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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 

Onesnaženje zraka je neizogiben problem, s katerim se sooča sodobna družba, saj so lebdeči 
delci v ozračju (PM) najnevarnejša komponenta onesnaževanja, ki ogroža zdravje ljudi in 
okolje. Antropogene emisije, kot so promet, izgorevanje biomase in fosilnih goriv ter 
industrija, so še vedno najbolj problematični viri onesnaževanja okolja z lebdečimi delci.  

Nevarni vpliv, ki ga imajo lebdeči delci na zdravje in okolje, je odvisen od njihove 
velikosti in kemične sestave, ki se lahko znatno razlikuje glede na vire emisij. Da bi 
učinkovito omejili onesnaževanje z delci, je treba najprej opredeliti sestavo delcev in 
spremljati njihovo pojavnost v zraku, za kar potrebujemo točne in natančne analizne 
metode. Ker je PM kompleksna mešanica različnih spojin, je raziskava celotne sestave 
preobsežna, da bi jo lahko dokončali v enem projektu, zato sem se v svoji disertaciji 
osredotočila na razvoj dveh novih metod za določanje pomembnih komponent v PM: 
elementov v sledovih in enostavnih fenolov.  

V Evropi so regulirani štirje problematični 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 številne pomanjkljivosti, ki večinoma 
izvirajo iz predpisane predobdelave vzorcev z mikrovalovnim razklopom (MW). Dve glavni 
pomanjkljivosti sta nepopoln razklop PM različnih 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 vzorčenja z LA ter postopku kalibracije. Razvita metoda 
je občutljiva, hitra, omogoča večelementno 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 ugodnejšo različico, ki bi lahko olajšala prehod na zelene analitske metode, 
predvsem v laboratorijih, ki redno spremljajo onesnaženost zraka. Ugotovili smo, da bi v 
bodoče LA-ICPMS metoda (za oba LA sistema) lahko nadomestila trenutno standardno 
metodo, saj je edina zelena metoda, ki omogoča analizo PM vzorčenega na najširše 
uporabljenih kvarčnih filtrih, kar je pri drugih površinskih tehnikah problematično zaradi 
debeline in neravne površine filtra. 

Enostavni fenoli (tj. fenol, katehol, gvajakol, kresoli) v ozračju so škodljivi, a v PM niso 
dobro raziskani, saj je zaradi nizkih koncentracij in odsotnosti funkcionalnih skupin, ki 
dobro ionizirajo, njihovo določanje težavno, zlasti brez predkoncentriranja. Poleg tega so 
fenoli v zraku lahko tudi predhodniki mnogo bolj škodljivih nitrofenolov. Dodatni koraki 
predkoncentriranja lahko povzročijo izgubo analitov, posebno teh s pol-hlapnimi 
lastnostmi. Pokazali smo, da derivatizacija z danzil kloridom (DnsCl) omogoča določanje 
fenolov s tekočinsko kromatografijo-masno spektrometrijo (LA-MS) brez predhodnega 
koncentriranja ekstrakta. Derivatizacija izboljša učinkovitost ionizacije in z optimizacijo 
instrumentalnih parametrov dosega zelo nizke LODs, zaradi česar smo lahko določili fenole 
v realnih vzorcih. Razvita metoda je analitično učinkovita, natančna in jo odlikujejo nizke 
meje zaznave. 
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Meritve realnih vzorcev so razkrile sezonske trende, pri čemer so bile koncentracije 
elementov v sledovih in enostavnih fenolov v Ljubljani višje v hladnejših mesecih v 
primerjavi s toplejšim delom leta, kar je skladno s prevalenco virov emisij, kot je 
izgorevanje biomase za ogrevanje pozimi, in značilnih meteoroloških pojavov, npr. 
prisotnost temperaturnih inverzij pozimi.  

Ta disertacija ponuja dve novi metodi za določanje elementov v sledovih in enostavnih 
fenolov v PM, ki ju odlikuje dobra zmogljivost in sta skladni z dobro analitično prakso. 
Skupnost za raziskave atmosfere je z njima pridobila alternativno večelementno metodo za 
analizo PM brez dodatnega obremenjevanja okolja in možnost bolj poglobljenih raziskav 
fenolov v lebdečih delcih ozračja, 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 (i.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⁻¹. 

 
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 



xxii  Glossary 

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. 
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Chapter 1 

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. SO₂ 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 (NO₂), nitrogen oxide 
(NO), sulfur dioxide (SO₂), 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 (300–400 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 SO2 and 
humidity), as metallic particles are involved in the catalytic oxidation of SO2 [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 SO2 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, 6th 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 PM2.5 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 µm in diameter 
(PM10), and according to some studies [35, 36] particles smaller than 2.5 µm (PM2.5) 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 µg m⁻³ in PM2.5 
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 µm) 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 
PM10, 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 PM2.5 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 (µm in diameter)  
PM10 < 10  
PM2.5 < 2.5  
PM1 < 1  
PM0.1 < 0.1  
Descriptive designation  
Total suspended PM (TSP) < 35a; <50–100b; < 25–45c 
Coarse PM > 1–3a; PM10

b; 2.5–10c,d; > 2e 
Fine PM < 1–3a; PM2.5

b,f 

Accumulation mode 0.1–2a,e 
Ultrafine PM < 0.1a 
Nuclei mode 0.005–0.100a,e 

aTurner and Colbeck [6], bEEA, cEPA, dChen, et al. [2], eJohn [53], fEU 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. 

 
 

(1) 

 

𝑥௜௝ = ෍ 𝑔௜௞𝑓௞௝ + 𝑒௜௝

௣

௞ୀଵ

 
Xij..........concentration of j-th species in the i-th sample 
j.............species 
i.............sample 
gik..........contribution of the p-th source to the i-th sample 
fkj...........concentration of the j-th species in the p-th source 
eij...........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, Tl, 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, Sb, As, PAH 
 Tire wear Zn 
 Break wear Cu, Zn, Pb 
 Dust from traffic EC, Al, Si, K, Ca, Ti, Fe, 

Zn 
Industry The industry of iron and 

steel 
Pb 

 Refinery V 
 Cement factory Mg, Al, K, Tl, Mn, Fe 
Domestic emissions Wood burning 

(domestic or natural fires) 
Levoglucosan, PAH, EC, 
Ca, Na, K, Fe, Br, Cl, Cu, 
Zn 

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

 Fuel oil EC, V, Ni 
Natural sources Sea-spray aerosol Na, Cl, S, K 
 Resuspension Si, V, Cr, Ca, Ti, Sr, Al, 

Mn, Sc 
 Mineral dust Si, Al, Ca, Mg 
Secondary particles Agriculture NH3 
 Coal, foundry, ships SO2 
 Combustion NOx 

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. 

 

 

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 (NO3

•) ozone 
(O3), nitrogen oxides (NOx), 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 NO3

•, 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) 
4MC 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: 
4M5NC, 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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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 (O3), carbon monoxide (CO), nitrogen oxides (NOx), sulphur 
dioxide (SO2), and PM (WHO, EEA, EPA); in EU, benzene and volatile organic 
compounds (VOCs) are also included. Along with measuring mass concentrations of PM10 
and PM2.5 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. SO4

2-, NO3⁻, 
Na+, K+, NH4

+, Cl⁻, Ca2+, Mg2+), 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. PM2.5, NH3, SO2, NOx 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 
period 

WHOa,c EUa,b 

PM10 1 day 45 µg m⁻³ * 50 µg m⁻³ ** 
 Calendar year 15 µg m⁻³ 40 µg m⁻³ 
PM2.5 1 day 15 µg m⁻³ * - 
 Calendar year 5 µg m⁻³ 25 µg m⁻³ 
Pb Calendar year 0.5 µg m⁻³ 0.5 µg m⁻³ 
As Calendar year RL: 6.6 ng m⁻³ 6 ng m⁻³ 
Cd Calendar year 5 ng m⁻³ 5 ng m⁻³ 
Ni Calendar year RL: 25 ng m⁻³ 20 ng m⁻³ 

*maximal 3-days exceedance per year (99th percentile of an annual distribution) 
**maximal 35-days exceedance per year (approx. 90th percentile of annual distribution) 

RL = reference level 
Source: aEEA report 2020 [19], bEN14902:2005 [86], cWHO (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, 



1.3 Techniques for PM Determination 13 

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 PM10 inlet and a virtual impactor to separate coarse (PM2.5-10) and fine 
particles (PM<2.5) 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. PM10, PM2.5) 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 µm 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. 

 

 

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 PM10 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 (HNO₃) and hydrogen peroxide (H₂O₂), 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]. 

 

 

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 µm), whereas lasers with higher 
wavelengths (213 and 266 nm) produced wider size distributions including larger particles, 
even around 1 µm. 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 µm 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-Cl), 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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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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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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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 PM₁₀ 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. 
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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 (i.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 k0-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 k0-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, Tl, 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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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 Tl 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. 
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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 PM2.5 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 PM2.5 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 PM2.5 
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 (i.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 PM2.5 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. 
  



3.4 Article 4: Characterization of Fresh PM Deposits on Calcareous Stone Surfaces: Seasonality, 
Source Apportionment and Soiling Potential 81 



82  Chapter 3. Scientific Publications 



3.4 Article 4: Characterization of Fresh PM Deposits on Calcareous Stone Surfaces: Seasonality, 
Source Apportionment and Soiling Potential 83 



84  Chapter 3. Scientific Publications 



3.4 Article 4: Characterization of Fresh PM Deposits on Calcareous Stone Surfaces: Seasonality, 
Source Apportionment and Soiling Potential 85 



86  Chapter 3. Scientific Publications 



3.4 Article 4: Characterization of Fresh PM Deposits on Calcareous Stone Surfaces: Seasonality, 
Source Apportionment and Soiling Potential 87 



88  Chapter 3. Scientific Publications 



3.4 Article 4: Characterization of Fresh PM Deposits on Calcareous Stone Surfaces: Seasonality, 
Source Apportionment and Soiling Potential 89 

 

 

  



90  Chapter 3. Scientific Publications 
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Published: Ogrizek M., Kroflič A., Šala, M., (2022). Chemosphere, 303, 135313. 

 
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 PM2.5 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⁻¹, 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.  
  



92  Chapter 3. Scientific Publications 



3.5 Article 5: Determination of Trace Concentration of Simple Phenols in Ambient PM Samples
 93 



94  Chapter 3. Scientific Publications 



3.5 Article 5: Determination of Trace Concentration of Simple Phenols in Ambient PM Samples
 95 



96  Chapter 3. Scientific Publications 



3.5 Article 5: Determination of Trace Concentration of Simple Phenols in Ambient PM Samples
 97 



98  Chapter 3. Scientific Publications 



3.5 Article 5: Determination of Trace Concentration of Simple Phenols in Ambient PM Samples
 99 



100  Chapter 3. Scientific Publications 

 
 



 101 

Chapter 4 

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 × 12 mm²). 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 k0-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 k0-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 
k0-INAA). The results of comparison show higher agreement of LA-ICPMS with the 
absolute method k0-INAA than of MW/ICPMS with k0-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 Tl), 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 PM2.5 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 Tl) 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. 
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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: Jakovljević I, Šimić I., Mendaš G., Sever Štrukil Z., Žužul S., Gluščić V., Godec 
R., Pehnec G., Bešlić I., Milinković A., Bakija Alempijević S., Šala 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., Kalčíková 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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