is being implemented, needing more sensitive
analytical methods with lower detection limits. On the other hand, new pollutants are
being recognized as problematic (e.g. other trace elements in PM, phenols, nitro-PAHs),
which require new robust analytical methods to be implemented in the monitoring process.
Furthermore, in the recent years, the development policies recognized the importance of
protecting the environment, leading the society towards sustainable future, which should
also reflect in analytical laboratories, where a lot of toxic waste is produced, especially
during regular analyses as in the air-quality monitoring laboratories. That is why it is
important to have and develop new sensitive, accurate, precise, and green analytical
methods that can be used in monitoring networks and in the research of atmospheric
processes facilitating understanding of atmospheric chemical reactions or emission sources,
which are connected with specific marker compounds.

In my PhD, I thus devoted my time to developing new analytical methods for PM
characterization; specifically, to develop a more universal and greener method for multiple
toxic trace elements (e.g. Cd, Pb, Ni, Cr, Zn, etc.) and a new method for simple phenols
(i.e. phenol (PHE), catechol (CAT), cresols (CREs), guaiacol (GUA)). It is important to
note, that, the latter did not exist before. Therefore, in the following chapters I focus on
the two specific groups of PM components, which are the main topic of my dissertation:
trace elements and phenolic compounds.

1.1 PM Pollution and its Negative Effects

PM is classified as one of the most dangerous air pollutants and represents a very diverse
group of particles suspended in the air with different compositions, sizes, and shapes,
dependent on their sources and lifetime in the atmosphere. PM can be of natural origin,
like dust produced by wind erosion of Earth’s crust or volcano eruptions, sea spray
generated by breaking waves at the sea surface, particles formed by vegetation like pollen,
or emissions produced from naturally occurring wildfires. However, emissions due to
anthropogenic activities, like PM produced by industry, traffic (including air and sea
transport), during fossil fuel and biomass burning for the production of heat, electricity or
emitted by agricultural activities, are more problematic. Anthropogenic releases disturb
the natural balance and are a source of more concentrated and dangerous PM components
(e.g. toxic trace elements), which are typically not found in nature. After the particles are
released into the atmosphere (i.e. primary PM), they can undergo transformations by
chemical reactions or physical processes and become secondary PM [6]. In the case of
organic particles, the terms primary organic aerosol (POA) and secondary organic aerosol
(SOA) are commonly used for describing atmospheric transformations. Apart from
releasing PM from different sources, new particles can also form in the atmosphere by gas-
to-particle conversion or condensation (secondary PM). Although PM can levitate in the
atmosphere for a substantial amount of time (from a day to a few weeks), negatively
affecting air quality and influencing climate, it eventually gets deposited on the Earth’s
surface by dry deposition or is washed out by rain (wet deposition), where it further
influences natural and urban ecosystems. PM with longer life-time do not only influence
the surroundings of the emission sites, but it can also be transported over long distances
and effect more distant places, e.g. oceans, wild forests [7, 8].

Since PM is a global pollutant transported by the air, its negative effects are not limited
by state borders, so governments should unitedly address the air pollution problem and
jointly mitigate most problematic emissions to limit their negative effects.
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Figure 1: Life-cycle of PM and its deposition pathways: natural and anthropogenic
emissions, cloud formation, atmospheric transformations and long-range transport,
interaction with terrestrial (red arrow) and solar radiation (yellow arrow), dry and wet
deposition impacting remote ecosystems.

1.1.1 Air quality and climate

In the atmosphere, PM interferes with the path of sunlight and terrestrial radiation and
therefore changes radiative balance and induces climate forcing. The direct influence of PM
on climate forcing is by scattering and absorbing the light, overall causing cooling of the
Earth (by releasing less sunlight to Earth’s surface) and warming of the atmosphere (by
absorbing some part of radiation energy and backscattering the radiation from the Earth)
[8]. The PM components with the highest light-absorbing impacts are (i) black carbon
(BC), a sooty black material with the highest absorption efficiency in the UV-vis
wavelength range, often equalized with elemental carbon (EC) and produced by incomplete
combustion of carbonaceous fuels; (ii) brown carbon (BrC), a group of organic aerosols
absorbing in a wide wavelength range (including near UV (300400 nm) and visible
regions), and observed as yellowish-to-brown colored aerosols with high light scattering
abilities, most often a result of biomass burning and secondary transformations in the
polluted atmosphere; and (iii) mineral dust, mostly derived from natural sources, e.g.
Saharan dust [9]. Some simple phenols, such as m- or o-CRE absorb in the range of BrC,
whereas those absorbing characteristics are even potentiated when transformed into specific
secondary derivatives in the air, as are phenols containing additional nitro-group on the
benzene ring (nitrophenols). Nitrophenols are known for their strong light absorbance and
belong to a group of BrC components, which are known to affect climate forcing [10]. Trace
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elements, on the other hand, represent a small part of PM, so their influence on climate is
usually not separately studied [11].

PM can also serve as nuclei for water vapor condensation and the formation of clouds
or ice particles. The PM composition thus further defines microphysics, radiative properties
and lifetime of clouds and so affects climate forcing also indirectly [12]. For example, in
more polluted atmosphere, clouds with more and smaller droplets are formed, reflecting
more solar irradiation compared to cleaner atmospheres [8].

Apart from the disturbed radiative balance, high PM concentrations reduce visibility,
which is especially pronounced in large cities, damaging the appearance of the surrounding
[13], and causing negative effects on people’s mood [14] and some economy sectors, such as
tourism [15].

1.1.2 Ecosystem

The ecosystem is influenced by PM pollution at many different levels. As already implied,
PM interacts with sunlight and affects the ecosystem indirectly by changing the air
temperature and the amount of sunlight received. Moreover, PM also affects the ecosystem
directly, by inhalation and/or deposition on plant leaves, soil, groundwater, etc., where
toxic compounds in PM can exert additional harm. PM pollutants enter plant tissues
through foliar or root uptake. Entering of metals was confirmed through both pathways
[16, 17], while for phenols (GUA, 4-nitroguaiacol), studies only for root uptake [18] have
been conducted so far. PM can also deposit on soil, where it disturbs soil chemistry and
affects nutrient cycling or can even be leached to groundwater. This can result in reduced
growth and biodiversity of vegetation and microbiota [19]. For instance, the decomposition
rate was shown to be affected in oak leaves containing heavy metals (Fe, Zn, Cu, Cr, Ni,
Pb), probably due to disturbed microbial balance or its metabolic activity [17]. The effect
of PM pollution on forests was observed in some heavily polluted areas. In the northeastern
United States, forest decline has been correlated with the deposition pattern of heavy
metals [17] and in Italy, an increased concentration of nitrophenols in leaves was found at
the damaged forest site [20]. Furthermore, persistent PM components, especially the ones
of poor water solubility, get mixed with soil and even accumulate in some plants, and so
they can enter the food chain [19]. For example, near the zinc smelter, cadmium levels in
deer’s internal organs were five-times higher than at more distant places [17], which could
be the result of the polluted feed or air. The effects of atmospheric pollution on the
ecosystem, however, are difficult to investigate since they can sometimes pop up only after
10 or more years of accumulation [17].

In the open ocean, the deposition of atmospheric aerosols is an important source of
nutrients and trace metals to the ocean, so the anthropogenically changed composition of
PM can importantly influence the marine biota [21]. Some types of aerosols can enhance
the growth of particular phytoplankton species, while others, allegedly aerosols containing
copper, have a toxic effect on the phytoplankton [22]. Aquatic organisms [23-25] and marine
bacteria [26] can also be negatively affected by phenols especially their nitrated derivatives.

1.1.3 Immovable cultural heritage

The impact of PM pollution has also been found detrimental in the anthroposphere. One
example is cultural heritage, where historical buildings and outdoor art sculptures are
constantly exposed to PM deposition. The PM influences the materials by soiling
(deposition of exogenous particles on the surface) and formation of black crusts (i.e.
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sulfation process accompanied by PM deposition), which damage material surfaces or even
influence the stability of the structures. Trace elements from PM present in the deposited
layers have been used for identification of past pollution sources responsible for the
appearance of black crusts and soiling, where historical buildings act as natural passive
samplers for PM pollution [27]. Based on trace elements fingerprint, the sources such as
coal burning, mostly present from extensive use in the previous century, and traffic as a
prevalent source today have been identified [28]. Furthermore, PM was shown to play a
critical role in the black crust formation process (calcium carbonate is transformed to more
soluble calcium sulfate dihydrate (gypsum) in the presence of atmospheric SO, and
humidity), as metallic particles are involved in the catalytic oxidation of SO, [11, 29].
Rodriguez-Navarro and Sebastian [30] reported that diesel engine exhaust containing large
quantities of soot, Fe, Fe-S, Cr, Ni, Cu, and Mn have higher fixation rate of SO, than
gasoline engine exhausts containing a smaller amount of soot and a larger amount of Pb
and Br.

The composition of soiling material reflects the abundance and composition of PM in
ambient air. Although nowadays traffic is a prevailing source of PM in urban areas, the
organic carbon (OC) is expected to be the main soiling component in the future. However,
the composition of the organic fraction of PM is still poorly characterized, including
phenolic content, therefore its influence on deposited surfaces is difficult to predict and still
needs to be investigated [31].

1.1.4 Health

PM is one of the leading health risk factors, 6™ on the list (project of the Institute for
Health Metrics and Evaluation), right after high blood pressure, blood sugar, body weight,
smoking and children undernutrition [32]. It is estimated that in 2019, 4.14 million
premature deaths worldwide were linked to ambient PM, s pollution, which is 62 % of all
air pollution-attributed deaths (State of global air, 2022). Diseases such as heart disease,
stroke, chronic obstructive pulmonary disease, lung cancer and acute respiratory infections
are all connected to PM pollution [33, 34]. The cut-off size of PM, which can enter the
upper respiratory tract and is associated with health risk is less than 10 pm in diameter
(PMy), and according to some studies [35, 36] particles smaller than 2.5 pm (PM,;) are
the most dangerous. The smallest PM particles can penetrate deep into the lungs and enter
the blood system, causing lung and cardiovascular diseases, and ultrafine particles
(particles smaller than 100 nm) can even enter the brain through olfactory system or
penetrate through the blood-brain barrier [37-39]. In 2013, WHO classified air pollution as
a possible cause of lung cancer [40] and the International Agency for Research on Cancer
(IARC) announced that PM is one fraction of air pollution that is considered carcinogenic
to humans [41].

Beside the PM as a whole, which is known to promote the generation of reactive oxygen
species in lung tissue, particular PM components are further associated with specific
adverse effects on human health. While a few trace metals and simple phenols found in
PM are known (As, Cd, Cr, Be, Ni) [40] or classified as possible human carcinogens (cresols,
catechol) (United States Environmental Protection Agency (EPA), International Agency
for Research on Cancer (IARC)), phenol, catechol, and cresol are also put on the list of
Hazardous Air Pollutants issued by EPA (EPA, 2005). Some of the observed adverse effects
on body organs by toxic elements were the impaired function of kidneys (Cd, Pb, Ni, Hg),
respiratory system (Cd, Ni, Hg), reproductive system (As, Pb, Hg), liver (Pb), and skeletal
system (Cd) [42]. Similarly, the exposure to phenols exhibited adverse outcomes like
respiratory tract irritation and studies on animal models revealed that long-term exposure
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to phenol and cresols can affect blood, liver, kidney, central nervous system, and cause
body weight loss, small hemorrhages in the lungs, degradation of heart muscle, and reduced
locomotor activity (EPA, WHO). On a cell level, some elements and phenols (Fe, V, Ni,
Cr, Cu, Zn, catechol) are also generators of reactive oxygen species, causing dangerous
oxidative stress in biological tissues [43]. Some components, such as catechol, can even
form DNA adducts or complexes with multivalent ions, e.¢g. Fe, Cu, which can produce
DNA damage [44]. Furthermore, phenolic derivatives, which could be secondarily formed
from simple phenols in the atmosphere (i.e. nitrophenols, methylnitrophenols), can act as
endocrine-disrupting compounds [45-49].

Related to the recent events, PM pollution can also worsen the course of other diseases,
e.g. Covid-19. The Covid-19 mortality rate in China was increased because of PM pollution
[50]. In the United States, it was estimated that an increase of 1 pg m™ in PMys
concentration is associated with an 8 % increase in Covid-19 death rate [51].

1.1.5 PM size and chemical composition

The size of airborne particles can be defined in two different ways: (i) by an index to PM
(i.e., PMx, where x means the maximum size of particles in a fraction in pm) or (ii)
descriptively, where slightly different size ranges are used depending on the author. Typical
size fractions of PM are described in Table 1. Most commonly measured PM fractions are
PM,, denoting particles small enough to influence the human health and light enough to
hover in the air for long periods of time and allowing to travel long-distances, and the
smaller PM,5 fraction, which is small enough to enter the bloodstream through the lungs
and cause severe health effects (EPA, European Environment Agency (EEA)) [42, 52].

Table 1: Size fractions of PM.

Designation by index Size (um in diameter)
PMp < 10

PMoas < 2.5

PM; <1

PMo. < 0.1

Descriptive designation
Total suspended PM (TSP) < 35% <50-1007; < 25-45°

Coarse PM > 1-3% PM,"; 2.5-10¢; > 2¢
Fine PM < 1-32 PM, ;>
Accumulation mode 0.1-2%¢
Ultrafine PM < 0.1
Nuclei mode 0.005-0.100*¢
aTurner and Colbeck [6], "/EEA, EPA, Chen, et al. [2], ¢John [53], IEU directives (EU) 2016/2284 and
2008/50/EC)

However, negative effects of PM are not solely due to particle size, but are largely
connected to their composition as well. Typical components of PM are inorganic (i.e. EC,
crustal elements, ions, and trace elements) and organic compounds (mostly denoted with
the OC fraction, which includes phenolic compounds). Among these, particular trace
elements and phenols are toxic to humans and harmful to the environment (see previous
chapter).

The size and composition of PM is defined by its sources, time spent in the atmosphere,
and weather conditions. The dynamic processes in the air, such as coagulation or molecular
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transfer between the particle and the surrounding gas (e.g. condensation, evaporation,
nucleation, adsorption, absorption, and chemical reactions), are constantly changing the
size and composition of PM [54]. Although a lot of research exists studying processes in
the atmosphere, either by laboratory, atmospheric chamber studies, modeling, or field
studies, many of these processes are still not understood [55, 56].

1.1.5.1 Source apportionment

However, the size and chemical composition of PM alone do not provide sufficient
information for targeted restrictions that allow for the efficient mitigation of air pollution.
Instead, emission sources need to be identified based on the acquired data. This is achieved
by applying source apportionment analysis, which is a statistical procedure of identifying
major emission sources and their shares in airborne pollution, based on analyte
concentrations measured in ambient samples.

The most commonly used source apportionment methods for PM use receptor models,
such as positive matrix factorization (PMF) and chemical mass balance (CMB) [57]. In
receptor models, the measured analyte mass at a given site is attributed to different sources
by solving a mass balance equation (1). The assumptions that need to be accepted when
working with receptor models are: i) source profiles are constant over time and ii) chemical
species included in the model do not react with each other or undergo phase partitioning
when they are transported from the sources to the sampling site [58]. The type of chemical
species included in the model depends on the studied area, the object of research, and the
available analytical instrumentation. The possible input data can include species like ions,
carbonaceous fractions, elements, organic markers, mass fragment (m/z) concentrations,
and isotopic ratios, as well as physical properties like aerosol size distribution and optical
properties. The species included should provide information specific for different sources,
e.g. elemental tracers (Table 2) are often crucial for identifying pollution sources. Organic
molecular markers, on the other hand, are much less investigated, but some of them, for
example methoxyphenols, syringol, and levoglucosan have been identified as good markers
of biomass burning [57-61]. In order to avoid false interpretation of receptor model results,
it is important to be familiar with the background of the area surrounding the receptor
site, major emission sources, possible point sources and their spatial distributions, and
topography (e.g. mountains, valley terrain, tall buildings, water bodies, wind directions),
which influences air transport to/from the receptor site.

D D G concentration of j-th species in the i-th sample
(1) Xij = z GucSuj + e T species
k=1 .
T sample
[T contribution of the p-th source to the i-th sample
figeveeeerinns concentration of the j-th species in the p-th source
Cfjevrrennnene uncertainty term

The CMB model is based on the effective-variance least-square approach. The required
input data are concentrations of measured species, their uncertainties and the
fingerprints/profiles of local sources with their uncertainties. It is an ideal model for
analyzing small datasets, since the model can be solved even with just one sample.
However, in practice, more samples are usually used for better confidence. The limitation
of the model is the required pre-determined information on local source profiles, which are
not always available. When using a source profile from the existing database (e.g.
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SPECIATE, SPECIEUROPE), specific properties of the studied area should be considered
(e.g. harbor, surrounding industries, wood or coal burning). If the solutions given by the
CMB model do not agree with the desired goodness-to-fit parameters (R-square, chi-square,
and species’ calculated-to-measured ratios), probably some assumptions are incorrect. In
that case, source profiles could be non-representative for the selected area or there were
some missing source profiles [57].

On the other hand, the PMF model is based on uncertainty-weighed factor analysis,
with restrictions to provide non-negative source contributions. The input data for this
model does not require predefined source profiles, but only the number of sources, together
with species concentrations and uncertainties for each parameter. The PMF model requires
more samples than CMB; roughly at least 3-times higher number of samples is needed
compared to the number of variables [57]. However, in practice, the number of samples
cannot be simply determined; the population of samples has to contain enough variability
with different relative contributions of the sources. Based on the input data, the model
generates source profiles and provides information on species contribution and uncertainties
[62]. The analysis is usually performed several times, with different numbers of contributing
factors and the optimal solution is chosen by examining output model characteristics (e.g.
Q-values, scaled residuals, regression parameters, species/mass reconstruction) [57]. The
most commonly determined factors are sea/road salt, crustal/mineral dust, traffic,
secondary inorganic aerosol, and biomass burning.

1.1.5.2 Elemental composition

PM mostly consists of a plethora of carbonaceous components, ions, and oxides from soil,
which makes carbon (C) and other elements constituting organic compounds (O, H), and
ions (N, S) the most abundant elements in PM. However, when talking about the elemental
composition of PM, focus is on trace elements, although they contribute very little to the
total PM mass (in six EU cities, the contribution of other elements was estimated in the
range of 0.3-1.8 % [63]); however, the related negative influences on human health and the
ecosystem are not irrelevant (see Section 1.1).

Trace elements can be emitted from natural sources, as are minerals from soil erosion,
volcano eruptions, sea-spray, and naturally occurring fires (e.g. Fe, Al, K, Na, Cl, Ca, Mg,
Si; those “macro” elements are usually present in higher proportions), or they can be
emitted from anthropogenic sources like traffic, industry, mining, coal burning and other
heating-related processes (e.g. Pb, Cd, Ni, As, Sb, Zn, V, Cu, Cr; “micro” elements are
usually found in trace amounts). Some trace elements are specific for the source type and
are therefore good markers for source apportion studies. For example, the following
elements are markers for traffic (Ba, Cu, Fe, Pb, Zn), motor oil (Cu), tire wear (Cu, Mn),
break wear (Ba, Cu, Fe, Mn, Mo, Sb, Sn, Zn), fossil fuel (Ni, S, V), coal combustion (As,
Cl, Co, Sc, Se), residual oil combustion/ship emissions (Ni, V), metallurgic industries (Cu,
Fe, Mn, Zn), non-metallurgic industries (As, Cr, Cs, Mo, Ni, Pb, T1, Zn, Zr), wood burning
(K, together with levoglucosan), sea spray or salting of roads in winter (Cl, Mg, Na), and
crustal /mineral dust (Al, Ca, Fe, Mg, Mn, Si) [58, 59, 64-66]. Not all marker compounds
are necessarily universal. Some can be specific for the location, other represent sources, or
specific materials used. For example, in SPECIEEUROPE data base, 37 biomass burning
and 66 traffic source profiles are recorded. Elemental tracers/markers used for the
identification of sources by the Slovenian Environment Agency (ARSO) are presented in
Table 2.
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Table 2: Elemental tracers/markers for emission sources.

Sector Source Tracer /Marker
Traffic Traffic emission Br, Pb, Ba, EC, Mn, Cl, Zn,
V., Ni, Se, Sh, As, PAH
Tire wear Zn
Break wear Cu, Zn, Pb
Dust from traffic EC, Al Si, K, Ca, Ti, Fe,
7n
Industry The industry of iron and Pb
steel
Refinery \Y
Cement factory Mg, AL, K, Tl, Mn, Fe
Domestic emissions Wood burning Levoglucosan, PAH, EC,

(domestic or natural fires)
Coal burning
Fuel oil

Sea-spray aerosol
Resuspension

Natural sources

Mineral dust
Agriculture

Coal, foundry, ships
Combustion

Secondary particles

Ca, Na, K, Fe, Br, Cl, Cu,
7n

Se, As, OC, EC, Cr, Co, Cu,
As, S, P, Ga

EC, V, Ni

Na, CL, S, K

Si, V, Cr, Ca, Ti, Sr, Al,
Mn, Sc

Si, Al, Ca, Mg

NH;

SO,

NO,

Source: ARSO, 2013 [64]

In the EU, four elements (i.e. As, Cd, Ni, Pb) are recognized as toxic for humans and
their concentration in PM is regulated (limit values are prescribed) and constantly
monitored. Their most common sources in EU countries are presented in Figure 2, with
industry and energy supply sectors being the largest contributors to any of them. Transport
also contributes substantially to Ni (non-road transport as air, rail, sea and inland water
transport) and Pb emissions (road transport), and residential, commercial and institutional
sources contribute especially to Cd and Ni. Waste sector (waste water management)

contributes significantly to As.
As Ni
. Manufacturing and extractive industry . Residential, commercial and institutional

. Agriculture

. Energy supply . Non-road transport

Cd

4n

P

P

. Waste

Road transport

Figure 2: Emission sources for As, Cd, Ni, and Pb in EU (2018). Source: EEA, 2020 [19].
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1.1.5.3 Particulate phenols

Phenols are mostly emitted during anthropogenic activities, such as biomass burning
(products of lignin thermal degradation), traffic, and fossil fuel combustion [67, 68]. The
majority of simple phenols of our interest (i.e. PHE, CAT, GUA, CREs; Scheme 1) are
produced by primary emissions. Due to their relatively high volatility and fair water
solubility, they are bound to particles or present in the atmospheric gas. Campen, et al.
[69] showed that in diesel exhaust, both phases (PM and gas) contribute to its toxicity;
therefore, even though simple phenols are most commonly considered gaseous pollutants,
their contribution to particulate fraction should also be investigated.

Although simple phenols are toxic by themselves, their effect on the environment is
even enhanced when they act as precursors to secondary phenols, which are formed by e.g.
nitration or oxidation in the atmosphere. The most abundant reactive species promoting
atmospheric transformations are hydroxy radicals (OH"), nitrate radical (NOs*) ozone
(Os), nitrogen oxides (NOy), and nitrous acid (HONO), in the presence or absence of
sunlight (hv). Oxidation mediated by OH* can transform PHE, o-CRE, p-CRE, and GUA
to CAT, 3-methylcatechol (3MC), 4-methylcatechol (4MC), and 3-methoxycatechol,
respectfully [70]. Moreover, nitration with NOs;*, HONO and NOx in the presence of OH"
can change: (i) CAT to 4-nitrocatechol (4NC), (ii) 3MC to 3-methyl-4-nitrocatechol
(3M4NC), 3-methyl-5-nitrocatechol (3M5NC), or 3-methyl-6-nitrocatechol (3M6NC), (iii)
4AMC to 4-methyl-5-nitrocatechol (4M5NC), and (iv) GUA to 4-nitroguaiacol (4NG) or 6-
nitroguaiacol (6-NG) [71-76]. Other authors further observed the formation of aromatic
SOA with brown carbon properties from the reactions of CAT and GUA with O3 or NO3®
[71, 77]. Nitrophenols are more toxic than their precursors, and usually more stable in the
atmosphere, prolonging their negative impacts on the climate and human health. Some
phenolic derivatives were even recognized as so source-specific that they were characterized
as molecular markers for biomass burning (i.e. methoxyphenols and methylnitrocatechols:
AM5NC, 3M5NC, 3M6NC)[57, 76, 78-81].

Seasonal variation of particulate simple phenols was only investigated in one study so
far [82], probably due to the lack of appropriate analytical methods. The highest
concentrations of phenolic precursors were observed in winter and the lowest in summer,
which was expected due to additional biomass burning sources in winter [82]. Similarly, in
studies involving nitrophenols, which are closely connected with their precursor simple
phenols, the highest concentrations were observed in winter, when biomass and fossil fuels
are extensively used for heating purposes. The lowest concentrations were typically
measured in spring and summer. In Ljubljana, the highest proportion of nitroaromatic
components was attributed to nitrocatechols (alkyl nitrocatechols and 4-nitrocatechol) in
all seasons. In summer, nitrosalicylic acids and nitrophenols also contributed quite
substantially, and in winter, 4-nitrosyringol and nitroguaiacols could also be detected [83].
Simple phenols have not been determined in Ljubljana so far. Although some relations
between simple phenols as precursors and nitrophenols as secondary derivatives have been
confirmed under laboratory conditions, condensed-phase transformation processes are still
poorly understood and need to be investigated further, including in real-life conditions.
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OH OH OH OH
OH o
S\
CH,

Phenol Catechol Guaiacol Cresol

Scheme 1: Simple phenols investigated in the dissertation. The methyl group in cresol can
be placed at orto- (o-CRE), meta- (m-CRE) or para (p-CRE) positions.

1.2 Air Quality Monitoring

PM pollution has negative consequences all over the world. To assure safe living conditions
and limit the influence on the climate, it is important to constantly monitor pollutant
levels in the air and act accordingly. Ideally, a well-positioned monitoring network or
targeted campaigns provide information that allow for:
(i) assessing the living conditions regarding the quality of air, so that additional
restrictive measures can be applied to limit air pollution if conditions are
not adequate (e.g. Air quality index) [84],
(ii) identifying emission sources, so that restrictions can directly target
identified sources of pollution [57],
(iii) evaluating the success of restrictive measures, by tracking negative trends
of pollutants,
(iv)  studying the influence of long-range transport of pollutants, which can
spread negative influence far from emission sources,
(v) building (long-term) model predictions of pollutant levels and their impacts
in the future, and
(vi)  building (short-term) model predictions of events of severe air deterioration
(e.g. high PM concentrations or SOA formation) and forecasting local air
quality, so that additional restrictions (e.g. limiting coal burning facilities
or traffic) or warnings can be released (i.e. to avoid outside air/activities if
possible, especially for sensitive groups of people as children, elderly,
asthmatics and other pulmonary-compromised patients) [85].

Therefore, many regulatory organs instruct air quality monitoring and limit major toxic
pollutants, as are ozone (Os), carbon monoxide (CO), nitrogen oxides (NOy), sulphur
dioxide (SO,), and PM (WHO, EEA, EPA); in EU, benzene and volatile organic
compounds (VOCs) are also included. Along with measuring mass concentrations of PM;j
and PM,;s fractions of atmospheric aerosols, European parliament and the council also
require the determination of PM chemical composition, targeting trace elements (i.e. As,
Cd, Ni, Pb, Directives 2004/107/EC and 2008/50/EC), water-soluble ions (i.e. SO,*, NOs™,
Na*, K*, NH %, CI7, Ca**, Mg*"), PAH, EC, and OC. The limit values for PM and trace
elements set in EU and guidelines recommended by WHO are listed in Table 3.

To assure comparable results in all member states, EU further provided a standard
method for the determination of the regulated analytes (for trace elements see details in
Section 1.3.2.1). Furthermore, to improve air quality in EU, reduction of major pollutants
(i.e. PMss, NH;, SO,, NOy and non-methane volatile organic compounds) has been
prescribed until 2029 and from 2030 onwards. Moreover, monitoring of additional trace
elements (i.e. Cr, Cu, Se, Zn) is also required (Directive (EU) 2016/2284), even though the
standard method is not optimized for those elements (drawbacks listed in 1.3.2.1).
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Table 3: Limit values by EU and WHO guidelines for PM and elemental concentrations in

the air.
Pollutant Averaging  WHO?* EU="
period
PM,, 1 day 45 ug m™3 * 50 pg m™3 **
Calendar year 15 pg m™3 40 pg m™3
PMa; 1 day 15 pg m™3 * -
Calendar year 5 pg m™3 25pug m™
Pb Calendar year 0.5 pg m™3 0.5 pg m™3
As Calendar year ~RL: 6.6 ngm™> 6 ngm™3
Cd Calendar year ~ 5ng m™3 5ng m™>
Ni Calendar year ~ RL:25ng m™ 20 ng m™3

*maximal 3-days exceedance per year (99th percentile of an annual distribution)
*maximal 35-days exceedance per year (approx. 90" percentile of annual distribution)
RL = reference level
Source: *EEA report 2020 [19], PEN14902:2005 [86], “WHO (2021) [87]

*

The analytes currently monitored in air quality networks are a good proxy for air
pollution. However, a lot of other problematic pollutants exist, which also contribute to
the toxicity of PM and are not included (e.g. phenols, other toxic elements, nitro-PAHs).
Furthermore, source apportionment models perform better with multi-element input data,
requiring more detailed elemental composition information to accurately identify specific
sources. Determination of more PM components would eventually improve prediction and
source apportionment models, and provide better information, so that more targeted
actions can be planned and applied for mitigating specific emissions and substantially
improving air quality. However, identification of more analytes in a complex PM matrix
for monitoring or research purposes requires accurate and precise determination methods.
The standard methods provided by regulatory agencies are limited only to the components
currently involved in routine monitoring processes. Therefore, the development of
alternative methods covering new or more analytes at a time is beneficial.

1.3 Techniques for PM Determination

In research, many different techniques are used and new methods are constantly being
developed. The chemical composition of PM can be measured on-line, where information
is gathered on-site in real-time, or off-line, where samples need to be first collected and
later analyzed in a different facility. On-line and semi-online (i.e. samples are collected for
a short period of time — minutes to hour, and analyzed on site) measurements provide
information about diurnal variations and allow for the identification of site-specific patterns
(e.g. traffic rush hours), however, on-line measurements are often limited by
instrumentation capabilities (continuous, automated operation without operator presence)
and sensitivity. On-line or semi-online determination is currently available for total carbon
(TC), BC and BrC with Aethalometer [88] coupled with a Total Carbon Analyzer [89] (i.e.
Carbonaceous Aerosol Speciation System (CASS, Magee Scientific)), ions with particle
into-liquid sampler (PILS) coupled with ion chromatography (IC), or monitoring
instrument for aerosol and gasses (MARGA), metals with Xact Ambient Metals Monitor
(based on XRF technique; Salibri Cooper Inc), organic PM composition with a filter inlet
for gases and aerosols (FIGAERO) coupled with a mass spectrometer [90], aerosol mass
spectrometer (AMS), or aerosol chemical speciation monitor (ACSM) [57, 91]. However,
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on-line instruments for organic composition determination still cannot provide targeted
molecular characterization.

Traditionally, off-line techniques are used for PM analysis. Although sampling times
can be short, theoretically providing comparable information to semi-online techniques, at
least 12 h sampling is usually needed to gather enough material to exceed limits of detection
(LODs). Therefore, daily (24 h) samples are most commonly collected, averaging whole-
day aerosol concentration and allowing for inter-day/seasonal comparisons. This approach
is also used in monitoring agencies, since more analytes can or need to be determined in a
single PM sample.

The off-line analytical techniques used to determine of elemental and phenolic
composition are discussed below.

1.3.1 Sample collection and PM mass concentration determination

Due to a very dilute aerosol system, in which a constant equilibrium exists between all
three physical phases (gas, solid and liquid), sampling of atmospheric PM is not as
straightforward as one would imagine. Traditionally, PM sampling is performed by a PM
sampler, which draws the air through a filter on which particles are collected. Large air
volumes are usually required so that PM particles are concentrated enough on a sampling
media. Therefore, when talking about PM samples, this usually does not refer to PM alone,
but typically denotes PM collected on a matrix (Figure 3).

In research, distribution of analytes by different size fractions is interesting to study,
especially if fractions can be collected simultaneously, so that the samples are
representative of the same aerosol. Here, two instrument choices exist: (i) dichotomous PM
sampler with a PMy, inlet and a virtual impactor to separate coarse (PMas.19) and fine
particles (PM..5) on separate filters [92], and (ii) cascade impactor, which can divide more
than two different fractions of PM, so that every PM fraction is deposited on a separate
sampling medium [83, 93].

The collected fraction of suspended PM (e.g. PMio, PM;5) is determined by a sampling
head (impactor-based inlet), which cuts off sizes bigger than the size determined by its
inlet. This sampling procedure is also used for monitoring purposes and thus specified in
detail in standard EN12341:2014, where special attention is given to possible artefacts that
could originate from inappropriate sampling, storage, transport, or sample handling and
should be considered with caution. Positive artefacts can occur due to absorption of volatile
compounds (e.g. ammonia, nitrogen dioxide, organic gases) or adsorption of semi-volatile
compounds and water from the gas, while negative artefacts are typically due to
volatilization of semi-volatile compounds and water off the filter. With assuring optimal
temperatures (during sampling, storage, transport), relative humidity, and flow rate, losses
of semi-volatile compounds are limited. Moreover, if the instructions in EN12341 are
followed, the losses due to volatilization can be considered zero by convention. Other losses
of particles can happen in the pipe work or by transmission through the filter, but are
considered negligible in a standard procedure.

It is also important that filter material used for the collection of PM meets certain
requirements: (i) retention efficiency for particles with the aerodynamic size of 0.3 pm is
at least 99.5 %, (ii) sufficient integrity is retained during sample handling, (iii) pressure
drop during the collection should not hinder the flow rate, (iii) sufficient collection capacity
is assured to avoid clogging, (iv) water sorption is limited, (v) static charge can be removed
before weighting, and (vi) appropriate characteristics for further analysis (low impurities
in chemical analysis, high thermal stability in OC/EC analysis, well retained integrity for
gravimetry analysis etc.). Commonly used filter matrices are quartz fiber, glass fiber,
polytetrafluoroethylene (PTFE), PTFE coated glass fiber, cellulose fiber, polycarbonate,
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and others, depending on what characteristics are needed for further analysis. For the
OC/EC analysis by thermal optical analysis (TOA), filter matrix has to withstand very
high temperatures, which makes quartz-fiber filter the only viable choice and is therefore
the most commonly used filter in monitoring agencies.

ey
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Figure 3: PM collected on quartz fiber filters in different seasons.

Typically, total PM mass is determined gravimetrically by weighting the filter before
and after the collection of PM. To avoid biases due to absorption or desorption of water
vapor, which could importantly influence the mass of the sample (note: collected PM mass
is very small compared to the filter mass), conditioning at controlled temperature and
humidity for sufficient amount of time is prescribed to reach equilibrium at the same
conditions before and after the sampling.

1.3.2 Elemental determination

Elemental composition of PM is most commonly determined off-line, after the sampling on
a filter. The analytical methods for elemental determination can be divided into two groups
in respect to the required physical state of the sample for the analysis:

- conventional analysis of samples in a liquid form (i.e. PM extracts), after a pre-
treatment of PM samples with microwave digestion: e.g. inductively coupled plasma mass
spectrometry (ICPMS), inductively coupled plasma optical emission spectrometry
(ICPOES), graphite furnace atomic absorption spectroscopy (GFAAS), flame atomic
absorption spectroscopy (FAAS), ion-selective electrodes, and stripping voltammetry, and
- direct analysis of solid PM samples without any pretreatment: e.g. laser ablation
ICPMS (LA-ICPMS), X-ray fluorescence (XRF) and its variations, particle-induced X-ray
emission (PIXE), instrumental nuclear activation analysis (INAA), and laser-induced
breakdown spectroscopy (LIBS).

All these methods have their benefits and drawbacks and their detailed description and
comparison is found in our review article (Chapter 3.1). In short, EU prescribes a standard
method for environmental agencies with microwave digestion to fulfill the required
traceability stated by European Directives and to assure inter-laboratory comparability
across different countries. However, this method has many weaknesses and is expected to
be updated in the recent future to catch up with the advancement in atmospheric chemistry
research. Many alternative methods capable of direct analysis of solid samples have already
been successfully applied in research, however, certain shortcomings still prevent them from
becoming a substitute of the standard method. LA-ICPMS, which was the method of our
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choice, is not yet a widespread technique, but has a great potential to be used for routine
air-quality monitoring someday.

1.3.2.1 Standard method (EN14902:2005)

As already mentioned, EU legislation dictates the measurement of four elements (i.e. As,
Cd, Ni, and Pb) in ambient air (Directive 2004/107/EC, and 2008/50/EC) and prescribes
the standard method for their determination (EN14902:2005) to be used for air-quality
monitoring purposes. The method determines the sampling procedure of PM;, fraction of
ambient PM (according to EN12341:2014) with a preferable filter material (i.e. quartz
fiber, cellulose nitrate, or cellulose acetate filters), sample pre-treatment by microwave
digestion (MW) using concentrated nitric acid (HNO3z) and hydrogen peroxide (H203), and
analysis with ICPMS or GFAAS, as well as a guidance for providing traceability and
meeting strict analytical requirements (i.e. procedure for assessing quality
assurance/quality control, estimated uncertainty, performance characteristics) [86].

Besides the mentioned four elements, the more recent Directive (EU) 2016/2284 directs
to report concentrations of some other elements in atmospheric PM as well (i.e. Cr, Cu,
Se, and Zn), for which the standard method is not provided. Normally, EN14902 is used
for the determination of all elements (more than specified), even though this standard
method does not guarantee the accuracy and sufficient digestion efficiency for other
elements. This brings us to the weaknesses and drawbacks of the current standard method,
which are mostly due to the MW pre-step (details in 3.1):

- the prescribed digestion protocol does not provide complete digestion of quartz fiber
filters and also puts under question digestion efficiency of some specific PM matrices
(e.g. Saharan dust), preventing total multielement determination,

- the additional sample pre-treatment step introduces a risk of sample contamination
or loss of volatile elements,

- sample loss can occur at events of vessels explosion, due to uncontrolled increase of
pressure inside the vessels caused by unexpected PM compositions or
concentrations,

- MW digestion is a time-consuming step,

- the elements of interest are usually present at trace concentration levels, meaning
that high-purity reagents have to be used to provide sufficiently low LODs;
however, the digests still need to be diluted prior to analysis to be compatible with
the ICPMS instrumentation, which consequently elevates LODs even further,

- the necessary concentrated reagents eventually end up as toxic waste, which is not
a neglectable amount considering regular monitoring all around the globe, and the
number of air-quality monitoring sites is still expected to grow in less developed
countries.

Although the described standard method is appropriate for the purpose it was
developed, with the advancement of knowledge and development of new analytical
instrumentation and analytical methods, multielement determination can be achieved with
direct determination from a solid sample nowadays, without burdening the environment.
The movement in this direction has already been made in EU Scientific and Technical
Research Report [94], where energy-dispersive XRF (EDXRF) has been discussed as an
alternative method for the determination of elements in PM, particularly for use in source
apportionment studies, for which the information of multi-element composition is
paramount.
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1.3.2.2 LA-ICPMS

LA coupled with ICPMS is a relatively modern technique used in analytical chemistry,
where sample introduction into ICPMS is performed by an LA system. It is an alternative
to classical ICPMS liquid introduction systems, where elemental concentrations in solid
samples are measured without the need for microwave digestion.

The main parts of an LA system are a laser beam generator, an ablation chamber and
a transport path of the ablated particles to the ICPMS (Figure 4). A sample is placed in a
gas-tight ablation chamber, which is filled with helium as a carrier gas. A focused laser
beam ablates the material with pulsed shots hitting the surface of the sample, generating
vapor, particles and agglomerates, i.e. aerosol of the ablated material above the sample.
The generated aerosol is continuously flushed with the carrier gas to the ICPMS, where it
is atomized and ionized in a plasma, separated by mass and charge, and detected with a
mass selective detector [95].
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Figure 4: Schematic representation of the LA-ICPMS system.

Different types of lasers exist, which mainly differ by wavelength (e.g. 1064, 266, 213,
193 nm, etc.), laser production mechanism (e.g. excimer or solid state), irradiation time
(i.e. nanosecond or femtosecond pulse width), and price. In the past, long wavelength
(visible and infrared) laser beams were used, including in the first attempts of ablating PM
[96-99]. With the development of LA technique, it has been demonstrated that shorter
wavelength lasers better suit the purpose in general (e.g. cause less elemental fractionation),
so nowadays even in the analysis of PM samples, the most commonly used lasers are 193
nm argon fluoride excimer (ArF*) and 213 nm Nd:YAG solid state lasers [93, 100-102].

Ablation is influenced by the LA system, as well as sample characteristics.
Unfortunately, no research has been made by directly comparing LA systems for the
ablation of PM samples, however, when comparing NIST 610-614 glass samples, the size
distribution of ablated particles is different, depending on the laser type. The 193 nm laser
produced particles mostly in the small size range (below 0.4 um), whereas lasers with higher
wavelengths (213 and 266 nm) produced wider size distributions including larger particles,
even around 1 pum. Large particles, however, could be problematic, since they may get
deposited next to the crater base and are not transported to ICP. Also, if they arrive to
plasma, their atomization and ionization may not be efficient [103]. Particle size
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distribution is also affected by sample characteristics (e.g. transparency). In more
transparent reference materials (RM) NIST 612 and 614, 193 nm lasers produced
distinctively narrower size distribution than 213 and 266 nm lasers, whereas in more opaque
RM NIST 610, particle size distributions were comparable for 193 and 213 nm lasers, and
performed better than 266 nm laser [104]. Similar, Brown, et al. [105] ablated PM samples
using 266 nm LA system and had some problems with large particles generated, which
worsened the repeatability of the measurement. As a solution, an in-line filter to remove
the large particles was installed, which significantly improved repeatability of the
measurement [106, 107]. This problem, however, was not reported by other authors using
193 or 213 nm LA systems [100, 102], but to be able to attribute this effect to the ablation
with different wavelengths, direct comparisons based on the same PM samples would have
to be made.

Similar to the particle size distribution, laser stability is also affected by the laser
wavelength. When comparing NIST glass standards, 193 nm laser performed best and 266
nm laser was drifting in time in all NIST glass RM. The stability of 213 nm laser was
dependent on sample transparency, performing best in opaque NIST 610 and worse in more
transparent NIST 614 [103]. The stability of the laser is important when planning to
measure a large set of samples, like in air pollutants monitoring. Therefore, when choosing
the best laser type for these purposes, this aspect should be carefully considered.

From the literature survey we can conclude that most researchers used flat filter
matrices, like PTFE [93, 97, 98, 108-110], polycarbonate [111], cellulose nitrate membrane
[99, 112], and cellulose ester [105-107, 113] filters, since it is easier to focus the LA beam
on a flat surface, which is needed to provide optimal ablation. Quartz fiber filters, which
are most universal for atmospheric analyses and most often used in air-quality monitoring,
because they allow for many complementary analyses to be performed on the same sample,
are unpopular for LA due to their uneven surface. Only two papers have investigated PM
on quartz fiber filters; in the first case from 1994, nowadays obsolete 1064 nm LA system
was used [96], and in the second case, PM samples were collected by an impactor and only
the smallest size stage was analyzed [102]. Furthermore, in most other relevant studies,
impactor was used for sample collection [93, 101, 102, 109-111, 114], whereas particles were
often collected in piles and not over the whole filter area, or obsolete 1064 and 266 nm LA
systems were used [96-99, 105-107]. However, none of the papers describes a complete
method development, especially for quartz fiber filters, leaving the questions of
quantification and homogeneity for further investigation.

Quantification of results is one of the biggest challenges in LA-ICPMS, as matrix-
matched RM is needed to nullify different fractionation effects between a sample and the
RM used for quantification. Theoretically, in the case of PM samples, every type of filter
matrix needs its own standardized RM. Furthermore, different ways of PM collection (e.g.
classical PM sampler vs. impactor) or significantly different PM compositions also do not
necessarily behave as matrix-matched materials.

The main problem in the calibration is that certified matrix-matched RM is not always
commercially available, which is also true for PM on quartz fiber filters with certified
elemental composition. Some alternative procedures have been tested, where NIST
standardized reference material (SRM) 1648 (urban PM in dust form) was compressed to
pellets, adhered to the surface, or deposited on a filter, but the reproducibility of these
calibration methods was not adequate or they faced a problem with filter saturation and
insufficient linearity [97, 107]. Another alternative was by spiking the filters with liquid
standards (e.g. dried droplet approach on blank filters or samples, or spiking of the whole
blank filter area). The elements, however, were shown non-homogeneously distributed
throughout the filter, exhibiting chromatographic effect and different sensitivity [99, 107,
109, 113, 115], which would cause inaccurate quantification if only one part of the standard
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was ablated. This error, however, could be avoided with the ablation of the whole dry
droplet/standard [115], but this would be too time-consuming in the case of quartz fiber
filters. Until now, there has been no appropriate calibration procedure for the routine
analysis of ambient aerosol samples with LA-ICPMS. Therefore, the lack of repeatability
and accuracy in current approaches was calling for further research.

The second challenge which needs to be addressed is the homogeneity of the samples.
For PM samples, the homogeneity of PM distribution on the filter surface is generally
accepted. However, LA generates very small laser beams (only a few um in size) and at
this level the homogeneity may not always be taken for granted, since PM is a mix of
individual particles of different sizes and compositions.

Tang, et al. [102] found higher element concentrations at the edge of a PM sample
compared to the center of the filter and attributed the observed chromatographic effect to
ablation, since the filter edge is looser and easier to ablate than the interior. However, non-
homogeneous deposition of PM was also observed on impactor foils, the measured
concentrations being higher in the center and dropped quickly along the radius of the filter,
stabilizing about 10 mm from the center [105]. On the other hand, some authors described
relatively uniform PM deposits on filters, with 10 % variation between the measurements
in different locations [99].

In addition, LA has the ability to analyze spatial distribution of elements, whereas the
analysis can include only a few spots [97, 108] or a full scan of the surface providing 2D or
even 3D images when measuring additional layers [116]. Therefore, due to all the different
possibilities, a sampling protocol needs to be defined during the development of a LA-
ICPMS method for the determination of elemental composition of PM samples, which
would take into account (in)homogeneity of the samples and provide accurate results.

Although a few attempts have already been made to analyze PM samples by LA-
ICPMS, no successful method has been reported to date for PM on the most widely used
quartz fiber filters including detailed method development and parameter optimization,
homogeneity assessment, and quantification procedure. Such a developed method would be
of great benefit and would have the potential to serve as a green alternative in air-quality
monitoring.

1.3.3 Organic aerosol characterization

Organic components are often the major and ultimately the most undefined constituent of
atmospheric PM, therefore, many different approaches for their characterization are
possible depending on the desired information. The concentration of OC is determined by
TOA, which differentiates OC from EC based on their different thermal properties and
light reflectance/transmittance characteristics [117, 118]. Optical properties of atmospheric
aerosols (e.g. wavelength specific transmittance and absorption) can be further exploited
for speciation of carbonaceous aerosols by combining measurements of spectrally resolved
optical absorption with measurements of total carbon concentration (TC) in high time
resolution (i.e. CASS system), to differentiate between BC, BrC and non-absorbing POA
and SOA, and to apportion BC sources to fossil fuel and biomass burning [88, 119, 120].
Moreover, for online molecular speciation of organic aerosols, different techniques are
applied, such as AMS, ACSM, FIGAERO with chemical ionization mass spectrometer
(CIMS) etc., which provide information on the molecular composition and/or contained
chemical groups in real time (e.g. carbohydrate ions with a different number of atoms,
sulphate and nitrate functional groups), typically dividing contained components into
groups of hydrocarbon-like and oxygenated organic aerosol, cooking organic emissions, and
biomass burning.
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However, for the identification of emission markers, studies of atmospheric reactions
and processes, and chemical toxicity assessment, targeted molecular-level characterization
is needed. PM is a mix of various analytes and targeted analysis requires supreme
chromatographic separation (i.e. gas chromatography (GC) or liquid chromatography
(LC)) followed by a specific mass spectrometric (MS) detection. Chromatographic
techniques are applied off-line, after the collection of PM on a filter, liquid extraction, and
most often also follow a concentration step. Extraction reagents are chosen based on
analyte solubility and compatibility with analytical instruments (if they are not later
replaced in the concentration step) and PM extraction procedure is sometimes accompanied
by elevated temperature and/or pressure, microwave or ultrasound treatment.
Concentrations of organic compounds in PM are typically very low, therefore, a pre-
concentration step, such as solvent evaporation or solid-phase extraction are often applied.
Sample pre-treatment steps are often constrained with the properties of target analytes
(e.g. volatility, solubility, thermal stability) and can result in analyte loss (e.g. analyte
degradation, co-evaporation with solvent), which has to be carefully examined.

GC techniques are preferentially used for the determination of volatile species (e.g.
PAHs, alkanes, ketones, aldehydes, monoterpenes). Low-volatility analytes, however,
cannot be simply determined by GC-MS and require additional derivatization step (e.g.
sylation) to increase their volatility [121-123]. Besides traditional liquid extraction and GC-
MS determination, direct analysis of solid PM samples with use of a thermal desorption
(TD) unit is also possible, which has been shown especially useful in the case of PAH and
nitroPAH, as they are nonpolar compounds with high boiling temperature and, therefore,
ideal for this technique [124]. TD-GC-MS requires less sample as it circumvents all the pre-
treatment steps, however, polar and thermally labile compounds still need to be analyzed
with other techniques. Therefore, for polar PM components with limited volatility, LC-MS
is a technique of choice with more operational capabilities.

1.3.3.1 LC-MS

Because of its specificity, accuracy, precision, and sensitivity, LC-MS is often used in
atmospheric chemistry research. The (ultra) high performance liquid chromatography
((U)HPLC) enables sufficient separation of a complex PM matrix for the following mass
spectrometric detection, where the commonly used high resolution MS or tandem mass
spectrometer (MS/MS) provide specific mass determination with a limited number of
interferences.

Many organic PM components have already been determined by LC-MS, such as
nitrated phenols and other phenolic derivatives [76, 83, 125-129], amines [130], carboxylic
acids [131], humic-like substances [132], monosaccharides [133], trenbolone acetates [134],
pesticides [135], drugs of abuse [136], PAH [137] and oxygenated PAHs [138]; however, to
the best of our knowledge only one paper reports on the determination of simple phenols
in ambient PM [82]. Based on our experiences, simple phenols are difficult to be simply
determined with LC-MS due to very poor ionization efficiencies, especially at the
concentrations found in atmospheric PM. Furthermore, the simple phenols are semi-
volatile, therefore, any pre-concentration steps should be well thought through as they
could result in substantial analyte loss.

In general, to enhance ionization efficiency, analytes can be derivatized with a group
with good ionization efficiency. For various analytes with the phenolic functional group,
derivatization agents such as dansyl chloride (DnsCl), pentafluorobenzylbromide (PFBBr),
1,2-dimethylimidazole-4-sulfonyl chloride (DMISC), pyridine-3-sulfonyl chloride (PS),
benzoyl chloride, dabsyl chloride (DABS-CI), 4-(dimethylamino)-benzoic acid (DMBA)
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have been used [139]. In research papers, DnsCl enabled detection of some of our targeted
simple phenols, when targeting other compounds in different complex matrices. Phenol has
been detected during the bulk analysis of metabolites in cerebrospinal fluid [140], whereas
phenol and cresols have been detected during the analysis of metabolites in urine samples
[141] and in the analysis of phenolic compounds in river and sediment samples [142]. DnsCl
has also been used for enhancing the detection of other phenolic metabolites in urine [143],
estrogens in cerebrospinal fluid [144], bisphenols in river water and sediment samples [145],
and bisphenol A in human saliva [146].

Next to a few times enhanced ionization efficiency (reported from 10 to a 1000-fold)
[141, 142], DnsCl has also other benefits in phenols determination by HPLC, as is extended
retention on a column resulting in easier separation of relatively polar compounds with
reverse-phase chromatography, improved stability and reduced in-source fragmentation,
which provides more stable and intense fragment ions and eases quantification [147].
Derivatization with DnsCl could thus provide a solution in the determination of simple
phenols with LC-MS, possibly circumventing the problematic pre-concentration step;
however, a new method needs to be developed, i.e. derivatization reaction needs to be
optimized for the target phenols in a PM matrix and parameters for LC-MS have to be
adapted accordingly.
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Chapter 2

Research Aims and Hypothesis

The goal of the doctoral dissertation is to develop two new analytical methods for better
characterization of PM collected on most universally used quartz fiber filters. The first
method by LA-ICPMS will be used for elemental determination of PM and will allow for
multi-element determination circumventing many drawbacks of the current widely used
standard MW /ICPMS method. The developed LA-ICPMS method will be compared with
MW /ICPMS to assess its performance in terms of accurate determination of PM samples
and suitability for the monitoring purposes. In this sense, the LA-ICPMS method will be
further adapted for a more affordable 213 nm LA system, and the performance of
excimer193 nm and solid state 213 nm LA systems will be compared and evaluated. At the
end, the developed LA-ICPMS method will be applied to a large number of PM samples
collected in different seasons, which will be done in the frame of a larger project assessing
the influence of PM pollution on cultural heritage.

The second method will be developed for the determination of simple phenols in PM,
which has rarely been studied. The method will be particularly helpful for studying phenolic
transformations in the atmosphere, the mechanisms of which are still not well understood.
Pre-treatment steps (i.e. extraction and derivatization) will be carefully selected, avoiding
evaporation of the semi-volatile compounds of interest. The method will be optimized using
liquid standards and later applied to real ambient PM samples from different seasons to
assess phenolic content in different seasons and connect it to distinct pollution sources.

Hypotheses:

1. Determination of PM elemental composition directly from quartz fiber filters is
feasible with LA-ICPMS and allows for accurate determination of more than 4
elements simultaneously.

2. The performance of the LA-ICPMS method is comparable to or better than the
standardized MW /ICPMS method and has the potential to replace the current
burdensome MW /ICPMS method in air monitoring agencies.

3. Laser ablation analysis of PM is feasible also with a more affordable solid state 213
nm laser, which reduces the initial investment during the transition to a greener
LA-ICPMS method.

4. In Ljubljana, the concentration of elements of anthropogenic origin is higher in
winter due to heating purposes or climate features (e.g. temperature inversions).

5. Simple phenols in PM can be extracted and analyzed by LC-MS without a sample
pre-concentration step.
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6. Concentrations of simple phenols in PM are higher during biomass-burning seasons
(winter, partly autumn/spring) compared to warmer months since biomass burning
is the main source of phenols in the air.
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Chapter 3
Scientific Publications

The dissertation consists of one review article, three original scientific articles and one
manuscript. Article 1 (Section 3.1) presents the state of the art in the determination of
elements in PM and critically assesses the standard method according to the EU directive
(i.e. MW /ICPMS), which is currently in use for routine air quality monitoring in Europe.
The main focus is on alternative methods capable of the direct analysis of solid PM samples
without the need for MW pre-treatment step, and on the evaluation of their potential to
replace the standard method in the future. This paper also presents a good introduction,
explaining in detail why the current standard method is so problematic and why new,
better methods and further research are needed. Then, in Article 2 (Section 3.2), a new
method for the elemental determination of PM with LA-ICPMS is presented, which covers
the first hypothesis by evaluating the feasibility of accurate elemental characterization of
PM samples collected on quartz fiber filters by LA-ICPMS with multi-element capabilities.
Furthermore, the article also compares the developed LA-ICPMS method with the
standardized MW /ICPMS method, targeting Hypothesis 2. The second LA instrument is
applied and compared in Manuscript 3 (Section 3.3), in which the method for the elemental
determination of PM adapted for a more affordable solid state 213 nm LA system is
presented and the performance of 213 nm and 193 nm LA systems is compared, in line
with Hypothesis 3. Article 4 (Section 3.4) represents application of the developed LA-
ICPMS method on a large number of PM samples collected in different seasons (Hypothesis
4), and connects airborne PM pollution with the potential emission sources responsible for
the damage caused to calcareous cultural heritage objects due to PM deposition on their
surface. The second part of the dissertation presenting the new method developed for the
determination of simple phenolic compounds in PM by LC-MS/MS is covered by Article 5
(Section 3.5), in which the method is also tested on ambient PM samples collected in
different seasons, in line with Hypotheses 5 and 6.

Furthermore, during the PhD studies, I collaborated in two projects, which resulted in
additional two papers relevant for the dissertation. With the colleagues from Zagreb we
published a paper about air pollution levels at the Mediterranean coast (Appendix A.1), in
which I contributed with the analysis of nitrophenols in ambient PM samples, and bulk
and wet PM deposits. Moreover, with colleagues from Ljubljana we investigated the
influence of Bakelite microplastics on aquatic microorganisms (Appendix A.2), where the
developed method for the determination of simple phenols in PM extracts was applied to
other environmental samples to determine phenols in leachates.

Therefore, the present dissertation provides two new methods for the characterization
of PM, first for the direct elemental determination of PM collected on quartz fiber filters
by LA-ICPMS and second for the determination of simple phenols in PM by LC-MS/MS.
The development of these methods is presented in detail, together with their application
to real-life ambient PM samples demonstrating practical use in research.
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Analytical Techniques for the Elemental Analysis of Airborne
Particulate Matter

Published: Ogrizek M., Kroflic A., Sala M., (2022). Trends in Environmental Analytical
Chemistry, 33, e00155.

PM is one of the most dangerous air pollutants. Its toxic properties are dependent on the
particle size and composition. Four trace elements (i.e. As, Cd, Ni, Pb) are regularly
monitored by European environment agencies with a standard method (i.e. microwave
digestion and ICPMS; EU directives 2004/107/EC and 2008/50/EC), which assures
accurate determination of the four elements but also has a lot of drawbacks. Therefore, we
have recognized the need to update the prescribed method, so that it would allow for
accurate determination of more elements, would be less laborious and would not burden
the environment with toxic waste.

Air quality is of paramount importance for the humanity, so many alternative
techniques for element determination in PM are being tested and developed in the scientific
community. The selection of an analytical technique always depends on the sample type,
research question and the accessibility of the equipment. Specialized instrumentation for
on-line determination of elements in PM has been developed (i.e. Xact ambient metals
monitor), which provides information on the elemental levels in the air in real time and
allows for studying diurnal variation of air pollution. However, most dangerous elements
are usually present in the air at very low concentrations. This hinders their on-line
determination, since enough PM material needs to be collected to assure concentrations
above the LOD. Therefore, traditional off-line analysis of PM samples typically collected
for 24 h on a filter is still the preferred way for air quality monitoring purposes.

When considering the standard method, the major drawbacks originate from the
microwave digestion step, which is required for the pre-treatment of a PM sample providing
liquid sample needed for the injection into ICPMS. Therefore, techniques and methods
capable of the direct analysis of PM on a filter have the highest potential to replace the
current standard method in the future. INAA, PIXE, LA-ICPMS, and XRF including its
variants (i.e. EDXRF, wavelength dispersive XRF (WDXRF), synchrotron radiation XRF
(SRXRF), and total reflection XRF (TXRF)) have been recognized as possible candidates
and their application on PM samples has already been tested. Except for EDXRF, which
has already been approved as a standard method by U.S. EPA for the determination of
lead (Pb) in PM;, and its use is recommended for source apportion purposes in EU, these
analytical approaches have only been used in research so far.

In this paper we review the relevant literature and critically assess the listed techniques
capable of direct determination of PM on filters and compare them to the current standard
method in EU. Sample type and preparation procedure, number of elements determined
and their concentration range, filter matrix, sample throughput (e.g. time required for the
analysis), calibration practices, LOD, accuracy and precision, availability and cost, and
waste management are specifically considered. In the review, we conclude that EDXRF
and LA-ICPMS are both green methods and have the highest potential for replacing the
MW/ICPMS method in the future. EDXRF has its advantages in calibration, already
available automatization, and affordability, while LA-ICPMS has benefits in lower LODs
and capabilities in the determination of PM on quartz fiber filters. EDXRF is limited with
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the type of filter matrices, which often results in the need for separate sampling for the
elemental analysis. LA-ICPMS, on the other hand, still falls behind with the development
of autosamplers and established calibration protocols especially for quartz fiber filters (i.e.
matrix-matched standard material certified for the elemental composition is not yet
available). PIXE has the advantage of being non-destructive, however it is a nuclear
technique and requires special infrastructure and strict safety measures, limiting its wide
availability. INAA was also not recognized as promising for the purpose of regular air-
quality monitoring. Although it is capable of analyzing various filter matrices, including
quartz fiber filters, it is very sensitive to filter impurities and, additionally, it is time-
consuming, requires special infrastructure (i.e. nuclear reactor) and safety measures, and
produces radioactive waste. However, since it is an absolute method, we suggest exploiting
it for the characterization of standard materials, which are paramount in other techniques.

The motivation behind this article was to examine the possibilities of placing LA-
ICPMS along with other analytical techniques for the elemental determination of PM, to
find its flaws and benefits in comparison with other techniques and promote it for this
particular application.



3.1 Article 1: Critical Review on the Development of Analytical Techniques for the Elemental
Analysis of Airborne Particulate Matter 27

Trends in Environmental Analytical Chemistry 33 (2022) e00155

Contents lists available at ScienceDirect

Trends in Environmental Analytical Chemistry

]

ELSEVIE}

& journal homepage: www.elsevier.com/locateftreac

Check for

Critical review on the development of analytical techniques for the e
elemental analysis of airborne particulate matter

Monika Ogrizek ™", Ana Krofli¢ **, Martin Sala™*

A Department of Analytical Chemistry, National Institute of Chemistry, Hajdrihova 19, 1000, Liubljana, Slovenia
" Jozef Stefan International Postgraduate School, Janiova Cesta 39, 1000, Ljubljana, Slovenia

ARTICLE INFO ABSTRACT

Keywortds:

Air quality monitoring
Airborne particulate matter
Metal concentration
Element determination
Microwave digestion [CPMS
Solid sample techniques
XRF

LA-ICPMS

INAA

PIXE

Among all environmental pollutants, particulate matter (PM) poses the major threat to our health. These tiny
airborne particles vary in shape and composition, which is reflected in their hazardous potential. The particles
are small enough to penetrate deep into the lungs and even enter the bloodstream, causing severe diseases.
Therefore, their regular monitoring is required. Toxiec metals and other elements are often measured by regu-
latory agencies as well as in research laboratories, either to compare ambient concentrations with prescribed
limit values or to study provenance of air pollution sources in order to target PM pollution mitigation strategies.
The most established method for the determination of regulated Pb, Cd, As, Ni and other elements in PM is
microwave digestion inductively coupled plasma mass spectrometry (MW/ICPMS), whereas X-ray fluorescence
(XRF) techniques have also often been used, especially in research. In this review paper we critically - these
two and three other analytical techniques (i.e., LA-ICPMS, PIXE and INAA) for element determination in PM
deposited on filter media. All aspects from sample treatment to measurement range and limitations, costs and
waste management are considered. In conclusion we identify XRF and LA-ICPMS as two promising surface
techniques for the analysis of a PM deposit on a filter, which could replace the laborious wet MW/ICPMS method,
which is ~ considering its wide use, very incriminating to the environment. In short, EDXRF is the cheapest,
simplest for use and already customized for PM samples, whereas LA-ICPMS is promising, but still needs some

development in the direction of autosamplers and matrix-matched standards for calibration.

1. Introduction

Particulate matter (PM) is classified as the most harmful pollutant in
the atmosphere (World Health Organization, WHO). Elevated concen-
trations of toxic PM in urban air are mostly due to anthropogenic

emissions from traffic {(exhaust emissions, tire and brake wear, road dust

redispersion etc.), industries, biomass burning, construction works, and
cooking [1]. Because of many different emission sources and following
secondary reactions that take place in the atmosphere, PM is extremely

variable in its size and compesition, which is reflected in its hazardous
potential.

Regulatory organs have set limit values for total airborne mass
concentrations of PM1g and PMas (i.e.,, PM sizes of a diameter smaller
than 10 and 2.5 pm, respectively), because those size fractions serve asa

eood first indicator of a potential thraat to the environment and human
good Hrst indicator of a potential threat to the environment and human

health (EU Directive 2008/50/ES; United States Environmental Pro-
tection Agency; EPA; 40 Code of Federal Regulations; CFR; Parts 50, 51,
52, 53 and 58). The PM;q fraction is light enough to hover in the air for
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an extended period of time and it can thus be transported over long
distances; while PM, 5 is especially important from the health perspec-
tive because it is small enough to even enter the bloodstream through
the lungs and cause severe diseases [2].

The harmful effect of PM further strongly depends on its composi-
tion. PM is a mixture of elemental carbon (often also referred to as black
carbon), inorganic salts, organic compounds, trace elements, and water.
From the health perspective, the fraction of toxic organic components,
which are still largely unidentified, and small amounts of harmful trace
metals are of special importance (EU Directive 2004/107/EC and 2008/
50/EC). Furthermore, trace elements are also good tracers for air-mass
source identification and PM elemental composition is typically
considered in a basic dataset for source apportionment studies [3].
Namely, in setting air pollution mitigation strategies, the knowledge of
emission sources is necessary to act efficiently and directly on the main
sources of the measured pollution,

Due to numerous negative effects of PM in general and therein
contained trace elements in particular, air-quality monitoring has been
established all around the world and the number of monitoring sites is
increasing, including in developing countries. Therefore, it is important
to have a sensitive, accurate, fast, multi-element, and a possibly green
analytical method for the determination of the elemental composition of
airborne PM, to provide as good as possible results with a minimal
environmental impact.

Many analytical techniques for the elemental determination exist
and suitability of some of them for PM analysis is discussed in this paper
(schematic summary in Fig. 1). Trends in analytical techniques for
general chemical characterization of PM from 1997 until 2018 are
summarized in the review paper by Galvao, et al. [4], and single-PM
particle analysis has already been covered by Bzdek, et al. [5]. In our
paper, a critical eye is given to the determination of (trace) elements in
bulk PM, which is suitable for research as well as regulatory purposes.
We describe the advantages and drawbacks of current standardized
methods and compare them to other available techniques mostly used
for PM analysis in recent years, which, to our knowledge, has not been
done before. Moreover, we identify future perspectives and needs in
order to utilize sensitive and sustainable analytical techniques especially
in routine air quality monitoring for research and regulative purposes.

Among the compared techniques, energy dispersive x-ray fluores-
cence (EDXRF) was proven the simplest and most accessible, in the form
of initial and operation costs, calibration options, and sample
throughput, however, quartz fiber filter (most versatile filter matrix)
cannot be used for this analysis. Furthermore, the most sensitive of XRF
techniques, total reflection x-ray fluorescence (TXRF) requires a thin
sample and a smooth surface, thus being often subjected to sample
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digestion in the sample preparation step, which does not qualify as a
substantial improvement compared to the standard method. On the
other hand, laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICPMS) has the potential for becoming an alternative to the
standardized method (as also EDXRF), with some shortcomings (e.g
calibration, autosampler) that still need to be overcomed. Particle-
induced X-ray emission (PIXE) has very good performance characteris-
tics, however, very high initial cost makes it inaccessible for general
environmental laboratories. Instrumental neutron activation analysis
(INAA), due to its price and safety restrictions, is also unsuitable for
regular use in monitoring agencies, however, due to its specific cali-
bration requirements, it is ideal for developing certified reference
materials.

2. Standard methods in routine
composition

ing of PM el 1

Limit values for PM and trace elements in ambient air are set to
provide sufficient air quality conditions for safe living based on the
current situation and state of knowledge. If limitations are being
constantly exceeded, additional actions for mitigating air pollution
should be established.

WHO has set the guidelines for PMjp and PMg 5 mass concentrations,
while EPA and the authorities of the European Union have set manda-
tory limits for trace elements in ambient air. The limit values and
monitoring programs for the European Union are listed in Directive
2004/107/EC (for As, Cd, Hg, Ni), Directive 2008/50/EC (for PM and
Pb), and Directive (EU) 2016,/2284 (for Cd, Hg, Pb, As, Cr, Cu, Ni, Se,
Zn) where the reduction of national emissions for some other pollutants
is also anticipated. On the other hand, based on The Clean Air Act,
United States’ EPA has only established limit values for PM and one
trace element (Pb) so far. The limit values are always expressed in the
amount of a trace element in pg per m? air and set as an annual mean
(EU) or a rolling 3 months average (EPA).

In addition to the limit values, regulatory organs also provide stan-
dard methods for the determination of trace elements in airborne PM.
The purpose of standard methods is to provide robust procedures for
obtaining accurate, precise, and reproducible results, to enable trace-
ability, and to eliminate interlaboratory variability. Standard methods
serve as a tool for data comparison between different laboratories/
countries/regions, which is very important for globally affecting air
pollutants that can travel long distances, such as PM is. However, with
the advancement of knowledge, instrumentation, and measurement
procedures, standard methods are expected to be periodically upgraded,
to provide more and better information in accordance with scientific

-— ICPMS

Fig. 1. The origin of PM and the most promising methods for the determination of its elemental composition.
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achievements.

2.1. CEN (European Cominittee for Standardization)

In 2005, CEN published a Standard method for the measurement of
Pb, Cd, As, and Ni in the PM, fraction of suspended PM (EN
14902:2005). The standard method prescribes (i) a sampling procedure
by an off-line high (HVS) or low (LVS) volume PM sampler on quartz
fiber or cellulose membrane filters for 24 h, which is in accordance with
another standard method by CEN (EN 12341:2014), (ii) subsequent
microwave digestion (MW) of PM-loaded filters using nitric acid (HNOs)
and hydrogen peroxide (H202), and (iii) analysis by inductively coupled
plasma mass spectrometry (ICPMS) or graphite furnace atomic absorp-
tion spectrometry (GFAAS) (EN 14902:2005). The method is recom-
mended for monitoring purposes in the European Union (Directive
2015/1480/EC) to obtain comparable results between different labo-
ratories and to track the reduction of air pollutants ordered in Directive
(EU) 2016/2284. Concentration ranges, target values and expected
uncertainties are gathered in Table 1. Although this method is stan-
dardized only for As, Cd, Ni, and Pb, it is commonly used for the
determination of other elements as well, although EN 14902:2005 does
not guarantee accuracy for them; those results should be thus treated
with caution.

As an alternative method, EDXRF was positively evaluated in the EU
Scientific and Technical Research Report from 2011 [6], especially for
source apportion purposes. However, EDXRF has not yet been classified
as a standard method in EU, since some of the elements (i.e., Cd and Cr)
did not meet the European legislative and EMEP (Cooperative program
for monitoring and evaluation of long-range transmission of air pollut-
ants in Europe) requirements. The performance of EDXRF will be thus
described in later parts of this manuscript.

2.2. EPA (United states envirommental protection agency)

EPA describes 2 reference methods for the determination of Pb in
airborne PM (EPA, 40 CFR Part 50): (i) determination of Pb in total
suspended particles (TSP; particles <25-50 pm) by ICPMS (appendix G),
and (ii) determination of Pb in PM;o by EDXRF (appendix Q). According
to the reference methods, the defined PM fraction (TSP or PM;y) is
collected on (i) glass fiber, quartz, or polytetrafluoroethylene (PTFE)
filters by a high-volume PM sampler or on (ii) PTFE filters by a low-
volume sampler, every time for 24 h. In the case of TSP, Pb is then
extracted from the sample by a heated ultrasonic bath using HNO= and
hydrochloric acid (HCl) or with use of a heated block digestion using
only HNOs. The extract is measured by ICPMS. PMjp sample, on the
other hand, is directly analyzed by EDXRF, without any sample pre-
treatment step (EPA, 40 CFR Part 50). Similar to the GEN standard
method, these procedures are only validated for Pb, although the pre-
scribed analytical techniques in principle allow for multi-element
analysis.

In addition, in “Compendium of Methods for the Determination of
Inorganic Compounds in Ambient Air” (EPA/625/R-96/010a), EPA also

Table 1
Concentration ranges for the CEN method, target values and expected
uncertainties.

Working range Target Expected
v value uncertaintics
Lower limit Upper limit Ingm 71 1%
[ng m~?] [ngm?]
Pb 1 4000 500 25
cd 0.1 50 5 40
As 05 350 6 40
Ni 2 100 20 40

" EN14902:2005.
" EU Directive 2004/107/EC and 2008/50/EC.
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publishes detailed analytical procedures for the determination of (other)
metals in PM with X-ray fluorescence (XRF), ICPMS, PIXE, neutron
activation analysis (NAA), atomic absorption spectrometry (AA), and
inductively coupled plasma spectrometry (ICP). Most of the described
techniques have multi-element capabilities, however, those methods are
only provided as a guidance to support regional, state and local regu-
latory agencies and will be described in the next section of this
manuscript.

3. Other methods used for PM elemental analysis

Monitoring of ambient air properties can be performed online or
offline and PM elemental composition determination is no different. It
can be done directly at a sampling site or the particles can be sampled on
an appropriate carrier and transported to a facility where they are
analyzed with a delay.

3.1. Online measurement technigues

Online analytical techniques are capable of measuring PM proper-
ties, or specifically its composition in real time. The resolution of sam-
pling can range from a few minutes to a few hours and online
measurements typically provide a course of changes in the atmosphere
during the day. The main advantage of online measurement techniques
is the obtained diurnal profile, which can be correlated with other
relevant parameters, such as day-night conditions, temperature varia-
tion, sun radiation, traffic rush hours, etc., but also the subsequent
sample handling as a source of possible errors is avoided. As online in-
struments have the benefit of monitoring metal air pollutants in real-
time, necessary warnings can be announced instantly, at a time of
elevated levels of pollution and not only a few days later.

Currently, on-line elemental analysis is possible by XRF instruments
only. One such example is the instrument developed specifically for in-
situ determination of metals in PMyg, PMa 5 or both in quasi-real-time
(delay of one sample) [7]. Sampling is performed by an active deposi-
tion of PM on a filter tape with 15-240 min time resolution. After
sampling, the sample is analyzed on-site, while the next sample is being
simultaneously collected.

This instrument can determine more than 24 elements simulta-
neously (including As, Cd, Ni, Pb, Cr, Cu, Zn, and Hg, which have to be
reported according to Directive (EU) 2016/2284) and is easily trans-
portable [8,9]. However, the limitation of measuring compounds that
are present in very low concentrations (often close to or below the limit
of detection (LOD) especially for short sampling times) is hindering its
wider and more routine use.

3.2. Offtine measurement techniques

In many cases, such as for large-scale source apportionment studies,
which are very common, offline methods for PM analysis are much more
convenient and better accepted than online measurement techniques.
For offline analysis, PM is usually collected on a filter medium and is
analyzed later in a laboratory at a different location with various
analytical techniques. In the field of air monitoring, off-line methods are
convenient because other pollutants besides the elemental composition
can be measured in the same sample by a combination of complemen-
tary techniques. Typical time resolution of offline samples is 24 h (daily
measurements), although different time resolutions are also used for
research purposes. With 24 h collected filters, between-day variations or
changes in seasons can be studied. The advantage of such time resolu-
tion is that enough material is mostly collected, so that the measured
concentrations are above LOD (at least true for most elements). The
drawback, however, is that within-day variations cannot be observed.

3.2.1. Sample collection
Elemental composition of ambient PM is most commonly determined
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off-line. Depending on a fraction of PM of interest, PM samplers or
cascade impactors are used for collecting samples. PM samplers draw
the air through a filter, which captures particles from the airstream. The
size of particles deposited on a filter is determined by a sampling inlet (e.
&, cyclone or impactor) that eliminates particles larger than the speci-
fied cut-off size. In this way, PMjg or PMy; samples are collected.
Moreover, a dichotomous PM sampler also exists, which separates
coarse (2.5-10 pm) and fine (<2.5 pm) size fractions [10]. On the other
hand, cascade impactors consist of multiple stages where particles of
specific sizes are deposited based on their aerodynamic properties.

For PM sampling, different filter matrixes are used, from quartz and
glass fiber filters to PTFE, cellulose fiber, polycarbonate filters, and
others. The filter choice is usually associated with characteristics needed
for subsequent analysis with specific analytical instruments.

3.2.2. Off-line analysis

Besides the already mentioned ICPMS and XRF, many other analyt-
ical methods also exist for the determination of the elemental compo-
sition of diverse samples; e.g, ion-selective electrodes, stripping
voltammetry, inductively coupled plasma optical emission spectrometry
(ICP-OES), flame atomic absorption spectroscopy (FAAS), GFAAS,
which have already been compared in previously published review pa-
pers [4,11,12]. In the past, however, there have been attempts to use
many of those methods for the PM elemental analysis and their suit-
ability for this kind of samples is briefly summarized below.

Methods such as ion-selective electrodes and stripping voltammetry
are not commonly used in atmospheric sciences because they measure
only metals in free ionic forms and not their total concentration, which
results in underestimating the metal content in a sample. Moreover,
electrochemical methods exhibit relatively high LODs, and are known
for multiple interferences and some other systemic biases, which are
hardly avoided in complex environmental samples.

Spectrometric methods such as FAAS and GFAAS cannot determine
refractory metals (such as Mo, W, Ta, Cr, V) and can measure only one or
a few elements at a time, resulting in a time-consuming work. Further,
the LODs for FAAS and ICP-OES are at least 10-100 times higher than in
the case of ICPMS, which is often too high for the desired trace metal
determination in PM samples. Additionally, all these methods (including
ICPMS) typically require samples in a liquid form, which means that for
the analysis of airborne PM sample pre-treatment (usually with micro-
wave digestion) is needed. A pre-treatment step introduces another bias
to the method, especially regarding the recovery rates of target metals,
dilutes the sample and consumes extra time of trained laboratory staff.
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Moreover, any additional sample handling can cause sample loss or
contamination.

Consequently, in the recent years, more and more scientists strive to
use analytical methods that can determine elemental composition of PM
directly from a solid sample, circumventing the sample pre-treatment
step. This eliminates dilution and additional error added to the mea-
surement with it, and minimizes the possibility of contamination, which
further complicates the analysis at trace level concentrations as are
found in the atmosphere. Therefore, in the current paper, we pay special
attention to solid-sample analytical techniques, such as XRF, PIXE,
INAA, and LA-ICPMS. These methods are roughly compared in illus-
tration in Fig. 2 and critically discussed in the remainder of the paper.
All of them allow for the multi-element analysis, each of them having
specific limitations.

Because of its simplicity, available portable instrument solutions,
nondestructive nature and low cost, XRF is the most commonly used
method for the determination of elemental composition among atmo-
spheric scientists. Most widely used is EDXRF, which is also a reference
method for air monitoring by EPA. Sometimes, other variations are also
utilized for research purposes. Wavelength dispersive x-ray fluorescence
(WDXRF) is not so popular for PM analysis since it normally uses high
powers, which could embrittle the filter and alter particle morphology
after exposure. Synchrotron radiation x-ray fluorescence (SRXRF), on
the other hand, performs with a very high precision for heterogeneous
and complex samples, but it requires synchrotron radiation as an exci-
tation source, which makes its access very limited. In the TXRF varia-
tion, the spectral background is minimized (reduced background noise
compared to XRF), excitation frequency of the elements is consequently
increased and the sensitivity is improved [13].

PIXE and NAA are both nuclear analytical techniques and are thus of
limited availability. Very qualified staff is also required to perform those
analyses. INAA is the most commonly used NAA set-up because no
chemical pre-treatment of a sample is needed prior to irradiation.
However, the amount of sample needed for the analysis is bigger than for
XRF, PIXE, or LA-ICPMS techniques.

In the case of LA-ICPMS, the analysis step is the same as in the
conventional liquid-injection ICPMS utilized also in the above-
mentioned standard methods, the only difference lies in the sample
introduction system which is laser ablation instead of a liquid sampler.
In contrast to the other methods just introduced, LA-ICPMS is a micro-
destructive technique.
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Fig. 2. Schematic comparison of the most suitable analytical methods for off-line PM analysis.
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4. Comparison between MW /ICPMS and direct-analysis methods
4.1. Sample preparation

The conventional microwave digestion ICPMS (MW/ICPMS) analysis
requires a sample in a liquid form, which is the greatest disadvantage of
this method. Therefore, any solid sample (as is PM) needs to undergo a
sample pre-treatment step with microwave digestion, where it is
digested with concentrated acids. Problems that arise from such PM
sample preparation are summarized below:

o The need for sample transformation into a liquid form introduces an
additional step with a possibility of sample contamination. Reagents
used for sample digestion must be high-purity, otherwise the con-
tained impurities increase the background and LODs rise above the
levels of trace elements in analyzed samples, As the usage of high-
purity reagents complicates their production, it also raises the cost
of analysis. Moreover, the used acids consequentially end up as toxic
waste, which is non-negligible considering the necessity of moni-
toring on a global scale [14,15].

The resulting sample digests are often not compatible with analytical
instrumentation. Therefore, it is desired that concentrated acid di-
gests are further diluted to avoid damage to ICPMS [16], which
hinders trace elemental analysis due to instrumental LOD
restrictions.

In the case of quartz fiber filters, the filter matrix and therein caught
PM particles are not completely digested by the prescribed standard
methods. Furthermore, it is well known that not all PM components
digest at the same rate, which puts multi-element determination
under question [17,18]. One such example is mineral dust (specif-
ically Si0:), which completely digests only with hydrofluoric acid,
complicating the analysis even further. When dealing with hydro-
fluoric acid very strict safety measurements and educated personnel
are needed, additionally, boric acid has to be added before ICPMS
analysis to form complex with free F~ ions in the solution [15].
Furthermore, the use of hydrofluoric and beric acid contributes to
the problems already described (vide supra) relating to LOD and toxic
waste.

Volatile elements (such as Hg) can be lost during microwave
digestion.

Possible explosion events due to overpressure in microwave vessels
may lead to sample loss and destruction of laboratory equipment
[19].

This sample preparation step is time-consuming.

Solid sample techniques, on the other hand, simply require cutting a
PM-on-a-filter sample to proper sizes, which are then fixed to the carrier
(XRF, PIXE, LA-ICPMS) or fit into packages for irradiation (INAA). In this
way, optimal analytical LODs are achieved and the possibility of sample
contamination is minimized.

Microwave digestion, however, is sometimes also used prior to TXRF
determination, so that the liquid sample can be dried out on a carrier to
assure a smooth sample surface needed for the accurate measurement
[13]. Although instrumental LOD is not challenged in this case and
incomplete digestion does not result in systemic underestimation, all
other drawbacks as listed above apply in the same manner. Moreover,
Rovelli, et al. [20] propose dipping impactor samples into a solution of
pure 3% glycerol diluted in ethanol/acetone 60/40 and evaporating the
volatile solvents prior to LA-ICPMS analysis, to assure better fixation of
particles on a medium. This was supposed to be a key step to avoid
problematic sample loss during laser ablation as a consequence of the
break-off of larger agglomerates from the PM spots, which did not reach
ICPMS. However, this does not seem necessary for typical PM filter
samples where PM is distributed all over the filter area and is not
deposited discretely as on those impactor samples.
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4.2. Number of elements determined and the concentration range

Elements of the greatest interest to atmospheric sciences are metals
with known toxic effects and those elements that are good tracers for
source apportionment studies. The CEN standardized MW/ICPMS
method, however, targets the first group of analytes and certifies accu-
rate determination of only four elements (As, Cd, Ni, Pb), although
multi-element determination is theoretically possible with use of ICPMS.
Consequently, digestion efficiency remains questionable for other ele-
ments and limits the number of elements to be accurately analyzed by
the prescribed method. Nevertheless, the method is often used for multi-
element analysis of ambient PM samples without evaluating the re-
coveries of other elements [17,18].

However, analysis of PM samples containing mineral dust (e.g. from
Saharan dust events) is usually approached with care. The standardized
MW/ICPMS method is not adequate to digest 8iO:, therefore, hydro-
fluoric acid has to be used for those analyses. The other surface ana-
lysing techniques do not require complete digestion and mineral dust
does not present such issues. Mineral dust source has been identified in
PM samples measured by EDXRF [21,22], TXRF with prior MW diges-
tion [13], PIXE [23,24], and INAA [

All considered solid-sample techniques are also able to determine a
wide range of elements in a single run. Since pre-treatment with mi-
crowave digestion is not needed, limitations in the number of elements
accurately determined are solely due to instrumental restrictions and
interferences. LA-ICPMS, XRF, and PIXE can all be used for the analysis
of regulated As, Cd, Ni and Pb (plus many more elements), while INAA
encounters some difficulties already in the determination of these four
elements of interest. Namely, some elements exhibit insufficient nuclear
reactions or even lack a nuclear reaction with target’s nuclei (e.g, Pb,
T1), while others are very close or below LOD in the case of PM samples
(e.g., Cd, Ni, Se); therefore, they are difficult or cannot be determined by
INAA. This is a severe drawback, because monitoring of Cd, Ni, and Pb is
required for regulatory purposes.

LA-ICPMS has the same measurement capabilities as liquid-injection
ICPMS according to the standard methods; however, some difficulties
have been reported in the determination of mercury (Hg) due to its
volatile characteristics [26]. A pre-treatment with fixation of particles
on a filter could be a solution to evaporation problems during the
ablation, but this has not been verified to date.

Due to their poor positive ionization in a plasma, ICPMS is insensitive
to halogens, which are most important in marine environments with
high concentrations of chloride in ambient PM. Similar is true for lighter
elements (e.g., Na, Mg, Al, i) in the case of XRF, due to their very low
energy X-rays which are difficult to detect. In general, PIXE often en-
counters difficulties in the determination of trace elements due to the
presence of high concentrations of major elements in a sample, espe-
cially those belonging to filter matrixes (e.g, Si in the case of glass or
quartz fiber filters). In the case of quartz filters, a thick Al-foil can be
added to absorb X-ray photons of Si; however, this brings further
problems in the determination of some other elements with low Z value
(i.e, Cl, K) [27].

In XRF, PIXE and INAA, interferences appear in a form of over-
lapping of spectral lines. In PIXE and some XRF techniques, high vacuum
environment is preferred to prevent the interferences and beam energy
loss when traveling through the air, but this can result in a selective loss
of material, which is usually neglected [28]. On the other hand, in
ICPMS, interferences arise from atomic or molecular ions with the same
mass to charge ratio as the analyte of interest. In LA-ICPMS, a number of
interferences diminish or even disappear compared to liquid-injection
ICPMS due to the absence of solvents introduced into ICPMS [14].
Nischkauer, et al. [29] indeed avoided interferences from microwave
digestion solvents by ablating a dried droplet of the digested sample, but
this does not seem to be the best practice as it does not exploit the full
potential of LA-ICPMS, which can be used without the sample
pre-treatment step.

3.1 Article 1: Critical Review on the Development of Analytical Techniques for the Elemental
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We summarize some of the identified interferences as reported in
atmospherically relevant literature in Table 2. It must be emphasized
that the table does not display all possible interferences, but only those
listed in the reviewed articles where only a limited number of elements
was targeted (mostly those relevant for PM pollution). Interferences
related to instrument performance in general are out of scope of this
paper.

Despite the wide detection possibilities of all considered instruments,
the number of determined elements in PM samples can be reduced
because of high background signals corresponding to the used filter
matrix. Generally, the major constituents of filter matrixes (e.g., Si in
quartz or glass fiber filters) cannot be determined in PM by any of the
techniques. The other background signals correspond to filter impurities
and depend on the filter used.

The list of all elements, and corresponding LODs, measured in PM by
different methods (MW/ICPMS, LA-ICPMS, INAA, PIXE, EDXRF, XRF) is
reported in Table 3.

4.3. Filter matrix

Every method has its optimal filter matrix for the measurement of PM
deposit. Some instruments are restricted to only one specific filter ma-
trix, while others are more flexible and can use many different sample
types. Especially in research, the desired filter matrixes are those which
allow multiple complementary analyses for elemental and molecular
characterization to be performed on the same sample; therefore, quartz
fiber filters are regularly used. In this sense, the main limitation is
usually the organic carbon/elemental carbon (OC/EC) thermo-optical
analysis, where the filter needs to withstand up to 900 °C, which
makes quartz the only viable choice. Moreover, the advantage of fiber
filters is the ability to collect large PM masses. Zitnik, et al. [28] report
on a successful collection of samples on quartz fiber filters with
one-week resolution, while long-term sampling with membrane filters
resulted in clogging which stopped the airflow through the filter after a
single day of sampling in a port environment.

According to the standards, glass and quartz fiber filters, cellulose
nitrate and cellulose acetate membrane filters and PTFE filters can be
used for MW/ICPMS analysis, while only PTFE filters are suitable for

Table 2
A list of reported interferences.
Method Measured Interferences Reference
nuclide
G “Ar*Ar' and **Arca’ 126]
=As “Ar*sCl
“er Peear 1301
3 13
e o (Ni‘:?erpaned)
ICPMS o aogleqy Aaglay| Aiglay [14]
lagleglag-, NN, 0 BArPC [311
K FArH [
m/z <40 ArH', AIN', AT e
TXRF sh Ca [131
SR i . 3
e O P and other low Z elements 331
34
Mg =N (and vice versa) : ”}]I
T'SE )LﬁHg
INAA % (fission =7, **Nb, *""Nb, **Ma, *"T¢, ***Ba, (5]
products) 1], YlCe, and MNd
Mg
Al Si (n,p) reaction 1341

" adifferent isotope (**Ti) can also be measured.

" can be avoided with the choice of specific energy and measturement under
vacuum,

" should be measured at a specific cooling time since they have a different
half-life.

e ?6Mg(n,7)*’Mg reaction competes with *’Al(n,p)”Mg (the amount of Al
has to be determined for accurate determination of Mg).
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standardized EDXRF measurements. INAA, on the other hand, does not
prefer a certain filter type, as far as the contained impurities are below
trace levels in analyzed samples.

In general, filter matrix impurities are one of the decisive properties
for filter selection. Blank filter corrections are needed whenever the
impurities in a blank filter contribute to the element signal. As PM mass
deposited on a filter is much lower than the mass of the filter itself,
variation in the level of filter impurities can even exceed actual con-
centrations of trace elements in the deposited PM. The level and type of
impurities can differ between manufacturers and even between batches.
Therefore, whenever the measured elements are present in a filter ma-
trix, their determination in PM can be difficult. In general, quartz fiber
filters contain more impurities than PTFE or polycarbonate filters [27,
28].

Important to understand is that surface techniques are much less
sensitive to matrix impurities than MW/ICPMS and INAA. They target
the filter surface where the majority of PM is deposited and do not
measure bulk concentrations in a whole PM-on-a-filter sample. Still,
fiber-based filters (quartz or glass) are not the optimal choice for any of
the surface techniques, because the matrix is too thick and has an un-
even surface; non-fabric-like matrixes of a membrane-type with pores
are thus preferred (e.g., PTFE, polycarbonate) [23,24,37]. Furthermore,
in XRF and PIXE, membrane filters can be considered thin samples
where the matrix effect is negligible [27]. Nevertheless, because of their
wide acceptability, several attempts have been made to apply surface
techniques to quartz fiber filter samples.

Quartz fiber samples have been analyzed with PIXE and compared
with complementary PM samples on PTFE filters [23,27]. Corrections
needed to be made for the filter thickness and Al absorber was used to
suppress intensive Si peals belonging to SiO: matrix (see also Section
4.2). Overall, PIXE elemental analysis of quartz fiber filters turned out to
be less successful compared to PTFE filters: (i) approximately 2-times
less elements can be determined, (ii) LODs are higher (1.5-3 times,
except for the heavier elements, ie., Cu, Zn, Sr, and Pb) [27], (iii) ac-
curacy and precision are worse. Hence, additional filter blank experi-
ments are also required.

LA-ICPMS can use numerous types of filter matrixes, from cellulose
membrane to Metricel membrane, PTFE, polycarbonate, quartz fiber
filters, and others [20,30,37,45]. Smooth (membrane) matrixes make
the ablation easier, because the structure of the filter is more homoge-
neous compared to fiber-based matrixes where fibers make the filter
surface very uneven. Namely, for optimal ablation, the laser focus needs
to be set at the top layer of the sample prior to analysis; there, the
ablation will be most efficient. However, with the optimization of other
laser ablation parameters (e.g., dosage), the majority of PM can be ab-
lated even when dealing with fiber-based matrixes, which makes glass
and quartz fiber filters suitable for such analysis [26].

Of all considered techniques, TXRF has the strictest requirements for
the sample type; the surface has to be smooth so that total reflection can
be observed and preferably thin. The thickness of the sample material
disrupts the total internal reflection at the surface, and leads to loss of
fluorescence signals from the sample due to absorption in the sample
layer. Different thin matrixes have been studied for PM analysis, such as
polycarbonate [46,47] and PTFE membranes [48]. Quartz substrates are
not well investigated. Bontempi, et al. [49] applied TXRF directly to PM
on quartz fiber filters and reported difficulties in performing absolute
quantification. To avoid the problems related to fiber filters, Fomba,
et al. [13] subjected quartz filter samples to microwave digestion prior
to the analysis and put a drop of digest on a smooth substrate, which was
subsequently measured by TXRF. The advantage of this approach
compared to MW/ICPMS is that particles do not have to be fully digested
to obtain the required accuracy and sensitivity. However, it does not
qualify for a direct-analysis method anymore. Another attempt was
made to directly measure impactor PM samples on a polished quartz
substrate greased with jelly organic paste, which was removed by
cold-plasma ashing before the analysis; the analysis was feasible but of



1 Review on the Development of Analytical Techniques for the Elemental

Critica

3.1 Article 1

33

Analysis of Airborne Particulate Matter

mvirormental Analytical Chemistry 33 (2022) e00155

‘Trends in &

M. Ogrizek et al.

(a8vd jxau uo parunuoes)

8L d
+0°0 &l
wef
600 Pd
TET Irg-—8¢ 781 1 50 -z Koo zZo0'0 oo o 00 oo £0°0 1070 ad
z d
SO
69 re-TT £0 b1 T6-50 90 811 80°0 oo rIT'o rorQ zoo IN
6L PN
9 aN
b€ 00T-810 BN
G=L g0'0 O
TL S8ZT-TI ¥1-1 2% 1I-80 [N a3 Lro—<00 00 veL 000 9100 68 T—#B00 8O0 THO-L00 200 UW
1EZ-08 BN
K000 wl
7o L2
S0 o
zes  L8e—bel ST P14 £Z-€ fe'e-Ts 0z-sT o0zl 0s-Te0 9R0L 6L79% eeL’l A
ezl 6000 i
HR'6ET 200 LY
66T s—T0 T
Z8—1070
e
ro
L9 FEr-IL 9-57 4 §=L0 01-z'1 95 6T9F—08 PEHE we 9070y LEO Il BESI-SET
676
100~ 1¥00070
o
1000070
6'ST T6-8¥% T-L0 1 S-S50 90 (48 1 ELIL £0°0 600°0 60 100
€L sr-1z 1 £1-60 FS-TT <0 A £8°0 €00 ro
To To Fo-1000 S0°0 zlo
LT ozt 9 ot 001-26
0 Z'6-500 FRO00°0
TrE0 00 €00 200
€61 L9-S'1E  09-6 81 |I-T SI-6 09 LET—00T
1 T =50 Lo S'0—+0"0
o vo'o Zoo
S0 LSTE—EL £00°0 2070 ro
PrrL
fat] £-80  Sl-Tks £0 To ]0°0 6l0'0 900 vlo 0
+1-9 S 02-ST9L (4 2910 o
18891 o £9T00°0 oo
saally sIBIY
oy oueiquow oYy oueiquow oy
sy g aeqy sy ey sy sy aengu aqy Menu o weduy  orwdug sy oy omeduy g
FIBUK DS [0 Zuend)  ALd  Aeusqueodiog KEARS £1aendy ETINIES) SR HALd  Zuend) BYOMED  ARUOGEIA0] AALd Ay zdend)  amuoquendiod  Jsqy uend  vdd
dd-AUXad AUX AUXAH ax1d VYNNI SIADIVT SINADL/MIN

B

w Bu up spoyisw Fuunseaw puk sadAl 121[1 WUAJJIP 10] UOLDHBP JO ST
€ J[qeL



Chapter 3. Scientific Publications

34

3 (2022) e00155

stry 3.

] Chemis

ical

tal Analyt

ironment

nvi

Trends in k.

M. Ogrizek et al.

BOT0/96-H/ST9/VdI
*PUTIO} JOU UOHEULIOIT 331

[or [z [sz] [vz] [92]
[1r] [ev]  1I[se] 1 [97] [se] [s1] L] [9g] [9g] s
1s'ae 9'z6
791 TT #-50 £49-19% 9 TH-40 vl k4 £0°0 910 S8I-6K0 Pe'9=9'0 b0
Z0- 100
60'0
€0 600100 ¥8000°0
Te zEe 6V 0 9y 1 G-8T z0 T-100 1o 00 £00°0 100 £0°0 100
Z0-20'0 1o
€T0T wmp
a5'9T 1070
L'8T (1) SAS T T4 ZZ-1 Z99-1¢ LG8 FAy 00z -9k 800
P TE-T'0 100
66708 st
Zres
vE's €7 100
€80T 25000
1T 1 8E-LIET £1-1 Yoo £0°0 [Zall}
PO'eLT z6
VOZL v0'0
@6 00LT. £ bIvI-68
90 zE9 €0 z6 10 500 z0°0 €0 T
T gL 60°0- £00°0
2] 75 To Po-zZ'0 00 69000 61070 LT°O o 100
L6E  GEL-SY9 98I [ Z WeEl-LS [
LE68 6’0
ZLVOT 2600°0
vEEL 700
L0 T €1 SLLT GRI-T
s1y sEy
»y SRIUIRAT g AURIqUIATT Tog
Iy Iy IRqy Iy =y =y 1qy ajenm Iqy aenn [oj 1opedwn  1o3oedin ol 110} 103U 17y
aeoqekod 7Ny gdld  ewuoqedod  HAld PN HALd A0t o@D W EALd Aeng asopy  arnoqmokod H4ld U ARNG  sRnoqmafod  I8q) 2URnd  ydx
BEEEEGY] JIX JUXAE IXId VVNI SINDIVT SINdDI/MIN

(panunued) g Iqe],



Analysis of Airborne Particulate Matter

M. Ogrizek et al.

very limited use (i.e., short sampling times), since the layer of deposited
PM had to be very thin [13,50]. In fact, it is difficult to control the
thickness of deposited PM in impactor collected samples for accurate
TXRF measurement, whereas multiple layers of PM on a carrier hinder
the analysis.

4.4. Sample throughput

Sample introduction is an important part of every analysis and be-
comes a critical step especially when it comes to biological or field
samples. Whenever the collected sample is not analyzed as a whole, the
part of a sample that is taken for analysis can importantly influence the
accuracy of the measurement and the time of analysis. This is also the
case with PM deposit on filter samples, homogeneity of which is often
questioned. Brown, et al. [51] recognized that whenever dealing with
solid samples, homogeneity assessment is a very important part of
method development, but is often overlooked which can lead to etrors
and inaccurate analysis results. A researcher must assure that a small
part of a filter taken for analysis (so called sub-sample) is representative
of the whole filter, which intrinsically applies to all types of samples
considered in this paper.

Homogeneity of PM samples is mostly influenced by unique
composition of every individual particle in PM mass. However, only a
part of a collected sample is usually analyzed for its elemental compo-
sition; to spare sample for analysis with other complementary tech-
niques, because of insttumental constraints, and sometimes also to
shorten the time of analysis, which can depend on the size of a sub-
sample. To minimize the sampling error, a sub-sample large enough to
be representative of the PM population must always be taken.

In the case of the standard MW/ICPMS methods, sample pre-
treatment step is a bottleneck, whereas the time of analysis is not con-
nected with the sample size. According to the CEN method
(EN14902:2005), sample preparation for liquid-injection ICPMS takes
about 3 h (preparation and digestion program — 1 h, cooling time — 30
min, cleaning the vessels — 1.5 h) and is a laborious work, its throughput
being limited by the number of available staff and microwave perfor-
mance (number of vessels per run, cooling time etc.). Moreover, the
sample amount that can be digested in a vessel is also limited and in-
fluences the LOD.

With LA-ICPMS, the measurement is performed pixel by pixel, so the
analysis time is directly connected with the size of the analyzed filter
area. The times of analysis can additionally differ due to selected scan-
ning parameters, which are intrinsically connected with the used
instrumental setup. In one of the early publications, Wang, et al. [14]
estimated the analysis time to be 10 min per sample, however, after a
thorough sample homogeneity examination [26], the analysis time
approaching 30 min per sample was achieved.

For XRF and PIXE, a wide analysis time range has been reported due
to different measurement needs (e.g., number of analyzed elements) and
parameters used. For EDXRF, the reported analysis times are from
15167 min per sample [6,40,44]. According to EPA, approximately 4 h
of machine time are required for 44 analyzed elements by utilizing all
seven fluoresces and 15 samples can be measured at a time
(EPA/625/R-96/010a). For PIXE, the required irradiation time for a 5
mm diameter spot was reported to be 25-35 min [27], whereas the
measurement times of 30 min per sample [28] and 1 h per sample (90 s
bombarding; 2 mm? spot size) [23] have also been reported. For TXRF
an approximate acquisition time is in a range of a few minutes [49],
moreover, with appropriate autosampler a sample throughput can be
expedited (e.g with autosampler that can process 90 samples at a time,
the processing time is brought down to 20 min).

Although INAA is one of the most sensitive methods, it is also the
most time-consuming. The analysis can be divided into 3 parts: (i) the
irradiation time, (ii) the cooling time that is based on the element half-
life, and (iii) the measurement time. The cooling period is the longest
and can last for even more than 20 days [10]. A set of samples can be
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irradiated and cooled at the same time, but every sample needs its own
detector, which is often a bottleneck.

It is worth noting at this point that besides sample analysis, mea-
surement of calibration standards also contributes to the time of anal-
ysis. Calibration procedures are elaborated in the next chapter.

4.5. Calibration

‘When discussing calibration, the techniques can be divided into two
groups: (i) techniques that require certified reference material (CRM)
and (ii) techniques that do not require CRM for quantification.

The standard MW/ICPMS method belongs to the first group and
needs to be calibrated every measurement round. The easy calibration is
the advantage of the standard method, since liquid standards are readily
available.

To ensure the same ablation rate in samples and standards, hence
correct calibration, LA-ICPMS requires matrix-matched standards for
calibration. The number of suitable commercially available standards
(PM deposited on a suitable filter) are very limited. Commercially
available standard reference material (SRM) 2783 from the National
Institute of Standards and Technology (NIST) proved to be a good cali-
bration standard for PM samples on polycarbonate filters [27]. How-
ever, it cannot be used for other filter types, for which different
approaches have been proposed. Liquid standards spiked to different
substrates [14,20,36,52] or dust standards (e.g., NIST SRM 1684a) in a
form of pellets or deposited on a substrate [ 1 were used. Never-
theless, most of these approaches cope with difficulties due to
non-homogeneity and reproducibility. Therefore, Ogrizek, et al. [26]
have recently used a field sample for calibration purpeses; the sample
was first calibrated by INAA, which does not require specific CRM for
calibration, and used as a standard later on in the analysis.

XRF methods and PIXE are mostly calibrated by commercial thin-
film standards. Most commonly used are single element filter stan-
dards from Micromatter [23,24,22,42]. Such calibration is suitable for
sample matrixes behaving as thin samples. When using quartz filters,
however, special correction calculations need to be applied. In EDXRF,
calibration is a very complex and time-consuming procedure, in which
sensitivity and the magnitude of interferences are defined. Calibration
can thus last for two weeks, but fortunately it needs to be performed
annually or when significant instrument repairs or changes occur
(EPA/625/R-96/010a). EDXRF can also be coupled with fundamental
parameter quantification technique (EDXRF-FP), which qualifies for a
standardless technique. In this case, quantification is based on modeling
and theoretical calculations, sample thickness being one of the input
parameters. FP quantification is satisfactory for most of the elements,
except for Mn, Pb, and Ni [6,44].

The only true representative of the second group of techniques is an
absolute method INAA. For the application of ko-INAA, a comparator Al-
0.1 % Au standard alloy is usually measured together with samples [26,
53]. Because it does not need specific matrix-matched standards for
calibration, it can be very useful in the development of new standard
materials (note the attempt by Ogrizek, et al. [26]).

4.6, LOD, accuracy, precision

4.6.1. Accuracy

Accuracy of a method is usually determined by measuring a refer-
ence material and comparing the determined values to certified values.
For surface techniques, a matrix-matched standard is advised for the
assessment of accuracy. NIST SRM 2783 (air particulate on poly-
carbonate filter membrane) is often used to assess the accuracy of a
method for samples with similar matrix properties; the reported de-
viations are below 15 % for PIXE [24], 4 10 % for PIXE and INAA [54],
and + 10 % for EDXRF (EPA/625/R-96/010a). Since no CRM of certified
element concentrations on a quartz filter exists, it is difficult to assess the
accuracy of those types of samples.

3.1 Article 1: Critical Review on the Development of Analytical Techniques for the Elemental
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In the field of atmospheric chemistry, it is not unusual to work with
relatively high accuracy deviations, which is due to the nature of
collected samples (inhomogeneity and trace concentrations). According
to Directive 2004/107/EC, the accuracy of the standard MW/ICPMS
method is within 40 % for As, Cd, and Ni.

4.6.2. Precision

Measurement precision is mostly assessed by repetitive measure-
ments and is expressed as the relative standard deviation (RSD). Preci-
sion can, among others, be influenced by sample heterogeneity (this can
be minimized by measuring large enough sample area) and measured
concentrations (often larger variations at trace element concentrations).

In general, ICPMS is a very precise instrument (RSD < 10 %) [18],
however, the bottleneck here is again the pre-treatment step, where
different recoveries obtained in microwave digestion add to the varia-
tion when measuring different PM matrixes (EPA/625/R-96/010a).

The precision of surface techniques is usually not as good as for the
ideally homogenous samples, mostly due to the heterogenic composition
of PM, uneven surface, and some concentrations close to LOD. Never-
theless, all the reported alternative analysis methods to MW/ICPMS;
surface analysis methods (PIXE, EDXRF, SR-XRF, LA-ICPMS) and INAA
generally exhibit good precision, bellow 15 %. Higher RSDs were re-
ported for measuring quartz fiber filter matrixes (up to 75 %) and for
some trace elements in PTFE filters (< 50 %) with PIXE [27]. Precision
for PTFE filters were also reported for LA-ICPMS (< 30 %) [14] and
EDXRF (< 10 %) [55], no precision was reported for other techniques for
the analysis of quartz fiber filters in the reviewed articles; the reported
precisions are summarized in Table 4.

Brown, et al. [30] reported high RSD (10-100 %) for the LA-ICPMS
analysis of impactor spots on Maricel membrane filters. Their repeat-
ability was highly influenced by liberating large particles from a sample
during the ablation process, which resulted in signal spikes and elevated
RSD (besides material loss as already discussed). The addition of a small
in-line filter device (i.e., glass wool) in the carrier gas line, filtering out
larger particles formed during the ablation, improved the repeatability
of the analysis (5 % RSD). This, however, could result in a selective loss
of some analytes and particle sizes. To reduce RSD, signal spike removal
prior to raw data analysis has also been used by Robinson, etal. [37] and
Ogrizek, et al. [26], who did not attribute acquired spikes to the just
described ablation phenomenon. Their spikes were presumably rela-
tively clean nanoparticles consisting of high proportions of metals,
which largely contributed to the determined RSD (precision), but not to
the average concentration of the element in a sample (accuracy) [26].
For example, in the case of As, the removal of spikes resulted in 3 %
reduction of the mean (max 9 % was estimated for other elements) and
improved RSD for 82 9%, improving also repeatability of the
measurement.
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4.6.3. LOD

LOD or method detection limit (MDL) is one of the most important
parameters in chemical analysis and is especially important in samples
where concentrations are low. It is difficult to compare LODs from
different reports since there is no generally accepted formula for its
estimation and different strategies for its calculation are used. However,
LOD assessment is most commonly based on the calculated standard
deviation (SD) of repeated measurements of blank or field blank filter
impurities (e.g., 3 x 8D) [36,55].

In atmospheric chemistry, the results are usually expressed in units of
mass per volume of air (ug m~* or ng m~3), which additionally com-
plicates comparison between different techniques. Without the infor-
mation about the volume of sampled air, instrumental LODs cannot be
compared. More useful would be concentrations expressed in a form of
mass of element per PM mass or filter avea (g g ' or pg em ), but those
are rarely reported. Another argument as to why pg m™> are not the units
of choice is that LODs are mostly based on blank filter measurements,
which by definition did not have any air drawn through (air volume is
zero). LODs in ng m ? as reported in different papers for the different
methods are gathered in Table 3.

4.7. Availability and costs

When building a monitoring network as well as in research, tech-
nique capabilities and performance are often compared with the initial
investment (i.e., price of an instrument) and cost of analysis, which in-
volves ease of instrument operation (i.e. how trained staff is required)
and waste management.

EDXRF is the cheapest instrument taken in consideration, ranging
from a few tens to hundred thousands of euros (depending on the in-
strument capabilities; from simple analysis to more complicated image
analysis). The price of MW/ICPMS and LA-ICPMS is in the range of more
expensive EDXRF instruments (a few hundred thousand euros), micro-
wave being a few times cheaper than the current LA system used,
although less advanced laser systems might be appropriate (e.g. 213 nm
instead of 193 nm lasers and the price would be reduced by half). PIXE
and INAA are considered in the highest rank of investment costs, where
PIXE system costs above a million of euros and INAA even requires a
special facility, specifically designed for the reactor.

As already mentioned, EDXRF is an inexpensive [42] and nonde-
structive method, therefore even standards and costly reference mate-
rials can be used multiple times. Manufactures have already optimized it
specifically for PM filter analysis (Thermo Fisher Scientific Inc., Malvern
Panalytical Ltd), which probably makes it the technique of choice for
new environmental/atmospheric laboratories. The instrument is
benchtop size and easy to use [42], portable solute ions are also avail-
able and only electricity is needed for its operation. The build-in cali-
bration approach additionally facilitates work in field campaigns. An

Table 4
Reported precisions for different methods and filter matrixes.
Method Filter malrix Elements Precision Reference
_— major constituents (Al Si, 8, K, Ca, Fe, Zn) 1-15 %
PTFE fil
s arher elenents (e, TL, Vi G 20-50 % o
K, Fe and Zn 20-50 % =
PIXE rtz fiber filt %
artiberhies ather elements (i, Ca, Ti, V, Cr, Min) 35-75 %
Nucleopore, 10 elements —— 1541
polycarbonate (AL Si, K, Ti, Mn, Fe, Ni, Cu, Zn, Pb) A 1561
Nucleopore, s e 2 : 511
INAA selseatnat 10 clements (Na, K, Sc, Cr, ', As, Br, La, Sb, Sm} 5-15 %, 561
EDXRF PTFE 12 elements (Se, K, Ca, V, Cr, Mu, Fe, Ni, Cu, Zn, As, Pb) <10 % (duplicate samples) 1551
SR-XRF polycarbonate 10 elements (81, S, K, Ca, Ti, Cr, M, Fe, Cu, Zn) =10 % ((riplicates, 3 different positions) 1571
polycarbonuie 8 elements (Cr, Mn, Fe, Ni, Cu, Zu, B4, Pb) <5-10 % (RSD between 4 inipaclor spots) [151
21 elements (Na, Mg, Al, 8i, Cl, X, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, S, Sr, < 15 % (RSD, 7 repeated shots; 1 mm
T L L dinete) o
Sr < 30 %
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auto-sampler allows for the analysis of many samples without the
continuous control of laboratory staff.

MW/ICPMS is one of the most widely used analytical techniques in
routine air quality monitoring and the required infrastructure consists of
two separate instruments: microwave and ICPMS. For PM analysis, high-
purity solvents for sample digestion (which also produce toxic waste at
the end of analysis), high-purity gases for instrument operation, and
standards for quantitation are needed.

In the case of LA-ICPMS, microwave is simply replaced by somehow
more expensive and advanced LA system. Although the initial invest-
ment may seem substantial, operation/usage costs are drastically
reduced,; it only requires electricity and carrier gases for ICPMS (same as
above) and circumvents solvent consumption and staff for wet labora-
tory work. Both techniques, however, require educated personnel for
instrument operation and data analysis. Automatization facilitates any
laboratory analysis and usually improves throughput. Autosamplers for
liquid-injection ICPMS systems already exist, while there are specially
developed autosamplers for LA-ICPMS on the market, but none is suit-
able for PM filter analysis without modification.

PIXE and NAA are both nuclear techniques and require an acceler-
ator for particle beam generation or a nuclear reactor for the source of
irradiation, respectively. The techniques cannot be set in every labora-
tory, but rather special facilities are required for the setup and opera-
tion. These are certainly not easily accessible. All nuclear techniques
have specific hazards, therefore strict safety measures have to be taken
to protect staff and the surrounding environment. Similar can be applied
also to SRXRF, which requires a synchrotron source.

4.8. Waste management

Production of toxic waste cannot be considered non-negligible
especially when it comes to everyday monitoring on a global scale.
Only in Europe, around 2900 official PM;, monitoring sites have been
reported in 2017 [58], collecting daily samples for the analysis. If all of
those stations were determining elemental concentrations according to
EN14902:2005, millions of liters of concentrated nitric acid would be
used and end up as toxic waste per month. As we perform air quality
monitoring to protect the environment in the long run, concomitant
environmental pollution should be brought to a minimum.

Toxic acid waste is not produced where PM analysis is performed
directly from a solid sample; ie. XRF, PIXE, and LA-ICPMS. NAA also
does not use toxic solvents; however, the irradiated samples are radio-
active, turning them into radioactive waste after the analysis.

Except for ICPMS techniques, all others are theoretically nonde-
structive methods, which means that the same sample can be analyzed
by multiple techniques. However, samples taken for INAA are not
suitable for subsequent surface analysis due to the loss of original shape
while being packed in a container for irradiation. Additionally, the
sample remains radioactive for a while and cannot be reused within a
reasonable time.

4.9. Performance

We summarize the main characteristics of methods that are dis-
cussed in this review paper in Table 5.

However, the most realistic differences between methods are ob-
tained if the same samples are analyzed with all or several methods
under comparison. Brown, et al. [59] compared the standard
MW/ICPMS method (EN14902:2005) to LA-ICPMS and EDXRF. They
concluded that both solid-sample techniques exhibit low systematic
bias. LA-ICPMS was unable to determine Cr, presumably due to in-
terferences and high blank concentrations, but did provide additional
information on other metals (e.g., V, Fe) compared to the standard
MW/ICPMS method. Other than a few elements, no significant differ-
ence was observed between EDXRF or LA-ICPMS and MW/ICPMS.
However, according to Brown, et al. [59], improvements in
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repeatability and calibration for both EDXRF and LA-ICPMS would be
beneficial. LA-ICPMS was also compared to high pressure bomb acidic
digestion/ICPMS and proved to be more sensitive for many low-level
elements [14].

Another comparison where the same PM sample was measured by
MW/ICP-MS, LA-ICPMS, and ko-INAA was made by Ogrizek, et al. [26].
The comparison was done on seven elements (As, Fe, K, Mn, Sb, V, and
Zn), since those are the elements that could be determined by ko-INAA.
Statistically significant difference was observed for MW/ICPMS vs.
LA-ICPMS and MW/ICPMS vs. ko-INAA for As, Fe, and V, presumably due
to incomplete digestion in MW/ICPMS. A comparison between
LA-ICPMS and ko-INAA did not show any significant difference, but it
should be noted that the calibration for LA-ICPMS was based on ke-INAA
results; therefore, this comparison is not completely independent.
LA-ICPMS was able to determine 12 more elements in the samples than
ko INAA (i.e., Al, Ba, Cd, Co, Cr, Cu, Mo, Ni, Pb, Rb, Sn, and TI), because
ko-INAA is more sensitive to filter matrix impurities and has difficulties
in the determination of some of the elements in interest (e.g., Pb).

PIXE and ko-INAA have also been compared based on three elements
measured in the same PM samples. K and Fe were in good agreement,
while the results for Zn were worse, probably due to its low concen-
tration and consequently more heterogeneous distribution on the filters

[53].
5. Future PERSPECTIVE

The currently established standard methods were published in 2005
(CEN: EN14902:2005) and 2016 (EPA: 40 CFR Part 50, Appendix G and
Q) in EU and US, respectively. In the last 15 years, no changes have been
implemented into EN14902 protocol and no drastic advances in MW/
ICPMS analysis have been published in the field of atmospheric chem-
istry. So it seems that the development of MW/ICPMS method has
reached its limit and no radical advances are expected in near future.
Despite its drawbacks discussed in this review paper, MW/ICPMS per-
forms successfully for the needs of air quality monitoring (cwrrent re-
quirements: Pb, As, Cd, and Ni); however, it can cause problems if only
used periodically (as in research). Moreover, new elements are expected
to be regulated in near future, which will challenge the current
standards.

Scientific progress is providing more and new information about the
toxicity of trace elements in ambient PM, which are expected to be
included in updated regulations and standards (Directive (EU) 2016/
2284). We can expect that multi-element analysis will be required for
any PM determination in the future, which is already the case if one
‘wants to successfully apply source apportionment models and identify
pollution sources. Furthermore, in the past years, the trend has shifted
towards sustainable or eco-friendly lifestyle, and more and more people
strive towards minimizing the pollution and anthropogenic impacts to
the environment, and so the awareness of the need for green analytical
techniques is also increasing.

The considered solid-sample techniques (XRF, PIXE, LA-ICPMS,
INAA) are essentially all multi-element techniques with no or minor
need for sample pre-treatment, however these all have their own ad-
vantages and disadvantages. Quartz fiber filters, which can be addi-
tionally used for regulated polycyclic aromatic hydrocarbons (and other
organic pollutants) determination and OC/EC analysis, still present a
challenge for most of them. As INAA and PIXE are not easily affordable,
they are thus not the first choice for routine air quality monitoring
purposes. More promising methods for routine analyses are XRF and LA-
ICPMS. EDXRF is the preferred method among XRF variations, because
of the simplicity of use, accessibility, and customization for measuring
PM samples (both WDXRF and SR-XRF need vacuum environment for
operation, SR-XRF additionally requires synchrotron radiation source,
and TXRF requires smooth and thin samples, which are difficult to
achieve in PM samples analysis). EDXRF has already been established as
a standard method for the determination of Pb by EPA and the
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manufacturers have provided simple and user-friendly set-ups with an
autosampler specially adjusted for PM samples on thin film filters (e.g.,
polycarbonate, PTFE). On the other hand, LA-ICPMS has not been as
widely used for the determination of PM as EDXRF; because the methods
have only recently been developed. Although LA-ICPMS has been suc-
cessfully applied to many different filter types, the absence of suitable
certified matrix-matched standards is momentarily a big disadvantage.
Moreover, if the method is taken for validation for air quality monitoring
purposes, a proper autosampler, customized for PM filters would also be
required. However, autosamplers for other type of samples already exist
and with minimal transformation they could be suitable for PM filter
samples.

Although EDXRF is slowly making its way into environment
agencies, it is currently standardized only for Pb. However, it has
already been proposed as an alternative method for other elements
determination as well. LA-ICPMS has the potential to follow the EDXRF
course, after some additional development. Its advantage to EDXRF is
the possibility to analyze PM deposited on quartz fiber filters, which are
most versatile and could circumvent additional air sampling exclusively
for the determination of PM elemental composition. On the other hand,
EDXRF is the only reported technique available for on-line monitoring so
far, which allows that sampling and analysis are done simultaneously at
a location. It seems reasonable that especially these two techniques are
evaluated further and possibly standardized for the element determi-
nation in PM, and slowly replace the currently well-established MW/
ICPMS method which is laborious and incriminating to the environment.
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Trace elements are one of the PM constituents responsible for its chemical toxicity and
other adverse effects. That is also why in EU, concentrations of As, Cd, Ni, and Pb are
regularly monitored in airborne PM by national agencies (EU directives 2004/107/EC and
2008/50/EC). The current standard method prescribed for this purpose requires a sample
pre-treatment step by MW using concentrated nitric acid and hydrogen peroxide to
transform the sample in the liquid form, which is compatible with the ICPMS or GFAAS
instrument for the analysis. Especially the MW pre-step, however, can be a source of many
errors and is incriminating to the environment. Among the most important aspects are: i)
the prescribed protocol does not assure efficient digestion of any PM matrix, which can
consequently hinder accurate determination of some elements (others than the listed four),
and ii) since the analysis is performed in such a large scale (diurnal monitoring at many
sampling sites all around the world), huge amounts of toxic chemicals are used on a daily
basis, which eventually end up as toxic waste and burden the environment. In this article
we present a new method for the determination of elemental concentration in ambient air
directly from the most convenient quartz fiber filters loaded with PM.

The LA-ICPMS method was developed for direct, multi-element determination of PM
without any pre-treatment and with minor burden for the environment. In the paper, a
comprehensive procedure is described, from method development to the required data
processing, including additional partial method validation with the assessment of accuracy
and LOD. The samples used for the method development were donated by ARSO,
providing us also with the corresponding elemental concentrations determined in advance
by the standard MW /ICPMS method as part of their air-quality monitoring routine. The
method development consisted of the optimization of LA (i.e. laser beam size, scan speed,
fluence, dosage, ablation pattern, washout time) and ICPMS instrumental parameters (7. e.
acquisition and dwell times), assessment of background and filter blank, determination of
sampling procedure, data processing and quantification.

Special attention was paid to the sampling procedure, which is strongly dependent on
the homogeneity of PM deposited on a filter. Possible radial dependence of sampling,
individual spikes and their post-processing, and the sub-sample size needed for the analysis
to be still representative of the whole sample were carefully examined. The sub-sample size
was statistically evaluated at a 95 % confidence interval. Another challenge was calibration,
because LA-ICPMS requires a matrix-matched standard material, which is not
commercially available for the elemental composition of PM deposited on quartz fiber filters
specifically.

One idea was to use commercial RM of PM on quartz fiber filter (NIST RM 8785),
which is not certified for elemental composition, however, NIST 8785 was produced by
deposition of dust RM NIST 1649a on a quartz-fiber filter, and NIST 1649a does have a
certified elemental composition. However, it turns out this RM was not matrix-matched
for the tested samples and was not suitable for quantification. Therefore, different approach
had to be applied. Some of the urban samples with known elemental composition by the
standard MW /ICPMS were additionally quantified with absolute method k-INAA and
used as a standard material for the quantification of LA-ICPMS measurements. The
proposed approach is a possible solution in research, however, for routine monitoring, a
commercially available alternative will have to be provided. At the end, 11 ambient PM
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samples were analyzed with the developed LA-ICPMS and the standardized MW /ICPMS
methods, among which 3 were also measured with A-INAA. Comparison between the
methods was statistically assessed with a non-parametric bootstrap paired t-test.

The presented LA-ICPMS method circumventing the MW pre-step turned out to be
green, fast, accurate with a low LOD, requires a minimal amount of sample, and is capable
of the determination of at least 20 elements at a time (e.g. Al, As, Ba, Cd, Co, Cr, Cu, Fe,
K, Mn, Mo, Ni, Pb, Rb, Sb, Sn, Sr, Ti, T, V, and Zn). As such, it certainly is a valid
alternative to the standard MW /ICPMS method, however some more development in the
direction of certified standard materials and automatization is still required before it can
be proposed and validated as a standard method.
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Particulate matter (PM) is the major environmental pollutant. Its elemental composition is rontinely monitored.
Inductively coupled plasma mass spectroscopy (ICPMS) is commonly applied after a PM sample has been
digested by an acid during a microwave treatment. In this case, sample preparation procedure is laborious,
sometimes incomplete and produces toxic waste. In this paper we show that direct sample introduction to ICPMS
by laser ablation (LA-ICPMS) is of hnge advantage. Minimal quantity of a sample is required for the analysis (<1
¢m?) and no chemical waste is produced. The study foeused on the most universal and widely used ¢quartz fibre

filter samples and we show that LA-ICPMS can be successfully applied for the determination of the elemental
composilion of such samples. Some effort is, however, still needed 10 develop an autosampler for the LA-ICPMS

system and 1o provide commercial matrix-matched standards for this application to be implemented in envi-

ronment laboratories worldwide.

1. Introduction

Airborne particulate matter (PM) is the biggest environmental risk
factor; its detrimental effects manifest in a number of fatal diseases
causing millions of deaths annually and the trend is still upward [1,2].
Decisive actions based on appropriate and acceptable preventive mea-
sures are thus necessary [3,4]. There are many regulatory bodies such as
envirenmental protection agencies around the globe aiming at providing
comprehensive air quality data and related air pollution analyses in
support of policy making. Deleterious effects of PM pollution (e.g. in-
duction of oxidative stress and inflammation), are due to physical and
chemical properties; one such important property which warrants con-
trol is the elemental composition of PM [5-10].

Several methods are suitable for measuring inorganic pollutants,
such as X-ray fluorescence (XRF), proton induced X-ray emission spec-
troscopy (PIXE), atomic absorption spectroscopy (AAS), inductively
coupled plasma mass spectroscopy (ICPMS) and neutron activation
analysis (NAA) [11]. Given specific drawbacks of each of these analyt-
ical techniques, a standard method for the measurement of Pb, Cd, As,
and Ni in the PMI10 fraction of suspended particulate matter (EN

* Corresponding author.
#% Corresponding author.

14902:2005) was developed [12]. PM deposited on cellulose membrane
filters or quartz fibre filters are suitable samples for the standardized
analysis, the latter being more universal as the same sample can be
further used for complementary OC/EC or organic analysis. According
to this method, microwave assisted sample digestion by nitric acid/-
hydrogen peroxide is required before the analysis by graphite furnace
AAS (GF-AAS) or ICPMS, which is an extremely laborious task. ICPMS
certainly is a high-throughput and sensitive multi-element technique;
however, due to differing digestion rates of contained chemical species,
the method is only certified to give reproducible results for four ele-
ments: As, Cd, Ni and Pb [5].

It is clear that exposure to more than only these four elements causes
adverse health effects. European directives 2004,/107/EC and 2008/50/
EC set emission standards for As, Cd, Hg, Ni and Pb. Moreover, the
reduction of national emissions of As, Cd, Cr, Cu, Hg, Ni, Pb, Se and Zn is
regulated in the Directive (EU) 2016/2284. Nevertheless, there are also
other inorganic constituents of PM which are toxic, carcinogenic or
mutagenic, by their direct actions or synergistic effects with other PM
components [13-18]. Furthermore, for the effective air quality man-
agement, great importance must be attached to both characterization of
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suspended PM and the identification of its sources, elemental composi-
tion being very supportive of the latter. More and accurately determined
elements could improve source apportionment, especially the perfor-
mance of receptor models [19]. Therefore, a new method for its deter-
mination would be of huge advantage, providing reliable and
reproducible concentrations of a series of elements contained in ambient
PM, preferably suitable for quartz fibre filters samples. Ideally, the
improved method would allow for fast trace analysis with no additional
burden to the environment.

To date, there have been applications of laser ablation (LA) as a
direct introduction system of solid PM to ICPMS (LA-ICPMS), avoiding
the restrictive and time-consuming sample preparation step in the
conventional method [20-29]. However, to the best of our knowledge,
only two studies exist on the application of LA-ICPMS to quartz fibre
filter samples. The first dates back in 1994 [30] and despite the series of
successful research on other filter types in the following two decades, the
next one using quartz fibre filters is only the very recent study of Tang
et al. [31]. In outline of the cited literature, LA-ICPMS is suitable for the
multi-element analysis of atmospheric PM samples. It is recognized
faster than the conventional method by acid digestion, its direct sam-
pling reduces the risk of contamination and improves laboratory safety.
LA-ICPMS allows for ultratrace elemental analysis with the re-
peatabilities of most elements within 15%. The main problems common
to all these studies are questions of sample homogeneity and calibration,
which still need to be resolved.

In this work we developed a protocol for the determination of levels
of elemental pollution in ambient air using LA-ICPMS on quartz fibre
filter samples. Compared to the conventional method by microwave
digestion and ICPMS (MW-ICPMS), we demonstrate its supreme per-
formance in terms of high-throughput, multi-element capabilities,
improved sensitivity and environmental sustainability, and advocate its
use in air quality control laboratories. Moreover, we identify necessary
steps to support the utilization of this green analytical technique in
routine analyses, replacing the conventional method that requires
laborious acid digestion and eliminating toxic waste.

2. Materials and methods
2.1. Samples and standard materials

Samples of ambient PM10 on quartz fibre filter (PALL, USA; filter
diameter 150 mm) were donated by the Slovenian Environment Agency
(ARSO). For sampling, a high volume sampler (Digitel DHA-80 Aerosol
Sampler, Switzerland) was used. Samples were being collected for 24 h
at the flow rate of 500 1 min-! (approx. 720 m® air was sampled through
each filter). To study differently loaded samples, they were collected in
several towns around Slovenia (Maribor, Murska Sobota, Zagorje, Kranj,
and Zerjav) and in different seasons (details are listed in Table S1). The
samples from Maribor (111,000 inhabitants) are representative of an
urban environment with residential and commercial characteristics. The
sampling site of Kranj (56,000 inhabitants) is classified as an urban
background and Murska Sobota (19,000 inhabitants) is classified as
suburban background with rural characteristics. Zagorje (17,000 in-
habitants) and Zerjav (370 inhabitants) are towns with strong industry
and the main pollution emissions come from industry, traffic, and in-
dividual combustion sources.

Parameters optimization was performed on four samples from Mar-
ibor with different PM mass loadings: two low-loaded samples from July
2015 and two high-loaded samples from December 2015 were used.
Other samples were used for the homogeneity testing and the compar-
ison with standard and reference methods (see details in Table 51).
Additionally, unused quartz fibre filters (PALL, USA) were used as filter
blanks.

NIST RM 8785 (PM deposited on quartz filter) was tested as a
possible standard material for quantification purposes. NIST SRM 612
was used to monitor the instrument drift during long-time LA-ICPMS
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measurements. Certified reference material BCR-320R Channel sedi-
ment was used for kp-INAA QA/QC purposes.

2.2. Analytical methods

2.2.1. Standard method (MW-ICPMS)

According to EN 14902:2005, As, Cd, Ni and Pb can be determined in
PM10 from ambient air by microwave assisted acid digestion and
ICPMS. This analysis has been performed by ARSO as a part of their air
quality monitoring. Only briefly, a subsample of a filter sample (3 x @30
mm, which accounts for approx. 21 em?) was digested with HNOs (8 ml)
and H:0: (2 ml) according to the predefined temperature program,
retaining maximum digestion temperature 220 “C for 25 min. After
cooling, the digest was diluted to 100 ml with miliQ water and analysed
by ICPMS.

Altogether, 22 elements (Ag, Al, As, Ba, Cd, Co, Cr, Cs, Cu, Fe, Ga,
Mn, Mo, Ni, Pb, Rb, 8b, Se, St, T, V, Zn) were analysed according to this
method, although the standard method is only verified for the 4 speci-
fied elements (As, Cd, Ni and Pb). The results were not corrected for
filter blanks, because they were all bellow LOD.

2.2.2. LA-ICPMS

LA is a way of sample sampling that does not require any sample
pretreatment. It uses the energy of a laser beam to remove the material
from a solid surface. As the applied laser beams are very narrow (down
to 1 pm}, this microanalytical technique allows for spatially resolved
analysis. Filter samples were mounted to glass microscope slides with a
double-sided tape (Scotch, USA) and directly analysed for their
elemental composition. Measurements were performed by a nanosecond
excimer laser ablation system (193 nm ArF*; Analyte G2, Teledyne
Photon Machines Inc., Bozeman, MT) interfaced with a quadrupole
ICPMS instrument (Agilent 7900x, Agilent Technologies, Santa Clara,
CA). Ablation took place in a HelEx II two-volume ablation cell. The
ablated material was transported to ICPMS with helium as a carrier gas
(cup flow = 0.51 min'1; cell flow = 0.31 mirr’) and with the addition of
argon as a makeup gas (0.8 1 min).

The following 23 elements were tested for their suitability for laser
ablation: Al, As, Ba, Cd, Co, Cr, Cu, Fe, Hg, K, Mn, Mo, Ni, Pb, Rb, Sb, Se,
Sn, Sr, Ti, Tl, V, and Zn. If the signal of a sample did not differ signifi-
cantly from the signal of gas blank (as in the case of Se), this specific
element was further investigated by measuring only one element at a
time, i.e. with a longer dwell time equal to the acquisition time. Method
parameters were optimized for the 4 elements specified in the standard
method (As, Cd, Ni and Pb), while sample homogeneity was assessed by
measuring 10 elements at a time (As, Cd, Cr, Cu, K, Mn, Ni, Pb, V, and
Zn). For quantification, 20 representative elements were finally elected
for simultaneous analysis (Al, As, Ba, Cd, Co, Cr, Cu, Fe, Hg, K, Mn, Mo,
Ni, Pb, Rb, Sb, Sn, Tl, V, and Zn).

Only in the case of the homogeneity testing, instrumental analysis
lasted for about 9 h; therefore, a possible drift of the instrument with
time was also assessed during this measurement. NIST SRM 612 glass
was ablated at the beginning and approx. every 30 min until the end of
the experiment. The data were corrected for the recorded drift in the
NIST standard before further analysis.

2.2.3. Reference method (ky-INAA)

An aliquot of an air-dry sample (approx. 5.0 em? 0.034-0.045 g) was
sealed in a polyethylene ampoule (SPRONK System, The Netherlands).
To determine short-lived radionuclides, the aliquot of a sample was
irradiated with the standard Al-0.1% Au alloy (IRMM-530R) for 5 min,
and for the determination of long-lived radionuclides, the same aliquot
was [rradiated for 12 h after the appropriate cooling time (>14 days).
Irradiation was performed in the carousel facility of the 250 kW TRIGA
Mark II nuclear reactor of the Jozef Stefan Institute, Ljubljana. After
short irradiation (5 min), gamma activity of induced radionuclides in a
sample was measured after 5 and 35 min of cooling; after long
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irradiation (12 h), it was measured after 3, 7-10 and 22 days of cooling.
All measurements were performed on an absolutely calibrated HPGe
detector (45% relative efficiency). HyperLab 2002 [32] was used to
evaluate gamma spectra and the element content was calculated using
Kayzero for Windows software [33]. As ko INAA measures element
concenfrations in the whole filter (filter matrix and PM deposit), a blank
filter was separately analysed and each measurement value was cor-
rected for the blank.

As a result, 7 elements (As, Fe, K, Mn, Sb, V, and Zn) were success-
fully determined by kg-INAA in the studied samples. The other detected
elements were either below LOD after the blank subtraction or could not
be determined due to impurities in a filter blank.

2.3. Data analysis
2.3.1. He Y ~ radial depend

Ten ablation lines were ablated along the radius (from the edge to the
centre each time) of 7 differently loaded filters (see Table 51) and the
image was plotted in ImageJ where the data was assessed for trends
(ascending or descending signal and edge effect).

2.3.2. Homogeneity assessment — spikes

A sufficiently large surface area of a filter (approx. 8.6 cm® corre-
sponding to 5% of the whole filter) was ablated and the obtained data
images (pixel matrices) were taken for statistical analysis. All matrices
were inspected for intensity variability in ImageJ). Many spikes were
observed and some were considered outliers (refer here to the expla-
nation in the Results section). The threshold set for outliers was based on
three interquartile ranges (IQR), which is calculated as the range be-
tween the third (s) and the first quartile (Q1) of the data as in equation
(1). Low (2) and high (3) threshold limits for outliers were set at three
IQR subtracted from Q. or added to Qs, respectively. All data points out
of this range were removed before further analysis.
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The same data matrices were further analysed in program R [34]
with a script specially written for this purpose. The script contains for-
mulas provided in the raster package in R [35]. Prior to statistical
analysis, the matrices were corrected for the instrument drift and out-
liers were eliminated (vide supra).

The applied statistical approach is schematically presented in Fig. 1.
Since the objective of this analysis was to find the smallest sample area
still representative of the whole ablated filter surface, the ablated area
was considered to be a statistical population of pixels and the average of
all pixels in the matrix was taken as its true value (total average). In the
next step, the matrix was divided into equal non-overlapping units
(rectangles sizes m x n pixels), which were created to satisfy the con-
dition of random sampling given the method used. Note that it is easier
and more useful to ablate small units with dimensions m x n pixels than
individual pixels randomly scattered throughout the whole filter area.
The average of pixels in each unit was calculated and taken as the
average value of a unit (x). Further, subsamples consisting of N = 3
randomly selected units were statistically assessed. The average and
confidence interval of each subsample were calculated and compared
with the total average, to evaluate if the subsample is representative of
the whole population. By analysing all possible subsamples in the pop-
ulation (all combinations of three units were considered) the percentage
of representative subsamples was estimated for each unit size.

In theory, if sampling is statistically sound and confidence level (1-«)
is set to 95%, then 95% of all subsamples contain the true value of the
population within their confidence interval, which is dependent on the
number of units in a subsample (N) and the standard deviation between

total average = true pixels matrix = the units Fig. 1. Schematie representation of how the smallest
value ati ivel representative subsample size was determined. Pixel
prU ation (m xn plxe 5) matrix (middle) was considered to be a population;
o 3 2|3 the numbers represent connts obtained by LA-ICPMS.
The average of all pixels was taken as the lotal
3 il i average or lrue value of the population (left). Pixel
3 2111 maltrix was divided into equal size units (right) con-
sisting of m x n pixels (in the above example 3 x 3
212 1 | 1 pixels). The average of all pixels within the unit was
taken as a value of the unit, which was used to
3|1 213 calenlate an average and a confidence interval of a
1 B3l 2 [§31] 1 sul ple. A sul ple was a hination of three
2.875 €« —> random units, which was repeated for all possible
2 3 2(3 combinations.
3 3
2|1
23l 1] 1 (g2 1
1 28 1 [E2
3|3|2]13]|1

v

subsample of 3 random units
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these units (sd). The limits of confidence interval (}; ») can be calculated
by equation (4). t,;, was taken from the standardized values based on
the student statistics and is defined by the significance level (x = 0.05)
and the degrees of freedom (N-1).
ha=X= r,,,q% 4)
The analysis consisted of several runs and in each run, the matrix was
divided into smaller units. The condition for the subsample to be
considered representative of the whole population was: (i) its 95%
confidence interval contains the total average of the population, and (ii)
the size of its confidence interval does not exceed 0.3-times the sub-
sample average. The latter is a safety step to exclude extremely wide
confidence intervals, which could result in subsample averages very
distant from the total average of the population. Finally, the size of units
in a subsample was considered adequate (i.e., representative of the
‘whole population) if 95% of all possible subsamples in a run contained
the total average within their confidence interval, given that the confi-
dence interval did not exceed 0.3 x subsample average.

2.3.4. Method comparison

A comparison between three different methods (MW-ICPMS, LA-
ICPMS and ky-INAA) was made in program R [34] with the raster
[25], rgdal [36] and reshape2 [37] packages for data manipulation, the
car [38] package for assessing the equality of variances, and the ggplot2
[39] and ggtern [40] packages for graphical presentation of the data. For
this purpose, three differently loaded samples were analysed by ko- INAA
and eleven samples from different sites and seasons were analysed by
LA-ICPMS and MW-ICPMS. A nonparametric bootstrap paired t-test
(NPBPT) was used for statistical analysis. Based on the study of Dwivedi
et al. [41]. on the reliability of statistical testing in the case of small
sample sizes, we assume good statistical power for any comparison made
with NPBPT and n — 3 sample size in the case of equal variances (15%
chance for type II error), whereas n — 3 sample size analyses with un-
equal variances should be taken with caution (49% chance for type II
error). Moreover, any comparison with the sample size of n =11 can be
attributed high statistical power (very low chance for type Il error) when
variances are either equal or unequal. For details on this see the Sup-
plementary Information file, section 6. Statistical Information.

Three paired comparisons (MW-ICPMS vs. LA-ICPMS, MW-ICPMS vs.
ko INAA, and LA-ICPMS vs. ko INAA) were made with use of NPBPT
applying the R code reported recently [41]. Every pair was tested for
comparison of 6 elements (As, Fe, Mn, Sb, V, Zn), plus K concentration
was compared between LA-ICPMS and kg-INAA (unfortunately, K was
not determined by MW-ICPMS). For each paired comparison, the
assumption of variances equality was also tested with the Levene’s test.
The significance level o was chosen to be 0.05 for all tests. If the resulted
p-value from statistical tests was lower than «, the paired comparison
observed a statistically significant difference between the methods
(NPBPT) or unequal variances (Levene’s test).

3. Results
3.1. Instrument parameters optimization

LA-ICPMS is a technique sensitive to the nature of sample material
and therefore needs thorough optimization to assure the best possible
sensitivity and repeatability. Luckily, a wide parameter space is avail-
able to tune for the needs of a specific sample type. Some of the pa-
rameters can be chosen by experience/development in the field from the
last years when the technique has made a significant progress driven by
the development of fast aerosol transport technologies [42] and strate-
gies for best image quality [43,44]. For this, knowing sample charac-
teristics is paramount, in owr case PM material deposited on a quartz
fibre filter.
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PM is a mixture of heterogeneous particles (PM10 are airborne
particles of diameter less than 10 pm) which are, after air sampling,
mostly loaded on the top of a quartz fibre filter and caught in the upper
layers of the filter fibres. Hence, with the optimization of instrument
parameters (Fig. 2), one can assure suitable fractional ablation, Le. the
ablation of total deposited PM and minimal amounts of quartz fibres
minimizing the noise arising due to the filter blank, which substantially
improves measurement sensitivity. Yet, the method must be robust
enough not to be influenced by filter loading (ie., the amount of PM
deposited on the filter). According to EEA 2019 air quality report,
average daily PM10 concentrations normally range below 75 pg m™ in
the majority of European cities [45]. We used typical 24 h high-volume
PM10 samples of air concentrations up to 97 pg m™" in this study, 30 pg
m~> being the threshold between low- (bellow) and high-loaded filters
(above). For more details about the samples used see the Supplementary
Information file, Table 51 and Fig, S1.

Despite of the fractional ablation, impurities in a filter matrix which
mostly consists of 50z can contribute to the measured signal resulting in
a positive bias of the measurement. Therefore, a blank filter was ablated
and the signals for most of the measured elements (except for Se, data
not shown) did not differ significantly from the signals for gas blank, Le.,
the background signals of the measurement (Fig. 52). Note that this
approach considers the worst case scenario, because in the absence of
any PM material more filter fibres were ablated as would be in the case
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Fig. 2. Laser ablation performance optimization — an example for Pb. (A)
represents inereasing dosage vs. signal intensity on low and high loaded filters.
The signal is rising with the increasing dosage until a plateau is reached, where
all of the deposit is removed by ablation (above dosage 5 and 10 for low and
high loaded filters, respectively). (B) represents inereasing fluence vs. signal
intensity on a high loaded filter with dosage 10 and 20. in the case of dosage 10,
the same filter area was subjected to another ablation pass. The signal reaches a
plateat above 1 J em~ and there is no significant difference between dosage 10
and 20, which indicates that all of the deposited material is removed with
dosage 10 already. The signal for gas blank is also plotted, always being more
than 100-times lower than the other signals. The curious result from the second
pass (the signal is expeeted to be zero if all the material has been ablated in the
first pass) probably results from ejecta (the remaining material from nearby
ablation that was not transferred to ICPMS) and cannot be avoided. The ejecta
is increasing with fluence because harsher ablation conditions produce
more ejecta.
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of PM-loaded filter samples. Therefore, no measurement corrections
need to be applied in this regard.

The sensitivity was further fine-tuned for each of the elements ana-
lysed. Individual dwell times were ascribed to each element of interest
depending on its relative abundance in the samples and the number of
elements analysed simultaneously (Table 52). We used long dwell times
for rare elements, whereas abundant elements were always analysed
with shorter dwell times. With doing this, the time saved for the analysis
of less ubiquitous elements assured their sufficiently low limits of
detection (LOD). Every time, the sum of all dwell times roughly corre-
sponded to the overall acquisition time set for the measurement, which
could theoretically be also prolonged if very rare elements were sought
in a sample (resulting in improved sensitivity but longer analysis time).
The estimated LOD (Table 1) go down to 10~ ng m~> and are flexible
(vide supra).

Parameters summarized in Table 2 were optimized for the four
standardized elements (As, Cd, Ni and Pb) using daily high-volume
PM10 samples of air mass concentrations up to about 70 pg m™,
which is typical for Europe. More details about the selection of fixed
parameters is given in Supplementary Information. In all of the
following experiments, these optimized instrument parameters were
used. Moreover, in Table 52 are gathered dwell times used, depending
on the number of elements analysed simultaneously,

3.2. He

geneity and sub- ipling

The optimization described in the above section gave us optimal
instrument parameters needed for the best sensitivity of the developed
methed in a reasonable analysis time. On the other hand, reproducibility
of filter analysis by LA-ICPMS must also be assured. Sub-sampling of a
filter sample for laser ablation is crucial in this step and is elaborated
hereafter.

It is generally accepted that PM is homogeneously distributed over
the filter area. This is, however, a rather vague statement as homoge-
neity is a relative measure and depends on a scale on which the object is
observed. For example, with the naked eye soil is observed homoge-
neous. But if it is looked under the microscope, different particles, mi-
croorganisms or even molecules can be distinguished. Homogeneity can,
therefore, be differently interpreted depending on the experimental
question.

In EN 14902:2005, sub-sampling is allowed, but not exactly

Table 1
Istimated limits of deteetion (LOD in ng clement per m® air) for the three
methods compared: MW-ICPMS, LA-ICPMS and ky-INAA.

EPA
MW ICPMS! Jeg-INAA" LA ICPMS® MW ICPMS NAA® (ng
(ng m™) (ng o) (ng m™) (ng m™) w?)
As 0.14 010 0.06 0.30 0.09
le 15.28 39.54 2.3 - 4629.0
K - 70.86 1.739 - 0.92
Mo 0.42 0.05 0.084 0.02 0.02
sb 0.21 0.02 0.17 0.01 0.4
Vo003 0.21 0.01 0.01 0.04
In 694 1.43 0.49 0.04 9.2

All LOD refer to PM samples collected with a high-volume air sampler for 24 h.
® A this is a method detection limit based on 1/8 of a filter sample used in the
pretreatment step;

L LOD was calculated aceording to LOD = 2.706 + 4.653+/B, B being the
background calculated for the energy inferval where the full-energy peak is
expected in the gamma spectrum [33];

“ the reported LOD refer to instrument parameters and were conservatively
estimated as 5-times standard deviation of gas blank, they are optimized for the
least abundant elements and flexible within the set acquisition time (and
beyond);

4 method detection limits as reported in EPA’s Compendium of Methods for
the Determination of Inorganic Compounds in Ambient Air [11].
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Table 2
Optimal instrument parameters for the ablation of PM on quartz fibre filter with
LA-ICPMS.

Pre determined parameters by educated
suess:

Laser beam size 128 pm (square mask)

Scan speed 256 pm s

Acquisition time 055

Optimized parameters:

Repetition rate 20 Hz,

Fluence 1.5 7 e~ (with 10%
demagnification)

Ablated area 3 % 12 nmi® (random sampling)

24 h high-volume PM10 samples of air mass concentrations up to about 70 jg
m™ were used.

prescribed. On the other hand, EPA prescribes consumption of 1/9 of a
high-volume filter sample, corresponding to roughly 20 cm?® [11]. We
took advantage of LA-ICPMS and investigated some PM samples with a
great resolution. The minimal area that can be technically ablated with
LA goes down to about a pmz (the size of a laser beam), which allows to
study the composition of a sample on a pm scale. We started with the
biggest possible laser beam (128 pm) and already at this scale filter
sample could no longer be considered homogeneous, which is due to
variations in particle sizes, their composition, and the unequal inter-
twining of filter fibres. One such example is shown in Fig. 53, which puts
the homogeneity of PM material on a filter under question and com-
plicates any analysis in which filter sample is not completely consumed.
Similar has already been observed by XRF [46], LA-ICPMS [47] and
GF-AAS [48].

The literature reports on radial dependences of element concentra-
tions in investigated samples [31,46,47]. The uniformity of PM mass
loading was thus first examined as a function of a distance from the filter
centre. Recently, the radial effect has been attributed to the deviation in
the ablation of irregular quartz fibre filter material [31], whereas the
other study observed no statistical differences as a function of the po-
sition along the filter radius [48]. Indeed, we did not observe any trend
in the output signal in the radial direction; an example is shown in Fig. 3
(note observed spikes are discussed below). This allowed us to conclude
that PM material is uniformly distributed over the filter sample if only
the filter material used and the sampler are of good quality and
operation.

1200

800 4

Counts

400 +

0 T T T
0.0 12.8 256 38.4 51.2 64.0

Distance (mm)

Fig. 3. Mass loading homogeneity assessment in the radial direction — an
example for As. Average signal intensity for As is presented for 10 adjacent laser
lines (length 60 mm) from the edge to the centre of KR 23. 01. 2018 filter
sample. Top right side denotes the actual position of ablation lines on the filter.
It can be seen that there is no evident trend that would exhibit non-uniform
mass loading deposition. Sharp peaks (spikes) can also be observed, which
were found randomly distributed over the filter area and confirmed as real
nanoparticles in another experiment presented in Supplementary Informa-
tion Fig. S4.
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The smaller the subsample size, the faster the analysis; therefore, in
the next step homogeneity was assessed in a sense of finding the smallest
filter area that is representative of the whole filter sample. In other
words, we were interested in how small parts of a sample still give us
statistically the same characteristics as for the whole. A relatively large
surface area corresponding to 5% of the whole filter was ablated for this
purpose with 10 elements being measured simultaneously (see the
Methods section for the list of elements). The result was a matrix of
58,000 data points (pixels) per element, which can be considered a 2D
image of the elemental distribution en a filter or an element map
(Fig. 53a). Due to long-time measurements (about 9 h), a possible drift of
the instrument with time was also taken into account; refer here to the
Methods section for details.

Large signal deviations in a positive direction (spikes in the range
from 1 to a few pixels; see Fig. 53) were observed randomly distributed
over the filter area. Another experiment was thus performed to confirm
that these are real particles and not just a measurement artefact.
Nanoparticle (NP) analysis has recently been made possible by LA-
ICPMS if the number concentration of NP in a sample is low enough,
which is true in our case (roughly 1%) [49]. As a rule, every measured
peak that lasts approximately 500 ps can be considered a NP [50]. Two
real samples were analysed with the total acquisition time set to 100 ps
while only one element being measured at a time. Numerous 500 ps
peaks were observed in both analysed samples (see Fig. 54 for an
experimental example).

The abundance of spikes belonging to real particles with significantly
different composition from the rest of deposited PM material was nor-
mally less than 1% of all data points. These, however, cause in-
homogeneity of a filter sample, which manifests in an overall large
signal standard deviation. Due to these irregularities, the average of a
group of pixels is often excessively larger than its median (see Fig. 53),
which is not in favour of our method optimization towards the smallest
sample size required for the analysis. Nevertheless, if all those spikes
were from specific particles of the same composition (which is never the
case) and all in 10-time excess concentration compared to the average
PM particle on the filter, 1% of such particles would add up 9% mass to
the whole PM sample. Taking this as an upper limit of possible error
made by their elimination, 9% is still below the repeatability and
reproducibility of the standard method by MW-ICPMS. Therefore,
appearing spikes were not recognized as carriers of the main information
'we are looking for, which is the average property of collected PM, so we
consider them outliers in our protocol for data analysis. For the rule by
‘which spikes are categorized as outliers, see the Methods section. It will
be shown later on that the elimination of spikes prior to further analysis
allows for much smaller sub-sampling for accurate analysis within the
acceptable measurement error, which simultaneously shortens the time
of analysis and reduces consumption of noble gases needed for the
analysis. Nevertheless, we believe that the number and the composition
of specific nanoparticles detected provide additional information on the
origin and characteristics of collected PM, which can be interpreted in
favour of source apportionment especially. This, however, is out of scope
of this work.

After the drift correction and the elimination of outliers, the matrix
was taken for statistical analysis. In reality, the data for the whole
population is almost never available; in support of our experimental
question, however, we assumed that the ablated matrix represented the
whole population. The large filter area ablated was thus considered a
statistical population where 95% subsamples should contain the average
of the population within their confidence interval (1 — @ = 95%).
Furthermore, in order to calculate the confidence interval, which was
needed to make a comparison, at least three repetitions were required.
The pixel matrix was thus divided into non-overlapping units, whereas
each sub-sample taken for comparison with the population consisted of
3 randomly selected units. By doing this, we were able to compare all
possible subsamples with the whole population. Hence, the applied
approach provided a subsample size at which 95% of all possible
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subsamples were representative of the whole ablated area. Conversely,
there was no more than 5% of nonrepresentative subsamples of this size
in the population.

The applied statistical analysis consisted of several runs with
decreasing unit sizes and as aresult, we report on the smallest subsample
size that has the same characteristics as the whole population with 95%
confidence. As demonstrated in Fig. 4, with decreasing the size of units
(at the same time the size of individual subsamples also decreases), the
percentage of representative subsamples which contain the population
average within their 95% confidence interval also decreases. When
analysing 3 unit-subsamples, the smallest area representative of the
whole matrix was 3 x 12 mm? for most of the tested elements (As, Cr,
Cu, K, Mn, Ni, Pb, Zn). The exceptions were Cd and V, which resulted in
somehow bigger unit sizes: 3 x 23.8 mm®and 3 x 95 mm?, respectively.
This study provided sufficiently small unit sizes to perform LA-ICPMS
measurements within a reasonable analysis time (less than 30 min per
sample).

3.3. Quantification

For accurate quantification in LA-ICPMS, a matrix matched standard
is required; hence the ablation rate of both materials is identical.
Currently, there is no commercially available standard for airborne
particulates deposited on quartz fibre filter with certified element con-
centrations. NIST RM 8785 is PM deposited on quartz fibre filter, but is
primarily intended for carbon speciation and is thus not certified for its
elemental composition. However, NIST RM 8785 is produced by
capturing the fine fraction of NIST SRM 1649a (urban dust) on a quartz
filter, which indeed has certified concentrations of some elements.
Therefore, we intended to estimate element concentrations on NIST RM
8785 with use of mass depositions and the available certified concen-
trations for NIST SRM 1649a urban dust.

Three differently loaded NIST RM 8785 standards were analysed
according to the developed protocol, 20 elements being measured
simultaneously (for details refer to Table 51 and the Methods section).
Unfortunately, we were not able to construct useful calibration eurves.
In most cases, the signal intensity from LA-ICPMS did not coincide with
the increasing mass loading of NIST standards. Even with visual
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.g & 90 e
=3
3 E — Mn
L@ — Ni
g8 — Pb
x 3 80 -
Representative v
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. 95%

T T T
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Fig. 4. Determination of the smallest representative subsample size duc to
nonhomogencons material deposition on a filter, 5% of ZG 24, 1. 2017 filter
sample was ablated for statistical analysis. The pereentage of representative
subsamples in the population is plotted against the unit size (i.e., the number of
pixels per unit). Each subsample analysed consisted of 3 randomly selected
same-size units. The adequate confidence level for sampling was set at 95%,
which infers that more than 95% of possible subsamples in the population are
representative of the whole population. In contrast, the number of nonrepre-
sentative subsamples (5%) represents the probability of wrong result when only
one subsample is measurcd. With deercasing the size of units, the number of
representative subsamples in the population also decreases. Some deviations
can be observed in this regard, because the aspect ratio of different unit sizes
was not the same due to practical reasons (the division of a population matrix
on units is limited by dividers that can be applied on the population matrix).
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observation the ablated craters on NIST RM 8785 seemed different from
those on the filters from field used for the method development (Fig. S5).
This indicates that NIST RM 8785 is not a true matrix-matched standard
for the samples used in the current study and is, moreover, not suitable
as a standard for LA-ICPMS.

Another calibration technique was thus applied. Three of the real
samples (see Table 51 for their identity) were analysed by instrumental
NAA (ko-INAA) [51], which is a reference method for the determination
of the elemental composition of a sample. These three differently loaded
samples became our working standards as they were successfully
applied for the calibration purposes. Seven elements (As, Fe, K, Mn, Sb,
V, and Zn) were quantified by ko-INAA after blank subtraction (ie., the
correction for mass fractions from the filter). Other elements, such as Al,
Ba, Co, Cr, Hf, rare earth elements, Mo, Na, Se, Si, Th and U, were very
close or below their LOD (e.g, Cd, Ni, Se) due to insufficient nuclear
reactions with target nuclei or because of the absence of a nuclear re-
action from target’s nuclei (e.g, Tl, Pb).

As regards the LA-ICPMS analysis, measured elements and dwell
times were all the same as in the calibration approach with NIST stan-
dard and are listed in Table S2. The data were treated according to the
postprocessing protocol presented hereinabove (Le., spikes were elimi-
nated prior to the statistical analysis). Comparison with the results
without spike elimination was additionally made which is presented in
Table 53. As already noted, such data can be used in great support of
source apportionment, offering another insight into the PM composition
as it identifies specific particles enriched with or depleted on some el-
ements that are deposited on the filter. This is out of scope of this study
but merits further investigation.

The results are presented in Fig. 5 and Table 54. To assess the
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accuracy of the developed LA-ICPMS method, the three different mea-
surement techniques were also statistically compared: ko-INAA as a
reference method [52], the newly developed LA-ICPMS, and MW-ICPMS
by the standard EN 14902:2005. The results for MW-ICPMS were ob-
tained from ARSO, the government agency that monitors air quality
with standardized methods on a daily basis. Three paired comparisons
were made therefrom: MW-ICPMS vs. LA-ICPMS (n = 11), MW-ICPMS
vs. ko-INAA (n = 3), and LA-ICPMS vs. ko-INAA (n = 3). A NPBPT was
used for this purpose. With the Levene’s test, equality of variances was
first confirmed for all of the measured elements and comparisons
(p-values are reported in Table S5), which increased the statistical
power of NPBPT [41]. Note also that the comparison between ko INAA
and LA-ICPMS is not totally uncorrelated since LA-ICPMS was calibrated
based on kg-INAA results. The results of NPBPT are listed in Table S6.
When MW-ICPMS and LA-ICPMS are compared with ko INAA, a
statistically significant difference is only observed between MW-ICPMS
and ky-INAA concentrations for As, Fe and V (note p-values for Fe and Sb
are very close to the significance level of a = 0.05). On the other hand,
the difference was never found significant in the pair LA-TCPMS and kq-
INAA. A statistically significant difference is also observed between MW-
ICPMS and LA-ICPMS for As, Fe, and V, whereas all of the paired com-
parisons for Mn, Sb, and Zn can be considered statistically equal (caution
with Sb, see note above). In most cases, the concentrations obtained with
LA-ICPMS were higher than those measured with MW-ICPMS, which is
expected due to possibly incomplete microwave digestion. These results
confirm that LA-ICPMS produces as accurate results as ko-INAA and
performs better than MW-IGPMS, which is compromised by the unre-
producible acid digestion step [5]. Moreover, LA-ICPMS proved itself
more sensitive than MW-ICPMS, namely some element concentrations
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Fig. 5. A comparison between MW-ICPMS, k,-INAA and LA-ICPMS. 11 differently loaded samples of known elemental composition by MW-ICPMS according to EN
14902:2005 were taken for analysis by LA-ICPMS applying the developed protocol. 3 samples were additionally analysed by ky-INAA and used as working standards.
Those 3 samples are presented with coloured triangles connecting three distinet points on each of the axis of a triangle plot. The other 8 samples were calibrated with
usc of the produced working standards and are considered real samples. For these, only the results for MW-ICPMS and LA-ICPMS are available and arc depicted with
lines connecting only two axes of a triangle plot. If the measured concentrations by both methods were the same, the connecting line would be horizontal. The
concentrations of As and Zn were below the LOD of MW-ICPMS in three of the samples, which results in a lack of lines and leaves behind sole circles on LA-ICPMS
axes. Two concentrations were divided by 10, which is stated by the corresponding lines. The stars denote statistically significant differences between the two
methods that arise from that triangle corner (*p < 0.05; **p < 0.01; ***p < 0.001).
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below the LOD of MW-ICPMS could be measured with LA (ie., Asand Zn
in three of the samples, Fig. 5).

4. Discussion

Given our interdisciplinary expertise in LA-ICPMS and atmospheric
aerosol science, we recognized LA-ICPMS as a promising technique for
the determination of the elemental composition of PM deposited on
quartz fibre filters, which are commonly used in air quality monitoring.
In this study, inhomogeneity of filter samples and not the method
sensitivity was found determinant for filter sampling and the required
sample size for analysis, which is not specifically considered in the
standard EN 14902:2005. The main issue that needs to be addressed
before the developed protocel in Fig. 6 can be widely exploited is the
commercial availability of matrix-matched standards with specified
elemental composition and similar ablation properties to real samples (i.
e., PM on quartz fibre filter).

To prove the concept, a few high-volume quartz fibre filter samples
from the field were standardized by k,-INAA for the need of this study.
This, however, cannot be a part of a standard protocol for routine air
quality monitoring. Moreover, NAA is not suitable for the determination
of some important elements, e.g., Pb due to their inactivity for neutron
activation. Therefore, standardization supported by other analytical
techniques as common for NIST standard reference materials (SRM) is
necessary for the full exploitation of LA-ICPMS capabilities. NIST
already offers reference materials of air particulate matter on filter
media, such as PM2.5 on a polycarbonate filter membrane certified for
its elemental composition (SRM 2783) and PM2.5 collected on a quartz-
fibre filter with the certified carbon content (RM 8785). This makes us
confident that if demand arises from the standardization of the proposed
analytical technique for PM analysis, NIST or any other producer of
standard materials will respond in its full support and offer suitable
commercial standards in a reasonable time.

In this work, we compare the results of the newly developed method
with the standard method by MW-ICPMS (EN 14902:2005) and a
reference method by kg-INAA. LA-ICPMS roughly gave comparable re-
sults to the other two analytical techniques; however, a wider study is
necessary to validate its performance in this regard. In most cases,
concentrations were higher than those determined by MW-ICPMS,
which was attributed to incomplete acid digestion according to the
latter method. LA-ICPMS turned out to be more sensitive than MW-
ICPMS (no sample dilution and impurities in used chemicals
increasing the noise) and requires about 50-times less sample without
any pretreatment prior to the analysis. With this, the measurement time
is substantially shortened (less than 30 min per sample compared to 3 h
for the standard procedure) and the burden for the environment is
minimized (no chemical waste is produced). Moreover, more sample is
kept available for complementary analyses which is typical in atmo-
spheric chemistry research. LA-ICPMS has a wide dynamic range and is
capable of monitoring a whole palette of elements simultaneously (we
successfully measured 19 potentially important elements in PM: Al, As,
Ba, Cd, Co, Cr, Cu, Fe, K, Mn, Mo, Ni, Pb, Rb, Sb, Sn, Tl, V, and Zn),
whereas the standard method is only certified for Pb, Cd, As, and Ni.
Recoveries of other elements during microwave digestion can be
sometimes incomplete.

During the study, however, we encountered two elements that could
not be simply measured with the LA-ICPMS setup used. Selenium due to
very high background (i.e., 50 times higher than the next highest
background measured for K; Fig. S6a), which is most likely caused by
interferences that emerge during the measurement (“Ar**Ar+ and
FAr*Ca + are possible polyatomic interferences for ™Se) [53]. Conse-
quently, concentrations of Se in our samples were too low to be differ-
entiated from gas blank even at very long dwell times (0.5 s). This
problem can be solved with use of a triple quadrupole ICPMS instru-
ment, which eliminates polyatomic interferences more efficiently and
thereby lowers the instrument background signal improving the LOD
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adjusted in regard to the thickness of PM deposit on a filter.
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substantially. It is, however, a significantly more expensive instrument
and may not be the first choice for routine monitoring.

The second problematic element is mercury; every time, its stability
during the ablation was questioned. For the time of ablation, the con-
centration of mercury was always drastically decreasing (Fig. 56b),
which was observed many times independently. We attributed the
observed effect to Hg evaporation during the ablation. A spiked thin
layer of non-metal coating over the filter would theoretically prevent its
evaporation during ablation and enable its determination in PM filter
samples by the developed method. This, however, was not the scope of
this study.

For any instrument used for routine analyses it is paramount to offer
high-throughput and be affordable. In comparison to the conventional
method by acid digestion, where industrial-type microwave furnace and
ICPMS are required, we promote a new method by LA-ICPMS where LA
system replaces microwave furnace in a sample preparation step, which
can double initial investment in the equipment. Nevertheless, not being
interested in supreme resolution, lasers for this type of analysis don’t
need to be state-of-the-art fast aerosol delivery systems. We expect this
will substantially reduce the connected costs once the demand for such
systems arises. At the same time, the sensitivity of the instrument for
multiple elements will also improve due to longer washout times
(allowing for longer acquisition times), which is advantageous in the
case of PM ultratrace analysis. Moreover, low wavelengths and high
power lasers such as the one used in this study are preferably used for the
ablation of hard materials (e.g, quartz), which in our case only adds to
the background noise. Therefore, we also believe that lasers with higher
wavelengths and lower power can be successfully applied for PM anal-
ysis (e.g., 213 nm), which is again in favour of the LA system cost.
However, there is some progress in instrument development expected
before the method can be routinely used, suggesting i) increased laser
beam sizes and ii) the development of autosamplers or ablation cells
with customized filter mount and low volume allowing fast purge times,
both improving the speed of analysis and minimizing related laboratory
work.

5. Conclusions

In this paper we have developed an analytical method for deter-
mining the elemental composition of PM collected on quartz fibre filters,
which are most widely used in routine air quality monitoring by envi-
ronment agencies all around the world. The newly developed method is
shown to be highly advantageous to the established method used for the
purpose in several aspects. It eliminates the laborious sample prepara-
tion step with microwave digestion. This further results in a more pre-
cise measurement of a multitude of elements, while only four elements
can be measured with certainty by the established method. The use of
laser ablation as a sampling method eliminates the production of toxic
waste, which qualifies the developed method as a green analytical
method and importantly contributes to the environmental protection
that is often overlooked due to higher purposes. Moreover, according to
the developed protocol, a minute amount of sample is required, hence
the remaining sample can be used for other complementary analyses,
such as OC/EC, organic analysis, and ions. The results obtained with the
developed LA-ICPMS method were compared to the commonly used
MW-ICPMS and k(-INAA as a reference method for the determination of
the elemental composition of a sample, and we have shown by use of
statistical analysis that the results by the developed method have no
significant differences toward kq-INAA, whereas there were some dif-
ferences toward the commonly applied MW-IGPMS. This is not surpris-
ing because it has been reported previously that microwave assisted
digestion is not complete for most of elements and consequently, the
measurements by this method are underestimated. Although the advo-
cated LA-ICPMS method is accurate and fast, there is still room for
impr t via instr 1 develop to adjust dedicated laser
ablation systems, which is elaborated herein. It is especially paramount
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for its wide application that suitable matrix-matched standards become
commercially available.
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The method for the elemental determination of PM developed in the previous article was
based on an excimer 193 nm LA system, which is available at the location of candidate’s
workplace. However, this powerful LA system is quite an initial investment and a cheaper
alternative, which we recognized suitable for our application, would definitely ease the
transition to the green analytical method in monitoring agencies and make the method
more affordable in general. One such option is a solid state 213 nm LA system, which is
probably the second most used LA system in research. As LA systems with different
wavelengths behave differently regarding the optimal instrumental parameters, coupling
with a sample, elemental fractionation, etc., the developed method could not be simply
generalized to the different wavelength. In collaboration with colleagues at the Masaryk
University in Brno, the LA method for the elemental determination of PM collected on
quartz fiber filters was adapted and optimized for a more affordable 213 nm LA system.

The PM samples used for the optimization were collected during routine air-quality
monitoring and were again donated by ARSO, together with the data on their elemental
concentrations determined with the standard MW /ICPMS method. After the optimization
of measurement parameters (i.e. laser beam size and scan speed, fluence, and dosage), eight
PM samples from different seasons, a blank filter, and typical glass standards for LA (NIST
SRM 610 and 612) were measured with 213 nm and 193 nm LA systems, using the optimal
set of parameters for each instrument, to compare their performance. Blank filter ablation
and disturbances due to the contained impurities were studied, PM samples were analyzed
and the results compared, sensitivity and LODs, as well as the ability to determine different
elements, were investigated for both set-ups. The calibration procedure remained a
problem, therefore, calibration was performed with a leave-one-out cross-validation
procedure based on the measured samples, using elemental data gained from the
MW /ICPMS analysis, which fit the purpose of this research. Statistical comparison of
methods was performed with the paired t-test or the non-parametric alternative Wilcoxon
test, dependent on the results of the Shapiro-Wilk test evaluating the assumption of
normality. Moreover, when comparing all three methods (213 and 193 nm LA system, and
MW /ICPMS), analysis of variances (ANOVA) or the non-parametric Friedman test were
applied. For sensitivity comparison, visual evaluation of the background noise (i.e. gas
blank), low concentration sample, and NIST SRM were made by distinguishing features in
images and comparing pixel counts.

As a result, we found out that 213 nm LA ablated more blank filter material, which
released more impurities from quartz fiber matrix. Special attention in this regard is
specifically advised when measuring Ni and Mo with 213 nm and in the case of Cr with
both LA systems. Statistical analysis of the three methods did not reveal any evidence of
the difference among the methods in any of the elements, showing that the tested LA
systems perform comparably well in terms of accuracy. On the other hand, in the case of
the 213 nm LA system, the sensitivity was poorer for Ca, Cd, Pb, Sb, and Sn; LOD was
higher for Ba, Cd, and Pb; and T1 could not be determined at all, compared to the 193 nm
LA system.
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Although 213 nm LA system exhibited poorer performance for certain elements, LODs
and working ranges are still assessed sufficient for the current legislation and comparable
to the standard method, providing additional benefits in terms of multi-element and green
determination of PM. The 193 nm LA system might have some advantages in the
determination of a longer list of elements in PM, which is especially useful in source
apportionment studies, but for everyday monitoring purposes we find 213 nm LA system
suitable and a valid, affordable alternative with the potential to replace the standard
MW /ICPMS method in the future.



3.3 Manuscript 3: Evaluation of 213 nm Laser as an Affordable Alternative for the Green

Elemental Characterization of Particulate Matter on Quartz Fibre Filters by Laser Ablation

ICPMS

10
11
12
13
14
15
16
17
18
19
20
21
22

23

Evaluation of 213 nm laser as an affordable alternative for the green elemental
characterization of particulate matter on quartz fibre filters by laser ablation

ICPMS

Monika Ogrizek®®, Ana Krofli¢*<*, Tomas Vaculovi¢?, Markéta Hola®*, and Martin Sala®*

2Department of Analytical Chemistry, National Institute of Chemistry, Hajdrihova 19, 1000 Ljubljana,
Slovenia

bJozef Stefan International Postgraduate School, Jamova cesta 39, 1000 Ljubljana, Slovenia

“Department of Catalysis and Chemical Reaction Engineering, National Institute of Chemistry, Hajdrihova
19, 1000 Ljubljana, Slovenia

dDepartment of Chemistry, Faculty of Science, Masaryk University, Kamenice 5, 62500 Brno, Czech
Republic

*corresponding author. Email: martin.sala@ki.si, ana.kroflic@ki.si, mhola@sci.muni.cz.

ORCID:

Monika Ogrizek: https://orcid.org/0000-0001-5883-4524
Ana Krofli¢: https://orcid.org/0000-0003-1722-8397
Tomas Vaculovié: https://orcid.org/0000-0002-1341-6430
Markéta Hola: https://orcid.org/0000-0002-2665-0832

Martin Sala: https://orcid.org/0000-0001-7845-860X

Acknowledgements Slovenian Environment Agency is gratefully acknowledged for donating PM samples

and providing data on PM and elemental concentrations.

95



56

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

40

41

42

43

Chapter 3. Scientific Publications

Abstract

Airborne particles, denoted as particulate matter (PM), are one of major environmental pollutants.
Particles smaller than 10 pm (PMy) penetrate into the human lungs during breathing and exert damage
by physical and chemical mechanisms. PM mass concentration in the air as well as major toxicants
contained are thus regulated by relevant directives all around the world and their continuous monitoring
is prescribed. Elemental composition of PM is one of the most often measured air-quality parameters
and the standard method for its determination produces huge amounts of toxic chemical waste.
Sustainable alternatives are thus sought for, such as laser ablation inductively coupled plasma mass
spectroscopy (LA-ICPMS), which allows for the direct analysis of PM collected on a filter without the
microwave-assisted extraction step prior to the analysis with ICPMS. In this work we evaluated the
performance of 213 nm Nd:YAG laser system (LA213) compared to the more powerful 193 nm excimer
laser (LA193) for this application, in order to facilitate replacement of the standard method with a new,
greener one. We show that LA213 produces good results when operated under optimized instrument
conditions, which were in fact very similar to the LA193 system. Sensitivity for some elements was,
however, a bit poorer, but this can be overcome with additional fine-tuning, if necessary. Wrapping-up
our thorough evaluation we can conclude that the more affordable LA213 is suitable for air-quality

monitoring purposes.

Keywords:

PM, trace elements, metal concentration, sustainable, air quality monitoring, LA-ICPMS
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1 Introduction

Particulate matter (PM) is one of the major air pollutants threatening the environment and human
population (World Health Organization, WHO). PM is responsible for millions of deaths every year,
among others causing pulmonary and cardiovascular diseases, and cancer (Lelieveld et al., 2015; Roy et
al., 2016; Zhang et al., 2022). On the other hand, PM contributes to climate change by interfering with

sun and Earth radiation pathways (Fuzzi et al., 2015).

The excess of PM which disrupts the natural balance is emitted by anthropogenic activities, such as
traffic, industry, and biomass burning (Chatoutsidou et al., 2019; Karagulian et al., 2015; Trippetta et al.,
2016; Tsiouri et al., 2015). Although, due to its nanoparticle nature, PM is harmful on its own, different
sources produce distinctive particle structures and compositions, which finally determine the level of PM
toxicity (Goix et al., 2016; Hu et al., 2012). Typically, PM is composed of inorganic ions, organic carbon,
elemental carbon, crustal elements, and trace metals, some of these being known toxicants, such as
polycyclic aromatic hydrocarbons (PAH) and particular trace elements. Besides PAH, airborne As, Cd, Ni,
and Pb are regulated by the EU Commission (Directive 2004/107/EC and 2008/50/EC) prescribing their
limit values and assuring safe living conditions along with limiting their influence on the environment.
Moreover, reduction of national emissions of some other trace elements has also been commanded to

date (Directive (EU) 2016/2284).

Accordingly, a standard method for the element determination in PM is prescribed (EN14902:2005). It is
certified for the regulated four elements, although monitoring of Cr, Cu, Se, and Zn has also been
ordered in Directive (EU) 2016/2284 due to their adverse effects to human health and the environment
(Jaishankar et al., 2014; Tchounwou et al., 2012). The main disadvantage of the standard method is the
sample preparation step. Microwave assisted digestion (MW) with concentrated nitric acid and hydrogen

peroxide is prescribed prior to the analysis with inductively coupled plasma mass spectroscopy (ICPMS)
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or graphite furnace atomic absorption spectrometry (GF-AAS). However, the protocol does not result in a
complete digestion of quartz fibre filter and several authors report that accurate multielement
determination in various PM matrixes is not guaranteed by this method (Aldabe et al., 2013; Swami et
al., 2001). Moreover, MW is an additional step to the analysis, which increases the likelihood of sample
contamination and/or loss of volatile elements. It is time consuming and requires high-purity reagents to
assure sufficiently low limits of detection (LOD). The required reagents not only raise the cost of analysis
but also end up as a toxic waste, which is not negligible if considering every-day monitoring at numerous
stations around the world (Bai et al., 2022; Gerboles and Buzica, 2008; Ogrizek et al., 2022; Pant et al.,

2019; Rovelli et al., 2018; Wang et al., 1998).

A green solution to this problem is to use analytical techniques capable of determining elemental
composition directly on the solid PM samples (Gini et al., 2021). Relevant techniques which all have their
advantages and drawbacks are described in detail in our recent review paper (Ogrizek et al., 2022), in
which energy dispersive XRF (EDXRF) and LA-ICPMS have been recognized as most promising to replace
the standard method currently in use. LA-ICPMS generally provides lower LODs than EDXRF and thus
allows to detect and quantify more elements especially in low-polluted samples, which is often necessary
when performing source apportionment studies. Moreover, LA-ICPMS can be directly applied to quartz
fibre filters, the most universal and widely used filter matrix including in environment agencies, since

quartz withstands high temperatures needed for complementary organic and elemental carbon analyses.

While the standard MW/ICPMS and the proposed green LA-ICPMS method can utilise identical ICPMS
instruments, allowing monitoring agencies to keep exploiting the original ICPMS function for liquid
environmental samples (e.g. ground water samples), save on space and eliminate/limit the need for
additional educated personnel, a new LA system is indeed a bigger initial investment compared to a

microwave owen. The recently developed method for the elemental determination of PM uses a 193 nm
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excimer LA system (LA193) (Ogrizek et al., 2021); however, more affordable alternatives also exist on the
market, as is 213 nm Nd:YAG (LA213). Nevertheless, different LA systems and wavelengths do not couple

with material in the same way, which needs to be explored for the case of PM samples.

While excimer LA193 systems are characterized by homogeneous energy distribution inside the laser
beam generating evenly flat craters, solid state LA213 systems are known for irregularities in laser
energies inside the laser beam, resulting in a more undulating crater base (Gilbert et al., 2014). For this
reason, in analytics, LA193 systems are usually preferred. Besides, less fractionation effects are observed
in the case of high energy lasers compared to the higher wavelength lasers, which improves analytical
accuracy especially when homogeneous, matrix-matched standards are not available for calibration.
Another effect arising from the different wavelengths used for laser ablation is distinct size distribution
of particles generated during the ablation, which are generally moved towards the smaller size range (<
150 nm) in the case of LA193 compared to the LA wavelengths above 200 nm (particle sizes of up to 1
um are anticipated; both sizes are related to the ablation of NIST 610 series silicate glasses) (Guillong et
al., 2003). Larger particle sizes can be problematic, since they tend to deposit close to the ablation crater
and may not get transported to the ICPMS at all. Furthermore, even if these particles enter the plasma,
their conversion to ions may be incomplete, which consequently influences the sensitivity of the
measurement. It has been further shown that sample characteristics, i.e. sample transparency also
influence particle size distribution and stability of the signal (Gonzalez et al., 2002; Guillong and Gunther,
2002). While LA193 performed better in the case of more transparent samples (e.g. NIST 612 and 614),
for more opaque NIST 610 the particle size distribution and signal stability were similar for LA193 and

LA213 systems (Guillong et al., 2003).

As PM samples are opaque, beige to dark brown in colour, no differences in fractionation effects due to

ablation are expected between LA193 and LA213. Nevertheless, another fractionation effect could be
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due to different laser irradiances or power densities, which can cause sample heating or melting
(Wohlgemuth-Ueberwasser and Jochumb, 2015). The 193 nm excimer and 213 nm Nd:YAG are both
nanosecond lasers, where melting was observed in the past compared to the femtosecond lasers (Luo et
al., 2020; Wohlgemuth-Ueberwasser and Jochumb, 2015). If similar pulse width (4-5 ns) and laser energy
density were used, LA213 produced more melting during the ablation of sulphides compared to LA193
(Wohlgemuth-Ueberwasser and Jochumb, 2015). Notwithstanding, with different pulse width and
fluence applied in the ablation of alloy steels (3 ns with fluences 3.5-12.1 J cm™2 for LA213 and 15 ns with
fluences 5.1-14.5 J cm~2 for LA193), the least melting was observed in the case of short pulse width and
low fluence with LA213 (Luo et al., 2020). Note, however, that with LA213 systems higher fluence is
usually needed for comparable ablation to the LA193 (e.g. 4.2 vs 2.7 J cm~2 for sulphide analysis (Gilbert
et al., 2014), or 15 vs 5 J cm~2 for typical reference materials (RM) as are NIST 610, GSE-1G, MACS-3, and

STDP5 (Jochum et al., 2014), for LA213 vs LA193, respectively).

In this study we investigate utilisation of the 213 nm Nd:YAG LA-ICPMS for the determination of the
elemental composition of PM collected on quartz fibre filters. A new method is developed for this
particular application and compared to the already existing 193 nm excimer LA-ICPMS (Ogrizek et al.,
2021). The potential of the more affordable LA213 system for air-quality monitoring purposes is
specifically addressed, which would facilitate the worldwide transition to a more sustainable analysis in
the future. Sensitivity of both methods in respect to different elements is explored and applicability of
the new method is discussed, considering also the initial investment in the equipment, which can be
critical especially in research, while for environment agencies the return of investment is faster due to
circumventing the laborious pre-extraction step (>3 h per sample set) and huge amounts of toxic waste

(100 ml per sample).
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135 2 Experimental section

136 2.1 Samples and standard materials

137  Ambient PMy, samples were donated by the Slovenian Environment Agency (ARSO) and were collected
138  during their routine monitoring according to the current EU legislation (EN12341:2014 and

139  EN14902:2005). Sampling was performed by a high volume sampler (Digitel DHA-80 Aerosol Sampler,
140  Switzerland) for 24 h with a flow rate of 500 L min~" on quartz fibre filters (PALL, USA; filter diameter 150
141 mm). The samples were collected in Maribor, Slovenia (111,000 inhabitants), representative of an urban
142 environment with traffic and biomass burning as two major pollution sources. Samples from various

143  seasons thus provided different filter loadings and analyte concentrations.

144  Trace elements in glass SRM 610 and 612 (NIST, USA) were used for testing the intraday stability of the
145 instruments and comparison of sensitivity between LA systems. Pristine quartz fibre filters (PALL, USA)

146  were used as filter blanks.

147 2.2 LA-ICPMS instruments

148 LA is a special process used to introduce solid samples to ICPMS for analysis. Since no sample pre-

149  treatment is required, PMio samples were simply cut and mounted to a microscopic glass with a double
150  sided tape (Scotch, USA) and put into a holder for analysis. Two LA systems using different laser

151  generators and wavelengths were compared: (i) 193 nm nanosecond excimer LA system (193 nm ArF*;
152 Analyte G2, Teledyne Photon Machines Inc., Bozeman, MT; later referred as LA193) at the National

153 Institute of Chemistry, Slovenia, and (ii) 213 nm nanosecond solid state LA system (Nd:YAG, LSX 213 G2;
154 Teledyne Photon Machines Inc., Bozeman, MT; later referred as LA213) at the Masaryk University, Czech
155  Republic. 2-volume ablation cell with He as a carrier gas was used in both cases (HelEx Il ablation cell for

156 LA193 and HelEx for LA213). Carrier gas flow rate was 0.5 and 0.6 L min™ for the cup, respectively, and
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0.3 L min~" for the cell (in both cases). The same type of a quadrupole ICPMS instrument (Agilent 7900,
Agilent Technologies, Santa Clara, CA) was used for detection in both cases, with Ar as a makeup gas (0.8

L min™).

Twenty elements (Al, As, Ba, Cd, Co, Cr, Cu, Fe, K, Mn, Mo, Ni, Pb, Rb, Sb, Sn, Ti, Tl, V, and Zn) were
measured simultaneously with the total acquisition time of 0.5 s and element specific dwell times as

listed in Table S1.

2.2.1 Parameter optimization

Although it is known that each airborne particle is unique, the focus of the current paper is on the
analysis of bulk concentrations of trace elements in PM deposited on collection filters, as required by the
legislation. Therefore, instrument parameters were optimized to measure large sample area in a short
amount of time, and to ablate the majority of the PM deposited on the filter rather than obtaining a
perfect LA image. Optimization of LA193 parameters is described in Ogrizek et al. (2021) and LA213

optimization was approached in a similar way.

Based on our previous knowledge, ablation was performed using the adjacent line-scan mode, with the
largest beam size LA system is capable to produce, and scan speed calculated to provide square pixels
with a minimal smear. Acquisition time was synchronized with the washout time of the used ablation cell

and was similar in both LA systems.

Three parameters were optimized experimentally: fluence (0.9-8.6 ) cm™2), scan speed and repetition
rate that correspond to dosage 2—-20 were used with the LA213 (details in Table S2). During fluence
optimization, two ablation passes were repeated over the same ablation line to determine the amount
of residual PM on a filter. Due to limitations of the maximum repetition rate (20 Hz), dosage optimization
had to be performed at two different scan speeds (250 um s~ for dosages 2—10 and 125 um s~ for

dosages 12-20); therefore, a sum of pixels was used to compare the different dosages instead of an
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average as used in the fluence optimization. An area of 3.15 mm? was ablated for every tested
parameter and experiments were repeated on four different PM samples (two summer and two winter

samples) for all twenty elements.

2.2.2 Sample Analysis
The set of optimized LA213 parameters was first applied to the ablation of a blank filter, to study the

potential influence of impurities to the PM composition determination.

Eight ambient PM1, samples with different PM loadings and elemental concentrations (Table S3) were
further measured by both LA systems using the optimal sets of parameters to compare instrument
performance. Due to the inhomogeneity of PM material deposited on a filter, every time a 3 x 12 mm?
filter area was randomly ablated to be representative of the whole PM filter as has been recently shown

in Ogrizek et al. (2021).

The samples were quantified based on known elemental concentrations from the standard MW/ICPMS
analysis (data received by the Slovenian Environment Agency) with a leave-one-out cross-validation
procedure (LOOCV). When heteroscedastic characteristics of the data drastically influenced the
determination of low concentration samples, a weighted (x™") linear model was used (i.e. for As, Ba, Cd,

Co, Cr, Cu, Fe, Mn, Ni, Pb, Rb, V, Zn).

Differences between LA systems were statistically evaluated with the paired t-test or the paired
Wilcoxon test in the case of elements where the assumption of normality was not met (the latter was
assessed with the Shapiro-Wilk test). Furthermore, all three determination methods (LA193, LA213,
MW/ICPMS) were compared with the repeated measures ANOVA or its appropriate non-parametric
alternative (i.e. Friedman test). For visual representation of uncalibrated results the data were

normalized (1) to allow for the comparison of different scales.
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Xnormalized = (x - average) stdev™! 1
Statistical analysis was performed in software R and raster, data.table, reshape2 (Wickham, 2007),

tidyverse (Wickham et al., 2019), caret, and rstatix packages.

The sensitivity of both LA systems was compared by visual assessment of the capability of distinguishing
between the ablation signal and the features of gas blank, and graphical comparison of the measured
counts. Additionally, NIST glass standards 610 and 612 were used for this purpose (ablation parameters
are listed in Table S4). Note, signal intensities (counts) of NIST glasses are more prone to the ablation of
different depths as PM samples with the majority of PM material captured in the upper layers of the
filter. The ratio between the two LA systems was calculated for every element in order to i) compare

ablation volumes and ii) better evaluate method sensitivity.

3 Results and discussion

3.1 LA213 parameters optimization

The LA213 system was first optimized to assure the finest possible sensitivity and repeatability. As
already mentioned in the introduction part, how the laser interacts with a sample depends on sample
characteristics (e.g. transparency, density) and laser wavelength. Usually, LA213 needs more energy
(higher fluence) compared to LA193 for similar ablation. For example, NIST 600 glass series RM is
optimally ablated using fluence 3—-5 J cm=2 with LA193, whereas 8-12 J cm™2 is needed with LA213. Our
samples, however, are much more complex due to their two-component structure (filter matrix and
deposited PM), which does not allow to easily draw parallels with RM or other samples from the

literature; instrument parameters thus have to be carefully optimized for the specific application.

In PM on a filter samples, particles are mostly deposited in top layers of the filter and are not strongly

bound to filter fibres. As PM represents only a small proportion of the sample mass, impurities in the

10
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filter matrix strongly interfere with the analysis of trace PM concentrations if large amount of filter
matrix is ablated. Since we are only interested in the composition of PM and not in the filter matrix itself,
the optimal fluence will be strong enough to allow for the ablation of the deposited PM but low enough
to ablate as little quartz fibres as possible at the same time. Therefore, relatively low fluence is preferred
for the ablation of PM samples, with the correction to higher dosages (i.e. more overlapping shots) in

case that PM still remains on the filter after the selected number of overlapping shots.

Table 1 Optimized instrument parameters for the ablation of PM deposited on quartz fibre filters

Parameter LA193* LA213

Pre-determined parameters by educated guess

Laser beam size 128 pum (square mask) 125 pm (square mask)
Scan speed 256 pms™ 250 um s
Acquisition time 05s 05s

Optimized parameters

Dosage 10 10

Repetition rate 20 Hz 20 Hz

Fluence 1.5 J cm™2 (with 10x demagnification) | 1.7 J cm™

Ablated area 3 x 12 mm? (random sampling) 3 x 12 mm? (random sampling)

*from Ogrizek et al. (2021)

It turned out that optimal instrument parameters are very similar for both LA systems (Table 1). In the
case of LA213, 1.7 J cm™2 was chosen as the optimal fluence, because higher fluences did not provide
significant increase in the signal intensities (Fig. 1a). The observed increase in the signal intensity with
increasing fluence especially in the second ablation pass can be attributed to the ablation of quartz fibre
material together with its impurities at higher fluences, which should be avoided. This explanation is
additionally confirmed with the lack of signal intensity increase at higher dosages (Fig. 1b). Therefore, we
selected dosage 10 as sufficient for winter samples, whereas for summer samples even less dosage

would be adequate.
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Fig. 1 Optimization of LA213 parameters: example for Cr. One highly loaded sample (MB3001) and one sample with a low PM
mass-load (MB2107) are shown. In the optimization of fluence, dosage was fixed at 10, and for the optimization of dosage,
fluence 1.7 J cm™2 was used. Error bars in A represent variability between the pixels (standard deviation). In B, the sum of pixels
is shown instead of an average, not allowing us to calculate the standard deviation

We should mention at this point that instrument parameters are optimized for typical ambient PM
concentration levels in Europe (PM;o mass concentration < 50 ug m-3). However, if samples are collected
in much more polluted areas with significantly higher mass loadings, such as in Asian cities, the dosage
needs to be adjusted, keeping the fluence at the determined level (vide supra). From this perspective,
LA213 has some limitations, since the maximum repetition rate is 20 Hz, compared to LA193 where 300
Hz or even 1000 Hz can be used (Sala et al., 2020). For instance, with the maximum repetition rate of 20

Hz, scan speed has to be adjusted for dosages above 10, resulting in a prolonged measurement time.
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3.2 Blank filter ablation

Although ablation parameters were optimized to ablate as little filter matrix as possible, in the upper
layers of the filter quartz fibres and PM are intertwined together so that ablation of some fibres cannot
be completely avoided. Along with the fibres, some impurities from the filter are always sampled as well.
Whenever the impurities of blank filter differ significantly from the background noise (i.e. gas blank),
their contribution needs to be accounted for during PM analysis. Therefore, filter blanks were analysed

with both LA systems using the set of optimized instrument parameters and compared (Fig. 2).

The most pronounced interferences originating from blank filters that were detected with both LA
systems are Al, Cr, and Mo (Fig. S1). Aluminium impurities are not problematic, since Al is one of the
Earth crust elements that are naturally present in PM in relatively high concentrations even in low-
polluted areas. On the other hand, Cr and Mo are less abundant in PM and in low-polluted samples non-

negligible blank signals can substantially affect their determination.

Overall, with use of the optimised set of parameters, LA213 seems to ablate more blank filter material
and consequently more impurities than LA193 (observe the differences between gas blanks and filter
blanks in Fig. S1). With LA213, Ni was clearly detected in blank filters and some barely noticeable
differences between gas and filter blanks were also found for Fe, K, Mn, Ti, and Zn. On the other hand,
LA193 barely detected Ni, Sb, and Ba impurities, whereas the latter two elements were not detected

with LA213 at all, indicating higher detection limits.

Among the listed elements, special attention should be paid to Cr, Ni, and Mo when using LA213 (filter
blanks accounted for up to 20, 20, and 45% of low-concentration samples, respectfully), and to Cr when
using LA193 (filter blank accounted for 8% of the low-concentration sample). All other impurities were
low enough compared to sample concentrations to avoid an influence on the final quantification

(impurities in blanks contributed <3% to the lowest sample signal in both LA systems).
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Fig. 2 Gas blank (GB) vs. filter blank (BL): Comparison of signals from the background noise (i.e. GB) with the impurities in blank

filters (i.e. BL). The plotted error bars are standard deviations between the pixels, representing their scattering

3.3 PM sample ablation: comparison of LA213 with LA193

It has already been explained that laser interaction with the ablated material is wavelength specific and
can lead to distinctive elemental fractionation effects. The ablation of PM samples is performed in a line-
scan mode and since the majority of PM mass is deposited in the upper layers of the sample, an in-depth
fractionation effect is not likely to be observed. Moreover, potential fractionation effects are expected to
be corrected for by calibration with matrix-matched standards. However, calibration still remains an

issue in LA-ICPMS.
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Since PM material on quartz fibre filter is a very specific sample in its structure, none of the commonly
used RM (e.g. glass or gelatine standards, pressed pellets, spiked filter matrix, ...) is suitable for its
calibration (Brown et al., 2013; Miliszkiewicz et al., 2015; Sala et al., 2017). Matrix-matched RM of PM on
quartz fibre filter with certified elemental composition is also not yet commercially available. Although
the use of ambient PM samples previously characterized with MW/ICPMS as standards for the
calibration is not an ideal practice, since erroneous determination due to the MW pre-treatment step
can lead to inaccurate LA-ICPMS analysis, it is a matrix-matched material and fits the purpose of our

research.

The constructed calibration curves were not ideal (note that MW/ICPMS used for their standardization is
not certified for all elements); but still, LOOCV analysis showed they were comparable for LA193 and
LA213 (Fig. S2). Both LA systems exhibited high R?, low root mean squared errors (RMSE), and low mean
absolute errors (MAE) for Al, As, Co, Cu, Fe, Mn, Mo, Sb (Fig. S2). Somehow poorer performance was
obtained for Cd, Rb, and Zn, with both instruments. Furthermore, we can see that LOOCV calibration
curves, which are presented in Fig. S3 for the case of As, show substantial deviation from the rest of the
curves only when the highest concentration measured is omitted (as part of statistical procedure). This
may lead to biases in the quantification of analytes with concentrations in the upper part of each
calibration curve, while confidence of the determination of low-concentration samples should not be

compromised.

In Fig. S4 we compare the results of sample analyses with all three methods. Samples determined with
both LA systems and MW/ICPMS do not reveal any credible evidence for the difference for any of the
elements, which was also confirmed by statistical testing (Table S5). Note that MW/ICPMS results were
used as calibration standards, masking eventual systemic biases due to incomplete digestion in the

respective method. Airborne concentrations of all elements as determined by LA193 and LA213 are
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further compared in Fig. 3, Table S6, and Table S7. Higher deviations (although randomly distributed)
between the LA systems are observed in the samples with the highest element concentrations, which is
in line with the nature of the constructed calibration curves as explained in the previous paragraph.
Moreover, the highest concentrations measured felt outside of the calibration range, which resulted in
even poorer confidence of their determination. Consequently, high absolute differences between the
two LA systems are observed at the highest concentrations measured. Note that according to Directive
2004/107/EC, accuracy of determination of As, Cd, and Niin PM is reported within 40 % by MW/ICPMS.

From all this we may conclude that the performance of LA213 is comparable to LA193.
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319  Although we showed that both LA systems perform comparably well in terms of accuracy, different
320  sensitivity was observed for some elements. LA213 turned out to be less sensitive for Ba, Cd, Pb, Sb, Sn
321  and Tlin PM samples (Fig. S5) as well as NIST glass standards (Fig. S6). Sb and Sn are not considered
322  problematic, since they are usually present in PM in fairly high concentrations. On the contrast, in low-
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concentration samples, Ba, Cd, and Pb were at the edge of LOD in LA213 measurements, which was not
the case with LA193 (refer here also to Fig. S7). We were also unable to determine Tl with LA213 in
either the PM samples or NIST glass standards. Among the referenced elements in NIST 610, Tl has the
lowest reported concentration (approximately 7-times lower than the other elements of interest), which
points to the poor sensitivity of the method for this particular element. Besides, Tl is also volatile and
could be lost during the ablation, especially with LA213. Note, however, that when particular elements
are of specific interest, high LODs and/or low sensitivities can be overcome by additional optimization
and introducing more material for their analysis (e.g. bigger beam size or longer acquisition times; the

latter consequently means measuring fewer elements at a time) (van Elteren et al., 2019).

Although we observed a similar pattern in sensitivity towards different elements for real samples and
NIST standards, we should not neglect the fact that with the different lasers we indeed ablated different
volumes of the material due to different beam sizes (256 um for LA193 and 125 pm for LA213), but also
due to differences in the used fluence and laser wavelengths, influencing intensity of the signal (i.e.
counts). As already mentioned, ablation volume is especially important in the case of NIST standards.
Therefore, in order to understand differences between both ablations, we further examined the ratios

between the elements measured with the LA systems in both RM, which are shown in Table S8.

Based on the ratios of most elements (i.e. Al, As, Co, Cr, Cu, Fe, K, Mn, Ni, Ti, V, and Zn), larger volumes
seem to be ablated with LA213 compared to LA193. If this is true, LA213 indeed exhibits much lower
sensitivity for the above-mentioned elements. Furthermore, when comparing the ratios for NIST 610 and
612, more abnormalities were found in the case of NIST 612 (see Table S8), which implies more
fractionation effects in the case of NIST 612. Similar observations were reported by Guillong et al. (2003),
where fractionation indexes of LA193 and LA213 were different in the case of NIST 612, but still very

similar in the case of NIST 610.
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Ba, Cd, Pb, Sb, Sn, and Tl are normally produced by anthropogenic activities (e.g. traffic, industry) and
usually exhibit lower airborne concentrations than elements originating from natural sources (e.g. Al, Fe,
K). In source apportionment studies, those 6 elements are usually associated with traffic or traffic-
related emission factors as are break and tyre wear (e.g. Ba, Cd, Pb, Sb, Sn), biomass burning (e.g. Cd, Tl),
or industrial emission factors as are metallurgical emissions (e.g. Pb, Tl) (Almeida et al., 2020; Belis et al.,
2013; Ferreira et al., 2016; Landis et al., 2017; Massimi et al., 2020). Our samples were collected in an
urban environment, close to a road with heavy traffic where anthropogenic emissions are relatively
constant regardless of the seasons. Nevertheless, with LA213 we could barely detect some of these
elements in summer samples, which may be generally problematic when studying samples collected in
warmer parts of the year or in rural areas with less traffic and industrial emission sources. From this
perspective, LA193 is a preferential choice of use in source apportionment studies conducted in low-
polluted areas or where Tl is the targeted element of interest (e.g. determination of the influence of
specific industry on air pollution), unless LA213 method parameters are further optimized for these

elements (Karbowska, 2016).

Even though the sensitivity of LA213 is poorer than of LA193 for some elements, it is still sufficient to
meet the current legislation (limit values are 6, 5, 20, and 500 ng m™3 for As, Cd, Ni, and Pb, respectfully;
EU Directive 2004/107/EC and 2008/50/EC), and to compete with the current standard method (low
limit of working range is set at 0.5, 0.1, 2, and 1 ng m~ for As, Cd, Ni, and Pb, respectfully). In our work,
airborne concentrations were in the range of 0.09-1.5 ng m~3 for As, 0.02—-0.9 ng m~ for Cd, 0.6-5.3 ng
m~3 for Ni, and 0.3-50 ng m~2 for Pb as shown in Fig. 3; we were able to determine them all, although
some concentrations fall below the certified LOD of MW/ICPMS. Multi-element determination and other
pros of the method can be exploited as comparable with MW/ICPMS, without concerning about the

problems connected with MW digestion in the case of LA-ICPMS. Therefore, we can conclude that LA213
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performs suitably well for monitoring of elemental concentrations in PM according to the current

legislation and is a valid alternative to the more expensive LA193 system.

4 Conclusions and outlook

Striving for sustainability has become an important part of our everyday life. Analytical techniques often
produce large quantity of toxic chemical waste and to achieve sustainable future, green analytical
methods have to be promoted even in research laboratories. Air quality monitoring is one of the
continuous processes where green analytical methods are especially appreciated. The intention of
detecting pollution for the purpose of its mitigation and at the same time producing toxic waste and
polluting the environment seems somehow contradictory. Moreover, monitoring network is expected to
continuously grow and extend even to the less developed countries, which will multiply the number of
analyses and consequently their effect on the environment. Green analytical methods with a minimal

burden to the environment should thus replace the old methods, whenever possible.

One such example is the proposed LA-ICPMS for the elemental characterization of PM instead of the
standardized MW/ICPMS method. Many different LA systems are currently available on the market,
varying in performance and price availability. We show that the 193 nm excimer LA system enables low-
limit determination of all 20 elements of interest and is presented as a preferable choice in source
apportionment studies, where multi-element quantification is especially appreciated. On the other hand,
213 nm solid state LA system exhibits slightly higher LODs for some elements, which can be critical in
low-polluted samples. Nevertheless, LA213 is still shown satisfactory for use in the elemental
determination of PM according to the current legislation and it can be further fine-tuned for specific
target analytes or extremely low-concentration samples. Therefore, we assess the cheaper LA213 system
adequate for air-quality monitoring purposes, which lowers the initial investment needed for the
transition to the greener analytical alternative.
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Just as standard MW/ICPMS has many drawbacks (e.g. incomplete digestion, limited RM), LA-ICPMS also
has some limitations. But it is continuously improving and actively developing in the direction of having
more and more commercially available certified matrix matched standards for various calibration
purposes, and autosamplers customized for specific samples. This is necessary for assuring the required
traceability in regulatory agencies and facilitating the analysis of large number of samples. We believe
LA-ICPMS is the green analytical method on the rise, that can contribute with a small step towards

achieving the desired sustainable future even within air-quality monitoring.
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One of the negative effects of PM is the deposition on cultural heritage, as soiling is mostly
a reason for surface blackening, but can also cause corrosion followed by material
degradation and loss, which is clearly seen on many historic buildings, churches, and
calcareous outdoor sculptures. The level of the impact on stone surfaces depends on the
composition of ambient PM, which is defined by its sources. However, the correlation
between ambient air pollution and PM deposits is still underinvestigated.

In the following article, fresh PM deposits on calcareous stone surfaces were investigated
and correlated with ambient PM pollution. Two types of calcareous stones (i.e. marble and
limestone) were exposed to ambient air in sheltered and unsheltered positions for
approximately one month on a rooftop of the National Institute of Chemistry in Ljubljana.
At the same time, one blank sample for every stone type was stored in a laboratory to
avoid contamination with ambient PM. In parallel with stone exposure, ambient PM was
sampled by a CASS system, scanning mobility particle sizer (SMPS), and PM sampler, for
the investigation of ambient PM composition and source apportionment. The measuring
campaign was repeated in every season to include seasonal variation of PM sources and
climatic conditions. Ambient PM was characterized on-line for carbonaceous aerosol by the
CASS system, diurnal variation of particle number and size distributions was studied by
SMPS, PM mass was determined off-line by gravimetry, and elemental and ionic
composition were measured by LA-ICPMS and IC. The results of PM composition were
further applied for the identification of sources using two different models: carbonaceous
aerosol apportionment and PMF analysis. The stone samples were surface-characterized
by reflectance measurements, scanning electron microscopy — energy dispersive X-ray
spectroscopy (SEM-EDXS), and surface elemental composition was also determined by LA-
ICPMS. Elemental composition determined by LA-ICPMS and SEM-EDXS was correlated
with the elemental composition of PMs5; samples in the corresponding season.

Carbonaceous aerosols were differentiated in six different aerosol types according to
their absorbance and sources: traffic and biomass burning-associated black carbon, primary
organic aerosol with absorbing and non-absorbing properties, and secondary organic
aerosols with absorbing and non-absorbing properties. The model revealed typical seasonal
variation with a large contribution of biomass burning emissions in winter, while SOA
formation dominated in summer. Traffic emissions were relatively constant throughout the
year, with roughly 20 % contribution to the carbonaceous aerosols. Additional PM sources
contributing to the total PM,; mass investigated were explained using the PMF model,
where six major factors were identified: nitrate, biomass burning, crustal dust, marine SOA,
sulphate, traffic, and a minor unexplained contribution. The predominant source of PMs;
in Ljubljana turned out to be traffic with 30 % contribution to the PM mass. Seasonal
variation was explained by winter biomass burning for heating purposes (nitrate and
biomass burning factors) and enhanced photochemistry in summer enabling SOA
production (sulphate factor). The crustal dust factor was especially pronounced in some
special events of Saharan dust advection into the region (long-range transport), which was
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identified by the specific enrichment of crustal elements (e.g. Al, As, Ba, Co, Cr, Fe, Mn,
Rb, and V).

When comparing elemental composition of ambient PM and stone deposits, seasonal
trends and other variations (7.e. specific Saharan dust events) generally agreed for most
elements, except for some divergences (e.g. Mg, Mn, and Na in autumn), probably due to
different particle sizes collected on stone surfaces (i.e. TSP) and on PM; filter samples.

This article was published under the project Impacts of PM pollution to cultural heritage
and the candidate importantly contributed to it with i) the determination of elemental
composition of ambient PM by the LA-ICPMS method previously developed, ii) LA-
ICPMS data processing (including stone samples), and iii) statistical evaluation of the
elemental composition of PM samples and stone deposits, and ionic composition of PM
samples. The statistical evaluation was performed in program R using Shapiro-Wilk and
Levene’s tests to check the conditions of normality and equality of variance, Mann-Whitney
test for comparison of exposed with blank stone and sheltered with unsheltered position,
and Kruskal-Wallis test for investigating seasonal trends, where the Benjamini & Hochberg
p-value correction was used in all multiple testing procedures. The candidate was also
involved in field campaigns and helped with stone surface analysis and manuscript writing.
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by different removal processes, but we show that surface deposits are not simply additive when considering lenger
periods of time. This must be taken into account when extrapolating surface accumulation to longer time scales.

1. Introduction

Outdoor materials are permanently exposed to weathering in combina-
tion with air pollution. Their interactions with airborne pollutants lead to ma-
terial degradation (atmospheric corrosion) and loss, including deterioration
of cultural heritage objects causing immeasurable damage to the community
(Tidblad et al., 2012). Surface blackening due to particulate matter (PM) de-
position (soiling) is another major hazard to heritage materials (Lombardo
et al., 2010), requiring periodical cleaning and often resulting in unwanted
damage especially to stone objects (Brimblecombe and Grossi, 2005).

In the past century, SOz was by far the most important factor influenc-
ing calcareous stone recession outdoors (Giavarini et al., 2008). Until
now, 8O, emissions have been successfully mitigated and the situation
has changed from SO,-dominant to a multipollutant one (Vidovi¢ et al.,
2022). Recently, comparable contributions of dry HNO; deposition (closely
connected with NO, emissions and O in combination with moisture), SO,
deposition, acidic precipitation (due to dissolved CO, (Karst effect) and
anthropogenic H,S0O4 and HNO; acids in acid rain), and PM deposition to
limestone deterioration have been estimated in urban areas (Bonazza
et al., 2009; De Marco et al., 2017). However, according to Di Turo et al.
(2016), increased PM concentrations were responsible for the estimated
positive trend in limestone corrosion levels between years 2000 and 2010
in Europe, which warrants attention.

Airborne PM, which affects stone surfaces with both seiling and surface
carrosion, is typically composed of inorganic ions, trace metals, and carbo-
naceous aerosol (CA), which includes two fractions: black carbon (BC or
elemental carbon) and organic acrosol (OA) that can be further divided
into the light-absorbing OA or brown carbon (BrC) and non-absorbing OA
(OAponans). Carbon content in CA and OA is often expressed as total carbon
(TC) and organic carbon (OC), respectively. The composition of PM is
closely linked to its emission sources, thus exhibiting strong seasonality.
For instance, BC originates from various combustion sources (vehicle emis-
sions, residential coal and biomass burning emissions), contributing at
varying amounts to the level of BC pollution throughout the year, while
biomass burning specifically is recognized as the major source of BrC on a
global scale (Laskin et al., 2015), which is consequently predominant in
colder months due to wide use of fireplaces and wood burning for heating.
On the other hand, QA g abs is largely connected with biogenic emissions
and predominates in remote regions and in the warmer part of a year
(Martinsson et al., 2020).

The reactive QA fraction has been found to predominate over the mare
inert BC in black crusts of historic buildings at many sites in Italy, which
contradicts the general belief that BC is responsible for damage caused to
calcareous historic objects (Bonazza et al., 2005). Already back in 1993,
Saiz-Jimenez (1993) studied deposition of airborne organics on historic
buildings and concluded that composition of each crust is governed by
the composition of the air in the area. In support, Bonazza et al. (2005)
showed that historic damage layers are a record of environmental changes
over time, with their chemical composition reflecting atmospheric pollu-
tion due to combustion sources, and concluded that soiling due to OA will
likely prevail in the next future. Akos et al. (2011) further compared the
content of polyaromatic hydrocarbons (PAH) in ambient PM and in the
crusts of historic buildings, and recognized the important role of dust in ac-
cumulating PAHs. Moreover, Ozga et al. (2014) concluded that damage
layer composition reflects air pollution in the surrounding area; however,
Fermo et al. (2018) did not find any direct correlation between atmospheric
gaseous precursors and the related ions in investigated PM deposits.

While the exact role of atmospheric PM in stone degradation remains elu-
sive (Fermo et al., 20185), it is clear that surface deposits can contain atmo-
spheric particles from both natural and anthropogenic sources (Calparsoro

et al., 2017). Although BC is unequivocally recognized as the major contrib-
utor to surface soiling, very little to nothing is known about the influence of
the increasing BrC fraction in atmospheric aerosols and how unique physico-
chemical characteristics of ambient PM from different sources in different
seasons affect particulate deposition and stone surface degradation beyond
the damaging potential of contained inorganic acids.

In this work, we analyse fresh seasonal PM deposits on calcareous (lime-
stone and marble) stones representing the majority of cultural heritage ob-
Jjects, in order to later compare them with aged stone surfaces. We first
physico-chemically characterize atmospheric PM in Ljubljana, Slovenia in
order to correlate surface properties of exposed carbonaceous stones with
different PM pollution conditions in different seasons. During one-month
outdoor exposures of stones under sheltered and unsheltered conditions,
ambient PM, s samples (ie. airborne particulates smaller than 2.5 pm)
were collected and analysed for ionic and elemental composition. In paral-
lel, PM size distribution, TC concentration and optical properties were
measured and used to apportion carbonaceous aerosols to their sources
(traffic, biomass burning; primary, secondary aerosols) and particular
light-absorbing fractions (BC, BrC, OA,,q.ans). Positive matrix factorization
(PMF) analysis was further applied to identify the main sources of PM pol-
lution at the site of exposure, which differ with different seasons. Specific
methodology was set up for stone surface characterization after each expo-
sure; stones were investigated for their surface morphology, reflectance (as
a measure of soiling), and elemental composition, which is finally corre-
lated with airborne PM; 5 measurements.

2. Experimental section
2.1. Location and experimental design

Surface-polished limestone and marble samples (5 x 5 x 1.5 em;
Fig. 1a) were exposed to outdoor weathering and urban pollution on the

Fig. 1. a) Limestone (grey) and marble (white) stone that were exposed on b) a
custom-made carousel for air pollution exposure studies with ¢) unsheltered and
d) sheltered positions for stone samples.
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terrace of the National Institute of Chemistry in Ljubljana, Slovenia. The
stones were vertically mounted on a custom-made carousel, in sheltered
and unsheltered positions (Fig. 1b-d). One-month seasonal exposures
were performed from July 2020 to July 2021. One limestone and one mar-
ble stone were exposed in every position in each season (autumn: 3.11.—
4.,12.2020; winter: 19.1.-17.2.2021; spring: 14.5.-18.6.2021; summer:
26.6.-26.7.2021), while one set of stones (2 + 2) was periodically exposed
in all four consecutive seasonal campaigns (ie. 14.7.-19.8.2020, 3.11.—
4.12.2020, 19.1.-17.2.2021, 14.5.-18.6.2021). After each exposure, stones
were analysed for surface reflection and stored in a freezer until further
analyses. During the project, one stone of each type was stored in a labora-
tory and used as a blank sample for chemical analyses.

In parallel, air quality monitoring with an emphasis on atmospheric PM
was conducted with dedicated online instrumentation and sampling for
offline analyses. At the end, two-weeks data was analysed for every cam-
paign; the list of samples and corresponding meteorological conditions
are collected in the Supporting information, Table S1.

2.2. Materials and methods

Performed analyses and selected measurement parameters are schemat-
ically presented in Scheme 1.

During the campaigns, particle number concentration and number size
distribution were measured in real time using a Scanning Mobility Particle
Sizer (SMPS Spectrometer 3936175, TSI). Measurements of TC and BC
were performed with a Carbonaceous Aerosol Speciation System (CASS,
Magee Scientific), which is a combined unit of a TCA08 Total Carbon
Analyzer (Rigler et al., 2020) and the Aethalometer® AE33 (Drinovec
etal., 2015). TCAO8 measures the concentration of TC by a rapid combustion
of PM collected on a quartz filter at 940 "C and was operated at 1-h time in-
tervals, sampling PM,, 5 fraction at 16.7 Lmin ', The tandem Aethalometer
AE33 measures aerosol light absorption at seven wavelengths (370 nm,
470 nm, 520 nm, 590 nm, 660 nm, 880 nm and 950 nm) and reports equiv-
alent BC concentration at 880 nm by applying a specific mass absorption

Airborne PM >

ONLINE
SMPS: submicron particle number conc.
(TPC) & size distribution
TCAO08: total carbon (TC)
AE33: black carbon (BC)
Model*: absorbing & non-absorbing
primary & secondary organic aerosol
(POA, SOA)

PM sampling - OFFLINE
Gravimetry: fine fraction mass conc.
(PM, )

LA-ICPMS: crustal & trace elements (Al,
As, Ba, Cd, Co, Cr, Cu, Fe, K, Mg, Mn,
Mo, Na, Ni, Pb, Rb, Sb, Tl, V, Zn)

IC: anions (N0, , 50, €I, Ms ,
oxalate...)

PMF: source apportionment

fraction morphology &
crustal elements)

LA-ICPMS: crustal &
trace elements (Al, Cd,
Cu, Fe, K, Mg, Mn, Na,
Ni, Pb, Sb, V, Zn)
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cross-section (7.77 m” g~ '), Again, a size-selective inlet was used to sample
PMy5 at a flow rate of 5 Lmin ™', High time-resolution data (1 min resolu-
tion) was then averaged to 1 h, to synchronize with the TC measurements.
AE33 uses a “dual-spot” methodology to correct for the filter loading effect
in real-time (Drinovec et al., 2015). The multiple scattering in the filter ma-
trix was corrected by a correction factor C of 1.39. The difference between
TC and BC corresponds to the OC fraction (Rigler et al., 2020). Online BC,
TC and OC concentrations were later validated by comparison with offline
analysis of PM samples (Fig. S1).

Atmospheric PM samples were simultaneously collected on quartz fibre
filters (Pall Tissuquartz™ 2500 QAT-UP, @47 mm) using a low-volume PM
sampler (Giano, Dado lab) with a PMys impactor head. Air flowrate was
2.3m*h " and after 24 h sampling, filters were stored in a cooled compart-
ment inside the sampler. The filters were conditioned in a thermostated
room for at least 24 h prior to weighing before and after sampling (22 =
1°C, 50 *+ 5 % RH), and average daily PM, 5 concentrations in the air
were calculated. However, quartz fibre filters are very fragile and quite
some masses obtained were negative. Therefore, PM, 5 concentrations as
obtained from the nearest air quality monitoring station of the Slovenian
Environment Agency (ARSO, approx. 5 air km distance) are considered in
this work (Table 51). When available, our PM, 5 concentrations correlated
well with the data obtained from ARSO (Fig. S2). Every filter was cut in
pieces needed for particular analysis and kept in a freezer.

As is typical for ion analysis, the anions were determined and quantified
with ion chromatography. One em? filter was extracted in 1 mL MilliQ
water (18.2 m€ cm at 25 °C, <3 ppb TOC) on an orbital shaker at
300 rpm for 30 min. MilliQ) water was daily collected fresh from a Millipore
purification system (Bedford, MA, USA). Extracts were filtered (RC,
0.20 ym) and analysed with a Dienex ICS 3000 chromatograph equipped
with an eluent generator and a conductivity detector. A precolumn (Dionex
IonPac AG11-HC, 4 x 50 mm) and an analytical column (Dionex lonPac
AS11-HC, 4 x 250 mm) were used to achieve desired analyte separation.
More details about the analysis are given in Kusan et al. (2020). The follow-
ing anions were successfully quantified in the samples: fluoride, lactate,

Stone surface *Modelling
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Scheme 1. Schematic representation of the experimental design including the flow chart of eight steps modelling procedure to apportion carbonaceous aerosol into six

components.
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methanesulfonate (MS), chloride, nitrite, nitrate, sulphate, oxalate, and
phosphate. Their measured airborne coneentrations can be found in
Table S2. Although cations are also typically measured by ion chromatogra-
phy, Na, K, Ca and Mg were rather determined together with other trace el-
ements by laser ablation inductively-coupled plasma mass spectrometer
(LA-ICPMS, see below).

Elemental composition of collected PM was determined directly from a
solid sample by a nanosecond excimer laser ablation (LA) system (193 nm
ArF#; Analyte G2, Teledyne Photon Machines Inc., Bozeman, MT) interfaced
with a quadrupole inductively-coupled plasma mass spectrometer (ICPMS;
Agilent 7900 x , Agilent Technologies, Santa Clara CA). The method is de-
scribed in detail elsewhere (Ogrizek et al., 2021) and it has been shown to
be competitive with other elemental analysis techniques in the case of PM
(Ogrizek et al,, 2022) as well as heritage materials (Giussani et al., 2009).
Briefly, the filter samples were cut and simply mounted on a microscopic
glass and inserted into a holder for analysis. The ablation was performed in
a HelEx II two-volume ablation cell with helium as a carrier gas (cup flow
0.5 L.min ' and cell flow 0.3 L. min ') and argon as a makeup gas (0.8 L
min "~ '). NIST glass SRM 612 was measured before and after every sample
to observe potential instrument drift during the several-hour measurement.
Instrument operation parameters are shown in Table S3. Every time, 3 x
12 mm? of a PM loaded filter was ablated, which has been shown represen-
tative of the whole filter (Ogrizek et al., 2021). Calibration was performed by
measuring matrix-matched standards under the same operation conditions
on the same day. Since a suitable matrix-matched reference material is not
commercially available, PM;; samples collected on quartz fibre filters in dif-
ferent seasons in Maribor, Slovenia, for which elemental concentrations had
already been determined with a standard method by microwave digestion
and ICPMS according to EN14902, were used for calibration purpose.
Twenty elements (Al, As, Ba, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb,
Rb, Sb, T1, V, and Zn) were measured simultaneously and the corresponding
airborne concentrations are given in Table $4.

At the end of every campaign, stones were analysed for their surface
deposits and reflectance. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (SEM-EDXS) were carried out using an FE-
SEM Zeiss Supra TM 35 VP (Carl Zeiss, Oberkochen, Germany) field
emission scanning electron microscope equipped with an energy-
dispersive X-ray (EDX) spectrometer SDD EDX Ultim Max 100 (Oxford
Instru-ments, Oxford, UK). The operating voltage was set to 1 kV for SEM
and 20 kV for EDXS. Reflectance of the samples were measured using an
i1-Pro spectrometer (X-Rite) in the visible spectral range (380-730 nm in
10-nm steps) with 45°/0° ring illumination optics (DIN 5033). The diameter
of the measurement aperture is 4.5 mm. Each measurement was performed
on 3 identical-location sampling positions and average values are reported
for every sample.

Elemental composition of the deposits was studied with the same LA-
ICPMS system as used for the PM samples, with use of similar instrumental
parameters. The only difference was the lower fluence used in this case
(0.43 J cm ™~ ?), because the goal was to ablate only the deposited PM mate-
rial without the stone itself. Note that a high background signal from the
stone could hinder the analysis or even cover up the signal of trace elements
present in the deposited PM. Moreover, fewer elements (Al, Cd, Cu, Fe, K,
Mg, Mn, Na, Ni, Pb, Sb, V, and Zn) were measured on the stone surfaces,
so that the sensitivity was improved by prolonging the dwell times used.
‘The ablation set-up for each stone consisted of 5 separate lines of 3 cm in
length, with the starting position 1 ¢cm from each edge (Fig. $3).

2.3. Statistical analysis

Apportionment of different carbonaceous aerosol components to their
sources relies on a specific information available in the measured dataset.
The concentration of OC was derived from a difference between the TC and
BC concentrations. Moreover, spectrally resolved optical absorption measure-
ments differentiate between different BC sources (from traffic - BCgand from
biomass burning — BCy,), and between BC and BrC absorption. The EC (BC)
tracer model was used to split OC into primary (POC) and secondary (SOC).
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Similarly, the modified BC tracer model was used to further split between pri-
mary (POAg,c) and secondary BrC (SOAg,), where different values of mass
absorption coefficient (MAC) were used to calculate the egivalent mass of
primary and secondary BrC (MACncprim = 5.5 m® g~ and MACpcsee =
2.4 m? g 1). A constant, season-independent factors of POA/POC = 1.2
and SOA/SOC = 1.8 were applied to convert the carbon mass into the aerosol
mass. [n the last step, aerosol mass concentration of non-light-absorbing
aerosols was estimated using a mass closure (POA = POA,, qp: + POAp,c
for primary organic aerosols and SOA = SOA nabs + SOA for secondary
organic aerosols, respectively). Workflow is presented in Scheme 1 and
detailed methodology in the work of Ivancié et al, (2022).

Source apportionment of PMz s was performed using a PMF receptor
model applied with the EPA-PMF5 software. The EPA PMF5 software has
been widely applied to the characterization of PM sources (Belis et al.,
2020; Cesari et al., 2016). It is based on a multi-linear engine (ME) that al-
lows for the application of specific constraints to PMF outputs (Paatero
et al.,, 2014). The dataset used as an input included particulate ions,
elements, OC, BCg, and BCy,,. Considering the Signal-to-Noise (S/N) criteria
and the number of data above the detection limit, input variables of fluo-
ride, lactate, and nitrite were classified as “bad” and were not included in
the PMF analysis. All the other variables were classified as “strong”. This
resulted in a dataset of 69 samples with 26 chemical species as input param-
eters including PM., 5 used as the total variable. Different runs were carried
out with different number of factors and the best solution was obtained
with six factors representing six different sources. PMF5 was applied
using specific constraints on factor profiles in order to limit rotational
ambiguity and obtain more interpretable source profiles. Specifically, in
the road traffic factor/source constraints were applied to BCq (pull up max-
imally) and BGyy, (pull down maximally). The expectation value (Q) of each
constraint was within 1 % and the final Q-value obtained with respect to the
base run was 0.5 %. The uncertainties on the profiles and the contributions
of the different factors were evaluated using the bootstrap method (Paatero
et al., 2014) in terms of one standard deviation.

Images resulting from the 2D elemental analysis of PM filters with LA-
ICPMS were processed as described in Ogrizek et al. (2021). For the inter-
comparison between different campaigns, elemental and ionic composition
results were analysed as described for stone samples. For the analysis of
stone surface deposits, background signal was first subtracted from gas
blank and outlier pixels were removed (the rule of three interquartile
ranges was applied, same as for PM samples; see Ogrizek et al. (2021)).
An average of every line was considered one unit in this case. Elemental
composition results were compared as follows: (i) every exposure stone
was compared with a blank stone sample, (ii) for every campaign, sheltered
and unsheltered treatments were compared, and (iii) different campaigns
were compared with each other. For the basic overview over the working
dataset, the Shapiro-Wilk test was performed, as well as the Q-Q plot for
assessing the normality and Levene's test for testing the equality of vari-
ances. Since the majority of data was not normally distributed and/or did
not exhibit equal variances, a non-parametrical statistical test was selected
for statistical evaluation. Mann-Whitney test was used to investigate differ-
ences between two sample groups (i.e. to compare every sample with a
blank or compare sheltered to unsheltered samples). The comparison of
seasonal campaigns (i.e. to obtain differences between multiple groups)
was made with use of the Kruskal-Wallis and Dunn's post hoc test. Benjamini
& Hochberg p-value adjustment method was applied in all multiple
comparisons. Statistical analysis was performed using program R with
raster, data.table, reshape2 (Wickham, 2007), tidyverse (Wickham et al.,
2019), rstatix, and ggpubr packages.

3. Results and discussion

3.1. Characterization and source apportionment of atmospheric aerosols in
different seasons

Atmospheric total particle number concentration (TPC) in the size range
0f14-750 nm, TC and BC were measured in near-real time. Typical diurnal
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profiles (Fig. S4) exhibit bimodal shape peaking in the morning and at
night, which is associated with the dynamics of the atmospheric mixed
layer and diurnal emission patterns (e.g., rush-hour) (Manning et al.,
2018). Bimodality is especially pronounced in winter, which can be
attributed to morning temperature inversion common for the Ljubljana
basin. During temperature inversion, the height of the mixing layer is
substantially reduced and concentrations of primary pollutants that are
trapped within this relatively narrow layer of air consequently increase.
Note that in February 2021 there was a lot of sun, which is needed for
this meteorological phenomenon.

Time series of TPC, TC and BC are shown in Fig. S4. Except for some
momentary BC spikes, fair agreement is observed between the three param-
eters in all seasons. This can be attributed to predominant traffic emissions
as a constant pollution source in the city. As regards the spikes, careful
examination of the corresponding contour plots revealed a sudden income
of relatively large carbonaceous aerosols, i.e. bigger than the diameter at
which total number concentrations peaked (i.e. at 60-100 nm). These
particles did not contribute much to the total number concentration,
while they increased particle mass significantly, which is thus only ob-
served in the TC and BC parts of the time series. In general, much higher
TPC, TC and BC concentrations are characteristic of cold seasons compared
to the warmer months (by roughly a factor of two).

Airborne concentrations of selected elements in all five seasonal
campaigns are presented and compared in Fig. 5. For K, Mg, Na, and T1
quantification was not possible; therefore, their relative contributions as
measured by LA-ICPMS are additionally shown in Fig. $6. Based on the
obtained seasonal pattern, a quick inspection divides the elements into
two groups: i) those enriched in colder months (autumn and winter; e.g.
As, Cd, Cr, Mn, Mo, Pb, Rb, Zn) are characteristic of fossil-fuel combustion
emissions, whereas ii) those with higher concentrations and scattering
observed in February and June 2021 (e.g. Al, As, Co, Fe, Mn, Rb, V, also
K, Mg, Na, Tl) can be attributed to Saharan dust events that were reported
in the respective periods of time (23.-26.2.2021 and 21.-24.6.2021).

Characteristic seasonal patterns were also observed for chloride, nitrate,
and methanesulfonate (Fig. 87). Nitrate and chloride concentrations peak
in autumn and winter, which can be attributed to wood combustion for
heating purposes. Methanesulfonic acid, on the other hand, is one of the
maost important secondary organic aerosol components in marine environ-
ments. It is the oxidation product of gaseous dimethylsulfide that is emitted
from the ocean due to phytoplankton activity especially in warmer months
(Mansour et al., 2020). Methanesulfonate was indeed predominant in PM
collected in the spring and summer campaigns.

Carbonaceous aerosol source apportionment plots are shown in Fig. 2.
In autumn and winter, biomass-burning emissions contributed substantially
(BCy, and absorbing primary organic aerosols — POAg,c), while the
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contribution of SOA was minor in this time of the year. In summer, SOA rep-
resents more than half of the total carbonaceous aerosol mass, which is due
to pronounced photochemistry, while BrC aerosols only contribute a small
portion of it, during daytime. Non-absorbing aerosols (POAnan-ans +
SOA,,;-a1s) Tepresent roughly 60-80 % of the carbonaceous aerosol mass
in summer. Although we conducted a campaign already in very late spring,
there is still some evidence of biomass-burning emissions, probably due to
agricultural waste burning. The contribution of non-absorbing aerosols in
spring was similar to the summer periods. Traffic emissions tend to be
relatively constant throughout the year and stabilized somewhere below
20 % of the carbonaceous aerosol mass. It should be noted at this point
that especially autumn and winter campaigns were affected by restrictions
due to the coronavirus pandemic, which could result in lower-than-usual
traffic emissions in these seasons (only slightly higher absolute BCg concen-
trations were determined in the cold seasons compared to the warmer
months).

Combining elemental and ionic composition (airborne concentrations
are reported in Table 52 and Table $4), OC and BC content, PMF analysis
was further performed and confirmed traffic as the main PM pollution
source in Ljubljana, Slovenia, contributing with 30 % to the investigated
PM, 5 mass. Similar has been observed by Saraga et al. (2021). The other
factors, which together with traffic accounted for roughly 96 % of the
analysed PM, are: secondary inorganic aerosols (nitrate (15 %) and
sulphate (18 %)), biomass burning (14 %), mineral dust (12 %), and
marine-rich biogenic SOA (7 %). Relative source contributions are given
in Fig. 3, while the profiles of the different factors are reported in Fig. $8.

Nitrate (factor 1) and sulphate (factor 4), as indicators of inorganic sec-
ondary atmospheric aerosols that may have travelled long distances, are
characteristic of different seasons, ie. winter and summer, respectively.
While sulphate is typically linked with photochemistry and thus accompa-
nied with SOA (e.g. oxalate), winter nitrate can be attributed to combustion
emissions due to heating purposes (including biomass burming). Corre-
spondingly, biomass burning factor 2 (BCy,, phosphate, chloride, Cd, Pb,
OC etc.) predominates in colder months (domestic heating), whereas
isolated events can also be identified in other periods of time (agricultural
activities, eventually natural fires). Factor 6 represents a contribution
related to biogenic SOA, strongly enriched with methanesulfonate and
accompanied with sulphate and oxalate. Therefore, this factor is indicated
as biogenic SOA likely of marine origin as also found in other areas
(Srivastava et al., 2019). Three special events characterized by huge
amounts of crustal elements (Al, As, Ba, Co, Cr, Fe, Mn, Rb, V) are described
with factor 3, which were confirmed with the advection of Saharan dust in
the region. The most constant PM emission source throughout the year is
traffic (factor 5), which is especially enriched with metals, such as Ba, Co,
Cu, Fe, Mo, Ni, Sb, V, Zn, and BCy
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Fig. 2. Apportionment of carbonaceous aerosols to different sources in five seasonal campaigns conducted in Ljubljana, Slovenia (summer — August 2020; autumn - November
2020; winter - February 2021; spring - May-June 2021; summer — June-July 2021); black carbon from traffic (BCs) and biomass burning (BC;,;,), non-absorbing and absorbing
primary organic aerosols (POA,,, ons and POAg,), and non-absorbing and absorbing secondary organic aerosols (SOA,, ans and SOAg,c).
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Fig. 3. Relative contribution of sources to the investigated PM, 5 samples; six PMF
factors were identified, unexplained refers to the fraction of PM, s which could
not be reconstructed by the PMF model (~4 %). Typical winter sources are
coloured brown, summer orange, in blue are special events that can potentially
occur at any time of the year and in grey we represent sources that were rather
constant throughout the year.

3.2, Correlation between air pollution and stone surface deposits

Stone surfaces were analysed for their elemental composition in a simi-
lar way as PM; 5 on the filters. Although we optimized LA-ICPMS measure-
ment conditions for the sole ablation of PM deposits, ablation of the
underlying stone could not be completely avoided. Therefore, we first com-
pare the exposed samples with their (clean) blanks. In Fig. 89 we can see
that the amount of Cd on the exposed stones is not statistically different
from the blanks. Moreover, crustal elements in the stone matrix (such as
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Mg, Mn and Na) hindered their accurate quantification in PM deposits.
Lower amounts of these elements were sometimes measured in the exposed
samples compared to blanks, which could result from the surface erosion
due to weathering and soluble minerals dissolution, but also from the mea-
surement error because of high blank signals.

Although surface analysis was difficult due to trace concentrations and
besides, removal processes also influence deposits, a general agreement
was found between airborne PM, s concentrations and PM deposits on
the stones. One such example is shown in Fig. 4 for Zn and Al on the shel-
tered marble samples. Zinc is connected with fossil-fuel combustion, and
is thus a typical winter pollutant, which is evident from both, PM5 5 and de-
posit measurements. On the other hand, Al is one of the crustal elements
and was thus especially enriched during the Saharan dust events. It should
be noted, however, that coarse particles (i.e. those bigger than 2.5 pm) also
influenced surface deposits compared to the filter results, which is
discussed below. Moreover, the winter measurement campaign was a bit
delayed with respect to the stone exposure, for which reason the mineral
dust storm only affected PM filter results and not stone surface deposits.
This is nicely seen in the dataset.

Although seasonality of the deposits was poorly pronounced and
depended on the element, we were able to statistically confirm some differ-
ences between the exposed stones (Fig. S10). Two characteristic features
could be identified in the elemental fingerprint of stone surfaces that
deserve special attention. Autumn enrichment in Mg, Mn, Na and Pb does
not correlate with airborne measurements (except for Pb) and points to
the contamination with soil, which indeed usually contributes to the coarse
PM fraction and not PM, 5. We attribute these observations to gardening on
the terrace where passive collectors were installed. The exception is Pb,
which can be linked with another PM source, that is road dust resuspension.
On the other hand, huge amounts of Al, Fe, K, Mg, Mn, Na and V in summer
samples can be linked with the Saharan dust advection, which correlates
well also with the measured airborne PM; 5 compositions.

These elemental analysis results are further supported by microscopy.
Especially the sheltered marble stone from the autumn campaign was full
of halite crystals (Na, CI), many of which must have crystalized after PM de-
position with the interference of some other (carbonaceous) material that
made crystals grow into irregular shapes (Fig. 5a). On the other hand, on
the surface of the sheltered limestone from the campaign, a pleth-
ora of coarse spherical particles that resembled biological pollen were
found (Fig. 5b). However, their composition (8i, Al, Fe) pointed to the fos-
silized diatoms or their auxospores, which are typical of desert depressions
such as Bodélé Depression of the Sahara Desert (Assmy et al., 2008; Todd
etal., 2007). All of these particles are coarse mode and did not contribute
ta our airborne PM; 5 concentrations, which explains the lack of agreement

b =

(b) —

e ™ e}
= 2001 . 4000 S
= ® 1 e}
,'\ @
& - =
£ T L | o
o 1504 * r 3000 g
5 1 e 1 3
= =
2 . g
8 1001 ] 2000 §
=i ' s 7z
< &
3 . :
£ @
o 501 r 1000 g
P == .

—_

T v T T
Autumn Winter Spring Summer

Fig. 4. Airborne (blue) vs. surface deposit (orange) concentrations of a) Al and b) Zn in four different seasons (November 2020-July 2021). Winter stones were not subjected

to the air masses from Sahara, which substantially influenced cc

ions of crustal el

on the filters, Statistically significant differences (p < 0.05) are marked with

asterisk (the more asterisks the more significant the difference).



Source Apportionment and Soiling Potential

EHT= 100k Signel i i
VD= 35 avearesa I\

Fig. 5. SEM image of a) irregular halite crystals on a sheltered marble (Na, CL, C) and b) di

between PM and surface concentrations for these particular elements.
Moreover, large particles are very easily removed and are not expected to
contribute to surface deposits in the long run.

When sheltered and unsheltered exposure positions are compared
(Table §5), less significant differences are found in the case of more hetero-
geneous limestone samples with more impurities in their original matrix. In
general, however, sheltered stones exhibited higher surface concentrations
of the measured elements than unsheltered stones exposed concomitantly.
This stems from the comparable PM deposition and limited removal
processes in the case of sheltered positions, while unsheltered stones were
rain-washed at least once during every campaign. Although one sample
set was exposed four-times, in all four consecutive campaigns, their elemen-
tal content rarely exceeded all the other four seasonal exposures (see
Fig. $10), even in the sheltered position. This points to the importance of di-
verse removal processes, besides rainfall.

3.3. Surface reflectance measurements

Reflectance measurements were evaluated in the CIELAB colour space
in order to distinguish between BC, a typical traffic-related pollutant emit-
ted in the atmosphere throughout the year, and biomass-burning related
BrC aerosol impacts peaking in cold seasons. The colour space uses L* for
lightness, and a* and b* indicate the four complementary colours of the
human vision (red-green and yellow-blue axes, respectively). While BC is
known to absorb light in the whole visible range, wavelength-dependent
light absorption is characteristic of BrC and increases towards the UV
range. Therefore, BrC compounds (as well as BrC particles) are typically
yellow-to-brown, which could reflect on a surface they deposit on, if only
the surface coverage is sufficient. This may cause changes of a* and b*.

Reflectance data for marble and limestone samples before and after the
exposure in four seasonal campaigns in sheltered and unsheltered positions
are shown in Table 86. First, L* is considered as a measure of soiling. In the
case of unsheltered white marble stones, significant difference was mostly
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detected between blank and exposed stones (except in winter). However,
surface lightness is increased and not decreased, which cannot be attributed
to the depasition of absorbing (BC) particles. Stone whitening was also ob-
served on almost all limestone samples that are originally greyish in colour.
As bleaching does not seem to correlate with ambient particle concentra-
tions in different seasons, non-absorbing acrosol deposition is not expected
to contribute in these short-term exposures. In fact, stone bleaching is usu-
ally attributed to optical effects due to weathering effects, as a consequence
of changes in the surface roughness (Marszalek and Skowrosiski, 2010).

Although BrC concentrations varied much more through the year than
the level of BC pollution, no significant colour changes were measured for
any of the samples exposed in one-month campaigns that could be corre-
lated with seasonal PM composition.

Besides one-month exposures, one set of stones was also exposed in all
four seasonal campaigns (Table S7). In this case, initial bleaching followed
by a gradual darkening of the surface was observed (except for the sheltered
limestone), which could be related to PM deposition (soiling). Again, the
colour of marble did not change significantly during the exposure, whereas
limestone exhibited more blue tones after all four campaigns (for both, shel-
tered and unsheltered positions). None of the analysed stones, however,
reflected in the yellow-red regions, which are typical of BrC components.

Although we cannot draw conclusions about BrC soiling based on the
monthly exposure data, the methodology seems appropriate for long-term
exposure studies which are ongoing in the laboratory, as air quality data
confirmed predomination of BrC particles over BC in the atmosphere. BrC
aerosols accounted for up to 60 % carbonaceous aerosol mass in the colder
part of the year (with minor contribution in summer), while BG remained
below 20 % in all seasons. However, the bigger PM amount does not neces-
sarily reflect in increased soiling, since optical characteristics play an
equally important role in the cumulative effect as the concentration.

Therefore, in Fig. 6 we further compare optical absorption of measured
carbonaceous aerosols by BC and BrC at 370 nm. The data show that BC
absorption still exceeds BrC absorption in all seasons and the difference in

Summer 2020 Autumn 2020 Winter 2021 Spring 2021 summer 2021 =
- (c) 30 A (d) - é
‘E 40 100 20 &
§
= 20 E
Z 2 75 20 15 _ I
E ‘ £
E
e 20 50 10
1) 10
3 10 25 5
= N
o] = [ 5 T T T 0T T o 0

00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00

T T
00:00 06:00 12:00 18:00

00:00 06:00 12:00 18:00
@370 nm  mmm bES

00:00 06:00 12:00 18:00
mm bYS —— bES fraction

Fig. 6. Seasonal diurnal profiles of optical absorption by the measured black carbon (b5S) and brown carbon (b%F) at 370 nm: median, Q1 and Q3.
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absorption is expected to be even bigger in the visible range of the
spectrum. Nevertheless, with applying BC limits at the national level and
more rigorous preventive measures for BC abatement, the situation may
change already in the near future.

4. Conclusions

We can conclude that fresh PM deposits on calcareous stone surfaces
roughly resemble the composition of airborne PM; the higher the exposure
to a particular pollutant, the bigger its amount on the stone surface in the
short run. In this sense, more polluted seasons and areas pose a bigger treat
to stone heritage objects, especially when it comes to fast corrosion processes.
On the other hand, we also show that particulate accumulates do not simply
sum up in the long run. Therefore, linear extrapolation from short-term expo-
sures could lead to erroneous prediction results. Although sheltering protects
stone surfaces from wet removal processes (e.g. rain wash, dew), other
removal processes such as surface-wind interaction seem comparably impor-
tant when considering PM accumulation on a surface.

Due to opposing effects of stone weathering causing optical whitening
of the surface and soiling, absorbing aerosol deposition could not be evalu-
ated in the performed 1-month campaigns. Nevertheless, we show that BC
absorption exceeded BrC absorption at 370 nm in all seasons, which con-
firms BC is still a predominant soiling factor in urban sites like Ljubljana,
Slovenia. This, however, can change in less polluted environments and in
the future, once BC emissions will be successfully mitigated.

In this study we advance a holistic methodological approach of other
groups (e.g Fermo et al. (2015); Winkler et al. (2022)) to studying PM
deposition, aging and removal processes on calcareous stone surfaces as
well as stone surface degradation with non- and micro-destructive tech-
niques, which can help predict the fate of cultural heritage objects in
polluted environments and adopt most suitable mitigation measures.
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Simple phenols (e.g. phenol, catechol, guaiacol, cresol) are emitted in the air mostly during
biomass burning and by traffic. They are toxic by themselves, however in the atmosphere,
they can act as precursors and be transformed to secondary phenols (e.g. by nitration,
oxidation), which are often more stable and more harmful for the environment (e.g. forming
BrC) and health (e.g. nitrophenols). Even though they are produced from the most
widespread anthropogenic sources, they are usually not measured in PM, since their
determination with GC/LC-MS is hindered by the semi-volatile character, limited water
solubility, poorly ionizable functional groups, and trace concentrations.

The article presents an LC-MS/MS method developed for the determination of simple
phenols in PM samples, by previous sample extraction and derivatization reaction using
DnsCl. The method does not include any pre-concentration step, which could result in a
loss of semi-volatile analytes.

During the method development, every step was carefully assessed to provide the
highest responses possible. Reaction conditions were optimized for the highest
derivatization efficiency specifically for the targeted analytes (e.g. solvent, buffer pH and
strength, reaction time and temperature, mixing conditions, and DnsCl concentration),
whereas HPLC mobile phases, columns and elution gradient were optimized for the best
analyte separation, and electrospray ionization (ESI)-MS/MS parameters for the highest
possible peak intensity, together with selective identification of analytes by specific
identification ions. The method was carefully validated in terms of extraction efficiency,
derivatization repeatability and product stability, blanks and robustness, precision, LOD,
linearity, measuring range, selectivity, and specificity of the measurement method. At the
end, seven winter and five spring ambient PM,; samples were measured, which were
collected on a terrace of the National Institute of Chemistry and carefully handled before
the analysis (stored in a freezer) to minimize the loss of semi-volatile components.

The developed method showed very good performance characteristics, such as very low
LOD below 0.2 ng mL™, precision within 10 % (except for catechol it was 18 %), sufficient
linearity range, a limited number of interferences (only p- and m-cresol interference were
identified), and robustness with long-term stability of derivatized analytes.

The analyzed PM samples exhibited the expected seasonal trend, with higher
concentrations in winter due to biomass burning for heating purposes, whereas we measured
the highest phenolic concentrations in the sample with the lowest average daily
temperature, which can be explained with a larger amount of biomass burned for
maintaining the indoor temperature. The highest concentrations were measured for
catechol, determination of which was found sensitive to the presence of metals in the
sample. Due to the formation of catechol-metal complexes, therefore, the addition of
ethylenediaminetetraacetic acid (EDTA) is recommended, which binds divalent metals and
restores catechol in its native form. On the other hand, phenolic concentration in the
summer samples was mostly below LOD, which could be both due to the absence of biomass
burning in that period and/or due to climatic conditions as is higher temperature causing
the distribution of semi-volatiles into the gas phase.

We compared our results with previously published data on nitrophenols in the same
city [83, 125], which also exhibit the seasonal winter-summer trend and are connected with
biomass burning emissions. Correlation was observed in the trends of nitrocatechol-
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catechol, exhibiting the highest concentrations in both cases, nitrophenol-phenol and
nitroguaiacol-guaiacol. Some relations between precursor-secondary compounds were
further suggested and with the developed method, more studies can focus on the levels of
simple phenols in ambient air, and phenolic precursors can be followed in fundamental
kinetic studies helping to understand reaction mechanisms in the atmosphere and formation
of secondary compounds.
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1. Introduction

Phenols are known toxic compounds causing respiratory tract irri-
tation (United States Environmental Protection Agency, EPA). For
phenol, PHE, and different isomeric cresols (methylphenols), CRE, ef-
fects on the blood, liver, kidney, central nervous system, and reduced
body weight have been reported in animal studies (EPA). Furthermore,
CRE and catechol (1,2-dihydroxybenzene), CAT, are even classified as
possible human carcinogens (EPA; International Agency for Research on
Cancer, IARC) and PHE, CAT, and CRE are listed on the Hazardous Air
Pollutants list (EPA, 2005).

Phenols (i.e. compounds pc a hydroxyt moiety) are
abundant in the air mostly due to anthropogenic activities, as are traffic
and biomass burning. In the atmosphere, semi-volatile phenols are
found in the gaseous phase or bound to particulate matter (PM). They
can be emitted as primary aerosols (mostly phenols originating from
wood lignin) or secondary aerosols formed from e.g. benzene, toluene,
and anisole in reactions with the atmospheric OH® produced from the
same sources (Pillar and Guzman, 2017). Although simple phenols are
considered predominantly gaseous pollutants, Campen et al. (2014)
showed that total engine emissions (including PM and volatile pollut-
ants) are more toxic than the PM or the gaseous phase alone. Moreover,
simple phenols can be precursors to even more toxic nitrated
mono-aromatic compounds (Pillar and Guzman, 2017; Finewax et al.,
2018; Kroflic et al., 2021; Feng-Yang et al., 2022) or secondary organic
aerosol (SOA)-forming hydroxylated phenols (He et al., 2019), which
are among others typical constituents of atmospheric brown carbon and
consequently influence Earth’s radiative forcing and induce global
‘warming.

Characterization and monitoring of atmospheric phenols, in the
gaseous phase and PM, are among the first steps to mitigating the con-
centrations of these toxic compounds in the air. Their determination in
both atmospheric phases would further contribute to more accurate
source identification and improve understanding of secondary aerosol
formation in the atmosphere, which is the major uncertainty in atmo-
spheric models (Intergovernmental Panel on Climate Change, IPCC,
2013). Although many researches include gas-phase phenol monitoring
(Pistonesi et al., 2010; Sturaro et al., 2010; Borhan et al., 2012), a sen-
sitive analytical technique for accurate determination of PM-bound
phenols in ambient samples is still lacking.

Determination methods for secondary phenols (e.g. nitrophenols,
carbonyl benzenes) in atmospheric PM are well established; usually, a
simple extraction in an organic or aqueous solvent is followed by liquid
chromatography-mass spectrometry (LC-MS) analysis (Hoffmann et al.,
2007; Kitanovski et al., 2012; Forbes, 2020; Liang et al., 2020;
Jakovljevi¢ et al., 2021). On the other hand, determination of simple
phenols as precursors to nitrophenols and aromatic acids is more
complicated and only a few studies have been conducted in this respect.
Due to their bipolar character - note relatively high volatility and high
water solubility are combined in a single molecule, their determination
by standard analytical techniques becomes challenging. The majority of
the works have used gas chromatography (GC)-MS for the determination
of phenols in ambient PM, however, they either involved samples of very
high concentrations (e.g. wood stove smoke) (Hawthorne et al., 1989) or
included derivatization reactions. In the latter cases, analytical methods
have only been applied to blank filters spiked with respective standards
(Jaoui et al., 2018), or real samples have been pre-concentrated with
evaporation to dryness (Morville et al., 2004) or solid-phase extraction
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(Moldoveanu and Kiser, 2007). Only two papers report on the usage of
high performance LC (HPLC) with UV detection, where no other
pre-treatment except extraction was needed; nevertheless, both focused
on concentrated samples, either tobacco (Risner and Cash, 1990) or
cigarette smoke (Moldoveanu and Kiser, 2007). Typical urban PM
samples, however, cannot be analyzed with HPLC-UV/VIS since the
sensitivity is likely not adequate and the selectivity is strongly
compromised by the sample matrix. These problems are usually over-
come by using mass spectrometry as a detection technique (ie.
HPLC-MS/MS). Although secondary phenols can be most easily detected
by LC-MS with an electrospray ionization (ESI) source, it is not the case
with their precursor phenols, at least not at concentration levels ex-
pected in ambient PM.

Simple phenols very poorly ionize in typical MS sources, such as ESI
or atmospheric pressure chemical ionization (APCI). Enhancement of
ionization efficiency can be achieved by tagging analytes with a deriv-
atization agent. Dansyl chloride (DnsCl) is a known derivatization re-
agent for the phenolic hydroxyl group and it has already been used for
the determination of phenols as biomarkers in urine (PHE) (Guo and Li,
2009), river, and sediment samples (PHE, p-CRE) (Xu et al., 2021).
However, none has provided optimal reaction conditions for
PM-relevant phenols, which is necessary for the detection at trace levels.
Nevertheless, the use of DnsCl is well established for some other
phenolic compounds, such as bisphenol A (Chang et al., 2010; Yang
et al., 2011; Wang et al., 2018; Yao et al., 2020), estrogens (Fan et al,,
2014; Ferreira et al., 2017), uridine (Chen et al., 2019), and alkylphe-
nols (Pernica et al., 2015) in different environmental and biological
samples and for the purpose of phenol submetabolome studies (Zhao
et al., 2016; Luo and Li, 2017; Mung and Li, 2017). The dansylation
reaction provides repeatable results and can enhance sensitivity by
100-fold (Guo and Li, 2009; Xu et al., 2021), which proves promising
also for the determination of phenolic traces in ambient PM samples.

Even though the derivatization reaction has already been established
for other analytes and samples, those parameters may not be optimal for
ambient PM. DnsCl is reactive toward bases (Gray, 1972), which means
that phenol has to be in a deprotonated form in order to react with it.
Moreover, labelling of target analytes with DnsCl is always in compe-
tition with DnsCl hydrolysis forming Dns-OH (m/z 251, data not shown),
which accelerates at pH > 9.5 and may lead to unsuccessful derivati-
zation due to reagent deactivation (Gray, 1972). Values of pKa for the
investigated phenols are in the range of 9.5-10.3 (Table S1) requiring
pH around 10 to ensure enough phenolate ions in the reaction mixture
for successful derivatization, which is in conflict with Dns deactivation
at these conditions. In the case of trace concentrations in PM, however,
the highest possible sensitivity is required, which can only be maximized
with precise optimization of reaction pH and other relevant parameters.

In this work, we present a method for the determination of target
phenols (PHE, CAT, CRE, guaiacol (2-methoxyphenol, GUA)) in atmo-
spheric PM by LC-(ESI)-MS with prior derivatization with DnsCl.
Derivatization conditions were optimized and the proposed protocol is
validated against the measuring range, linearity, precision, robustness,
interferences, and extraction efficiency. In the end, seasonal PM samples
from Ljubljana, Slovenia are successfully analyzed.

2. Material and methods
2.1. Reagents and chemicals

Phenolic standards (PHE, CAT, GUA, m-CRE, p-CRE, o-CRE; purity
>98%), DnsCl, sodium bicarbonate (NaHCOs), and sodium carbonate
(Na2COs; suprapur) were purchased from Sigma-Aldrich/Merck
(Darmstadt, Germany). Solvents (methanol, MeOH, acetonitrile, ACN)
and formic acid, FA, for extraction and mobile phase preparation were
used at the required purity for the respective technique. Acetone used
for DnsCl dissolution was purchased from Honeywell, Chromasolv™ for
pesticide residue analysis. Milli-Q (MQ) water was daily collected fresh
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from the Millipore purification system (Bedford, MA, USA).
2.2. Sample collection

Ambient PM samples were collected on the roof of the National
Institute of Chemistry (Ljubljana, Slovenia) by a low-volume PM
sampler (Giano, Dado Lab) on 47 mm diameter quartz fiber filters
(PALL), sampled for 24 h each. Ljubljana is the capital of Slovenia with
287,000 inhabitants. It is representative of an urban environment with
predominant traffic emissions, some smaller industrial plants, and do-
mestic combustion emissions as major air pollution sources. The samples
were collected in January-February and May-June 2021. Details on the
collected samples are summarized in Table S2.

PM mass was determined gravimetrically (Sartorius micro; 1 pg
sensitivity), with prior conditioning of the filters for at least 1 day at 20
+ 1 °Cand 48 + 5% relative humidity (according to EN12341:2014). To
prevent evaporation of volatile components from the filters, the samples
were stored air-tight in a freezer at —20 °C and defrosted before
extraction and analysis.

2.3. Stock solutions and PM extracts

Stock solutions of phenolic standards used for the optimization of
derivatization reaction and analysis conditions were prepared by
dissolution and/or dilution of solid/liquid standards in different sol-
vents. For details see section 2.4 and Supplementary information, SI,
section 2.2.

Ambient PM samples were extracted as described before (Kitanovski
etal., 2012; Frka et al., 2016), with minor alterations. After defrosting in
a desiccator, a filter subsample (two square punches of 1 cm?, corre-
sponding to 19% of the total sampled area) was taken and cut into small
pieces with ceramic scissors. The subsample was extracted with addition
of 1 mL 80% ACN in MQ water on an orbital shaker (1 h, 400 rpm,
23 °C). At the end of extraction, broken filter fibers and undissolved
particles were removed by filtration through a syringe filter (poly-
tetrafluoroethane (PTFE), 0.45 pm pore size).

2.4. Derivatization reaction

In the derivatization step (reaction in Scheme 1), three solutions are
mixed together: (i) 300 pL standard solution (hereafter denoted as STD
mix) or sample extract in the corresponding solvent, (ii) 400 pL sodium
carbonate/bicarbonate buffer (Na2COs/NaHCOs), and (jii) 300 pL DnsCl
dissolved in acetone. The influence of every mixture component was
tested and optimized, as are solvents for standards and sample extrac-
tion (MQ, ACN, MeOH, 50% MeOH, 50% ACN, and 80% ACN; all per-
centages refer to dilution with MQ water), buffer pH (8.9-12.0) and
strength (10-500 mM), and concentration of DnsCl (0.1-3 mg mLh).
The total volume of the reaction mixture was adapted to approximately
1 mL to fitinto HPLC vials, with the corresponding volumes of particular
components similar to previously published works (Guo et al., 2011).
The reaction mixture was shortly vortexed and incubated on a heated

o] 0
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Scheme 1. Derivatization reaction of phenols with DnsCl.
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magnetic stirrer with a MonoAluBlock™ (Velp Scientifica) segment for
optimal temperature transfer, while the temperature was regulated by a
thermometer in a reference vial. Reaction conditions were further tested
for different reaction times (5-180 min), temperatures (23-80 °C), and
the use of mixing (800 rpm) or non-mixing conditions.

After incubation, the vials were cooled down for 5 min and FA was
added to lower the pH of the reaction mixture to approximately 3.5-4
quenching the reaction and ensuring compatibility with used HPLC
columns. Before injection to HPLC, the final solution was filtered
through a PTFE syringe filter (0.22 pm).

During the optimization procedure, STD mix was mostly used as a
source of target analytes. Among the targeted phenols, CAT is an
exception having two possible reaction sites for Dns labeling. If both
sites are dansylated in comparable amounts, the sensitivity is non-
acceptably compromised, therefore, CAT labeling was optimized for
the doubly dansylated product (CAT-Dnsz). For the optimization of
DnsCl addition, another experiment was performed with use of an
ambient PM sample. The required (stoichiometrically in excess) con-
centration of DnsCl for the derivatization of target components was
determined, bearing in mind possible DnsCl hydrolysis and given that
DnsCl also reacts with other basic compounds such as amines and other
analytes containing the phenolic moiety (Gray, 1972); however, those
are out of scope of this manuscript and were not evaluated. It has been
shown, however, that as long as a severalfold excess of DnsCl is used,
absolute DnsCl concentration is important for the reaction yield and not
its excess (Gray, 1972). Therefore, for this experiment, a winter PM
sample was used (collected 29.1. 2016 in Maribor, Slovenia; donated by
Slovenian Environment Agency) since higher concentrations of phenolic
pollutants are anticipated due to seasonal biomass burning sources and
specific meteorological conditions such as temperature inversion.
Detailed description of optimization experiments can be found in SI
section 2.2. and Table S3.

2.5. HPLC method

Optimization of the derivatization reaction step was mostly per-
formed on an ultra-high-performance LC (UHPLC)-diode array detection
(DAD) system (UltiMate 3000 RS; Thermo Scientific, U.S.A.) in order to
also observe unreacted phenols, which is not possible with LC-MS (vide
supra). An HPLC method for the separation of derivatized and under-
ivatized analytes was first adapted from the literature (Guo and Li,
2009). Different HPLC columns, mobile phases, and mobile phase gra-
dients were tested (see Table S4). The parameters that were fixed are
injection volume (10 pL), column temperature (30 °C), and UV/VIS
detection wavelengths (275 and 350 nm for unreacted phenols and
dansylated products, respectively). The flow rate of 0.3 mL min™! was
used in combination with a 3 pm particle size column, whereas at testing
smaller particle sizes (i.e. 1.6 pm), the flow rate was reduced to 0.2 mL
mint,

Special attention was paid to the separation of isobaric interferences
relevant for ambient PM (e.g isomeric CRE species, and GUA and
methylcatechols, MC), to provide best method specificity. Note also that
derivatization of CAT can result in two different products (CAT-Dns and
CAT-Dnsz) with distinct retention times on a column.

For LC-MS determination, the optimized HPLC method was trans-
ferred to a similar UHPLC instrument coupled with a triple quadrupole/
linear ion trap mass spectrometer (4000 QTRAP LC-MS/MS System;
Applied Biosystems/MDS Sciex, Ontario, Canada). The method was only
slightly adapted at this step and is reported in this paper as part of the
optimized method parameters (Table 1).

2.6. ESI-MS parameters
Positive mode ESI proved to be appropriate for the ionization of

derivatized phenols. Analytes were detected in the multiple-reaction
monitoring mode (MRM), measuring two product ions for every
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Table 1
Optimal parameters for UHLPC-MS/MS determination of dansylated phenols.

Optimal HPLC parameters

Column
Mobile phases

Luna Omega C18 (2.1 x 150 mm, 1.6 ym), Phenomenex
A: 0.1% FA in MQ
B: 0.1% FA in MeOH

Injection volume 10 uL
Column 30°C
temperature
Flow rate 0.2 mL min”'
uv/vIS 275, 350 nm
detection”
Gradient (B) 0-2 min 30%
2-9 min 30-75%
9-25 min 75%
25-31 min 75-90%
31-40 min 90%
40-45 min 30%
Optimal MS parameters
Analyte MRM Declustering potential  Collision energy
transitions' w) w)
PHE-Dns 328.1 - 171.2 60 32
3281 — 3133 30
GUA-Dns 358.2 - 171.2 65 30
358.2 — 294.0 20
CRE-Dns* 3422 - 171.2 55 35
3422 — 3269 27
CAT-Dns* 3442-171.2 60 30
3442 - 156.3 50
CAT-Dnsz 577.2 - 170.3 70 50
577.2 — 186.0 50

 Only used for derivatization reaction optimization and applicable to high-
concentration samples.

Y (4)ESI ionization; m/z 171 and 156 originate from Dns fragmentation and
are used for quantification, other product ions have smaller intensities and are
used for identity confirmation only; acquisition times for all ions were 100 msec.

© All CRE-Dns isomers have the same characteristic transitions. Only o-CRE is
selectively measured based on a distinct retention time.

not in use, because the derivatization reaction was optimized so that ma-
jority of CAT molecules got transformed into CAT-Dns2.

analyte at the time (quantification and identification ions).

For the precursor ions, molecular mass of each analyte was increased
by 234 Da for one Dns tag [M-Dns + H] " or 467 Da for two Dns tags [M-
Dnsz+H] ™ in the case of CAT-Dnsz (Guo et al., 2011). During the opti-
mization, the declustering potential (DP) and collision energies (CE)
were determined for every analyte and its selected product ions,
respectively. The ion spray voltage was set to 5000 V for all experiments.
For quantification, product ions with the highest intensity were deter-
mined, which turned out to be ions at m/z 171 and 156 Da, both
resulting from Dns fragmentation (Chang et al., 2010). Only in some
cases, other specific product ions could be found (presumably not
originating from Dns fragmentation), which were used for identity
confirmation.

2.7. Performance evaluation

Performance of the developed method for the determination of trace
phenols in environmental samples starting with sample preparation step
(dansylation reaction) followed by LC-MS analysis was evaluated by
determining the limit-of-detection (LOD), linearity, precision, and
robustness for every analyte separately.

For the evaluation of homoscedastic properties, six repetitions of a
calibration curve (from 0.05 to 3000 ng mL- plus the reagent blank;
concentrations refer to concentrations in STD mix) for PHE, CAT, GUA,
and 0-CRE and three repetitions for m-CRE and p-CRE were evaluated.
The linearity and homoscedasticity were visually assessed from the
plotted linear regression models and the corresponding residual plots.
Linearity, later also referred to as a measuring range was further eval-
uated by a combination of HPLC-DAD and LC-MS measurements, to
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overcome single detector capabilities.

Limit of blank (LOB, (1)) and LOD, (2) were calculated according to
Armbruster and Pry (2008), with coefficients of the tabulated t-values
corresponding to the number of repetitions at 95% confidence level (i.e.
2.015, except for 2.920 in the case of p/m-CRE) (Desimoni and Brunetti,
2015).

LOB =mean,agen biank + 1 (SDreagent biank) 1)

LOD =LOB + 1 (SDiow: concentraion seample) @

Reproducibility was assessed by a relative standard deviation (RSD)
of repetitions calculated over the whole concentration range and the
maximum RSD in the range of expected ambient sample levels was taken
as the precision of the method.

Data analysis was performed with use of Chromeleon 7.2 SR4
(Thermo Scientific) and Analyst software, version 1.5 (Applied Bio-
systems/MSD Analytical Technologies Instruments), and the statistical
analysis was performed in program R with included dplyr, Imtest (Zeileis
and Hothorn, 2002), and tibble (Miiller and Wickham, 2019) packages.

The influence of blanks was also investigated and they were sub-
tracted when necessary. Blanks were prepared for every step of the
developed method (reagent and filter blanks; see SI section 2.3), to
investigate if impurities from the solvents, reagents, or filter matrix
contribute to the signal.

Robustness of the dansylation reaction was tested by comparing
different combinations of reaction time (30, 60, 90 min) and tempera-
ture (23, 40, 60 °C). The experiment was conducted on two standard
mixes (at 0.2 and 200 ng mL™") and one PM sample (collected February
9, 2016 in Maribor; donated by Slovenian Environment Agency), and
performed in three replicates. RSD was calculated for every measure-
ment condition to examine in what extent the reaction parameters in-
fluence the reaction yield. Stability of dansylated products was further
assessed by a repetitive measurement of one standard mix and one
sample 14 days after the reaction had been performed. Between the
measurements, the samples were stored in a refrigerator and quantifi-
cation was always made with use of a fresh calibration curve.

For the evaluation of extraction efficiency, blank filters were spiked
with a standard mix, since no commercially available certified reference
material (CRM) exist for phenols. Equal areas of blank filters as used for
sample extraction were spiked with two different standard concentra-
tions (500 and 5000 ng mL~, 20 pL spiking volume) and dried in a
refrigerator to reduce analyte evaporation. Four replicates were made
for every concentration, except for m-CRE and p-CRE with only two
replicates performed. After the solvent had evaporated, the filters were
immediately processed in the same way as PM samples.

2.8. Real sample analysis

For quantification, a weighted linear calibration curve incorporated
in the Analyst software was used (weighing factor as appropriate for
every analyte: x! or x?), substantially improving fitting in the lower
concentration range where the majority of analytes were measured.
Blank filter was processed simultaneously with the samples and its signal
was subtracted from the sample signals in the case of PHE (blank con-
centrations for CAT, GUA, o-CRE, and p/m-CRE were below LOD).

3. Results and discussion
One parameter at the time was optimized in the course of method

development. Optimal instrumental parameters are summarized in
Table 1 and described in detail in SI.

3.1. Optimal chromatographic separation and detection parameters

All target analytes were successfully separated on the column (Fig. 1,
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Fig. 1. Mobile phase gradient and analyte retention times as measured by HPLC-DAD during the optimization. HPLC chromatograms on the right (gathered in b,c,d)
were measured for each analyte separately. Peak heights are not in scale and are only used to present separation efficiency. The two DnsCl peaks are presumably
unreacted DnsCl and its hydrolysis product (Dns-OH), however, since their m/z were not confirmed on ESI-MS, both peaks are labeled as DnsClL.

Table S5), except for p/m-CRE-Dns, which co-elute at the same retention
time, RT. Although we could not achieve separation of p/m-CRE-Dns,
their quantification should be possible considering distinct ratios of
the m/z 171.2 and 326.9 product ions for the two compounds
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(approximately 10:1 for m-CRE-Dns and 25:1 for p-CRE-Dns). However,
differentiation is limited by the poor sensitivity of the m/z 326.9 ion and
measurement uncertainties. The possibility of p/m-CRE-Dns separation
is, therefore, conditioned by their concentration in a sample. On the
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CAT could not be detected, likely due to poor retention on the column and coelution with solvents. Absorbances at different wavelengths were measured for
unreacted and dansylated phenols, therefore their absolute signal intensities cannot be compared. Detailed reaction conditions for all these experiments are found
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other hand, other expected isobaric interferences, such as GUA and MC,
were successfully separated on the UHPLC basis.

3.2. Dansylation reaction optimization

The following reaction parameters were determined optimally for
the group of targeted phenols: 80% ACN in MQ water as a STD mix/
extraction solvent, 50 mM carbonate buffer pH 10.1, 1500 ng mL™"
DnsCl considering the applied concentrations and volumes or npasci/
Nggandards > 3.0 for any other case, and 40 min reaction at 40 °C under
mixing conditions. Detailed description and comments on reaction pa-
rameters optimization are found in SI, along with the graphical repre-
sentation of results for DnsCl amount optimization on ambient PM
sample (Fig. 51) and the comparison of mixing and non-mixing condi-
tions (Fig. 52).

The solvent had the highest influence on the measured signal in-
tensity, with ACN performing best and MeOH (Fig. 2a) the worst; similar
results were reported for alkylphenols (Pernica et al., 2015). The buffer
pH and DnsCl amount (Fig. 2b—c) were optimized with regard to the
competitive hydrolysis side reaction, which always consumes a part of
DnsCl and thus has to be added in excess (Gray, 1972). The reaction time
did not significantly influence the reaction yield (except for CAT) and
the signals were the highest at room temperature (23 °C, except for CAT)
(Fig. 2d), although the most frequently used reaction conditions in the
literature are at elevated temperature (appx. 60 °C) and at 1 h reaction
time (Guo and Li, 2009; Guo et al., 2011; Pernica et al., 2015, 2021).
However, since it is easier to provide stable reaction conditions at
temperatures slightly above room temperature, 40 °C was finally chosen
for further analyses.

3.3. Method validation

The developed method was evaluated in respect to several validation
parameters (Kruve et al., 2015) which are shown in Table 2,

Selectivity and specificity of determination were achieved by sepa-
ration of the analytes on an HPLC column and measurement of specific
mass to charge ratios (m/z value), together with characteristic product
ions for the target phenolic compounds (MS/MS determination). The
only identified interferences are thus p-CRE and m-CRE, since they
exhibit the same MRM transitions and also elute at the same retention
time. For this reason, p-CRE and m-CRE are detected together and 10%
underestimation is estimated if a sample contains only m-CRE and is
calibrated by p-CRE (and vice versa). Although p- and m-CRE-Dns show
different ratios of m/z 171.2 and 326.9 product ions (vide supra), con-
centrations of p- and m-CRE in PM samples are mostly too low to allow
for their separation on this basis.

Overall, the method exhibits good precision for all analyte standards
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(RSD below 7%, except for CAT below 18%, dependent on concentra-
tion), and the test PM sample (below 5% for GUA, o-CRE, and p/m-CRE;
PHE and CAT were not detected). Refer here to Table 2.

Linearity was examined at two different levels: for the dansylation
reaction and for the analyte detection by LC-MS. For the LC-MS analysis,
linearity was confirmed below approximately 100 ng mL-'. Note, how-
ever, that the upper limit concentration is not problematic for the
application, because the observed concentrations in ambient PM sam-
ples are very low (below 5 ng mL-!, except for CAT around 100 ng mL!
in one single sample). For the lower concentration limits, see LODs in
Table 2. Nevertheless, combining the lower measurement range of LC-
MS (roughly 0.05-100 ng mL™) with the higher measurement range
of HPLC-DAD (roughly 50-5000 ng mL-'), we were able to achieve
linearity over a wide concentration range investigated (below
0.06-5000 ng mL~" for all analytes, except CAT-Dnsz 0.2-5000 ng mL).

In order to qualify for simple linear fits linear models should further
meet the condition of homogeneously distributed residuals. Our cali-
bration curves, however, showed heteroscedastic characteristics, i.e. the
variance was increasing with concentration. Therefore, different
weights (e.g. x’l, x’Z) and transformations (e.g. log(y) and log(x)) were
applied to find the most appropriate calibration model. The best
correction was achieved with log(y) and log(x) transformations
(Fig. S3), however, a weighted linear model build in Analyst software
was also found adequate for real-sample analysis (vide infra). All cali-
bration curves exhibited statistically significant relationship between
variables (p-values < 0.05), with good fitting to the observed data set
(R* > 0.99).

The derivatization step proved robust, given that small differences in
the reaction time and temperature did not lead to higher uncertainty
(RSD between repetitions of different combinations of reaction time and
temperature was below 5%, except for CAT 7% at 200 ng mL).
Moreover, the dansylated products are stable if refrigerated for at least
14 days (longer time periods were not tested).

For ambient PM sample quantification, impurities in filter blanks
may also interfere with the measurement and should be carefully
considered. In our case, blank filters contained PHE interference, which
had to be subtracted from the sample signals (see the next section).

3.4. Method application

The developed method was applied to 12 ambient PM; 5 samples
from Ljubljana (7 winter and 5 spring samples, see Table 52). Extraction
efficiency determined by spiking blank filters with liquid compound
standards were 50-70% (see Table 2), and the concentrations deter-
mined in PM samples were corrected accordingly. Although we did not
opt for extraction optimization (e.g. multiple extraction steps or higher
solvent volumes and subsequent evaporation could do better), we

Table 2
Parameters characterizing method performance.
Analyte LOD for LC-MS (ng  LOD for HPLC-DAD Extraction Linearity” (ng Precision’ Product Measuring range” (ng  Interferences”
mLY)! (ng mL-"y" efficiency (%) mL) (%) stability mL")
PH-Dns 0.05 41 60 LOD-100 5 >14 days 0.05-5000 unknown
GUA-Dns 0.05 60 55 LOD-100 7 >14 days 0.05-5000 unknown
0-CRE- 0.06 80 70 LOD-100 7 >14 days 0.06-5000 unknown
Dns
p-CRE- 0.05 44' 50 LOD-100 5 >14 days 0.05-5000 m-CRE
Dns
m-CRE- 0.03 44' 50 LOD-100 4 >14 days 0.03-5000 p-CRE
Dns
CAT-Dnsz 0.2 60 60 LOD-100 18 >14 days 0.2-5000 unknown

“ Absolute concentration in the final solution.
® Linear range of LC-MS calibration curve.
©

4 measurement range (LC-MS and HPLC-DAD together).

maximal RSD measured in the LC-MS range. At higher concentrations, RSDs were typically 4-25 times lower.

© Only interferences at the same RT are listed; interferences solved by separation on the column are not included.
f m- and p-CRE-Dns determined together in one peak, as a sum of p- and m-CRE-Dns.
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attribute moderate analyte recoveries to the volatile nature of the
studied phenols (analytes could be lost e.g. already during drying of the
spiked filter, which would only escalate during solvent evaporation, if
applied). Special care was thus also given to sample handling and stor-
age. We kept the samples in a freezer and after defrosting, they were
analyzed as soon as possible.

At this point it is worth nothing that due to semi-volatile charac-
teristics of the targeted analytes, sampling procedure is also very
important. At certain conditions in time (e.g temperature, analyte
concentrations), semi-volatile compounds are in balance between par-
ticulate and gas phases; however, during 24 h sampling the conditions
and the balance vary, which can result in desorption or absorption of the
analytes from/on the PM already collected on a filter. The standard
EN12341 specifies the recommended flow rate and temperature limi-
tations to minimize the loss of semi-volatiles, which are then considered
zero by convention (EN12341:2014). However, when planning air
sampling campaigns, where semi-volatiles are of interest, it might be
worth considering to adjust sampling start/end time to sunrise, when the
temperatures and consequently evaporation of analytes are the lowest.
‘When using sequential PM sampler, interday temperature variability can
also cause loss of analytes from the sampled filters, therefore, after
sampling, filters should be stored in a cooled compartment as described
in detail in EN12341.

The majority of analytes in spring samples were below LOD (PMy 5
masses were also low, mostly below 10 pg m™), except for one spring
sample where we detected p/m-CRE, which might be the result of
increased automobile exhaust from a local construction site. As ex-
pected, winter samples with higher PM, 5 masses (above 20 pg m~ in
days with average daily temperature close to or below 0 °C) also
exhibited higher/detectable concentrations of phenols (Fig. 3 and
Fig. 54). The only sample in which all target analytes could be quantified
was the one with the highest PM mass (80 yg m™) and the lowest
average daily temperature (—3.9 °C), which seems reasonable due to
increased biomass burning for heating purposes.

Among the measured analytes, CAT concentrations were the highest,
corresponding to its lowest volatility and highest water-solubility
(Pubchem, National Library of Medicine). Low concentrations of GUA
were detected in a majority of winter samples, whereas PHE and CRE
were above LOD in only a few. 0-CRE was detected in one single PM
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Fig. 3. Concentrations of phenols in urban PM2.5 samples. The dots represent
different samples named after the date of sampling. Only winter PM samples
which exhibited values above LOD are presented. In the case of p/m-CRE, LOD
and LOB of m-CRE are considered (p-CRE has higher limits; see Table 52). The
results for CAT without EDTA addition are shown.
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sample (the one with the highest PM mass, though), while p/m-CRE
were above LOD in several samples, probably due to their cumulative
determination in a single chromatographic peak. As already mentioned,
we were unable to distinguish between m-CRE and p-CRE in the samples,
because their concentrations were too low to be determined on the basis
of their fragmentation patterns.

In the atmosphere, simple phenols can act as precursors to secondary
organic aerosols and their nitrated analogues are known SOA tracers
(linuma et al., 2010; Finewax et al., 2018; Wang et al., 2019). According
to the literature data for the same sampling site (Ljubljana), nitrated
phenols show a similar pattern of analyte distribution to our targeted
phenols (Kitanovski et al., 2012; Frka et al., 2022). High concentrations
of nitrated phenols are typically observed in winter PM samples (10-to a
few 100-times higher than in summer), correlating well with increased
biomass burning emissions. The highest concentrations have been
observed for 4-nitrocatechol, which corresponds to the highest
measured concentrations of CAT in this work and implies a possible
precursor-product relationship, which needs to be further investigated.
Nitrophenol and nitroguaiacol concentrations were a few-times lower
than those of nitrocatechols (in some winter samples even below LOD),
similar to the results for PHE and GUA in our study. Methylni-
trocatechols again followed the winter-summer trend of their tentative
precursor CRE, however, some methylnitrocatechol concentrations were
extremely high, even close to the level of nitrocatechol, which could
imply that nitration of CREs is not the only source of methylni-
trocatechols in the atmosphere. Overall, the measured concentrations of
precursor phenols were a few times lower than their secondary nitrated
analogues (except for GUA exhibiting similar concentrations to nitro-
guaiacols in the samples), which indicates rapid nitration reactions in
the atmosphere, higher volatility of precursor phenols and/or better
stability of SOA markers and their longer persistence in the atmosphere.

Furthermore, PM samples contain a mix of various components,
including metals (Ogrizek et al., 2021, 2022). It is known that catechols
form metal complexes in aqueous solutions (Xu, 2013), which could
hinder the dansylation reaction (Miyano et al., 1985). These complexes
can be reversed by the addition of a stronger metal-chelating agent
compared to catechols, e.g. ethylenediaminetetraacetic acid (EDTA).
However, in this case, special caution should be put to the addition of
DnsCl, since EDTA also consumes a part of the reagent (Miyano et al.,
1985). With the addition of 409 uM EDTA in the extraction solvent and a
double amount of DnsCl we measured 2-times larger CAT concentrations
in the same samples, while other analyte signals (PHE, GUA, CRE) were
not affected by EDTA addition.

3.5. Conclusions

In this study, we present an analytical method for the determination
of simple phenols in ambient PM by LC-MS with prior derivatization
with DnsCl. Instrumental parameters and reaction conditions, including
the concentration of derivatization agent were optimized to obtain the
best sensitivity and precision for trace detection of PHE, CAT, GUA, and
CREs in environmental samples, which was assessed through partial
method validation. The developed method is specific and selective (only
minimal interferences were identified), robust, and forms stable analy-
tes, for at least two weeks. Linear response is shown over the desired
concentration range, with heteroscedastic characteristics that were
addressed by applying a weighted linear regression. High precision and
very low LODs were obtained for all dansylated analytes; however, in
spring PM samples, for which biomass burning is not typical (in contrast
to winter), concentrations of target phenols were mostly too low to be
determined.

In contrast to their substituted analogues, such as nitrophenols and
aromatic carboxylic acids, simple phenols have not been measured in
PM samples until now because of sensitivity limitations. One could
argue that simple phenols are volatile and thus predominantly distrib-
uted in the atmospheric gaseous phase; however, their abundance (even
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if low) and correlation with the related secondary products (e.g. nitro-
phenols) could shed light on secondary organic aerosol formation
pathways, which is made possible with the method developed in this
study. The targeted phenols, however, are not the only analytes in PM
that react with DnsCl. Some unknown peaks with the same MRM tran-
sitions to GUA were detected in most PM samples. Possible candidates
for those unknown peaks are methyl-catechols, but their RT have not
been confirmed.

It should be noted at this point that the amount of derivatization
reagent cannot be simply adjusted for more or less concentrated sam-
ples. Namely, ensuring a stable pH, hydrolysis becomes a pseudo-first
order reaction (note the concentration of OH™ is constant), which is in
competition with the second-order labelling reactions. During the
experiment, as the concentration of reactants (but OH") is reduced, the
rate of second-order rate reactions drops down faster compared with the
pseudo-first order side reaction, favoring hydrolysis. A similar behavior,
however, is expected at low-concentration samples. Therefore, we
optimized the method for samples with high concentration and even if
one expects lower concentrations of phenols in a sample than used
during optimization, it is not appropriate to significantly reduce DnsCl
concentration in the reaction mixture. In the lower concentration
regime, the labelling reaction will be slower, whereas hydrolysis reac-
tion rate will not change comparably. Consequently, proportionally
more DnsCl will undergo hydrolysis and a greater excess will be needed
in order to complete derivatization. To overcome this, the same amount
of DnsCl is suggested for low- and high-concentration samples, so that a
larger excess of DnsCl is automatically achieved in case of lower analyte
concentrations. For samples from strongly polluted environments,
however, we suggest the amount of DnsCl be confirmed sufficient.

We show in this paper that although simple phenols are considered
relatively volatile, they can be found in atmospheric particulate phase,
especially in colder seasons and in areas affected by biomass burning
emissions. There, they could act as precursors to aqueous-phase sec-
ondary organic aerosols, which needs to be confirmed with simulta-
neous determination of precursor and nitrated phenols in seasonal PM
samples. Moreover, PHE is often ¢ d in polluted er from
industrial, agricultural and domestic activities; although the developed
method is optimized for PM, it could also be used for other environ-
mental samples, with slight modification in respect to sample prepara-
tion and concentration levels.
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Chapter 4
Conclusions

The presented dissertation contributes to the scientific field by providing two new methods
for better characterization of atmospheric PM, which is most commonly collected on the
universal quartz fiber filters. The first method for the characterization of elemental
composition by the direct analysis of PM captured on a filter with LA-ICPMS was
developed as a better alternative to the current standard MW /ICPMS method, providing
more accurate determination of more elements without producing any toxic waste and
burdening the environment. The second method for the determination of phenolic
compounds by LC-MS with previous derivatization with DnsCl was intended for studying
phenolic composition of ambient PM and further the mechanisms of their transformations
in the atmosphere. By evaluating the method performance and by their application to real-
life PM samples, we demonstrated that they are consistent with good analytical practices
and can be applied for the intended purposes and even wider.

The goal of the dissertation was summed up in six hypotheses, which were addressed
in the four presented articles and one manuscript. The first four hypotheses assumed the
possibility of PM elemental determination with LA-ICPMS and the last two hypotheses
referred to the analysis of particulate simple phenols by LC-MS/MS.

The first hypothesis assumes the feasibility of accurate determination of the elemental
composition of PM collected on quartz fiber filters (i.e. PM samples) by LA-ICPMS. The
method was developed and presented in Article 2. The method exhibits good performance
in terms of accuracy, low LOD, and multi-element determination of at least 20 elements
at a time. Additionally, in the paper, the generally accepted “homogeneity” of PM samples
was questioned and the sufficient size of a sample needed for accurate LA-ICPMS analysis
was statistically determined (i.e. 3 X 12 mm?). Smaller sizes did not provide results
representative of the whole PM sample. The calibration of LA-ICPMS measurements is
often difficult, so even in our case it did pose some challenges, since matrix-matched
standard for the elemental composition on quartz fiber filter is not commercially available,
and the one intended for OC/EC determination (i.e. NIST RM 8785) was found
inappropriate. An alternative approach of exploiting k-INAA for the standard production
turned out suitable for the calibration purpose, however, it is not practical when it comes
to regular air-quality monitoring. The absolute method k-INAA was also used for testing
the accuracy of the developed LA-ICPMS method, where no statistical difference between
the methods was observed for all the compared elements. Therefore, based on the resulting
good analytical performance of the developed LA-ICPMS method, I can confirm the first
hypothesis.

In the second hypothesis, performance of LA-ICPMS compared to the standard
MW/ICPMS method was questioned, as well as its potential to replace the standard
method in air-quality monitoring activities in the future. These questions were addressed
in Articles 1 and 2. In the second paper, the same ambient samples were analyzed with
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three different methods (developed LA-ICPMS, standardized MW /ICPMS, and absolute
k-INAA). The results of comparison show higher agreement of LA-ICPMS with the
absolute method k-INAA than of MW/ICPMS with k-INAA, which points to the higher
accuracy of LA-ICPMS and insufficient digestion efficiency in the case of the standard
method for some elements. Based on this experiment, I can confirm the first part of the
second hypothesis, stating that the performance of LA-ICPMS is comparable or even better
than that of the standardized MW /ICPMS method. The second part of the hypothesis on
the potential of LA-ICPMS to become a standard method in the future was critically
assessed in the first article. This review paper summarizes the analytical background of the
elemental determination of PM and presents drawbacks of the established standard method
from different perspectives. State-of-the-art alternative methods most commonly used in
atmospheric chemistry research were identified and carefully examined through detailed
literature research for their potential to replace the current standard method. One
important aspect of assessing alternative methods was the capability of analyzing PM
collected on a fiber-based material, as the uneven surface can be a challenge for surface-
based techniques. From this aspect, LA-ICPMS turned out as the most promising
technique, confirming also the second part of the second hypothesis, because it was
recognized as the only green, multi-element, and accurate method capable of analyzing PM
directly from the most widely-used quartz fiber filters.

Even though LA-ICPMS was proven better than the established standard method,
monitoring agencies typically do not possess LA systems. The 193 nm LA system used for
method development in the second article is quite a substantial initial investment,
therefore, the possibility of a more affordable LA system would definitely ease the transition
to this greener analytical technique and assure wider use of the method. One option of the
more affordable LA system is a solid state laser with a 213 nm wavelength. For this reason,
the third hypothesis assumes that elemental determination is feasible also with a more
affordable 213 nm LA system. This hypothesis was addressed in Manuscript 3, where the
developed LA-ICPMS method was adapted and optimized for the 213 nm LA system. After
we had demonstrated that PM samples can be successfully analyzed by the alternative LA
system with use of the new set of optimal instrument parameters, the accuracy of the
measurement was further assessed by comparison with the 193 nm LA system and the
standard MW /ICPMS method. The comparison of all three methods did not show any
statistical differences, confirming that the determination with 213 nm LA system is as
accurate as the other two tested methods. Still, the 193 nm LA system had some benefits
in terms of lower LOD and higher sensitivity for some elements (e.g. Ba, Cd, Pb, Sb, Sn,
and T1), but generally, 213 nm LA was proven suitable for the monitoring purposes since
it meets the criteria for limit values, LODs and measurement ranges in the relevant EU
Directives. Therefore, I can conclude that 213 nm LA-ICPMS is a green, multi-element
method that could replace the standard method in the future, and due to its affordability
it will ease the transition to green analytical methods in air-quality monitoring sector.
According to these findings, I can confirm the third hypothesis.

After the LA-ICPMS method had been developed, we applied it in a research project
on ambient PM, 5 samples collected on quartz fiber filters in field campaigns conducted in
Ljubljana in different seasons over a year. Within this project, the robustness of the LA-
ICPMS method was challenged. A large number of samples with different PM
concentrations and compositions that varied among the seasons due to different pollution
sources, including variable content of trace elements, was analyzed, which brings us to the
fourth hypothesis.

The fourth hypothesis targets the application of the developed LA-ICPMS method
and assumes the concentration of anthropogenic pollutants is higher in winter due to
heating purposes and/or specific meteorological conditions. Seasonal trends of airborne
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trace elements in Ljubljana were investigated in Article 4, together with the performed
source apportionment study. Typical anthropogenically released trace elements (e.g. As,
Cd, Cr, Mn, Mo, Pb, Rb, and Zn) were found in significantly higher concentrations in
autumn and winter, when the consumption of fossil fuels is typically higher and also
because of unfavorable meteorological conditions (i.e. calmer atmosphere and temperature
inversion events) compared to spring and summer. This investigation gave us enough
evidence, therefore I can confirm the fourth hypothesis. Additionally, two special events
were also identified in February and June 2021, where elevated concentrations of mostly
crustal elements (e.g. Al, As, Co, Fe, Mn, Rb, V, K, Mg, Na, and T1) coincided well with
the long-range transport of Saharan dust observed by other monitoring agencies.

With the fourth hypothesis and Article 4 we concluded the research set out to the
investigation of the elemental composition of PM by LA-ICPMS. All four hypotheses
connected with these research endeavors were confirmed and I can conclude that by
demonstrating the usefulness and versatility of the developed method, the objectives set at
the beginning of my PhD work were successfully achieved. The only deficiencies still
missing are beyond the scope of this research and are more of an engineering task, i.e. the
buildup of a specialized autosampler, and of producers of reference materials, who need to
provide matrix-matched standards available for purchase to a wider community. Beside
the elemental content, the organic fraction of PM is equally important and was targeted
in the following two hypotheses.

In this aspect, the fifth hypothesis assumes that there is a way to extract simple
phenols from atmospheric PM and analyze them with LC-MS/MS without any sample pre-
concentration step. Therefore, a new method for simple phenols with previous
derivatization with DnsCl was developed and is described in Article 5. The newly developed
method is able to detect simple phenols in PM samples with use of derivatization reaction,
which improves ionization efficiency of the analytes in an ESI source and substantially
improves their LODs, neglecting the need for a pre-concentration step. The method exhibits
very good performance with good precision, low LODs, sufficient linearity range, minimal
interferences (only p- and m-cresol coeluted), high dansylation reaction reproducibility and
long analyte stability, while the extraction efficiency was also shown adequate. With this
we can also confirm the fifth hypothesis.

The application of the developed LC-MS/MS method to ambient PM samples was
required to test the last, sixth hypothesis, which assumes that concentrations of simple
phenols are higher during biomass burning seasons compared to warmer months, which
was also addressed in Article 5. Analyzed ambient PM samples from different seasons
revealed the levels of simple phenols in PM from Ljubljana, and their seasonal trends. The
highest concentrations were observed in winter, as it was predicted in the sixth hypothesis,
due to the prevalence of their major emission source in this season, which is biomass
burning. The highest concentration was measured for catechol, whose determination could
be biased due to the formation of complexes with divalent metals present in the PM.
However, EDTA added in the extraction solution reversed the formation of complexes and
enabled its accurate determination. Phenol and guaiacol were also detected in PM samples,
whereas p-/m-cresol were only found in very low concentrations, and o-cresol was mostly
below LOD. In the spring period samples, simple phenols were not detected at all, probably
because biomass burning is very limited at that time in Ljubljana and the higher
temperatures also favor partitioning of semi-volatiles to the gas. With the help of these
observations we can also confirm the final, sixth hypothesis.

By the detailed exploration of method performance and its application to ambient PM
samples, both hypotheses concerning the determination of simple phenols in PM by LC-
MS/MS were also confirmed, providing an analytical method which is easily accessible to
the wider atmospheric community.



104 Chapter 4. Conclusions

Looking at the big picture, the development of new methods is only a part of the story
and we are only at the beginning stage of investigations, in which the new methods will be
applied producing new knowledge in the field of atmospheric chemistry research and wider.
LC-MS is a common instrument found in most analytical laboratories since it is widely
applicable to the detection of different organic analytes, including in complex matrices,
which means that many atmospheric aerosol research groups can now include simple
phenols in their research and facilitate achieving our common goal of identifying most
problematic air pollutants and limiting their pollution. On the other hand, LA-ICPMS is
not such a widespread technique and it might take a longer time for its implementation in
the community and for air-quality monitoring purposes. Nevertheless, we are confident
that both methods will find their place in the atmospheric chemistry community.
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Appendices

A.1 Pollution Levels and Deposition Processes of Airborne
Organic Pollutants over the Central Adriatic Area:
Temporal Variabilities and Source Identification

Published: Jakovljevié I, Simi¢ I., Mendas G., Sever Strukil Z., Zuzul S., Glusci¢ V., Godec
R., Pehnec G., Beslic¢ I., Milinkovi¢ A., Bakija Alempijevic¢ S., Sala M., Ogrizek M., Frka
S., (2021). Marine Pollution Bulletin, 172, 112873. doi:
https://doi.org/10.1016/j.marpolbul.2021.112873

During the PhD I coauthored a paper published in Marine Pollution Bulletin, where we
investigated pollution levels of organic components in ambient PM and PM deposits over
the central Adriatic area. The project included a sampling campaign, where the samples of
ambient PM, bulk deposits, and wet deposits were collected. The campaign was placed at
the costal Adriatic area and lasted for 6 months. Chemical characterization of samples for
PAHs, nitroaromatic compounds (NACs), and polychlorinated bisphenyls (PCBs) was
performed off-line, where I contributed with the determination of NACs in all three sample
types. As a result, the major land and marine traffic emission sources were identified due
to diesel and gasoline combustion, which were the major sources of PAHs, whereas biomass
burning episodes were strongly connected with the presence of NACs in the samples.

Cooperation in this project was a great opportunity to get acquainted with the
determination of NACs, which would be used in a future project. To further explore the
topic, beyond the scope of this dissertation, we are planning to perform a larger campaign
to investigate the phenolic composition of ambient PM samples, where simple phenols
would be treated as precursors and NACs as their secondary compounds. We hope to find
seasonal trends and a possible precursor-secondary compound relation, which could explain
some transformation processes in the atmosphere.
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A.2 The First Plastic Produced but the Latest Studied in
Microplastic Research: the Assessment of Leaching,
Ecotoxicity and Bioadhesion of Bakelite Microplastics

Published: Klun B., Rozman U., Ogrizek M., Kalcikova G., (2022). Environmental
Pollution, 307, 119454. doi: https://doi.org/10.1016/j.envpol.2022.119454

The second cooperation during my PhD resulted in a paper published in Environmental
Pollution, where we investigated ecotoxicity of Bakelite microplastic to aquatic organisms.
Bakelite is the first synthetic plastic made of phenol formaldehyde resin, which could in
the aquatic environment leach to water and influence living organisms. The Bakelite toxic
effect was studied on four aquatic organisms, testing the influence of its leachates and
microplastic particles before and after leaching, whereas a crustacean (Daphnia magna)
was inspected for changes in its mobility, a plant (Lemna minor) was investigated for the
inhibition of specific growth rate and chlorophyll content, a bacterium (Allivibrio fischeri)
was tested for inhibition of bioluminescence, and algae (Pseudokirchneriella subcapitata)
was again investigated for the inhibition of specific growth rate. The Bakelite leachates
were produced separately in the medium specific for every organism. My contribution to
the paper was the determination of phenol leached in the medium with the LC-MS method
for simple phenols that was developed in the frame of the PhD and described in this
dissertation. The method was originally developed for ambient PM extracts, but for the
purpose of this research it was adapted for the measurement of simple phenols in
environmental-like aqueous samples, which proves wider applicability of the developed
method for environmental samples. Phenol has been determined in all of the leachates,
except in the medium of the plant. This study confirms that Bakelite is not an inert
microplastic and that phenol and phenol-like compounds leach into the environment and
influence aquatic organisms.
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